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Foreword

It may be argued that silicon, carbon, hydrogen, oxygen, and iron are among the most
important elements on our planet, because of their involvement in geological, biolog-
ical, and technological processes and phenomena. All of these elements have been
studied exhaustively, and voluminous material is available on their properties. Included
in this material are numerous accounts of their electrochemical properties, ranging from
reviews to extensive monographs to encyclopedic discourses. This is certainly true for
C, H, O, and Fe, but it is true to a much lesser extent for Si, except for the specific
topic of semiconductor electrochemistry. Indeed, given the importance of the electro-
chemical processing of silicon and the use of silicon in electrochemical devices (e.g.,
sensors and photoelectrochemical cells), the lack of a comprehensive account of the
electrochemistry of silicon in aqueous solution at the fundamental level is surprising
and somewhat troubling. It is troubling in the sense that the non-photoelectrochemistry
of silicon seems “to have fallen through the cracks,” with the result that some of the
electrochemical properties of this element are not as well known as might be warranted
by its importance in a modern technological society.

Dr. Zhang’s book, Electrochemical Properties of Silicon and Its Oxide, will go a
long way toward addressing this shortcoming. As with his earlier book on the electro-
chemistry of zinc, the present book provides a comprehensive account of the electro-
chemistry of silicon in aqueous solution. The topics covered are mostly fundamental
in nature and include comprehensive accounts of the silicon/electrolyte interface,
anodic oxidation, etching, photoeffects, cathodic reactions and redox couples, porous
silicon, and photoelectrochemistry. The book starts with a discussion of basic semi-
conductor electrochemistry that sets the stage for the discussion of specific phenomena
(e.g., anodic oxidation) in later chapters. Careful attention has been paid to the accu-
rate definition of terms and to identifying what is unique about silicon with regard to
its electrochemical properties. The level of the book renders it suitable as an introduc-
tion to the field of silicon electrochemistry, with its value being greatly enhanced by
inclusion of material that is not related to photoeffects, which has been covered exten-
sively elsewhere.

As with any book, the material that is presented reflects the interests of the author
and this book is no exception. However, Dr. Zhang has stepped back and taken a new
look at a field that for so long has been dominated by one particular aspect of the
subject. Accordingly, it is my fervent hope that the book will spark a renewed interest
in the general electrochemistry of one of the most important and remarkable of ele-
ments, silicon.

State College, Pennsylvania
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D.D. Macdonald
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Preface

The importance of electrochemistry in silicon technology has spurred intense research
activity in the last five decades, resulting in a tremendous amount of experimental
data and theoretical information on the silicon/electrolyte interfaces. This book is a
comprehensive compilation and digestion of this body of information.

The aim of this book is to serve as a centralized information source for anyone
who is interested in the surface and electrochemical properties of silicon and its oxides.
It will be most useful to the scientists who study the surface phenomena of silicon and
to the engineers who design and fabricate silicon-based electronic devices. It can also
serve as a general reference for researchers working in the fields of semiconductor elec-
trochemistry and surface science, in which silicon is commonly used as a model mate-
rial. In addition, it can be useful to the geologists who study rock–water interactions
and to the people who work on etching and surface treatment of glasses.

My fascination with the electrode behavior of silicon began some fourteen years
ago when I was a postdoctoral research fellow at MIT investigating the formation mech-
anism of porous silicon.2,8,9 The decision to write this book came shortly after the pub-
lication of my first book entitled “Corrosion and Electrochemistry of Zinc” in 1996.970

I recognized then: “From the viewpoint of material users and researchers, it is most
beneficial that all the relevant information, theoretical and practical on all aspects of
electrochemistry of one element be systematically organized in a single source.” Com-
piling and digesting the results from all discrete studies provide a collective and holis-
tic perspective in evaluating the validity and difference in the data and theories resulting
from individual studies, and allow a more complete characterization of each specific
phenomenon. Also, writing a book of this nature is itself a research process, through
which new data and new insights that are not clear in individual studies, can be gen-
erated. As a result, about 100 new tables, figures and illustrations of synthesized infor-
mation are generated and presented here for the first time.

Two general considerations have been taken in the selection of the information
from the literature. The first is the emphasis on the information pertaining to silicon as
a single crystalline material and not that pertaining to alloys and structures made or
transformed from silicon. This emphasis is essential in warranting a sufficient focus
and space for such an extensively studied material as silicon. The second is the empha-
sis on details and specificity of data because the diverse electrochemical phenomena
observed on silicon electrodes are governed by specific conditions and are differenti-
ated only in detail. In practice, it is the condition-phenomenon specific information

xi
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rather than the generalized information that is most useful to the people who work on
concrete problems.

Each phenomenon is dealt with by a systematic characterization first based on a
collective body of experimental data followed by a comprehensive discussion on the
underlying mechanisms. It is believed that while the experimental data generally
remains true and therefore valuable over time, theories and mathematical formulations
tend to vary with individual studies, and their usefulness, with a few exceptions, are
limited to its time. This is because the former is the measurement of facts whereas the
latter is the interpretation of the measurement.

In discussing mechanisms, the focus is on physical schemes rather than mathe-
matical formulations. This is because many details of the phenomena observed in the
complex system of silicon/electrolyte interface are still not understood and mathemat-
ical formulations are not really meaningful without a clear understanding of the phys-
ical schemes. Thus, for each phenomenon, the concepts and theories on the physical
schemes proposed in different studies are compared against the collective body of data.
Generalization is provided when a coherence exists in the data and the theories. When
it does not exist, effort is made to provide a comprehensive analysis with new hypoth-
eses that is more consistent with the collective body of data from a global perspective.
Generally, for a complex system a collective view is more accurate and more complete
than individual ones.

The information in the book is organized in nine chapters comprising roughly of
two parts: The first part, consisting of Chapters 1 to 4, deals with the conditions
of silicon/electrolyte interface and second part, of Chapters 5 to 8, deals with the
phenomena of silicon electrodes. The first chapter provides an overview on the basic
concepts and theories of semiconductor electrochemistry to serve as a reference base
on which the electrochemical properties of silicon are described. Chapter 2 covers the
information on the surface conditions of silicon and the characteristics of silicon/elec-
trolyte interfaces. The information related to properties of silicon oxides in general and
to those of anodic oxides in specific are presented in Chapters 3 and 4. Chapter 5 deals
with the anodic behavior of silicon electrodes with respect to the chemical nature of
the reactions and the kinetic processes. Chapter 6 summarizes research findings on the
various cathodic reactions and the reactions of redox couples. Chapter 7 is devoted to
the etching of silicon by compiling the data on etch rate and morphology of etched sur-
faces, and by discussing the etching mechanisms in different solutions. Chapter 8, the
largest chapter, deals with the formation and morphology of porous silicon, and the
complex mechanistic aspects, utilizing all information presented in the earlier chapters.
The last chapter, Chapter 9, provides a summary on the book from six different respects
that connect the information in different chapters, and an indication on the areas of
interest for future research.
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1
Basic Theories of Semiconductor
Electrochemistry

1.1. INTRODUCTION

Silicon, due to its importance in the electronics industry, is perhaps the most investi-
gated electrode material in the field of semiconductor electrochemistry. A wide range
of electrode phenomena, from electropolishing to formation of porous silicon as well
as from current multiplication to current oscillation, can occur on silicon electrodes.
As will be seen in later chapters, many details of these phenomena are not directly
explicable by the existing theories of semiconductor electrochemistry. This is perhaps
related to the fact that the basic theories deal with idealized situations, but the electrode
behavior of a specific system almost always deviates from the ideal situations in
different ways. Also, the rich details of each large-scale phenomenon, e.g., formation
of porous silicone are determined by a set of reactions that are intrinsically complex at
the atomic scale such that the rich details are lost when simplifications are made in a
theory. However, the basic concepts and theories can still be useful in describing the
electrode processes at certain temporal and spatial scales and the large-scale phe-
nomena can be understood by taking into account the different aspects and scales of
these processes.

This chapter provides an overview of the various aspects of semiconductor elec-
trochemistry, which will be useful in describing the specific phenomena on silicon elec-
trodes in later chapters. Also, this systematic description of the basic theories is intended
to be used as a reference base, on which the details of electrode behavior in different
situations are characterized and organized. To avoid unnecessary detail and use of
space, the descriptions in this chapter are limited to the basic concepts, the physical
schemes, and the essential quantities and equations that are required to understand
these concepts and schemes. More detailed treatment of the various aspects of semi-
conductor electrochemistry can be found in the literature.1,44,86,270,962

1



2 CHAPTER 1

1.2. ENERGETICS OF SEMICONDUCTOR/ELECTROLYTE INTERFACE

The energy spectrum of electrons in an ideal crystal consists of two different types
of energy bands: those with filled energy levels (allowed bands) and those with no
energy levels (band gaps). For a semiconductor the upper unfilled band is called the
conduction band and the lower almost filled band is called the valence band as shown
in Fig. 1.1. The energy levels in a semiconductor are characterized by the conduction
band edge and valence band edge and by the Fermi level The Fermi level
describes the equilibrium distribution of carriers in the bands and is the chemical poten-
tial of electrons in the semiconductor. The width of the band gap, depends
on the strength of the chemical bonds. For silicon at 300K the band gap is 1.12eV. The
effective band gap is reduced by heavy doping, larger than For silicon, a band
gap reduction of more than 100mV is associated with a dopant concentration of

The electronic conductivity of semiconductors, as expected from the band struc-
ture, can be generated by electrons of atoms of the basic substance in the crystal (in-
trinsic conductivity) as well as by electrons of impurity atoms or by the presence of
defects (extrinsic conductivity). In intrinsic semiconductors at the generation
of current carriers occurs as a result of the thermal excitation of some electrons from
the valence band to the conduction band, with the corresponding thermal rupture of
some chemical bonds. Simultaneously, an equal number of positively charged holes are
created in the valence band. In an electric field, these holes behave like particles pos-
sessing a positive charge equal in absolute value to the charge of the electron. For
extrinsic semiconductors, impurities and defects (which have energy levels located in
the band gap) are classified as either donors or acceptors as shown in Fig. 1.1. Donors,
usually located at energy levels slightly below the conduction band, give up excess
electrons to the conduction band, thereby creating electron conductivity (n-type semi-
conductors). Acceptors, located at energy levels slightly above the valence band,
capture valence electrons from atoms of the basic substance, producing hole conduc-
tivity (p-type semiconductors).

Similar to for the energy levels in semiconductors, the energy levels of elec-
trons in electrolytes associated with ions are characterized by the redox potential,
The redox potential describes the tendency of the species to give up or accept electrons
and can be considered as the effective Fermi level of the solution.
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When a semiconductor is brought into contact with an electrolyte, equilibrium
is attained when the Fermi levels in the two phases become equal, that is,
In the case shown in Fig. 1.2 for an n-type semiconductor, where of the semi-
conductor is higher than that in solution, electrons will flow from the semiconductor
to the solution phase. The resulting excess charge in the solid semiconductor does not
reside at the surface as it would in a metal, but instead is distributed in a region near
the surface called the space charge region. The resulting electric field in the space
charge region is shown by a bending of the bands. In the case of Fig. 1.2 where the
semiconductor is positively charged with respect to the solution, the bands are bent
upward (with respect to the level in the bulk semiconductor). On the other hand, an
ionic layer on the solution side establishes an electric double layer between the solid
surface and solution.

Thus, several charged layers exist at the interface of a semiconductor and an elec-
trolyte. Figure 1.3 illustrates the different charged layers in the semiconductor/
electrolyte region. On the semiconductor side there is the space charge layer associated
with a band bending of The ionic layer on the solution side can be further divided.
The charged layer lies between the solid and the plane at the position of the closest
approach of mobile ions, called the outer Helmholtz plane (ohp). The Helmholtz layer
is formed by ions attracted to the electrode surface by the excess charge in the space
charge layer and also by the polar water molecules. In particular, the adsorption of
and is an important process that determines the potential drop in the Helmholtz
layer of many semiconductors. Between the outer Helmholtz plane and the solid surface
there is also a layer (not illustrated in the diagram) containing solvent molecules and
sometimes other specifically adsorbed species.44 The locus of the specifically adsorbed
ions is called the inner Helmholtz plane. The charge layer that extends from the outer
Helmholtz layer into the bulk, called the Gouy–Chapman layer, is a region of solution
with excess ions of one sign and its thickness depends on the electrolyte concentration.
In concentrated electrolytes (>0.1 M) the contribution of the Gouy–Chapman layer is
negligible and the potential drop on the solution side of the double layer can be
expressed by the potential drop in the Helmholtz layer,



1.2.1. Energy Levels in Semiconductor

For a semiconductor at T > 0 K a dynamic process exists: Electrons are constantly
thermally excited from the valence band to the conduction band, corresponding to
electron–hole generation. At the same time, some electrons are losing energy and falling
back to the valence band, corresponding to electron–hole recombination. At equilib-
rium, there is a constant density of electrons in the excited states, the rate of genera-
tion equaling the rate of recombination.

The distribution of the electrons among the allowed energy states in the semi-
conductor crystal at thermal equilibrium is described by the Fermi–Dirac distribution
function.45 It is denoted by which has the form

The typical thickness of each of these three layers is indicated in Fig. 1.3. The
actual thickness of these layers of the interface depends on the specific conditions in
the system such as doping level of the semiconductor, electrolyte concentration, and
bias condition. In many situations the presence of surface states due to adsorbates or
surface defects is also important in determining the distribution of charge in the deple-
tion region. Sometimes, electrode reaction processes can result in the formation of a
solid surface phase such as oxides. Depending on its thickness and degree of homo-
geneity, it can drastically affect the electrical properties of the interface. As will be seen
in the rest of this book, formation of oxide on silicon plays a critical role in many phe-
nomena observed on silicon electrodes.
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where is the intrinsic carrier density. Equation (1.6) means that at thermal equilib-
rium the product of the electron and hole densities for a given semiconductor and tem-
perature is a constant. For silicon at room temperature, which
leads to

At equilibrium, Eqs. (1.4) and (1.5) become

where and are the effective densities of energy states at the bottom of the con-
duction band and at the top of the valence band, respectively. For large dopant con-

equations are no longer
valid as the Fermi–Dirac distribution cannot be approximated by the Maxwell–
Boltzmann distribution function and a different distribution function should be used.45

At very high doping levels the semiconductor is degenerated
because the Fermi level is within the conduction or the valence band. As a result,
allowed states exist very near the Fermi level, just as in metal. Consequently, the elec-
tronic properties of heavily doped semiconductors become similar to those of metals.

Equations (1.2) and (1.3) essentially depict the chemical potential of the elec-
trons, and of the holes, respectively:

Similarly, for moderately doped p-type material, the density of holes in the valence
band is given by

The total density of electrons for not too heavily doped n-type material can then be
found by the product of the density of allowed states in the conduction band, g(E), and
the probability that these states are filled and integrating over the conduction band:

where is a reference energy called the Fermi energy. At meaning that
the probability of a state being occupied by an electron for the energy level at the Fermi
level is 1/2. For not too highly doped n-type material the Fermi level is well below the
conduction band such that and the Fermi function reduces to the simpler
Maxwell–Boltzmann distribution function:
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1.2.3. Distribution of Energy Levels in Electrolyte

The redox potential reflects the average energy levels at equilibrium of all the
individual redox species, both reduced and oxidized forms. It can be further divided
into two levels: the energy level of the reduced species, and the energy level of
the oxidized species, with is the most probable energy level
for the oxidizing species and Ered is the most probable energy level for the reducing
species. In a liquid electrolyte, the energy levels of individual ions tend to fluctuate due
to the solvation effect of the polar solvent molecules surrounding the ions. The dipoles
associated with the solvent molecules constantly move to/away and rotate around the
ions, causing thermal fluctuation in the polarization.

The negative sign of in the equation is due to the different signs in the conventional
and the absolute electron energy scales. has been found to be about –4.50eV referred
to the vacuum level so that the electron energy of any redox couple is86

where is the standard redox potential, and and are the activities of the
oxidized and reduced species of the redox couple, respectively.

The redox potential is generally referred to the standard hydrogen potential
(SHE), which has an exactly defined energy, relative to the energy of the free
electron in vacuum or at infinity. Thus, electrode potentials of redox couples can be
expressed on the absolute energy scale according to

1.2.2. Energy Levels in Electrolyte

The chemical potential of electrons for a redox couple is given by the Nernst
equation

assuming all the dopant atoms are ionized. Thus, when there is only one dopant, either
donor or acceptor, for n-type material and for p-type material

For a doped silicon, depending on the dopant, one type of carrier is the majority
carrier as its concentration far exceeds the other, even at low doping levels. For
example, for donor concentration that is, which
is nearly 10 orders of magnitude below the majority carrier concentration.

In the neutral region of a semiconductor, the number of positive charges must be
exactly balanced by the number of negative charges. This means

CHAPTER 16
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The energy level, and energy level, can be related to the redox energy
level, by a quantity called the reorientation energy which is
determined by the relaxation process involved in the regrouping and reorientation of
the solvation shell after electron transfer between the oxidized and reduced states. The
value of can be experimentally determined and is on the order of 0.5 to 1 eV.44,876 The
individual energy states are distributed over a certain energy range and can be described
by the density of occupied states and empty states Assuming a Gaussian type
of distribution and a harmonic oscillation for the solvation shell, and can be
described by

where and are normalizing factors. Figure 1.4 schematically illustrates the
energy levels of the reduced and oxidized species and their distribution functions.86

1.2.4. Energy Levels at Semiconductor/Electrolyte Interface

For a semiconductor/electrolyte interface, the equilibrium condition requires the
Fermi levels of the semiconductor and solution to be equal. To achieve equilibrium,
electrons cross the interface, which changes the charge distribution and the potential in
the interface region until

The band structure at equilibrium for the interface region is illustrated in Fig. 1.5.
The band bending is the potential drop in the space charge layer. The potential drop
on the solution side is measured by the Helmholtz potential. and are the
conduction band edge and the valence band edge at the surface, respectively. is the
measured potential. Normally, the band edge positions at the surface are equal for p-
and n-type materials because the same Helmholtz potential is expected for the two



materials. The magnitude of the Helmholtz potential is determined by the adsorption/
desorption processes, which in many situations is a function of pH. By adjusting the
pH of the solution, can be made zero and the pH at is called the point of
zero charge (pzc).

The measured potential and thus and can be varied through external
polarization. is the applied potential when the electrode is externally polarized and
is the open-circuit potential without external polarization. When the semiconductor has
no excess charge, there is no space charge region and the bands are not bent. The elec-
trode potential under this condition is called the flatband potential The flatband
potential is an important quantity for a semiconductor electrode because it connects the
energy levels of the carriers in the semiconductor to those of the redox couple in the
electrolyte and it connects the parameters that can be experimentally determined to
those derived from solid-state physics and electrochemistry. It can generally be
expressed as

CHAPTER 18

The value of the flatband potential of a semiconductor is quantitatively related to its
electron affinity                  n    for silicon):880,953

where is defined as the energy of the conduction band at the point of zero charge
(pzc), that is, when the potential drop in the Helmholtz layer is zero. This means that
the electron affinity in the electrolyte equals the band edge plus the energy level of
the reference level on the absolute scale at the point of zero charge. Figure 1.6
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schematically illustrates the relation among the different potentials and energy levels.
The conduction band edge is related to the flatband potential according to the follow-
ing equation

Therefore, by measuring the flatband potential at pzc, one can determine the energy
level of the semiconductor band in an electrolyte relative to the absolute scale or the
vacuum scale. The pzc of a silicon electrode in aqueous electrolyte is similar to that of

at about pH 2.2, since the silicon surface is generally covered with a thin layer
of oxide.716,903

where x is the distance from the surface and and are the donor and acceptor den-
sities, respectively. The electron and hole densities, n(x) and p(x), in the absence of a
current, follow the Boltzmann distribution:962

1.3. POTENTIAL AND CHARGE DISTRIBUTION IN SPACE CHARGE LAYER

1.3.1. Carrier Density in Space Charge Region

The charge distribution within the space charge layer can be quantitatively
described by the Poisson equation:



On integration with dV/dx (V = 0) = 0 one obtains

1.3.2. Depletion Layer

When the surface region is depleted of majority carriers, due to positive band
bending for n type or negative band banding for p type, a depletion layer is formed as
shown in Fig. 1.7(a). The depletion layer has no mobile carriers but has immobile
charges associated with the ionized dopants. The Poisson equation, Eq. (1.16) for
n-type material, can be reduced to

Three types of space charge layers, namely, depletion layer, accumulation layer, and
inversion layer, may occur in a semiconductor depending on the bias and equilibrium
conditions as shown in Fig. 1.7.

where and are bulk electron and hole densities, respectively, and
At the surface where x = 0,

CHAPTER 110



where the first term represents the immobile ions and the second term represents the
density of minority carriers, which becomes comparable to the first term at relatively

where the first term represents the contribution of electrons in the conduction band and
the second represents the contribution of immobile positive ions. An accumulation layer
can be formed, for example, on an n-type material by applying a sufficiently large neg-
ative voltage on the semiconductor relative to the solution. If the band bending is such
that the Fermi energy moves into the band, a “degenerate surface” is formed, which
marks the transition from semiconducting behavior to metallic behavior. The thickness
of an accumulation layer is typically on the order of 100 Å. Such a layer as thin as
3 Å has been found at n-Si in acetonitrile.941

Under a depletion condition, an inversion layer is formed when near the surface
the minority carriers accumulate and are in equilibrium with those in the bulk (that is,
the consumption rate of the carriers in the electrochemical reactions is low). When an
inversion layer occurs, the density of minority carriers near the surface may exceed that
of the bulk majority carriers. Under such a condition, when n(x) < p(x) within the space
charge layer equation, the Poisson equation [Eq. (1.16)] becomes

In the case of an accumulation layer, for example, when electrons are injected
into (instead of extracted from) an n-type sample, or holes are injected into (instead of
extracted from) on a p-type sample, the surface charge region has an excess of the
majority carriers. For n-type materials, according to Eq. (1.16),

1.3.3. Accumulation Layer and Inversion Layer

Equation (1.24) is the much-used Mott–Schottky equation, which relates the space charge
capacity to the surface barrier potential Two important parameters can be determined
by plotting versus the flatband potential at (where and the
density of charge in the space charge layer, that is, the doping concentration

where is the total charge in the space charge layer per unit electrode surface area
and is the point in the semiconductor where the field is zero. Since the capacitance
of the space charge layer differentiating Eq. (1.23) with respect to an
expression for is obtained:

At the surface where the factor is negligible for a reasonable value
of From Gauss’s law we have
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The change of capacitance of the charged layer in the surface region of the semicon-
ductor with band bending is illustrated schematically in Fig. 1.8. For negative values
of the surface is in an accumulation and the capacitance is very large because the
thickness of the accumulation layer is thin. As becomes positive, the capacity
decreases as the thickness of the space charge layer increases. When an inversion layer
forms at a large the surface has an excess of minority carriers. In this case the mobile
minority carriers are mostly located near the surface so that the thickness is small com-
pared with the depletion layer thickness and the capacitance increases again. In the case
when minority carriers are consumed by electrode reactions and do not accumulate at

12 CHAPTER 1

large positive potential values. The thickness of the inversion layer is on the same
order of magnitude as that of the accumulation layer, namely, about 100 Å. An inver-
sion layer does not usually occur at an electrode surface because the electrochemical
reactions generally consume quickly the minority carriers and prevent their accumula-
tion in the surface region. An inversion layer has been found to form on n-Si electrode
in a solution of containing redox couples of high potential
values.587

The capacitances for the accumulation layer and inversion layer are respectively
given by
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the surface, equilibrium is not established and a deep depletion layer is formed as shown
by the dashed line in Fig. 1.8.

1.3.4. Helmholtz Double Layer

The potential drop in the Helmholtz layer is defined as

where is the potential at the solid surface and is the potential at the ohp.
The charge on the solution side of the Helmholtz layer originates from the accu-

mulation of ions at the ohp, whereas on the solid side it can arise in three forms: an
accumulation of free charge, free charge trapped from the solid onto surface states, and
adsorbed ions.44 For nondegenerated semiconductors, is primarily determined by
adsorption/desorption processes between the surface and the electrolyte. The contribu-
tion from electron transfer between the surface and the bulk of the semiconductor is
negligible. This is because the amount of charge captured by the surface associated with
this transfer is on the order of or less which is very small in
comparison with the amount of charge (on the order of associated with the
adsorption/desorption processes on the surface. Thus, for non heavily doped semicon-
ductor the applied potential variation can be considered to drop entirely in the space
charge layer and the Mott–Schottky equation can be used for determination of the flat-
band potential. The contribution to the Helmholtz layer by charge transfer becomes
more important for degenerated semiconductors, which can accommodate more charge
in the bands near the surface.

When the charge on the solid surface is determined by the specific adsorption of
and which is the case for many semiconductors, is determined by the reaction

where is the adsorbed on the surface. At equilibrium the concentration of can
be expressed as

where A is a constant. Assuming the double layer capacitance, is independent of
we obtain

Equations (1.31) and (1.32) indicate that which changes linearly with will
vary slowly compared with which changes exponentially with As an
approximation we have

which shows that the Helmholtz potential varies by 60 mV per pH unit.



Adsorption at acidic sites M causes the solution to become acidic and adsorption of
on Lewis basic sites causes the solution to become basic. Lewis sites are important in
two ways: they contribute to the Helmholtz double layer, and they result in chemical
adsorption and passivation of the intrinsic active surface sites. The surface of silicon is
dominated by basic Lewis sites as manifested by the strong hydrogen adsorption. But
the associated surface states are not active because they are located energetically in the
valence band.99

Adsorbed species other than hydrogen and hydroxyl ions that are able to give
up or accept electrons are also surface states. The reaction intermediates that are
able to act as donors or acceptors through charge transfer reactions can be viewed
as surface states. As will be described in more detail in the section on anodic beha-
vior, partially oxidized silicon atoms, i.e., the reaction intermediates,
act as transient surface states and play an important role in a range of electrode
processes.

Surface inhomogeneity such as vacancies, steps, kink sites, emergent disloca-
tions, and foreign elements in the lattice has a significant effect on adsorption, bonding
energy, and redox reactions. Such surface heterogeneity causes the energy levels of a
specific type of surface state to appear as bands because the exact chemical nature of

1.3.5. Surface States

Surface states are the electronic energy levels that are located at the surface and
are capable of transferring charges with the solid and solutions. The surface states of a
clean surface, the dangling bonds resulting from the termination of the bulk structure
at the surface, are called intrinsic states. For silicon the dangling bonds on the surface
in solutions are generally terminated by hydrogen and other species so that there are
very few intrinsic surface states.

In addition to the intrinsic states, there are also Lewis sites and adsorbed elec-
troactive species. Lewis sites arise from the acid/base properties of the surface. A Lewis
acid site is a site attractive to electron pairs from an adsorbing molecule and a Lewis
basic site is able to donate electron pairs to an adsorbing molecule. For example,
a Lewis acid site M or a basic site N may adsorb a ion or a from water,
respectively:

The Helmholtz capacity of a metal electrode is typically on the order of
which is much greater than the value for a silicon electrode.848 It has been

reported that the Helmholtz layer capacitance of silicon in
KC1 aqueous solution is about 94 In 0.1 M tetrabutylammonium perchlorate
(TBAP) in acetonitrile it is found to be about 486 A larger value,

has been found for deep accumulation of a silicon in acetonitrile and the
value varies with the accumulated charge.941

CHAPTER 114
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the surface defects will vary from point to point. In some cases electrode reaction can
result in the formation of bulk phases, for example, oxide films. The states and charges
that exist in the oxide and/or at the semiconductor/oxide interface are another form of
surface state (or interface state).

There are two kinds of surface states with respect to the energy levels of states
under filled or empty conditions: one kind has different energy levels when the surface
states are filled or emptied due to a reorganization effect, and the other, showing no
reorganization effect, has negligible change in their energy levels when the states are
filled or emptied. For example, according to Chazalviel and Rao,83 on a silicon surface
the surface states induced by deposited gold atoms belong to the second kind whereas
those associated with a surface oxide formed by the reaction between silicon and water
belong to the first kind.

It is generally difficult to quantitatively describe the surface states of a semicon-
ductor electrode considering the great diversity of surface states.486 In general, surface
states are energetically distributed in the band gap of the semiconductor with a density
expressed as and the associated charge density is a function of Under some
idealized conditions such as when the surface states are uniformly distributed in energy
or are localized at a single energy level, the charge density associated with surface states

can be quantitatively related to band bending For example, for a uniform dis-
tribution of acceptor surface states centering around an energy of (when the states
are filled to an energy there is no net surface charge), can be expressed as270

where is the total number of surface states per square centimeter. Note that when

In the case of acceptor states at a single energy level, we have

where is the degeneracy of the energy level.270

The capacitance of surface states, corresponding to the variation of the charge
stored in the surface states with is

The surface state capacitance is different from the space charge layer capacitance
and the Helmholtz layer capacitance in that there is in general no distance asso-

ciated with the surface state capacity.
Measurement of capacitance as a function of potential is most commonly used

for evaluation of the nature of surface states. For example, when the surface states are
energetically close to the conduction band they can be filled or emptied by electron
transfer with the conduction band:
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where is the empty state and the filled state. When the interaction with the solu-
tion can be neglected, the occupancy of the surface states is determined by the Fermi
level and the surface state capacitance can be expressed as808

where is the surface electron concentration, the frequency of the potential or current
modulation, and and the rate constants for the forward reaction and reverse reac-
tion described by Eq. (1.39). At low frequency where exhibits a
maximum as a function of potential

from which the density of surface states can be determined.

The total charge on the solid side of the semiconductor/electrolyte interface
equals When surface states are present and their capacitance is significantly
larger than that of the space charge layer, that is, Fermi level pinning by the
surface states occurs.270 Figure 1.9 illustrates the effect of dopant concentration and
surface state density on the magnitude of surface state charges and space charge layer
charges. It can be seen that for a doping of a surface state density on the order
of which is about 1% of the surface atomic density, can result in
When the Fermi level is pinned, the change of potential will mainly occur in the
Helmholtz layer rather than in the space charge layer as in the case without Fermi level
pinning.

As a consequence of Fermi level pinning, the Schottky barrier height
at the semiconductor/electrolyte interface becomes constant with respect to redox

couples of different values. Fermi level pinning, which results in a constant barrier
height value, has been found to occur at the n-Si/acetonitrile interface containing dif-
ferent redox couples.486,935

1.3.6. Fermi Level Pinning

The electrical nature of the semiconductor/electrolyte interface region can be
described by an equivalent circuit of an array of resistors and capacitors arranged
according to the physical structure of the region. Figure 1.10 illustrates a typical equiv-
alent circuit of a semiconductor/electrolyte interface including the effect of the space
charge layer, Helmholtz layer, surface states, and electrolyte resistance. On application
of a voltage change of dV across the interface region, charge in the form of electrons,
holes, and ions will move in the corresponding layers, which can be characterized by
the capacitances of these layers.

The total potential change is divided between the space charge layer and the
Helmholtz layer:

1.3.7. Equivalent Circuit and Capacitance of Semiconductor/Electrolyte Interface



The overall capacity C is related to each of the capacities according to

By charge neutrality,
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Flatband potential is a very important parameter for characterization of a semi-
conductor/electrolyte interface as it correlates the band edges to the redox potentials
in the electrolyte. It is most commonly determined by measuring the capacitance as a

1.3.8. Flatband Potentials

The two coefficients are different in that quantifies the potential partitioning of
the total potential drop while reflects the partitioning as a result of potential change.
Thus, characterizes the steady condition of the interface or the dc condition and

characterizes the transient condition or the ac condition. Figure 1.11, as calculated
by Oskam et al.,848 shows the change of these two coefficients as a function of applied
potential. It can be noted that under a negative potential corresponding to an accumu-
lation band bending, the coefficients become rather small indicating that becomes
comparable to CH and there is a significant drop of applied potential across the
Helmholtz layer. Because of the shift in potential drop from the space charge region to
the Helmholtz layer, there is a maximum band bending above which all the applied
potential drops in the Helmholtz layer. For the maximum band bending
in the accumulation regime is about 300 mV.

where may vary from 0 to 1. The potential partitioning can also be measured by
the differential form in terms of the fraction of the applied potential change dV across
the space charge layer:

Thus, acts as a capacitor in series with the parallel combination of and In
many situations because of the presence of an oxide film on the surface, particularly
for silicon in non-HF electrolytes, an extra RC component is involved due to the charges
and states in the oxide and at the semiconductor/oxide interface. The characteristics of
these charges and states are discussed in Chapter 3 on silicon oxide.

In the absence of an interfacial phase such as an oxide, any potential drop is across
the space charge layer or/and the Helmholtz layer, that is, The poten-
tial distribution across the space charge layer and in the Helmholtz layer, in the absence
of surface states and interfacial layer when is determined by the doping level,
band bending, and the capacitance of the Helmholtz layer. The partitioning of the poten-
tial can be measured in terms of the potential in the space charge layer relative to the
total potential drop across the interface region by a partitioning coefficient, 848

Using Eq. (1.42), we obtain
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where Nc is the effective density of states in the conduction band. The Schottky barrier
height is

In practice, the determination of flatband potential according to the Mott–
Schottky equation can be affected by a number of factors, e.g., high doping concen-
tration (i.e., is not valid), the presence of a high density of surface states (i.e.,

is not valid), and the influence of diffusion-controlled processes.44,274,935 For
highly doped semiconductors, the effect of potential drop in the Helmholtz layer, even
without the influence of surface states, can be significant.274 Figure 1.12 indicates that
a significant fraction of the external potential variation can be dropped in the Helmholtz
layer for moderately and highly doped semiconductors especially near the flatband
potential at which the capacitance of the space charge layer is the largest. Because of
the contribution from the Helmholtz layer, the Mott–Schottky plot tends to be linear

A plot of versus potential V is linear and thus the potential where the line
intersects the potential axis yields the value of and the slope yields the value of
doping level The resulting flatband potential can be used to determine the potential
of the conduction band edge at the surface

function of potential. Flatband potential can also be estimated by measurement of the
onset potential for photocurrent.

In an idealized case when the effect of the Helmholtz layer can be neglected, i.e.,
when there is a negligible amount of surface states, that is, The
total capacitance of the semiconductor/electrolyte interface described by Eq. (1.45)
becomes The interface capacitance as a function of the electrode potential then
follows the Mott–Schottky equation:



where a voltage shift from by an amount of is due to the potential
drop in the Helmholtz layer.273

When there is a high density of surface states, the Fermi level can become pinned
within the potential range in which the surface states lie. For a monoenergetic surface
state, the intersect of the Mott–Schottky plot is shifted from its true flatband potential
value as illustrated in Fig. 1.13.44 In this case the applied potential is dropped in the
Helmholtz layer and the capacitance does not change with applied potential. When the
surface states are fully occupied or fully empty, the capacitance starts to change again
with applied potential according to the Mott–Schottky relation. The slope of the central
region in Fig. 1.13 is related closely to the density of surface states. The higher the
slope is in the central region, the lower the density of states. An infinite density of states
will lead to a zero slope.44 Assume is the positive charge when the donor surface
states are fully empty and is the negative charge when the acceptor surface states
are fully occupied. The effect of the donor surface states on the flatband potential can
be described by and that of the acceptor surface states by

The presence of an oxide layer on the silicon surface can also cause the flatband
potential to shift. The potential drop across an oxide is on the order of
where and are the dielectric constants of silicon and silicon oxide, respectively, d

at relatively large bias but curved at small bias. The potential intersection of the
Mott–Schottky plot, considering the effect of the Helmholtz layer resulting from high
doping concentration, is given by
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Electrochemical reactions on a semiconductor electrode involve charge transfer
between the species in the solution and charge carriers in the semiconductor. The basic
assumption in the theories of the kinetics of charge transfer reactions is that the elec-
tron transfer is most probable when the energy levels of the initial and final states of
the system coincide.44,79 This requires that the vibration of molecules and their sur-
rounding solvation shell be slow compared with the actual electron transfer between
the electrode and redox system in the solution. Thus, the efficiency in the redox reac-
tion processes is primarily controlled by the energy overlap between the quantum states
in the energy bands of the semiconductor and the donor or acceptor levels in the reac-
tants in the electrolyte. Often, the overlap between the electronic states in the semi-
conductor and the levels in the electrolyte is unfavorable, and radical surface states that
located within the band gap become the most important for the charge transfer.

In an ideal case when surface states are absent and charge transfer proceeds
directly between the energy levels in the bands and in the solution, according to
Gerischer,79 an anodic current involving an electron transfer from a molecule in the
electrolyte to the electrode and a cathodic current involving an electron transfer from
the electrode to a molecule in the electrolyte are given by

1.4.1. Basic Theories

1.4. KINETICS OF CHARGE TRANSFER

the oxide thickness, and the surface field.717 For a thin oxide film of about 20 Å,
and (the dielectric constant of native oxides is much larger than

that of thermal oxide due to inclusion of water molecules), Thus, the
presence of a thin oxide film such as the native oxide has in general a weak effect on
the determination of flatband potential when the oxide is not associated with a high
density of surface states.
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where is the number of molecules that reach the electrode surface, the transi-
tion coefficient which strongly depends on the distance of the reacting molecules from
the surface, the densities of empty states and occupied states in the
electrode, respectively, and the densities of occupied energy states
and empty states in the electrolyte defined by Eqs. (1.11) and (1.12). The anodic current,

consists of an electron transfer current into the conduction band, and corre-
sponding to a transfer into the valence band. Similarly, the cathodic current, consists
of the contribution from the conduction band, and from the valence band, The
contributions of conduction and valence bands to the anodic and cathodic currents are
illustrated in Fig. 1.14.

The magnitude of the currents depends on the overlap between the levels in the
semiconductor bands and those in the solution. For a material having a large band gap

the overlap generally involves only the conduction band or the valence
band, whereas for a small band gap there may be overlap of a redox couple with both
the conduction band and the valence band so that the contributions from both bands,
i.e., and are significant. In general, the electron transfer probability is mainly deter-
mined by the energy correlations between the band edges of the semiconductor, and

and principal energy levels of the redox couple, and If is closer to
than to electron transfer in the conduction band is the more likely process. In
the opposite case, electron transfer in the valence band is more likely.

In the case of the conduction band process, the density of empty states,
in the conduction band can be taken to be constant because only a few of them are occu-
pied so that using Eq. (1.11) the conduction band anodic current, can be expressed as
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and
and



where is the band bending at equilibrium. At potentials departing from equilibrium,
the surface carrier concentrations are described by

Also, the surface carrier concentrations at equilibrium can be described by and
which are given by Eqs. (19) and (20):

For non-heavily doped semiconductors, the potential variation occurs only across the
space charge layer and the potential across the Helmholtz layer is constant. This means
that the exponential terms in Eqs. (1.54) to (1.57) are independent of applied potential,
that is, Thus, and are independent of the potential and can
be taken asconstants: and The only quantities that are dependent on poten-
tial are and which are described by Eqs. (1.19) and (1.20). At equilibrium the
anodic and cathodic currents across each energy band must be equal, i.e.,

Similarly, one can obtain the approximate equations for the cathodic currents via the
conduction and valence bands:

Integrals (1.52) and (1.53) can be analytically solved only by making some assump-
tions. Assuming for the conduction band process and for the valence
band process because electron transfer occurs mainly with  1 kT of the band edges and
assuming is constant, integrals (1.52) and (1.53) can be approximated by the fol-
lowing equations for the anodic currents via the conduction and valence bands:

In the case of the valence band process, an electron transfer into the valence band
is only possible if holes are present at the surface. This means the density of empty
states equals the hole density at the surface, Thus, the valence band anodic
current is
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The current equations (1.54) to (1.57) can now be expressed in simple forms as follows:
for anodic current,

and for cathodic current,

where is the overpotential, which is a measure of the departure of the
potential drop in the space charge region, from that at equilibrium, Figure 1.15
shows the schematic i–V curves representing Eqs. (1.63)–(1.66).962 Under an anodic
polarization which provides a positive increases exponentially with and is
constant. On the other hand, under a cathodic polarization, increases exponentially
with cathodic polarization but remains constant. The exponential increase for
which depends on the supply of holes, is limited for an n-type material by the current
of holes. Similarly, the exponential increase of the electron current for p-type
material is limited by the current of electrons.

The net current is

The current is negative when it is cathodic and positive when it is anodic. Analogously,
the current on a p-type material when the contribution of minority electrons is negli-
gible can be expressed as

This equation can be further simplified by neglecting the contribution due to the minor-
ity carriers. Thus, for an n-type material Eq. (1.68) becomes

This form resembles that for the Schottky barrier at a metal/semiconductor interface
that is used in the literature.964



1.4.2. Limitations of the Basic Theories

The kinetic theory described by the above equations is derived with several basic
assumptions:962

1. Electron transfer occurs directly between the levels in the bands and the levels
in solution

2. The energies of electrons and holes in the band taking part in the charge trans-
fer are confined in a narrow interval (on the order of kT) of the band edge at
the surface.

3. The position of the band edge relative to the energy levels of the redox system
is independent of the potential change in the interface region, i.e., all the
applied potential drops across the space charge layer in the semiconductor.
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In many circumstances these conditions are not met and the equations are not
directly applicable to electrode reaction kinetics.86,270,274 For example, when charge
transfer via surface states plays a significant role in the electrode processes, the first
assumption is violated. In this case as shown in Fig. 1.16a, the charge transfer process
is not directly between the levels in the bands and those in the solution. In the case of
a strong band bending the thickness of the space charge layer may become very small
so that electron tunneling through the space charge layer occurs as shown in Fig. 1.16b.
Thus, the second condition is violated because the electron tunnels from energy levels
that are distant from the band edges at the surface. Violation of the third assumption
may, for example, occur when the semiconductor is highly doped so that the capaci-
tance of the space charge layer near the flatband potential is comparable to that of the
Helmholtz layer and a significant fraction of the potential drops in the Helmholtz layer.
This may also occur when the density of surface states is high and the associated charge
is comparable to that of the Helmholtz layer.

Also, although Eqs. (1.69) and (1.70) resemble those for a Schottky barrier, there
are several important differences in the physical and chemical details: (1) charge trans-
fer between a semiconductor and a solution is a slow process, whereas that between a
metal and a semiconductor is fast; (2) the diffusion of redox species in the solution
toward the electrode surface is slow whereas that of charge carriers in metal is fast; (3)
the reduced and oxidized species of the redox couple as donors and acceptors can
change independently whereas the occupied and unoccupied states of the metal cannot
be changed artificially; (4) a Helmholtz layer is present between the semiconductor
electrode and the solution whereas no such layer exists at the metal/semiconductor
interface.



Breakdown of a semiconductor electrode occurs when the limiting current
at reverse bias sharply increases with increasing potential. At breakdown the
electrode loses its “insulating” character and becomes “conductive.” Two types of
breakdown may occur in a semiconductor at high field: Zener breakdown and avalanche
breakdown.45,964

In Zener breakdown, the field may be so high that it exerts sufficient forces on a
covalently bound electron to free it, which creates two carriers, an electron and a hole,
to conduct the current. In this breakdown process, shown in Fig. 1.17a, an electron
makes the transition, or tunnels, from the valence band to the conduction band without
the interaction of any particles. It is essentially a band-to-band tunneling process. In

1.4.4. Breakdown

where is the diffusion length.
The limiting current described by Eq. (1.73) is the maximum hole current that

can flow from the semiconductor bulk to the space charge region under a steady-state
condition. It depends on the assumption that bulk thermal generation is the only source
of the minority carriers. In many systems there may be other sources of minority carrier
generation, for example, generation in the space charge region and through the surface
states.607,717,839 In some cases the measured limiting current can be much larger than the
true limiting current due to current multiplication which generates current via injection
of carriers into the band of majority carriers.

where is the diffusion current, the diffusion coefficient of holes, p the hole con-
centration, the hole concentration at equilibrium, and the hole lifetime. Using the
boundary conditions at and p = 0 at (boundary between the space
charge layer and bulk) and solving Eqs. (1.71) and (1.72), the limiting (or saturation)
hole current is obtained as

1.4.3. Limiting Current

The limiting current for an n-type semiconductor electrode under a reverse bias
consists of that from majority carrier current in the conduction band and minority car-
riers in the valence band. The relative contribution of the two currents is a function of
temperature. For silicon at room temperature the limiting current in the dark is domi-
nated by the transport of minority carriers.699

When the limiting current in the dark is determined by the minority carriers, under
a steady-state condition, in the absence of additional generation in the bulk for n-type
semiconductor the hole concentration and hole diffusion current can be given by the
following equations:
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this case the width of the space charge layer at a strong reverse bias becomes very thin
so that the bound electrons in the valence band can tunnel through the band gap into
the conduction band. Since the probability of the process is a strong function of the
thickness of the barrier, tunneling is only significant in highly doped material in which
the depletion layer is narrow.

In the case of avalanche breakdown as shown in Fig. 1.17b, free carriers are able
to gain enough kinetic energy from the field in the space charge layer and break the
covalent bonds in the lattice at collision. In this process, each carrier colliding with
the lattice atoms creates two carriers, which can participate in further avalanching
collisions, leading to a sudden multiplication of carriers in the space charge region. In
the energy-band diagram of Fig. 1.17b, this process can be represented as the excita-
tion of carriers from the valence band to the conduction band by absorption of the
kinetic energy of the free carriers moving in the lattice under a high field.

The field required for breakdown to occur and the mode of breakdown depend
on doping level. As the dopant concentration increases, the width of the space charge
layer decreases and the probability of tunneling increases rapidly so that Zener break-
down becomes more likely than avalanche breakdown. Zener breakdown is, in general,
involved in the electrode processes on and materials under a reverse bias.

Interface tunneling (shown in Fig. 1.17c), can also generate a large current at a
reverse bias for a semiconductor electrode/electrolyte interface when the energetic posi-
tion of a redox couple is favorable relative to the bands. Interface tunneling has been



According to the calculation by Kang and Jorne,724 the fraction of the potential drop
across the space charge region depends on the doping level and exchange current
density. Under the same current density, decreases with increasing doping level.
When the doping level is the voltage drop in the space charge region is very small,
on the order of millivolts, and most of the potential drop occurs in the Helmholtz layer.
As the doping level decreases, a relatively larger fraction of the total overpotential
occurs in the space charge region as shown in Fig. 1.18. At a very low doping level,
when the concentration of holes is very small, the potential drop occurs almost entirely
in the space charge layer. The plot of logarithmic current versus potential then gives a
60 mV/decade relationship.

That is,

where is the exchange current density, and are the surface concentration of holes
under current flow and at equilibrium, and is the overpotential for the anodic reac-
tion. The total applied voltage, under anodization is the sum of the potential drop
in the Helmholtz layer, in the space charge layer, and concentration overpoten-
tial in the electrolyte,

1.4.5. Potential Distribution

The statically charged region at the silicon/electrolyte interface is composed of a
space charge layer in the silicon and double layer in the electrolyte. Any potential
change across the interface must be accomondated by one of the two layers or shared
by them. The partition of potential under a reverse bias when the current is very small
is determined by the relative value of the capacitance at the space charge layer, the
surface state capacitance, and the Helmholtz layer capacitance. On the other hand, under
a forward bias the partition of potential depends not only on the relative values of the
capacitances, but also on the kinetics of charge transfer across each layer. When there
is an oxide present, the potential may further be partitioned among the oxide film and
the two double layers.

In general, in the absence of an oxide the partition of the applied potential
across the space charge layer and the Helmholtz layer depends on doping concentra-
tion and current range. There are also two different potential distributions depending
on whether it is under a forward bias or a reverse bias. Under a forward bias for an
anodic process on a p-type semiconductor electrode the current density can be described
as follows724:

found to be significant for silicon electrodes in HF solutions, where the dissolution
intermediates are further oxidized by injecting electrons in the conduction band, result-
ing in current that is much larger than the minority dark limiting current.8,38
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At the limiting current in the dark under a reverse bias, all the change in poten-
tial occurs across the space charge layer. But at current below the dark limiting current
the applied potential can be distributed over both the Helmholtz layer and the space
charge layer.717 The anodic charge transfer at a reverse bias involves two processes that
are electrically in series:

1. Electrochemical charge transfer through the Helmholtz layer according to

where is the exchange current, the overpotential across the Helmholtz
layer, and the charge transfer coefficient.

2. Electron transfer from the surface to the bulk of the semiconductor through
the space charge region with limiting current of

This equation indicates that potential change occurs mainly in the Helmholtz layer at
a current significantly less than the limiting current whereas it occurs mainly in the
space charge layer at a current near or equal to the limiting current and the Helmholtz
potential is almost fixed.

The total overpotential is
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1.4.6. Current Multiplication

Current multiplication is a phenomenon associated with the limiting current when
a reaction of several charge transfer steps occurs and only a part of these steps involves
the minority carriers. For example, for an anodic oxidation of a reducing species A to
its oxidized form on an n-type material, current multiplication occurs as follows:

where A is first oxidized by a hole to become a radical Because of the closer posi-
tion of the intermediates to the edge of the conduction band, further oxidation to
is accomplished by injecting (n–m–1) electrons into the conduction band. This results
in a current that is n/(m + 1) times larger than the limiting current by the minority
carriers. It is commonly called current doubling when n/(m + 1) is 2. Current multi-
plication with a multiplication factor of 2 to 4 has been observed during the anodic
dissolution of n-type silicon in fluoride-containing solutions.908,909

1.5. PHOTOEFFECTS

When a semiconductor/electrolyte interface is irradiated with a light of energy
greater than the band gap photons are absorbed, breaking the covalent bonds holding
the electrons at atomic sites in the lattice, and electron–hole pairs are generated. Some
of these electrons and holes, especially those formed in the bulk semiconductor beyond
the space charge region, recombine with the generation of heat or emission of light.
However, the field in the space charge layer causes the separation of electrons and holes.
Thus, in the case of Fig. 1.19 the holes arrive at the surface at an effective potential
equivalent to the valence band edge and cause the oxidation of the redox couple R/O
from R to O while the electrons move into the external circuit through the semicon-
ductor electrode lead. The flow of holes and electrons in opposite directions can be
measured as photocurrent.

1.5.1. Photocurrent

The attainable photocurrent under a given illumination intensity depends on the
relative depth of light penetration in the semiconductor, the diffusion length of the
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minority carriers and the width of the space charge layer. As illustrated in Fig. 1.20,
the depth of light penetration is on the order of  where α is the light absorption
coefficient defined as follows962:

where I is the light intensity, the light intensity entering the electrode, the frequency
of light, and x the distance from the surface into the bulk. The number of absorbed
photons per unit time and unit volume is and the rate of carrier generation for
one photon to one electron–hole pair is described by

The penetration depth of light may vary in a wide range since is a function of light
frequency as shown in Fig. 1.21.45,161 For silicon, the absorption of photons having ener-
gies greater than the band gap is almost entirely due to the generation of holes and elec-
trons. The optical penetration depth, is less than 10 nm when silicon is illuminated
with high-energy ultraviolet light whereas it is with light having a wavelength
of

Figure 1.20 shows the two extreme cases of light absorption, and
in relation to the diffusion length and the width of the space charge layer. In

the region the holes generated in the depletion layer, are transported
by the electric field to the surface where they are consumed in the electrode reactions.
Outside the depletion layer at the photogenerated holes are transported by



BASIC THEORIES OF SEMICONDUCTOR ELECTROCHEMISTRY 33

diffusion. The distance these nonequilibrium carriers travel during their lifetime is on
the order of the diffusion length. Thus, the holes generated deeper in the bulk,

mainly recombine before they reach the surface.
In the case of strong light absorption so that (Fig. 1.20a), the region for

photo hole generation is within the depletion layer. The photocurrent is independent of
the potential and represents the maximum attainable. On the other hand, when light
absorption is weak (Fig. 1.20b), the photocurrent is proportional to and thus
depends on the potential which determines the width of the space charge layer.

Photocurrent can generally be considered to consist of two parts, that due to gen-
eration in the depletion layer, and that from generation in the bulk,

With the assumptions that (1) there is negligible recombination in the space charge layer
and at the surface and all the carriers generated in the space charge layer are driven by
the field to the surface, and (2) the electrode reactions are sufficiently fast, using Eq.
(1.83) the contribution due to photogeneration in the depletion layer can be described
by

The photocurrent due to generation in the bulk, can be described by
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which means that under a steady-state condition the change of hole concentration
caused by diffusion, recombination, and photogeneration is zero. Using the boundary
conditions and p = 0 at one obtains the solution for as

Combining Eq. (1.84), (1.85), and (1.86), one obtains the expression for the absolute
value of photocurrent:

Equation (1.89) can be further simplified for the two extreme cases shown in Fig. 1.20.
For in the case of weak absorption, Eq. (1.89) can be expanded and one obtains

For strong absorption, i.e., Eq. (1.89) becomes

i.e., all created carriers contribute to photocurrent and is independent of doping
concentration and potential.

The ratio of the number of electrons transferred through the external circuit to
the number of photons striking the semiconductor surface is defined as quantum yield
or quantum efficiency:

The net photocurrent and the quantum yield are a function of a number of competing
processes1154 as shown in Fig. 1.22. For an n-type semiconductor, the externally mea-
surable current i is the difference between the photocurrent and the forward current of
electrons. The electron current is decreased to zero under certain anodic bias. While
the flux of holes to the surface is exclusively controlled by the solid-state properties,
all the other reaction steps depend on the surface properties of the semiconductor. The
holes arriving at the surface can either (i) transfer to an electron donor in the solution,
(ii) be trapped at the surface states, or (iii) recombine with electrons in the conduction
band in the depletion region or at the surface. Process (iii) does not generate current in
the external circuit, whereas process (ii) produces only transient current charging up
the surface states. Only process (i) produces steady photocurrent. The measured pho-
tocurrent can therefore be different from the flux of holes to the surface due to these
processes.

All these processes are strongly dependent on the band bending. In the absence
of surface recombination and with a fast kinetics of electron transfer, the photocurrent
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increases steeply when the depletion layer starts to form and a saturation current
is quickly reached. On the other hand, with sufficient surface recombination or in
cases of slow electron transfer reactions, the apparent onset of the photocurrent
can be shifted to higher bias and the saturation current is only reached at a larger band
bending.

1.5.2. Photopotential

Photopotential or photovoltage is the potential change in the space charge layer
resulting from charge separation of photogenerated excess carriers in the field of the
space charge layer under galvanostatic conditions.86,962 It depends on the light intensity
and the original band bending in the dark. The maximum photopotential is obtained
when the energy band becomes flat. Also, depending on whether it is in depletion or
accumulation at the semiconductor surface, the photopotential can be negative or pos-
itive with changing sign at the flatband potential.278 The photopotential developed in a
depletion layer is much larger than that in an accumulation layer.

When an electrode is illuminated its potential becomes

This change of potential by illumination, is defined as photopotential,
The current measured at is the sum of electron and hole currents:

At the open-circuit potential condition the net current is zero, that is, and the
photopotential is called the open-circuit photopotential, When there is very little
surface recombination and the electrode reaction is sufficiently fast so that the con-
centration of the reagents at the surface remains equal to their equilibrium values, the
relation between open-circuit photopotential and light intensity for an n-type material
can be expressed for 407 by
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where is the bulk minority carrier density and is the increased carrier density due
to light excitation. This equation indicates that large photovoltages are already obtained
at rather low intensities of light, because the carrier density created by light excitation
can easily exceed the minority carrier density. Since is a constant for a given
material and is proportional to the light intensity the above equation can be
reduced to

where b is a positive constant. The same expression as Eq. (1.95) can be derived for
962 It can be seen that is always negative because when an n-type semi-

conductor is illuminated, the band bending decreases. At relatively low intensities
of illumination, i.e., the absolute value of the photopotential increases
linearly with increasing whereas at high intensities, i.e., the change is
logarithmic.

When the photoeffect is limited mainly by the bulk recombination process, i.e.,
the diffusion of the minority carriers, the photopotential can be quantitatively related
to the minority diffusion coefficient, and the diffusion length, at a photocurrent
of 275:

When the redox species in the solution do not interact with the semiconductor
surface and the band edge at the surface is fixed with respect to the redox potential,
the changes in the redox potential in the solutions will result in identical
change in the photovoltage on an illuminated electrode. The presence of a redox
couple with more negative than for n-type material or more positive than
for p type results in an interface with no photovoltage. For more positive than
for n type or more negative than for p type, the photoeffects are also expected to
be minimal. Only for situated within the band gap can a large photovoltage be
expected.

For a semiconductor that is at equilibrium with a redox couple in the solution,
the band bending is determined by the redox potential. The maximum attainable pho-
tovoltage is the size of band bending, which is ideally related to the barrier height,

 Under an equilibrium condition, generally does not
move into the valence band to form an inversion layer and thus the maximum band
bending cannot exceed that is, about the band gap.275 Thus, theoretically, the
maximum attainable photovoltage is close to the band gap when the redox potential is
near the valence band edge at the surface.

As a semiconductor/electrolyte interface for photoenergy conversion, the objec-
tive is to position close to for n-type material for photoanodes, or close to
for p type for photocathodes to achieve the largest band bending in the dark and thus
the maximum photovoltages. The maximum open-circuit photovoltage is equal to the
amount of band bending or the barrier height, which can be given as270
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The theoretical maximum value is, however, not practically achievable due to many
kinetic processes at the semiconductor/electrolyte interface such as surface recombi-
nation and majority current. As a result, for a given silicon/electrolyte interface, con-
stant photovoltage over a wide range of redox potentials can occur, that is, band bending
is independent of the redox potential value. Thus, photovoltages in practical systems
are often not indicative of the barrier height.

1.5.3. Efficiency of Energy Conversion

The power efficiency of a photoelectrode can be characterized by the open-circuit
potential (OCP) and short-circuit current:675,812

where is the photovoltage at the photocurrent At OCP where is the maximum,
but is zero so that is zero. Large is obtained when both and are large.

In the application for photo power conversion devices, the objective is to maximize
The maximum theoretical solar energy conversion efficiency for a silicon elec-

trode is found to be about 25%. Systems with efficiency up to 16% have been realized
experimentally on silicon/liquid junctions.275,917 The primary source of inefficiency is
the presence of surface states at the silicon/electrolyte interface that act as recombina-
tion centers.548,622

1.5.4. Surface Recombination

Surface states, like the impurity levels in the bulk, may take part in the recombi-
nation of electrons and holes, which significantly affects the photoelectrochemical
processes.158,182,962 As described earlier, there are many different kinds of surface states
in terms of their physical nature and energetic distribution in the band gap. Surface
recombination may thus have very different rates depending on the nature of the surface
states. Also, of the total number of surface states, only some of them participate in the
processes of recombination.962 For highly doped material under a large band bending
(deep depletion), surface recombination by tunneling from the surface states to the
bands may also be significant.88

For a simple case where the surface recombination involves monoenergetic
surface states the basic processes are illustrated in Fig. 1.23.962 represents the flux
due to capture of electrons from the conduction band, the emission of electrons into
the conduction band, the capture of holes from the valence band, and the emis-
sion of holes into the valence band. The recombination rates of electrons, and of
holes, can then be expressed as

At equilibrium            and the recombination rates are zero. Equation (1.98)
can be further expressed as



38 CHAPTER 1

where and are the capture coefficients for electrons and holes at the surface,
is the concentration of surface states, and are the concentra-
tions of electrons and holes at the surface with and the concentrations at equilib-
rium, and are the concentrations of captured electrons and holes in the surface
states, and is the degree of filling of the surface states. In the steady state,

and Eqs. (1.99) and (1.100) become

where For a nondegenerated material, suppose that (1) quasineutral-
ity is fulfilled at the boundary of the space charge layer, so that the concentra-
tions of excess electrons and holes are equal and (2) the departure from
equilibrium is insignificant, that is, then the surface recombination
velocity, which is defined as can be obtained from Eq. (1.101) as

The recombination velocity, which characterizes the recombination process, may vary
over a wide range, from 1 to at room temperature.962 Surface recombina-
tion centers that can be described by the one discrete recombination center model have
been found to exist in different silicon/electrolyte systems.61,182,278,808 The states that
can exchange charge carriers with only one of the bands are traps for electrons or
holes. Surface states that contribute to the interface capacitance but do not act as the
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recombination center have been found on silicon electrodes in both fluoride and non-
fluoride solutions.93,808

1.6. OPEN-CIRCUIT POTENTIAL

OCP, or the rest potential of an electrode, is the potential of a freestanding elec-
trode without electrical connection to any other conducting materials. Thus, at OCP
there is no net current flow in or out of the electrode. OCP of an electrode is deter-
mined by the kinetic state of the electrode. It is the most easily measurable electro-
chemical parameter and at the same time is the most convoluted quantity as it is
determined by all the kinetic factors in the system. The electrode at OCP can be at an
equilibrium state or a nonequilibrium state depending on the nature of the particular
electrode/electrolyte system and the reference time scale.

If no net chemical change occurs in the system during the time of measurement,
the electrode at OCP can be regarded as at an equilibrium condition. This occurs, for
example, as shown in Fig. 1.24a, where the Fermi level of the semiconductor has the
same value as the reversible potential of a single redox couple in which the forward
current equals the reverse current In many situations and almost always for silicon,
the electrode/electrolyte interface at OCP is at a nonequilibrium condition and a net
chemical change in the system occurs when two or more redox couples are present in
the electrolyte. OCP in these situations is a mixed potential. This is shown in Fig. 1.24b,
where OCP is established with two redox couples, and with

but In this case, a net chemical change is
involved since and and a net amount of reduced species 1 and
oxidized species 2 is produced for a given time peorid.

When one of the redox couples is associated with the dissolution of the electrode,
OCP is also called the corrosion potential and the net dis-

solution rate at OCP is the corrosion current, This is generally the case
with a silicon electrode at OCP in aqueous solutions because the thermodynamic poten-
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tial of silicon is much more negative than that of water. OCP of silicon in water is gen-
erally a corrosion potential. The rate of corrosion, that is, the dissolution rate at OCP,
can be measured in terms of corrosion current. It can be estimated by determining
the polarization resistance at OCP, which was originally formulated by Stern and
Geary1148,1149 based on the mixed potential concept for an electrode under an activa-
tion-controlled condition. In the case where the corrosion rate of the semiconductor is
limited by the minority carriers, the corrosion current simply equals the limiting current
as illustrated in Fig. 1.25.962

As can be seen in Fig. 1.25, the corrosion potential may vary not only with the
value of but also with the slopes of the anodic and cathodic curves as well as the
limiting current values. Since the limiting current is sensitive to the lighting condition,
OCP or corrosion potential varies with the background photonflux. As stated above,
the corrosion potential is determined by the anodic current and cathodic current. Any
changes, such as surface preparation, solution composition and concentration, pH,
temperature, time, convection, aeration, background lighting, and so on, that affect the
anodic and the cathodic reactions will affect the value of the corrosion potential. Thus,
the corrosion potential as well as the corrosion current can vary greatly, depending on
the specific conditions.

The change of the corrosion potential in either the anodic or the cathodic direc-
tion may correspond to a decrease or increase in the corrosion current. The variation
of the corrosion potential and corrosion currents under various conditions can be gen-
eralized using schematic polarization curves in Fig. 1.26.970 The corrosion potential of
an active electrode in a solution is and are the corrosion
potentials under changed conditions.
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In the case where the anodic dissolution is inhibited, e.g., by surface adsorption
of a chemical species, the anodic curve becomes This will result in a more positive
corrosion potential (from      to if the cathodic reaction remains unchanged.
In such a situation the corrosion current is reduced with a more positive potential rela-
tive to the original value. On the other hand, if the anodic dissolution kinetics remains
unchanged but the rate of the cathodic reactions is changed from curve to curve
the potential also becomes more positive (from    to However, in this case the
corrosion current is increased with a more positive potential.

The anodic curve becomes in Fig. 1.26 when the surface is passivated. If the
cathodic reaction is unchanged, the corrosion potential of the electrode becomes
which is more positive than The corrosion current is generally much smaller than
that at

The corrosion potential values that are much more positive than are usually
associated with both the passivation of the electrode surface and the presence of
oxidizing agents in the solution. The cathodic and anodic polarization curves in such a
solution are illustrated by and the coupling of which yields the corrosion poten-
tial The dissolution rate in this situation is usually very low. However, if the
surface is not passivated, the dissolution rate can be very high in the presence of oxi-
dizing agents, which is the case for etching of semiconductors in solutions containing
oxidizing agents. This can be appreciated by coupling curves and in Fig. 1.26.

A decrease in potential can be caused by either faster anodic dissolution kinetics
or a slower cathodic reaction. For example, a decrease in corrosion potential due to
deaeration of a solution is usually observed. Deaeration removes the dissolved oxygen
and thus reduces the cathodic reaction rate.
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1.7 EXPERIMENTAL TECHNIQUES

Electrochemical techniques generally involve the measurement of the electrical
signal of the semiconductor/electrolyte interface since the elemental step in an elec-
trochemical reaction is charge transfer across the charged layers at the interface. In
these techniques, the electrode surface is typically perturbed by a signal of potential,
current, or light, and the corresponding potential, current, or light, along with the phys-
ical and chemical changes that take place on the surface, is measured. The physical and
chemical nature of the interface layers and kinetics of the electrode reactions can then
be analyzed. The theories and methodologies employed in electrochemical techniques
are well documented.44,932,962–964

The properties of silicon electrodes has been investigated using a wide range of
experimental techniques. Specific examples are the determination of:

Steady-state or dynamic potential and current relationships to provide infor-
mation on the energetic dependence of electrode reaction rate2,21,34,271,939

Current or potential versus time to provide information concerning stability of
reactions and transition or transformation of surface condition74,77,286,291,860,874

Capacitance–potential relationship to reveal information on the energetic
position of semiconductor bands and surface states, especially the flatband
potential61,93,475,479,716,841,942

Impedance–frequency relationship to yield information on the resistive and
capacitive elements of the current path9,139,486,951

Current on rotating electrode to give information regarding mass transport
in electrolyte14,34,939 and on rotating ring-disk electrode for reaction
intermediates21,695

Short-circuit current of a p–n junction to discriminate between a conduction
and a valence band process34,969

Photocurrent to provide information on quantum efficiency and types of
carriers11,73,74,873

Impedance under illumination to generate information on recombination
processes93,808,932

Photocurrent with subband light to provide information on surface states400,935

Optoelectric impedance (photopotential or current response to modulated illu-
mination) or electro-optic impedance (photoresponse to potential modulation)
for information on the contribution of minority, majority, and injected carriers
in recombination and multiplication626,932

Microwave conductivity for instantaneous minority concentration and flat-
band potential597,616

Optical second-harmonic generation by pulsed laser for structural information
on interface606

Defletometric technique for electrolyte concentration gradien near the solid
electrode surface855,862

Bending beam method for stress of oxide film on the surface1058

Micropatterned samples for determination of carrier distribution and lateral
mobility across the electrode or near the surface585,587
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In addition to the electrochemical techniques, many insitu and exsitu surface analyti-
cal techniques are used in studies of silicon electrodes, such as ellipsometry for
determining thin surface film thickness,98,200,240,404 infrared spectroscopy for surface
adsorption,215,227,395,409 XPS126,260,424 for surface composition, SEM12,247 and STM223,234 for
surface morphology, TXRF for surface concentration of metals,135 and AFM for surface
morphology.120,135

One particularly important aspect in electrochemical measurements is surface
treatment (or surface preparation). The electrochemical behavior of silicon can be
strongly affected by surface treatment procedures.87,161,600,717 The most important goal
of surface preparation is to produce a chemically clean and physically homogeneous
surface that is reproducible and relatively stable so that representative and reproducible
results can be generated. Since silicon is usually covered with a native oxide of various
thicknesses and chemical compositions in the air or in aqueous solutions, most surface
treatments are designed to remove this initial surface oxide film. The most common
procedure used in surface treatment of a silicon electrode includes a dip of the elec-
trode in a HF solution. A very common treatment of silicon electrodes for electro-
chemical experiments employs concentrated HF solutions such as 48% HF at room
temperature with dipping time ranging from 10 to 60s.161 Also, addition of oxidizing
agents such as to the HF solutions is used to enhance the etching rate. The surface
after a dip in HF solutions is typically terminated with hydrogen (see Chapter 2 for
details). As will be seen in the rest of this book, the surface condition resulting from
preparation by a specific cleaning solution may still vary to a wide extent due to the
many poorly controllable material and procedure factors.
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2
Silicon/Electrolyte Interface

2.1. BASIC PROPERTIES OF SILICON

Silicon is a semiconductor with an intrinsic conductivity of and a
band gap of 1.12eV at 300K. It has a diamond crystal structure characteristic of the
elements with four covalently bonded atoms. As shown in Fig. 2.1, the lattice constant,
a, is 5.43 Å for the diamond lattice of silicon crystal structure. The distance between
the nearest two neighbors is that is, 2.35 Å, and the radius of the silicon atom is
1.18 Å if a hard sphere model is used. Some physical parameters of silicon are listed
in Table 2.1.

The silicon materials that are used in the electronic industry are normally doped
to increase the conductivity. The common donors for silicon are P, As, and Sb and the
acceptors are B, Al, and Ga. They are substitutional impurities with ionization levels
located in the range of 0.04 to 0.07eV from the corresponding bands. Table 2.2 lists
the resistivity, which is the reciprocal of the conductivity, of n- and p-type silicon doped
with phosphorus and boron, respectively.45

For single-crystalline silicon the surface properties depend on the orientation.
Table 2.3 lists surface properties of silicon for the three principal crystal planes. The
(111) plane has the highest atomic density and the lowest surface energy, while the
(100) plane has the lowest atomic density and the highest surface energy. Table 2.4
shows the density of surface bonds on various crystal planes.235 The (100) plane has
the highest surface bond density although it has the lowest atomic density. If the in-
plane bonds, which are zero for the (100) and (111) planes but high on the (110) plane,
are also included, the (110) plane is found to have the highest total bond density. Table
2.4 also shows the surface free energy of the different crystal planes based on the values
of bond density and bond strength. The silicon surface is not perfectly flat at the atomic
scale but contains defects such as steps, vacancies, kinks, etc.1074 The step formation
energy, which is the energy for creating a straight step from a flat surface at T = 0K,
has been found to be 0.162eV/Å for step on (111) plane, and 0.22eV/Å for a kink
on step.

45
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2.2. THERMODYNAMIC STABILITY IN AQUEOUS SOLUTIONS

Silicon, with a standard potential of is a rather active element and
is readily oxidized in water. The stability of silicon in water and aqueous solutions in
the absence of complex formation at 25 °C is determined by the equilibrium conditions
listed in Table 2.5.304

Figure 2.2 shows the pH–potential diagram (Pourbaix diagram) which is a graphic
presentation of the equilibrium conditions listed in Table 2.5. The lines labeled a and
b represent, respectively, the equilibrium conditions of the reduction of water to gaseous
hydrogen and of the oxidation of water to oxygen, when the partial pressure of hydro-
gen or oxygen is 1 atm. According to Fig. 2.2, the stable region of silicon is far below
line a (the stability line of water) and thus silicon is thermodynamically not stable in
water and aqueous solutions. It tends to be oxidized with the evolution of hydrogen
and gaseous silicon hydride and the formation of silica and silicates. Silicon, as
a solid substance, is, however, generally stable in most aqueous solutions because of
the formation of a passive oxide film on the surface. Figure 2.2 also shows that hydride

is unstable in the presence of water and tends to decompose into hydrogen and
silica or silicates. The diagram is approximate since it does not take into account the
complex nature of the solutions of silicic acid and silicates. Also, it is only valid in the
absence of substances with which silicon can form compounds of insoluble salts or
soluble complexes.

In the presence of fluoride ions, we find formation of soluble silicon hexafluo-
ride, which is dominant in the acidic region. Figure 2.3 illustrates the stability
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regions of various silicon species, i.e., Si, (am), and in the presence of
1M concentration of fluoride species.100 At a fluoride concentration of 1M, silicon
oxide is soluble below pH 7 (Fig. 2.3). At a lower concentration of F, is not
stable at low pH values as shown in Fig. 2.4. For example, when and

the stable region for is confined between pH near 2 and 3.75. The
reaction of silicon with fluoride in this region can be described by:974
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The occurrence of two different boundaries as shown in Fig. 2.4 is due to
the change of the predominant fluoride species from the un-ionized HF molecule to the

ion.100 Thus, at the low pH end, stability is determined by

On the other hand, at the high pH end, the stability condition is

In Figs. 2.3 and 2.4, is considered as the predominant species. These diagrams
may vary somewhat when other silicon complexes, such as SiF and are also con-
sidered.709 Further, in real systems, the boundaries of the stability domains in the
pH–potential diagrams depend as well on the type of which may have different
crystallinity and structures and thus different solubilities, as shown in Fig. 2.5.304

Solubilities

In the absence of fluoride ions, silicon oxide has low solubility in water and
acidic solutions but it has high solubility in alkaline solutions as shown in Fig. 2.5.304

In acidic and weak alkaline solutions, the solubility of silicon is independent of pH.
When the total dissolved silicon activity is relatively low silica tends to dis-
solve to form the soluble species which is a weak acid that dissociates appre-
ciably only about 3 pH units above neutrality. On the other hand, at relatively high total
silicon activity silica as a solid is the stable form in nonalkaline solu-
tions. The solubility of silica also depends on the specific type of silica as shown in
Fig. 2.5.
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The solubility of silica tends to increase with increasing temperature and pres-
sure. Increasing pressure on the solution increases the concentration of water molecules
around and thus increases the amount of time that water molecules are in the
most stable configuration.469 At silica concentrations less than 2mM, the stable form is
the monomer, whereas at dissolved silica concentrations greater than about 2 mM, poly-
mers of dissolved silica become important.899

The presence of other dissolved constituents can affect silica solubilities. Some
solutes react with to form complexes and others interact with water molecules
to change the hydration energy of It has been reported that the affinity of
various ionic species in solutions for reaction with decreases in the order:

The solubility is also a function of radius
of curvature of the surface described as follows:

where B is a geometric factor, the surface free energy, V the volume of the solid, C
the solubility of curved surface, the bulk solubility, R the gas constant, and T the
temperature. As shown in Fig. 2.6, the solubility of convex surfaces (positive radius of
curvature) increases with decreasing particle size so that for radii less than the
particles have an increased solubility. On the other hand, the solubility at concave sur-
faces (negative radius of curvature) decreases with decreasing radius of curvature,
which causes silica to precipitate at the tips of cracks.

In HF solutions, dissolves by forming highly stable complex fluorosilicates
according to



52 CHAPTER 2

As is the case in pure water, the solubility constant in HF solutions depends on the form
of For hydrated silica formed by precipitation from an aqueous solution, K has a
value of 709

may further react with fluoride ions:

The reaction constants indicate that is the dominant dissolved fluorosilicate
species in HF-containing solutions.

Fluorine may exist in different forms depending on the composition of the solu-
tion. As a weak acid, hydrofluoric acid ionizes only partially to fluoride The aqueous
solutions HF may contain an appreciable quantity of fluorine in the form of un-ionized
HF and partially ionized bifluoride 824,894 The concentrations of these species in
aqueous solutions are defined by the following equilibrium conditions:75

Different values of the dissociation constants may be found in the litera-
ture.57,75,123,142,238,709 In aqueous solutions of concentration up to at least 1 M fluoride, the
significant fluorine species are 57,75 At relatively high concentrations, HF
tends to polymerize.100,238 Figure 2.7 shows the concentration of each dissolved species
as a function of HF concentration.142 The concentration of commercially available con-
centrated HF solution, is 49 wt%, equivalent to 24.5M.451

is commonly used to prepare buffered solutions for etching of silicon and
its oxides. For HF solutions, the equilibrium is further complicated by
the reaction
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Figure 2.8 shows the concentrations of each dissolved species in various mixtures of
solutions.142 solutionswith higher pH values can be made

by adding to the system.634 The solubility of silicon may also be affected by
the presence of other species as shown in Table 2.6.

2.3. SURFACE ADSORPTION

The atoms of the very first surface layer have unsaturated bonds, the so-called
dangling bonds, due to the disruption of the periodicity of the crystal structure at the
surface. These atoms are highly unstable and react rapidly with the chemical species
in the environment, particularly oxygen and water, to form a chemically more stable
layer which passivates the surface. In air the silicon surface tends to react with oxygen
forming a thin oxide film, that is, native oxide. In water and aqueous solutions the
surface of silicon can be terminated by various species including hydrogen, hydroxyl,
fluorine, and oxide. In addition, a silicon surface, depending on cleaning procedures,
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can be contaminated by metallic, organic, and ceramic species. For example, an as-
received silicon wafer typically has several thousand ceramic particles and metal con-
centrations of for Fe, Ni, Cu, and Zn.131,488 Figure 2.9 schematically
illustrates a possible surface condition of a silicon electrode.

Thus, unless in a vacuum, the surface of silicon is never “clean” because of the
adsorption by foreign species. As will be seen in the following sections, the type of ter-
mination, in terms of chemical nature, thickness, and composition, is a function of how
the surface is prepared and cleaned. In particular, the surface cleaned with HF solu-
tions, which are widely used for preparation of silicon surfaces, is known to be hydro-
gen terminated. On the other hand, in water and non-HF solutions, silicon surfaces tend
to be covered with an oxide film. Employing certain treatment processes, the surface
of silicon can be terminated by different species—H and/or F and/or OH—using dif-
ferent cleaning solutions as shown in Table 2.7.126
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2.3.1. Hydrogen Termination

In HF solutions the silicon surface is predominantly terminated by hydrogen.
There may be small amounts of oxygen- and fluorine-terminated sites depending on the
conditions. The phenomenon of hydrogen termination of silicon surfaces has been
extensively investigated. Experimental results indicate the following general charac-
teristics: (1) hydrogen termination is essentially complete with immersion time on the
order of 1 min; (2) it is formed through chemical adsorption yielding a covalent bond
having a strength close to that of the Si–Si bond; (3) each surface silicon atom can be
terminated by one, two, or three hydrogen atoms depending on its geometric position
in the surface lattice; (4) the surface is stabilized (or passivated) by hydrogen termina-
tion. The extent of termination and type of hydrides depend on the surface condition,
solution composition, and preparation procedures. Table 2.8 shows the characteristics
of hydrogen adsorption on silicon surfaces prepared by different processes.

In general, unless special procedures are taken, the silicon surfaces of both (100)
and (111) orientations treated with HF solution are completely terminated by hydrogen
in the form of mono-, di-, and trihydride. It is rough at the atomic scale due to the pres-
ence of terraces, steps, kinks, adatoms, and vacancies displaying a mixture of facets
of (100), (111), and other orientations.577,622 Whether the termination is dominated by
mono-, di-, or trihydride depends on the orientation and roughness of the surface. The
ideal (100) surface tends to be terminated by and (111) by SiH or due to the
difference in the number of dangling bonds between the two surfaces.577,820 It is more
difficult to obtain a flat (100) surface with a termination completely by due to the
more reactive nature of the (100) surface. The atoms on an ideal (100) silicon surface
have two dangling bonds, which is most favorable for the formation of dihydride. The
fact that appreciable amounts of mono- and trihydrides are generally also found sug-
gests that the (100) surface after treatment in HF is atomically rough since these bonds
will only be present at atomic steps where the silicon atoms may have single or triple
dangling bonds.636 Thus, the form of hydrides can be used as an indication of surface
flatness at the atomic scale. The surface is characteristically rough on an atomic scale,
when all three types of hydrides are present on the surface.

The (111) surface with an almost complete termination by SiH, indicating atomic
scale flatness of the surface, can result from different treatment procedures including a
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dip in HF solutions.574,577,622,635,663 Predominant termination of a flat (111) surface
is also reported.577,820 The silicon atoms on steps, which are terminated by di- and tri-
hydrogen, are preferentially attacked, while the atoms, which are terminated by mono-
hydrogen, are not directly attacked.895 Surface roughening of (111) planes is generally
accompanied by the formation of di- and trihydrides.446,621

Hydrogen termination of the silicon surface appears to occur over the whole pH
range from acidic to basic whenever the surface is not covered with an oxide film. The
silicon surface is found to be covered with hydrogen in alkaline solution even under
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high etching rates.227 The relative amounts of the hydrides as well as the surface flat-
ness, however, change with pH.446,574,621 The effect of pH can be attributed to the depen-
dence of the concentration of HF, and species on pH.437 For the (111) surface,
dipping in HF solution results in termination by mono-, di-, and trihydride, whereas in
basic fluoride solutions (pH 9–10) the surface is terminated exclusively by monohy-
dride.574,635 According to Higashi et al.,574 in the basic fluoride solutions the surface steps
and defects on the (111) surface which are terminated by di- and trihydride are prefer-
entially attacked by water, resulting in Si–O bonds. These Si–O bonds are then removed
preferentially in the presence of HF, resulting in the formation of ideally terminated
(111) silicon surface with monohydride oriented normal to the surface. However, it has
been reported that increasing pH increases the attack of the atoms on the (111) plane
and thus results in large-scale roughness.895

Hydrogen termination is found to occur at all potentials with or without signifi-
cant silicon dissolution and current flow, except for the range in which anodic oxide
forms.215,227,446,602 Rao et al.215 found that the silicon surface is covered with Si–H bonds
at all potentials and current densities at which porous silicon forms in HF solutions of
5% to 50% concentrations. Rappich et al.227 found that the silicon surface is covered
with hydrogen in alkaline solutions at the open-circuit potential at which silicon is
etched at high rates. In alkaline solutions, applying a cathodic potential has no effect
on the hydrogen coverage, whereas hydrogen adsorption disappears at anodic poten-
tials where passivation occurs. In buffered HF (BHF) solutions, hydrogen coverage of
the silicon surface depends on potential.446,621,1036

The relative amount of the hydrides depends on atomic surface flatness and water
temperature.532,895 Water rinse after dipping in HF solutions tends to flatten the
surface.262,532,641 Water tends to react with silicon di- and trihydrides and remove them
from the surface, leaving hydrogen termination and a flatter surface. For example, as
shown in Fig. 2.10 the (111) silicon surface after immersion in 1.5% HF is terminated
by mono-, di-, and trihydrides.635 After immersion in 100 °C water for about 500s the
amount of di- and trihydrides was greatly reduced; they were replaced by monohydro-
gen, leaving the surface covered more homogeneously with monohydride.
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In addition to water rinse, certain other procedures also produce flatter surfaces.
It has been reported that a BHF-treated surface is flatter than one treated with HE.641 A
photocurrent-assisted etching followed by a dark current transient has been found to
reduce microscopic roughness.1036 A multistep process, involving formation of an
anodic oxide, dissolution in 0.2 M at pH 4 and then at pH 4.9, produced a com-
pletely monohydride-terminated (111) surface.743

In organic solvents, the hydrides of HF-treated surface maintain their structure
but the bond energy tends to vary with solvent type.619 The amount of hydrides
decreases with immersion time due to oxidation of the hydrogenated surface by the
small amounts of water present in the organic solvents. There is a marked difference
of the oxidation rates for (111) and (100) surfaces.

The silicon surface terminated by hydrogen after etching in HF is rather stable
at room temperature, reacting only very slowly with oxygen or water. A change of less
than 10% of the surface M concentration is found over a period of 1 month in an ultra-
high vacuum.895 The sticking probability of oxygen on H-terminated surface is many
orders magnitudes smaller than that of a clean silicon surface.1096 In water, whereas a
bare silicon surface is quickly oxidized, a hydrogen-terminated surface is replaced by
a monolayer of oxide only after immersion for more than 100 min as shown in Fig.
2.11.325,663 In particular, the ideally hydrogen-terminated Si (111) surface, that is, mono-
hydride, is extremely stable in both highly acidic and highly basic solutions (e.g., from
HC1 to 574 Polyhydrides are found to be more stable than monohydride.1096

Hydrogen termination also serves to passivate grain boundaries.571 Terrace monohy-
dride has different stability from step monohydride.1109 As a result of hydrogen passi-
vation, HF-treated silicon surface exhibits a very low density of surface states in various
acids over a wide concentration range.648

Mechanistic Aspects. The energy of the hydrogen–silicon bond is in the range
of 3–4eV, which is similar to the silicon–silicon bond.229,914,980 On the other hand, the
fluorine–silicon bond has a much higher bond energy, 6–7eV. Thus, thermodynamically,
Si–F is the more stable bond. F-terminated silicon complexes are unstable in HF
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solutions because of strong polarization of the Si–SiF back bonds, thus facilitating the
attack by HF molecules, as originally proposed by Ubara et al.820 This results in reactions
such as

which leaves a hydrogen-terminated surface. The formation of mono-, di-, and trihy-
drides, according to Ubara et al.,820 can be described by the reactions illustrated in Fig.
2.12. The ideal (100) surface tends to be terminated by and the (111) surface by
SiH or due to the difference in the number of dangling bonds between the two
surfaces. The thermodymic, kinetic and structural characteristics for hydrogen interac-
tion with silicon surface has been reviewed by Oura et al.1076

Trucks et al.821 provided a kinetic explanation of hydrogen termination based on
the calculation of activation energies involved in breaking up the various silicon bonds
in the following reactions:
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Reaction (2.13a) has the smallest activation energy, meaning that the Si–OH bond is
highly unstable in HF solutions and if present will be quickly replaced by other bonds.
Reaction (2.13b), which results in hydrogen termination, is kinetically more favorable
than reactions (2.13c) and (2.13d). This means that fluoride termination tends to be
replaced by hydrogen termination, which, whether in the form of mono-, di-, or trihy-
dride, is kinetically more stable. Similar to HF, the attack by and leading to
hydrogen termination has also been proposed.822,914

Hydrogen termination of the dangling bonds on the surface stabilizes the silicon
surface. Since the electronegativity difference is small between Si–H and Si–Si bonds,
the H-terminated surface is stable due to the lack of polarization of the back Si–Si
bonds.656,896 Thus, the energy level of the hydrogen-terminated Si surface is identical to
that of the top of the valence band.99 The fast removal of di- and trihydrides in water
can be explained by the difference in the extent of polarization among the different
hydrides. Trihydride has three polarized Si–H bonds, whereas dihydride has two,
making the back bonds of and weaker than SiH.635

The hydrogen atoms bonded to the silicon atoms in water, according to Niwano
et al.,409 are, however, not completely immobile but undergo a constant hydrogen
exchange reaction with the hydrogen atom of the water molecule, generating negatively
charged surface silicon atoms through the reactions                                              and

The generation of negatively charged silicon atoms could then
be a pathway for other reactions.

2.3.2. Fluoride Termination

The silicon surface after immersion in a HF solution, although terminated pre-
dominantly by hydrogen, may also be terminated by fluorine atoms to various amounts
depending on solution composition. In general, fluorine content on the HF-treated
silicon surface compared to that of hydrogen is very low and is not affected by the
immersion time after the complete removal of the native oxide.563,641,663,726 Higher fluo-
rine contents on the HF-treated surface have, however, been reported. For example, the
(111) surface after immersion in 1.5% HF can contain about 12% fluoride.635 Fluorine
termination of over half of the surface area is possible using HF at a concentration
exceeding 50%.563 The amount of surface fluorine tends to increase with HF concen-
tration as indicated in Fig. 2.13.563 It also varies with the pH of ammonium fluoride
solutions as shown in Fig. 2.14; the coverage reaches a peak of about 20% at a pH of
about 6.4.260 In addition, it varies with the type of solution: The hydrogen-terminated
surface has about 2.5% Si–F bonds when cleaned with 5% HF but this is reduced by
two-thirds in buffered solutions with a minimum of almost zero coverage at a pH of
5.3.634 Submonolayer of F has been reported to be present on silion surface under current
doubling condition.909

A fluorine-terminated surface is not as stable as a hydrogen-terminated one and
is readily removed by a water rinse.126,635,663 For example, the amount of fluorine, ~1%,
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decreases to one-third when the surface is rinsed with pure water for about 10 s.563 For
the (111) surface after immersion in 1.5% HF, the fluoride coverage drops from 12%
to 5% after immersion in deionized water for 5 s and to less than 1% after 0.5 h.635 The
fluorine sites are replaced by OH groups, producing a OH-terminated surface.126,563

Thus, for the surface that is dominantly terminated by fluorine, dipping in concentrated
HF solutions followed by a water rinse results in a hydroxyl-rich surface.

The instability of fluorine termination can readily be explained by the theory for
hydrogen termination, that is, bonding with fluorine significantly weakens the back
silicon–silicon bond leading to the dissolution of the atoms bonded by fluorine.

2.3.3. Adsorption of Metal and Organic Impurities

In addition to adsorption of hydrogen, hydroxyl, and fluorine, the silicon surface
may also contain trace amounts of other species due to the impurities present in the
solution. A clean silicon surface is easily contaminated by metal impurities in water or
solutions. For example, the surface concentration of metals after immersion in dilute

containing 1–3 ppb of Ba, Cu, Ni, Sr, Zn, K, Al, Ca, Cr, and Fe can be in the
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range of to 972 Table 2.9 shows the surface concentration of
various metals after exposure for 1000 s to aqueous solutions containing M of
each metal.977 The surface concentration appears to strongly depend on pH. Even the
very active elements such as and can be deposited on the silicon surface,
reaching a surface concentration of at a low concentration
of The amount of deposition generally increases with the concentration of
Fe, Zn, and Ni in the SC-1 cleaning solution as shown in Fig. 2.15.975

At an impurity level of metal concentration on the order of deposition
may occur by physical adsorption, chemical absorption, and displacement
processes.96,99,976 Physisorption due to van der Waals interactions takes place when the
metallic impurities are in solid form such as iron in neutral or alkaline solutions. Alu-
minate deposition in neutral or alkaline medium is attributed to chemisorption. The
deposition of noble metals such as Cu is generally via displacement reactions. The
deposited metal can be bonded to silicon, attached to surface species such as OH groups,
or embedded in native oxide.915,972,975

According to Loewenstein et al.,972 the deposition of the contaminant level of
metals from cleaning solution onto the silicon or silicon oxide surface occurs by replac-
ing the hydrogen ion on the surface silanol groups:

Metals and compete for the available surface sites, the number of which depends
on the manner of surface preparation. The surface concentration of the metals, can
be described by the Langmuir model for adsorption:

to
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The surface concentration of a metal ion depends on (1) the adsorption site density,
(2) the attraction between surface sites and metal ion, (3) the concentration of
the metal ion, and (4) the concentrations of other metal ions and hydrogen ion in the
solution.

When silicon wafers are exposed to a clean room atmosphere, organic molecules
in the air can rapidly be adsorbed onto the surface.325,374 The amount of contamination,
on the order of (equivalent to a surface density of assuming a mol-
ecular weight of l00g/mol), for alcohol, butyl acetate, ethylene glycol, amide, phtha-
late, and others, increases with exposure time. The organic species that have low boiling
points tend to be adsorbed immediately and are later replaced by those with higher
boiling points. Organic molecules have been found to bond covalently via Si–C
bonds.1099,1115 The amount of adsorption decreases with gradual formation of the native
oxide in air.325 The initial concentration of organic species follows the rate of adsorp-
tion, but the final concentration is determined by the desorption rate.1146 In alcohols,
freshly prepared H–Si surface may be terminated by methoxy groups.686 UV radiation
has been found to decompose the organic contaminants and its use during cleaning
reduces surface carbon content to a very low level.563

2.4. NATIVE OXIDE

Native oxide is the oxide that grows spontaneously on a clean silicon surface
exposed in an ambient environment such as air or solutions. The formation of native
oxide, which is inert in most solutions, passivates the silicon surface allowing the
silicon to be used as an electronic material in processing and application environments.
The presence of native oxide degrades the low-temperature growth of high-quality
epitaxial Si film or the precise control of the thickness and quality of very thin gate
oxides.567,579 In electrochemical experiments in particular, native oxide is part of the
initial condition for a silicon surface and affects the electrode properties. It is com-
monly removed by dipping in a HF solution, which produces a hydrogen-terminated
surface, prior to the experiment.

2.4.1. In Air

The surface of silicon in air is always covered with a very thin oxide film. Table
2.10 shows that the thickness of native oxide formed on the surface of silicon after
several days in air varies from 5 to 20 Å depending on preparation conditions. Such a
large variation in the thickness of native oxide indicates the great sensitivity of the
surface reactivity to minute variations of environmental and material conditions.

The rate of formation of native oxide in air depends on the initial condition of
the surface and the cleanness of the air. The formation of oxide on a perfectly clean
silicon surface, e.g., a cleaved surface, is relatively fast, reaching 5–7 Å within a few
minutes after exposure to air.325 The formation of native oxide on the surface after being
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treated in HF solution is much slower. For example, in one case the HF-treated surface
is covered with an oxide of 2–3 Å after exposure to air for 1 hour;325 in another, it takes
about 1 week for a monolayer to form.555

The slow growth of native oxide on the HF-treated surface is attributed to the
hydrogen termination which passivates the surface. The formation of the first mono-
layer of oxide requires the breakup of the Si–H bonds. According to Graf et al.,555,560

the oxide growth on HF-treated Si in air follows two distinct stages as shown in Fig.
2.16. There is an incubation period initially, during which the oxide grows very little.
Afterwards, the growth shows a logarithmic dependence on time with a rate of ~5
Å/decade. Another study reported similar growth kinetics as shown in Fig. 2.17.579
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There is very little growth up to about 200 min after which the growth rate increases
significantly. The S-shaped curve in Fig. 2.17 is attributed to a layer-by-layer growth
of the oxide with 5.4 to 7.6 Å corresponding to two layers of native oxide.

The growth mechanism of native oxide film, several angstroms in thickness, at
room temperature differs from that of the thicker oxide formed by thermal oxidation.554

According to Grundner and Jacob,906 oxide growth differs for hydrophilic and
hydrophobic surfaces. The oxide on hydrophilic surfaces mainly grows in the cleaning
media and consists of hydrated through all stages of growth. On a hydrophobic
surface, however, the oxidation begins with formation of a lower oxidation state, which
is transformed into during storage in air.

The substrate condition plays an important role in the growth of native oxide on
silicon. The growth rate of native oxide films is similar for lowly and moderately doped
silicon substrates.325 An increased growth rate is observed with high dopant concentra-
tion on both n- and p-type silicon substrates. Figure 2.17 shows that for n
type, the oxide grows faster on heavily doped substrates.579 In addition, it shows that
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with the same doping level the growth rate is faster on n-Si than p-Si. The growth rate
is greater on <111>-oriented than <100>-oriented surfaces, which is similar to thermal
oxides.325,510

Composition of the air also has a strong effect on the initial growth of the native
oxide. Water content in the air strongly affects the growth of native oxide as can be
seen in Table 2.11.579 The growth kinetics are determined by the nature of adsorption
of oxygen and water molecules onto the surface.180,701,887 Oxide does not grow much in
air containing very little water.99,579

Factors such as solution composition, dipping time, and water rinse are impor-
tant in the formation of native oxide as they affect the surface condition in terms of the
type and relative amount of adsorbed species as well as surface roughness.99,555,560,579

For example, the pH of buffered HF solutions is found to be an important factor in
determining the formation of native oxide in air as shown in Fig. 2.18.634 The growth
rate is much slower in solutions having lower pH values due to the larger amount of
Si–F bonds on the surface.

In particular, metallic impurities on the silicon surface, arising from contamina-
tion in the cleaning solutions, strongly enhance oxide growth. Figure 2.19 shows that
the oxide growth rate in the air increases with copper content on the surface.560 A copper
coverage of 5% of a monolayer leads to a full layer of oxide within 2 min. The copper
is found to be located at the interface. Also, during the oxide growth, part of
the copper shows a change in the oxidation state, forming a mixture of elemental copper
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and According to Derrien et al.,499 a clean Si surface can be more easily oxidized
if the Si atoms displaying their covalent configuration are disrupted. This occurs
when a few metal atoms such as Au, Cu, and Pd are evaporated onto the Si surface.
These atoms interact strongly with Si and destroy the configuration, giving rise to
an intermixed surface zone where Si and metal atoms are embedded together. These
silicon atoms, liberated from their configuration, behave as metal atoms and react
very easily with oxygen to form a film.

2.4.2. In Water and Solutions

In the presence of water for a sufficiently long time, the silicon surface is always
covered with a thin oxide film independent of the initial surface condition. The thick-
ness and the growth rate, however, depend on the initial surface condition. On a cleaved
silicon surface, representing a perfectly clean condition, an oxide of 3–4 Å is found to
grow on the surface after the cleavage in deionized water for 5–10min.325 The stable
thickness of native oxide films on silicon surface in water, as shown in Table 2.10, is
similar to that formed in air, ranging from 5 to 10 Å. For a HF-cleaned surface, Fig.
2.20 shows that the growth of native oxide in water has two distinct stages, similar to
that in the air, with a very slow growth initially followed by a faster growth.579 The
oxide remains relatively thin for about 3 h before increasing in thickness. The slow
growth of native oxide on the HF-treated surface is due to the hydrogen termination,
which has to be replaced by hydroxyl termination before formation of oxide. The nucle-
ation and growth of oxide tend to follow different modes in different solutions.405,760

Also, dissolved oxygen in the water has a significant effect on the growth of the oxide
as shown in Fig. 2.20.579 The oxide thickness increases with increasing concentration
of dissolved oxygen in the water. Since the growth rate without dissolved oxygen is
very slow, it has been suggested that the native film growth in water may require the
presence of both water and oxygen. In ozone containing water, the amount of oxide
increases with ozone concentration in the range of 0–15 mg/l.1091 This dependence dis-
sappears at higher concentrations.
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The presence of HF in water limits the thickness of native oxide. Oxide does not
form when the concentration of HF in water is higher than l0ppm.978 The oxide thick-
ness is found to be near zero in sulfuric acid containing 0.1% HF.126 Generally, in
aqueous solutions the thickness at the steady state is determined by the oxide growth
rate, which is a function of the oxidant concentration in the solution, and by the oxide
dissolution rate, which depends on the concentration of HF in the solution. The oxide
tends to be relatively thick in solutions containing a high concentration of oxidant such
as and a low concentration of HF. On the other hand, the oxide tends to be thin
in solutions with a low oxidant content and a relatively high concentration of HF. When
the concentrations of both oxidant and HF are high, the silicon is rapidly etched through
oxide formation and dissolution processes. In solutions the formation of oxide
film depends on concentration.1090 At concentration below 10%, the formation
rate increases with concentration. At concentration higher than 10%, oxide does not
form because the dissolution rate is higher than the formation rate.

Dissolution of silicon in water occurs during the growth of native oxide in water
as shown in Fig. 2.21.579 The number of dissolved Si atoms is over one order of mag-
nitude larger than the number of Si atoms in native oxide. The formation of native oxide
in pure water is thus influenced by the dissolution of silicon in water. On the other hand,
little dissolution of silicon in pure water was observed for the samples with native
oxides formed in air or in solutions of                   or This indicates
that the oxide film formed in pure water is a relatively poor barrier.
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The formation of oxide on HF-treated silicon surface in water is postulated by
Graf et al.663 to follow the process illustrated in Fig. 2.22. The initial appearance of
Si–OH groups is due to the fast exchange reaction of SiF:

Due to the strong electronegativity of OH groups, the Si–SiOH back bond is weakened
and is attacked by water:

The Si–H bond so formed is slowly replaced by water according to the reaction

Finally, oxide is formed through a bridging reaction of Si–OH groups:

In nonaqueous solutions the formation of oxide on the surface of silicon requires the
presence of water.395,692 In solvents such as acetonitrile, nitromethane, and dimethyl sul-
foxide, the HF-cleaned silicon surface gradually evolves from a H-terminated passive
surface to a silicon oxide-covered surface due to the residual water (~10ppm) present
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in the nonaqueous electrolyte.692 Initially, the water is molecularly adsorbed on the
silicon surface, then slowly oxidizes the surface silicon atoms to form oxide. In organic
solvents, adsorbed residual water can remain on the silicon surface for hours before
oxidation takes place.395 The oxidation may be uniform or in islands depending on the
composition of the electrolytes.

The reported experimental results indicate that the formation of native oxide in
both air and water has a strong electrochemical component because (1) the oxide growth
rate depends on doping concentration; (2) the growth rate increases with the presence
of oxidants such as dissolved oxygen or hydrogen peroxide in the solution; and (3) the
growth rate is increased by an anodic polarization, and by the presence of a submono-
layer of metal atoms. This electrochemical nature has not been considered in the exist-
ing models on the mechanism of formation of native oxide.

2.5. HYDROPHOBIC AND HYDROPHILIC SURFACES

The surface of silicon can be hydrophilic or hydrophobic depending on the
surface condition. It has been reported that a hydrophilic surface is characterized by
OH groups and a hydrophobic surface is covered with Si–H, or Si–F groups.906

Thus, a hydrogen-terminated surface is hydrophobic whereas an oxide- or hydroxide-
covered surface, which tends to be terminated by OH, is, in general, hydrophilic. A
surface covered with a substantial amount of carbon bonded to oxygen is hydrophobic.

Hydrophilic and hydrophobic surfaces can be generated by treatment in certain
solutions. As shown in Table 2.7, silicon surfaces with a termination of different species,
giving hydrophilic or hydrophobic characters, can be obtained using different cleaning
processes.126 Hydrophilic surfaces can be generated by SC1 solution cleaning followed
by DI water rinse; hydrophobic surface can be generated by dipping in dilute HF solu-
tion followed by DI water rinse.454 Treatment with alcohols can also modify the
hydrophilic and hydrophobic property.559 The surface polarized at potentials more neg-
ative than the passivation potential is hydrophobic whereas the surface after polarized
at potentials positive of the passivation potential is hydrophilic.541 Also, a hydrophilic
or hydrophobic surface tends to change during storage in air.906 The aging effect is asso-
ciated with a loss of hydroxyl groups on hydrophilic surface or the appearance of OH
groups on hydrophobic surface.

Upon immersion in aqueous HF solutions a clean silicon surface becomes
hydrophobic very rapidly due to the adsorption of hydrogen ions. On the other hand,
a silicon oxide remains hydrophilic when exposed to such echants and a silicon sub-
strate covered with an oxide film remains wetted by the etching solution until the oxide
film is completely dissolved. This change of wetting characteristics can be used as a
criterion for determining the end point in etching of an oxide film. As shown in Fig.
2.23, the surface hydrophobisation can be classified into three regimes: in regime I
oxide etches at a constant rate; regime II it is hydrophilic and oxide etches with non-
linear time dependence; and regime III surface becomes hydrophobic. There is also a
short time of hydrophobicity initially when the oxide becomes wet (regime w).887

On the other hand, lack of wettability by dilute HF solution is not necessarily an
indication of a bare Si surface. A silicon oxide can also be hydrophobic when its surface
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is terminated by Si–O–Si, Si–H, and groups.427,906 Also, the oxide film grown
in air on HF cleaned surface has a larger contact angle than that formed in pure water,
indicating that the oxide formed in air is terminated by hydrogen whereas that formed
in water is terminated by O or OH.554 According to Morita et al.,554 in air the oxygen
species break Si–Si bonds to produce Si–O bonds. The Si–Si bonds underneath are
broken after all of the Si atoms in the overlayer are oxidized, resulting in layer-by-layer
growth. The Si–H bonds, which remain on the surface, are responsible for the
hydrophobic behavior as shown in Fig. 2.24. The degree of hydrophobicity of a silicon
surface can be modified by anodization.1081

2.6. SURFACE STATES

It can be expected from the nature of silicon/electrolyte interfaces described in
the previous sections that the surface states on silicon electrodes may have different
physical and chemical characteristics such as type, quantity, distribution, transfer kinet-
ics, and so on, depending on the surface condition. Table 2.12 shows examples of mea-
surements of surface states reported in the literature. Thus, while the energy levels in
bulk silicon and electrolyte can be described by a general theory, those of surface states
can only be dealt with by specific theories applicable to the specific situations.



72 CHAPTER 2

The surface of silicon treated in HF solutions is generally associated with a very
low density of surface states because the dangling bonds are saturated by hydrogen ter-
mination.648,940,1035 The Si–H bonding, which has an energy similar to that of Si–Si, gives
rise to electronic states far into the bands and removes the dangling bond states from
the band gap. A certain density of residual surface states may exist on a hydrogen-
terminated surface due to defects and other inhomogeneities. It has been shown that a
good H-terminated surface, when covered with a thermal oxide, is characterized by a
U-shaped interstate state distribution with a low density of states less than
at midgap.1035 Typically, a clean silicon electrode has a density of surface states on the
order of at least which is of the same order as the surface defects and conta-
mination of metals and organic species after a normal cleaning procedure.131,488 Large
amounts of surface states occur when the silicon surface has a significant amount of
adsorbed solution species, of an oxide film, or of reaction intermediates.

According to Memming and Schwandt,61 surface states are always present on
silicon electrodes in acidic aqueous solutions. The energy levels depend on whether
fluoride ions are present; the surface states in acidic fluoride solutions are associated
with the dissolution of the silicon. The quantity of the surface states depends on the
type of silicon and the illumination intensity.39,61 When fluoride ions are present in the
solution, the n-Si surface, being oxide free and terminated by hydrogen, exhibits a low
density of surface states.940

As an example, Fig. 2.25, reported by Madou et al.,716 shows the capacitance as
a function of voltage on p- and n-type silicon in a saturated KCl solution at pH 4. An
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extra capacity, appearing as a peak, occurs over that expected from the space charge
capacity. The peak, in height, broadness, and potential position, varies with frequency,
illumination, direction of potential sweep, pH, and presence of ions as shown in
Table 2.13. The median energy of the band of active levels from the results of Fig. 2.25
is close to the conduction band edge for n-type silicon and several tenths of a volt from
the valence band edge for p-type silicon. The frequency dependence of the capacitance
indicates that the states have a certain energetic distribution since the farther the surface
states are away from the band edges, the slower is the exchange of carriers in the states
with the bands.

A peak similar to that shown in Fig. 2.25 is observed on a silicon surface with
about 40 Å of thermally grown oxide and the peak becomes higher and broader with
additional anodic thickening. The apparent density depends on light intensity and on
whether the sample is biased cathodically or anodically before the measurement. This
capacitance peak, however, disappears almost completely in the presence of HF, which
dissolves silicon oxide. Thus, the surface states of a silicon electrode in KCl solution,
according to Madou et al.,716 are physically associated with the unsaturated bonds at
the interface. On the other hand, in similar solutions, Chazalviel400 found that
surface states, situated at about 0.9eV below the conduction band, are caused by the
adsorbed ions but not the oxide. Thus, for an oxide-covered electrode (e.g., 12nm
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thermal oxide on silicon in NaCl solutions) the surface states may also arise by surface
adsorption by and ions at the oxide/electrolyte interface.902

In at pH 9, extra capacitance over that of the space
charge layer is observed at potentials between –0.7 and in the dark as shown
in Fig. 2.26.93 The peak is at and disappears at frequencies above 20 kHz. This
peak is attributed to the reversible charge exchange between monoenergetic interface
states and the conduction band. The density of the interface states is determined to be

and its energy is located 0.36 eV from the conduction band edge.
Under illumination the capacitance as a function of potential reveals two maxima at
–0.3 and as shown in Fig. 2.27. The two maxima are found to occur at all light
intensities and their positions vary with light intensity and frequency. According to
Oskam et al.,93 the peak at represents the same interface states as in the dark
but with a higher density of The density of these states at
increases with photocurrent density and is on the order of              to The
surface states that responsible for the recombination are produced under illumination
and are likely to be associated with oxidation intermediates. Surface states of similar
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energetic characteristic to that in the solution are found
0.38eV below the conduction band in They are independent of solu-
tion pH from pH 3 to 11, indicating that the surface states are physically the same for
both hydrogen-terminated (at low pH) and oxide-passivated surfaces (at high pH),
although the density is different.

In some organic solvents, the surface states are associated with the Si–O–H bonds
and are independent of solvent type.395 In acetonitrile solutions the surface states are
found to increase from the initial value of                to after 1 day in
solution and to when the surface is oxidized corresponding to an increase
in the amount of Si–O–H bonds.929 The surface states are found to be absent initially
when the electrode is first immersed into the electrolyte but develop gradually.935 The
rate of change depends on the type of redox couple in the electrolyte. The surface states
are attributed to the slow oxidation of the surface due to the traces of water present in
the organic electrolyte. They have a broad energy distribution extending through the
band gap with a maximum density near the band edge.942 In acetonitrile solution con-
taining a redox couple of 0.01 M ferrocene/0.001 M ferricinium, the density of surface
states is found to be Because of the presence of surface states, the
Fermi level can be pinned leading to a constant Schottky barrier height for different
redox couples.935

The results of the large number of studies on surface states indicate that those on
the surface of silicon tend to be associated with oxide when the surface is covered
with an oxide or to reaction intermediates when the surface is not covered with an
oxide. A high density of surface states is generally observed when the electrode is
illuminated or a current is passed through. Reaction intermediates can behave like
surface states.

2.7. FLATBAND POTENTIALS

The flatband potential of silicon electrodes is an important parameter that has
been determined in many solutions. Table 2.14 is a collection of the flatband potentials
for various silicon/electrolyte interfaces. The values of determined in real systems
depend on a range of factors including doping concentration, type of solvent, type of
electrolyte, pH, illumination, redox couple, and surface condition. Mechanistically,
according to Eq. 15 in Chapter 1, the value of the flatband potential is determined by
two parameters: the bulk Fermi level and the Helmholtz potential The first is subject
to the variation in dopant concentration because the Fermi level with respect to the con-
duction band edge, is equal to for a nondegenerated semiconductor.
The second parameter, is subject to the variation of surface condition and the nature
of the electrolyte.

2.7.1. Effect of pH

It can be expected that the Helmholtz potential of a silicon electrode in an aqueous
electrolyte is a strong function of pH since hydrogen adsorption is a dominant process
on the surface of silicon. Table 2.15 shows the dependence of flatband potential on pH
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in different solutions. Figure 2.28 shows the flatband potential of n- and p-type silicon
as a function of pH in aqueous solutions.716 The slope of both curves is about 30 mV/pH
unit, which is much lower than the 60mV/pH unit expected from Eq. 1.33.

Figure 2.29690 shows the pH dependence of flatband potential on a silicon surface
covered with a thermal oxide layer in 1 M NaCl solutions. The slope is about
40 mV/decade for pH values far from pzc and becomes smaller approaching pzc. It has
been suggested that the effect of pH on flatband potential is mainly at the oxide/elec-
trolyte interface rather than at the silicon/oxide interface.690,902 The less than 60mV/pH
unit on an oxide-covered electrode is attributed to the formation of silanol groups and
adsorption of ionic species on both charged and noncharged surface sites.853 According
to Madou et al.,716 the low dependence of the flatband potential on pH is probably due
to a voltage across a very thin oxide that exists in non-HF solutions. The flatband poten-
tial of oxide-free silicon surface in non-HF solution could be obtained by using a
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solution containing a stabilizing agent such as or 0.1M Fe(II) EDTA.
The Fe(II) is oxidized by holes, which reduces the rate of silicon oxide formation so
that the surface can remain relatively “bare” during the course of measurement.

2.7.2. Effect of Surface Condition

Surface states at a silicon/electrolyte interface are determined by the preparation
prior to entering the electrolyte and by the changes that occur in the electrolyte. Thus,
in general, an experimentally determined flatband potential is specific to the particular
silicon/electrolyte interface at a given time and may significantly vary even with the
same material and electrolyte.

Figure 2.30 shows that different polishing processes result in different flatband
potential values in a 5% HF solution.901 Annealing after cleaning and etching was seen
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to improve the reproducibility of the flatband potential in acetonitrile.615 In another
study, exposing a freshly HF rinsed sample in methanol vapor as a surface preparation
procedure caused a shift of the flatband potential of n-Si in acetonitrile
solution from                 to                 and it reduced the change of flatband potential
with time possibly due to the formation of groups.686

Similarly, time of immersion of a freshly prepared silicon sample has a signifi-
cant effect on the flatband potential due to the active nature of the silicon surface. A
HF-cleaned silicon surface is generally terminated by hydrogen, which, although rela-
tively stable, tends to be replaced by a thin oxide film. The flatband potential of such
a surface may change with time in the electrolyte.83,716,1108 As an example, for an n-type
silicon in acetonitrile solution the flatband potential changes from –0.02

for a freshly prepared sample to after 24h immersion.686,935 The shift is
due to the gradual generation of surface states as a result of the slow oxidation of the
silicon surface caused by traces of water in the electrolyte.

Considering the change of surface condition with time, it is difficult to obtain
reproducible flatband potentials because of the high reactivity of the silicon surface
in HF solutions.716,841 The high reactivity tends to cause roughening of the surface in
general and formation of porous silicon in particular. Roughening of the silicon surface
in HF solution may cause a change of capacitance by more than a factor of 5.475,1153 As
a result, the flatband potential measured in HF solutions tends to vary with many factors
related to conditions and procedures. For example, the flatband potential of n-Si in HF
solution has been found to change with the initial potential at the beginning of poten-
tial sweep.39

The difference between the flatband potentials of p-Si and n-Si plus the differ-
ences between the bulk Fermi level to the corresponding band edges equal the band
gap, when the band edges of the two materials are the same in the solution.
Such situations have been observed.21,716 However, in many situations the measurement
of flatband potentials of p-Si and n-Si does not yield the band gap. There are two pos-
sible explanations. In one the band edges of p -Si and n-Si may not have the same energy



80 CHAPTER 2

in the solution, for example, when the Fermi level is pinned by a large density of surface
states. In the other, the actual band edges of the two materials are the same but the
values obtained from the flatband potentials of the two materials are different due to
difficulty in obtaining definite and reproducible flatband potential values for the two
materials. Usually, it is more difficult to determine a reproducible flatband potential of
p-Si due to its more active nature.475,901 In the presence of HF, significant dissolution
occurs under an anodic polarization, resulting in a rapid structural transformation of
the surface. For example, in 5% HF the flatband potential of n-type silicon is indepen-
dent of the methods of surface preparation whereas that of p type strongly depends on
the methods of preparation.901 In another case, the flatband potential of p type in 35%
HF solution is found to strongly depend on frequency; a shift of as much as 1300 mV
is observed by changing the frequency from 10 to 100 kHz. On the other hand, that of
n type is independent of frequency from 1 to 500 kHz.5

2.7.3. Effect of Surface States

A large density of surface states may be associated with certain surface condi-
tions. When an electrode surface has a large density of states, significant amounts of
potential variation may drop across the Helmholtz layer instead of the space charge
layer. This results in Fermi level pinning or unpinning of the band edges. Specifically,
without the influence of surface states the flatband potential is independent of the pres-
ence of the redox couple in the solution. When Fermi level pinning occurs, the flatband
potential tends to change with the potential of the redox couple in the solution as shown
in Fig. 2.31.21,389,683 The more negative the redox couple is, the larger the shift of the
flatband potential. However, the slope in Fig. 2.31 is less than unity, indicating that the
Fermi level is not completely pinned by the surface states. It has been found that due
to Fermi level pinning, the flatband potential of p type may show no difference from
that of n type in an acetonitrile solution.372
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Reaction intermediates are a special group of surface states that can cause band
edge shift (or Fermi level pinning). When this occurs, the flatband potential tends to
change with current. Figure 2.32 shows that the flatband potential of n-type silicon in

KCl changes with photocurrent which induces surface
states.93 The shift of 0.55V shown in Fig. 2.32 corresponds to a density of

This result can be used to explain the difference between the flatband poten-
tials determined by Mott–Schottky plot and by measurement of the onset potential for
photocurrent.94

Flatband potential shift may also result from deposition of metallic and organic
species, which act as surface states.83,402,808,1015 Figure 2.33 shows that the flatband poten-
tial of an n-Si electrode in acetonitrile solution containing redox couples changes with
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concentration in the HF electrolyte used to deposit the metals.942 The amount of
shift is about 0.3 V for a coverage of about one monolayer of gold.

2.7.4. Band Diagrams

The band diagram of silicon electrode in an electrolyte can be drawn when the
flatband potential of the interface is determined. Figure 2.34 shows the band diagrams
for various silicon/electrolyte interfaces. As described above, the flatband potential
depends on many factors specific to the silicon/electrolyte interface under a given set
of experimental conditions, as does the band diagram.

2.8. OPEN-CIRCUIT POTENTIALS

As the most easily measurable electrochemical parameter, the open-circuit poten-
tial (OCP) is routinely used to indicate the condition, stability, and reproducibility of
an electrode during experiments. Table 2.16 shows the OCP values of silicon electrodes
in various electrolytes.

2.8.1. Effect of Various Factors

Figures 2.35 and 2.36 show the effect of silicon substrate conditions on OCP in
an alkaline solution.269 For the p-type materials, OCP appears to be lower at high doping
levels with no clear difference between different orientations. For n-type materials,
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there does not appear to be a correlation of OCP and doping concentration, but OCP
of the (111) orientation is more positive than that of the (100) orientation. Similar
results are reported in another study.378 In TMAH solutions, n-Si and p-Si materials
show similar OCP values and vary little with resistivity from 0.01 to
In solution, OCP of p-Si appears to increase with increasing
doping concentration but that of n-Si does not reveal such a tendency as shown in
Fig. 2.37.111

Examination of the data in Table 2.16 indicates that OCP of silicon electrodes is
in general lower at higher pH values. Figure 2.38 shows that OCP of p-Si and n-Si
decreases with increasing pH in different solutions.111 In 1 M KCl solutions, OCP of
n-type silicon follows approximately the Nernst law up to pH
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6.717 At higher pH values a smaller slope is observed possibly due to the potential drop
across an oxide layer of increasing thickness. No specific effect of the various anions

was observed. For n-Si in solutions, OCP increases with pH
with a slope of about 45 mV/decade from pH 4 to 13 which is similar to the pH depen-
dence of the flatband potential.904 This indicates that the band bending of the electrode
is essentially constant at different pH values.

In solutions, according to Turner,111 when HF is the rate-determining
reactant, OCP shifts in the negative direction with increasing HF concentration;
when is the controlling factor, OCP becomes more positive with increasing
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concentration. Also, when there is little etching of the materials, no significant
difference exists between p and n types. On the other hand, an appreciable potential
difference exists between n and p types in solutions in which the etch rate is high.

Dissolved oxygen in solutions can strongly affect OCP of silicon electrodes.
Bertagna et al.146,522 found that OCP of both p-Si and n-Si in 5% HF solution shifts to
more positive values, by 100–150 mV, in oxygenated solution as shown in Table
2.17.146,968 The effect of oxygen can readily be explained by the change involved in the
anodic and cathodic reactions described in Fig. 1.26. An increased total cathodic reac-
tion rate due to the oxygen reduction results in a shift of the cathodic curve from     to

and thus changes OCP from to
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Table 2.17 also shows the effect of illumination on the change of OCP. In general,
lighting results in more negative OCP for n-Si but more positive OCP for p-Si
because illumination produces a flattening of the band bending. This effect is generally
observed on silicon electrodes in various solutions although the magnitude of change
depends on the specific experimental conditions. For example, in solutions
in which the etch rate is high, OCP does not change with normal lighting. In KOH solu-
tions, upon illumination OCP of p-type silicon has been found to shift toward more
positive values, whereas there is no apparent change of OCP of n-type silicon from that
in the dark.129

The presence of trace amounts of metal ions with reversible potential more
positive than that of silicon may significantly alter OCP.254,854 Figure 2.39 shows OCP
as a function of copper concentration in solution.96 Figure 2.40 that reveals OCP of p-
Si in 5% HF solution is a function of the trace amount of copper present in solution.254

OCP rises steeply with time when copper is present and rather quickly settles at a
plateau value. This plateau value increases with increasing copper concentration. The
behavior is similar for n-Si but the time required to reach the plateau is considerably
longer, nearly two orders of magnitude longer.

Other experimental conditions may also affect OCP. A 150-mV increase in OCP
was observed when a limited amount of electrolyte was confined between the silicon
surface and an insulating material.854 This effect may be caused by the changing com-
position of the confined solution. In the OCP does not change with flow rate of
the solution.1004

Time is a particularly important factor that always affects the value of OCP. For
an active electrode surface such as silicon, time invariably brings two basic changes to
the system at OCP: (1) a change of the physical structure and chemical composition of
the corroding electrode surface and (2) a change in the composition of the solution,



88 CHAPTER 2

particularly in the vicinity of the surface. Specific changes may occur in surface area
and roughness, adsorption of species, lattice defects, formation of passive films, accu-
mulation of dissolution products, precipitation of a solid layer loosely attached to the
surface, and exhaustion of reactants. Mechanistically, these changes may lead to alter-
ation in the equilibrium potentials of the redox couples, the type of reactions involved,
the rate-controlling process, and so on. As a result, OCP may vary drastically depend-
ing on the nature and extent of these changes. The potential may not reach a constant
value if the surface and solution change continuously.

Figure 2.41 illustrates that OCP of a p-Si varies with time in three different solu-
tions.968 The different values of OCP in the three solutions are interpreted by Bertagna
et al.968 as due to the effect of and on the exchange current density of the anodic
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reaction and cathodic reaction at OCP. Increasing concentration leads to a higher
degree of hydrogen termination of the surface, which passivates the surface and thus
decreases the anodic dissolution. This effect tends to shift the potential in the positive
direction. On the other hand, fluoride promotes the anodic dissolution and thus tends
to shift the potential in the negative direction. The combined effect of these two species
therefore determines the final OCP value.

OCP of silicon in HF solutions tends to vary with time for 0.1–0.2 V within
several hours depending on the type of silicon material.1153 The change of OCP of a
p-Si in HF solutions is related to the change occurring on the surface; a colored film
(a porous silicon layer) gradually develops on the surface. The change of OCP can be
drastic when the surface is significantly altered due to the reactions at OCP as for
example shown in Fig. 2.40.254 In that case, the variation of OCP with time is due to
the copper microdeposits acting as cathodic sites for hydrogen reduction. According to
Bertagna et al.,254 after an incubation period, which varies for p and n materials, OCP
increases linearly with the density of copper nuclei which is proportional to its con-
centration in the solution. A plateau is reached as a saturation level of nuclei is reached
and the further increase of copper coverage comes only from the growth of the nuclei
which is much slower. The plateau at longer time is attributed to the weaker catalytic
effect of the larger copper clusters which balances the continuing increase in the size
of the clusters.

2.8.2. Corrosion Current

Corrosion current is a measure of the rate of the anodic reactions at OCP. The
corrosion current may or may not be equivalent to the dissolution rate of silicon in a
solution since silicon may dissolve chemically and/or electrochemically, and the cor-
rosion current is a measure of only the electrochemical part of the dissolution. It is a
useful parameter as a measure of the electrochemical reactions in processes such as
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silicon etching and cleaning. In recent years a significant amount of work has been done
to measure the corrosion current in various cleaning solutions due to its importance in
silicon technology.95,96,146,293,968

Corrosion current generally increases in the presence of oxidizing species such
as dissolved oxygen or dissolved metal ions, particularly those of noble elements which
have low hydrogen reduction overpotentials. Increasing surface carrier concentration,
both electrons and holes (e.g., due to background lighting), or rate of charge transfer
across the interface (e.g., due to surface states) also tends to increase corrosion current.
Since the stability of silicon strongly depends on the stability of its oxide, factors that
inhibit the formation of oxide and promote the dissolution of oxide tend to increase the
corrosion current. Table 2.16 lists some corrosion currents determined in various
silicon/electrolyte systems.

As can be seen in Table 2.16, corrosion current is a very sensitive quantity due
to its exponential dependence on potential. Unlike corrosion potential, corrosion current
is not directly measurable but rather is a quantity derived from other measurable para-
meters such as polarization resistance.1148,1149 The value of a current density is thus
not only situation specific, but also has a poor certainty.



3
Anodic Oxide

3.1. INTRODUCTION

There are many types of silicon oxides such as thermal oxide, CVD oxide, native
oxide, and anodized oxide. Only native oxide and anodic oxide are directly relevant
in the context of this book. Anodic oxide film, which is involved in most of the
electrochemical processes on silicon electrodes, has not been systematically under-
stood, partly due to its lack of application in mainstream electronic device fabrication,
and partly due to the great diversity of conditions under which anodic oxide can
be formed. On the other hand, thermal oxide, due to its importance in silicon technol-
ogy, has been investigated in extremely fine detail. This chapter will cover some aspects
of thermal oxide such as growth kinetics and physical, electrical, and chemical prop-
erties. The data on anodic oxide will then be described relative to those of thermal
oxide.

The materials discussed in this chapter are limited to the relatively thick oxides
formed at potentials greater than several volts. It thus concerns mainly the growth and
the bulk properties of anodic oxides. The data on thin oxide films are presented in other
chapters. In particular, the oxide films involved in passivation at potentials within a few
volts above OCP are dealt with in Chapter 5. Native oxides, which are almost always
present on the surface of silicon electrodes, are discussed in Chapter 2.

3.2. TYPES OF OXIDES

Silicon oxide can exist in various crystalline forms, such as quartz, as well as
noncrystalline forms, such as vitreous silica. The structure of silicon oxide in a vitre-
ous state consists of a random three-dimensional network of constructed from
polyhedra (tetrahedra or triangles) of oxygen ions.444,720 The centers of these polyhedra
are occupied by silicon ions. The distance between the silicon and oxygen ions is
1.62Å while that between oxygen ions is 2.27Å. polyhedra are joined to one
another by bridging oxygen ions, each of which is common to two such polyhedra. In
crystalline all oxygen ions play this role and all vertices of the polyhedra are tied
to their nearest neighbors by these ions. In vitreous form, however, some of the ver-
tices have nonbridging oxygen ions which belong to only one polyhedron.
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This structure of vitreous silica can be modified by the presence of impurities,
which can be substitutional and interstitial, as well as by water.720 Substitutional impu-
rities, the most common being and replace the silicon in a silica polyhedron;
they are termed network formers. Since such substitutional cations have a valence of
either 3 or 5, their presence in the lattice results in charge defects. The interstitial impu-
rities are usually large metal ions of low positive charges which enter into the network
interstitially between the polyhedra. As a result, the polyhedra give up their oxygen to
the interstitial, producing non-bridging oxygen ions. Impurities of this type are called
network modifiers. Water is also present in the oxide structure incorporated during a
wet oxidation process or as a contaminant in a dry process. On entering the oxide the
water combines with bridging oxygen ions to form pairs of stable nonbridging hydroxyl
groups. The various types of defects are schematically illustrated in the basic structure
of vitreous silica shown in Fig. 3.1.589,720

Silicon oxide films can be produced by different methods, such as thermal
oxidation or chemical vapor deposition, and have a diverse range of structures and
properties. Characteristically, different types of oxide have distinct densities, for
example, for quartz,444 for thermal oxide,118,310

for the anodic oxide formed in 139 and                  in DI water.457

3.2.1. Thermal Oxide

Growth of thermal silicon oxide is typically carried out in a quartz tube at tem-
peratures between 900 and 1200 °C in dry oxygen or wet oxygen that contains water
vapor, or steam formed by passing dry oxygen and nitrogen through water near the
boiling temperature.45,720 The oxidation in wet oxygen or steam is much faster than in
dry oxygen. The overall reactions in thermal oxidation are:



In dry oxidation the first reaction dominates whereas the second reaction dominates in
wet oxidation. The growth rate is a function of temperature, oxide thickness, and sub-
strate orientation. As an example, the average growth rate on the (100) surface in wet
oxygen at 1000 °C after 1h of oxidation is about 1 Å/s. The structure of thermally grown
oxide is amorphous and typically has exact stoichiometric composition. The oxide layer
formed on a silicon substrate is about 2.27 times the thickness of the consumed silicon
and contains about 2.2 × 1022 of

3.2.2. Chemical Vapor Deposition

Silicon oxide films can be deposited by the pyrolytic oxidation of a silane or
alkoxysilane in a chemical vapor deposition (CVD) system.720 In a process using silane
as the reactant, the reaction proceeds as follows:

Typically, this reaction is carried out at atmospheric pressure in a cold-wall CVD
system. The growth rate by the silane process is rather high, usually 8–17 Å/s.

3.2.3. Liquid-Phase Deposition

Liquid-phase deposition (LPD) of is a relatively new process.258,265 The
growth of the oxide is typically conducted in supersaturated hydrofluosilic acid
solution and results from the overall reaction between and water:

According to this reaction, may be formed if the concentration of or
water is increased, or the concentration of HF is reduced. Experimentally, three
processes have been developed based on the above reaction to form deposit simply
by adding either boric acid or Al, or water to the solution. The deposition rate,
0.01–0.07 Å/s depending on solution composition, is very low relative to that of thermal
oxide.

3.2.4. Native Oxide and Anodic Oxide

The thin oxide film, usually no more than 1 or 2nm in thickness, which sponta-
neously forms in the air and in water, is referred to as native oxide. Native oxide of a
certain form and thickness exists essentially on all silicon surfaces due to the abun-
dance of air and water and the inevitable encounters with them during the production
and processing of silicon material and devices. Thicker oxides, up to in thickness,
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can be formed by passing an anodic current across the surface in an electrolyte; such
oxides are called anodic oxides.

3.2.5. Use of Oxides in Device Fabrication

In the fabrication of semiconductor devices, silicon dioxide is widely used as gate
insulator of metal oxide semiconductor (MOS) devices, planarization of interlayer
dielectrics, isolation, passivation layers, and masking material.258 In particular, the
ability of thermally grown dioxide films to reduce the number of electrically active
surface defects is most important.479 Since the current is essentially carried along the

interface, passivation is required for the operation of MOS devices. films
are also used to insulate conducting layers from each other or to isolate individual
devices on a common silicon substrate. In addition, thin oxides are used in making
capacitors in the circuit. The amount of charge stored on these capacitors is inversely
proportional to the oxide thickness. Silicon dioxide films doped with phosphorus or
boron are also used as doping sources for the underlying silicon. Phosphorus-doped
films find many uses in protecting the underlying circuits against corrosion, ionic
impurities, and mechanical damage.

Passivation coatings may be classified as primary if they are directly in contact
with the single-crystal silicon from which the device is fabricated, and as secondary if
they are separated from the silicon by an underlying dielectric layer.222 The function of
the primary passivation layer is to provide good dielectric properties, low surface
recombination velocity, controlled immobile charge density, and device stability at the
elevated temperatures under bias or operating conditions. The secondary passivation
layer provides additional stability in various ambients, in both production and use, and
serves as getter, impurity barrier, or mechanical shield. Anodic oxides, due to their
relatively poor electrical properties, have not found much use in device technology.

3.3. FORMATION OF ANODIC OXIDES

3.3.1. General

Anodization of silicon to form a silicon oxide film can be carried out in differ-
ent organic and inorganic solutions under a constant potential or a constant current
density. During anodization under a constant current, the voltage typically increases
with time along with an increase in oxide thickness. At a certain voltage depending on
the anodization conditions, the voltage stops increasing or starts oscillating and decreas-
ing. At this voltage, the oxide film is physically broken down often accompanying the
formation of pits and nodules.

Anodization systems of various electrolyte compositions and polarization condi-
tions have been explored as can be seen in Table 3.1. They are characterized by the
yield (thickness per volt), current efficiency (CE; ionic current responsible for oxide
growth), and maximum voltage, (highest attainable anodic voltage). Several
general remarks may be made based on the data in Table 3.1. (1) A high field is required
for the growth of anodic film, on the order of (2) Ionic current efficiency
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is low, particularly in organic solutions where it is generally less than a few percent.
(3) Except for an initial period, the growth of oxide increases linearly with time, giving
a yield in the range of 2–40 Å/V. (4) For a given solution, there is a maximum voltage
above which physical breakdown of the oxide film occurs. (5) Water plays a critical
role in the growth and properties of the anodic oxides and thus the properties of the
oxides formed in aqueous solutions and organic solutions differ greatly.

3.5.2. Effect of Solution Composition

Anodization of silicon to produce oxide film was first tried in solutions such as
and and borate aqueous solutions.117 In these solutions, the formation

voltage was limited to less than 200 V. In a 1 M KOH solution, the forming voltage can
only reach 20 V, above which the reaction is dominated by oxygen evolution.925 Later,
organic solvent-based solutions such as methylacetamide, glycols, and alcohols were
used, which allowed the formation at higher voltages, and thus thicker oxide. The V–t
curves during anodization in different electrolytes at constant current density are shown
in Fig. 3.2. Since the anodic oxides obtained in organic solutions generally have better
properties, most later investigations of anodic oxides were conducted in these solutions.

Among the organic solvents, ethylene glycol and N-methylac-
etamide are the most commonly used for anodic oxidation of
silicon. A small amount of salt, typically 0.04 N is added to increase the con-
ductivity of the solvent. Usually a small amount of water, either as an addition or as
an impurity, is also present in the solution and is important in determining the growth
and properties of the anodic oxides. In terms of formation characteristics, ethylene
glycol and NMA are very similar. Oxidation in both solutions at a constant current
density can be continued to voltages in excess of 500 V. The growth of oxide is a linear
function of potential over a wide range as seen in Fig. 3.3, which shows a yield of
5.3 Å/V for ethylene glycol and 5.6 Å/V for NMA. Also, the current efficiency for the
two solutions and its dependence on water content, lowest at 1–3% water, are very
similar for the two solutions as shown in Fig. 3.4.107,919 Anodization in other types of
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organic solvents may be very different. Figure 3.5 plots the oxide thickness versus
forming voltage for methanol and glycol solutions.404 The yield of 13.6 Å/V in methanol
is much higher than that in ethylene glycol.

The type of dissolved salts affects the anodization process as shown in Fig. 3.6.404

The particular cation in the solution generally does not influence the anodization behav-
ior.107 On the other hand, the effects of various anions on the anodization behavior are
significant.404 In methanol, the presence of some anions such as and results
in no oxide film growth but severe pits at very low voltages, whereas in glycol, anodiza-
tion can be carried out up to 100 V. The presence of (curve a) prevents the rise of
voltage and thus the formation of thick anodic oxide. Similarly, it was found that silicon
oxide will not form in NMA containing NaCl.107 The effect of a specific salt is also
dependent on the solvent. Oxide films of certain thicknesses can be formed in chloride-
containing NMA and ethylene glycol. In chloride- or sulfate-containing methanol,
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silicon cannot be anodized but pits form.404 Anodization is possible in 0.1 N HCl
aqueous solution at relatively low voltages, up to 8 V.98 The effect of on the for-
mation of silicon is similar to that on the passivation and oxide formation on many
metals. The presence of chloride ions in electrolytes causes breakdown of passive films
at low potentials and thus prevents the buildup of voltage required for formation of
thick oxide films. The oscillations in the curves shown in Fig. 3.6, indicating the insta-
bility or breakdown/regrowth cycles of the oxide, may be similar to those occurring
during anodization of silicon in HF solutions (see Section 5.10).

The amount of water present in an organic solvent is of particular importance in
the growth and properties of anodic oxides. Water as an oxidizing agent is essential in
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the formation of anodic oxide on silicon.107 Even in “dry” solution the oxidation
depends on the water initially present as an impurity, or the water resulting from oxi-
dation of NMA. The amount of water in the solutions closely correlates to the growth
rate, the critical growth thickness, and the breakdown potential of the oxides.228 The
effect of water on oxide growth in ethylene glycol is shown in Fig. 3.7. Figure 3.8
shows the maximum attainable voltage for anodization in ethylene glycol electrolyte
as a function of water content. The maximum voltage is above 350 V for water content
of less than 25% but is less than 150 V for water content of more than 30%. Water has
a similar effect on other solvents.404 It also has a significant effect on current efficiency.
Figure 3.4 shows that current efficiency is lowest for water content of about 1–2% in
both NMA and glycol solutions.107,919 In ethylene glycol solutions,
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the current efficiency increases for water content up to 20%, but drops to much lower
values for water content higher than 30%.228

In solutions, ionic current efficiency increases in the presence of
chloride or fluoride ions.117 For the anodization in ethylene glycol containing
the efficiency increases rapidly with increasing KF concentration above which
is associated with disturbances in the oxide layer and an excessive incorporation of
fluorine.835 Relatively high current efficiency can be obtained in solutions.449

Figure 3.9 shows the efficiency of oxide growth in 1.35M as a function of
potential and time. The efficiency is higher at low potentials and short anodization
times, indicating that the growth efficiency decreases with oxide thickness. The low
ionic current efficiency during anodization is due to the side reactions. In aqueous
solutions, the side reaction is that of water oxidation leading to oxygen evolution
which occurs at potentials greater than           139 In organic solvents, oxidation of the
solvent molecules may also be side reactions.301,919

The field required for oxide growth also strongly depends on electrolyte com-
position. Table 3.1 shows that the field during oxide growth is in the range from 2.4 ×

to The field is in general larger in organic solvents than in
aqueous solutions. Higher fields are generally required with larger current densities. It
has been reported that the anodization of silicon in dry electrolytes requires a field
strength of about oxide growth rate falls to essentially zero if the field
strength is lowered by 10% from the above value.228 Anodization in different solvents
requires different fields for growth as shown in Fig. 3.6.404 Addition of water in organic
solvent generally reduces the growth field.228

3.3.3. Effect of Silicon Substrate

There are few data on the effect of substrate on the formation of anodic oxide.
In 2M KOH, the formation characteristics of anodic oxides on (100) and (111) surfaces
in the potential range from 6 to 15V are the same.378 Ion implantation of substrate
silicon has been found to greatly affect the anodization behavior of silicon.787,790 An
increase in the anodization rate occurs after implantation of
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and This effect is attributed mainly to the implanted ions and not to radiation
damage. On the other hand, implantation of and ions causes a decrease
in the oxidation rate, which is attributed to radiation damage. As an example, Fig. 3.10
shows that the cell voltage for high doping material at the beginning of the anodiza-
tion is much lower at a given current density indicating a much lower current efficiency
during the anodization with increasing dose. The increased current density with the
implant concentration is due to the increase of generation–recombination centers, espe-
cially at concentrations higher than 605,790 Surface roughness may affect the
oxidation kinetics, especially the initial stage.1038 It has been reported that growth rate
and uniformity of anodic oxides can be better controlled by using two anodes, a disk
anode in the middle and a ring anode at the perimeter.457

3.3.4. Effect of Polarization Conditions

Anodization can be carried out under different modes with constant potential
(potentiostatic mode) or constant current (galvanostatic mode). Constant potential
means that the oxide grows under different field strengths from the start to the end of
anodization, whereas constant current means that the oxide grows under a constant field.
Most studies on the anodization of silicon employ the galvanostatic mode.

It has been found that the mode of polarization particularly at the initial stage has
a great effect on the further growth of the oxide.98 If the oxide is grown at a higher
potential, then the final oxide will be significantly thicker. Figure 3.11 shows the thick-
ness of oxide films grown in a 0.1 M HCl solution for two different operation modes:
The COSI mode is obtained by applying the potential on the sample prior to immer-
sion into the solution, and the ramped mode is obtained by applying the potential at the
open circuit value and gradually increasing it to the desired potential value.

The formation of oxide depends on the rate at which the voltage is applied as
well as the area of the electrode surface under a constant potential mode. The mecha-
nism by which the first few layers of oxide are formed is important in establishing the
mechanism of growth of the entire oxide film.
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Figure 3.12 shows that the COSI mode and the stepping potential mode gener-
ate thicker oxide films than the ramp mode for large samples, 98 Thisphenom-
enon is due to the effect of electrolyte resistance, where is the resistivity
of the electrolyte and a is the radius of the sample. It reduces the effective potential
from to a value lower than 5.5 initially and the initial oxide is grown at lower
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potential than the applied value. As the surface area gets smaller, the effective poten-
tial approaches the applied value.

It has been observed that in an NMA solution, if anodization is continued after
the voltage is increased to 350 V, the oxide breaks down; the voltage starts to oscillate
without rising further.117 But if the sample is held at a constant voltage of 300 V for
some time, the forming voltage can be raised to 560 V at which bright sparks appear
in the solution. Also, in the NMA solution, if an as-grown film is cathodically polar-
ized at a voltage between 12 and 15 V for a certain time, the current increases in
magnitude. The anodic oxide is “deformed” by the cathodic polarization because on
switching the current back to the anodic direction, the voltage necessary to drive a given
current is much smaller than before cathodic polarization.

3.3.5. Effect of Illumination

The effect of illumination on the I–V curves of both p-Si and n-Si is shown in
Fig. 3.13.370 The anodic reaction kinetics of p-type silicon are not affected by illumi-
nation because the reaction consumes holes which are the majority carriers and their
concentration is little affected by illumination. For n-Si during anodization, the inter-
face is reversely biased and in order to sustain the reaction, either holes have to be gen-
erated or electrons have to be injected from the electrolyte. Thus, in the dark, an extra
voltage, above that which is required for anodization of p-Si, is needed to drive the
current.117 For example, about 100 V is required for initially in NMA. The
extra voltage needed to anodize n-Si diminishes with increasing illumination intensity
and at sufficient light intensity the anodic current becomes identical to that for p-Si.
The quantum yield of illuminated anodization is low; a value as low as 1% has been
found for the anodization of silicon under illumination.605

Figure 3.13 also shows that the sensitivity to illumination decreases with increas-
ing oxide thickness, and at a thickness corresponding to about 380 Å further growth is
no longer sensitive to light.117,370 The sensitivity can be measured by the excess voltage
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required for the anodization of n-type silicon in the dark relative to that under illumi-
nation. The loss of photosensitivity at a certain oxide thickness has a twofold meaning:
(1) it indicates that above 380 Å the rate-determining step changes from inside silicon
to inside oxide and (2) the field at the oxide/Si interface is large enough to satisfy the
supply of minority carriers for the growth of the oxide on n-Si. The photosensitivity
also appears to be influenced by the mode of anodization. The critical thickness at which
sensitivity to light disappears was found to be about 240 Å in one case106 and 350 Å in
another.370

3.3.6. Electroluminescence

Electroluminescence is observed to occur during anodization on both n- and p-
type materials. The luminescence on p type is uniform on the sample surface, whereas
that on n type is highly nonuniform.370 It occurs only when the oxide reaches a certain
thickness as shown in Fig. 3.14.230 No light emission is observed below a thickness of
15 nm. For greater than 25 nm thick, the intensity of emitted light increases expo-
nentially, the exponential factor being 10nm as shown in Fig. 3.14.

The spectrum of emitted light consists of two different regions, namely, a low-
energy region (LE) and a high-energy region (HE), as shown in Fig. 3.15.230 The LE
region has a broad peak corresponding to an energy of 1.93 eV and the HE region
exhibits two peaks of 3.04 and 2.76 eV. In another study, the illumination was found to
be centered in two regions with LE at about 2 eV and HE at 3.44 eV.370 The intensity
of both peaks increases with oxide thickness from a few nanometers to about 100 nm.
At larger thicknesses the intensity of LE still increases with increasing thickness but
HE becomes relatively constant.230 Addition of water in the ethylene glycol solution of

reduces the intensities of both peaks whereas addition of a low concentration of
KCl, 0.001 M, enhances significantly the LE peak.1033
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3.4. GROWTH MECHANISMS

3.4.1. Reactions

The oxidation reaction of silicon is a process involving breaking Si–Si bonds and
formation of Si–O bonds with conversion of the silicon atoms from a valence of 0
to a valence of 4. In anodization the four valence electrons on a silicon atom are
transferred in the overall reaction

The water involved in the above reaction is the main source of oxygen in the
formation of anodic oxide in various electrolytes, aqueous and nonaqueous. According
to Croset et al.,301 in NMA and glycol solutions, over 80% of the oxygen in the oxide
comes from the water and the rest from the salts, while the solvents play little role
as a direct source of oxygen. Therefore, when water is present in the electrolyte the
source of oxygen does not depend on the nature of the solvents. However, when
water is not present such as in dry organic solutions, the main reaction at the anode
is the production of water via oxidation of the solvents, which supply the water to
sustain the oxidation reaction, and this is responsible for the low oxidation efficiency
in the growth of anodic oxide. The amount of water available depends on the solvent:
about 0.5 mol/Faraday of water is created at the anode in NMA and 1 mol/Faraday in
glycol.301

In dry electrolytes (initially water free) the oxygen required for oxidation can
either come from the water due to the anodic decomposition of the solvent or come
from the dissolved salts. According to Madou et al.,404 most oxygen required for oxide
growth in dry glycol stems from the water derived from the decomposition reaction of
glycol. Oxygen-containing electrolytes such as or are not essential for
the anodization process in NMA solutions as anodization is found to be possible in a
solution containing NaF and 107 On the other hand, in dry methanol which does
not decompose into water easily, the oxygen may originate from oxyanions such as



and as N and P are detected in the oxide formed in water-free methanol
electrolyte.424 Once water is present in methanol, the major part of the oxygen required
for the oxidation comes from the water instead of the salts.

Formation of the first layers of oxide (i.e., native oxide) on the surface of silicon,
according to Ozanam and Chazalviel,692,934 appears to also require the presence of water
even in nonaqueous solutions. On immersion into the solution the silicon surface is
gradually evolving from a H-terminated surface (after HF cleaning) to a silicon oxide-
covered surface due to the residual water present in the nonaqueous electrolyte (10
ppm).692 Initially the water is molecularly adsorbed at the silicon surface, then slowly
oxidizes the surface silicon atoms to form oxide islands. The oxide islands are about
0.6 nm thick and cover about 60% of the surface area after 1 week of immersion in
various nonaqueous electrolytes.

Knowledge regarding the detailed reaction processes involved in anodic oxida-
tion is still lacking. According to Lewerenz,602 the oxidation process can be initiated by
formation of hydroxide from water if a hole is supplied. Subsequently, two Si–OH
groups form a Si–O bond splitting off a water molecule. The resulting polarization of
the Si–Si back bonds then possibly leads to the insertion of O by place exchange. The
consecutive steps are described as follows:
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The reaction steps involve as an intermediate. It is possible that reactions with higher
oxidation states such as and which are considered to be present at the
silicon/oxide interface, may be involved in addition to reactions (3.6) to (3.8).702

3.4.2. Ionic Transport within Oxide

During anodic oxidation, either the cation or the anion or both must migrate
across the thickening oxide film. The mobile ions can be identified and if both move,
the relative mobilities can be deduced by tagging a thin surface layer with a completely
immobile marker atom and determining its position after anodizing.346,427 They may also
be identified by profiling the oxide on the concentration of labeled mobile species such
as oxygen isotopes.449 The issue of mobile species in the oxide during anodic oxida-
tion has not been fully resolved as cation outward movement is found to dominate in
some studies and anion inward movement in others.186,346,427,449

The results from many investigations show that inward diffusion of oxygen-
containing anions is responsible for the ionic conduction in the oxide film during
anodization. Mackintosh and Plattner346 used two different noble gases Kr and Xe
as markers and found that the anodic oxide growth in

in NMA, in tetrahydrofurfuryl alcohol, and
15% in tetrahydrofurfuryl alcohol is governed by anion inward movement.
According to Mende,186 who determined the depth distributions of implanted into
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Si before and after anodization in glycol, the Si ions are the mobile
ions during the anodization. Croset and Dieumegard714 found that oxygen during the
growth of the anodic films in ethylene glycol containing 0.4% and 0.4%
using the labeling technique, is the mobile species. Beckmann and Harrick424 found
that the concentration of hydroxyls in the anodic oxide formed in 0.25 M in
tetrahydrofurfuryl alcohol increases toward the interface as shown in Fig. 3.16.
This indicates that there must be migration of the OH groups to the interface under
the action of the applied field and the oxidation reaction at the interface must be the
rate-limiting process to cause a higher concentration near the interface with respect to
the interior of the film. Bardwell et al.,449 who used the profiling technique, found
that in the anodic oxide formed in solution, the is concentrated at the
oxide/silicon interface, suggesting that inward migration of oxygen is the main ionic
transport mechanism.

On the other hand, Madou et al.,404 based on the identification of a small amount
of P and S in the oxides formed in the glycol solutions and none in those formed in
methanol solutions, suggested that Si outward movement may be involved during the
oxidation in methanol. According to Schmidt and Ashner,427,459 who used as marker,
the growth of anodic films on Si in dry tetrahydrofurfuryl alcohol at high field strengths
occurs almost exclusively by cation drift. However, they also found that at low field
strengths, hydroxyl ions, if present in ample supply, are the mobile species and cause
hydration of the film.

In a study by Schmidt and Ashner,427 inward motion of hydroxyl ions is also found
in the anodic oxidation of a steam-grown oxide, resulting in a hydrated oxide film. On
contact with the electrolyte there is an induction period during which the steam-grown
oxide surface is hydrated. The electrical field is able to aid the injection of hydroxyl
ions after hydration takes place. According to Schmidt and Ashner, the primary step
involves reaction of the oxide surface with water in the electrolyte to produce
OH groups: The OH groups can then be acted on by
the electrical field to migrate inward into the oxide. The diffusivity of the species



associated with water was determined by Dreiner836 to be at 25 °C in
water and in ethylene glycol. According to Dreiner,
water enters only into the outermost layer, then dissociates. Further diffusion is in the
form of moving hydroxyl groups. The first step (water entry) is rapid whereas the dif-
fusion is a slower process which can be increased by anodic bias.

The different results obtained from a number of studies indicate that the mobile
species during anodic oxidation of silicon may depend on the anodization conditions.
At relatively low field in water-containing electrolytes, anion inward movement is the
dominant process, whereas at high field in water-free electrolytes, cation outward move-
ment may be important. Based on some recent studies, the chemical nature of the mobile
species may also be different under different conditions. According to Bardwell et al.,449

the transport follows different mechanisms at low, <3.5 V, and high potentials, >3.5 V.
At low potentials, the growth may be due to lattice diffusion of or whereas
at high potentials, it may be by short-circuit diffusion of The potential for the latter
mechanism to be possible is the potential at which evolution on the electrode surface
becomes important and therefore molecular oxygen is available for transport through
the oxide. This change of transport mechanism is accompanied by a larger oxide growth
per volt.139 A change of the voltage growth rate from 7 Å/V in the potential range of
1–3.5 V to 22 Å/V at potentials larger than 3.5 V is observed in the anodization of silicon
in solution.

3.4.3. Growth on n-Si

Anodic reaction typically involves holes which are the majority carrier in p-type
silicon but are the minority carrier in n-type silicon. The anodization of n-type sub-
strate thus requires generation of carriers either by extra field strength or by illumina-
tion. According to Schmidt and Michel,117 for n-Si an initial high voltage, with an excess
voltage, above that of p-Si or strongly illuminated n-Si is needed for electrons to
tunnel through the barrier at the silicon surface. The formation of the first layers of the
oxide decreases the height of the barrier inside the n-Si and the anodization can proceed
further at lower voltages. can be viewed as the potential drop in the space charge
layer which is required for generation of charge carriers to sustain the anodization
reaction.1038

According to Hasengawa et al.,370 the excess voltage, can be defined as
and is a function of doping concentration light inten-

sity and time t. For n-Si the holes required for anodization may be generated by
either avalanche breakdown or illumination. In the dark, anodization of n type involves
avalanche breakdown in the semiconductor depletion layer and depends on the
doping level of the semiconductor as shown in Fig. 3.17. Under a sufficient illumina-
tion intensity the excess voltage is zero and the anodization curve of n-Si becomes
essentially the same as that of p-Si as shown in Fig. 3.6 due to the switching of the
rate-limiting process from hole supply to ionic transport. On the basis of the avalanche
multiplication mechanism, the photocurrent through a semiconductor depletion
region is given by

108 CHAPTER 3
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where V is the applied potential, the breakdown potential, the photocurrent at
low voltage where no carrier multiplication takes place, and n a constant. The initial
excess voltage during anodization is expressed as

with L the light intensity and the minimum intensity which can supply a sufficient
number of holes required for anodic reaction without carrier multiplication in the deple-
tion region.

3.4.4. Electroluminescence

According to Hasengawa et al.,370 the mechanism of the luminescence can be
described using the diagram shown in Fig. 3.18. The low ionic current efficiency during
anodization indicates that a considerable amount of electronic current flows through
the conduction band during anodization. Electrons are able to tunnel directly from the
energy states in the electrolyte into the conduction band of Some of these elec-
trons lose energy by emitting photons whose energy corresponds to the conduction band
discontinuity, about 3.1eV, and give rise to the HE peak. Some of the electrons lose
energy by falling into traps that are located about 2 eV below the conduction band of

which is responsible for the LE peak.
A different model for the illumination mechanism is provided by Zhou et al.230

In this model, dielectric breakdown is considered to occur within the oxide because the
field strength in the layer during growth is 22 MV/cm which is around the break-
down voltage. Electron and hole pairs are generated at breakdown and the electrons are
accelerated under the field to become hot electrons. The scattering of these electrons,
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whose mean free path is about 10 nm, with the light emission centers in the oxide then
results in the light emission corresponding to the LE peak. The HE emission is attrib-
uted to the transition due to band discontinuity at the oxide/silicon interface. The light
intensity increases with the oxide thickness because the emission region increases. The
emission center, located about 2 eV below the conduction band, is considered to have
the same nature as that described by Hasengawa et al.370

Light emission also occurs on thermal oxide film under anodization conditions,
indicating that the light emission is not associated with defects particular to anodic
oxide but rather with a common phenomenon associated with the system.370

Also, that light is emitted only above a certain thickness indicates that the lumines-
cence is not due to the chemical reaction but to the mode of charge transfer involved
in the formation of No light emission occurs for thicknesses of less than 15 nm
because up to this thickness the electron can tunnel through the oxide layer directly
into Si. The fact that the energy and intensity of emission varies with thickness indi-
cates that the process depends on the structure of the oxide. The enhancement of the
low-energy peak by the addition of KCl in the solution can be explained as due to the
incorporation of chloride ions in the oxide film.1033

3.4.5. An Overall Growth Model

The general processes involved in the anodic oxidation of silicon can be sum-
marized by the band diagram of interfaces illustrated in Fig. 3.19
considering the information on the possible reactions, on the species responsible for
ionic transport inside the oxide, and on the differences between p-Si and n-Si.
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Under typical anodization conditions, holes from the valence band are responsi-
ble for the oxidation reaction for p-Si whereas injection of electrons into the conduc-
tion band is responsible for that for n-Si (requiring a high voltage to narrow the surface
barrier). The oxidation reaction occurs at the silicon/oxide interface through several
intermediate steps forming partially oxidized species which can act as interface states.
These partially oxidized silicon species, due to their different energy levels, are further
oxidized by electron tunneling into the conduction band at much lower voltages. This
is responsible for the oxidation of n-Si after it is covered with an oxide film of a certain
thickness.

The oxygen required to form the oxide structure is from the water, either resid-
ual or generated during anodization, in the electrolyte. The water molecules enter into
the first layers of the oxide and dissociate into ionic species, such as and/or
which then migrate toward the silicon/oxide interface under the effect of the electrical
field in the oxide.

The oxide, which is capable of conducting a large current under anodizing con-
ditions, behaves as a doped semiconductor, and is responsible for the side reactions and
low ionic current efficiency. Depending on the nature of the solvent, whether aqueous
or nonaqueous, the side reaction can be predominantly due to the oxidation of water
in aqueous solutions, and due to the oxidation of solvent molecules, R, in nonaqueous
solutions. It is not clear whether the electronic current is by hole or electron, but the
band structure of the silicon/oxide interface indicates that electron conduction is more
likely. In either case the charged carriers going through the energy steps at the
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oxide/electrolyte interfaces, silicon/oxide interfaces, and localized states in the oxide
may result in photoemission.

3.4.6. Growth Kinetics

Thermal Oxides. Before discussing anodic oxides it is beneficial to provide a
brief description of the classic theory of growth kinetics of thermal oxides. The growth
of thermal oxides follows different kinetics depending on the thickness of the oxide.160

Thick films, from about several hundred angstroms upwards, grow according
to linear-parabolic kinetics where the transport of oxidant through the oxide is the
rate-limiting step. Below this oxidation regime is a thin oxide regime in which the
kinetics is not described by linear-parabolic kinetics but is determined by the inter-
face reactions. This regime can be further divided into two regimes: one from 0 to
about 10 Å, representing the native oxide, and the other from 10 to several hundred
angstroms.

While the kinetics of the thick oxide regime is well established, that of the native
oxide and thin oxide regimes is not, due to the complexity of the reactions involved at
the interface. As discussed in the section on native oxide, the thickness and growth rate
of native oxides strongly depend on surface preparation and the environmental condi-
tions regarding exposure. It is thus very difficult to prepare a native oxide of a certain
quality. The thin oxide regime has been studied to a great extent not only because
of its importance in affecting the nature of the thermal oxide but also because of its
potential use for very thin silicon oxide/silicon systems.160,499 In the thin oxide regime,
the oxidation kinetics for wet and dry oxidants is, unlike in the thick oxide regime, very
different. The kinetics in this regime is influenced by the nature of oxidants for the
surface reaction such as the presence of both O and or by the strain present due to
the lattice mismatch between Si and or by the transport through micropores, or
by the presence of impurities at the interface regime to alter the oxidation reaction.160,187

The transport of oxygen consists of two parts, one related to the interstitial transport of
through the network and the other to a step-by-step motion of network oxygen

atoms.1029 A significant part of the oxygen diffusion may be of ionic nature since an
electric field is found to affect the growth of oxide.1049

The general growth kinetics of thermal silicon oxide was originally proposed
by Deal and Grove.562 It is assumed that the transported species go through three
stages: (1) from bulk of the gas to the outer surface, (2) across the oxide film
toward the silicon, and (3) reaction at the silicon surface to form a new layer of
Figure 3.20 illustrates the physical situation. It is further assumed that the fluxes of
oxidant in each of the three steps in the oxidation process are identical beyond an
initial transient period. The flux of the oxidant from the gas to the vicinity of the outer
surface is

where h is a gas-phase transport coefficient, is the concentration of the oxidant at
the outer surface, and is the equilibrium concentration of the oxidant in the oxide.
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is assumed to be related to the partial pressure of the oxidant in the gas by Henry’s
law:

Henry’s law holds in the absence of dissociation or association of the oxidants at the
outer surface, implying the oxidant to be and in the cases of dry and wet oxygen
oxidation. The flux of the oxidant across the oxide layer is assumed to follow Fick’s
law:

with the effective diffusion coefficient. Since at a steady state must be the same
at any points within the film, meaning Eq. (3.14) reduces to

where is the concentration near the interface. The reaction flux at the inter-
face is assumed to be first order:

Considering the situation under diffusion control with and and com-
bining Eqs. (3.12), (3.13), (3.15), and (3.16), we obtain

where is the rate of growth and the number of oxidant molecules incorporated
into the unit volume of the oxide layer. Integration of Eq. (3.17) with an initial condi-
tion at t = 0 yields
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or

where

and

At relatively long times, i.e., and also Eq. (3.18a) becomes

which is the well-known parabolic oxidation law for relatively long times. At the other
extreme, for relatively short oxidation times, i.e., Eq. (3.18a) reduces to

which is a linear law.
The rate of thermal oxidation of silicon is orientation dependent.105,510,911 Under

typical conditions the initial oxidation rates follow the order

(110)>(111)>(311)>(511)>(100)

The order changes within the first 25 nm of the oxide to (111) > (110) with the other
orientations remaining in the same order. A qualitative correlation appears to exist
between the order of the initial rates and the density of the atoms of the planes.

The kinetics of thermal oxide growth depends on the type of oxidation, whether
using dry oxygen, wet oxygen, or steam as the oxidation agent.510 The growth rate in
wet oxygen can be much higher, by as much as a factor of five, than that in dry oxygen.
The reaction occurs at the interface and the growth rate is dominated by the
inward diffusion of the oxidizing species for oxide films more than 40 Å thick for dry
oxidation and 1000 Å thick for wet oxidation.115,316,377,562 There is a difference between
wet and dry oxidation in terms of the involved oxidizing species. The wet oxidation by

has faster kinetics than the dry oxidation by due to the much larger solubility
of in about than that of about even though
the diffusivity of in the temperature range for thermal oxidation is about an order
of magnitude smaller than that of 562
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Anodic Oxides. Except for the first few layers of oxide, which almost always
exist on the surface of silicon in an anodization electrolyte as the native oxide, the
growth of the oxide film requires the diffusion and/or migration of the reactants in the
form of cations or anions or both through the oxide film. In comparison with thermal
oxidation, anodization operates at low temperatures at which the diffusion of either
silicon species or oxidants (as can be estimated based on the information about thermal
oxidation at high temperature) must be too slow to account for the oxide growth
observed during anodization of silicon. Mass transport required during anodization
must rely on field assisted migration. The field strength required to produce the ionic
current for oxide growth on silicon is very high, in the range from to
depending on growth rate and electrolyte composition.

Young and Zobel961 found that the growth of anodic oxide on silicon follows the
high field mechanism which describes the relationship between the ionic current and
the field as: where  is the magnitude of the
charge on the ion, a is half of the distance between successive sites occupied by the
ions, and is a constant. Figure 3.21 shows the data for anodization in 0.0025 N
in anhydrous NMA giving a line with a being 0.6 to
1.5 Å.

Ghowsi and Gale201 developed an analytical model, which agrees with the phys-
ical model illustrated in Fig. 3.19, for the growth kinetics of anodic taking into
account both ionic current and electronic current. The total current density, including
the ionic component and electronic component, is

The inward motion of anions is assumed to be the dominant ionic transport across the
oxide. The ionic movement is field-assisted drifting and is the rate-limiting process.
The diffusion of ions at room temperature is considered to be too slow to account for
the oxide growth rates. The current density is written as
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where is the ionic current, the anionic concentration in the oxide, q the anionic
charge, the anionic mobility, E the electric field, d(t) the thickness of the oxide film,
and V the voltage across the oxide.

The analytical solution gives

where is the number of anions per unit volume of the silicon dioxide.
The electronic current is assumed to be due to electron injection by tunneling

from the states in the electrolyte into the conduction band of It is limited by the
space charge electronic current density described by

where is the velocity of electrons due to applied voltage across the thin film of thick-
ness d(t). The solution of the electronic current density has the form

where A, B, and C are constants. The results calculated from Eqs. (3.21) to (3.26)
were found by Ghowsi and Gale201 to be in good agreement with experimental
data.

It is interesting that Eq. (3.23), describing the growth of an anodic oxide, is in
its mathematical form identical to the growth of a thermal oxide by Eq. (3.19), that is,
the thickness of oxide increases parabolically with oxidation time. It is reasonable in
terms of the conditions and assumptions of the two models: (1) both are under constant
driving forces—the anodic anodization is under a constant potential and the thermal
oxidation is under a concentration gradient—and (2) both assume a linear dependence
of the inward transport of the oxidants on the driving force.

3.5. PROPERTIES

Compared to thermal oxides, there is much less systematic information on the
properties of anodic oxides. Table 3.2 shows that the properties of anodic oxides vary
in a wide range. Several remarks may be made on comparing the properties of anodic
and thermal oxides: (1) the density of anodic oxides is lower; (2) the anodic oxide is
nonstoichiometric and is silicon deficient; (3) the electrical resistance is much lower
although the breakdown field strength may be similar; (4) the dielectric constant is
higher; and (5) anodic oxides have higher charge and interface state densities. Figure
3.22, using the data from Table 3.2, illustrates the ratios of anodic oxides to thermal
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oxides for different properties. For none of the anodic oxides reported in the literature
do all of the properties overlap those of thermal oxides.

3.5.1. Physical and Chemical Properties

The oxide films formed by anodization generally have a loose structure and contain
a significant amount of water, hydroxyl ions, and other species, which are present in the
electrolyte. Many of the physical, chemical, and electrical properties of anodic silicon
oxides are determined by this loose structure and the incorporation of foreign species.
This defective nature is required for the growth of an anodic oxide because a large number
of charged carriers are moving within the oxide during its formation.

As-formed anodic oxides may contain Si–O bonds, SiOH and SiH groups,
absorbed water, oxidation products of the solvent, and ionic impurities.776 For example,
there are hydroxyl and silicon hydride SiH groups in the
anodic oxide films formed in tetrahydrofurfuryl.424 By comparison,
the thermal film produced in wet oxygen at 1050°C contains OH groups and
that produced in dry oxygen contains no OH groups. The anodic oxide grown in 0.1 M
HCl contains about 4 wt % OH in the form of water and 4 wt % OH as isolated silanol.98

Due to the incorporation of OH and water, anodic oxides are generally nonstoi-
chiometric with silicon-deficient structures. For example, the oxide grown in 1.35 M

has a stoichiometry of with total (Si + O) density of
and contains approximately 1 atom % N.449 The oxides formed in

may contain 1–5% water and have O : Si ratios varying from 1.8 to 3.4
depending on current density, oxide thickness, and water content in the solution as
shown in Fig. 3.23.919 They contain a large amount of carbon compounds in the form
of C—H, S—O—C, and C—C groups.1039 The anodic oxide grown in a phtha-
late aqueous solution is incorporated with a substantial amount of water and/or hydroxyl
groups with thinner films exhibiting a higher content.604 In diethylene glycol contain-
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ing and a trace amount of fluorine, the anodic oxide is incorporated with fluo-
rine, and the fluorine content increases with the oxide thickness and the fluorine in the
solution.835 Fluoride content on the order of 1015 is reached for a fluoride
concentration of in the solution. Most of the fluorine is located in a region close
to the interface and the fluorine is linked to the silicon atoms as is oxygen in
the oxide. The SiOH groups in the anodic oxides show hydrogen bonding.1039 The
hydrogen bond may form between a SiOH and the nonbridging oxygen atoms associ-
ated with defects in the oxide.357 Large concentrations of hydroxyl ions in film
enable penetration of protons from the electrolyte into a hydrogen-bonded network at
low cathodic field strengths.427

The tendency for the solution-bond species to be incorporated into the structure
of anodic oxide films can be used for oxide doping. For example, phosphorus-doped
oxides of different concentrations can be produced by anodization in diethylphosphate
(DEP)–nitrite–tetrahydrofurfuryl alcohol.459 Figure 3.24 shows that the phosphorus
concentration increases with increasing concentration of DEP in the solution. Low tem-
perature and current density give higher doping levels, indicating that DEP adsorption
decreases with increasing temperature.

According to Nannoni and Musselin,793 the properties of anodic oxides tend to
change with time after being placed in humid air or water. The action of water causes
incorporation of hydrogen in the interstitial positions in the oxide. The concentration
of hydrogen, on the order of is an increasing function of exposure time,
and a decreasing function of the pH of the water and the anodic voltage applied across
the oxide. The diffusivity of the species associated with water has been determined to
be at 25 °C for the oxide formed in water and in

ethylene glycol.836 Surface roughness of anodic films grown in eth-
ylene glycol containing 0.04 M is found to increase with increasing water content
in the electrolyte.228 The silicon substrate after the removal of the oxide films shows
similar roughness dependence on water content.
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Anodic oxides are thus less dense than thermal oxide films due to the incorpora-
tion of foreign species. The density may vary greatly with the conditions of anodiza-
tion and densities as low as have been reported.457 The oxide formed in
ammonium borate solution is relatively dense and those formed in oxalic acid or
chromate solutions are less dense.117 The less dense nature of anodic oxides is also
reflected in the etch rate, which is generally many times higher than for thermal oxides
as shown in Table 3.2. The etching reaction proceeds first by adsorption of the reac-
tants onto the active sites on the oxide surface, which are associated with the defects
and discontinuities of the polyhedra structure. An oxide film with porous struc-
ture thus has more active sites available for the etching reaction, leading to a higher
etch rate.

Anodic films can be densified by annealing in inert gases at high temperatures.
A reduction of 10 to 30% in oxide thickness has been found to result from anneal-
ing.139,457,793 The hydride SiH groups in as-formed anodic oxide films can be reduced
by two orders of magnitude by heat treatment at 300 °C to a level similar to that of
thermally oxidized oxides.424 The oxide grown in 1.35 M contains about 1 atom
% N and can be reduced to <0.5 atom % by annealing the film at 500 °C for 5min in
forming gas.449

The properties of anodic oxide films depend on the mode of polarization partic-
ularly at the initial stage of anodization. For example, the number of hydroxyls in as-
grown oxide formed in tetrahydrofurfuryl at a constant current
density of is about T 424 This is reduced to by
switching the oxidation mode to a constant potential from the initial constant current
mode.424 The potential and how fast the potential is established determine the structure
of the first few layers of oxide, and greatly affect the further growth of oxide. It is found
that in 0.1 M HCl electrolyte, if the initial oxide is grown at a potential below 5.5
then the final oxide will be thin and have a lower hydroxyl content.98 Structural change
is found to occur for oxide that is oxidized at a time beyond the maximum forming
potential in ethylene glycol containing 0.04 M after anodization at 300 V for
35 h, the oxide becomes opaque.117

The properties of an anodic oxide are not uniform with distance but change from
the interface to the interface. It has been found that the refrac-
tive index is about 1.37 at the interface but gradually increases to about 1.42
in the bulk oxide.603 The refractive index of the oxide films formed in ethylene

solution generally decreases with increasing thickness.919 The anodized
silicon surface is more heavily hydrated.427 Figure 3.16 shows that the concentration of
hydroxyls increases toward the silicon/silicon oxide interface.424 There are no data on
the potential of zero charge (pzc) for anodic oxides. Data obtained on thermal oxides
indicate that the pzc of silicon oxide lies between pH 2 and 3903,943 and a linear rela-
tionship exists between the Fermi energy and pzc.946

Interface. There is little information on the interface of silicon and an
anodic oxide film. For thermally grown oxides, a transition region exists at the
interface where there is an excess of unoxidized Si bonds with a density on the order
of the surface atom density. The interface structurally consists of two distinct regions.
A few atomic layers near the interface contain Si atoms in intermediate oxidation states,
i.e., and The atoms are located farther out than
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and A second region extends about 30 Å into the      film. The in this
layer is compressed because the density of Si atoms is higher. For oxides grown in pure

the density of Si atoms in the intermediate oxidation states is (about
two monolayers of Si) near the interface region. The interface is not abrupt because of
this high density of intermediate oxidation states. The interface, in addition to
partially oxidized silicon species, may have defects such as Si and O vacancies and
interstitial elements.165,338,479,702

The Si intermediate complexes generated from the oxidation of a part of the
excess Si bonds in this transition region are responsible for fixed charge and fast surface
states.338 They may be formed according to the reaction

where the dangling bonds, are identified with fast surface states and the
are identified with fixed positive charges.

The partially oxidized silicon species are responsible for the anodic current tran-
sient measured at the end of etching of an anodic oxide film-covered n-Si electrode in
the dark as shown in Fig. 3.25.74 For a clean n-Si surface, the anodic current is very
small. This dark current during the etch-back experiment, whose peak position depends
on the thickness, occurs on anodic oxide as well as on thermal oxide. The data shown
in Fig. 3.25 indicate that the anodic reaction proceeds by injection of electrons from
the partially oxidized silicon species at the silicon/oxide interface. The amount of
charge associated with the current transient, which is similar for anodically and ther-
mally oxidized surface, is about corresponding to two monolayers of
Si3+ on a (100) surface. The partially oxidized species may extend to a number of atomic
layers, fewer for thermal oxide than anodic oxide as shown in Fig. 3.25.

The interface property of silicon oxide can also be described in terms of dipoles
which are formed due to partial charge transfer that takes place on formation of inter-
face bonds.76 The charge transfer occurs because of the difference in electronegativity



122 CHAPTER 3

between the two species across the interface. Several kinds of dipoles exist at the
interface: dipoles due to the formation of various interface bonds, dipoles due

to the presence of dangling bonds, and dipoles due to impurities at the interface. Accord-
ing to Massoud,76 all elements and compounds of interest have electronegativities larger
than that of silicon. Also, the partial charge transfer occurring between silicon and these
species generates dipoles with the positive charge on the silicon side of the interface
and the negative charge on the oxide. Table 3.3 lists the charge transfer for a variety of
silicon compounds. The electronic properties such as the flatband potential can be
altered by the presence of the dipoles at the interface. Assuming all the silicon are
bonded to molecules, the difference of flatband potential of (100) and (111) sur-
faces is calculated to be 0.476 V due to their difference in bond density and bond angle
to the interface.

3.5.2. Electrical Properties

The electrical properties of silicon oxide play a critical role in many phenomena
on silicon electrodes, particularly in the growth of anodic films. Anodic oxides can
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differ greatly in structure and properties due to the diversity of electrochemical condi-
tions under which an anodic oxide can be formed. The information on anodic oxides
in this section is thus presented according to the specific conditions under which they
are formed rather than being dealt with in a general fashion. A brief review of the basic
electrical properties of thermal oxides is provided to serve as the baseline to which
those of a specific anodic oxide can be related.

Thermal Oxides. The electrical properties of silicon to silicon oxide are asso-
ciated with the various types of charges and states (or traps) in the system as shown in
Fig. 3.26.496 They include fast surface states located at the silicon/oxide interface and
slow states which include charges and states within the oxide due to mobile impurity
ions, such as sodium ions, or traps ionized by radiation or fixed surface state charge
near the interface. The interface contains defects which result in the interface
states and charges. The defects in and at the interface whose charge state depends
on the dc bias are called interface traps or surface states. Those independent of gate
bias are classified as charges which are subdivided into fixed and mobile for as-grown
oxides.

The fast surface states, or interface traps (Fig. 3.26a), arise from the disruption
of the periodicity of the Si lattice at the surface. Because they are located on the surface,
these states are in good electrical communication with the semiconductor bulk and
can act as surface recombination centers. The density of fast surface states on a
clean silicon surface, i.e., a cleaved surface, is on the order of one fast state for every
surface atom, resulting in a density of about 496 The silicon surfaces passivated
by a thermal oxide film have densities of surface states that are 5 or 6 orders of mag-
nitude less than this. Also, a silicon surface covered with an adsorption layer may
have a density of fast surface states on the order of due to the stabi-
lization of the dangling bonds on the surface. The surface states, which can be donor
or acceptor, are distributed over the energy gap of silicon. The main effects of surface
charges or interface traps are to decrease surface mobilities of mobile carriers across
the interface, to change the surface potential at the interface under a given bias condi-
tion, and to act as recombination or generation centers for minority carriers at the
surface.479

The impurity ionic charges (Fig. 3.26b) with a density distribution of are
mobile under an electric field, resulting in a rearrangement of the density distribution.496

The presence of impurity ions in the oxide is the result of contamination during pro-
cessing. Due to their mobile nature they affect the flatband potential by the redistribu-
tion of the ionic charge under field resulting in drift of the flatband potential and cause
a shift of the C–V curve along the voltage axis with time.

The positive charge at the interface (Fig. 3.26c) may occur by irradiation with X
rays, rays, or electrons. During irradiation, electron–hole pairs are created in the oxide.
If no electric field is present in the oxide, the electrons and holes will recombine result-
ing in no net charge building up in the oxide. However, the electrons and holes tend to
separate if there is a field in the oxide. If this field corresponds to the positive gate
voltage, the holes are pulled toward the oxide/silicon interface gradually building up a
space charge.

Finally, the surface state charge or the fixed oxide charge illustrated in Fig. 3.26d
is a result of an oxide growth process that has the following characteristics:495
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1. It cannot be charged or discharged over a wide range bending of the silicon
energy band.

2. It is located within 20 nm of the Si/oxide interface and its density is on the
order of to depending on the oxidation conditions.

3. Its density is not significantly affected by the oxide thickness or by the type
and concentration of impurities in the silicon.

4. The density is independent of doping type and concentration in the silicon in
the range from to but is a strong function of silicon crystal orienta-
tion. The ratio of the density values for silicon oriented along the (111), (110),
and (100) directions is approximately 3:2:1, which follows the variation of
the oxidation rate constants for these directions.

5. Its density is independent of band bending over the middle 0.7 eV of the silicon
energy gap, indicating that the energy levels of the surface states are located
within the forbidden gap of the oxide.

6. The density strongly depends on oxidation and annealing conditions and
regardless of the previous treatments of the oxide, the final heat treatment
determines the density. Its density decreases with heat treatment in inert gas
and increases with increasing negative field.

7. The surface state charge is due to the excess ionic silicon present in the oxide
during the oxidation, waiting to react with the oxidizing species that has
diffused across the oxide/silicon interface as illustrated in Fig. 3.27.495

The change of potential due to the surface state charge can be calculated from

High-quality          films can have a resistivity exceeding The high resistiv-
ity of the film is a consequence of the large band gap, which preclude thermally
or optically excited carriers from entering the oxide. The conduction of thin dielectric
films can be due to bulk-limited processes and electrode-limited processes. In general,
electronic conduction, space charge-limited conduction, ionic conduction, and impu-
rity conduction are bulk limited whereas Fowler–Nordheim tunneling and Schottky
emission are electrode limited.309 The dominant source of dc conduction is that associ-
ated with the motion of impurity ions through the oxide.
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At high field current, instability occurs and can lead to dielectric breakdown of
films. The breakdown of thermally grown silicon dioxide films depends on the

processing conditions such as oxide thickness, substrate doping concentration and ori-
entation, cleaning procedures, oxidation temperature, and testing conditions.307–309 The
breakdown fields under a given set of conditions follow a Gaussian distribution skewed
at low fields. The breakdown fields near the maximum (8–16MV/cm) represent the
primary type of breakdown, which is related to the intrinsic dielectric properties of the
oxide; those at fields more than 20% lower than the maximum are low field break-
downs, which are related to the defects in the oxide. Breakdown may also be differen-
tiated in terms of electric breakdown and dielectric breakdown.725

The breakdown at high fields results from the destabilization of the conduction
in the oxide which is associated with carriers generated by the collision ionization
process.307,309 The tunneling-through electrons drift under the influence of the field and
can gain enough energy above a critical field to create additional carriers through col-
lision, thereby forming a space charge layer. For example, with a mean free path of 34
Å and a field strength of 8 MV/cm the injected carriers are able to excite traps 2.7 eV
below the conduction band. The electron–hole pairs are driven under the field to oppo-
site electrodes. A buildup of the positive space charge in the vicinity of the cathode
further lowers the barrier for tunneling. Such a positive feedback sequence eventually
leads to a large current and insulator breakdown.

Anodic Oxides. The electrical properties reported in the literature on anodic
oxides, such as breakdown potential, dielectric constant, and leakage current, tend to
vary over a wide range due to the large differences among oxides, which are formed
in the various electrolytes. Some of these parameters are listed in Table 3.2. In general,
the electrical properties of anodically formed oxides are of poor quality relative to those
of thermal oxides due to the high concentration of charges and states associated with
the loose structure and high levels of impurities in anodic oxides.

The dielectric constant of anodic oxides is considerably higher than that of thermal
oxides. This higher dielectric constant can be attributed to the presence of a significant
amount of and silanols and a nonstoichiometric composition.139 The breakdown
potentials of anodic oxide films are generally lower than those of thermal oxides. It also
in general decreases with increasing thickness.919 The breakdown field strongly depends
on the conditions of anodization. For example, Fig. 3.28 shows that for the oxides
formed in 0.04N in ethylene glycol, the breakdown field decreases with increas-
ing water content in the electrolyte.228 Similar results were found in other studies.776,919

The breakdown potential of the oxide formed in solutions containing trace amounts of
fluorine is inversely proportional to the fluorine content in the oxide.835 The breakdown
voltage of some anodic oxides can be comparable to thermal oxides. For example, values
between 5 and 10 MV/cm are found for oxides formed in solution.244

Figure 3.29 shows that the effective interface charge density and the flatband
potential is a function of water content for the oxides formed in ethylene glycol con-
taining 0.04 N at 776 The charge density also depends on anodization
mode, postanodization cleaning, and annealing treatment.

Anodic oxide films have high leakage currents.44,307 The leakage current is a func-
tion of anodization condition. Figure 3.30 shows the i–V curves measured on the anodic
oxide films formed in NMA + 0.04N under a constant current density of

to 300 V and held at 300 V for different times.117 As can be seen, the current
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at a given voltage becomes much lower with increasing holding times, indicating that
the oxide structure changes with holding time. Also, the current measured on the oxide
films is higher at a cathodic potential than at an anodic potential, and it is different for
n- and p-type silicon.

The C–V curves of the anodic oxide films formed in water and in
containing ethylene glycol electrolyte are identical to those of thermal oxides with little
shift and distortion.228,457 The oxide films formed in aqueous solutions are found
to give distorted C–V curves.244 The distortion is attributed to the slow traps at the

interface which are charged during the cathodic sweep and discharged during
the anodic sweep.139 Annealing of the anodic oxides formed in generates much
better C–V curves.
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The electrical properties of anodic oxides in electrolytes, that is, electrochemical
properties, tend to vary with the anodization system. Figure 3.31 shows the
current–voltage curves of anodically formed oxides in the forming electrolyte.117 The
voltage necessary to drive a given current anodically differs greatly from that cathod-
ically. For n-Si the voltage under the given cathodic current is almost constant whereas
it increases with oxide thickness under an anodic polarization. For p-Si the anodic
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behavior is very similar to that of n-Si under illumination. On the other hand, for p-Si
under a cathodic polarization, a much larger voltage, which decreases with oxide thick-
ness, is required in the dark than under illumination.

The difference in electrical properties in electrolyte between anodic and thermal
oxides can also be revealed with impedance spectra as shown for example in Fig.
3.32.139 In solution the thermal oxide, with a capacitance of and a
charge transfer resistance of shows a near-ideal capacitor behavior. On
the other hand, for the anodic oxide the phase angle does not reach 90° and the charge
transfer resistance is which is several orders of magnitude below that of thermal
oxides. The low charge transfer resistance of the anodic oxide films indicates that the
transport of ions in the film is relatively large.

Transient current and transient capacitance measurements on removal of the
anodic polarization, which provide information on the transient flatband potentials,
indicate that both positive and negative charges are present in the anodic oxide film
during its growth.601 According to Chazalveil,601 the positive charges are related to
charged oxygen “semivacancies”, and the negative charges are associated with

 groups and/or terminal groups. The anodic oxide is composed of an inner
layer, a mostly dry, substoichiometric layer, and an outer hydrated layer. On removing
the anodic polarization, the positive charge decays by backward migration and injec-
tion of holes into the electrode and the negative charges stay until the oxide layer is
partly dissolved.

Kirah et al.294 calculated the transient distribution of the ionic species in anodic
oxide based on the experimental data of Chazalveil.601 For the oxide formed at 5 V in
a BHF solution, Fig. 3.33 shows the density of ionic species inside the oxide layer are
positive and its density decreases from the electrolyte side to the Si side. It was attrib-
uted to accumulation of the positive ions transported from the interface to the
electrolyte side waiting for reaction with the oxidant species. By further assuming the
total charges in the oxide to be ionic charges distributed in the bulk and trapped charges
at the interface states, the interface trapped states were found to be positive on
the order of which decreases with thinning of the oxide film.

Exposed to humid air or water after forming, the electrical properties of anodic
oxides tend to decay due to the action of water incorporating significant amount of
hydrogen into the oxide structure.793 For the oxides formed in diethylene glycol con-
taining after several days of immersion in water, the permittivity was found to
decrease from 3.85 to 6.2 and the resistivity decreased from to for a field
of 1 mV/cm.

Depending on the anodization system, certain conditions can result in better
electrical properties of the anodized oxides. Annealing of anodized oxides generally
decreases the surface state density.139,228,244 Laser-enhanced oxidation may lead to
better electrical properties than in the dark.605 Under a constant voltage, the surface
state density tends to decrease with increasing final oxidation rate.300 In dry electrolytes,
it was found that constant current anodization at a current density of less than
produces oxide films of poor quality.117,427 This is attributed to the oxide growth
at low currents occurring by the inward motion of hydroxyl ions which results
in the hydrated and poor-quality films. Breakdown field, flatband voltage, fixed
oxide charge density, surface state density, and mobile ionic charge density, for
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the anodic oxides grown in ethylene glycol with a water content between 0.15 and
0.35% and proper cleaning and annealing, can be close to those for thermally grown
oxides.228

Conductive anodic silicon oxide films can be produced by doping a submono-
layer of platinum in the oxide.609 The platinum is deposited on the silicon surface gal-
vanostatically from 5% for a thickness from 0.002 to 2.5 monolayers. The
silicon is then anodized in 0.2 M under illumination followed by a heat treat-
ment. The Pt is present in the film at 0.25 (at             ) to 0.03 /solution) atom %
and either as Pt or as PtO with an energy level close to the n-Si valence band edge.



4
Etching of Oxides

4.1. INTRODUCTION

Chemical etching is a process for removal of silicon dioxide films through dissolution
in solutions. Dissolution of silicon oxides, in the context of this book, is related to the
anodic behavior of silicon electrodes. However, the dissolution of anodic oxides is not
well studied. In contrast, there is a wealth of information on the dissolution of other
types of oxides. Much of this information must also be applicable, at least the qualita-
tive and mechanistic nature, to that of anodic oxides. Also, because oxides of different
types are commonly used in device fabrication, compiling the etch rate data of these
oxides and those of silicon (presented in Chapter 7) in the same volume would be useful
in practice. Additionally, because silica–water interaction, which has been extensively
investigated in the geological field, is fundamental to the etching of silicon oxides, some
of the results from the investigations on the dissolution of rocks and sands are also
included.

Chemical etching of silicon oxides is a key processing step in practically all
silicon-based microfabrication technologies. The premier practical application of this
process is in the manufacture of integrated circuits, in wafer cleaning, and in pattern
delineation. It is the very first step in chip manufacturing and in many cases it is the
final cleaning after the final metal etch step. Also, etching of silicon oxide as a surface
micromachining process is utilized in the fabrication of precision quartz and silicon-
based micromechanical structures, where chemical etching provides a convenient
method for removing undesired surface layers, and for surface micromachining of the
desired microstructures.123,451 On the other hand, etching of silicon oxide is also impor-
tant in situations where the oxides are used as the masking material and etching of the
oxides can be detrimental.

Dissolution of silicon oxides is geographically important since silica is one of the
most abundant minerals in the Earth’s crust. At least nine different phases are
found in natural and engineered earth systems in the form of quartz, cristobalite,
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tridymite, moganite, coesite, stishovite, elchatelierite, opal, and inorganic amorphous
silica.469,899 In particular, quartz, which makes up 12% of the minerals in the Earth’s
crust, is the pure oxide representative of the silicates which comprise 90% of the min-
erals in the crust. The rates of dissolution that are of interest in the chemical etching
of silicon oxides in the electronic industry are usually larger than whereas
those in the geological field are generally smaller than This difference thus
dictates the methods for determination of silica dissolution rate in these two fields. The
dissolution rates are generally determined as weight loss or change of thickness of the
silica substrate in the field of materials science. In geological studies, on the other hand,
they are mainly determined as change of concentration of the dissolved silicates in the
solutions using silica particulate because it would take too long to cause a measurable
difference in weight or thickness in the solutions that are involved in geological
systems. It would take about half a day to dissolve a sand of 1 mm in diameter at a rate
on the order of but it would take about 10,000 years at                The fields of
interest regarding dissolution of silicon oxides, in terms of the range of dissolution rates,
are illustrated in Fig. 4.1.

The etching of silicon oxides has been most extensively investigated in HF-based
solutions. Various acids, salts, and other substances may be added to the HF solution
in order to obtain better control of etch rate, sensitivity, uniformity, and stability of solu-
tion composition. The number of etching systems in terms of the possible combinations
of solutions and oxides is limitless. As indicated in Table 4.1, the numerous etching
solutions offer a wide range of etch rates for each specific oxide type. Also, silicon
oxides produced by different processes may have vastly different etch rates in a given
etch solution. For each particular solution, a given oxide has a specific etch rate and
different oxides may etch very differently in different etching solutions.

Given the large number of oxide/etchant systems, it is difficult to generalize the
etching characteristics of silicon oxides. However, an overall comparison can be
obtained by grouping the etch rate data for the different unalloyed silicon oxides in HF
solutions. Figure 4.2, which is a plot of the data listed in Table 4.1, shows the etch rates
of four silicon oxides: quartz (single crystalline), thermal oxide, chemical vapor
deposited (CVD) oxide, and anodic oxide. Several general remarks can be made: (1)
The etch rates of all the oxides increase with HF concentration; they can be roughly
described by an equation of the form: and the reaction order n is significantly
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larger than 1 and tends to be different for different oxides. (2) The etch rates
differ by several orders of magnitude for different types of oxides with quartz being
the slowest and anodic oxide the fastest, reflecting the large difference in the density
and structure of these oxides. (3) The etch rate of thermal oxides is much slower com-
pared to CVD and anodic oxides. (4) The consistency of the data obtained from many
different investigations indicates that the etch rate of thermal oxides is not significantly
affected by formation conditions such as temperature, pressure, ambient composition,
and duration. (5) Silicon, as a solid, is extremely stable in HF solutions compared to
its oxide, as its dissolution rate is several orders of magnitude smaller than even that
of quartz.

The activation energy for dissolution of silicon oxides varies over a wide range
depending on the solution composition and the type of oxide. It appears that, based on
the data in Table 4.2, the activation energy is higher in nonfluoride solutions than in
fluoride solutions. In general, low activation energy in the range of 3–6cal/mol or
0.13–0.26 eV is indicative of a diffusion-limited process whereas that in the range of
10–20kal/mol or 0.44–0.87 eV is indicative of a surface reaction-limited process.
According to Harrap,153 the activation energy of thermal oxide in HF solution increases
with HF concentration, C, and follows the empirical relation

with and Using the above equation, for example, the
activation energy is calculated as 0.18eV in 0.1% HF and 0.37 eV in 10% HF. An acti-
vation energy lower than that estimated by this equation is observed in dilute HF solu-
tions, for example, 0.07 eV in 0.01 M HF.239 Also, the activation energy tends to be
higher at high temperatures.153 In BHF solutions, the activation energy increases with
the ratio of to HF, suggesting that several parallel reaction paths of different acti-



134 CHAPTER 4



ETCHING OF OXIDES 135



136 CHAPTER 4

vation energies are involved in the etching process.57 An examination of the data in
Table 4.2 also suggests that for a given solution the activation energy tends to be higher
for denser oxides such as quartz than for less dense ones such as CVD oxides.

4.3. THERMAL OXIDE

Figure 4.3 shows the etch rate of thermal oxide as a function of HF concentra-
tion and temperature.153,239 A nearly seven order of magnitude variation of etching rate,
from less than to near can be obtained by varying the HF concentra-
tion from about 0.0001% to about 10% in the temperature range of 25–90 °C. The
etching reaction has a reaction order larger than 1 in the whole concentration and tem-
perature ranges. Etch rate could not be meaningfully determined in HF solution below
0.0001 M HF by measurement of loss in thickness or weight of etched samples.239

Temperature has a strong influence at high HF concentrations and relatively less
effect at very low concentrations as shown in Fig. 4.3.153,239 At very low concentrations,
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in the range between 0.005 and 0.04M, the effect of temperature is found to be minimal,
in agreement with the small activation energies in these solutions.239

Most practical etching processes use buffered HF solutions (BHF) prepared by
addition of to avoid depletion of fluoride ions. There are many kinds of BHF with
various combinations of HF and concentrations. Figure 4.4 shows that the etch
rate of thermal oxide in BHF solutions increases when the concentration is low
but is relatively independent of concentration when the latter is higher than about
5%. Above 5% the etch rate is determined predominantly by HF concentration.452 Figure
4.5 shows the effect of dilution of a BHF solution with water.97

Addition of many chemical reagents other than is also used to control
certain aspects of the etching process. Figure 4.6 shows that addition of to a HF
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solution, which results in a decrease in pH, only slightly increases the etch rate of ther-
mally oxidized silicon.657 Addition of increases the etch rate sensitivity to the
nonuniformities in oxides. It is found, for example, that 2.3% HF + 2.1% is
extremely sensitive to differences in density, stoichiometry, bond strain, and impurities
in the silicon dioxide films; it etches various types of glasses and mixed oxide layers
much more rapidly than pure silicon oxides.115,232 As another example, in 0.1% HF +
70% solution, the etch rate strongly depends on impurity
concentration in the oxide, so that the etch rate profile can be used to determine the
diffusion of boron into silicon from a doped glass source.426 In pure solution
containing no HF, the etch rate of silicon oxide is very low as shown in Fig. 4.7.800

Surfactants may be added to etching solutions for surface roughness control.
According to Myamoto et al.,468 possible surfactants are hydrocarbon anionic

hydrocarbon cationic
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and perfluorocarbon anionic They have
the effect of improving the wettability of BHF. The addition of anionic surfactants does
not affect the etch rate of thermal PSG, and BSG films, whereas that of cationic
surfactant decreases the etch rate of these films. Also, the activation energy does not
change with addition of surfactants. The interruption of dissolution by surfactant
adsorption is considered to be responsible for suppressing the microroughness of the
etched surface.

In alkaline solutions, silicon oxides etch at very slow rates which allows them to
be used as masks during silicon etching in these solutions. For example, the etch rate
of thermal oxide is about 0.2 Å/s in 40% KOH at 85 °C918 and is less than 0.02 Å/s in
the standard SC-1 cleaning solution.1013 Figure 4.8 shows that in KOH solutions the
etch rate of thermal oxide increases with concentration reaching a peak value at about
35%.206 Figure 4.9 reveals that the etch rate in TMAH solution decreases with
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concentration at various temperatures.1005 Figure 4.10 plots the etch rate in SC-1 solu-
tion as a function of concentration.1013

Residual oxide may be left in some microstructures at the end of etching and its
occurrence strongly depends on geometry, surface tension, and the contact angle of the
etchant.13 It may be caused by the formation of air bubbles trapped in the structure when
the wafer is being immersed in the etchant. It has been found that etching of thermal

in a dilute aqueous solution of HF, 0.01% HF, proceeds down to ~20Å and beyond
this point a thin layer that is resistant to HF remains on the Si substrate.368 This resid-
ual film, which is several nanometers thick with the oxygen content increasing toward
the surface, is hydrophobic. It has been suggested that this oxide layer near the inter-
face is relatively dense.628

In etching of silicon oxide structures, the edge of a marked oxide step tends to
be etched also in the horizontal direction. The etching profile is independent of the com-
position of solutions but depends strongly on temperature as shown in Fig.
4.11.792

An oxide-covered wafer, after leaving the oxide etching tank, will continue to
etch faster in the initial stage in the rinse tank because of the residual etchant on the
surface.97 Thus, the actual etch of in HF consists of etching in the HF tank and
etching in the rinse tank. The amount of oxide etched during the transfer and rinse
depends on the etchant. Determination of etch rates may thus be affected by the water
rinse step after the etching. Also, the etching may result in the final etched pattern being
U-shaped, with the center of the wafer etched more than the bottom and top.

The etch rate of thermally grown oxide may be altered by postoxidation
treatments. Ion implantation at a certain level, depending on the nature of damage
and distribution, has been found to increase the etch rate.310 Also, an electric field, by
applying an anodic potential onto a thermally grown oxide film, is able to inject hydro-
xyls into the oxide.427 The etch rate of the hydroxyl penetrated region, depending
on the hydroxyl concentration, is much faster than the unaffected thermal oxide
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underneath as shown in Fig. 4.12. On the other hand, the dissolution of thermal
in BHF solutions is found to be impeded by the application of a cathodic potential of
2–4V across the oxide film.380

4.4. QUARTZ AND FUSED SILICA

Quartz, being the single-crystalline form of silicon oxide, is dense and has very
low etch rates in HF solutions compared to other forms of oxides as shown in Fig. 4.2.
The etching of quartz in HF solutions has been extensively investigated by Vondel-
ing,671 who measured the etch rates in HF and with addition of various
amounts of KF, KCl, and  Some of the etch rate values
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resulting from this investigation are listed in Table 4.1. Figure 4.14 shows that in
the etch rate of quartz is a linear function of concentration.670 The

etching process of quartz in HF solutions is found to be limited by the surface reac-
tions and not affected by the resistance to diffusion. This is in agreement with the rela-
tively high activation energy, 0.44 eV, and with the much lower etch rates relative to
other oxides as illustrated in Fig. 4.2.670,709 The dissolution can be catalyzed by salts
such as NaCl, and LiCl.916 The catalytic effect, which is a strong function of
pH, is attributed to the competitive adsorption of cations at surface hydroxyls.

The etch rate of quartz depends on the crystallographic orientation of the surface.
Table 4.3 shows the etch rate on the surface with different orientations.671 The differ-
ence among the four orientations can be as large as 1000-fold. The etched surface
morphology is a function of solution composition and temperature, particularly the con-
centration of positive ions. An etching bath with added gives terraces but no pits, a
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bath with added gives terraces and pits, and a bath with added gives no ter-
races or pits at 25 °C.

The dissolution rate of silicon oxides in nonfluoride acidic or neutral aqueous
solution is extremely low as shown in Fig. 4.13, which is responsible for the slow
changes in geological systems.898 In alkaline solutions, the etch rate of fused silica
depends on the type of alkli as shown in Fig. 4.15.527 The etch rate is not affected by
solution stirring, indicating that the rate-limiting step is a surface reaction, in agree-
ment with the high activation energy (about 0.9 eV). In NaOH and KOH solutions, there
is a maximum etch rate at about 8 M. The dissolution rate tends to decrease with increas-
ing dissolved silica in the solution at relatively low alkaline concentrations as shown
in Fig. 4.16. Figure 4.17 shows the dissolution of different types of natural silicon
oxides as a function of time in a diluted sodium hydroxide. In organic solutions, the
dissolution requires the presence of water. The dissolution rate increases with increas-
ing water content in a methanol solution, in which the etch rate is almost zero.

In NaCl solutions, Fig. 4.18 shows that the etch rate of silica increases sharply
with increasing pH in the pH range of 5–11.897 The concentration of NaCl also has an
effect on the etch rate.
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4.5. DEPOSITED OXIDES

The etch rate of CVD oxide is generally higher than that of thermal oxide as
shown in Fig. 4.2 and Fig. 4.19.491 It is strongly affected by the formation conditions
as, for example, shown in Fig. 4.20.784 It has been found that the etch rate of the LPCVD

oxide in diluted HF solution is lower than conventional CVD film.397 In addition
to the formation conditions, the etch rate of CVD oxides is determined by (1) type and
concentration of the dopant, (2) condition of the postdeposition treatment, and (3) com-
position of etching solution.148,397,452,912

Figures 4.21 and 4.22 show the etch rates of doped oxides, and
silicate glasses, in BHF solutions.148 For P- and As-doped oxides the etch rate

monotonically increases with increasing doping concentration whereas for B-doped
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oxides the etch rate as a function of doping concentration depends on solution dilution.
Similar findings were reported in other studies for the oxides doped with P,451 As,429

and B.425 For BSG films the effect of in the glass on etch rate also depends on
etchant as shown in Fig. 4.23.412 In SC-1 cleaning solution, the etch rate of B- and P-
doped glasses slightly increases with increasing B and P concentrations.1013

Solution composition has a stronger effect on the etch rate of doped oxides than
thermal oxides in BHF solutions as shown in Fig. 4.19491 and in solu-
tions.115,369 Also, the etch rate difference between doped oxides and thermal oxides
depends on solution composition; in the solution the etch rate of a PSG film
is 100 to 300 times higher than thermal silicon oxide, but in the BHF solution it is only
about 10 to 30 times higher.
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The etch rates of as-deposited oxides can be greatly reduced by annealing which
results in densification of the oxides.310,412,452,491 As shown in Table 4.1, annealing can
result in two- to sixfold reduction in etch rate depending on the oxide and etching solu-
tion. For example, after annealing in steam at about 900 °C for 15min, which results
in a 5% increase in the density of the oxide, the etch rate is reduced by a factor of 6.232

The effect of annealing depends on solution composition as shown in Fig. 4.24.452

Figure 4.25 shows the effect of annealing temperature on the etch rate of CVD
For fluorinated oxides, annealing results in the reduction of fluorine concentration as
well as the etch rate.102

4.6. ANODIC OXIDES

There is very little systematic information on the etch rates of anodic oxides in
the literature. Some of the etch rate data are listed in Table 4.1. In relative terms, the
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etch rates of anodic oxides, as shown in Fig. 4.2, are much higher than for other oxide
types.

The etch rate of anodic oxide can be determined by methods similar to those for
thermal oxide or deposited oxides. It may also be estimated from the anodic current of
the oxidized electrode. The anodic i–V curve of a silicon electrode typically shows a
passivation-like peak above which the dissolution occurs through a two-step process:
the formation of oxide film followed by the chemical dissolution of the oxide. The
steady-state anodic current measured at an anodic potential above the peak potential
indicates the dissolution rate of the anodic oxide. Thus, the passivation current, , listed
in Table 5.5 can be used for estimation of the etch rate of the oxide film formed at the
anodic potentials. (A current density of corresponds to a silicon etch rate of
3.1Å/s or to a silicon oxide etch rate of about 7 Å/s.) For example, in 1% HF solution,

is and thus the etch rate of the oxide film formed at a potential anodic of
the first current peak is about 35 Å/s. In 2M KOH solution at room temperature,

equivalent to an etch rate of about 0.014 Å/s. These numbers appear to
be in general agreement with the data in Table 4.1.

As can be expected, the etch rate of anodic oxides depends on the formation poten-
tial. Figure 4.26 shows that the dissolution rate of the oxide films formed in 0.05% HF
changes with potential, indicating that the oxides formed at different potentials are dif-
ferent.286 For the oxide that is formed in the current oscillation region (see Section 5.10),
the etch rate may greatly vary as a function of the distance from the silicon/oxide inter-
face to the oxide/electrolyte interface as shown in Fig. 4.27.950 Such drastic changes are
partly due to the change of field related to the oscillation of thickness at a given poten-
tial and partly due to the change of the oxide structure during its growing process. In
fluoride-containing solutions, current oscillation can occur in a certain anodic potential
region, which means that the properties and the etch rate of the oxide film oscillate under
that condition.122,855 The mode of anodization, whether the final potential is imposed in
one step or gradually reached, is also found to influence the etch rate.98

The high etch rates of anodic oxides are indicative of the loose structure of the
oxides. As shown in Table 3.2, anodic oxide films have low densities and are not
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stoichiometric due to the incorporation of a significant amount of hydroxyl ions and
water in the oxide. Silicon oxide that contains a high concentration of hydroxyl ions
has a fast etch rate.427 It has been found that a thermal oxide can be injected with
hydroxyl ions under an anodic potential forming a hydrated surface layer. The hydrated
layer etches much faster than the thermal oxide underneath as shown in Fig. 4.12.427

Thus, the high etch rates of anodic oxides may be partly attributed to the loose struc-
ture and partly to the high degree of hydration. Similar to CVD films, anodic oxides
can be dandified, resulting in lower etch rates. Figure 4.28 shows that the etch rate of
anodic oxide films formed at in 0.05% HF solution greatly decreases with increas-
ing annealing temperature.98
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4.7. ETCHING MECHANISMS

4.7.1. Reactions

In Nonfluoride Solutions. In water or nonfluoride aqueous solutions the disso-
lution of silicon oxides is determined by the reaction with water:469

The elemental reactions leading to the breaking of the Si–O bond involve at least three
steps—adsorption, activated complex formation, and hydrolysis—as shown in Fig.
4.29.469 The formation of the bond between the adsorbed hydrogen and the bridging
oxygen weakens the Si–O bond. Among the species in water, ions perturb the bond
the most; the relative effect of different ions and molecules on the bond strength of the
bridging oxygen follows the sequence:
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The nature of the silica–water interface is determined by adsorption/desorption
of the species in the water. When a silicon oxide, e.g., quartz, is fractured, the initial
surface is composed of dangling silicon and oxygen bonds (Fig. 4.30a) which are not
stable and hydroxylate easily with available water.469,1150 The hydroxylated surface is
dominated by SiOH groups (Fig. 4.30b). The initial adsorbed water adjacent to the
surface is oriented and has properties different from the bulk water. As this adsorbed
water layer increases to more than three monolayers, its properties become more like
bulk water. The surface potential changes as a result of the adsorption of the ionic
species in the water.930

The interaction of the hydroxyl groups with the protons in the water establishes
an interfacial layer with a pH-dependent surface charge and potential. According to
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Dove and Elston,898 this interfacial layer can be described by a triple layer surface com-
plexation model (TLM) as shown in Fig. 4.31. The interface consists of three electro-
statically charged regions, each with an associated electric potential and surface charge;
these are termed the o, and d planes. Hydrogen ions are permitted to coordinate with
the unsaturated sites of the interface at the innermost o layer. Sodium is positioned at
the layer or the d layer. The surface silicon-oxygen complex may have a different
chemical character depending on the adsorbed species. In a sodium chloride solution
the surface complexes can be represented as
and The concentration of each species depends on pH and salt concentration, and
the sum of the fractions of these surface species equals 1:

Calculation of the distribution of the species as a function of pH is shown in Fig. 4.32.
The rate of dissolution of silica is then determined by the number of reactive species.
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On the other hand, according to Wirth and Gieskes,897 the rate-determining reaction
during etching of silica is determined by the surface charge, and any ionic species,
which affects the surface charge, would affect the etch rate.

In alkaline solutions, according to Hooley,527 the dissolution of silica follows two
consecutive reactions. First, an adsorption of water occurs followed by reaction with
hydroxyl ions to produce soluble products:

It is argued that the surface of silica consists largely of oxygen ions because the small,
more highly charged silicon ions are well shielded by the highly polarized oxygen ions
so that the hydroxyl ions do not react with them. The absorption of water by hydrogen
bonding to the oxygen ions on the surface results in transfer of charge toward the water
molecule. This decreases the screening so that silicon ions can combine with hydroxyl
ions to form soluble complex. This mechanism explains the lack of dissolution of
silicon oxides in NaOH containing methanol. It also explains the maximum rate with
respect to NaOH concentration (Fig. 4.15). At low molarity and therefore high water
content, reaction 4.5 is the rate-determining step so that the etch rate will increase with
increasing molarity. On the other hand, at high molarity and thus low water concen-
tration, reaction 4.4 becomes the rate-limiting step and thus the rate decreases with
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increasing molarity. The inhibitive effect of dissolved silica in the solution also agrees
with the reaction scheme. The inhibitive effect of dissolved silica is the greatest at low
molarity when reaction 4.5 is the rate-limiting step and should disappear for concen-
trated solutions when reaction 4.4 is the rate-limiting step.

In HF-Based Solutions. The overall reaction involving the dissolution of silicon
oxide in HF solution can be expressed as

The elemental reactions are, however, rather complicated and remain the subject of
debate. For many studies on the kinetics of silicon oxide etching, identifying the fluo-
ride species in the solution responsible for the etching reactions has been a major
concern. This is because HF is a weak acid, which ionizes only partially to fluoride
ions, and its aqueous solutions may contain a significant quantity of fluorine in the form
of un-ionized HF and partially ionized bifluoride

In an earlier study, Judge57 found that in solutions of and close to
neutral pH, essentially all fluoride is present in the unprotonated state and the solutions
exhibit a near zero rate of dissolution. Judge thus suggested that the free fluoride
ion is not one of the species responsible for the dissolution. This conclusion was further
supported by Kikuyama et al.,239 who found that the etch rate of in KF solutions,
in which all the fluorine is in the form of free fluoride ions, is very small as shown in
Fig. 4.33. The etch rate in 1M KF is 0.001 Å/s, which is threefold smaller than that in
a HF solution of the same concentration.

According to Judge,57 HF and which are the dominant species in acidic solu-
tion of HF, HCl, and are responsible for the etching reactions involved.
Clear correlation between etch rate and concentration is also observed in
solutions in which is a major species as shown in Fig. 4.34.239 is also found
to be the rate determining species in solutions.512 According to
Kikuyama et al.,239 because the dependence of etch rate on is different in HF and
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solutions, and may also have a significant effect on the etching process.
Verhaverbeke et al.238 further suggested that in addition to HF dimer, which
is a dominant species in solutions with a concentration higher than 1M, is also an
important etching species. Thus, depending on relative dominance of the species, the
following parallel reactions may be involved:

HF, and may further participate in the reaction with the intermediates to
complete in the dissolution process.

may also be an important species involved in the dissolution process. Accord-
ing to Monk et al.,451 the etching of film is probably a two-step process. In the
first step, interacts with the surface which opens the network so that, in the
second step, more of the fluorinated species is able to attack the silicon in the films.
Thus, adding to HF solutions results in higher etch rates. The importance of as
postulated by Osseo-Asare,123 is in the regulation of the surface potential. According to
Osseo-Asare, the formation of the Si–F bond is the rate-determining step. is partic-
ularly important as its adsorption on the surface determines the surface concentration
of Si–OH which is the site for fluoride adsorption. Adsorption of positive ions, such as

which changes the electronic configuration of the surface, is considered to also be
important in the etching reactions of quartz.671 On the other hand, White786 found that
DF exhibits a weak isotope effect of and found no isotope effect for

so that protons may not play a major role in the rate-determining step in the etching
reaction.

A number of pathways may be possible in the formation of surface species leading
to breaking of the Si–O bonds as has been suggested by Monk et al.800 Figure 4.35I
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shows the case when HF reacts directly with the surface leading to breaking of Si–O
bonds. On the other hand, if the adsorption of hydrogen on the oxygen to form hydroxyl
groups is the first step, the following step to break the Si–O bond may have two pos-
sible paths. In the first path, as shown in Fig. 4.35II, formation of the hydroxyl group
causes polarization and weakening of the underlying Si–O bond, thus facilitating the
attack by a fluoride species.452 In the second path, as shown in Fig. 4.35III, the hydroxyl
group is replaced by the fluoride ion, which results in weakening and breaking of the
underlying Si–O bond.

Osseo-Asare123 proposed an etching model based on the effect of surface charge
on the absorption of solution species. It was postulated that the interface
contains neutral hydroxylated surface groups (Si–OH) which can protonate to give pos-
itively charged sites or deprotonate to give negatively charged sites
depending on the pH. The adsorption of the fluoride ion, as a surface ligand exchange
reaction results in the polarization of the underlying Si–O
bonds. The subsequent detachment of the surface Si–F complex constitutes the disso-
lution event.

The basic idea in Osseo-Asare’s model is that when protons, hydroxyl ions,
ligands, or water molecules bind to the surface sites, they cause a polarization of the
underlying silicon–oxygen bonds. With a sufficient number of bound species, the
Si–O–Si bonds become sufficiently weakened to permit detachment of the surface
silicon ion. In the absence of ligands, the dissolution rate is determined by the surface
concentration of protonated species at pH < pzc, of water at and
of deprotonated species at pH > pzc. The surface charge is modulated by the
protons in the solution immediately adjacent to the solid surface according to the
reactions

The specific adsorption of an anion at the oxide/electrolyte surface, which changes the
surface charge, may be viewed as a surface complexation reaction. Thus, fluoride ions
that are adsorbed at the silicon oxide surface centers form Si–F complex:

where is the surface complexation constant. The Si–F bond polarizes the underly-
ing Si–O bonds and this leads to the detachment of the surface silicon center:

4.7.2. Rate Equations

The dissolution in neutral water is proportional to the interfacial area between
silica and water. Since silica has low solubility in neutral water, the dissolution can be
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considered to occur at a near-saturation condition. According to Rimstidt and Barnes,899

the rate of reaction of silica in water can be expressed as r = k(1 – S), where k is the
product of the rate constant and activities of the reacting species, and S is a quantity
measuring the degree of saturation. The term (1 – S) is a measure of departure from
equilibrium and when S = 1 the system is at equilibrium and the net rate of reaction is
zero. Table 4.4 lists the factors that may influence the rate of silica–water interaction
as summarized by Rimstidt and Barnes.899

The dissolution rate equation for silica in nonfluoride solutions may also be
expressed according to the surface complexation model described by Eq. (4.3) and Fig.
4.32 considering the contributions of different surface complexes:

and 898 The rate equation for the dissolution of silica in NaCl solu-
tions at pH 2–13 at 25 °C can be described as898

According to Fig. 4.32, is the predominant species and its concentration deter-
mines the dissolution rate at low pH. The low dissolution rates of silica in acidic solu-
tions (Fig. 4.32) indicate that this species is most resistant to hydrolysis. The more
reactive species and become important at higher pH at which the dis-
solution rate is faster as shown in Fig. 4.13.

In acidic fluoride solutions, many etch rate equations, empirically or mechanis-
tically derived, have been proposed.57,153,239,451,491 The most quoted rate equation is that
of Judge,57 who found that the etch rate of thermal oxide in HF and solutions can
be expressed as a function of HF and concentrations:

Curve fitting indicated that the rate of attack by is about four to five times that of HF
as shown in Fig. 4.36. A more general equation, including the effect of temperature, is

where and
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A similar rate equation has been proposed by Proksche et al.491 in solu-
tions. They plotted the ratio of etch rate to the maximum rate as a function of
concentration in Fig. 4.37, revealing that the etch rates of various oxides as a function
of concentration can be divided into two regions. For low concentrations (<12%)
the etch rates increase to a maximum, with the slope of the normalized etch rate the
same for all oxide types. For high concentrations (>12%) the etch rate strongly depends
on the oxide type. The activation energy is also different in the two regions for differ-
ent oxides, indicating that different mechanisms are involved in the two regions. In the
low-concentration region the etching is mainly due to the reaction with whereas
in the high-concentration region reaction with HF becomes more important.

In strong acidic solutions, with addition of HCl, the dissolution of silica is first
order with respect to HF concentration.910

Verhaverbeke et al.238 considered the effect of HF dimer, in addition to
on the etching of in HF and HF/HCl solutions. It was reasoned that although
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HF constitutes a large fraction of the dissolved species, it does not participate in the
reaction since a solution consisting of only HF molecules is not able to attack the
structure at an appreciable rate. They found that the etch rates fit the equation

The relative contribution of and in the etching process changes with total
HF concentration as shown in Fig. 4.38. At very low HF concentration, etching is pri-
marily due to At high HF concentration, the etching by dominates. The rel-
ative contribution in the etching by or can be controlled by adding
HCl, or

Vondeling671 found that the etch rate of quartz in solutions can
be described by

Based on this empirical equation, the author suggested that positive ions and HF are
the important species in the etching reactions on quartz and that, unlike in the etching
of thermal oxides, the concentration of does not appear to significantly affect the
etch rate of quartz. It was also suggested that the etching mechanism involves the
adsorption of positive ions, e.g., onto the quartz surface, which changes the elec-
tronic configuration of the surface and facilitates the etching reactions.

Osseo-Asare123 proposed a model described Eqs. (4.10) to (4.14). According to
this model, the effect of pH on the concentration of surface fluoride species is related
to the effect of pH on (1) the concentration of the SiOH sites, (2) the concentration of
fluoride-containing species, and (3) the competitive adsorption of fluoride-containing
species and hydroxyl ions. The surface site balance can be written as
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where is the sum of all surface species. The ionization of the silica/aqueous
interface through protonation and deprotonation reactions means that the silica surface
acquires a surface charge and this, in turn, generates a surface potential As a
result, the proton concentration immediately adjacent to the solid surface differs from
the bulk according to Boltzmann’s distribution law:

The concentration of SiOH, using Eqs. (4.10)–(4.12), (4.20), and (4.21), can then be
expressed as

The dissolution rate is determined by reaction (4.13), which is the rate-determining
step, and can be expressed as

where [SiF] and [SiOH] are the surface concentrations of adsorbed fluoride and
hydroxyl sites; according to Eq. (4.12).

It is seen from Eq. (4.22) that at low pH, [SiOH] increases with increasing pH,
whereas at high pH, it decreases with increasing pH. Since [SiF] is proportional to
[SiOH], this means that there is a maximum [SiF] as a function of pH, which explains
the observed etch rate maximum shown in Fig. 4.39. By considering the equilibria in

solutions, Osseo-Asare also explained the occurrence of the etch rate
maximum as a function of in these solutions. For a fixed concentration of HF,
increasing the concentration of dissolved has two major effects: (1) It increases
the total concentration of dissolved fluoride which in turn increases the surface
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concentration of adsorbed fluoride and (2) it increases the pH and this decreases [SiF].
At low the fluoride concentration effect predominates and etch rate increases
with whereas at relatively high the pH effect dominates and a decline
in etch rate is observed.

According to Monk et al.,451,800 it is difficult to use the rate equations that are
based on the concentrations of the ionic or complex species in the solutions because of
the uncertainties in the equilibrium data for high concentrations of HF. It is more con-
venient to describe the etch rate equations only as a function of HF in the mathemati-
cal forms using simply the concentration of HF. Depending on the specific etching
systems, etch rate equations can be expressed as follows:

Non-first-order kinetics

Freundlich adsorption isotherm kinetics

Langmuir–Hinshelwoodkinetics

Data fitting to Eq. (4.24) gives n = 1.37–1.5 for etching of thermal oxides at
high HF concentrations and n = 0.75–1.07 at low concentrations as well as in BHF
solutions. For low-temperature CVD films, it is in the range of 1.6–2.0 in HF solutions
and 0.5–1.0 in buffered solutions. The dependence of etch rate on HF concentration,
according to Monk et al.,451 is due to the two-step etch reaction. In the first step, hydro-
gen ions break up the siloxane bonds to form silanol species on the surface, and in the
second step the fluorinated species attack the silicon in the silanol species. At low con-
centrations, because of the limited supply of the reactants the silicon bonds are broken
in series resulting in a first-order reaction. However, at higher HF concentrations, more
reactant species will be available so the rate-limiting reaction may take place with two
reactants simultaneously resulting in a second-order reaction.

4.7.3. Effect of Oxide Structure

The many etch rate equations described above are empirical in nature even
though mechanistic arguments are made in each specific case. One important omis-
sion in these quantitative formulations on the etching kinetics is the lack of con-
sideration of the effect of the structure of silicon oxides. As shown in Fig. 4.40, etch
rate can vary over more than three orders of magnitude for different types of oxides.
It increases with increasing disorder of the oxide structure with the most ordered
oxide, that is, quartz, having the lowest etch rate. The structural disorder of the silicon
oxide can be due to impurities, partial oxidation of the silicon atoms, and degree of
crystallinity.

Qualitatively, the effect of oxide composition has been considered in many inves-
tigations, particularly those related to the etching of doped glasses. Tenny and Ghezzo148

suggest that the etch rate of doped glasses is limited primarily by the dissolution of the
in the glasses since the etch rate increases with increasing dopant concentration

for phosphosilicate and arsenosilicate glasses in BHF and for borosilicate glasses in
dilute BHF. According to Brown and Kennicott,425 the fact that glasses
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dissolve faster in HF solution than in BHF solution is because is hygroscopic and
more soluble in water than is       .425 The etching process of doped glasses may thus
be seen as a combined result of the dissolution of the by fluoride species and that
of the dopant oxide by water. This hypothesis is supported by the observations that (1)
there is an initial increase in the etching rate of heavily doped glasses with increasing
water content and (2) in BHF the etch rate maximum shifts to more dilute solutions
with increasing dopant concentration. The relative contribution of the dissolution of

by water and the dissolution of by HF determines the overall etching rate
of glasses. The difference in the etch rates of the glasses with different
dopants is then related to the relative solubilities of the dopant oxides.

Monk et al.451 attributed the role of doping elements in the oxide to the electronic
characteristics of the elements. Whether the doped atom is electrophilic or nucleophilic
toward the Si atom governs how easily is coordinated with the Si atom. If the oxide
film has an electrophilic dopant, the etch rate increases, and if it is nucleophilic, the
etch rate decreases. In a PSG film the doped P atom, which has a valence of 5, has one
valence electron more than Si. This means that a doped oxide can provide the electron
to oxygen more easily than can a nondoped one. Therefore, the silicon–oxygen bond
in P-doped oxide can be broken more easily.

The presence of hydroxyl in silicon oxide causes a high etch rate since hydroxyl
groups are nonbridging oxygen in the oxide network and a high concentration of
hydroxyl groups means looser structure. If a thermal oxide is hydrolyzed, the etch rate
becomes much higher (Fig. 4.12).427 Also, the relatively high etch rates of anodic oxides
(Fig. 4.2) can be attributed to their loose structure due to the high concentration of water
and hydroxyl groups in the oxides.

Nielsen and Hackleman380 found that the dissolution of thermal in BHF solu-
tions is impeded by the application of a cathodic potential of 2–4V across the oxide
film and postulated that a layer of partially reduced oxide is formed on the surface and
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this layer is not soluble in the HF solution. This layer is, however, soluble in
solutions, which have strong oxidizing power. Thus, for an oxide that contains nonsat-
urated silicon bonds due to incomplete oxidation, the etch rate is relatively low but can
be increased with addition of oxidation agents such as to remove the partially
oxidized silicon atoms requires that they first be fully oxidized. This mechanism
explains well why is a sensitive etching solution for differences in density,
stoichiometry, bond strain, and impurities in silicon oxides; it etches various types of
glasses and mixed oxide layers much more rapidly than silicon oxide.115,232 It may also
explain why a layer about 1 nm thick, which has a much lower etch rate than the bulk
oxide, is left on the surface of the silicon substrate at the end of etching in some cir-
cumstances.368 A large fraction of the silicon atoms within a region of a few monolay-
ers at the silicon/oxide interface is known to be only partially oxidized for both thermal
and anodic oxides.74,338

The structure of silicon oxide, consisting of a three-dimensional network of
constructed from polyhedra of oxygen and silicon ions, may exhibit various crystalline
and vitreous forms depending on the composition and degree of crystallinity. The crys-
talline forms, such as quartz, due to their highly compact structure and uniform Si–O
bond strength, are more resistant to chemical dissolution than the vitreous forms. Dif-
ferent forming conditions and alloy elements affect the etch rate by affecting either the
compactness of the structure or the distribution of the valence electrons which deter-
mines the strength of the bonds and the openness of the structure. For example, a sub-
stitutional impurity with a valence of 3 may create irregularity in the structure and
nonbridging bonds as shown in Fig. 4.41 and change the bond strength of the neigh-
boring Si–O bonds. Also, the presence of an alloying element may enhance or inhibit
the dissolution of the silicon oxide depending on the bond strength of A–O and solu-
bility of the alloying element A in the solution.
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5
Anodic Behavior

5.1. INTRODUCTION

The anodic behavior of silicon electrodes has been extensively studied due to
its importance in a number of applications involving passivation, oxide film, etching,
cleaning, photoelectrochemical cells, and porous silicon. A wide range of phenomena
have been characterized, such as current multiplication and the change of dissolution
valence, the occurrence of passivation and current oscillation, and the drastic variation
in the distribution of reactions on the silicon surface from extremely uniform, which
results in electropolishing, to extremely nonuniform, which results in the formation of
porous silicon. These phenomena can be categorized according to two principal aspects:
(1) the chemical nature of reactions on the atomic scale and the experimentally observed
kinetic quantities (such as current density), which are the average of the atomistic
events, and (2) the physical nature of the silicon surface (such as orientation, geome-
try, and homogeneity), and its evolution during the anodic reactions. The materials
described in this chapter are limited to the first aspect. The physical nature of the surface
in terms of morphology, geometry, and transformation is dealt with in Chapter 7 on
Etching of Silicon and Chapter 8 on Porous Silicon. The anodic oxide films formed
under large potentials are discussed separately in Chapter 4. Those formed at relatively
low potentials of less than a few volts, are discussed in the chapter.

5.2. CURRENT–POTENTIAL RELATIONSHIP

Anodic behavior of silicon can best be characterized by i–V curves. Neglecting
the details associated with a silicon substrate such as doping, the current–potential rela-
tionship of silicon in aqueous solutions can be considered to be principally determined
by the pH and HF concentration as illustrated in Fig. 5.1. In nonalkaline and nonfluo-
ride aqueous solutions, silicon as an electrode is essentially inert, showing a very small
current at anodic potential due to the presence of a thin oxide film. In alkaline solu-
tions, silicon is also passivated by an oxide film at anodic potentials but is active below
the passivation potential, In fluoride solutions, the silicon electrode is active in the
whole anodic region as shown by the large anodic current.

167
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5.2.1. Fluoride Solutions

The i–V curves, as shown in Fig. 5.2, are different for p-Si and n-Si in the dark
due to the difference in the concentrations of holes, which are required for the anodic
reactions, in the two types of materials.73 Large currents can be obtained on p-Si by
anodic polarization which gives a forward bias to increase the concentration of holes
at the surface. On the other hand, for nondegenerated n-Si the anodic current is limited
by the availability of holes. The i–V curve for n-Si becomes identical to that for p-Si
when n-Si is illuminated at a sufficiently high light intensity.

The anodic polarization curves of p-Si or strongly illuminated n-Si in fluoride
solutions are typically characterized by two peak currents, and and two plateau
currents, and as shown in Fig. 5.2. At anodic potentials up to that at the elec-
trode behavior is characterized by an exponential dependence of current on potential
and by the uneven dissolution of silicon surface leading to the formation of porous
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silicon At potentials more positive than that of it is characterized by the
formation and dissolution of a surface oxide film resulting in a smooth surface, referred
to as electropolishing.33 The current in this region indicates the growth and dissolution
rates of the oxide film. Also, the current at potentials more positive than that of
is not constant, indicating that the oxide formed at different potentials has different
properties. The values of the characteristic currents, to which may occur at
different potentials for p-Si and n-Si, are a function of electrolyte composition but
are largely independent of doping, since they are determined by the properties of the
anodic oxide. At potentials more positive than the second plateau current, current
oscillation may occur. Also, oxidation of water becomes an important reaction at these
positive potentials in addition to the oxidation reaction of the silicon electrode. The
surface resulting from dissolution at potentials higher than the second peak is brightly
smooth, while that produced between the first and second peak is relatively less
smooth.38

The anodic behavior is the same for p- and n-type materials when the rate
of carrier transfer between the surface and the semiconductor bulk is sufficiently
fast.2,69,700,763 The i–V curves of the two materials, when the current is not limited by
the supply from holes in the semiconductor, are largely identical except for a shift
along the potential axis for materials of different doping levels. For n-Si, large cur-
rents can be achieved by either sufficient illumination intensity or degenerate doping.
Thus, the reaction processes, which are the same for all types of silicon, are determined
by the chemical nature of silicon material and the electrolyte independent of the
electronic nature of silicon. Different doping conditions affect the rate of charge
transfer between the surface and the semiconductor but not the chemical nature of the
reactions.

Figure 5.3, as a detailed i–V curve around the first peak, shows that the current
increases exponentially with increasing potential from OCP.2 It breaks off from the
exponential dependence on potential at large overpotentials, exhibits a peak, and
then attains a relatively constant value at Examination of the surface of the samples,
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which are anodized at different potentials in this region, indicates that porous silicon
forms in the exponential region but not at potentials more positive than the peak poten-
tial. The potential corresponding to the maximum slope of the i–V curve is about the
upper limit for formation of a uniform porous silicon layer.2 At potentials between the
maximum slope and the current peak, the porous layer may still form but its surface
coverage is not uniform. The anodic behavior, in terms of the morphology of the sur-
faces, is characterized by the transition from porous silicon formation to electropol-
ishing with increasing potential from OCP to more positive than that of the current
peak.2,33

The potentials of the two current peaks, and extend to more positive values
for lowly doped p-Si. A difference of as much as 1 V for the first current peak and about
1.5 V for the second is found between lowly and highly doped p-type materials as shown
in Fig. 5.4.700 This is attributed to a larger potential drop in the space charge layer of
the lowly doped sample.

For n-Si, the onset potential at which current rises sharply in the dark marks
the breakdown of the barrier layer and initiation of interface tunneling on the silicon
surface.8 The breakdown potential depends on the doping level of the material: the
lower the doping, the higher the breakdown potential as shown in Fig. 5.5.12,38,42,858 For
n-Si at potentials negative of the breakdown potential, the anodic reactions require
illumination to supply holes. When the current is lower than independent of the
potential, the dissolution results in the formation of porous silicon. At a current higher
than the reactions associated with electropolishing become dominant. Also, the peak
current for n-Si tends to increase with decreasing scanning rate due to the increased
surface area as a result of surface roughening related to PS formation.8

Effect of Solution Composition. Figure 5.6 shows that the i–V curves
greatly vary with solution composition, particularly the fluoride concentration and pH
value.939 The characteristic current values, to as a function of pH and fluoride
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concentration are shown in Fig. 5.7. All the currents increase with increasing fluoride
concentration but exhibit a maximum. The plateau currents, i.e., and which are
determined by the chemical dissolution rate of the oxide film, have been empirically
fitted to pH and fluoride concentration:

The general features of the i–V curves at potentials positive to those of in fluoride
solutions are relatively insensitive to the presence of anions such as      or 939 The
effect of cations is, however, significant as shown in Fig. 5.8 for different types of
cations.861,936 Thus, the dissolution rate of the oxide is different in solutions containing
different cations, which is attributed to the change of the aggressiveness of the elec-
trolyte since the property of the oxide is little affected by the electrolyte in which it is
formed. According to Hassan et al.,861 the effect of cations on the dissolution kinetics
is via adsorption on the oxide surface resulting in an increased polarization of the Si–O
bonds. The largest increase in current is obtained with the cations that are most easily
adsorbed. The change in reaction rates in the presence of the cations can also be par-
tially attributed to the difference in the solubilities of the corresponding fluorides and
silicates.936 Thus, the large hysteresis on the i–V curves of and may be due to
the formation of an insulating salt layer of          and respectively, whereas
the decreased current on addition of or may be related to their tendency
to form low-solubility fluoride compounds or complexes.
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In nonfluoride acids such as solutions, the anodic current is due to the
formation and thickening of the oxide film.353 Addition of fluoride species to these
solutions results in i–V behavior similar to that in HF solution.2,253

5.2.2. Alkaline Solutions

The anodic behavior of silicon electrodes in alkaline solutions is characterized
by the formation of an oxide film and passivation of the surface. Typical i–V curves of
n- and p-type silicon in KOH solution are shown in Fig. 5.9.129 Silicon surface is pas-
sivated at an overpotential marked by a small current peak. The potential at the current
peak is called the passivation potential, and in the systems shown in Fig. 5.9 it
is –0.92 and for n- and p-type silicon, respectively. The small current at
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potentials more positive than is called the passivation current, which, at a steady
state, reflects the dissolution rate of silicon in the passive region.

For p-Si, the i–V curves are generally independent of illumination and there
are two relatively steep increases in current at 3.7 and For n-Si, the current
in the passive region increases steadily from 0 to 10 V in the dark but it is similar to
that for p-Si under illumination. Also, the i–V curves are essentially identical for
samples with different doping levels.925 The data show, similar to the fluoride solutions,
that the basic features of the anodic behavior in alkaline solutions are determined by the
chemical nature of the silicon material but not by the electronic properties. The i–V
curves in other alkaline solutions are in general similar to those shown in Fig. 5.9 (see
Chapter 7).

5.3. PHOTOEFFECT

Illumination with light having a wavelength larger than the band gap of silicon
generates a photocurrent under an anodic potential on an n-Si electrode but has essen-
tially no effect on p-Si, as would be expected from the basic theories of semiconduc-
tor electrochemistry.69,962 However, the photocurrent may not be sustained because of
the formation of an oxide film, which passivates the silicon surface to various degrees
depending on the electrolyte composition. In solutions without fluoride species, the
photocurrent is only a transient phenomenon before the formation of the oxide film. In
fluoride solutions, in which oxide film is dissolved, a sustained photocurrent can be
obtained.

The anodic photocurrent of n-Si in aqueous solutions in the absence of fluoride
decays very rapidly due to the formation of an oxide film.77 It decays less rapidly
in the presence of a reducing agent which can compete efficiently for the holes from
the valence band and slow down the rate of oxidation. Ferrate ions and iodine ions have
been found to compete favorably with the oxidation of the silicon surface.77,600 On
the other hand, in solutions containing a small amount of fluoride ions insufficient to
completely remove the oxide film, the photocurrent exhibits a fast decay. According
to Matsumura and Morrison,77 the rapid decay of the photocurrent in solutions with a
small amount of fluoride is due to the catalytic effect of fluoride ions at the
interface.

The photocurrent in nonfluoride solutions is affected by the amount of preanodic
current passed through the sample as shown in Fig. 5.10.873 It is also seen that the pho-
tocurrent onset potential is shifted to more anodic values with formation of an oxide
film and the amount of shift is related to the thickness of the film. This shift is due to
the potential drop across a growing oxide layer and is one of the reasons for the dif-
ference between the photocurrent onset potential and the flatband potential.77,695

When the concentration of fluoride is sufficiently high to prevent the formation
of an oxide film, sustained photocurrent can be obtained. The photocurrent value
increases with increasing light intensity until it reaches a value which is double that
in the absence of fluoride in the solution as shown in Fig. 5.10 due to electron
injection into the conduction band resulting in current multiplication.873 At certain
higher light intensities, depending on fluoride concentration, photocurrent will again
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decay because the rate of formation of oxide film becomes faster than the rate of its
dissolution.

The current multiplication due to the presence of fluoride depends on the pH of
the solution, as shown in Fig. 5.11.873 It decreases with increasing pH and almost dis-
appears above pH 7. At high pH, formation of oxide prevents direct reaction of silicon
with fluoride species, and the pH value at which this occurs decreases with increasing
light intensity.

5.3.1 Quantum Yield and Surface Recombination

The photocurrent quantum efficiency, Y, of n-Si electrode in fluoride solutions
depends on current as shown in Fig. 5.12.73 It is high at low current densities and
decreases with increasing current densities to a plateau value of about 2; Fig. 5.12 shows
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that the plateau region is between and in 2.5% HF. It drops to 1 at cur-
rents higher than At very low light intensities the quantum efficiency approaches 4,
that is, current quadrupling occurs, as shown in Fig. 5.13.599 This change of quantum
efficiency with light intensity does not occur in nonfluoride solutions as shown in Fig.
5.14.74

Figure 5.15 shows the spectral response of n-Si in a solution of
solution. The semiconductor/electrolyte
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interface has a very low surface recombination velocity and gives a photo response
similar to that at a silicon/metal interface. The long wavelength spectral response is
dominated by the collection properties of the photo generated minority carriers. The
response at short wavelength (200–600 nm), at which the penetration depth is smaller,
is affected by both the collection properties of the majority and minority carriers. Also,
at short wavelength the photo generated carriers are influenced by both the field and
concentration gradient. This leads to a wavelength dependent majority carrier pho-
tocurrent, which opposes the minority carrier photocurrent, resulting in a lowered
quantum yield at short wavelengths as shown in Fig. 5.15.

Photocurrent on n-Si can also be caused by surface generation processes with
sub-band-gap light illumination.400 Figure 5.16 shows that the quantum yield from sub-
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band-gap light illumination on n-Si in 1 M HCl or KCl solutions is very low, below
0.9 eV. At photoenergy above 0.9 eV, a relatively large increase in the current occurs
due to the onset of band gap transition. It is increased by a factor of 5 by changing the
pH from 1 to 4.7. However, the subband photocurrent is still several orders of magni-
tude smaller than the dark current.

A similar effect is observed in acetonitrile solutions.935,942 Subband photocurrent
slowly increases with time due to the development of surface states by the slow oxi-
dation of the surface. It is greatly enhanced by monolayer quantity of metal deposits.
Also, it is affected by the redox couples present in the solution. According to Chaza-
lviel,400,942 the subband photocurrent is caused by the presence of surface states associ-
ated with adsorbed ions which lie 0.7–0.9 eV below the conduction band. The surface
generation by subband photon excitation can arise via two processes: either by elec-
tron excitation from the valence band into the empty surface states or by electron
excitation from the occupied surface states into the conduction band. The relative con-
tribution of these two processes is different for p-Si and n-Si and different quantum
yields for the two materials are found.

In the absence of surface recombination and with a fast rate of electron transfer,
the photocurrent increases with increasing potential when the depletion layer starts to
form and a saturation current is quickly reached. On the other hand, with a fast surface
recombination or in the case of slow electron transfer reactions, the apparent onset of
the photocurrent is shifted to higher bias and the saturation current is only reached at
larger band bending.808,1154 Among other factors, surface treatment strongly affects the
photocurrent onset potential due to its effect on surface states which determine the
recombination process.600,717,1154

Surface recombination for a well prepared silicon surface in HF solutions is very
low. The surface recombination velocity of silicon/HF electrolyte, which can be as low
as 0.25 cm/s, is lower than those of oxide-covered surface, in air and in solutions.73,648

For example, surface recombination velocity of an solu-
tion is about 100 cm/s.585 Such low values found in HF solutions are due to surface ter-
mination by the covalent Si–H bonds, which leaves virtually no surface dangling bonds
to act as recombination centers. The hydrogen-terminated surface is rather stable as it
shows low recombination velocities in different acids. Figure 5.17 shows that the
recombination velocity increases with acid concentration and is largely similar for the
different acids, indicating molarity rather than pH is responsible for the change in veloc-
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ity.648 On the (100) surface the recombination is 50% faster than on the (111) surface.
Also, the change in velocity with concentration is reversible on the time scale of
15 min, which is explained by Yablonovitch et al.648 as due to the acid–base equilib-
rium associated with the interaction of the acids with a small density of defects still
present on the surface.

The surface recombination of silicon electrode in involves one
discrete recombination center as shown in Fig. 5.18 which can be described by Eq.
(1–40).182 In and solutions, the surface recombination curve is
similar to that in Fig. 5.18.61 The recombination is attributed to the surface states
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involved in the reactions with fluoride species in the solution. Presence of mettalic con-
taminants can strongly affect rate of recombination.1016 An increase of 100 folds in the
rate of recombination is found with the presence of 100 ppb Cu in the solution.

The occurrence of the recombination peak shown in Fig. 5.18 can be qualitatively
explained by the relative concentrations of the majority and minority carriers.158 Recom-
bination requires availability of both majority and minority carriers. With small band
bending the number of minority carriers at the surface is small, resulting in low surface
recombination. On the other hand, with large band bending the minority carriers created
by light or injection cannot recombine at the surface because the majority density is
low. At a certain bending condition, when the density of both types of carriers is large,
the recombination reaches a maximum. The width of the recombination peak depends
on the relative distribution of the potential drop in the space charge layer to that in the
rest of the interface region.278 The recombination peak for silicon electrodes in various
electrolytes can be widened with increasing dopant concentration or increasing oxide
film thickness, which causes an increase in the relative amount of the applied potential
dropped across the Helmholtz layer and the oxide film.

Figure 5.19 shows that for n-Si in at pH 9, the
density of surface recombination centers increases with increasing light intensity.94,808

These recombination centers are suggested to be physically associated with the oxida-
tion intermediates in the oxide formed under illumination.

5.4. EFFECTIVE DISSOLUTION VALENCE

The effective dissolution valence is defined as the average number of electrons
flowing through the external circuit per dissolved silicon atom. It reflects the nature of
the reactions during the dissolution processes, e.g., the extent of electrochemical reac-
tions relative to the chemical reactions. For silicon, the effective dissolution valence of
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4 indicates that the dissolution process is completely electrochemical, whereas effec-
tive valence less than 4 indicates the involvement of chemical reactions. The effective
dissolution valence of silicon has been found to vary with silicon material, solution
composition, anodic polarization, and illumination conditions.

In fluoride-containing solutions the dissolution valence varies from 2 in the expo-
nential region to near 4 in the electropolishing region as shown for p-Si in Fig. 5.20.700

For n-Si the dependence of dissolution valence on potential varies with illumination
intensity. At high illumination intensity, when the process is not light intensity limited,

ing to the first peak current density The current range of sharp change shifts to higher
shown in Fig. 5.21.12 There is a sharp increase in n at the current density correspond-

the variation of n with potential is observed to be similar to that of p-Si. For a given
solution the dissolution valence increases with current for all types of materials as
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values with increasing HF concentration because increases with HF concentra-
tion.2,40,939 Figure 5.21 also shows that the dissolution valence is less than 2 at relatively
low current densities for a given solution. This is due to the chemical dissolution of the
porous silicon formed on the surface (see Chapter 8).

The value of dissolution valence in the electropolishing region is somewhat
lower than 4 as shown in Figs. 5.20 and 5.21. This indicates that hydrogen reaction,
which is a chemical reaction, still occurs at such high anodic potentials, where
the reactions are characterized by the formation and dissolution of an anodic oxide
film.

In alkaline solutions, the effective dissolution valence at OCP, as shown in Table
5.1, is zero and changes only very slightly with anodic polarization before the passi-
vation peak; it is less than 0.4 at . The dissolution reaction below the passivation
potential is almost completely chemical.22,108,109 The dissolution valence in the passive
region in alkaline solutions, which is not found in the literature, is likely close to 4
since the growth of anodic oxide films should be identical to that in HF solutions (see
Chapter 3).

The data in Table 5.1 show that for p-Si at cathodic potentials there is no
participation of carriers and the reaction is almost 100% chemical such that the etching
of silicon is characterized by the dissolution of one silicon atom and the evolution
of two hydrogen molecules. For n-Si at cathodic potentials only a part of the evolved
hydrogen is the result of directly reacting silicon and the rest is due to capturing
the electrons from the semiconductor, which leads to a much reduced etch rate
compared to that at OCP. Palik et al.108 noted that the charges are not balanced for
n-Si at cathodic potentials, meaning that some of the hydrogen gas is not collected
during the experiment. One possibility is that some hydrogen may enter the silicon
substrate, as has been reported to occur in HF solutions at cathodic potentials.241 At
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anodic potentials between OCP and , the data in Table 5.1 indicate that silicon etching
with evolution of hydrogen is still the dominant reaction process. For p-Si, the ratio of

changes little but the etch rate significantly increases with potential
between OCP and .

5.5. HYDROGEN EVOLUTION

Visible hydrogen evolution occurs in HF solutions at anodic potentials in the
exponential region anodic of OCP.2,34 The rate of hydrogen evolution substantially
decreases as potential approaches the current peak. Hydrogen evolution (visually)
ceases above the above current peak. Since hydrogen evolution is a reduction reaction
and consumes electrons, it is responsible for an apparent dissolution valence smaller
than 4 below the current peak. Thus, the effective dissolution valence can be used as a
measure for the hydrogen efficiency. A silicon dissolution valence of 2 means 100%
efficiency for hydrogen evolution, i.e., for every dissolved silicon atom one hydrogen
molecule is generated.

Results from rotating a ring-disk electrode indicate that the efficiency of hydro-
gen evolution is near 100% in the exponential region but drops to about 50% at the
first peak potential as shown in Fig. 5.22.599,767 In addition, a considerable number of
hydrogen molecules, corresponding to 10% to 13% efficiency, are generated through-
out the electropolishing region. An equivalent of about 10% of the silicon atoms
dissolve into the solution effectively divalent at potentials up to 10 V.38,700  In the
electropolishing region, silicon dissolution proceeds with oxide formation and dissolu-
tion of the oxide. An apparent dissolution valence less than 4 means that some silicon
atoms are only partially oxidized in the oxide forming stage but the oxidation is com-
pleted during the dissolution stage.
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For n-Si the efficiency of hydrogen evolution depends on illumination intensity
as shown in Fig. 5.13.599,695 The efficiency of hydrogen evolution is close to zero at low
light intensity but increases with increasing light intensity to 100% at high light inten-
sities. The increased efficiency of hydrogen evolution corresponds to a decrease of the
quantum efficiency of the photocurrent from near 4 at low light intensities to about 2
at high light intensities.

The efficiency of hydrogen evolution and effective dissolution valence are
directly correlated, and their relation varies with potential, illumination, and doping of
the silicon. The overall relation among these two parameters and the factors are sum-
marized in Fig. 5.23.

5.6. LIMITING CURRENT

The intrinsic limiting current for n-Si depends on the diffusion of the minority
carrier as follows:

For an n-Si with doping of               of 275,569 and       of
is on the order of The dark limiting currents measured on silicon elec-
trodes in electrolytes are usually several orders of magnitude larger than these values,
as shown in Table 5.2. The large dark limiting current may be due to several causes
such as surface states, electron injection from silicon oxidation intermediates, and inter-
face tunneling by the redox species in the solution.

Due to the role of surface states, the dark limiting current of silicon electrode is
extremely sensitive to surface defects and thus surface preparation. Any scratch even
barely visible on the mirror like surface can result in a significant increase of the anodic
limiting current. According to Chazalviel,717 defects associated with surface treatment
are primarily responsible for the large limiting current values reported in the literature.
The effect caused by surface states may, however, be reduced by the formation of a
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native oxide film in nonfluoride solutions or surface termination by hydrogen in HF
solutions.

In nonfluoride solutions such as KCl, HCl, and the dark limiting current
on well-prepared samples (relatively few defects) is on the order of several microam-
peres per square centimeter, which is much higher than the bulk diffusion current.717

The origin of the large current is related to the surface states arising from adsorption
or reaction intermediates, which is strongly affect by the presence of oxide on the silicon
surface. Figure 5.24 shows that the surface covered with an oxide has a limiting cur-
rent several orders of magnitude smaller than that on an oxide-free surface. It also
shows that an initially oxide-free surface, when in contact with the aqueous electrolyte,
is quickly covered by an oxide resulting in a decrease of the dark limiting current.
According to Chazalviel,717 the transient current shown in Fig. 5.24 may be described
by
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where is the initial current, that is, the limiting current of an oxide-free surface,
and are two constants which vary with pH. The relatively large and its variation
with pH and doping concentration are attributed to the change in Schottky barrier
height. It can be described by

where is the field strength at the surface and is exchange current when the field
is zero. Thus, increasing doping concentration would result in a reduction of the barrier
height and thus an increase of the initial limiting current. Increasing solution pH is also
found to reduce the barrier height and increase the limiting current.

When HF is present in the solution, the current does not decay to near zero
as shown in Fig. 5.24 but reaches a steady-state value.717 The time required to reach
the steady-state value decreases with increasing concentration from 100 s at 1 M HF
to 10 s at 10 M HF. The decay of current in HF solutions is due to hydrogen termina-
tion of the silicon dangling bonds, unlike in non-HF solution where formation of an
oxide film is responsible for the current decay. The initial limiting current in fluoride
solutions depends on pH as shown in Fig. 5.25.446 At pH below 5.3, the dark currents
reach a current peak followed by a plateau; however, at pH 5.3 the current increases
slowly to a plateau value without a current peak prior to the plateau current. Surface
analysis indicates that hydrogen termination is associated with the surface at pH below
5.3. The hydrogen adsorption process begins after the current maximum and is com-
pleted when the current levels out. No hydrogen can be detected at pH values above
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5.3 due to the formation of oxide. These results indicate that hydrogen termination has
a much lower steady-state dark limiting current compared to the surface covered by an
oxide.

Interface tunneling from reaction intermediates is another cause for a large
dark limiting current on the silicon electrode. For example, Fig. 5.26 shows that the
limiting current increases with increasing F concentration.873 The effect of fluoride
concentration on the limiting current varies with pH as shown in Fig. 5.27.904 At
pH > 4 the limiting current increases with fluoride concentration from 0.2 M and up
with a log–log slope of 0.3. Although the surface of silicon tends to be terminated by
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hydrogen, increasing the fluoride concentration increases the number of Si–F bonds
and the dissolution intermediates capable of transferring charge into the conduction
band. Figure 5.28 shows the effect of pH on the dark current in fluoride solutions.
The current is the lowest at pH 10 when silicon oxide is the most stable in the HF solu-
tion. The dependence of dark current on pH is similar for (111) and (100) surfaces as
shown in Fig. 5.29, but that on the (100) surface is about 1.5 times higher than the (111)
surface.95,904

Large dark current may also be generated by interface tunneling due to the pres-
ence of oxidizing species. For example, Fig. 5.30 shows that the dark current on the
silicon electrode in NH4F increases with Br2 concentration.11 According to Gerischer
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and Lubke,11 reduction of generates holes equivalent to the photogenerated holes.
The holes so generated are consumed by the oxidation of silicon forming intermedi-
ates which are further oxidized by injecting electrons into the conduction band as shown
in Fig. 5.31. In this case the limiting current depends on the rate of reduction
controlled by the mass transport of A similar effect is observed by adding to the
solutions other oxidants such as or 256,541,969

5.7. IMPEDANCE OF INTERFACE LAYERS

The impedance of an electrode/electrolyte interface is one of the characteristic
quantities that reveals the electrical nature of the interface. The electrical structure of
the interface layers and the resistance to charge storage and movement can be analyzed
by determining the impedance as a function of frequency. The characteristics of the
electrochemical impedance of the silicon/electrolyte interface are different for n-Si and
p-Si and depend on among other factors, electrolyte composition and particularly the
concentration of fluoride.

Figure 5.32 shows the impedance plots for on a lowly doped p(100) silicon
sample in 1% HF solution at potential values corresponding to those marked on the i–V
curve in Fig. 5.33.9,475 The impedance exhibits three characteristic capacitive loops.
At low potentials, close to OCP, a single loop is observed as shown in Fig. 5.32a at

This loop, loop I, may be seen at more positive potentials at high frequen-
cies as shown in Fig. 5.32b. The capacitance associated with this loop is estimated to
be about According to Searson and Zhang,9 since a near-perfect Mott–
Schottky relation is also observed in this potential region, the single capacitive loop
occurring at ariseses from the space charge layer in the silicon.

A second capacitive loop, loop II, starts to be seen at potential values about
which is about 0.1 V more positive than that shown in Fig. 5.32a, and gains
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prominence at potentials more positive than as shown in Fig. 5.32b, The
capacitance associated with this loop is potential dependent and increases from
about at low potentials to about above This impedance
is clearly separated from that of the space charge layer dominating at more negative
potentials. Since it is the only capacitive loop seen in the potential region (Fig. 5.32c)
where the Tafel relation between current density and potential is observed, it is asso-
ciated with the Helmholtz double layer.

A third capacitive loop, loop III, is seen at more positive potentials (Fig. 5.32d).
It starts to appear in the transition region between PS formation and electropolishing
and dominates in the electropolishing region at low frequencies. The capacitance asso-
ciated with this loop is estimated to be about and is essentially independent
of potential within the experimental range (between 0.2 and Loop III is clearly
separated from loops I and II, and thus is associated with neither the space charge layer
nor the double layer. It is attributed to the oxide film formed in the electropolishing
region. This agrees with the fact that the impedance response in the electropolishing
region, characterized by loop III, is virtually independent of doping type and concen-
tration as shown in Fig. 5.34. Due to the presence of oxide film in the electropolishing
region, the difference in the substrate materials is masked.

At potential corresponding to the Tafel region and in the transition region, an
inductive impedance also occurs as shown in Fig. 5.32c,d. This may be indicative of
the relaxation of coverage by intermediate species to the dissolution of silicon.
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The impedance and its evolution with increasing potential observed on  and
silicon samples are similar to those on except for the high-frequency loop, loop I,
associated with the space charge layer. For heavily doped     and the impedance
associated with the space charge layer is not revealed, indicating that the impedance of
the space charge layer compared to that of the Helmholtz layer is negligible. On the
other hand, for lowly or moderately doped the impedance in the entire anodic
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potential region exhibits a capacitive loop characteristic of the space charge layer. For
n-Si, the applied potential, up to tens of volts depending on doping level and HF con-
centration, drops entirely across the space charge layer. Illumination greatly reduces
the semicircles of loop I due to a larger capacitance associated with a thinner space
charge layer resulted from photo abosorption.295

At potentials more positive than the second current plateau, (see Fig. 5.2),
where current oscillation occurs the impedance diagram is dominated by a set of loops
characteristic of resonant behavior as shown in Fig. 5.35.951
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5.8. TAFEL SLOPE AND DISTRIBUTION OF POTENTIAL

5.8.1. Tafel Slope

The slope of the plot of logarithm of current density versus potential, which char-
acteristically is linear for an activation-controlled reaction, is defined as the Tafel slope.
The Tafel slope determined in the exponential region of an i–V curve in HF solutions
is about 60 mV/decade for p types and heavily doped n types of silicon samples
as shown in Table 5.3. For lowly doped n-Si, since illumination is required
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to generate electrode reactions, the exponential region occurs only at sufficiently high
illumination intensities such that the availability of holes is no longer the rate-limiting

layer, the Tafel is 60 mV/decade, assuming the charge transfer coef-
ficient is 0.5 and the number of charges per dissolved silicon atom is 2. If it is in the
space charge layer, it also gives 60 mV/decade since V/log i for the current involving
carrier supply in the space charge layer is kT/2.3q. The slope will not be 60 mV/decade
if the rate determining process involves both layers.

Deviation of 60 mV/decade can be seen in Table 5.3 under different condi-
tions. In addition to the potential distribution in the two double layers, there are
two other possible causes for the deviations. The first is possible potential drops
in other parts of the electrical circuit, e.g., in the electrolyte and semiconductor.
The second possibility is the change of effective surface area due to the forma-
tion of a porous silicon layer during the course of i–V curve measurement.2 In
addition, if the reaction is controlled by a process involving the Helmholtz layer,
the apparent Tafel slope may be smaller than the 60 mV/decade as would be ex-
pected from the formula, because the effective dissolution valence

is not a constant with respect to potential but varies from 2 to 3 in the exponential
region.

5.8.2. Potential Distribution

distribution of the potential below depends on doping type and concentration,
the applied potential is principally dropped in the oxide film at potentials higher
than for all materials. There is a transition zone between the regions, where
the potential drop changes from predominantly in one layer to predominantly in
another.

step. Under such a condition, the Tafel slope of n-Si is similar to that of other silicon
materials.

Phenomenologically, the occurrence of the 60 mV/decade Tafel slope can be
attributed either to a rate-limiting process involving charge transfer in the Helmholtz
layer or to one involving carrier supply in the space charge layer. If it is in the Helmholtz

The impedance data on p-Si and n-Si at different doping concentrations sug-
gest that the distribution of the applied potential depends on silicon material as well
as potential range. Table 5.4 is a summary of the potential distribution of different
materials in the three potential regions, from OCP to the potential of onset current,
the exponential region, and the region above the passivation potential. While the
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similar i–V curves which show a Tafel region at lower potentials and a current plateau
at higher potentials. The origin of the 60 mV/decade Tafel slope of the silicon electrode
in HF solutions has been attributed to either a rate-limiting process involving charge
transfer in the Helmholtz layer or one involving carrier supply in the space charge
layer.2,5,194,724

als. Also, for heavily doped n-Si large current in the dark is due to electron injection,
which is not characterized by a slope of 60 mV/decade. For p-Si, electron injection into
the conduction band may also occur during the anodic dissolution.

For non-heavily doped p-Si the potential is mostly dropped within the space
charge layer before the onset of current. At potentials higher than that at which current
becomes measurable, the potential is likely to drop also in the Helmholtz layer in addi-
tion to the space charge layer. This would mean a Tafel slope larger than 60 mV/decade.
Also, for very lowly doped material, potential drop in the bulk semiconductor can be
significant.700

Thus, as a summary, Tafel slopes of the i–V curves observed on differently doped
materials, although they have similar values, are determined by different factors. The
experimentally observed values of about 60 mV/decade in the exponential region are
due to several factors which have different effects on the current–potential relationship:
(1) relative potential drops in the space charge layer and the Helmholtz layer; (2)
increase in surface area during the course of an i–V curve measurement due to for-
mation of PS which tends to reduce the slope; (3) change of the dissolution valence
with potential which has an effect of reducing the slope if a significant part of the poten-
tial is dropped in the Helmholtz layer; (4) electron injection into the conduction band
which reduces the slope; and (5) potential drops in the bulk semiconductor and elec-
trolyte, which increases the slope.

5.9. PASSIVATION

5.9.1. Occurrence

Passivation is a process in which the electrode surface changes from an active
state to a relatively inactive state owing to the formation of a surface barrier layer. The
processes involved in passivation play a critical role in many anodic electrode phe-
nomena on silicon such as electropolishing, cleaning, etching, porous silicon forma-
tion, and current oscillation. In nonfluoride and nonalkaline solutions the surface silicon
electrode is, in general, passivated due to the formation of a thin layer of oxide film.
Very small current can pass through the passivated silicon surface of either n- or p-type

layer in the semiconductor. It is not so obvious for p-type and heavily doped n-type
silicon samples. All of these samples display, besides a shift along the potential axis,

For heavily doped materials, either n or p type, the surface is degenerated and
the material behaves like a metal electrode, meaning that the charge transfer reaction
in the Helmholtz double layer is the rate-determining step. This is supported by the lack
of an impedance loop associated with the space charge for the heavily doped materi-

For n-Si the i–V behavior, impedance response, and near-perfect Mott–Schottky
show that the applied potential is predominantly dropped across the space charge
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materials in the dark or under illumination. In fluoride-containing or alkaline solutions,
in which SiO2 has a high solubility, passivation requires the application of an anodic
potential.

The phenomenon of passivation can be simply characterized by an i–V curve as
shown in Fig. 5.1. In the active state, the electrode dissolves and the dissolution current
increases sharply with increasing potential. At the passivation potential the current starts
to decrease rapidly to much lower values and marks the onset of passivity. The current
on the passivated surface, called the passivation current, can be several orders of
magnitude smaller than that on an active surface at the same potential. The passivation
current indicates the dissolution rate in the passive state, that is, the dissolution rate of
anodic oxide. The passivation potential tends to change with potential scanning rate.969

A certain amount of oxidation, measured by the total charge under the current peak, is
required for passivation, so that the faster the scanning rate the more positive is the
passivation potential. Table 5.5 lists the passivation potentials and passivation currents
observed in various silicon/electrolyte systems. The passivation current can vary in a
wide range from a few microamperes per square centimeter in 1 M KOH solution to
the order of in 1 M HF solution. In non-aqueous solution containing HF,
passivation does not occur at anodic current as high as 1 A/cm2 due to the lack of water
in the solution.136,1015

The silicon surface in nonfluoride and nonalkaline solutions is spontaneously pas-
sivated due to the formation of a thin native oxide film at a rate depending on many
factors as discussed in Chapter 2. For n-Si samples in aqueous solutions under illumi-
nation the occurrence of passivation causes a decrease of the photocurrent as shown in
Fig. 5.11.74,873 In the absence of HF, photocurrent rapidly reduces to near zero due to
the formation of an oxide film. The stationary photocurrent increases with increasing
HF concentration. For a given light intensity, there is a HF concentration above which
the photocurrent does not decrease from the initial value. The surface is free of oxide
film at this HF concentration.

The reactions on passivated silicon surface are characterized by two essential
processes, oxide formation and dissolution. In practice, the low current measured on
silicon electrode at anodic potentials in alkaline solutions is generally attributed to pas-
sivation. On the other hand, the occurrence of current peak and the subsequent current
plateau in HF solutions are generally not regarded as due to passivation. However, in
essence, the processes that produce current at potentials higher than in both HF and
KOH solutions are largely identical in chemical nature, that is, oxidation of silicon
atoms at the silicon/oxide interface and ionic transport in the oxide. Kinetically, the
passivation in HF solutions, in which the silicon oxide dissolves rapidly yielding a large
passivation current, is different from that occurring in the alkaline solutions where
the passivation current is very small.

5.9.2. Passivation in Alkaline Solutions

The passivation of silicon surface in KOH at anodic potentials has been exten-
sively investigated in relation to anisotropic etching. Figures 5.36 and 5.37 show the
typical i–V curves of n- and p-type silicon in KOH.109,378 Substrate conditions, particu-
larly orientation and type of doping, have significant effects on the characteristics of
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i–V curves. The peak is sharper and almost one order of magnitude higher for the p
type than for the n type. The passivation of silicon electrode in other types of alkaline
solutions such as NH4OH, NaOH, EDP, and hydrazine is in general similar to that in
KOH and specific information in these solutions is discussed in Chapter 7. The essen-
tial steps involving passivation have been postulated to be the formation and conden-
sation of surface Si–OH bonds.22,108 In KOH solutions the Si–H bonds which terminate
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the surface may be hydrolyzed. With increasing anodic potential the rate of hydrolyza-
tion of Si–H bonds increases and at a certain potential the H termination of the silicon
surface is no longer preserved. Passivation corresponds to the condensation of neigh-
boring surface Si–OH bonds forming Si–O–Si bridges.

The characteristics of passivation have been found to strongly depend on sub-
strate orientation. The current peak on the i–V curves, shown in Figs. 5.36 and 5.37,109

is about six times smaller on the {111} samples than on the {100} samples. Also, the
i–V curve repeated after the first curve is similar to the first curve on the (111) surface,
but not on the (100) where the current of the second curve is much smaller than
the first curve.22 The shape of the current peak also depends on the silicon substrate;
{100} samples have a single peak whereas {111} samples have two peaks as shown
in Figs. 5.36 and 5.37.109 The double peaks for (111) samples are not found in 40%
KOH solution at 60 °C.192

The behavior of (111) and (100) samples also differs according to current
transients.22,183,291 A smaller amount of charge is required to reach a steady-state condi-
tion for the (111) than the (100) surface when the potential is stepped from OCP to an
anodic potential.22 This suggests that the passivation of a (111) surface requires less
material to be oxidized than a (100) surface. In addition, current transients at various
potentials positive of OCP on the (111) samples exhibit a current decrease within the
initial few seconds followed by a current peak while the current transient on (100)
samples shows only a monotonic decrease.291 For the (111) material the transients
consist of only one maximum at potentials between OCP and Vp. On the other hand,
they have two maxima at potentials positive of the passivation potential. According to
Smith et al.291 the first current maximum is due to the dissolution of a film preexistent
at OCP while the second is associated with the formation of an anodic oxide film on
the (111) surface. The amount of charge associated with this transient increases with

For non-heavily doped materials, the i–V characteristics near the passivation
potential are essentially independent of carrier density.109,378 However, for heavily doped
materials, the current peak, marking the occurrence of passivation, is much lower as
shown in Fig. 5.39; the ratio of the peak current on lowly doped sample to that on
heavily doped sample is about 6.269 For lowly doped materials, long-duration immer-
sion in the solution causes very little change of the i–V characteristics, whereas it causes
the current peak to disappear for highly doped materials. Also, the dependence of pas-
sivation potential and passivation overpotential, VP-OCP, on temperature appears to be
opposite for lowly and highly doped materials as shown in Fig. 5.40.269

Figure 5.41 shows that the passivation potential decreases with doping concen-
tration and is largely independent of orientation. The change in the values of passiva-
tion potential is more than 1 V from low to high. The distribution of this extra potential
associated passivation in the Helmholtz layer, in the space charge layer, in a preexis-
tent oxide, or in the substrate has not been determined. The passivation overpotential,

applied potential and is higher on p-Si than on n-Si. Smith et al.192 also found that the
passivation potential in KOH is independent of the potential sweeping rate for (100)
samples whereas it changes with sweeping rate for (111) samples as shown in Fig. 5.38.
The behavior of (111) silicon is attributed to the presence of a prepassive layer with a
charge density of 2.4 mC/cm2 which is converted to oxide at a potential positive of the
passivation potential.
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appears to have a similar dependence on doping concentration as does the pas-
sivation potential as shown in Fig. 5.42. It requires a relatively small overpotential to
produce passivation for highly doped silicon samples, which may be associated with
the relatively low etch rates of highly doped materials.207,269,594 This aspect will be
further discussed in Chapter 7.

The dissolution rate of silicon in alkaline solutions at anodic potentials is
relatively high in the active region and is low in the passive region as shown in
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Fig. 5.43.109,925 In the passive region, the amount of dissolution is more than the current
can account for, indicating that the dissolution in the passive region is partially chem-
ical in nature due to the small amount of hydrogen evolution in the passive region.

5.9.3. Passive Films

Passive films formed on a silicon surface in aqueous solutions are in general oxide
films. There is rather limited systematic information on the structure and properties of
thin silicon anodic oxide films, particularly those formed in solutions of high silicon
solubilities. On the other hand, the thicker oxide films formed at large potentials have
been better characterized (see Chapter 3) and the information associated can be used
for understanding the thin oxide films formed at relatively low potentials.

The studies on anodic oxide films reveal the following characteristics: (1) anodic
oxides of silicon are amorphous and nonstoichiometric; containing varying contents of
water, hydroxyl ions, and other foreign species depending on formation conditions; (2)
the properties of anodic oxides formed on n- and p-type materials are similar; (3) the
structures and properties of anodic films are not stable and tend to change with time;
(4) when the oxide is a continuous phase of one to a few monolayers, it acts as a barrier
to the interaction between the silicon surface and the electrolyte, resulting in a drastic
reduction of the electrode reactions; (5) the formation rate of anodic oxide films is a
function of potential, electrolyte composition, substrate condition, and oxide film thick-
ness; (6) the dissolution rate of passive film depends sensitively on formation condi-
tions; (7) the solubility of silicon oxides is high in both HF and alkaline solutions, but
the dissolution rate is high in HF solutions and low in alkaline solutions; (8) the com-
position and structure of passive film varies in thickness from the silicon/oxide inter-
face to the oxide/electrolyte interface; (9) some silicon atoms which enter into the oxide
phase are only partially oxidized and tend to locate near the silicon/oxide interface
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region; (10) the partially oxidized silicon atoms are responsible for the large interface
charge and their further reduction by hydrogen ions is responsible for the nonelectro-
chemical part of silicon dissolution. These characteristics of anodic passive films play
important roles in a diverse range of electrode phenomena observed on silicon elec-
trodes such as electropolishing, porous silicon formation, current oscillation, etch stop,
and so on.

Figure 5.44 shows that in KOH solutions the oxide film thickness as a function
of applied potential has three regions: (1) an oxide ~20 Å thick is formed at the poten-
tial just above (2) from to 5 V the growth rate is relatively slow, about 6.8 Å/V;
and (3) at higher potentials it is higher, about 42 Å/V.378 A similar growth pattern
is observed in NH4OH solutions.139 The thickness of anodic oxide in acidic fluoride
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solutions is limited due to dissolution of the oxide. Figure 5.45 shows that the thick-
ness of an anodic oxide also varies with potential in acidic fluoride solutions.122

Since the reaction rate at potentials above is limited by the dissolution of oxide
and the dissolution rate depends on the nature of the oxides (see Chapter 4), the change
of current with potential indicates that oxide composition/structure varies with the for-
mation. The nonstoichiometric composition of an anodically formed oxide film can be

composition closer to the stoichiometric The dissolution rate of anodic oxide
depends on the composition of the electrolyte as shown in Fig. 5.46.874 (also Fig. 5.7939).
It depends little on the type of material and doping levels.2,73,700

expressed as with a higher value of n close to the oxide/electrolyte interface and
a lower value of n close to the Si/oxide interface.874 A thicker oxide film has a bulk
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One reason for the variation of properties from the Si/oxide to oxide/electrolyte
interfaces is that some silicon atoms in the anodic oxides are not fully oxidized. Figure
5.47 shows that a current peak occurs during the etching of the anodic oxides which
are formed on illuminated n-Si.74 The partially oxidized silicon atoms have relatively
high energy levels and are capable of injecting electrons into the conduction band and
generating a current at the end of the oxide dissolution. The position of the current peak
increases with decreasing HF concentration and with increasing anodic potential indi-
cating that the partially oxidized silicon atoms are concentrated near the silicon/oxide
interface. The occurrence of this anodic current during etch-back in HF solutions is
general for essentially all anodic oxide films formed in HF solutions as well as in alka-
line solutions on both types of materials.74,286,602 The amount of charge associated with
the partially oxidized silicon atoms, up to an equivalent of several monolayers of Si3+,
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increases with increasing oxide thickness up to a certain thickness as shown in
Fig. 5.48.74

On the other hand, according to Serre et al.,286 the current transient at the end of
etching of anodic oxide films in HF solutions is related to hydrogen termination. It
is argued that because an anodic charge, equivalent to a nonstoichiometric oxide of
~50 Å, is also passed at the end of etching of a thermal oxide, the presence of a
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nonstoichiometric layer the Si/oxide interface, which is not likely to exist in the thermal
oxide film, must not fully responsible for the anodic current at the end of oxide film
etching. To generalize, it can thus be said that the current transient at the end of etching
of an anodic oxide film is due to the electrochemical processes involved in the transi-
tion from the silicon/oxide interface to the silicon/electrolyte interface. The amount of
charge involved in the etch-back may consist of (1) the oxidation of partially oxidized
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species at the silicon/oxide interface, (2) surface reconstruction (e.g., hydrogen termi-
nation, or termination) which may or may not stabilize the surface, and (3)
dissolution of silicon substrate during the reconstruction process.

5.10. CURRENT OSCILLATION

Current oscillation is a phenomenon that has been observed to occur during the
anodic polarization of silicon in fluoride-containing solutions in the potential region of
1.5 to 602,860,939 Depending on the specific system, oscillation may occur sponta-
neously or by a perturbation of the potential.693

The occurrence of current oscillation is independent of doping type; it is identi-

x represents non H ligand.1071 In addition, the occurrence of oscillation depends on oper-
ating procedures such as scanning speed, series resistance in the circuit, or perturba-
tion during the anodic polarization.

5.10.1. Amplitude and Frequency

The characteristics of the oscillation in terms of amplitude, frequency, and
their variation with time depend on solution composition as shown in Fig. 5.49.860

cal for p-type and strongly illuminated n-type materials. It, however, depends strongly
on solution composition. The data from the literature indicate that in HF solutions, sus-
tained oscillation is observed only above 1.8% HF and below 5% HF. Below 1.8% HF,
the oscillation is damped, whereas above 5%, the oscillation becomes chaotic.122 At pH
below 2.5, the oscillation disappears after a certain time and the stationary current
remains relatively high. At pH above 5, the oscillation also disappears after a certain
time.544 Oscillation is also observed in non-aqueous solutions such as MeCN-xF, where
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The amplitude as a function of potential in 0.1 M NH4F at pH 4 is shown in Fig. 5.50.
In this solution below 1.5 V and above oscillation is not observed and between
1.5 V and 8 V the amplitude increases with potential reaching a maximum and then
diminishing. The potential range in which oscillation occurs varies with solution
composition.

In HF solutions the frequency of oscillation increases with HF concentra-
tion.122,951,1136 In buffered fluoride solutions, Fig. 5.51 shows that the frequency depends
on pH and NH4F concentration.544 The frequency increases with increasing fluoride con-
centration at a given pH and has a U-shaped dependence on pH for a given fluoride
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concentration. It has generally been found that the frequency of oscillation increases
with increasing etch rate as shown in Fig. 5.52, or equivalently, with increasing current
such that where is on the order of  and depends on poten-
tial.544,937 The fact that oscillation is not observed in concentrated fluoride solutions, in
which is large, may be because at the large oxide dissolution rates the frequency is
too high for oscillation to be observed. The dependence of frequency on potential
is related to the frequency.1136 For low-frequency oscillation the frequency tends
to decrease with potential,860,951,1136 and for high-frequency oscillation the opposite can
be seen.1136

Although the period of oscillation depends on solution composition, it is found
that the product of the period and the current is only a function of potential; it is essen-
tially constant over a large set of the solution compositions corresponding to an oscil-
lation current span of about two orders of magnitude as shown in Fig. 5.53.951 This
result indicates that, at a given potential, a constant amount of silicon is dissolved during
one period of oscillation independent of electrolyte composition.

Damped or sustained oscillation amplitude can be regulated by adding a series
resistance into the current flowing path as shown in Fig. 5.54.693 The series resistance
may be associated with the electrolyte, the electrode, or the back contact. It is particu-
larly significant in concentrated fluoride solution in which the anodic current is high
and the critical resistance for such a crossover to occur is small. Thus, depending on
the electrochemical system the true intrinsic interface behavior appears when such
series resistance is zero. This finding also implies that some of the differences among
spontaneous, perturbed, or damped oscillation reported in different studies may be due
to the effect of the series resistance existing in the system.
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5.10.2. Oscillation of Anodic Oxide Thickness and Properties

Various surface analytical techniques have been used to investigate the changes
in the physical and chemical properties of the oxide film during oscillation.122,408,860,950

During the oscillation the thickness of the oxide film on the silicon surface varies peri-
odically, the frequency of which coincides with the associated current oscillation.
Figure 5.55, for example, shows the variation of oxide thickness, about 2 nm in ampli-
tude (or about 25% of the average thickness), during the photocurrent oscillation of n-
type silicon at in a solution of 0.1 M [F] and pH 4.4.950 The anodic current is
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found to follow the rate of change in thickness of the oxide film and it reaches a
maximum when the rate of change in thickness is the largest.855,862,950 Figure 5.56 shows
that the rate of thickness change of the oxide film has a maximum coinciding with the
generation current peak and a minimum coinciding with the maximum of the dissolu-
tion rate during a period of current.950 The amplitude of oxide thickness oscillation
depends on solution composition and potential.948,950 Figure 5.57 shows the minimum
and maximum oxide thicknesses as a function of potential; both increase with increas-
ing potential but the maximum thickness increases more than the minimum thickness.

Other properties of the anodic oxide also oscillate. It is found that the current
peak, corresponding to the maximum oxide growth rate, is accompanied by a decrease
in the density of the oxide film indicating the oxide film at the current peak is of
lower quality than that at the current valley.408,950 The variation of the density of the
oxide formed at different times during a period of oscillation in turn results in the
variation of the etching rate of the oxide as shown in Fig. 5.56.950 Such a change of
oxide property is also shown in the etch rate variation in the direction normal to
the oxide film as shown in Fig. 4.27. Compressive stress is found to develop in the
oxide during oscillation with the maximum stress associated with the potential maxi-
mum.122 The effective dissolution valence, about 4, is also found to oscillate along
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with current.676,950 The infrared absorption, microwave reflectivity, electrode admit-
tance, hydrogen evolution, photocurrent, surface roughness, and electron injection
during the current oscillation are found to also oscillate in the same frequency as the
current oscillation.408,602,855,862,1100,1116

5.10.3. Mechanisms

A number of models have been proposed for the mechanism of current oscilla-
tion on silicon electrode. A brief description of the major models is given below.

Lewerenz and Aggour544,860,1100,1116 attributed the oscillation to the opening and
closing of the pores or point defects existing in the oxide film. The point defects are
formed at the oxide/silicon interface and develop into pores by selective etching of the
defects by HF. The opening of the pores then results in an increase in current which
forms oxide film at the bottom of the pores. The current decreases when the oxide film
grows in thickness until new sites of pores open up resulting in a sudden current
increase.

Cattarin et al.855,862 measured the concentration gradient in the diffusion layers of
the electrolyte near the surface. They postulated that the rapid transition of electrode
potential from high to low is associated with a structural modification of the compact
oxide layer resulting in an increased etching rate of the oxide film. The fact that the
minimum thickness occurs at the maximum potential and maximum thickness at the
minimum potential suggests the formation of two types of oxide films: one type requires
a higher field to grow and is more compact than the other type, and the phase transi-
tion between them occurs at a certain film thickness.

Ozanam et al.949,951 considered current oscillation to originate in the lateral
variation in the surface oxide film at the microscopic level. They proposed a
microdomain model in which the electrode surface is viewed as a collection of adja-
cent, self-oscillating areas. In a steady-state condition the contributions of the various
domains to the total current are completely uncorrelated. But on a potential excitation
these contributions are synchronized giving rise to the oscillation phenomenon. The
physical origin of the microscopic oscillation is considered to involve the defects in the
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oxide film which may affect the transport inside the oxide as well as the etch rate of
the oxide.

Lehmann122 proposed a model ascribing the anodic oscillation to the stress-
induced phase transformation of the surface oxide film from a dense state to a less dense
state which results in changes in the etch rate of the oxide film. As shown in Fig. 5.58,
in HF solutions the growth of oxide is accompanied by its dissolution. If the dissolu-
tion rate of the dense film is below its formation rate, the thickness of the oxide film
will increase. At a certain thickness (about 11 nm) the transition in the oxide morphol-
ogy to a state highly permeable to chemical species occurs. This leads to a sudden drop
in potential. As the etch rate of this less dense film is larger than the growth rate of the
dense film at the silicon oxide interface, the total film thickness decreases until the
dense slow etching film is exposed to the electrolyte. At a certain thickness the phase
transition occurs. Lehmann also postulated that the oscillation in fluoride-free solution
follows the same mechanism as in HF solutions except that there is little dissolution of
the oxide film and thus the total film increases all the time with periodic transforma-
tion of the dense film at the oxide/silicon interface. However, because of the monoto-
nic increase in the total oxide thickness the oscillation is damped after a few periods.
Similar to the phase transition mechanism Parkhutik et al.508 proposed that the oscilla-
tion is due to formation of a thin oxide film and it subsequent lift-off.

Chazalviel et al.950 proposed a model that differs from Lehmann’s only in the
cause of the phase transformation. Their model is based on a defective nature of the
oxide and the change of oxide property is considered to be due to a sudden loss in
the ion and electron blocking properties of the oxide. Breakdown of oxide occurs
at the high field condition resulting in a large electronic current or ionic current.
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According to Chazalviel et al., the oxide is always being formed with high quality, but
can become low quality under a high field. The essential sequence at a constant poten-
tial is as follows: (i) fast chemical dissolution of the top low-quality oxide until the
high-quality oxide is exposed; (ii) slower dissolution of the high-quality oxide leading
to oxide thinning and increasing the field inside the oxide; (iii) breakdown of the oxide
under the high field which turns the oxide into the low-quality form accompanying a
large current flow; and (iv) fast dissolution of the low-quality oxide occurs along with
the growth of the high-quality oxide underneath the low-quality oxide which results in
a decrease of current and brings the system back to step (i).

Carstensen et al.1127,1136,1142 proposed a detailed model based on measurements of
current transients at different time of a current oscillation period. The macroscopic
oscillation is postulated to result from the synchronization of the microscopic oscilla-
tors associated with the growth and dissolution of the oxide. Thus, this model is similar
to that proposed by Ozanam et al.949,951 in its physical nature, that is, the anodic oxide
film on the silicon surface is not uniform laterally but consists of small domains with
different thicknesses. At any given time, some of these domains with a thin oxide act
as the active channel to conduct current resulting in increase of the oxide thickness to
reach a maximum thickness, growth then stopping; some other domains with a thick
oxide do not conduct current until the oxide is thinned by the dissolution to a minimum
value when a breakthrough current occurs. These local domains act as microscopic
oscillators. Macroscopic oscillation occurs when the events associated with these
microscopic domains on a macroscopic scale are synchronized. On the other hand, no
oscillation occurs when they are not synchronized. In order for this model to agree with
the experimental data, a number of assumptions were made: (1) The size of the domains
is on the same order as the thickness of the oxide. (2) There are two types of oxides
on a macroscopic scale, one being relatively homogeneous and existing at the minimum
of the current oscillation and the other being an oscillating oxide. The dissolution rates
of the two oxides are constant in the thickness direction with the rate of the oscillation
oxide being about 1.7 times that of the homogeneous oxide. (3) The growth of oxide
at the local domain is a noncontinuous event regulated by the field; oxide will start to
grow when the maximum field,            is obtained, where V is the applied poten-
tial and is the minimum thickness; the growth will stop when the minimum field,

is reached.
In all of the models described above, the processes involved in the growth and

dissolution of the anodic oxide film are recognized to be responsible for the oscillation.
The physical and chemical properties of anodic oxides change with time during oscil-
lation, thus resulting in the variation in the oxide growth rate and the chemical etch
rate. The models differ from each other only as to the cause of the periodic change of
the oxide properties. These models can be grouped according to the assumptions made
on the physical origin of the oscillation: those attributing it to the microdomains asso-
ciated with the lateral inhomogeneity in the oxide film, and those attributing it to a
sudden change in the properties of the oxide film during its growth. For the
microdomain models, the physical basis for the occurrence of these domains is not
clear. A related problem with the microdomain model is its implied micro surface rough-
ness. However, the silicon surface after the dissolution in the potential range, in which
oscillation occurs, is most smooth.38 As far as the models based on a sudden change of
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properties are concerned, there is also a difficulty of finding the physical basis. It is
known that the oxide films formed under anodic polarization are amorphous in nature
and vary in stoichiometry and density. It is unlikely that an amorphous structure would
have sudden phase transformations like a crystalline structure. Amorphous structure,
being random in its atomic arrangement, should change gradually rather than suddenly.
Lacking the physical basis for the models, none of them can rationally explain the con-
ditions for current oscillation to occur.

A New Model. The results of the studies on anodic oxide films (see section 5.9
and chapter 3 on passive film and anodic oxides) show that anodic oxide properties
(oxidation state, degree of hydration, O/Si ratio, degree of crystallinity, electronic and
ionic conductivities, and etch rate) are a function of the formation field (the applied
potential). Also, they vary from the surface to the oxide/silicon interface, which means
that they change with time as the layer of oxide near the oxide/silicon interface moves
to the surface during the formation and dissolution process. The oxide near the
silicon/oxide interface is more disordered in composition and structure than that in the
bulk of the oxide film. Also, the degree of disorder depends on the formation field which
is a function of thickness and potential. The range of disorder in the oxide structure is
thus responsible for the variation in the etch rate of the oxide formed at different times
during a period of the oscillation. The etch rate of silicon oxides is very sensitive to
the structure and composition (see Chapter 4).

As illustrated in Fig. 5.59, the oxides at points A and B in the same film have
different properties at a given time. The properties of the oxide at A, when it moves
to the surface, gradually change to become identical to those of the oxide at B within
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a time which is determined by the thickness and the dissolution rate of the oxide,
Such a gradual change of the properties of the anodic oxide from the time

of its formation to the time of its dissolution can explain the phenomenon of current
oscillation. The difference of this model from the previous ones is that it does not
assume micro domain effects nor sudden change of oxide structure. Oscillation is
viewed as a result of inconsistency between fromation and dissolution rates of oxide
in response to current or potential perturbations on the aging process of the oxide as it
moves from A to B.

When the conditions are such that the oxide formed at the Si/oxide interface, A,
as it is moved to the surface, changes to the oxide at point B and has the etch rate of
oxide B, the system is stable and no oscillation occurs. On the other hand, when the
property of the oxide formed at A is not the same as that of the oxide by the time it
reaches point B, the etch rate of the oxide film will vary and current oscillation may
occur. When current oscillation occurs, as illustrated in Fig. 5.59b, the thickness and
variation of properties in the thickness direction change with time. The structure and
etch rate of the oxide formed at A with a thin film are different from that with a thick
film because of the difference in aging time.

In a given solution, the rate of oxide growth is a function of the field, that is,
The dissolution rate of oxide is a function of solution composition, formation

field, and the time lapse between formation and dissolution of the oxide, that is,
At a steady state, the rate of oxide growth equals the rate of

its dissolution, and the thickness of the oxide film is constant. When
that is, the oxide formed at A has different properties and a different etch rate from

that at point B when oxide A reaches the surface, oscillation can occur when
the following condition exists.

That is, oscillation occurs when the rate of change of the dissolution rate is larger than
that of the formation rate. When the change of the oxide formation rate cannot keep up
with that of the dissolution rate to make up the corresponding change in the oxide thick-
ness, the thickness will change more, which destabilizes the system. Figure 5.59b illus-
trates the relative rates of oxide growth and dissolution and the change of oxide
thickness and density during an oscillation period.

On the other hand, when the oxide formation rate is capable
of keeping up with the change of the oxide film thickness due to the change of the dis-
solution rate. Current oscillation will not occur by a perturbation in the system. The
variation in the occurrence of oscillation, oscillation amplitude, and frequency with
respect to conditions can be further detailed by analyzing the two functions
and

5.11. PARTICIPATION OF BANDS AND RATE-LIMITING PROCESS

The conduction of the charge carriers in the space charge layer during anodiza-
tion of silicon can occur either by electron injection into the conduction band or by
hole capturing from the valence band. For p-type silicon, the anodic reactions in HF
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and KOH solutions proceed predominantly over the valence band.34,73,108,109,207 For n-Si,
anodic reactions in the dark at current densities higher than the limiting current are a
conduction band process but can involve both the conduction band and the valence
band under illumination. The relative participation of conduction band versus valence
band is a function of light intensity; the conduction band dominates at low light inten-
sity and the valence band at high light intensity.74,695,873 Table 5.6 summarizes the par-
ticipation of the two carrier bands under different conditions.

The charge transfer mechanism across the interface barrier layer is different for
lowly doped and heavily doped p-type silicon. For lowly doped p-type silicon the
process is by thermal emission of holes to go over the barrier layer whereas it is by
Zener tunneling for heavily doped materials.34,964 For n-Si the conduction band
processes depend on doping density and on illumination intensity. For heavily doped
n-Si it is by Zener tunneling and the i–V curve is identical to that for p-Si. For moder-
ately or lowly doped n-Si in the dark the reaction is limited by the minority holes, which
are required to initiate the dissolution process. Significant dissolution of n-Si can
proceed when a large number of holes are generated by illumination.

Large current can also be generated on n-Si in HF solutions in the dark at a rel-
atively high anodic potential due to an interface tunneling process.8,38 When a large
anodic polarization is applied to the interface, a large band bending occurs at certain
potential values. The space charge layer becomes very thin so that electrons can tunnel
through directly from the silicon atoms on the surface into the conduction band in the
semiconductor.1151 Interface tunneling is in essence the same process as current multi-
plication under illumination in that both proceed by electron injection from the surface
into the conduction band. The difference is in the energy levels of the surface species
from which the electron injection occurs. The electron injection in current multiplica-
tion occurs from the reaction intermediates, the energy levels of which are located near
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or above the conduction band edge and can inject electrons into the conduction band
without significant band banding. On the other hand, the electron injection in the dark
is from the surface silicon atoms which are not oxidized and are located energetically
much lower than the conduction band edge and can only inject electrons into the con-
duction band at large band bending. The energy levels and density of the surface species
are related to the fluoride concentration in the solution since the potential needed for a
large current decreases with increasing HF concentration.9

The results discussed in the preceding sections indicate that the rate-limiting
process in the anodic electrode reactions can be involved in the bulk of silicon, in the
space charge layer, in the oxide, or in the electrolyte depending on the potential range,
silicon type, illumination condition, and solution composition. As schematically illus-
trated in Fig. 5.60, each of the possible processes in the multilayer silicon/electrolyte
interface region can be the rate-limiting process under certain conditions. For example,
the anodic reaction processes on n-Si in the dark are limited by the minority hole trans-
port in the bulk of silicon, that is, For p-Si and illuminated n-Si in fluoride solutions
at potentials negative of positive of the first current peak, the reaction rate is deter-
mined by the charge transfer process across the electrode/electrolyte interface, that is,

and At potentials positive of i.e., the electropolishing region, the rate-
determining step in the anodic reaction is the dissolution of the anodic oxide film, that
is, The dissolution of the oxide film formed in the electropolishing region at low
fluoride concentrations is mainly kinetically controlled, that is, whereas for high
fluoride concentrations the process is mainly diffusion controlled,

In KOH solutions the rate-limiting process at OCP is of chemical nature, i.e., only
is involved. Electrochemical processes, that is, and are increasingly involved
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as potential is increased from OCP to At potentials larger than the anodic reac-
tion is limited by the dissolution rate of the oxide, which, unlike in fluoride solu-
tions, is completely kinetically controlled in KOH solutions. Table 5.7 summarizes
the rate-determining processes identified for the anodic reactions on silicon under
different conditions.

5.12. REACTION MECHANISMS

The rich phenomena observed on silicon electrodes suggest that the detailed
mechanisms of anodic reactions on silicon are extremely complicated. Any successful
model for the mechanisms must account for the essential aspects: (1) variation of effec-
tive dissolution valence of silicon atoms, (2) hydrogen surface termination and evolu-
tion, (3) participation of minority and majority bands, (4) formation and dissolution of

and (5) the effect of doping, potential, solution composition, and illumination.
Numerous models have been proposed focusing on various aspects of anodic reaction
mechanisms since the early works of Turner33 in the late 1950s and Memming and
Schwandt in the mid-1960s. In this section, a review of the models on the reaction
mechanisms will be given to provide a historical connection among the different
models. Based on these models, an overall reaction scheme is then proposed to account
for the reactions in both HF and KOH solutions and the specific kinetic characteristics.

5.12.1. Turner–Memming Model

The reactions involved in the anodization of silicon in aqueous solution, depend-
ing on whether or not fluoride ions are present, as originally proposed by Turner33 and
Memming and Schwandt,34 have two different paths determined by the two essential
reactants, and HF.
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In solutions of low HF concentrations the surface was considered to be termi-
nated by hydroxyl groups and the anodic reaction proceeds with the formation of

where is the number of holes involved in the reaction depending on the type of silicon.
Figure 5.61 illustrates the steps involved in reaction (5.8). In this reaction, step (b) is
rate limiting because it requires a certain thermal activation for a group to
swing away from the corresponding Si atom. At potentials positive of the passivation
potential, the reaction further proceeds to form silicon oxide:

is not soluble in water so that its formation in the absence of HF in the solution
leads to the passivation of the surface. In the presence of HF the oxide dissolves to
form fluoride complex:

The overall reaction valence from reactions (5.8) to (5.10) is 4, which accounts for the
reactions occurring in the electropolishing region in HF solutions. To account for the
effective dissolution valence of 2 at potentials below the passivation potential (poten-
tial of the peak current, it was proposed that silicon reacts directly with HF.
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The individual steps involved in this electrode reaction are illustrated in Fig. 5.62. In
this reaction scheme the surface is considered to be terminated by fluoride. The first
reaction begins at the fluoride-terminated surface. When a field is applied across the
interface, holes move toward the surface. One hole is trapped at the surface and a Si–Si
bond is weakened (step a). A certain thermal activation is required so that the group
swings away from the corresponding Si atom at which the hole is trapped (step b). This
process is the rate-determining step and can work only if holes are present and the
hole is trapped sufficiently long. The product of reaction (5.11), silicon difluoride, is
not stable and tends to change into the stable tetravalent form by further reacting with
HF:

Reaction (5.12) results in evolution which is of chemical nature and is responsible
for the effective dissolution valence of 2. The Turner–Memming model explains the
overall characteristics of the anodic reactions, that is, two different reaction paths in
HF and in non-HF solutions; passivation by an oxide film at high anodic potentials;
evolution of hydrogen to account for the effective dissolution valence being less than
4. However, it lacks the details to account for phenomena such as surface termination
by hydrogen, current multiplication, and variation of effective dissolution valence.
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5.12.2. Later Modifications

Model to Account for Electron Injection into the Conduction Band. Later
studies showed that the quantum efficiency of illuminated n-Si in HF solutions varies
from 400% (current quadrupling) at low light intensities to 200% (current doubling) at
high light intensities as shown in Fig. 5.15.74,177 The efficiencies of 200% and 400%
suggest that the value in the following reaction varies from 1 to 2 corresponding to
current quadrupling and current doubling:

For current quadrupling this means, according to Matsumara and Morrison,74 that
during the oxidation of Si to all steps except perhaps the first occur via electron
injection into the conduction band. Whether current doubling or quadrupling occurs is
determined by the competing processes depending on the availability of holes as illus-
trated in Fig. 5.63. At low illumination, reaction step III is more favorable and current
quadrupling occurs. At high illumination intensities, which generate a large quantity of
holes, reaction via steps IV and V is more favorable than step III, resulting in current
doubling. This model still assumed a fluoride-terminated initial surface. Also, it did not
consider the effect of hydrogen evolution on quantum efficiency.

Modification for Hydrogen Termination. In the late 1980s and early 1990s an
extensive amount of research established that the surface of silicon in HF solution is
terminated by hydrogen. The models proposed afterwards generally take into account
this aspect.71,700,904,921 Figure 5.64, for example, shows a model, proposed by Lehmann
and Gosele,71 for dissolution at anodic potentials negative of the potential for the first
current peak in Fig. 5.3). In this potential region, the adsorbed hydrogen atoms are
first replaced by fluoride atoms. The fluoride-terminated silicon atoms then react with
HF molecules to break the silicon atoms in the lattice and dissolve into the solution.
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An important feature of the scheme is that after the dissolution of each layer of silicon
atoms the new surface is terminated with hydrogen.

Consideration of Chemical versus Electrochemical Reaction. Based on a
study of the effect of pH on the relative contribution of the chemical versus electro-
chemical reactions in solutions, Allongue et al.904 proposed a reaction scheme
which consists of a chemical path in competition with an electrochemical path. In the
chemical path the first step is The Si–OH bond is then
replaced by Si–F followed by attacking of the Si–Si back bond by water, leading to the
detachment of the silicon atom. In the electrochemical path the first step is

in which the oxidation of the hydrogen in the surface Si–H bond
is considered to require catalytic involvement of The proceeding steps are the same
as those in the chemical path. As pH increases, the chemical reaction, which is rela-
tively low at low pH, becomes dominant. The model, however, lacks the detail to
account for the participation of holes and electrons and the different reactions under
various conditions.

Individual Steps in the Transfer of Valence Electrons. A number of studies,
for example, by Lewerenz et al.626,908 and Stumper and Peter,599,695,921 have shown that
the current multiplication factor varies with light intensity from about 4 at low
intensities to about 2 at high intensities while the efficiency of hydrogen evolution
changes from 0 to near 1 as shown in Fig. 5.14. They proposed a reaction scheme that
involves hole capturing as the first step followed by electron injection as the second
step. The oxidized silicon intermediate, having a valence of 2, is then further oxidized
by injection of two electrons or reaction with the hydrogen ions depending on light
intensity:
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Reaction (15) competes with

At high light intensities, reaction (5.15) dominates, resulting in hydrogen evolution
and the effective dissolution valence of 2. On the other hand, at low light intensities,
reaction (5.16) is the dominant reaction and there is little hydrogen evolution, result-
ing in the effective dissolution valence of 4. However, this reaction scheme does not
explain why transition occurs from (5.15) to (5.16) when the light intensity changes
from high to low.

An explanation for the transition of the dissolution reaction from valence 4 to
valence 2 with increasing light intensity was given in a model proposed by Kooij and
Vanmaekelbergh.261 They assume the presence of an intermediate Si(I), which is an
electron-deficient surface silicon atom and has a catalytic effect on the hydrogen reduc-
tion reaction. The essential steps in the reaction scheme are described by the follow-
ing equations:

The chemical detail of reaction (5.18) is

Reaction (5.17) involves one hole from the valence band and the injection of three
electrons into the conduction band with no hydrogen evolution. Reaction (5.18) requires
the participation of radical Si(I) which is mobile within the layer of surface back
bonds and depends on the availability of holes from the valence band,
in the form of is not stable and will further react to form and
as described by reaction (5.19). The formation rate of Si(I) is proportional to the product
of the surface hole concentration and hole capturing rate constant whereas
electron injection is a thermally activated process, depending only on the electron
injection rate constant At low light intensities, the reaction via electron injection
dominates as the product is smaller than but as the number of photogenerated
holes increases at high light intensities, and thus the concentration of Si(I) increase,
which facilitates reaction (5.18), so that hydrogen evolution becomes the predominant
process.



ANODIC BEHAVIOR 225

This model assumes a rather complicated process, with the involvement of two
intermediates, and Si(I), as well as one to complete the step of forming

It is not convincing that such a multibody reaction step can significantly
compete with the much simpler step to form Si(III) in reaction (5.17) which involves
only

5.12.3. Models for the Reaction Mechanism in Alkaline Solutions

The mechanisms of the electrochemical reactions of silicon electrodes in
alkaline solutions at OCP have been investigated in many studies due to their impor-
tance in the etching processes in micromachining. An important issue involving the
reaction mechanisms has been whether the etching process at OCP is of chemical or
electrochemical nature, that is, whether charge transfer processes associated with silicon
dissolution and hydrogen evolution involve the carriers in the electrode.

The experimental results in support of the chemical mechanism are (1) there is
little difference between the etch rates of n-Si and p-Si at OCP109 and (2) the etch rate
is essentially independent of the carrier concentration up to about 207,259,403 On
the other hand, the experimental results supporting the electrochemical mechanism are
(1) the etch rate varies with electrode potential with the maximum near OCP, and the
etch rates of n and p types are only similar near OCP, differing significantly at anodic
and cathodic potentials as shown in Fig. 7.15; and (2) the i–V curves for n-Si and p-
Si, although identical in terms of the chemical nature, are different in terms of carrier
involvement, and the values of the characteristic potentials such as OCP and are dif-
ferent for n-Si and p-Si and for different doping levels.

According to Seidel et al.,206 the dissolution at OCP is an electrochemical process
with concurrent anodic dissolution of silicon and reduction of hydrogen ions. The oxi-
dation of silicon gives out electrons which are consumed for the reduction of hydro-
gen. Both and are the active species in that is involved in silicon
dissolution and in hydrogen evolution:

The reaction scheme is supported by the fourth power dependence of the etch rate on
and concentrations observed experimentally (see Chapter 7 on etching of silicon).

On the other hand, Palik et al.114,379,984 suggested that silicon etching in KOH solu-
tions at OCP is of chemical nature and the etching reactions involve attack on
Si–Si bonds to form Si–H and Si–OH bonds followed by attack to form
and Since the etching product is found to be silicate the overall reac-
tion was suggested to follow

which has a ratio of of 1/2/0. The individual steps were proposed by Palik
et al. to follow the scheme illustrated in Fig. 5.65.
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Variation of the ratio of (see Table 5.1) with potential and type of
silicon indicates that other reaction routes also exist according to Palik et al.108 The fol-
lowing reactions are suggested to be responsible for the ratio data observed under dif-
ferent polarization conditions:

According to Palik et al. for p-Si at potentials negative of the reaction is dominated
by reaction (5.22). For n-Si at cathodic potential it is a mix of reaction (5.22) and (5.23)
while reaction (5.24) is increasingly involved with decreasing potential. However, the
reaction scheme described by equation (5.22) to (5.23) results in a terminated
surface which is not in agreement with the later experimental findings that silicon surface
is also terminated, dynamically, by hydrogen in KOH solutions similar to that in HF
solutions.

The ratio of electrochemical to chemical dissolution rate was measured by
Allongue et al.22 to be 0.005 for n(100) and 0.075 on n(111) at OCP in NaOH solution.
The electrochemical portion increases with increasing potential up to the passivation
potential above which it is almost completely an electrochemical reaction. It is postu-
lated that since the silicon surface in KOH solutions is also terminated with hydrogen,
the first step must then involve a dissociation of the Si–H bond by hydrolysis to form
a Si–OH bond.22,227 Because of the polarization by the Si–OH bond the Si–Si back bonds
are weakened and attacked by water, detaching the partially oxidized silicon atom from
the surface. The detached silicon atom is a radical and will further react with water to
generate another hydrogen molecule. The following are the reaction steps proposed by
Allongue et al.22
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The process involved in the second step may generate intermediates to inject electrons
into the conduction band, thus accounting for the electrochemical component of the
reaction. Depending on whether it is anodically polarized or there are oxidizing species
in the solution, the contribution from the intermediates in the chemical and electro-
chemical paths varies.541 Figure 5.66 shows the possible reaction processes, proposed
by Allongue et al.,22 for the dissolution of silicon at OCP. In the first path, one mol-
ecule is generated in the first step (I) by hydrolysis of one Si–H bond. The second
is produced by the decomposition of the primary product in solution (step
IV). Alternatively, both SiH bonds may first be hydrolyzed before the Si–Si bonds are
broken. In this case, the two molecules are generated in the heterogeneous reaction
on the surface. In the second path, the Si–Si back bonds are attacked first by
leading to the detachment of the silicon atom (step V) which then further reacts with
water to form and two hydrogen molecules.

The electrochemical component of the reaction process was considered by
Allongue et al.22 to be due to the electron injection associated with the hydrogen
replacement step by

Figure 5.67 illustrates the reaction steps of the electrochemical path.
According to Campbell et al.,679 the difference between the chemical and elec-

trochemical mechanisms is the way in which the reaction sequence is initiated. In the
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chemical pathway, attack of a Si–Si bond is initiated by water, whereas in the electro-
chemical pathway, the oxidation reaction is initiated by hole and ligand attachment onto
a Si–Si bond.

5.12.4. An Overall Reaction Scheme

The results presented in the previous sections show that the anodic reactions on
a silicon electrode may proceed via different paths depending on the conditions and
that those in HF solutions and those in KOH solutions are rather different. They also
show that the mechanistic models proposed for the reactions in HF and KOH solutions
from the many studies in the literature are largely separated. However, in both HF and
KOH solutions, the silicon/electrolyte interface is fundamentally similar differing only
in the concentrations of hydroxyl and fluoride ions. Thus, a reaction scheme must be
coherent with respect to the experimental observations in both HF and KOH solutions.
For comparison, Table 5.8 summarizes the characteristic features of the reactions occur-
ring on silicon in HF and KOH, in terms of nature of the reaction, rate, effective dis-
solution valence, photoeffect, and uniformity of the surface.

Despite the many differences in HF and KOH solutions as shown in Table 5.8,
the overall reactions are similar in two important aspects: the silicon surface is
dynamically terminated by hydrogen and breaking of the silicon–silicon back bond
is facilitated by the adsorption of electronegative ligands such as or
More specifically this means: (1) the initial surface is hydrogen terminated; (2) the Si–Si
back bond requires that the hydrogen termination is first replaced by or
and (3) the silicon atoms on the newly exposed layer are terminated by hydrogen so
that the surface after the dissolution of one silicon layer is identical to that before the
dissolution.

A key aspect of the reaction scheme is the valence state of the silicon and hydro-
gen atoms at different stages of the various reaction paths. The nonpolarized nature of
the Si–H bond indicates that the hydrogen atom bonded to the silicon atoms on the
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surface is at a reduced state with a valence of 0. The lattice silicon atoms bonded to
hydrogen atoms also have a valence of 0 (or four valence electrons). The silicon atoms
on the surface which are bonded to one hydroxyl ion or one fluoride ion, on the other
hand, have a valence of +1.

Elemental Steps. The dissolution of a surface silicon atom involves first the
replacement of the surface hydrogen atom by a in KOH solutions and by in HF
solutions. The difference between the hydrogen replacement by and is whether
holes are involved. As shown in Fig. 5.68, in KOH, on the hydrogen replacement by

the silicon atom becomes a radical, which in the following reaction steps is neu-
tralized by the reduction of hydrogen ions. In HF, the replacement of hydrogen by
requires a hole which results in a neutralized Si–F bonding. The valence state of the
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bonded hydrogen before and after the replacement is not changed in both solutions.
The important difference is that after being terminated by a ion, the silicon atom
is a radical with two extra electrons, whereas in Si–F termination the bonds associated
with the silicon atom are neutralized.

The hydrogen adsorption onto a silicon atom is a reduction process since the
valence of the hydrogen atom is changed from +1 to 0. It occurs when the back bond
of Si–SiF or Si–SiOH is broken by reacting with or HF. Transfer of one electron
from the Si–OH bond to the hydrogen of the Si–H bond must then occur as illustrated
in Fig. 5.69. An important feature of this process is that no carriers from the solid are
involved, and thus this reaction is chemical in nature. This is the key reaction step
responsible for the chemical character of the dissolution process in that a hydrogen ion
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is reduced by an electron from the Si–Si bond. The breaking of the Si–Si back bond
by any groups other than HF and does not preserve the local charge neutrality (the
two specific atoms involved in the bonding) and has to involve carriers from the bulk.
This would explain why hydrogen adsorption onto silicon does not occur easily by the
dissociated hydrogen ions in the solution but rather by or HF molecules through
the attacking of the Si–Si back bonds.

It is experimentally established that even though the surface is predominantly ter-
minated by hydrogen, there is still a small portion of the surface silicon atoms termi-
nated by fluoride. These fluoride atoms may be adsorbed at the surface defects such as
kink sites. It can be assumed that the surface fluoride atoms are at equilibrium with the
fluoride and hydrogen ions in the solution at OCP:

Note that this reaction results in the oxidation of the adsorbed hydrogen from valence
of 0 to +1 and requires the participation of carriers. Thus, reaction (5.29), which results
in the replacement of hydrogen by fluoride, is different from reaction (II) in Fig. 5.68,
which does not oxidize the replaced hydrogen atom.

Therefore, and are the reactants involved in KOH solutions, and
HF, and are those involved in HF solutions. and are responsible for initi-
ating the attack by replacing the adsorbed hydrogen atoms, and and HF are respon-
sible for attacking the Si–Si back bonds. The elemental steps involving these reactions
shown in Figs. 5.68 and 5.69 account for the essential features, that is, dynamic hydro-
gen termination of the silicon surface and weakening and breaking of the silicon back
bond due to adsorption of fluoride or hydroxyl ions. The relative contributions of these
processes in the reactions can then account for the variations in the effective dissolu-
tion valence and in the quantum efficiency under different conditions. An important
aspect is that electronic carriers in the silicon semiconductor do not affect the chemi-
cal nature of the reactions so that the reactions shown above are the same on p- and n-
type materials. The electronic carriers, however, affect the rate of the reactions and the
path of the reactions as will be illustrated in the following.

Reactions Paths. Figures 5.70–5.73 show the reaction schemes for the various
situations occurring on silicon electrodes in HF and KOH solutions. The elemental reac-
tion steps (I) to (IV), and reaction (5.29) described above involve different combina-
tions in these reaction paths depending on the solution, potential range, and illumination
condition. These different paths can account for the many details experimentally
observed in the dissolution or passivation of silicon in HF and KOH. Table 5.9 sum-
marizes the reaction paths involved in different potential ranges in HF and KOH solu-
tions. Variations of the reaction paths from those shown in Figs. 5.70–5.73 are also
possible based on the elemental steps outlined in the previous section.

Reaction paths (I) and (II) in Fig. 5.70 account for the anodic reactions on p-Si
and illuminated n-Si in HF solutions at high light intensities. Path (I) is involved in the
exponential region at an anodic potential much lower than responsible for direct dis-
solution of silicon and dissolution valence of 2, while path (II) is involved at a poten-
tial above responsible for the indirect dissolution of silicon through formation and
dissolution of oxide and for the dissolution valence of 4. At a potential that is lower
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than but close to both paths and are involved resulting in a dissolution valence
between 2 and 4.

Reaction path shown in Fig. 5.71 is responsible for the dissolution valence
and quantum efficiency of 4 observed on n-Si in HF solutions at low light intensities.
It results in a dissolution valence and quantum efficiency of 4. This reaction path, which
is a combination of reaction step (IV) in Fig. 5.69 and Eq. (5.29), is slow and is revealed
only at a low light intensity when the reaction is small. At high light intensities this
reaction path is still active but the dissolution valence and quantum efficiency is less
than 4 as reaction becomes dominant.

Figure 5.72 shows the reaction paths in KOH solutions. Path which involves
no holes and electrons, is responsible for the chemical dissolution in KOH solutions at
OCP. A possible alternative of is as shown in Fig. 5.73. Path involves two
carriers and is responsible for the electrochemical part of the dissolution reaction at
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anodic potentials below Path results in formation of the Si–O–Si bond and is
responsible for the oxide formation and passivation at potentials above

Except for reaction path which is purely chemical in nature, all the other
reaction paths are electrochemical in nature, at least partially. These electrochemical
reactions depend on the carrier transfer between the states at the interface and those
in the semiconductor and thus their rates increase with increasing potential or illumi-
nation. While reaction paths result in the direct dissolution of silicon,
reaction paths and result in the formation of Si–O–Si bonds. The rate of
reaction paths and also increases with potential. As the coverage of the surface
by Si–O–Si bonds increases with increasing potential, the surface becomes increasingly
less active and becomes passivated when these bonds fully cover the surface as
shown in Fig. 5.74. Further reaction has to proceed via the dissolution of the Si–O–Si
bonds which is fast in HF solutions but is very slow in KOH solutions. The surface of
the oxidized silicon layer is terminated by OH in KOH and may be terminated by both
OH and F in HF. In HF on the surface covered by an anodic oxide layer the adsorp-
tion of OH is required for the growth of the oxide whereas the adsorption of F may be
required for the dissolution of the oxide. The Si–O–Si bonds are rather stable in KOH
such that the dissolution rate in the passive region is very low. On the other hand, the
Si–O–Si bonds are not stable in HF due to the attack by the fluoride species and the
dissolution rate is high in the passive region (at potential higher than that of first current
peak,

For the anodic dissolution of silicon in HF solutions, the first step involving
replacement of hydrogen by fluoride and evolution of hydrogen, the rate is proportional
to the product of according to reaction The following step
involving breaking the Si–Si back bond is proportional to On the other
hand, for the chemical dissolution of silicon in KOH solutions, the rate of hydrogen
replacement is proportional to and is proportional to
in breaking the Si–Si back bond according to reaction A major difference between
the reactions in the two solutions is that the hydrogen replacing step in HF requires
holes whereas in KOH it does not. Thus, it can be seen that in HF solutions the reac-
tion rate is low at OCP but rapidly increases with potential. On the other hand, in KOH
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solutions the rate of the dissolution reaction is high and does not increase with poten-
tial because carriers are not involved. Due to the high concentration of the rate
of reaction is high in KOH solutions, but the rate is very low in HF solutions because
of the extremely low concentration.

According to reactions and the concentration of hydrogen ions in both
solutions does not play a direct role in the reaction processes. This is because the con-
centration of adsorbed hydrogen which is generated when the silicon back bond
is broken, depends on [HF] in HF solutions or in KOH solutions independent of
the hydrogen ion concentration in the solution This explains why high dissolu-
tion rates are observed in KOH solutions, in which the concentration of hydrogen ions
is extremely low. It needs to note that in non-aqueous fluoride containing solutions with
salts such as the silicon surface is not terminated by H.1015,1011 The dissolution
process is completely electrochemical and does not involve the formation of oxide due
to the lack of HF and in the solutions.
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6
Cathodic Behavior and
Redox Couples

6.1. INTRODUCTION

This chapter concerns the reactions that occur at cathodic potentials and those related
to redox couples. The cathodic reactions of many silicon/electrolyte systems have been
the subject of numerous studies, but they generally have not been investigated to the
level of details comparable to the anodic reactions in fluoride and alkaline solutions.
As a result, cathodic processes such as hydrogen evolution and metal deposition are
not as well characterized and are much less understood than those at anodic potentials.
This had been largely due to the lack of mainstream applications of the cathodic reac-
tions in the silicon technologies. However, the research activities on cathodic reactions,
most notably on metal deposition on silicon, have, significantly increased in recent
years because of the demand for higher quality wafer surface and the industry’s drive
to use copper instead of aluminum as the conducting material for microdevices. It can
be expected that in the future, research progress in this area will be fast as many details
of the cathodic reactions on silicon are characterized and deeper systematic under-
standing of the various phenomena is obtained.

6.2. HYDROGEN EVOLUTION

Hydrogen evolution is a particularly important electrode reaction on silicon in
that it is involved in almost all reactions at both anodic and cathodic potentials. Hydro-
gen reaction is a principal process that determines the surface condition of silicon. The
surface of a silicon electrode can be passivated by hydrogen termination of the surface
silicon dangling bonds, which is a technologically very important feature. Hydrogen
evolution is a part of the etching process of silicon in alkaline solutions and occurs
during anodic dissolution in fluoride-containing solutions. Thus, hydrogen reaction
affects all electrode processes on silicon in aqueous electrolytes, such as cleaning, metal
deposition, redox reactions, formation of anodic oxides, and quantum efficiency of
photocurrent.

237
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The data presented in the following section concern only the hydrogen reaction
at cathodic potentials. Those on hydrogen termination are presented in Chapter 2
and on silicon dissolution in Chapter 5. It is to be noted that as a reduction reaction,
hydrogen evolution has not been well investigated at cathodic potentials although it
has been the subject of numerous studies on the phenomena at anodic or open-circuit
potentials.

6.2.1. Kinetics

Hydrogen evolution is the dominant cathodic reaction on silicon electrodes in
aqueous solution lacking other redox couples. In HF solutions, evolution is the only
cathodic reaction and the charge transfer process proceeds almost entirely over the con-
duction band.34,73 Figure 6.1 shows the i–V curves measured on n-Si in 1% HF.1153 The
current increases exponentially with decreasing potential with the apparent Tafel slope
being 140–160mV/decade. The exponential i–V relationship is also seen on illuminated
p-Si at currents that are significantly lower than the saturation value as shown in Fig.
6.2.812 The Tafel slope for the hydrogen reaction for all types of silicon materials in the
dark or under illumination appears to be between 140–200mV/decade.869 This is much
higher than the 60mV/decade required for the processes that are limited by the supply
of electrons from the semiconductor, which suggests that the charge transfer reaction
involved in the hydrogen evolution at cathodic potentials is mainly controlled by the
processes in the Helmholtz layer.

A relatively large overpotential is required for hydrogen evolution to occur at
appreciable rates. Figure 6.2 shows that the potential required for the onset of hydro-
gen evolution on silicon is about 300mV more than that on platinized Si.812 An over-
potential as high as 1.1V was required for a reduction current of hydrogen at a current
of about on an n-Si in a solution.272 The evolution of
hydrogen on silicon electrodes, both for n-Si in the dark and for illuminated p-Si, is
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thus a slow process, in agreement with the fact that very few materials yield a high
exchange current density for the redox couple.1155

The exchange current density for hydrogen reduction is in the range of
depending on the specific conditions of the silicon/electrolyte system. For

example, it is on the order of on n-Si in 5% HF solution.254 In 2% HF,
it varies from to depending on doping levels.146 The
exchange current of illuminated p-Si appears to be much higher than that of n-Si in the
dark. It is about on illuminated p-Si in 0.1M NaCl solution and
changes very little with light intensity.869 Similar values are found on illuminated p-Si
in 2% HF.146 For comparison, the exchange current of hydrogen evolution in acidic
solutions on Pt is on the order of representing a fast reaction, and it is on
the order of on Pb, representing a very slow reaction.1155

The rate of hydrogen evolution varies with solution composition and in particu-
lar with pH. It is higher at neutral pH values than at acidic pH, which is not consistent
with that observed on Pt.812 The kinetics may also greatly change due to the adsorption
of solution species or presence of solid phases on the surface. For example, hydrogen
evolution in on illuminated p-Si is inhibited by addition of formic acid in the
solution due to the chemisorption of HCOOH on the electrode surface.688

The reaction kinetics is particularly sensitive to trace amounts of noble metal
impurities in the solution such as Cu and Au, which tend to deposit on the silicon
surface. For example, an increase of the exchange current density from
to is measured with 15 ppb copper ions as contaminant in the solution.254

On the other hand, deposition of metals such as Pb and Cd, which have lower exchange
currents than silicon, inhibits the hydrogen evolution.688

Hydrogen evolution can be catalyzed through deposition of a layer of metal or
polymer on the silicon surface or by addition of a redox couple in the solution.553,848,875
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Figure 6.3 shows the effect of different metal deposits (as islands equivalent to a few
monolayers with about 90% surface coverage) on the photocurrent of p-Si.829 The shift
of the i–V curve from that of bare material is due to the catalytic effect of the metal on
hydrogen evolution. For a metal deposit the photocurrent is parallel to the exchange
current density for the dark evolution of Pt, as a catalyst, has the highest exchange
current whereas Pb, as an inhibitor, has a very low exchange current.

Hydrogen evolution on p-Si can also be catalyzed by adding a redox species
to the solution as shown in Fig. 6.4.826 The reactions involved are postulated by
Bookbinder et al.826 as
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Hydrogen evolution on silicon may proceed chemically or electrochemically depend-
ing on the conditions. As discussed in Chapter 5 on anodic behavior, hydrogen evolu-
tion near the OCP and at anodic potentials can proceed completely chemically, i.e.,
without involving the carriers from the electrode. A change from a chemical process to
an electrochemical process occurs as the potential varies from anodic values to cathodic
values as schematically illustrated in Fig. 6.5. At anodic potentials, hydrogen evolution
is a result of the chemical reaction involved in the dissolution of silicon. At cathodic
potentials, silicon does not dissolve and the concentration of electrons on the surface
of n-Si or illuminated p-Si is high. Thus, hydrogen evolution at cathodic potentials is
predominantly electrochemical due to the lack of silicon dissolution and abundance of
electrons on the surface.

6.2.2. Surface Transformation

In non-fluoride-containing solutions, silicon is stable due to the presence of an
oxide film and the electrode behavior can remain constant under a continuous cathodic
polarization.396 The surface of a silicon electrode in fluoride-containing aqueous solu-
tion at the open circuit potential is also stable due to hydrogen adsorption. However,
surface transformation can occur at cathodic potentials due to formation of hydrides.
Thermodynamically, silicon hydride can be a stable phase at certain cathodic potentials
as shown in Fig. 2.2.

Formation of a hydrogen-rich layer on the silicon surface in HF at cathodic poten-
tials has been observed.241 Figure 6.6 shows that the limiting current for hydrogen evo-
lution on illuminated p-Si in 5% HF is less than up to but increases
with the duration at cathodic polarization. The hydrogen-rich surface layer can be
removed by maintaining the sample at the OCP or at an anodic potential for some time
during which the surface is etched. According to de Mierry et al.,241 during the hydro-
gen evolution, hydrogen atoms enter the surface region to a depth of about
causing amorphization and strain-induced defects which can act as generation centers
responsible for the increase in dark current. The surface, which has been polarized at

under illumination, shows circular patterns due to bubbles adhering to the
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surface. The area not covered by the bubbles is etched by about 50–100 nm after
polarization for about 50 h. The dissolution at this negative potential implies that the
absorption of hydrogen results in an increased reactivity of the silicon.

Formation of an amorphous silicon hydride surface layer can also occur during
anodic photoetching of n-Si. For example, surface Si–H bonds corresponding to about
40 monolayers of hydrogen on an n-Si have been observed to form at a photocurrent
of in 0.5mM

Thus, the silicon surface is fully covered by an oxide film at anodic potentials
higher than whereas it is fully covered by hydrogen at potentials more negative than
the OCP. From the OCP to the surface coverage of hydrogen gradually decreases as
the coverage of hydroxyl increases. Also, whereas at potentials near the OCP and
below the hydrogen or oxide layer is on the order of a monolayer, the hydride layer at
cathodic potentials and the oxide layer at is thicker than one monolayer. Figure 6.7
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schematically illustrates the surface condition of silicon electrodes in terms of hydride
and oxide coverage and thickness in the different potential ranges.

6.3. METAL DEPOSITION

Metal deposition can occur either electrolessly at the OCP or under a cathodic bias.
Both processes are electrochemical in nature in that the deposition of metal atoms is a
reduction reaction involvingcharge transfer with the substrate. Although deposition under
bias provides the best quantitative control of the deposition process, it is the electroless
deposition that has received more attention for metal deposition on silicon surface, mainly
due to the simplicity of the process. In most cases, as shown in Table 6.1, the deposition
is limited to noble metals such as copper, gold, and platinum mainly due to their excellent
conductivity and chemical stability, which are important in the application of microde-
vices. Also, the electroless deposits from trace amount of metals on silicon during wet pro-
cessing steps are very important in silicon technology since they cause serious problems
in further processing and eventual performance of devices. However, metal deposition on
silicon, as pointed out in a recent review by Oskam et al.,848 despite its potential impor-
tance in metal/semiconductor contact technology, has not been well investigated. The
recent interest in replacing aluminum metallization by copper has resulted a renewal of
research activities in electrochemical deposition of metals onto silicon.

6.3.1. Kinetics

The driving force for metal deposition on a semiconductor electrode is deter-
mined by the difference between the Fermi level of the electrode and the reversible
potential of the metal species in the solution. For the noble metals this difference at the
OCP is generally negative indicating that the deposition process is spontaneous, which
is the basis for electroless deposition. As shown in Fig. 6.8, the redox potentials of the
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noble metals are all below the conduction band edge of silicon indicating that these
metals can be deposited electrolessly as well as cathodically.848 The driving force can
be altered by changing electrode potential, metal concentration, and complexing agents
in the solution. Also, illumination increases the driving force for both n and p types of
materials due to the negative shift of the quasi Fermi level on illumination.259

Electroless deposition of noble metals, even at trace levels, on silicon is practi-
cally always possible due to the large driving force. For example, Table 6.2 shows that
the critical concentration of copper in solution at which the driving force is zero is
extremely low.407 The critical concentrations are even lower for Au, Ag, and Pt because
they have move positive standard potentials than copper.

Figure 6.9 shows the i–V curve of copper deposition in a
solution.848 The onset of reduction of occurs at with a diffusion-
limited peak at The current increases again at a more negative potential,
about –0.8V, due to hydrogen evolution at the copper deposits which catalyzes the
hydrogen evolution reaction. On the reverse scan in Fig. 6.9 a current of about

is due to the continuous growth of the copper clusters. The reverse scan
does not show an anodic peak indicating that the rate of anodic dissolution of the copper
deposits is low due to the large barrier height, about 0.6 eV, existing at the Si/Cu
interface. Although copper deposition dominates the cathodic reaction, hydrogen
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evolution may significantly compete with copper deposition particularly at very low
copper concentrations.293 The characteristics of the i–V curve for gold deposition onto
n-Si in a solution are similar to those for copper.848,1145

Deposition of metals on a silicon surface can be either a conduction band process
or a valence band process depending on the redox potential of the metal and solution
composition. Deposition of Au on p-Si in alkaline solution occurs only under illumi-
nation indicating that it is a conduction band process due to the unfavorable position
of the redox couple for hole injection.848 On the other hand, deposition of platinum on
p-Si can occur in the dark by hole injection into the valence band. For Cu, although
the deposition proceeds via the conduction band as shown in Fig. 6.9, it can also proceed
via the valence band because a large anodic current of n-Si occurs in the dark in copper-
containing HF solution as shown in Fig. 6.10.256 The reduction of copper under this
condition is via hole injection. The holes are consumed by silicon dissolution and the
silicon reaction intermediates then inject electrons into the conduction band, resulting
in the anodic current on n-Si in the dark.

The electroless deposition of metals on a silicon surface in solutions is a corro-
sion process with a simultaneous metal deposition and oxidation/dissolution of silicon.
The rate of deposition is determined by the reduction kinetics of the metals and by the
anodic dissolution kinetics of silicon. The deposition process is complicated not only
by the coupled anodic and cathodic reactions but also by the fact that as deposition
proceeds, the effective surface areas for the anodic and cathodic reactions change. This
is due to the gradual coverage of the metal deposits on the surface and may also be due
to the formation of a silicon oxide film which passivates the surface. In addition, the
metal deposits can act as either a catalyst or an inhibitor for hydrogen evolution. Fur-
thermore, the dissolution of silicon may significantly change the surface morphology.
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Thus, whether a metal can be deposited by electroless deposition onto a silicon surface
depends on the redox potential and its relative position to the band edges and on whether
the silicon can be dissolved under those conditions. On the other hand, whether the
deposition can be sustained to cover the entire surface area depends, on nucleation and
growth kinetics of the deposits, the catalytic effect of the deposits on silicon dissolu-
tion and hydrogen evolution and the evolution of the morphology of the surface. The
formation of a continuous and uniform metal film by electroless deposition is intrinsi-
cally difficult because a certain amount of bare silicon surface area is required for
silicon dissolution in order to sustain the deposition.

The electroless deposition of Ni in fluoride solutions depends on pH; it does not
occur at pH 1.2 but does occur on both p-Si and n-Si.1092 This is attributed to the less
favorable position of the couple relative to the band edges at low pH than at
high pH. Also, the deposition is much faster (~10 times) on n-Si than on p-Si because
the deposition on n-Si proceeds in the conduction band with the majority carriers
whereas it is through hole injection on p-Si. The rate of deposition is limited by the
dissolution of silicon on n-Si and is limited by Ni reduction on p-Si. Figure 6.11 shows
the i–V curve for Ni deposition on n-Si.

Electroless deposition of Au in can be controlled by both
the kinetic process and the diffusion process.971 The deposition is a two-step process,

with initial diffusion-limited deposition of the intermediate species, followed by
surface-limited reduction of this species. For electroless deposition of Pt, it has been
reported that the rate-determining step is the deposition on n-Si, whereas it is the dis-
solution of silicon on p-Si.253 Electroless copper deposition does not occur on

silicon surface due to the lack of anodic dissolution of silicon.237 In a non-HF
solution, the deposition of copper on a bare silicon surface results in the formation of
oxide around the metal particles. In HF solutions, the deposition of copper proceeds
very slowly in the dark on both p-Si and n-Si samples due to the lack of carriers.295 The
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deposition kinetics is greatly increased by illumination but decreases with increasing
HF concentration.295,694 The deposition rate changes with time. For example, Fig. 6.12
shows that copper deposition is initially rapid but virtually ceases after 10min, which
is attributed to the decreased area for anodic reaction.293

Electroless metal deposition at trace levels in the solution is an important factor
affecting silicon wafer cleaning. The deposition rate of most metals at trace levels
depends mainly on the metal concentration and some may also depend on the interac-
tion with other species as well.483 For copper the deposition rate at trace levels in HF
solutions is different for n and p types. It depends on illumination for p-Si but not
for n-Si.293 It is also different in HF and BHF solutions. In a HF solution the deposi-
tion process is controlled by both the supply of minority carriers and the kinetics of
cathodic reactions.120 Thus, a high deposition rate occurs on p-Si only when both

and illumination are present. In the BHF solution, the corrosion process is limited
by the supply of electrons for p-Si whereas for n-Si it is limited by the dissolution
of silicon because the reaction rate is independent of concentration and illumina-
tion. The amount of copper deposition does not correlate with the corrosion current
density, which may be attributed to the chemical reactions associated with hydrogen
reduction. More information on trace metal deposition can be found in Chapters 2
and 7.

Preferential deposition of a metal onto selected areas of an electrode surface can
occur when a difference in doping type or in the amount of oxide exists on different
areas of the surface. Preferential plating of Au on the n region of a p–n junction can be
generated under illumination.837 In this case, the p region acts as the anode consuming the
holes diffused from the n region. The greater the potential difference across the junction,
the larger is the deposition rate on the n region. Such selective deposition has been
used as a method for delineation of p–n junctions381 and for producing micro metal
structures.659,756
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6.3.2. Morphology

The morphology of metal deposits is determined by the kinetics of the formation
process, which in general occurs in two stages: nucleation of deposits and growths of
the deposit islands to form a continuous film followed by thickening of the film. On a
semiconductor, once a continuous film is formed the semiconductor is isolated from
the solution and subsequent growth depends on the properties of the metal deposit.848

Thus, the effect of the substrate on the morphology occurs predominantly in the nucle-
ation and growth of islands before the formation of continuous film. According to
Oskam et al.,848 the deposition of continuous metal films onto a semiconductor surface
can be difficult. The interaction energy between metal adatoms and the semiconductor
surface is generally small and deposition usually follows the 3D island growth mech-
anism. In order to obtain a continuous deposit layer the density of nuclei must be suf-
ficiently high for the islands to merge during the deposition. Once the nuclei are formed,
further growth into a continuous film requires a non-diffusion-controlled condition to
enhance the ratio of lateral growth to vertical growth. Thus, to deposit a continuous
film requires an initial large current to produce a high density of nuclei followed by
growth at relatively low current.

Metal deposition on the silicon surface may follow an instantaneous or a
progressive nucleation process followed by a diffusion-limited growth of the nuclei. The
growth of nuclei can be either kinetically limited, diffusion limited, or under a mixed
control. The current transients measured by Oskam et al.848,1167 at various potentials of
cathodic deposition of copper, platinum, and gold indicate that the deposition of these
metals at relatively low metal concentrations proceeds via a nucleation followed by
diffusion-limited growth. At high concentrations and large cathodic overpotentials the
deposition may proceed through instantaneous nucleation. The nucleation sites become
saturated after a short time, a fraction of a second, depending on the potential. Gold
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deposition onto n-Si in a solution and copper deposition in a
solution at relative small overpotentials are found to follow the progressive nucleation
model whereas copper deposition at large overpotentials follows instantaneous nucle-
ation. The density of the nuclei, depending on many factors, increases rapidly
with increasing deposition overpotential. It is about for copper deposited at
–0.8V in a Figure 6.13 shows that the nucleus density
is determined by the deposition at whereas it is little affected by subsequent
deposition at –1.1 V.1145 At time less than 0.9 s the deposition is dominated by nucleation
whereas it is by growth at a longer time. The rate of nucleation increases linearly on a
logarithmic scale with increasing cathodic overpotential.

During electroless deposition of copper in HF solution, the nucleation process
dominates initially for about 60 s to produce nanometer-sized nucleus deposits; then
growth of the copper grains takes over.120 As soon as nuclei of metal deposits are
formed, the kinetics of deposition is changed as the metal nuclei act as catalytic sites
for further metal deposition. The rate of deposition increases with increasing HF con-
centration.789 The silicon surface roughens as the deposition continues due to the
corrosion reactions.

Deposition of Pb in 5mM and 10mM solution at large over-
potentials occurs via a 3D island growth.831,967 It follows a progressive nucleation
process at low overpotentials and is mainly initiated at the surface inhomogeneities.
The number of atoms in the critical nucleus is estimated to be very small, about 11.
The small Pb clusters are stable within a certain anodic potential range.

The morphology of nuclei can be characterized in terms of deposit size and
density. Figure 6.14 shows copper precipitate size distribution of n- and p-Si materials
in 0.5% HF solution.407 The density is higher on n- than on p-type silicon whereas the
size is larger on p-Si than on n-Si indicating that the rate of nucleation is higher on
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n-Si whereas the growth rate is higher on p-Si This is attributed to the higher surface
electron concentration on n-Si which is required for reduction and to the higher
hole concentration on p-Si surface required for silicon dissolution. Figure 6.15 shows
the effect of illumination on the size and density of precipitates. Illumination results in
a large increase in density of precipitates. For p-Si illumination increases surface elec-
tron concentration and for n-Si it increases the driving force measured by the differ-
ence in the Fermi level of the electrons and the redox potential of the copper in the
solution.253,407 Also, during electroless deposition, dissolution of silicon substrate leads
to the formation of pits.237,293 For n-type samples, metal deposition and silicon dissolu-
tion occur locally with nuclei growing in the bottom of etched pits toward the surface.
In contrast, for p samples the deposition occurs on the surface. Deposition of nickel
microdots is found to be more uniform on the patterned surface due to the
hydrophilic nature of the oxide. It has been reported that deposition of Pt in 0.5 M

at pH 2.9 at certain potentials results in the formation of nanoholes 20–80 nm
wide and 0.6–0.7 nm deep.1044

6.4. DEPOSITION OF SILICON

Silicon can be deposited at large cathodic potentials in solutions of
and other silicon-containing compounds in organic solutions.363,419 The

i–V curves show a passivationlike current peak and a much smaller current in the
reverse scan. Smooth films up to thick can be deposited but a thicker film tend
to develop cracks. Also, the film contains F, C, O, and N as impurities and can be doped
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with boron or phosphorus by adding small amount of their salts into the solutions.
Amorphous films up to thick can be deposited from acetic acid containing

414,417 As-deposited amorphous silicon contains hydrogen bonds as SiH and
The growth rate, morphology, and composition of amorphous films can be

modified by changing bath composition and temperature.

6.5. REDOX COUPLES

The reactions of many redox couples on silicon electrodes have been investigated
as shown in Table 6.3. These redox couples can be divided into two major groups,
organic and inorganic. In general, the organic redox couples are investigated in search
of suitable reagents for silicon-based photoelectrochemical cells and the inorganic ones
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for applications in the etching of silicon. For the organic redox couples, the potentials
are commonly determined by measuring the average of the cathodic and anodic current
peaks of the reaction on a Pt electrode against a reference electrode.552 This practice
assumes that the electrode reactions for the redox couples at the Pt electrode are
reversible.

6.5.1. Individual Redox Couples

is an agent widely used for crystal defect etching. The kinetics of
its reduction reaction in relation to etching silicon in HF solution has been systemati-
cally investigated by Meerakker and Vegchel.195,196 Figure 6.16 shows the i–V curves
measured in a high ratio solution for n-Si and p-Si. A cathodic plateau current
on p-Si indicates the injection of holes into the valence band by the reduction of
This current is proportional to the concentration of and is essentially independent
of HF concentration. Rotation of the electrode has a very slight effect on the reaction
rate indicating that the reaction is almost fully kinetically controlled. There is a shoul-
der on the cathodic i–V curve on n-Si, the magnitude of which is similar to that of the
current plateau on the p-Si due to the reduction of The reaction in the current
plateau region is hydrogen evolution and the plateau current on p-Si increases with illu-
mination with a quantum efficiency of 1.

At low ratios a reduction peak followed by a lower current plateau at
more negative potentials occurs on n-Si and p-Si as shown in Fig. 6.17196 indicating
the inhibition of the reaction as a result of the reduction reaction. Both the peak and
plateau currents are independent of the concentration but dependent on the HF
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concentration. On the n-Si electrode at more negative potentials than the plateau region,
current sharply increases due to hydrogen evolution. Under illumination, the quantum
efficiency of the p-Si is about 2 due to the injection of holes from the which is
different from that at high ratios.

An anodic plateau current is measured on n-Si in the dark thus indicating elec-
tron injection into the conduction band. This plateau current is only slightly affected
by HF concentration but is proportional to concentration. Illumination of the n-Si
causes an increase of the anodic plateau current with a quantum efficiency of about 2.8
due to electron injection into the conduction band by the silicon dissolution inter-
mediates. The quantum efficiency for the anodic photocurrent depends on the
ratio, about 2.8 at a high ratio (>20) and about 1 at very low ratios.

According to Meerakker and Vegchel,195,196 the reduction kinetics of in HF
solution on silicon electrodes depends on the ratio of from 0.5 to 1000. At
high ratios (>20) the reduction proceeds on the bare silicon surface whereas
at low ratios (<10) the reduction is inhibited by the formation of a chromium complex
containing trivalent and hexavalent entities

can decompose under the effect of HF, resulting in hole injec-
tion which is responsible for the high quantum efficiency of the cathodic photocurrent
on p-Si.
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The anodic dissolution of silicon in these solutions occurs by the following reactions

Reaction (6.6) represents creation of an intermediate by a hole, which in the case of n-
Si is provided by the reduction of Reactions (6.7) and (6.8) represent two possi-
ble reaction routes for the intermediate one by electron injection into the conduction
band and the other by a chemical reaction with hydrogen ions. The injection of elec-
trons into the conduction band accounts for the anodic current on n-Si in the dark. The
reaction with hydrogen ions accounts for the hydrogen evolution during the anodic dis-
solution of n-Si.

The chromium complex may also react with the silicon dissolution intermediate

This reaction competes with reactions (6.7) and (6.8) and is responsible for the decrease
of photo quantum efficiency to about 1 on n-Si at very low ratios.

For etching at the OCP where the amount of anodic dissolution equals that of
cathodic reduction, reactions (6.3), (6.6), (6.8), and (6.9) operate at high ratios
whereas reactions (6.4) to (6.9) are involved at low ratios.

is a commonly used oxidant in HF solutions for isotropic
etching of silicon. Figure 6.18, reported by Kooij et al.,969,981 shows the etch rate and
current as a function of potential for n- and p-type silicon in the dark. The cathodic
current plateau measured on p-Si is not due to a diffusion-controlled process but to
the reduction of involving hole injection in the valence band. This limit-
ing current also appears as a shoulder on the i–V curve of n-Si indicating that the
reduction of on n-Si is similar to p-Si. The large current on the n-Si at
more negative potentials is due to hydrogen evolution. The cathodic plateau current
on p-Si decreases with electrode rotation rate indicating that surface-bond reac-
tion intermediates, rather than the from the bulk, are responsible for the hole
injection into the valence band. Also, during silicon etching, gas evolves and the
composition of the gas is found to be about 80% with the rest being nitrogen
oxides in the form of The etch rate decreases with the rotation speed of the
electrode indicating the removal of active reaction species from the surface
or

The current at anodic potentials on the p-Si is similar to that in HF solution
without The anodic current plateau on n-Si indicates that electrons are injected
into the conduction band from the dissolution intermediates. The etch rate decreases
with cathodic polarization for both n-Si and p-Si due to the more effective removal of
the injected holes as shown in Fig. 6.18. A comparison of the anodic current plateau
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and the cathodic current plateau indicates that for every two holes injected into the
valence band, one electron is injected into the conduction band.

Quantitative analysis of the data shows that a molecule is generated for two
dissolved Si atoms, indicating that the effective dissolution valence of silicon is 3.
According to Kooij et al.,981 the etching reactions on p-Si and n-Si are different in terms
of the involvement of the charge carriers. For the p-Si the reaction is

and on n-Si the reaction is

The hydrogen ion reacts chemically with an intermediate

The reduction of which provides holes for the oxidation of silicon, is consid-
ered to be a complex process involving multiple reaction steps.
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Figure 6.19 shows the dark i–V curves of p-Si and n-Si for the reactions
involving the reduction of in 10M HF + 0.5M HBr + 10mM solution.14 The
cathodic current on p-Si in the dark is due to hole injection into the valence band. On
the other hand, the cathodic plateau current on n-Si is much larger than on p-Si indi-
cating that the reduction process is mainly a conduction band process. When conduc-
tion band electrons are not available, the reduction of may proceed via the valence
band as is the case with p-Si in the dark. The current plateau at cathodic potentials on
both p-Si and n-Si is limited by the diffusion of The small plateau current on p-Si
indicates that only a small fraction of is reduced electrochemically and most of the
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reacts chemically with silicon resulting in the etching of silicon (etch rate of p-Si
is large and is independent of the cathodic potential). On the other hand, on n-Si at
cathodic potentials the reduction of can proceed more favorably by capturing the
electrons from the conduction band than by injecting holes into the valence band. Thus,
the etch rate of n-Si at cathodic potentials is almost zero due to the lack of holes to ini-
tiate the dissolution process. The anodic current on n-Si in the presence of in the
dark is due to electron injection from the silicon reaction intermediates.

According to Bressers et al.,14 because the ratio of bromine to silicon is 1:1.6 for
the etching reaction at the OCP, one bromine atom is involved in the dissolution of
more than one silicon atom and the attack is probably at the Si–Si back bonds to form
two Si–Br bonds. They proposed the reaction scheme shown in Fig. 6.20 for the dis-
solution of silicon in the presence of in HF. The first step involves a chemical attack
of the silicon back bond producing silicon and bromine reaction intermediates which
are surface states with energy levels in the midband gap. There are four possible paths
for the reaction of intermediates to proceed depending on the type of silicon and poten-
tial range. The first is by further chemical reaction causing the formation of two Si–Br
bonds (path a, which involves no carriers).

The other three paths are electrochemical reactions involving carriers in the
bonds. At sufficiently negative potentials on n-Si or on illuminated p-Si, electrons from
the conduction band can be captured by the surface states causing the repair of the Si–Si
bond (path b) which constitutes the first step of the bromine reduction. In the dark on
p-Si when conduction band electrons are not available, this reduction process can also
proceed by hole injection (path c). The dark anodic current on n-Si is due to electron
injection into the conduction band causing oxidation of a silicon atom (path d).
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The reduction of on silicon is rather complex.208,595 Figure 6.21
shows the i–V curves of p-Si and n-Si under different conditions. In the absence of

the cathodic current on n-Si is due to hydrogen evolution and there is no cathodic
current on p-Si. The anodic current peak is due to passivation which is characteristic
of silicon in alkaline solutions without When is present at a concentration
higher than the critical concentration (about at which the silicon surface is
spontaneously passivated at the OCP, the anodic current peak is not measured in an i–V
curve.
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On n-Si the cathodic current shows similar dependence on potential with posi-
tive (initially active surface) and negative (initially passive surface) potential scan direc-
tions. However, on p-Si cathodic current is only observed on an active surface in the
dark (with a positive scan rate). Also, the cathodic current on illuminated p-Si on a pas-
sivated surface is much smaller than that on an active surface. Furthermore, the cathodic
photocurrent on p-Si at low light intensity is double that without At high light
intensities the photocurrent becomes the same on active and passive surfaces and the
current multiplication factor is less than 2.

According to Meerakker,595 on a passivated surface the reduction of is by
a conduction band electron forming a reaction intermediate which then injects a hole
into the valence band:

The reduction current on p-Si is small in the dark because it is limited by reaction
(6.14), which requires electrons. On the active surface the reaction scheme is more
complex due to the interaction between silicon radical and hydrogen peroxide gener-
ating a radical:

The then injects a hole into the valence band, which is responsible for the reduc-
tion current observed on an active surface of p-Si in the dark. At anodic potentials, reac-
tion (6.16) competes favorably with the electron injection into the conduction band
from the silicon radical because when is present the anodic current peak on n-Si
(due to the electron injection) disappears.

When an active p-Si surface is illuminated, both reactions (6.14) and (6.15) take
place resulting in a current which is larger than that on the passivated surface. At high
light intensities, reduction of instead of via a valence band by reaction (6.15), may
also proceed via the conduction band:

Reaction (6.17) accounts for the reduced multiplication factor at high light intensities.
Other Redox Species. Reduction of ferricyanide in KOH solution takes place

via hole injection into the valence band.541 The reaction path depends on whether an
oxide film is present on the surface. On an oxide-free p-Si the reduction proceeds by
hole injection as shown in Fig. 6.22. On an oxide-covered electrode, which is anodized
at 0 V prior to the transient, the drop of current at about 3.5 min is due to the complete
dissolution of the oxide film, resulting in the same current as that on the oxide-free
surface. The lower current on the oxide-free surface is attributed by Bressers et al.541

to the reaction of silicon, which consumes a part of the injected holes by the reduction
of ferricyanide. On the oxide-covered surface, silicon dissolution does not occur and
all of the injected holes flow into the semiconductor. Figure 6.23 shows the dependence
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of the reduction current on potential. The current dip after the passivation peak is due
to the reduction of ferricyanide through the thin oxide film, the rate of which decreases
to zero as the film thickness increases at more positive potentials.

The reduction of in solutions, in contrast to that in KOH solu-
tions, does not proceed on p-Si in the dark indicating that the reduction can only proceed
with conduction band electrons.986 However, the presence of defects such as disloca-
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tions generated by mechanical polishing can increase the reaction rate by the hole injec-
tion mechanism. According to Morrison et al.,986 dislocations can behave like micro-
electrodes (~2nm) for hole injection and the holes are conducted along the dislocation
lines, where tunneling to the valence band becomes possible.

Figure 6.24 shows the i–V curves of p- and n-type silicon in 0.1 M KCl solution
containing 2mM methylviogen (1,1'-dimethy1-4,4'-bipyridinium) The
cathodic i–V curve has two reduction maxima indicating a metalliclike behavior. The
first peak is ascribed to the reduction of to and the second to the reduction
of to The peak value depends on the potential scanning rate and rotation of
the electrode indicating that the reactions are diffusion limited. The two-step reduction
proceeds via the conduction band. Figure 6.24 also shows that the reduction on n-Si is
under an accumulation condition whereas on p-Si it is under a depletion condition.

Kooij et al.629,969 investigated the cathodic reaction of a number of one-electron oxi-
dizing agents such as and on p-Si in 1M

The agents with redox potentials considerably more positive than the flatband
potential of the electrode tend to inject holes into the valence band as
shown in Table 6.4.629 The rate of injection is high for those agents with redox potentials
much more positive than the valence band edge, such as and The rate of injec-
tion is weak for the redox couples with potentials close or negative of the valence band
edge. For which has a redox potential similar to hole injection does not
occur due to the adsorption of to form surface states which interact only with con-
duction band electrons. The hole injection is strong for but very weak for
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Hole injection from the oxidizing species in the solution into the valence band is postu-
lated to be responsible for the chemiluminescence observed on porous silicon in these
solutions at the OCP.

However, for and despite their very positive redox poten-
tials, the reduction proceeds primarily via the conduction band with minimal hole
injection into the valence band.14,629 The weak hole injection with strong oxidizing
agents and is attributed to the two-electron reduction process in which the
first step requires a conduction band electron to create reaction intermediates, and

which can then inject a hole into the valence band. The reduction reaction
can be more complicated when more than one redox couple is present. It has been
found that hole injection by is increased when is also present in the solution.
The ions react with to generate hydroxyl radicals in the solution. This
implies that hole injection during the reduction of occurs from the intermediate
which is in the solution rather than on the surface as surface states. Hole injection from
the redox species in the solution into the valence band can also be affected by other
factors. As shown in Fig. 6.22, hole injection is affected by the formation of surface
oxide. For hole injection involves the hydrogen reaction that also occurs in
this region.

The redox couples, which inject holes into the conduction band, induce anodic
current on n-Si in the dark. According to Gerischer and Lubke,11 anodic current is due
to electron injection by silicon dissolution intermediates for redox couples with one
electron transfer per molecule. Depending on the number of electrons involved in the
reduction process of the redox couple, the photocurrent may have a quantum yield
varying from 1 to 2. The quantum yield is 2 without redox couples. It remains the same
when a redox couple with only one oxidation step per molecule such as is
present. However, for the oxidizing agents and the reduction of which
involves two electrons, the quantum yield is smaller than 2 as shown in Fig. 6.25. This
is attributed to the adsorption of the reduction intermediates on the surface, which
inhibits the electron injection from silicon dissolution intermediates responsible for the
quantum yield of 2.

In general, it is difficult to oxidize a redox species on silicon in aqueous elec-
trolytes because of the highly reactive nature of silicon; oxidation of silicon results
in a passive oxide film in nonfluoride solutions, whereas dissolution of silicon is the
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dominant anodic reaction in fluoride-containing solutions in which the oxide dissolves
quickly. The reduction of some redox species is, however, found to compete favorably
with the oxidation of silicon, which can be used to stabilize silicon anodes against
photooxidation. For example, and which
can be efficiently photooxidized on n-Si electrode, are found to stabilize the silicon
electrode.681 Ferricenium/ferrocene, is capable of stabilizing n-Si
against photoanodic oxidation in EtOH solvent by efficiently capturing the holes.78

and are also found to be effective in competing for photogener-
ated holes on n-Si and thus stabilizing the electrode.955,960 According to Loo et al.,960 in
non-HF aqueous solution anodic photocurrent results in the formation of a thin oxide
film. Without a reducing species, the oxide film will grow in thickness and passivate
the surface. In the presence of a reducing species such as the field buildup
in the oxide film results in a shift of the valence band relative to the redox potential
and the reduction of the redox species becomes more favorable than the oxidation of
silicon as described in Fig. 6.26. As a result, the silicon electrode is stabilized.

Participation of surface states may be important in the reactions of redox
couples.272,553 It can result in the redox reaction to show an i–V curve with two one-
electron waves. Such i–V curves are characteristic of metallic behavior rather than one
two-electron wave as is expected at a semiconductor surface free of surface states.
Metalliclike behavior may also be due to the interaction of redox species with silicon
electrode, which may result in changes in the barrier height or cause chemical changes
to form an ohmic-like interface.

In summary, the reaction processes of redox couples are complex. Each redox
couple may have several different reaction paths, in addition to all of the possible reac-
tion schemes on the silicon electrodes without the redox couple. The kinetic behavior
of a redox couple has several general characteristics. (1) The condition of the electrode
surface is an important factor in the reaction kinetics; it differs for oxide-covered and
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oxide-free surfaces. (2) The value of the redox potential relative to the band edge deter-
mines the extent of conduction band process versus valence band process. (3) For the
redox species with more than one oxidation step per molecule, the reaction intermedi-
ates may have very different behavior from that indicated by the value of the redox
potential. (4) The interaction between the redox species and its intermediates with
silicon atoms on the electrode strongly affects the contribution from the valence band
relative to the conduction band and the ratio of electrochemical reaction to chemical
reaction. (5) The interaction between two or more redox couples may also occur, which
further complicates the reaction mechanism of each individual redox couple.

6.5.2. Electroluminescence Associated with Redox Reactions

Electroluminescence is a process in which light of a certain wavelength is emitted
from a semiconductor electrode as a result of electrochemical reactions. The results



CATHODIC BEHAVIOR AND REDOX COUPLES 267

of Kooij969 on porous silicon show: (1) Chemiluminescence, with wavelength varying
between 650 and 720 nm, occurs on p-Si at the OCP in containing strong
oxidizing agents with potentials considerably more positive than the flatband potential.
Species such as and can inject holes into the valence band during reduction
reaction. On the other hand, and which have very positive potentials, do
not inject holes into the valence band but the reduction proceeds via the conduction
band. (2) The luminescence intensity on p-Si increases with the concentration of the
oxidants and is independent of the cathodic potential. (3) In contrast to p-Si the emis-
sion intensity on n-Si depends on potential; it decreases from a relatively high value at
the OCP to a lower value in the cathodic potential region. (4) The luminescence on
n-Si is quenched at more negative potentials at which hydrogen is evolved. The lumi-
nescence on p-Si is not affected by cathodic potential because hydrogen does not evolve
on p-Si due to the lack of conduction band electrons. (5) In contrast, for which
does not inject holes during reduction, luminescence occurs at large cathodic currents
where hydrogen evolution occurs. (6) Luminescence does not occur on samples that
are not covered with a porous silicon layer.

According to Kooij et al.,629,969 luminescence is due to hole injection from the
reducing species in the solution into the valence band. The holes are captured in Si–Si
surface bonds which leads to the formation of an oxidation intermediate. Subsequent
electron injection from the intermediate into the conduction band and the radiative
recombination of the electrons with holes in the valence band results in the emission
of photons. Such a reaction mechanism is postulated to be responsible for the chemi-
luminescence of porous silicon in these solutions at the OCP.

Kooij et al. described the individual steps involved as follows:

According to them, strong oxidizing agents like or give very limited lumi-
nescence at OCP969 because the reduction of these two-electron redox couples requires
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a conduction band electron in the first step, which is not possible without an electron-
injecting species in the solution. The quenching effect of hydrogen evolution on lumi-
nescence is ascribed to the surface adsorption of hydrogen atoms leading to the formation
of Si–H bonds which prevent the injection of an electron into the conduction band. On
the other hand, for n-Si in containing photoemission only occurs at the
cathodic potentials at which hydrogen is evolved, which may be attributed to the inter-
action of the reduction intermediates of with the hydrogen evolution reaction.

In certain situations, photoemission occurs only when both cathodic potential and
light are present.87,646 For example, blue emission is observed by illuminating p-Si in
acetonitrile containing
at cathodic potentials where is reduced. The emission does not occur with
illumination or cathodic potential alone because neither the energy of the light, less
than 1.7eV, nor the electrical energy reaches the threshold energy for the production
of the emitted photons of 3.0 eV.87

6.6. OPEN-CIRCUIT PHOTOVOLTAGE

The open-circuit photovoltage of silicon depends on the minority carrier diffu-
sion length, majority carrier dopant density, photocurrent density, and oxide growth.161

It has been calculated that for an n-Si material without any recombination
processes other than bulk recombination, i.e., the maximum photovoltage at

is about In order to obtain the largest photovoltage it is necessary
to choose the redox couple with a potential located in the most favorable position rel-
ative to the energies of the band edges. For example, for an n-type semiconductor it is
desirable to have a redox couple located as close to as possible in order to maxi-
mize the output voltage.553 Photovoltages close to the maximum value have been
obtained in nonaqueous solutions.276,569,583 A crucial factor for achieving open-
circuit voltage is the initial photoelectrochemical oxide formation which passivates
surface recombination sites.

The open-circuit photovoltage of silicon electrodes may or may not change with
redox potentials depending on the system. When follows the variation with redox
potential, the band bending is related to the redox potential: for
n-Si and for p-Si. Figure 6.27 shows on n-Si and p-Si as a func-
tion of redox potentials in a methanol solution.275 However, the for redox couples
with very negative potentials on p-Si or very positive potentials on n-Si vary very little
with redox potential. The lack of variation in with redox potentials may be due to
the effect of carrier inversion or Fermi level pinning.

Silicon electrodes in nonaqueous solutions with appropriate redox couples are
more stable than in aqueous solutions. The in solvents such as acetonitrile is gen-
erally not very large (max In methanol it is found to be considerably
larger (up to 0.67 V), which is attributed to the formation of bonds which
result in an improved stability and low density of surface states. Figure 6.28 shows the
dependence of on temperature; it decreases as temperature increases.699 The effect
of temperature on is mainly by changing the magnitude of the minority dark satu-
ration current.
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In many circumstances, photovoltages are found to be almost constant for redox
couples whose formal potentials span a range exceeding the band gap of silicon as
shown for example in Table 6.5.270 A similar effect has been observed in pure acetoni-
trile and acetonitrile–acid mixtures in which a large number of redox couples with a
large span of formal potentials exhibit a similar photovoltage.272,683 The departure from
the ideal situation described by Eq. (1.96) is often attributed to Fermi level pinning
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caused by the large density of surface states, which results in the potential drop in the
Helmholtz layer instead of in the space charge layer.

In aqueous solutions, where the dissolution of silicon and formation of oxide film
is significant, the photopotential cannot be predicted according to the energetic posi-
tions of the bands and the redox couples in the solution. For example, in solution
without HF, photovoltage has been found to be relatively large on n-Si but very small
on p-Si.392 In HF solutions the photovoltage on p-Si is manyfold larger. In another study,
open-circuit voltage of p-Si of about 0.4V is measured in 0.5% HF solution but only
about 0.02V on n-Si.968 The complex photoresponses in these solutions can be attrib-
uted to the presence of surface states associated with surface defects, dissolution inter-
mediates, adsorbed species, and oxide film. Also, surface states may affect the reduction
and oxidation of a redox couple differently; they can facilitate the reduction of a redox
couple from to A but not the oxidation from A to without light to detrap
the electrons in the surface states.553

Numerous studies have been conducted to optimize the product of to make
silicon an efficient photocathodic material.161,275,573,812 Depending on the system, the
energy conversion efficiencies of silicon/electrolyte electrodes have been found to
greatly vary, from a fraction of 1% to more than 10%. Efficiency can vary from 0.2 to
2% by simply changing the pH of the solution.812 An efficiency exceeding 10% for n-
Si in and for p-Si in has been realized.622,623,847 A surface textured
sample shows a higher efficiency than a polished surface due to lower reflectivity and
increased surface area.552

6.7. SURFACE MODIFICATION

Silicon is highly unstable in aqueous electrolytes due to the formation of an insu-
lating oxide film which prevents the use of n-Si as photoanode. On the other hand, the
silicon electrode has poor kinetics for hydrogen evolution which is not desirable for its
use as a photocathode. Many methods have been explored to stabilize Si electrodes in
aqueous solutions for possible applications as photochemical cells. They include
coating the surface with noble metals, metal oxides, metal silicides, or organic materi-
als as shown in Table 6.6. Also, some redox species, the reduction of which can favor-
ably compete with the oxidation of silicon, can be used to stabilize silicon anodes
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against photooxidation.955,960 Another approach is to use nonaqueous solutions which
do not react with silicon in a wide potential range.87,675

The silicon surface can be stabilized using surface modification techniques
which are divided into three categories161: (1) attachment of redox mediator which con-
sumes the holes on the surface; (2) attachment of electronically conducting polymer;
and (3) coating with thin metal or semiconducting films to create a buried semicon-
ductor interface. Combinations of these approaches can also be used to stabilize the
silicon surface.415
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Figure 6.29 shows, as an example, the effect of surface modification on the sta-
bility of silicon electrode in an aqueous solution.679 The bare silicon surface is quickly
passivated in aqueous solution under illumination. Coating the electrode with a layer
of either ferrocene or polypyrrole gives an improvement in the stability. The stability
is further improved by a two-layer coating of ferrocene/polypyrrole as shown in
Fig. 6.29.

6.7.1. Metal Deposits

Deposition of a small amount of noble metals such as Cu, Pt, and Au increases
the kinetics of redox reactions on silicon electrodes as shown in Fig. 6.3.829 Deposition
of equivalent of 1 to 10 monolayers of Pt on silicon surface results in a shift of about
0.2V of the onset potential for hydrogen evolution to the positive direction.875 Because
the flatband potential does not change with the Pt deposition, the enhanced hydrogen
reaction kinetics is due to the catalytic effect of the deposited metal. The energy levels
of the deposited metal grains are considered to lie in the middle of the band gap and
communicate favorably to the surface states both energetically and spatially. The pho-
tovoltage of n-Si coated with sparsely scattered Pt islands has been found to increase
proportionally to the increase in the potential of the redox couple.178 Noble metal islands
effectively collect photoelectrons and thus prevent the oxidation of the silicon surface
by the photoelectrons.

The surface coverage by a deposited metal is critical for the catalytic effect on
photoactivity. The photoelectrochemical behavior of p-Si coated with a very thin layer
of Pt or Au can greatly change depending on the structure of the metal layer.413,680 It
has been found that with a uniform coating of Au or Pt, the electrode loses its pho-
toactivity and behaves just like a simple metal electrode. Only when the electrode
is coated with very minute metal islands (5nm wide and separated by 20 nm) does it
cause hydrogen photoevolution at potentials much more positive than those for the
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corresponding metal electrode or the naked p-Si electrode. Conversion from solar
energy to chemical energy with a relatively large exchange current can be constructed
using Pt-deposited silicon electrode.847

A silicon electrode with a small amount of deposited noble metals such as Pt does
not behave as a buried junction and the photoelectrode properties are still determined
by contact of the electrolyte, not the metal.812 The photovoltaic response of the Pt-
deposited silicon electrode is due to the incomplete coverage of the surface by Pt so
that the interface energetics remains dominated by the contact of the semiconductor
surface with the electrolyte. The mechanism of the hydrogen reduction processes
involves first photoexcitation of electron–hole pairs followed by charging of the small
Pt islands with excited electrons. The charged Pt islands react with at a high rate.

According to Nakato et al.,598,666,791,811 the effect of metal islands on the photo-
electrochemical properties of silicon electrode is a function of the relative dimension
of the metal islands, to the width of the space charge layer, As shown in Fig.
6.30b when the metal islands are as large as the space charge layer, the effective barrier
height at the metal/electrolyte interface, which determines the magnitude of photopo-
tential, is On the other hand, when the modulation of the field in the
semiconductor results in an effective barrier height at the metal/electrolyte interface,
which is almost equal to that at the semiconductor/electrolyte interface as shown in Fig.
6.30a. In this case, a large barrier height and large photo potential can thus be obtained.
The high effective barrier at the metal/semiconductor interface also means that the dark
saturation current is mainly determined by the minority carriers, similar to that without
metal deposition.
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A continuous metal deposit layer may behave as an ohmic contact or a Schottky
barrier. For a relatively thick metal film the silicon can still behave like a semicon-
ductor before the onset of current. For example, for n-Si deposited electrochemically
with 150nm Au, the electrode behavior is similar to that of bare silicon electrode: At
positive potentials the anodic current is small whereas at cathodic potentials current
from hydrogen evolution increases with increasing polarization.848 In the potential
region before the onset potential for the cathodic current a linear Mott–Schottky plot
is obtained giving a flatband potential similar to that of bare silicon sample. In the
potential region where hydrogen evolution occurs, it behaves like a metal with poten-
tial drops mostly in the Helmholtz layer.

Silicon electrodes can also be stabilized by depositing a layer of compounds of
oxides and silicides such as molybdenum dinitrogen complexes,882 manganese
oxide,191 indium–tin oxide,814 aluminum oxide and aluminosilicate.596 In contrast to the
noble metals, deposition of islands of Pb and Cd tends to inhibit hydrogen evolution
in solution.688

6.7.2. Polymer Coatings

Coating the surface of silicon electrodes with a polymer coating can also be an
effective method of stabilizing the electrodes and improving the photovoltage and
kinetics of electrode reactions78,546 The polymer film effectively insulates the semi-
conductor from the superoxide ion and prevents chemical reaction and deteriora-
tion. At the same time, the polymer behaves like a surface-bond redox couple to
mediate the charge transfer between the semiconductor and the redox species in the
solution. Various types of polymers can be used to coat silicon electrodes as shown in
Table 6.6.

For n-Si the surface-confined material can serve two functions: (1) photogener-
ated holes are transferred to the attached redox reagent to preclude silicon oxidation
and (2) the photooxidized polymer oxidizes the solution species.553 Because whether
the species in solution can be oxidized depends on the nature of the surface-confined
polymer, the electrode can be designed to oxidize certain species selectively.

An example is shown in Fig. 6.31 for a polymer with a redox couple
that is attached to the silicon surface through chemical bonding.78 On illumination

is converted to M. The resulting oxidized surface is then capable of oxidizing
a second species B to The redox species B is not efficient in capturing holes
directly from silicon due to its distance from the valence band. When the Si surface
is covered with a polymer, the location of electron transfer is within the polymeric
film rather than at the solid interface.546,815 The photocurrent response of derivatized
electrode is similar to that of bare silicon surface but the stability is significantly
improved.827

The presence of a derivatized surface layer can affect the energetics as well as
the kinetics of electrode reactions.712 It has been found that the flatband potentials of
n-Si and p-Si electrodes coated with conducting polypyrrole films are shifted by 300
and 500 mV in solution.402 The reaction kinetics on polymer derivatized surface
can further be enhanced by impregnation of noble metals such as Pt particles into the
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polymer film.812,878,886 Improvement of stability can also be obtained by coating with
two layers of surface-bond redox couples.679

Deposition of polymers on a silicon surface can be obtained electrochemi-
cally.78,553,931 Deposition of uniform and well-ordered polymers is emerging as an active
research area for their technology potentials.1115 Deposition of organic molecules is
more difficult than metals in that the bonds between organic molecules and silicon sub-
strate are directional and covalent. The maximum coverage depends not only on the
size of molecules relative to that of the surface unit cell but also on the matching
between the orientation of surface bonds. It has been found that electrochemical
deposition of organic compounds such as phenyl groups can be made by reduction
of cations where the substituent X may be Br, COOH, CN,
(n = 1,4,12).931,1112,1115,1174 The electrochemical process occurs on H-terminated Si(111)
surface and is self-stopped after completion of the first monoplayer. The nature of
bonding between the polymer and silicon is Si–C.1099 The reaction involved has been
postulated to generally follow

where Si· and R· represent radicals.1099
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Direct Si–C bonding to the H-terminated silicon surface is expected to lead to
a modified surface that has a much better stability against oxidation than that of the
H-terminated surface. It has been reported that the (111) Si surface can be completely
methylated by anodization in a Grignard reagent.1110

6.7.3. Nonaqueous Solutions

The use of organic solvents, such as acetonitrile and liquid ammonia, offers
several advantages over aqueous solutions.172,271 First they have an extended potential
range where solvent oxidation or reduction does not occur so that photoprocesses of
added redox couples can be investigated with little interference from the background
effects. This allows the investigation of redox processes, which is not possible in
aqueous solutions, and is thus useful in determining the potentials of redox couples of
wide range in relation to the band structure. Also, the smaller interaction of the solvent
with the electrode material results in higher stability under polarized or illuminated con-
ditions. Anodic decomposition in organic solvents occurs at a more positive potential
compared with aqueous solutions. Also, there are a large number of organic soluble
reversible redox couples that are not soluble in water.956 A major disadvantage is that
the conductivity of nonaqueous solutions is generally smaller than that of aqueous solu-
tions. Other difficulties with nonaqueous solutions are: limited stability of both forms
of the redox couple, excessive absorption of light by the solution, and the presence of
trace amounts of corrosive water.573 Table 6.3 shows the properties of organic solvents
and the redox couples investigated in these solutions.

For example, in acetonitrile solution the cathodic polarization can be extended to
about –3V without noticeable reactions for both n- and p-type materials. Figure 6.32
shows the i–V curves of p- and n-Si in acetonitrile solution with 0.1 M TBAP as elec-
trolyte.87 Figure 6.33 shows a cyclic voltammogram of a p-Si in liquid ammonia with
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0.1M KBr as electrolyte.373 The anodic current observed above 0.6V is due to the
solvent oxidation through hole capture from the valence band:

It has been found that for various organic solvents—acetone methanol, 2-
methoxyethanol, 2-ethoxyethanol, 1-propanol, 2-propanol, 2-methyl-1-propanol, pro-
pylene carbonate, ethylmethylketone, N-methylformamide, and tetrahydrofuran—
appreciable photocurrents are only observed in acetone and methanol.675 Higher pho-
tocurrent is observed in acetone than in methanol. But the open-circuit voltage is
independent of the redox couples in methanol and is higher than in acetone, in which
the open-circuit potential depends on the redox couple. In the case of methanol solu-
tion a rise in barrier height occurs due to the chemisorption of methanol. In general,
the open-circuit photopotentials of silicon electrodes in solvents such as acetonitrile are
not very high However, which is close to the the-
oretical value, have been found in methanol.276,569 According to Lewis et al.,276,569 the
crucial factor in achieving high open-circuit voltage is the initial photoelectrochemical
oxide formation which passivates the surface recombination sites. On the other hand,
according to Chazaviel et al.,686 it is the formation of bonds that is respon-
sible for the improved stability and low density of surface states in organic solvents.

The electrode behavior of silicon in nonaqueous solvents strongly depends on
the presence of water. The presence of a very small amount of water will cause the
formation of silicon oxide at anodic potentials and cause reduction of water at large
cathodic potentials.372,373 The presence of a thin oxide layer due either to native oxide
or to water presence affects the electrode behavior by acting as a physical barrier
and source of interface states. It has been found that with 10 ppm water in organic
electrolytes the silicon surface is oxidized slowly via formation of oxide islands which
grow to 0.6 nm thick and cover about 60% of the surface after 1 week of immersion.934
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In ethylenediamine–pyrocatechol (EPW) solution, water is necessary for the electro-
chemical reaction as no anodic current is measured when water is not present in the
solution.697 Water is required for the formation of the complex structure between pyro-
catechol and Si(IV). Figure 6.33 shows the significant change of i–V behavior in liquid
ammonia due to the presence of a small amount of water.373
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Etching of Silicon

7.1. INTRODUCTION

Etching, in the context of this book, refers to the dissolution processes that uniformly
or preferentially remove material from silicon crystals immersed in a solution. Etching
of silicon has been extensively explored due to its useful applications in the fabrica-
tion of electronic devices. Since the 1950s, when etching started to be used in device
fabrication processes, numerous investigations have been carried out to develop
and characterize the etching systems for micromachining, delineation of defects,
surface polishing, and so on. The amount of information generated from these
investigations is enormous considering the diversity of circumstances under which
etching is performed, and the infinite possible combinations of solutions, materials,
processing procedures, and structure/geometry factors that may be involved in a given
circumstance.

The information considered in this chapter is limited to the etching aspects that
are directly relevant to the electrochemical properties of the silicon material, whereas
those related to etching procedures and structure/geometry are not dealt with in detail.
Emphasis is put on the planar etch rate, which is the most important quantitative para-
meter in an etching solution. The spatially preferential, or nonplanar, etch rates are dis-
cussed in relation to the planar etch rates. The preferential etchings caused by the effect
of doping and crystal orientation, which are widely utilized in device fabrications, are
dealt with in detail particularly the mechanisms in relation to the large amount of elec-
trochemical information presented in the other chapters. Also, the surface roughness
resulting from etching, which essentially affects all aspects of silicon technology, is dis-
cussed in a separate section. Finally, etching as a process used in the various applica-
tions involving the fabrication of devices is briefly reviewed.

7.2. GENERAL

The two principal etching solution systems for silicon are HF solutions and alka-
line solutions. This is because silicon is inert in aqueous solutions due to the formation
of an insoluble surface oxide except for HF solutions or alkaline solutions in which the
oxide is soluble. Various chemical agents can be added to these two solutions so as to

279



280 CHAPTER 7

control the etch rate, etch selectivity, solution stability, and quality of the etched surface.
A major difference between these two systems is that the etch rate of silicon HF solu-
tions is similar among the various crystalline orientations, i.e., is isotropic, whereas in
alkaline solutions it strongly depends on the crystalline orientation, i.e., is anisotropic.
Another difference is that silicon oxide, which may be present on the silicon surface
prior to or during an etching process, etches fast in HF solutions whereas it etches very
slowly in alkaline solutions relative to the etch rate of silicon.

Examples of the specific etch rates in various solutions reported in the literature
are given in Table 7.1. Several points may be made regarding the data in Table 7.1. (1)
Silicon can be etched at a wide range of rates, as much as nine orders of magnitude;
(2) the highest etch rates are observed in HF solutions; (3) the etch rates of the three
major crystal planes vary only marginally in HF solutions but vary greatly in alkaline
solutions; (4) the etch rate is specific to a given set of etching conditions. In addition
to material and solution conditions, the etch rate of silicon in a given system depends
on many operational parameters such as size and geometry of the sample, volume of
the solution, stirring condition, ambient (light and air) control, and etching time. Thus,
for a given silicon material and solution composition, the etch rate may vary signifi-
cantly when it is measured under different operating conditions. This is responsible for
the sometimes large difference in etch rates that can be found in identical systems
studied by different investigators.

There are three major etching solution systems with respect to the uniformity of
the etched surface, that is, relative etching rates on silicon surfaces of different crys-
tallographic characters: (1) isotropic etching system represented by (2)
anisotropic etching system represented by alkaline solutions, and (3) defect etching
system represented by solutions (Fig. 7.1).

Table 7.2 shows the activation energies determined for the various etching
systems. In general, the apparent activation energy, as determined from the dependence
of etch rate on temperature, is 3–6 kcal/mol or 0.13–0.26eV for diffusion-limited reac-
tions, whereas it is 10–20 kcal/mol or 0.44–0.87 eV for surface-controlled reactions.289

Using these criteria to evaluate the values of activation energy in Table 7.2, it appears
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that the etching process in each of the three etching systems may be under either dif-
fusion control or surface reaction control depending on the specific solution composi-
tion and the operating conditions.

The etch rate of silicon relative to other materials is also important in device fab-
rications. The data on relative etch rate, which is specific to a specific set of conditions,
are widely spread in the literature. For example, the relative etch rate of silicon has
been reported for: in 219,266 boron monophosphide epitaxial layer
in 321 in HF solutions,664   in 478 and nitride in
TMAH,15,505,1012 in 982 different oxides and metallic films,706 various glasses
and silicides and metals in ethanolamine etchants,506 silicon oxide and metals in EDP,334
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Al and in TMAH,518,1005 nitride and oxide in in SCl solutions,884

and in

7.3. FLUORIDE SOLUTIONS

7.3.1. Absence of Oxidants

The etch rate of silicon in HF solutions at room temperature at the OCP is very
low, on the order of in concentrated solutions (>25% HF).715 Dilution of con-
centrated HF results in an increased etch rate, which is attributed to the increased
concentration as shown in Fig. 7.2.985 Figure 7.3 shows the effect of pH; the etch rate
increases from a pH of about 4, peaks at 6.5, and then decreases drastically to near zero
at about 8.5.95 The etch peak is attributed to the involvement of as the etching
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species, which shows a concentration peak at a pH of about 6. According to Fukidome
et al.,260 the etch rate in HF is determined by the competing reactions of Si with HF,

and the concentration of which depends on pH. The concentration of surface
Si–F bonds has a peak at a pH of about 6.4. The low etch rate in the low-pH region is
due to the large coverage of SiH bonds resulting from reaction with HF, which has a
high concentration at low pH. On the other hand, the low etch rate in the high-pH region
is attributed to the decrease of        In solutions, the etch rate decreases with
increasing HF at a constant concentration and it increases with increasing
at a constant HF concentration.468 Figure 7.4 shows the etch rate of n-Si(111) in 10M

solution as a function of pH.904

Etch rate depends on the time of immersion. Figure 7.5 shows that the etch rate
of p-Si in concentrated HF decreases with immersion time from about at 1 min
to about at 10 days.715 The relatively higher rate at the beginning is attrib-
uted to the etching of native oxide and the lower etch rate at longer times is due to the
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slow attack of ions on the relatively stable Si–H bonds. The Si–H bond is practi-
cally unpolarized and thus has a high degree of chemical stability. In contrast, an Si–O
bond is 46% ionic and a Si–F bond is 67% ionic which results in a strong polarization
and weakening of the back bonds of the silicon atoms. These surface silicon atoms are
not stable and are prone to chemical attack by solution species such as and HF.
Thus, in the etching process in HF solutions, the replacement of the adsorbed hydro-
gen by fluoride or hydroxyl ions is the rate limiting step followed by a fast process of
breaking of the back bonds and removal of the silicon atoms. Such a reaction scheme
is more likely to occur at surface defects resulting in their removal. According to
Willeke and Kellermann,715 a prolonged immersion in HF solution results in a more
atomically smooth surface, and a large decrease of etch rate with time is due to the
decrease of defect density on the surface.

The etch rate of silicon in HF does not seem to have a clear dependence on dopant
concentration as shown in Fig. 7.5. Oxygen in silicon is found to have little effect on
the etch rate in HF, indicating that oxygen is not efficiently reduced at the OCP.985

However, the reactivity of silicon in HF solution may be significantly increased when
active elements such as sodium are present in the silicon. A sodium-containing silicon
powder is found to dissolve in an acidic NaF solution with spontaneous hydrogen evo-
lution.352 The elemental sodium in the silicon reacts with water to remove a protective
silica layer and leaves a reactive silicon surface. The etch rate of silicon has been found
to increase with ion implantation which produces an amorphous structure with a high
density of dangling bonds.384

According to the reaction mechanisms discussed in Chapter 5, silicon dissolves
chemically in KOH solutions by reacting with  ions but electrochemically in HF
solutions which requires the participation of electronic carriers. In HF solutions at the
OCP, the chemical dissolution rate is low because the concentration of is low. The
electrochemical reaction is also low because there are few carriers at the OCP. Thus,
the increased etch rate in HF with dilution can be attributed to the increased           con-
centration. The lack of direct proportionality between etch rate and concentration
suggests that the rate depends on the surface concentration of          , the adsorption of
which is very fast.985 The relative contribution of chemical and electrochemical reac-
tions depends on pH. Figure 7.4 shows that in HF solutions, the dissolution reaction of
silicon is mainly electrochemical but the chemical reaction path becomes more impor-
tant at higher pH values.904

In general, the dissolution of silicon involves two essential steps, namely, oxida-
tion followed by dissolution:

A high etch rate is only obtained when both rates of oxidation and dissolution are high.
The etch rate can be increased either by addition of effective oxidizing agents into the
solution or by anodic polarization which increases the surface concentration of carri-
ers. As shown by the i–V curve (Fig. 5.1) the anodic dissolution of silicon in HF solu-
tions consists of three regions. At potentials below the current peak, nonuniform anodic
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dissolution occurs, which is accompanied by significant hydrogen gassing, leading to
the formation of a porous silicon layer (see Chapter 8 for details). At potentials above
the current peak, uniform dissolution occurs without hydrohen evolution, leading to
electropolishing. The effective dissolution valence in the electropolishing region is
close to 4 corresponding to an almost 100% current efficiency. Thus, the etch rate can
be calculated from Faraday’s law:

where i is the current density m the molar mass (28 g/mol for silicon), the
density n the effective dissolution valence which is 4 in the
electropolishing region, and F the Faraday constant (96,500 C/mol). According to Eq.
(7.3) a current density of corresponds to

The etch rate in the electropolishing region, where the silicon surface dissolves
uniformly, is essentially the same for different doping conditions and orientations as
shown in Fig. 8.3. The etch rate in the electropolishing region varies only with HF con-
centration and temperature. At a given temperature, the etch rate of silicon in the elec-
tropolishing region as a function of HF solution is shown in Fig. 8.5. The presence of

has no effect on the etching rate in the electroplishing region.33 Large etch rates
can be obtained in HF containing anhydrous organic solutions at high anodic potentials
due to the lack of oxide formation.891 The effect of various factors on the rate of dis-
solution under anodic potentials is described in Chapter 5.

7.3.2. Effect of

The HF–CrO3 etching system is widely used for defect sensitive etching and
delineation of junctions between silicon layers of different doping concentrations.246,387

The etch rate of silicon in pure HF solution is very low due to the lack of holes at the
OCP. Addition of CrO3 increases the etch rate due to the increase of surface hole con-
centration resulting from the reduction of dissolves in water to form

and At a concentration of 0.5 M or higher, is the pre-
dominant species.1021 The presence of chromic acid suppresses the ionization of hydro-
fluoric acid so that the concentrations of and are small, less than 1 % of the HF
present in the solution.

Heimann1009 suggested that etching in solutions follows a two-
step reaction mechanism. In the first step, silicon is oxidized to form a silicon subox-
ide (0.67 < x < 1). The second step consists of the dissolution of the silicon oxide
by HF. According to Chu and Gavaler,1021 the dissolution rate of silicon in
solutions is second order with respect to the concentration of HF as shown in Fig. 7.6.
It is first order with respect to ions. Figure 7.6 shows that the n-Si and highly
resistive p-Si exhibit about the same etching rate whereas the other types of silicon
materials have higher rates. Because the etching process is controlled by the carrier
transfer across the space charge layer, different materials have different hole con-
centrations and thus dissolve at different rates. For p-Si, the hole concentration is high
at the surface, and for heavily doped n-Si, electrons can tunnel through the space
charge layer.
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According to Meerakker and Vegchel,195,196 the etching process has different
kinetics at high and low ratios as shown in Fig. 7.7. A rate equation for etching
in solutions with high ratios (>20) can be expressed as

where r is in micrometers per minute and concentrations are molar. At low
ratios (<10) the rate equation is

The details of the reactions on silicon electrodes in solutions are presented
in Chapter 6. The information on defect etching in some specific etching solutions is
presented in Section 7.8.1.
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7.3.3. Effect of

The etching system is perhaps the mostly widely used isotropic etchant
for silicon.720,981 Figure 7.8 shows the etch rates in different mixtures of concentrated
HF and acids without dilution.149 The etch rate shows a maximum at 33% HF
and 23% (about 1:4.5 molar ratio) with a value of about (equivalent to
a current density of assuming dissolution valence of 4 and 100% current effi-
ciency). The mixtures of these two concentrated acids can be diluted with water or other
dilutent to give a wide range of etch rates as represented by the triaxial plot shown in
Fig. 7.9.150 The etch rate with respect to composition of the etchant shows two extreme
modes of behavior. In the region of high nitric acid composition, etch rates are only a
function of HF concentration, whereas in the region of high HF concentrations, the
nitric acid concentration determines the etch rate. The etch rates decrease with addi-
tion of a diluent but are little affected in the two extreme regions. As a diluent, acetic
acid acts qualitatively the same as water.150 However, acetic acid is preferred because
it results in less dissociation of the nitric acid, which preserves the oxidizing power of
the for a wider range of dilution than water.720 The etch rate of both types of
materials are sensitive to the change of potential (see Chapter 6).

The etching system has been systematically investigated by Schwartz
and Robbins.103,149,150 The results on the effect of temperature indicate that in the region
of low HF concentration region, the etching process has a single low value of activa-
tion energy, 4kcal/mol, in the temperature range of 0–50 °C. This is characteristic of a
diffusion-controlled process, which is in agreement with the fact that the etch rates of
different silicon materials in this concentration region are essentially the same. In the
region of high HF, two different values of activation energy are observed, one in the
range of 10–14kcal/mol at higher temperatures and the other in the range of 20kcal/
mol at lower temperatures; both are characteristic of a surface-controlled process.
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Consequently, dopant concentration, crystal orientation, and defects play an imporant
role in the etching process. Addition of a diluent results in an activation energy that is
between these two ranges.

The etching in solutions is isotropic with the etch rate of the (100)
surface very close to that of the (111) surface.54,103,524 In 0.42% HF + 17.5%

the etch rate depends on doping concentration with the etch rate of
lightly doped materials being more than 10 times lower than that of highly doped mate-
rials (it is the opposite in alkaline solutions).1025 The activation energy of lowly doped
material is 12.3kcal/mol indicating a surface-controlled process whereas that of highly
doped material is 5.15 kcal/mol indicating a diffusion-controlled process.

According to Schwartz and Robbins,103,149 the etching of silicon in the
system follows a chemical process with two basic reaction steps. In the first step, silicon
is oxidized by which is followed by dissolution of the oxidized Si by HF. The
overall reaction is
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This reaction is considered to involve several intermediate steps. is produced
and acts as an active oxidizing agent because addition of trace amounts of
increases the etch rate in the solutions. It is an autocatalytic process because for many
compositions the etching, which started on a work-damaged surface, fails to continue
after the specimen is taken out and reintroduced in the solution, indicating that the cat-
alytic agent is a surface bond intermediate. A steady-state condition can be achieved
only after a concentration of in excess of a threshold value is built up in the
vicinity of the surface either through the reduction of at a sufficiently high etch
rate or by addition of small amounts of in the solution.

Turner111 found that the OCP varies with type of doping and concentration
as shown in Fig. 2.37. The OCP as a function of the etch rate in the solutions is shown
in Fig. 7.10. Because the OCP varies with doping concentration and etch rate, Turner
concluded that the etching process of silicon in solutions is an electro-
chemical process in which the dissolution of silicon takes place at local anodic sites
while the oxidizing agent is reduced at local cathodic sites. The etching process
may also depend on the surface carrier concentration determined by doping because
lowly doped materials etch slower than highly doped materials.1024 This indicates that
the reduction of HNO3, in addition to injecting holes into the semiconductor, has an
effect of changing the OCP, which in turn changes the surface concentration of the car-
riers. The variation of the OCP due to the oxidation and reduction reactions through
the coupling effect is illustrated in Fig. 1.26. The electrochemical nature of the etching
in has been further studied recently by Kooij et al.969,981 The etching, with
a rate about the same for both n-Si and p-Si, proceeds mainly through capturing the
holes, which are injected into the valence band due to the reduction of The
details of the reaction processes involving the reduction of are described in
Chapter 6.



ETCHING OF SILICON 293

7.3.4. Effect of Other Oxidants

Figure 7.11 shows the etch rates of n-Si and p-Si in a -containing HF solu-
tion.14 According to Bressers et al.14 the etching process, unlike that in the HNO3 solu-
tions, is mainly of chemical nature. At the OCP Si reacts directly with  without
involving charge carriers in the bands. The reduction of  at cathodic potentials is
facilitated by the electrons from the conduction band. The etch rate, which is indepen-
dent of doping type and surface orientation, is limited by the mass transport of the
in the solution. Thus, as shown in Fig. 7.11 for p-Si, the etch rate is almost constant at
cathodic potentials at which no electron is present on the surface. On the other hand,
the etch rate of n-Si decreases to zero at cathodic potentials because is efficiently
reduced with the conduction band electrons. The reactions involved in the etching of
silicon and reduction of are discussed in Chapter 6.

Figure 7.12 shows the effect of H2O2 on the etching in NH4F of different con-
centrations.884 The etch rate is 0.1–0.3 Å/s in the concentration range of to 1.3wt
% NH3F with 5wt % . It increases rapidly with further increasing fluoride
concentration. The reduction of on silicon in HF solutions is similar to Br2,
being primarily a conduction band process with very little hole injection into the
valence band.629
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7.4. ALKALINE SOLUTIONS

Alkaline solutions are another major group of etchants widely used for etching
of silicon materials. The most commonly used alkaline solutions have been KOH and
EDP (or EPW) which is a mixture of ethylenediamine (ED or E), pyrocatechol (P), and
water (W).206,708 Other solutions such as hydrazine, ethanolamine, and tetram-
ethyl ammonium hydroxide (TMAH) are also used. The development and application
of these etching solutions are dictated by a number of factors such as etch rate,
anisotropic selectivity, corrosiveness to masking materials, surface quality, processing
controllability, safety, and more recently environmental impact.

The advantages of KOH solutions are its high (100)/(111) etch rate ratio and non-
toxic nature.478 The disadvantages are the significant etch rate of undesirable
etching of metallic film, and potential potassium contamination.918,594 KOH solutions
also lack the controlled uniformity and boron specificity as do the EDP solutions.221 On
the other hand, EDP has three properties that make it very useful for micromachining:
It is anisotropic, it is highly selective and can be masked by a variety of materials such
as and it exhibits near-zero etch rates on heavily boron doped
silicon.918 However, EDP solutions have much lower anisotropic etch rate ratios than
do KOH. Also, like KOH, EDP etches aluminum rapidly and EDP solutions have to be
controlled at a specific temperature range to avoid precipitation. In addition, EDP is
carcinogenic.221 Because of the disadvantages of these two etching solutions, other
systems of varying etching characteristics have been developed.249,462,506,708

Silicon etching in KOH solutions has been extensively investigated, resulting in
a body of information that shapes the current understanding of the etching behavior of
silicon in alkaline solutions. It appears that the major characteristics and the principal
reaction processes involved in all alkaline solutions are similar to those in the KOH
system although details vary from system to system. Most notably, all alkaline solu-
tions show the sensitivity of etch rate to crystal orientation, which is the basis for
anisotropic etching. Also, all of these etchants show an etch rate reduction for highly
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boron doped materials. Also, although the alkaline etchants can be made of organic and
inorganic solutions, all of them appear to require the presence of water to etch silicon
at significant rates. In this section, the KOH etching system is taken as a model, to
which other solution systems are compared.

7.4.1. KOH Solutions

The etch rate of silicon in KOH may vary from as low as in dilute KOH
(e.g., 0.5 M) at room temperature to as high as in a concentrated solution (e.g.,
40% KOH) at high temperatures. Figure 7.13 shows that the etch rate of (100) silicon
in KOH solution at room temperature increases with concentration, peaks at about
5 M, and then decreases with further increasing concentration.984 Agitation of the solu-
tion can significantly increase the etch rate, indicating that mass transport is involved
in the rate-determining processes. Also, the etch rate tends to decrease with etching
time; a decrease of a factor of 3 is observed over a period of 24 h.557

A similar etch rate dependence on concentration is found for the three major sur-
faces in KOH-IPA solutions as shown in Fig. 7.14, but unlike at lower temperatures,
solution stirring has little effect on the etch rate.206,1026 The activation energy of the
etching process is 0.56–62 eV for KOH of different concentrations indicating that the
etching is controlled by a surface process.206 KOH solutions are often buffered with
isopropyl alcohol (IPA), which results in a decrease of etch rates.378,1026

The most characteristic feature of etching in KOH solution is its anisotropic
nature, i.e., the etch rate varies with the crystal orientation of the silicon wafer. The
etch rate for the major crystal planes follows {110} > {100} > {111}.478 The exact dif-
ference between the etch rates of these planes depends on concentration, temperature,
and measurement procedure. For example, in 20% KOH at 100 °C the etch rates for
(110): (100) : (111) are 930:560: corresponding to a ratio of 50:30:1. The dif-
ference between the etch rates of (110) and the (100) planes and that of the (111) plane
is larger at room temperature, giving a ratio of 160:100:1 in 20% KOH. Addition of
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IPA to KOH results in different decreases of etch rates for the three major orienta-
tions.1026 As a result, at certain alcohol concentrations, the order of the etch rates is
changed for (100) and (110) as in the case shown in Fig. 7.14. The effect of various
factors on anisotropic etching is discussed in more detail in Section 7.6.

For a given type and orientation the etch rate is essentially independent of doping
concentration up to a concentration of about above which the etch rate dras-
tically decreases with further increasing doping concentration, particularly for boron-
doped materials.207,269 The reduction in the etch rate for heavily doped materials is
commonly referred to as etch stop and will be discussed later.

The etch rate of all silicon materials depends, to a varying extent, on poten-

KOH solution at room temperature. The etch rate is the highest at the OCP and for the
(100) surface the etch rate is similar for p-Si and n-Si but on the (111) surface it is
much higher for p-Si than n-Si. At potentials positive of the passivation potential the
etching stops due to the formation of oxide film. At cathodic potentials the effect is
different for n-Si and p-Si. For n-Si the etch rate decreases with increasing cathodic
bias and etching stops at certain potentials. For p-Si the etching maintains relatively
high rates comparable to those at the OCP. Formation of a sluggish layer, which was
observed on n-Si at cathodic potentials but much less on p-Si, was suggested by Palik
et al.114 to be responsible for the etching stop of the n-Si. The surface of the samples
etched at potentials more negative than the passivation potential is hydrophobic, indi-
cating a high degree of hydrogen termination, whereas the surface after polarization at
potentials positive of the passivation potential is hydrophilic.541

The morphology of the etched surface depends on the composition of the solu-
tion. In general, due to the anisotropic nature of the etching of the crystal confined in
a given area, perfectly smooth lateral (111) side walls form on both (100) and (110)
wafers.54,531 During etching of silicon in KOH, formation of a white residual may occur,
the tendency of which increases with increasing concentration below 15%.206 Accord-
ing to Seidel et al.,206 the high etch rate at these concentrations results in an accumu-
lation of at the surface leading to the formation of Also, at low KOH

tial.109,192,541 Figure 7.15109 shows the effect of potential on the etching rate in a 2 M
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concentrations, below 30%, there is a tendency to form pyramidal islands on the (100)
surface.206 The density of hillocks varies with temperature, potential, and the presence
of chemical agents in the solution.114,541 The aspect of surface roughness will be dealt
with in more detail in Section 7.7.

Etching Mechanism. The etching of silicon in KOH is a process of dissolution
and hydrogen evolution. Two hydrogen molecules are evolved for each silicon atom
dissolved during the etching.114 The main etching product is determined to be

which can further be polymerized.379,1144 Raman spectra also indicate that
 is an active etching species, the intensity decreasing during etching. Water is

also an active species because silicon does not etch in water-free alcohol that contains
as a cation present in the solution is not directly involved in the etching
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reaction because the etching behavior of silicon is essentially similar in different alkali
solutions.207,984 In IPA-buffered solutions, the IPA does not alter the composition of the
solutions or participate in the etching reactions.379,1144

With the identification of  and as the reactants and  and
as the reaction products, the overall reaction during etching in KOH

solutions has been established:114,206,984

The details of this reaction are discussed in more detail in Chapter 5. As far as the
etching kinetics is concerned, according to Seidel et al.206 the dependence of etch rate
on KOH concentration in the concentration range of 10 to 60% can be best fitted by
the equation

Glembocki et al.984 proposed a model based on the activities of  and  Accord-
ing to them, water exists in two forms, hydrated and free, and it is the free water and
free hydroxyl ions that are responsible for etching reactions. The corresponding rate
equation is

which has a form similar to Eq. (7.8). According to Glembocki et al. at low hydroxide
concentrations, is low resulting in a low etch rate, while at very high concen-
trations is low resulting in also low etch rates. In moderately concentrated
solutions, both and are high and etch rate exhibits a maximum as
shown in Fig. 7.13. The etch rate dependence on concentration in different alkaline
solutions is due to the different hydration numbers of the solutions. The model is,
however, not applicable for low concentrations from 0.1 to 2 M at which the etch rate
is relatively constant as a function of concentration. According to Glembocki et al. it
is perhaps due to a rate-limiting reaction associated only with free water, the concen-
tration of which is almost constant at low KOH concentrations.

The difference between n-Si and p-Si at the cathodic potentials indicates the effect
of carriers on the etching process. The hydrogen evolution may either obtain the elec-
tron directly from the dissolving surface silicon atom or from the semiconductor. For
n-Si, cathodic bias provides a high concentration of surface electrons for the hydrogen
reaction resulting in a decrease of the dissolution rate. However, for p-Si electrons
are the minority carriers, which are not available at a cathodic bias, and the etch rate
remains more or less constant at cathodic potentials.

7.4.2. Other Inorganic Solutions

The etching processes in all alkali hydroxides are similar to those in a KOH solu-
tion, namely, free          and          are the active agents. It has been suggested that the
difference among solutions such as NaOH, LiOH, RbOH and CsOH is mainly
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due to the difference in hydration number of the solutions.206,249,549,984 Some etch rate
data for these etchants are listed in Table 7.1.

NH4OH Solutions. Among the inorganic alkaline solutions is special in
two respects. First, when mixed with it is widely used as a solution (known as
SCl solution) for cleaning organic and metallic contaminants on silicon surface.
Second, it contains ligands that is characteristic of both inorganic alkaline etchants such
as KOH and organic echants such as EDP. It has a low etch rate for thermal giving
an etch rate ratio of 1:8000.706 Another advantage of is the much lower
heavy metal concentrations available in reagent grades of this chemical compared with
other hydroxides.1008 However, tends to decompose at elevated temperatures,
especially with more concentrated solutions. Also, in mixtures,
decomposes with a half-life of 16min at 70 °C.208

Figure 7.16 shows the etch rate in solutions as a function of concentra-
tion.711 The etch rate as a function of pH is shown in Fig. 7.17, and is considerably
higher than that in NaOH solutions at the same pH values, indicating that plays a
significant role in the etching processes.208 The etch rate is dependent on potential with
the peak etch rate of both p-Si and n-Si occurring near the OCP.521 The etch rate of p-
Si decreases but maintains a definite value at cathodic potentials whereas that of n-Si
decreases to zero at large cathodic potentials.

Figure 7.18 shows the etch rate in as a function of concentration.208

A sharp drop of etch rate to nearly zero is observed for concentrations above
which is due to the passivation by formation of silicon oxide on the surface.

In solutions containing more than                                  the as an oxidant polarizes
the silicon surface to a potential value above the passivation potential. The
etching of silicon in the solutions with a concentration below the critical value
has a chemical component and an electrochemical component due to the reduction of

The relative contribution of the two components changes with the concentration
of 488
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Figure 7.19 shows the effect of concentration in solutions
on the etch rate of silicon.1011 The etch rate increases with increasing con-
centration and reaches saturation at a certain concentration. The saturation etch rate
decreases with increasing concentration. Figure 7.20 shows that the saturation
etch rate is inversely proportional to concentration, reaching a limiting value of
about at high concentrations. According to Fig. 7.18 the silicon surface in the
solutions in Figs. 7.19 and 7.20 is passivated, implying that the etch rates shown in
Figs. 7.19 and 7.20 are in essence the etch rates of the passive silicon oxide film.

Formation of pyramidal hillocks bounded by (111) crystal planes on the (100)
wafer is a problem in solutions for all concentrations, temperatures, stirring
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conditions, and sample preparations. The formation of hillocks significantly reduces the
etch rate in the (100) direction.706 Addition of to solution acts to suppress
the formation of hillocks.

Hydrazine. As a close relative of aqueous hydrazine solutions have
also been investigated to a significant extent. Hydrazine, may be thought of as
derived from by replacing a H atom by the group. A hydrazine-water (1:1)
solution shows some desirable characteristics.708 The etch rate of oxide, nitride, and
most metals in hydrazine solutions is very low. No precipitation occurs during etching
and the etching produces good surface quality and sharply defined corners. This etchant,
however, has a low anisotropic selectivity and is also toxic.
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A 1:1 hydrazine solution at 110°C gives an etch rate of 360 Å/s and a (100)/(111)
ratio of about 6.708 Anodic polarization of silicon electrode in hydrazine reveals that
i–V  curves are similar to those in other alkaline solutions as shown in Fig. 7.21.205 The
different behaviors on p-Si and n-Si are attributed to the effect of surface states on the
surface potential that is different for p-Si and n-Si. Figure 7.22 shows the ternary
etching system of hydrazine, IPA, and water.323,542 The etch rate is the highest when the
mixture contains no IPA, indicating that IPA acts only as a diluent and not as a com-
plexing agent. Some mixtures may result in stains on the surface, whereas other may
result in the formation of an oxide film which stops the etching. The slowest etching
planes are the (111) planes and the fastest planes are the (211) planes. The etched sur-
faces vary from being highly faceted to very flat. The faceted surfaces are made up of
square pyramidal hillocks, and the flat surfaces are marked by a cellular structure. The
quality of etched surfaces in terms of formation of hillocks and corner undercut strongly
varies with water content and temperature.

7.4.3. Organic Solutions

EDP Solutions. EDP or EPW is a mixture of ethylenediamine (ED or E), pyro-
catechol (P), and water (W). This solution is usually employed at 110–120°C (about
boiling point).342 The typical compositions and etch rates can be found in Table 7.1.
Figure 7.23 shows the etch rate as a function of the water content.334 No silicon etching
occurs in solutions lacking water and the maximum etch rate is observed with a water
molar fraction of about 0.6. Figure 7.24 shows the effect of pyrocatechol on the etch
rate. The etch rate increases with increasing pyrocatechol content to about 5mol %
above which the etch rate becomes constant. There is a definite etch rate without addi-
tion of pyrocatechol, indicating that it is not an essential component of the etching
system but rather is acting as an catalyst. Addition of other agents such as pyrozine and
p-benzoquinone has a similar effect.342

EPW etch solutions can be affected by many operational factors such as bath
design, contamination levels, silicon content in the solution, and oxygen pressure.342
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Diffusion plays an important role in the etching of silicon in EDP.206 A trace amount of
chemical agents such as diazine, pyrazine, and quinone changes the etch rate and the
difference in the etch rates between the crystal planes.386 The etch rate changes signif-
icantly when exposed to air due to the effect of dissolved oxygen. Also, insoluble
residues and rough raindrop-like patterns tend to form at low temperatures and with
aged solutions.342,350 Residue formation occurs with certain compositions even at high
temperatures. Etch rate in EPD is independent of illumination.386 p–n junctions have
no effect on the etch rate.398

The effect of potential is shown in Fig. 7.25; the etch stops at the passivation
potential and decreases with cathodic polarization for both n-Si and p-Si.112,697 The etch
rate dependence on potential is rather different from that in KOH, where the p-Si etch
rate varies only slightly with cathodic polarization (Fig. 7.15). Also, the etch rates at
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the OCP shown in Fig. 7.25 are much smaller than the peak values indicating that elec-
trochemical processes play a more important role than in KOH.

Etching Mechanism. Water is essential for anodic current and etching to occur
in EDP.342,697 Water is the active etching species, as no etching occurs for either anhy-
drous amine or anhydrous amine–pyrocatechol mixtures.334 Etching does not occur
without water even in the presence of fluoride ions. Measurement of etch rates indi-
cates that etching of silicon in EDP is mainly a chemical process with about 20% elec-
trochemical contribution, which is considerably higher than that in KOH solutions.22

The stoichiometry of the evolved hydrogen and dissolved silicon is close to 2. This
indicates that evolution of hydrogen is the only reduction reaction accompanying the
oxidation of silicon. The dissolution product is identified to be 342

The etching activation energy is about 0.48 eV in a solution with an E: P: W ratio
of 28%: 3%: 69% suggesting that the etching process is probably not controlled by
diffusion.334 Etching occurs via oxidation of the silicon by water and hydroxyl
ions resulting in evolution of hydrogen and hydrous silica at the silicon surface. Accord-
ing to Finne and Klein,334 the hydrous silica is removed through the formation of the
amine-soluble silicon(IV). The overall reaction process was suggested to occur as
follows:

According to Finne and Klein,334 an amine environment is required for the pyro-
catechol to dissolve (chelate) the hydrous silica. Different amines have different effect
on the etching due to their protophilic activity. For small-chain-length amines such as
diamine where the amine separation is small, the positive charge on the monocation
withdraws electrons from the second amine group, reducing its protophilic activity. In
ethylenediamine the charge separation is greater and the second amine retains its pro-
tophilic activity. The alkalinity of EDP medium is weak in comparison to KOH solu-
tions. The low alkalinity of EDP medium does not allow the formation of a soluble
silicate and the solvation of silicon is provided by chelating with pyrocatecholate which
exists as a partially dissociated monoanion but further dissociates on complexation with
Si(IV).697

According to Campbell et al.,697 the reaction process in EDP is the same as that
in KOH because of the essential role of water which acts not only as the oxidant but
also as a solvation agent. Etching does not occur in anhydrous ethylenediamine con-
taining strong organic oxidants, suggesting that water is not only the oxidant but is also
involved in the solvation steps of the oxidized silicon species. The only difference is
that the final step in the dissolution of Si(IV) corresponds to the formation of an organic
complex in EDP rather than a silicate in KOH.

Ethanolamine. Ethanolamine anisotropic etchants
have been developed so as to replace the toxic EDP etchant.221,520 Linde and Austin221

reported a functional formula of 100 g gallic acid + 305 ml ethanolamine + 140ml water
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+ 1.3 g pyrazine + 0.26ml FC129 (3M) surfactant. The typical etch rate of (100) silicon
in this etchant at 118 °C is about 300 Å/s. It has high boron selectivity and good uni-
formity.221 Also, the etch rate ratios for silicon to other materials such as carbide, nitride,
oxides, and most metals in ethanolamine etchants are very large.506

Gallic acid functions as an effective silicon complexing agent in aqueous
ethanolamine solutions. In its absence the etch rate is zero. Etch rate increases with
water content. The additions of pyrazines, pyridazines, and triazoles show various
catalytic effects on the etching process.520 The catalysts that lead to faster oxidation
result in faster etch rates, and the difference among the catalysts is due to a steric
effect. Oxidative catalysts tend to influence the etching selectivity of the major crystal
orientations.519

Tetramethyl Ammonium Hydroxide (TMAH). TMAH, etchant
has been developed more recently for anisotropic etching of silicon.505,518,996 It is rela-
tively safe to use and presents no special disposal issues. It has a very low oxide etch
rate and does not attack aluminum if the solution contains a certain amount of silicates.
However, hillocks tends to develop in this solution.518,1005

Figure 7.26 shows the etch rate as a function of TMAH.505 At a concentration
above about 4% TMAH the etch rate is basically independent of the concentration.
Figure 7.27 shows that the etch rates of (100) and (110) planes decrease as a function
of TMAH concentration at higher concentreations.1005 The etch rate tends to increase
with increasing amount of dissolved silicon in the solution as shown in Fig. 7.28.518

The selectivity in etching rate between (111) and other planes is poor compared with
that in KOH solutions.1001 The etch rate ratio of (100)/(111) planes varies with TMAH
concentration and temperature with a minimum at about 25% TMAH.1005 The slowest
etching plane is found to be (111), 1.5 Å/s, and the fastest one (210), 99.5 Å/s.1001 The
etch rate of n-Si is slightly higher than that ofp-Si.505 Addition of IPA to TMAH solu-
tion slows down the etch rate linearly with increasing IPA concentration but changes
very little with the etch rate ratio of (100)/(111).1012 Addition of 1–4g/liter pyrazine
to 25% TMAH solution increases slightly the etch rate and improves the surface
smoothness.594



ETCHING OF SILICON 307

Illumination during etching has no effect on the etch rate.505 The etch rate
decreases sharply at anodic potentials corresponding to the occurrence of passivation
as shown in Fig. 7.29.516 The etch rates at the OCP are close to the peak values which
is similar to the situation in KOH, indicating very little contribution from electro-
chemical etching at the OCP. At cathodic potentials n-Si and p-Si are different; whereas
the etch rate on p-Si remains relatively unchanged, that of n-Si decreases with increas-
ing cathodic polarization which is also similar to that in KOH. Also, the qualitative
etching characteristics and potential-dependent etch rate are not affected by the addi-
tion of IPA. The dissolution products in 2 and 20% TMAH solutions are mainly
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and its polymers.888 The etching mechanism is suggested to be similar to
that in KOH.

7.5. ETCH RATE REDUCTION OF HEAVILY DOPED MATERIALS

For a given type and orientation the etch rate of silicon in alkaline solutions is
largely independent of doping concentration up to about 207,269 At a doping
level of about the etch rate of boron-doped silicon drastically decreases
with increasing dopant concentration.207,341,711 Reduction by as much as three orders of
magnitude can be obtained by varying the boron concentration from about to
above where etching virtually stops. This feature has been widely used as an
etch stop technique for the fabrication of silicon microstructures.

Doping with other elements such as Ge and P (n-type dopant) also results in etch
rate reduction but at higher concentrations than B as shown in Fig. 7.30.207 It has
been reported that ion implantation of species such as As to a level of  reduces
the etch rate.385 On the other hand, doping with As, P, and Sb was found to change
little from to  in 23.4% KOH + 13.3% IPA.1026 Carbon implantation to
concentrations greater than causes drastic etch rate reduction as shown in
Fig. 7.30.214 The effect is more pronounced in EDP than in KOH.

The occurrence of etch rate reduction on highly boron doped materials appears
to be independent of doping methods, whether by solid-source diffusion, epitaxial
growth, or ion implantation.251 However, the boron concentration at which significant
reduction occurs is different for different methods of doping. The critical boron
concentration for etch rate reduction to occur is affected by the defect density in dif-
ferent doped materials. It is found that for similar boron concentrations the amount of
etch rate reduction in KOH solutions decreases with increasing defect density.251 In
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particular, etch rate reduction on highly boron doped polycrystalline material which
contains the highest level of defects is found to be significantly less than that on single-
crystalline substrate.251,506

Etch rate reduction is not observed for highly doped silicon in HF-based solu-
tions.2,918 It is observed on highly boron doped silicon for (100), (110), and (111) ori-
entations in all major alkaline etching solutions.207,269 Figure 7.31 shows the dependence
of etch rate on boron concentration in different alkaline solutions.207,594 For KOH solu-
tions, the decrease becomes less steep with increasing KOH concentration. In
the etch rate reduction is stronger than in KOH. A much larger etch rate reduction, as
high as 8000-fold, is observed.711
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Mechanism

The mechanism of boron-induced etch rate reduction has been extensively inves-
tigated since its first observation in the late 1960s.207 Several models have been pro-
posed attributing the phenomenon to increased lattice distortion and defect density, or
surface passivation, or electron deficiency. As described below, although each of these
models provides an explanation of some aspects of the phenomenon, a coherent account
for the underlying mechanism is still lacking.

In an earlier investigation, it was suggested that etch rate reduction is caused by
the increased lattice distortion from high doping. Later studies indicated that the
reduced etch rate of high-boron-doped material is not likely to result from lattice
distortion or stress. According to Seidel et al.207 who measured the etch rate on stress-
compensated boron/germanium co-doped samples, neither lattice strain nor crystal
defects induced by the high boron concentration play a significant role in the etch stop
phenomenon. In one study, the etch rate of highly doped samples actually increased
with increasing lattice defect density.251 This is the opposite of what one would expect
were etch rate reduction the result of increased lattice distortion. In another study, the
etch rate of highly doped silicon significantly increased with sputtering damage whereas
that of lightly doped silicon changed very little, indicating that lattice damage does not
cause etch rate reduction.386

The shortened electron life model is mainly based on the observation that the
decrease of etch rate with boron concentration exhibits an inverse fourth power depen-
dence on the boron concentration.207,251,386 Raley et al.386 postulated that etching in KOH
is a corrosion process and that the etch rate reduction at high boron doping levels is
due to the decreased electron concentration required for the reduction of hydrogen in
the etching process described by the following reactions:

The rate of reduction reaction is a fourth-order reaction with respect to electron
concentration:

The surface concentration of electrons, n, which are generated by the oxidation reac-
tion is determined by Auger recombination and is related to the hole concentration by

where h is the hole concentration and A a constant. Thus,

Seidel et al.207 proposed a similar model, ascribing the reduced etch rate of highly
doped material to the reduced electron concentration which is caused by degeneracy
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induced by the heavy doping.207 According to this model, the etch rate decreases at a
concentration corresponding to a doping level of at which the material is
degenerated and the Fermi level moves into the valence band making silicon behave
like a metal. As a result of degeneracy the space charge layer on the silicon surface
shrinks to a value on the order of one atomic layer. The electrons injected into the con-
duction band by the oxidation steps are no longer confined to the silicon surface but
rather penetrate into the bulk where they have a high probability of recombining with
holes. As a result, these holes are no longer available for the reduction of water as part
of the etch reactions. The fourth-power decrease of etch rate is then explained by the
fact that for the dissolution of one silicon atom, four charges are required.

The electron deficiency model implies that etch stop should not occur on n-Si
where there are abundant electrons in the conduction band. Unable to explain the etch
rate reduction on phosphorus- or germanium-doped n-Si, Seidel et al.207 suggested that
the etch rate reduction observed on phosphorus-doped n-Si is caused by a different
mechanism. Also, the electron deficiency model assumes that electrochemical reactions
are responsible for the etching process in alkaline solutions. However, experimental
results indicate that the etching process is mainly of chemical nature as described in
detail in Chapter 5.

The passivation model, proposed by Palik et al.,151,269 attributed the etch rate
reduction to the easier formation of an oxide film on highly doped silicon which pas-
sivates the surface. This model is supported by a number of experimental observations.
First, the difference between passivation potential and OCP decreases with increasing
doping concentration (Fig. 5.42) implying easier passivation for highly doped materi-
als. Second, ellipsometric measurements of the samples during etching in KOH solu-
tions indicate the existence of a surface phase on highly doped materials but not on
lightly doped materials. This coincides with the i–V curves of highly doped material,
which shows no current peak, implying that an oxide film already exists near the OCP.
Due to the relatively slow etch rate of oxides in alkaline solutions, boron oxide and
hydroxides, once formed, tend to stay on the surface and would thus passivate the
surface and prevent further dissolution of the silicon. The fact that EDP exhibits
more effective etch stop than KOH at high boron doping is another indication of the
possible passivation mechanism, because EDP etches oxides at a much slower rate
than does KOH. The passivation model can also explain the lack of etch rate reduc-
tion in the system because silicon oxide etches at high rates in HF-based
solutions.

Palik et al.151,269 suggested that the tendency to grow an oxide layer on highly
doped materials is due to the strain in the silicon surface which enhances the Si–B bond
such that a borate glass is formed. The atomic concentration of boron-doped silicon at
etch stop levels corresponds to an average separation between boron atoms of 20–
25 Å and is near the solid solubility limit for boron substitutionally intro-
duced into the silicon lattice. Silicon doped with boron is under tension as the smaller
boron atom enters the lattice substitutionally, thereby creating a local tensile stress field.
At high boron concentrations the tensile force becomes so large that it is more ener-
getically favorable for the excess boron to enter interstitial sites. It is proposed that the
strong B–Si bond tends to bind the lattice more rigidly, therefore increasing the energy
required to remove a silicon atom high enough to stop etching. Formation of Si–X
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bonds, with X being a doping element that is more resistant to chemical attack than the
Si–Si bond in alkaline solutions, is a rather plausible explanation for the reduced etch
rate of highly doped materials. The increased number of such bonds can then account
for the gradual reduction of etch rate with increasing doping concentration.

7.6. ANISOTROPIC ETCHING

7.6.1. Sensitivity of Etch Rates to Crystal Orientation

Anisotropic etching, i.e., different dissolution rates on different crystal planes, is
a characteristic feature of silicon etching in alkaline solutions. Strictly speaking, the
etch rate of silicon always depends, to a variable extent, on crystal orientation in all
etching solutions, acidic or alkaline. However, the etch rate difference for different
planes is very small in acidic HF solutions relative to those in alkaline solutions. Figure
7.32 shows the etch rate ratios of (100)/(111) and (110)/(111) planes in various solu-
tions. In HF-based solutions the ratios are close to 1, varying only slightly with differ-
ent solution compositions. Exceptions, however, exist. For example, in solution
with addition of copper ions, the etch rate ratio of (100)/(111) is found to be as high as
15.1024 Addition of silver or gold ions does not have such an effect. Because etching in
solution with metal ion oxidants is accompanied by deposition of the metal on the
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surface, the special effect of certain metals such as copper ions on anisotropy may
indicate that the copper deposition process may be anisotropic instead of silicon dis-
solution in the solution. The etch rate ratio in alkaline solutions, in contrast to
HF solutions, tends to be large and greatly change with solution composition and
etching conditions. Thus, in real practice the HF solutions, due to the near-unity etch
rate ratios, are considered as isotropic etchants whereas those of alkaline echants are
referred to as anisotropic etchants. All anisotropic etchants practically used for etching
silicon are aqueous alkaline solutions.206

Anisotropic etching can be measured by a number of methods: (1) measuring the
in-depth etch rate of samples of different surface orientations,54,342,542 (2) using silicon
samples masked by a fan-shaped pattern consisting of radially divergent segments
and measuring the lateral underetch of the segments of different orientations,206 (3)
measuring the depth of etching groove bounded by (111) planes relative to the lateral
etching under the defining mask,487 (4) using spherical, hemispherical, or cylindrical
samples and identifying the orientation of the resulting vertices and faces,235,1001,1019 (5)
analyzing the shape of etched surface profiles of silicon surfaces of different orienta-
tions.672,673 The orientations most used for anisotropic etching are (100) and (110)
wafers; (111) wafer is rarely used.995

KOH-based etching solutions are the most widely used anisotropic
etchants.206,478,851 These etchants show the highest etch rate ratio of (100)/(111) and
(110)/(111) planes. Ratios as high as 300–400 for (100)/(111) and 600 for (110)/(111)
can be obtained.487,918 The etch rate ratio is even higher at room temperature; a ratio as
high as 2500 is achievable for (110)/(111) planes in KOH solution.487 Of the organic
alkaline systems, solutions consisting of ethylenediamine, water, and pyrocatechol
(EDP) are among the most widely used. The etch rate ratio in EDP, although lower than
that of KOH, is rather high compared with other organic etchants as shown in Fig. 7.32.
The (100)/(111) etch rate ratio varies from 12.5 to 50 in the concentration range of
5–40% and temperature range of 60–90 °C.1005

Etch rate ratios are almost constant with respect to doping concentration up to
the heavily doped levels where etch rate reduction occurs.206,269,334 The degree of
anisotropicity in terms of etch rate ratio of (100)/(111) depends strongly on etching
conditions. For example, in a 20% KOH solution the ratio can change from about
100 near room temperature to about 30 at 100 °C and in EDP solution the etch rate
changes with addition of hydrazine to the solution as shown in Fig. 7.33.342 Figure 7.34
shows that the etch rate of silicon in EDP is independent of the type of doping and
dopant concentration but strongly depends on orientation giving an etch rate ratio of
139:83:8.3Å/s for (100):(110):(111) planes.334

The (111) surface is the slowest etching plane in alkaline etchants in all reported
investigations.206,542,1001 The fastest etching plane in alkaline solutions, on the other hand,
depends on solution composition. For example, for silicon surfaces of different orien-
tations ranging from 0° to 45° from the (010), the plane of fastest etch rate is (210)
in 35% KOH at 80 °C.672 In the binary and ternary etching systems of hydrazine and
water, and hydrazine, IPA, and water, the fastest plane is (211).54,542 In KOH, (411) was
found to be the fast etching plane in one study592 and (320) in another,235 (331)
in KOH–propanol–water system,54 and (110) in CsOH.235 Table 7.3 shows that (210)
and (310) are the fastest etching planes in TMAH solution whereas (110) and (320) are
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the fastest in KOH solution.1001 For (110) and (100) planes, which one etches faster
depends on the formulation of the etchant as shown in Fig. 7.32. Crystal surfaces other
than {100}, {110}, or {111} can be considered to be composed microscopically of the
main crystal planes.206 Figure 7.35478,1019 shows the etch rates of silicon material of dif-
ferent crystal planes in 10 M KOH solution at 62 °C. It is interesting to note that the
etch rate of the (111) plane may not be the lowest in HF solutions as shown in
Table 7.1.
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The etch rate in the vicinity of {111} crystal planes is extremely sensitive to small
angular misalignments as shown in Fig. 7.36.206,334,1001 Deviation by 1 °C from the (111)
plane leads to an increase of etch rate by a factor of 5 in EDP and TMAH and by a
factor of about 2 in KOH. Due to the sensitivity of etch rate to small deviation from
the (111) planes, etch rate ratios may be much reduced for slightly misoriented (111)
samples relative to those of perfectly oriented (111) material. The etch rate ratio of
different planes, by measuring the etch depth of a groove bounded by (111) planes
relative to the lateral etching, is very sensitive to misalignment of the mask. Accord-
ing to Kendall,184,478 mask misalignment is responsible for the large variations some-
times reported in the literature on etch rate ratios under identical conditions. It is shown
that due to the increased etch rate on misoriented (111) surface for a misorientation of
half a degree in the alignment of the mask the etch rate ratio of {110}: {111} in 44%
KOH at 85 °C changes from above 400 to 70. To explain this effect, Kendall184 sug-
gested that the major etching that occurs on a slightly misoriented (111) plane is due
to etching of the ledges on the misoriented surface.
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A highly defective surface, such as a saw-damaged surface, may not exhibit
anisotropic etching rates as shown in Fig. 7.37 for as-cut (100) and (111) wafers.490 The
difference in the etch rates between the two orientations becomes clear after the
damaged material is removed.

7.6.2. Mechanisms

Many models have been proposed for the silicon anisotropic etching in alkaline
solutions. They can be classified into two large groups: those that attribute the rela-
tively slower etch rate of (111) planes to the presence of a passive oxide film on the
surface, and those that consider the etch rate difference among different orientations
being governed by the reaction kinetics.
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Rate-Limiting Process. Etching anisotropicity arising from differences in the
atomic arrangement on the surface of different orientations necessarily indicates that
the process is controlled by surface reactions that depend on lattice structure. Because
anisotropic etching essentially results from surface-controlled reactions, any shift
from surface-controlled processes to nonsurface processes, either within the silicon
semiconductor or in the electrolyte, will result in a decrease of anisotropicity. This is
in general agreement with the experimental data. Although mass transport may be rate
limiting for the etching of the fast etching planes in some solutions, surface-controlled
processes are the rate-limiting steps in the etching of the (111) plane in all anisotropic
etchants.

The rate-controlling process can also be evaluated by the apparent activation
energy as shown in Table 7.2 and Fig. 7.38. The activation energy for the various
anisotropic etchants seems to indicate an increase of etch rate ratio with increasing
activation energy, the highest ratio and activation energy being in KOH. In general, the
apparent activation energy, as determined from the dependence of rate on the recipro-
cal of temperature, is generally 0.13–0.26 eV for diffusion-limited reactions whereas
it is 0.44–0.87 eV for electrochemical reactions.289 For given etching conditions the
activation energy corresponds closely to etch rate, and is larger for crystal planes with
slower etch rate.206 The larger the etch rate is, the larger the diffusion effect. It is noted
that high activation energies, indicating surface-controlled reaction process, are found
in solutions with high HF concentrations which are isotropic etchants.
However, the rate-controlling surface process involved in solutions is prin-
cipally associated with the surface carrier concentration and not with the lattice struc-
ture. An important difference between isotropic etching and anisotropic etching, when
both are controlled by surface processes, is that the former is not lattice structure
sensitive whereas the latter is.

Passivation Models. The models based on surface passivation suggest that a
passive layer, similar to the silicon oxide formed under an anodic potential, exists on
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(111) silicon at the OCP but not on other planes. Faust and Palik378 found that the pas-
sivation peak current of the (111) surface is only a small fraction of that on the (100)
surface and postulated that a prepassive layer existing on the (111) surface at poten-
tials cathodic of the passivation potential is responsible for the slow etch rate of the
(111) surface. Smith et al.291 also suggested that an oxide film may be present at the
OCP which passivates the surface.

In a slightly different angle, Kendall478 reasoned that because the {111} surface
is oxidized thermally more rapidly than other low-index surfaces, the silicon surface
can be covered with a silicon oxide (or a hydrated silicon oxide) during etching in
aqueous solution, much faster than other planes. The formation of the oxide film pas-
sivates the {111} plane and blocks the dissolution reactions. This model implies that
the etch rate of a {111} surface should be similar to that of silicon oxide in KOH solu-
tion. Alternatively, Kendall et al.984,1008 proposed that the (111) surface is blocked by
inactive hydration complexes of and According to this hypothesis, in concen-
trated KOH solutions the (111) surface is almost completely passivated by
hydration complexes attaching to the individual surface atoms. The fact that the rela-
tive etch rates of the different planes vary with the type of solution is attributed to the
orientation-dependent adsorption of solvation complexes on the surface.

The passivation models are not in agreement with a number of experimental
observations. First, it has been found that the (111) surface in KOH at the OCP is free
of oxide but terminated by hydrogen and formation of an oxide film occurs only at
more anodic potentials.227,234 Also, the passivation potential for the (100) surface in
KOH solutions is more negative than that of the (111) surface indicating that it is easier
to passivate the (100) surface than the (111) surface.192,697 Furthermore, the etching of
silicon at the OCP in alkaline solution is mainly a chemical reaction; etch rate changes
very little with potential in the vicinity of the OCP.22,109,697 The difference in passiva-
tion currents between (100) and (111) surfaces may be due not to a preexisting subox-
ide layer on the (111) surface but rather to the reaction kinetics. The effect of passivation
at an anodic potential, which reflects only the electrochemical portion of the reactions,
may not be related to the etching reactions occurring at the OCP. Because the passiva-
tion potential is several hundred millivolts from the OCP, the contribution of the elec-
trochemical reaction in the electrode behavior at the passivation potential must be very
different from that at the OCP.

The etch rate of the (111) surface, although much smaller than those of the (100)
and (110) planes, shows definite values, in the range of 2–10 Å/s in KOH solutions. It
is still much larger than the dissolution current density on a passivated surface in KOH
(a dissolution rate of 2–10 Å/s is equivalent to a current density of several milliamperes
per square centimeter). In alkaline solutions, the dissolution rate of silicon oxide is less
than 0.01 Å/s (see Chapter 4), which is several orders of magnitude smaller than the
etch rates of a (111) surface. Thus, it is unlikely that the silicon surface of any orien-
tation is covered by during etching.

Surface Reaction Kinetics-Based Models. The basic consideration in reaction
kinetics models is that the reaction rate is determined by the lattice structure on the
surface. The difference in the lattice structures of various crystal planes gives rise to
differences in surface bond density, electron density, surface free energy, and so on,
which then determine the dissolution rate of the surface silicon atoms. All etching
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mechanisms involve an attack on a subsurface Si–Si bond. The rate of this reaction is
determined by the bonding condition of the surface silicon atoms.237,697 The {111} plane
has only one Si–OH surface bond whereas the {100} surface has two. The surface
lattice configuration for (111) and (100) surfaces can be simplistically represented by
the scheme in Fig. 7.39.109,237 The atoms on the (100) surface have weaker back bonds
to the underneath silicon atoms compared with those on the (111) surface due to the
large electronegativity of As a result, the silicon atoms on the (100) surface are
etched at a faster rate than those on the (111) surface. This model appears to offer a
reasonable explanation for the anisotropic etching in alkaline solutions although it is
unable to explain why such effect does not occur in HF solutions.

The difference in etch rate between (111) and (100) surfaces was related to the
bond densities on the two surfaces in the early surface kinetics models.109 According
to Hesketh et al.,235 the etch rate difference between (100) and (111) planes is due to
the difference in the surface free energy of the crystal planes which is proportional to
the number of bonds on the surface. The (111) plane, which has the lowest surface free
energy measured in vacuum, has the lowest bond density and thus has the lowest etch
rate. They postulated that the etch rate of crystal planes is a function of the total number
of bonds at the surface, that is, the sum of the in-plane, lateral bonds between atoms
in the plane of the surface, and surface bonds, dangling bonds. It was recognized
however, that this effect alone will not cause etch rate differences of more than a factor
of two.109

Jakob and Chabal895 reasoned that the silicon atoms, such as those at the steps
and kink sites, that are most physically accessible are preferentially attacked. The reac-
tants and the dissolved complex have certain physical dimension and orientation so that
certain pathways may be forbidden due to steric constraints. While this argument is
intuitively sound, its verification requires information on the solvation structure of the
involved species and their interaction with the surface atomic structures.

Seidel et al.206 proposed that the rate of silicon atom dissolution depends on
the density of energetically favorable surface states based on the assumption that the
etching of silicon in alkaline solutions is of electrochemical nature. They attributed
the anisotropic etching to the different energy levels of surface states on (111) and
(100) surfaces arising from binding surface atoms to According to Seidel et al.,
the difference in the activation energy of various crystal planes corresponds to the
difference in the energy states of the back bonds of differently oriented surfaces. A
difference of 0.12eV between the activation energies of two different planes was
considered to be sufficient to cause an etch rate ratio of 100:1 for (100) and (111)
planes.



320 CHAPTER 7

In a similar approach, Campbell et al.697 postulated that because the work func-
tions of (111) and (100) planes differ by about0.25eV, the flatband potentials may differ
by a similar extent. This difference in the flatband potential is then responsible for the
different etching rates of the two surfaces. They recognized, however, that the electro-
chemical dissolution contributes only a very small fraction of the total amount of
etching and suggested that the etching of silicon in alkaline solutions is not solely due
to the supply of carriers. Some chemical reactions must also play an important role and
the origin of anisotropic etching is related to the differences in the rates of the chemi-
cal reactions as well as in the surface potentials of the different silicon surfaces.

Allongue et al.22,234 found with STM imaging, the silicon surface during etching
in NaOH consists of hydrogen-terminated (111) terraces and dissolution principally
occurs at the terrace edges. The dissolution rate of the terrace surface is negligible com-
pared with that at the terrace edge. Based on this observation and the knowledge that
the etching at the OCP is mainly of a chemical nature, they proposed that the anisotropic
etching is due to the chemical substitution of Si–H bonds by Si–OH bonds preferen-
tially at the kink-site atoms at the edges of terraces.

A similar atomic step-dependent etching mechanism has also been proposed by
Elwenspoek17 who postulated that anisotropy of etch rate is related to anisotropy of
step-free energy which is the free energy required to generate steps on a flat surface.
The kinetics of crystal dissolution in solutions is governed by the kinetics of step
formation and removal. If the crystal surface is flat, the rate-determining step in the
dissolution process is the step generation and not the removal of atoms from the steps.
Thus, the etch mechanism of a smooth face is characterized by a nucleation
barrier associated with the step-free energy. The difference between the etch rates of
the major crystal planes (111), (110), and (100) is due to the difference in step-free
energy, which is the largest for the (111) surface. For a rough face with many steps,
e.g., a misoriented crystal plane, there is no nucleation barrier as the step-free energy
is near zero. Atoms may be removed from the surface without changing the number
of steps.

Mechanism of Anisotropic Etching. The rich details as to anisotropic etch rates,
nature of reactions, and surface topography indicate that a complex mechanism is
involved in silicon etching in alkaline solutions. A coherent mechanistic model has to
address three basic aspects: (1) the physical cause of the difference in the removal rates
of atoms from the surface of different crystal orientations, (2) the kinetic processes that
actualize such physical cause, and (3) the surface condition that determines the global
removal rate of the surface atoms.

The physical cause in the first aspect is, most convincingly, associated with the
back-bond strength theory. That is, atoms on the (111) surface have three bonds con-
nected to the substrate lattice while those on the (100) surface have only two as shown
in Fig. 7.39. Bonding of the surface silicon atoms to solution species such as OH-

reduces the strength of the back bonds. The number of back bonds and the strength of
surface bonds to the adsorbed species are then responsible for the different reactivity
of different crystal surfaces. This can be regarded as the fundamental physical cause of
anisotropic etching.

Regarding the second aspect, generally, as shown in Fig. 7.40, three species may
be involved in the etching reaction: species in the form of charge carrier, i.e., electrons
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and holes, at the semiconductor surface; chemical species such as and
near the surface in the solution; and active surface silicon atoms which are favorable
for reaction and removal. Unlike the other two species, charge carriers may or may not
be involved depending on whether the reaction is of electrochemical nature. The con-
centrations of each of these species are determined by different processes such as dif-
fusion, migration, adsorption, and solvation. In particular, the concentration of surface
active silicon atoms depends on crystal orientation, which is the third aspect to be
discussed below.

The anisotropic etching in alkaline solutions occurs on a bare surface of silicon
free of oxide. Formation of an oxide film will mask the crystallographic differences
among the surfaces of different orientations and thus result in isotropic etching. Also,
experimental results indicate that although isotropic etching may occur under either
diffusion control or activation control, anisotropic etching can only occur by processes
that are surface controlled at least for the slow etching surfaces. Anisotropic etching
does not occur when the etch rates of all of the surfaces, including those with the slowest
etching rates, are controlled by supply of the solution species. Whether charge carriers
are involved in etching reactions is also important. Charge carriers are involved in
the isotropic etching in HF solutions but not in the anisotropic etching in KOH
solutions.

The third aspect in the etching mechanism concerns the nature and concentration
of the active surface silicon atoms. Because the surface atom stability depends on the
number of back bonds, it can be proposed that the probability of atom removal from a
perfect (111) surface lattice is very small and etching on the (111) surface proceeds
only at lattice inhomogeneities such as steps, kinks, and vacancies. Thus, a perfect (111)
surface will have an extremely low etch rate and the etch rate of real (111) surfaces is
determined by the etch rate at the steps (including other surface lattice defects) and the
density of steps.

This is in agreement with experimental findings. The etch rate of the (111) surface
is extremely sensitive to a minute misorientation of the specimen (Fig. 7.36); a devia-
tion of less than 1° can cause a several-fold increase in etch rate.206,478 A consequence
of misalignment from the (111) surface is the appearance of terraces and steps. Accord-
ing to STM imaging on a slightly misoriented (111) surface (0.7°), the higher etch
rate is principally due to the preferential dissolution at the terrace edges in alkaline
solutions.22,237,967
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It can now be summarized regarding surface condition that (1) the etch rate of
perfect (111) surfaces is negligibly small; (2) the etching of (111) surfaces is due to the
etching along the edges of (111) steps; (3) the amount of (111) steps depends on the
degree of misorientation from the perfect (111) plane; (4) all crystallographic planes
can be considered to be composed of (111) terraces and steps at a microscopic level.
Thus, the etch rate of a surface with an angle from the (111) surface can then be cor-
related with that at (111) steps as shown in Fig. 7.41. The vertical etch rate, which
is the nominal planar etch rate measured in experiments, is

where a is the step height, b the terrace width, and the step etch rate. For a small
it becomes

Thus, the etch rate of a surface is proportional to the angle of deviation from the (111)
surface, which agrees with experimental observation (Fig. 7.36). For a given surface
with a dimension of l, the above equation can also be expressed as

where n is the number of steps over the length l. Thus, the larger is the misaligment
from the (111) surface, the more the terraces and steps and thus the larger the etch rate.
This means that the surfaces with large angles to the (111) surface have higher etch
rates relative to the (111) surface. Essentially, this implies that etch does not proceed
perpendicular to any surface at the atomic scale but only at (111) steps in a direction
parallel to the (111) terrace.

In the case of a perfectly oriented (111) surface, such as the sidewalls of an etched
cavity on a (100) wafer, there may still be a definite etch rate due to the fact that steps
may be generated from surface defects such as vacancies and dislocations. The etch
rate of the perfectly oriented (111) surface can be viewed as being limited by the rate
of step generation, i.e., a nucleation process.
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As shown in Fig. 7.40, in general, the dissolution of a silicon surface involves
three essential species: A, etching species such as in the electrolyte; active
silicon atoms on the surface; and h, charge carriers from the semiconductor. The etch
rate of the surface can then be expressed as

where k, a, b, c, are constants. In KOH, the dissolution is of chemical nature, meaning
the etching is independent of [h]. Equation (7.21) is reduced to

On the other hand, in HF solutions the dissolution reaction strongly depends on
carrier concentration and the etch rate is described by Eq. (7.21). The reason that the
planar etching rate in HF is isotropic can be attributed to the fact that the etched
surface in HF is rough at an atomic scale. Therefore, the density of active silicon
atoms on such a rough surface is similar for different orientations. In the electro-
polishing region, where the dissolution proceeds through oxide formation and dissolu-
tion, the etching is isotropic due to the fact that amorphous anodic oxide is identical
on surfaces of different orientations. The etching in this region is intrinsically
isotropic.

Thus, the mechanistic model described above is consistent with the characteris-
tics of the anisotropic etching of silicon in alkaline solutions as well as the isotropic
planar etching in HF solutions. It is also a useful simple model for explanation of the
etched features and surface roughness as will described in the following sections.

7.6.3. Basic Features of Anisotropically Etched Surfaces

Anisotropic dissolution of crystal surface results in the formation of surface
contour whose geometric features depend on the crystal orientation.672 During steady-
state etching the etched surface profile exhibits a characteristic shape—either convex
or concave.289 A convex surface will be bounded by fast etching planes whereas a
concave surface will be bounded by slow etching planes. As shown in Fig. 7.42(a), two
planes intersecting in a concave configuration constitute a stable configuration if there
is no other plane with lower etching rate lying between them. In such a case, the etch
rate as a function of orientation must exhibit a maximum at the intersection of these
planes. On the other hand, the intersection of two planes in a convex configuration is
stable if there is no other plane with higher etching rate lying between them as shown
in Fig. 7.42(b).

Etching of a sphere, which is a convex surface, will result in a polyhedron
bounded by faces that exhibit high etch rates, and vertices corresponding to minima in
etch rates.289 Because the fast etching planes vary with solution composition, the faces
and vertices of etched polyhedron also vary. For example, in KOH solutions the poly-
hedron has six 4-sided <100> vertices and eight 6-sided <111> ones, defining 24 {320}
fast etching planes.253 In CsOH solution the polyhedron has eight 3-sided <111> ver-
tices and six 4-sided <100> giving 12 {110} fast etching planes. A sphere etched in
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hydrazine–water mixture gives 8 curved faces with the center of the faces as (100)
planes and the corners point in the <111> directions.542 In RbOH solution the polyhe-
dron has 14 vertices and 24 curved faces.249

Using masks of different shapes and orientations and controlling the planes to
disappear and develop during etching, various etched features such as cavity or pyramid
can be obtained from anisotropic etching.513 Cavities and mesas etched on silicon in
alkaline etchants are bounded by sidewalls which represent the slowest etching (111)
planes of the crystal. The exact geometry of cavities etched through a mask opening is
a function of the orientation of the wafer, the geometry of the opening, its alignment
relative to the wafer’s crystal axes, and the duration of etching.531 Figure 7.43 illus-
trates the shape of three cavities anisotropically etched on (100) surfaces through open-
ings of different geometry defined by the masks. After sufficient etching time, the
intersection of the cavity to the surface is a rectangle bounded by four (111) planes
which enclose the opening defined by the mask.

The final rectangular cavity bounded by four (111) planes independent of the
initial opening shape can be explained with the (111) step etching model illustrated in
Fig. 7.41. All of the (111) steps that intercept the etching (100) surface and are exposed
within the opening defined by the mask are etched in a direction parallel to the (111)
planes. The etching along these planes will continue until perfect (111) planes, which
define the walls of the etched cavity, are reached and all of the exposed (111) steps
vanish.

The etched cavities on (100) wafer bounded by the convergent {111} planes have
an angle of 54.74° with respect to the surface plane. The dimensions of the resulting
square pyramidal cavity, as shown in Fig. 7.44, are given by
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where is the side of the square apex or orifice, the side of the etched square
cavity in the wafer surface, and the etched depth or wafer thickness. The undercut-
ting due to the etching of the (111) planes represents the difference
between the mask opening and the intersect of the etched cavity wall with the mask.
Similar to fabrication of a cavity, a convex feature like pyramids can be fabricated by
etching a masked (100) silicon surface as shown in Fig. 7.45.503,524,529

For a (110) wafer the geometries of the etched holes are different because the
four sets of {111} planes which form the sidewalls of the cavities are not equivalent.
Vertical grooves with a high aspect ratio can be obtained by etching a masked (110)
wafer because two sets of {111} planes are vertical to the (110) surface.478
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For a convex square or rectangular structure, etch undercutting occurs at corners
which can be a problem in etching of deep structures.54,245 The amount of corner under-
cutting is proportional to the depth of the etching feature as shown in Fig. 7.46.54 Such
clear proportionality is due to the definite etch rate of the particular fast etch planes in
the etchant. Because the fast etchant planes are etchant-specific, surfaces that define the
etched corner may be different depending on the etchant. The planes are found to be
{331} in They are {411} planes in pure KOH solu-
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tions592,989 and can vary with KOH concentration.254 In KOH–propanol–water solutions
the etched corner is bounded by {331} planes.54 In hydrazine–water solutions, {211}
planes are found to define the etched corner.323,542 The problem of corner undercutting
can be circumvented using compensation masks.592,707,989,1003

Etching of a corner defined by (111) planes can also be explained by the (111)
step etching model illustrated in Fig. 7.41. The etching of perfectly oriented (111)
planes is determined by the generation of steps. The corner, being the terminating line
of the two (111) planes, can serve as the site to generate (111) steps. Once a (111) step
is generated it will be etched at a rate determined by the etching conditions. The appar-
ent orientations of the two etched surfaces are determined by the rates of step genera-
tion and step etching as illustrated in Fig. 7.47. For example, a fast step etch and a slow
step generation will result in a surface with a small angle to the (111) plane.

7.7. SURFACE ROUGHNESS

Surface roughness, which appears as a series of peaks and valleys on a micro-
scopic scale, is a measure of the degree of unevenness of a solid surface. At an atomic
scale, it describes the uneven termination of the lattice at the surface relative to a per-
fectly flat reference plane. Roughness is commonly described on two levels: micror-
oughness and macroroughness. Microroughness is used to describe the surface
unevenness due to adatoms, vacancies, kinks, and steps associated with the few layers
of atoms on the surface, and macroroughness describes the surface topological varia-
tions beyond the first few atomic layers. Macroroughness usually exceeds the micro-
scopic roughness by several orders of magnitude.1000 Figure 7.48 illustrates the two
levels of roughness. Table 7.4 shows that surface roughness, for silicon surface treated
in different solutions, may vary by many orders of magnitude.

The roughness of etched silicon surface can be measured by a number of dif-
ferent methods: profilometer,458,557,1002 reflection electron microscopy,631,1046 optical
microscopy,302,303 interference microscopy,302,303 STM,488,494 AFM,968,1000 SEM.127,490 Two
methods are commonly used for quantifying surface roughness: area averaged surface
roughness which is defined as the root mean square (rms) of the height distribution on
a defined area of the surface, and valley-to-peak roughness which measures the largest
height difference between valleys and peaks on the surface of a given area.458 Table 7.4
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shows the roughness measured on the silicon surfaces cleaned or etched in various
solutions.

The root mean square roughness is generally much smaller than that of the
valley-to-peak roughness, as one is a measure of the average and the other is the maxi-
mum. For example, the surface roughness is 0.2nm by the area average method but is
1–2 nm by the valley-to-peak method for the same sample.631 The size of the sampling
area is also important in roughness measurement. For example, for a KOH etched
silicon surface the valley-to-peak roughness measured over a distance of is

whereas it is only 25 nm over a distance of Thus, a surface that is macro-
scopically (over a large area) rough may be miscroscopically (over a small area)
smooth.

Surface roughness is an important factor in the performance and reliability of
devices having microscopic dimensions.488 It can essentially affect all aspects of silicon
technology.382,458 In order to guarantee the performance of electronic devices the
microstructures fabricated from silicon are required to be smooth, with roughness much
smaller than the dimensions of the structure components.557 For example, in order to
obtain high-quality extremely thin oxide film on the order of l0nm thick or less, it is
essential to realize atomic-order surface roughness.99,488 As the device dimension gets
smaller, the device will be composed of thinner oxides and shallower junctions and the
effect of surface roughness will become critical.

As an important parameter for surface quality, roughness is discussed in almost
every article on cleaning and etching. However, in most cases it is treated as a quality
control issue. As a result, the data on surface roughness reported in the literature for
silicon surfaces are obtained under diverse conditions and are generally not compara-
ble due to the fact that data are often reported without clear definition of the methods
of determination and the area of sampling.

7.7.1 Microroughness

Microroughness, or surface unevenness, at the atomic scale is always present on
a real surface whether it is smooth or rough at the macroscopic scale. For a macro-



ETCHING OF SILICON 329



330 CHAPTER 7

scopically smooth surface the microroughness is mainly determined by the wafer pol-
ishing and cleaning processes that are used to prepare the surface for further processes.
As-received wafers generally have very small microroughness, typically 0.15–0.4 nm
(rms).126,488,631 Any cleaning process may alter the microroughness.

Cleaning with the RCA process is found to increase the microroughness of as-
received wafers from 0.2nm (rms) to about 0.4nm.488 The SC1 cleaning step is found
to be mainly responsible for the increase in microroughness after the RCA cleaning.
The acid cleaning and water rinse steps have relatively much less effect. The rough-
ness tends to increase with increasing the relative concentration of in the SC1
solution and is related to the etch rate of the solution.1011 Modifications to each of the
steps used in the RCA cleaning can also affect the microroughness.126,468,488,631,895,968,1011

However, the effects of surface cleaning factors on microroughness reported in differ-
ent studies are not consistent, probably due to the minute differences in the cleaning
conditions and measurement procedure.

The microroughness of the silicon surface in various cleaning solutions gener-
ally increases with time, that is, with material removal.468,488,631,968 Thus, the small rough-
ness observed on the surface treated in cleaning solutions is mainly due to the small
amount of material etched during the cleaning process. Much larger surface roughness
is observed on the etched surface, where generally a large quantity of material is
removed.

Etching in HF-containing solutions is particularly important as they are involved
in almost all cleaning processes for silicon surfaces. It is often the last cleaning step in
surface preparation for further processing. The silicon surface that is treated with HF
solution is terminated by hydrogen (see Chapter 2). The atomic level flatness is related
to the concentrations of monohydride, dihydride, and trihydride.574,635,641 On a (111)
surface monohydrides tend to form on the perfect lattice while dihydrides and trihy-
drides tend to form at steps and defects. An atomically flat (111) surface is dominated
by monohydrides and straight step is dominated by dihydrides.

It has been reported that silicon surfaces, both (111) and (100) orientations, after
being treated in HF solutions are rough at an atomic scale and have surface features
such as steps, kinks, and defects.641,662,895 The microroughness of silicon surfaces treated
in HF solutions varies with pH. Results from slightly misoriented (111) surface show
that at pH < 3 the (111) terraces are rough. At pH 6.6 the surface is characterized
by flat (111) terraces and straight steps, indicating that the atomic-scale defects on the
terraces and the corner and kink atoms on the steps are preferentially removed. At
pH > 7.8 the surface becomes rougher due to the formation of multiple steps. The for-
mation of multiple steps with increasing pH is attributed to the faster etching rate which
causes larger fluctuations of terrace length. Such variation of surface atomic-scale fea-
tures with pH shows the importance of solution composition in determining the surface
microroughness.126,488,631 pH may have different effects in a different solution composi-
tion. For example, in a solution for cleaning oxide, the smoothest surface
is obtained at pH 0.5.657 In solutions the slightly misoriented (111) surface lacks
well-defined terraces at pH 4 but has well-defined terraces at pH 8.904 In another study
it is found that the Si(111) surface treated in BHF is atomically flat and is less flat in
HF.641 Also, water rinse significantly flattens the HF-treated (111) surface but is less
effective for the (100) surface.

NH4OH
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Macroroughness is a measure of the surface topographic variations at a scale
much larger than the atomic scale. The macroroughness of a silicon surface treated in
a solution can be determined by numerous factors associated with the initial surface
condition (cleanness and roughness), the crystal orientation, solution composition,
treatment procedure, and time.

In HF solutions, in which silicon etches only very slowly, a silicon surface tends
to become rough due to the formation of etch pits over a period of days to months.1007

These pits, formed by processes similar to formation of porous silicon, tend to vary in
size with doping concentration. Similarly, roughness tends to develop in
BHF solutions due to surface pitting.468 In solutions, in which the etch rate
is high, the roughness of etched surfaces depends on the composition of the solution.
For a given HF concentration, there is a concentration range of within which a
smooth surface is obtained.204,331 In solutions the surface roughness is found
to decrease with decreasing HF/CrO3 ratio.195,196

The roughness of the etched silicon surface in KOH solutions has been investi-
gated by Palik et al.557 The roughness varies with KOH concentration with a peak at
about 5 M as shown in Fig. 7.49 and it is lower in stirred solutions than in nonstirred
solutions at room temperature. In nonstirred solutions the roughness is parallel to the
etch rate which also shows a peak at about 5–6 M, but in the stirred solutions it remains
at a relatively small value over the whole concentration range. Kwa et al.458 found that
the roughness of (100) etched surface decreases with KOH concentration at different
temperatures as shown in Fig. 7.50. Results similar to those in Fig. 7.50 are also
reported by Sato et al.1002 Roughness in KOH tends to decrease with increasing tem-
perature. Cleaning with different water and HF rinses has little effect on the roughness
of the etched surfaces in KOH solution, implying that native oxide on the surface is
not important in determining the roughness.124,557,1000

In TMAH solutions a smooth etched surface is obtained at concentrations above
22% TMAH.1005 Addition of l–4g/liter pyrazine to 25% TMAH solution increases
slightly the etch rate and improves the surface smoothness.594 Dissolved silicon in the
etchant results in higher roughness as shown in Fig. 7.51.518 In the ternary etching
system of hydrazine, IPA, and water,542 the etched surfaces vary from being highly
faceted to very flat. The faceted surfaces are made up of square pyramidal hillocks
whereas flat surfaces are marked by a cellular structure. In ethanolamine-based
etchants, the roughness of etched surface appears to be associated with the formation
of precipitates.520

Surface roughness is generally a strong function of potential.2,18,33,541,957,1004 For
example, it has been found that the etched p(100) surface in KOH at potentials
negative of the OCP is rough, covered with pyramidal hillocks, whereas that etched at
anodic of the OCP is mirrorlike.541 In HF solutions the silicon surfaces etched at anodic
potentials below the current peak are extremely rough due to the formation of porous
silicon, whereas those etched at potentials above the current peak are mirrorlike (see
Chapter 8). It has been reported that the surface roughness of (111) silicon in 0.1
at decreases from 4 nm to 0.7 nm after being treated in the current oscillation
region.494

ETCHING OF SILICON
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Roughness also changes with many operating conditions. For example, addition
of ppm levels of surfactants can significantly change the etch rate and surface rough-
ness in KOH solutions1000 and in fluoride-based solutions.537 Ionic surfactants produce
much smaller roughness than do nonionic surfactants. Roughness that developed in a
BHF solution of 6% HF + 30% can be inhibited by addition of surfactants.468

Increasing the flow rate of the etchant is found to decrease roughness.1004 A wafer
growth process which gives different levels of oxygen content has an effect on the
roughness of the etched surface in KOH.458 Silicon wafer has varied roughness from
one side to the other depending on the position and orientation of the wafer in the
etching tank.124 Si(111) surface is smoothed on the atomic scale by anodic oxidation in
NaOH followed by oxide stripping in 5% HF, and final stabilization in 40%
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Surface roughness varies with etching time and thus the mount of material
removed. Roughness increases with etching time for initially micro smooth surfaces
but may decrease for initially rough surfaces.434,458,557,1002 Figures 7.52 and 7.53 show
that roughness increases with time on the polished front side (initial roughness 2.5 nm)
but decreases with time on the back side (initial roughness 300nm).1000 Figure 7.54
shows the roughness of the three principal surfaces as a function of etching time.1002

The roughness of the (110) plane increases with time whereas that of the (111) and
(100) planes remains relatively constant. Similar results are found for the (100)
surface.557 Etching of the saw-damaged zone of silicon wafers in solutions
results in a reduction of roughness from about to about In KOH solu-
tions as soon as the duration of etching exceeds a critical time, about 15min, charac-
teristic pits or hillocks develop on the etching surface.672,673
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For a given etching system, there is a steady-state roughness. If the initial rough-
ness is smaller than this roughness, the roughness of the etching surface tends to
increase, and if the initial roughness is larger than the steady-state roughness, it tends
to decrease. Generally, as-received silicon wafers have a very small surface roughness,
and in most etchants the roughness tends to increase as etching proceeds. In the etching
in 25% KOH at 70°C, a steady-state roughness is reached at about 4h for the (111)
surface and much longer for the (100) surface.1000

Crystallographic Characters and Formation of Hillocks. The surface rough-
ness of silicon single crystals has clear crystallographic characteristics as illustrated in

334
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Fig. 7.55.1002 At a microscopic scale, roughness is associated with lattice steps, vacan-
cies, and so only which are determined by the lattice structure of the surface. At a
macroscopic level, crystallographic character may be revealed in the topographic fea-
tures, for example, hillocks formed on the (100) surface. It has been found that the
etched surface in 25% KOH has well-defined terraces and step features, whereas it has
a nodule type of appearance in 50% KOH solution.245 Table 7.5 provides a summary
of the characteristics of the surface etched features in KOH with respect to the crystal
orientation of the surfaces.

In particular, the macroroughness of the etched silicon surface in alkaline solu-
tions is a function of surface orientation.206,672,673,1002 Sato et al.1002 found that the
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smoothest surface appeared at the (100) plane whereas the (320) and (210) planes which
also have higher etch rates than other planes are very rough as shown in Fig. 7.56. The
relative roughness among the different planes can be quite different as reported by
different investigators.

The (100) surface tends to roughen quicker than the (111) surface and the rough-
ness tends to be permanent on the (100) surface whereas it is transient on the (111)
surface.114 Such crystal orientation-dependent roughness can also be explained by the
anisotropic etching mechanism illustrated in Fig. 7.41. The preferential etching at the
(111) steps of the (111) terraces results in the removal of the terraces and reduction of
the (111) steps and a reduction of microroughness.

In particular, the hillocks formed on the (100) surface are crystallographic struc-
tures bounded by four (111) planes resulting from the anisotropic etching and their for-
mation directly contributes to the roughness of the surfaces.557 Hillocks may, under
certain conditions, form in HF-based solutions,349 but most commonly in alkaline
etchants.518,557,706 Because the (111) surface etches very slowly, the formation of hillocks
leads to a decreased etch rate.557,706

The extent of hillock formation in alkaline solutions depends strongly on solu-
tion composition and operating conditions. Formation of hillocks in KOH solutions
occurs in certain concentration ranges.206,557 Solution stirring and higher solution tem-
perature reduce the hillock-associated surface roughness. The density of hillocks is
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found to decrease with addition of a reducing agent, such as ferricyanide, to the solu-
tion.541 In NH4OH solutions it occurs for all concentrations, temperatures, stirring con-
ditions, and sample preparations.706,711 It can be suppressed by the addition of In
TMAH solutions at concentrations lower than 25%, small hillocks start to develop and
the size and number increase with decreasing concentration.1002,1005 Addition of IPA in
TMAH increases the size of hillocks but does not change hillock density. Electrode
potential can also affect hillock formation. It is found that the p(100) surface etched in
KOH at potentials negative of the OCP is rough covered with pyramidal hillocks
whereas that etched at potentials anodic of the OCP remains mirrorlike.541 Increasing
the pressure above the etchant bath is found to enhance the formation of hillocks in
KOH solution.696

Hillocks tend to readily form on poorly cleaned surfaces and in etchants con-
taining excessive amounts of dissolved silicon.349,434,518,577 Hillocks may result from local
masking by contaminants or deposits of reaction products. The pyramidal hillocks have
been found to be associated with a microsubstance, a few nanometers in size, at the
apex of the pyramidal hillocks.349 The development of hillocks is similar to the forma-
tion of a pyramid on a masked surface as shown in Fig. 7.45. The anisotropic dissolu-
tion of the material around the masked area results in the formation of pyramids.
Initially the pyramids at the surface are tiny but as etching continues new pyramids are
formed while the existing ones grow. Once the surface is fully covered with hillocks,
the etch rate in the (100) direction will drop as the surface is covered by planes of
slower etch rate. The masking substances causing the initiation of hillocks can be
surface contaminants, precipitates in silicon material, surface deposits, and formation
of gas bubbles. Formation of hydrogen bubbles, which is a basic reaction in the etching
of silicon at the OCP in aqueous solutions, and precipitation of silicates have been con-
sidered to be most important for hillock formation and associated surface rough-
ness.518,557 The four (111) planes of hillocks are flat, as the {111} planes resulting from
cavity etching of both (100) and (110) wafers are smooth at the macroroughness level
in all of the anisotropic etchants.54,206,458
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Formation of hillocks can be reduced by controlling solution composition, tem-
perature and agitation, electrode potential, surfactants, pressurizing, and so on.557,706,1005

In general, increasing silicon solubility and reducing gas formation results in the reduc-
tion of hillock formation. It has been found that addition of an oxidizing agent such as
hydrogen peroxide, which effectively inhibits the formation of hydrogen bubbles,
inhibits the formation of hillocks.706,1005 Pressurizing with oxygen is also found to reduce
the formation of hillocks.696 It was suggested that the reaction of oxygen with the hydro-
gen atoms on the surface occurs before the formation of bubbles. Other practices such
as increasing solution temperature, solution stirring, and decreasing the concentration
of dissolved silicon in the solution, are effective in reducing the possibility of forma-
tion of solid silicates on the surface and thus the formation of hillocks.

7.7.3. Origins of Roughness

Roughness developed in a cleaning or etching solution is a result of uneven dis-
solution across the crystal surface. Many factors in an etching process may cause the
uneven distribution of the dissolution rate at both micro and macro scales. One partic-
ular example is the roughness associated with the formation of hillocks. In general, any
process that causes temporary or permanent surface inhomogeneity will result in pref-
erential dissolution of some areas relative to other areas.

The surface roughness that develops on the etched surface in KOH is attributed
to the masking by hydrogen bubbles resulting from the etching reactions.124,557 The
surface area that is masked by a hydrogen bubble is not etched until the bubble grows
to a certain size and leaves the surface. The roughness, depending on the amount of
preferential etching of the masked and unmasked areas, increases with the size of hydro-
gen bubbles. Increasing convection and temperature increases the rate of reaction but
decreases the hydrogen bubble dwell time, leading to the formation of more and smaller
bubbles.

The precipitate of etching products on the surface is a common cause of surface
roughness. Residues tend to form on the etched surface in KOH of low concentra-
tions.206 Varied roughness in ethanolamine-based etchants is associated with the for-
mation of precipitates.520 Staining may occur during etching in
hydrazine solutions, resulting in the formation of various kinds of surface fea-
tures.337,342,542 Stain is also found to form in etching HF solutions with
and as oxidants. Highly boron doped material is found to be more susceptible to stain
formation.337 The composition of stain has been identified to be

Roughness of etched surfaces can be attributed to several causes: (1) native oxide,
(2) residuals left from the cleaning process, (3) defects in the crystalline structure, (4)
hydrogen bubbles, (5) metal deposits (6) anisotropic etching and (7) formation of pores.
They may be grouped into two categories, process-dependent and material-dependent,
as shown in Fig. 7.57. The process-dependent causes are the deposition of metal or
nonmetal particles (Fig. 7.57a,b) or bubbles (Fig. 7.57c) which provide masking to the
deposited areas. The difference in the masking effect between a metal and a nonmetal
particle is that metal can actively participate in the dissolution reaction by a galvanic
action. The material-dependent causes, such as preferential dissolution at lattice defects
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(Fig. 7.57d), anisotropic dissolution (Fig. 7.57e), and formation of pores (Fig. 7.57f),
are associated with the structure and properties of the silicon crystal.

The surface of the silicon crystal, no matter how it is finished, will have a certain
number of lattice defects, which tend to dissolve preferentially resulting in formation
of etch pits and other features. Terraces and steps of various sizes are inevitable con-
sequences of anisotropic dissolution of the surfaces misoriented from the (111) surface.
Also, a silicon surface, whether initially smooth or not, in HF solutions, has an
intrinsic tendency to roughen and form micropores governed by sensitivity of the
electrochemical reactions on a semiconductor electrode to surface curvature.8

Furthermore, the two groups of factors shown in Fig. 7.57 may affect each other. For
example, the initial lattice inhomogeneities may provide the sites for deposition
whereas localized deposition may enhance the development of etch features such as
pits or hillocks.

7.8. APPLICATIONS

The applications of etching can be broadly classified into three categories: (1)
surface preparation, (2) structural characterization, and (3) device fabrication.289 In
category 1, etching is used to prepare suitable surfaces for subsequent physical and
chemical measurements or processing. Here etching is used as a tool for cleaning
or polishing, for removing the damaged or defective surface layer, or for surface sta-
bilization. In category 2, etching is used for the identification of defects such as dislo-
cations, for microstructrural studies, and for orientation examination, or for impurity
distribution. In category 3, etching is used for removing materials and for machining
structures in device fabrication.
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7.8.1. Cleaning

CHAPTER 7

A clean surface is essential for device reliability and performance.220 It becomes
critical as the dimensions of devices become smaller and smaller as a result of ever-
increasing integration and complexity. It has been estimated that over 50% of yield
losses in integrated circuit fabrication are due to microcontamination.203 Currently,
tremendous efforts are devoted to contamination control and better cleaning procedures,
thus resulting in a very active research field and generating a large volume of techni-
cal literature. This section is not an attempt to summarize the results of these ongoing
research activities but to present cleaning as an application of etching and its impor-
tance to the electrochemical properties discussed in the rest of this book.

Today, a typical process flow for advanced ICs consists of 300 to 500 steps, 30%
of which are wafer cleaning steps.407 Many process steps during IC fabrication may
introduce contamination, which must be cleaned before the next process step. For
example, in processes such as steam oxidation, resist etching, and ion implantation,
metallic contamination typically introduces a surface concentration of to

The need for wafer cleaning can be separated into three areas: (1) prepa-
ration of the wafer surfaces for oxidation, diffusion, deposition, and metallization; (2)
preparation for the application of photoresist; and (3) removal of photoresist after the
etching process.464,669

Cleaning prior to thermal process steps such as gate oxidation, dopant diffusion,
and epilayer deposition is especially critical in ensuring yield and reliability of the
finished devices.407,466 Trace amounts of impurities such as sodium ions, metals, and
particles are especially detrimental when present on silicon surfaces during high-
temperature processing (thermal oxidation, diffusion, epitaxial growth) because they
spread and diffuse into the semiconductor interior. Also, metallic contaminants on
submicrometer devices are detrimental. When present, heavy metals often form
midband gap states which act as generation–recombination centers, increasing the
leakage current. They also tend to precipitate and decorate extended defects leading to
junction shorting and degradation of gate oxide integrity.407

Contaminants on silicon surfaces can be classified as molecular, ionic, and atomic
or as hydrocarbons, metals, and particles.242,472,884 Typical molecular contaminants are
waxes, resins, oils, and organic compounds which are commonly generated in the
processes after sawing or from human skin and plastic containers. They are usually
attached to the surface by weak electrostatic forces. Ionic contaminants such as

are present after etching in HF or alkaline etchants. They may be pre-
cipitated on the surface by physical adsorption or chemical adsorption. The atomic con-
taminants of concern are metals such as gold, iron, copper, and nickel originating from
acid etchants. The metallic impurities can only be effectively removed by wet clean-
ing processes.99,488 The particles such as and C originate to a
large extent from wet processes and cleaning baths. These particles are attracted by the
electrical field generated by the wafers, which are negatively charged in water.242 The
contaminants may be physically located in different phases at the silicon/electrolyte
interface depending on whether the surface is covered with an oxide film and whether
the contaminants are adsorbed onto the surface before, during, or after the formation
of the oxide film as illustrated in Fig. 7.58.
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A cleaned silicon wafer is characterized as (1) particle free, (2) without organic
contaminants, (3) minimal metallic contamination, (4) free of native oxide, and (5)
minimal surface roughness.99,254 It has a surface concentration of contaminants such as
Fe, Cu, and Ni of less than and a microroughness of about 0.2nm.488 As-
received wafer typically has several thousand particles, a roughness of about 0.2 nm,
and metal concentrations of about for Fe, Cu, and Zn as shown in
Fig. 7.59.131,488,493 The degree of cleanness is constantly improved as cleaning technol-
ogy continues to progress. As a result, the surface metal concentration has been reduced
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by about one order of magnitude per decade, from more than to less than 2 ×
in the 1970s, and to less than in the 1990s.488,630

According to Ohmi,99 the removal of metallic and organic contaminants from the
Si surface to a very low level requires the use of a solution containing high redox poten-
tial. The metallic particles are ionized and dissolved in the solution while the organic
impurities are decomposed to and so on. Two requirements must be satis-
fied in order to remove particles from the surface: (1) the zeta potential of the substrate
surface and particles should be in the same polarity in the solution so as to cause repul-
sive electric force between the surface and the particles, and (2) the substrate surface
or the particle surface should be slightly etched in order to lift particles off the sub-
strate surface. Also, the formation and cleaning of the oxide film in the cleaning solu-
tion and in air have a special significance in obtaining a clean silicon surface. Ohmi
pointed out that when a hydrogen-terminated silicon surface is exposed to the air in a
clean room, moisture of several tens of molecular layers is adsorbed within seconds. If
the ambience is composed only of moisture or oxygen, the Si surface will not be oxi-
dized at room temperature.

RCA Cleaning. The RCA process, which was originally developed by Kern and
Puotinen in 1970,884 is still the basis of the current wet cleaning process for bare or
oxide-covered silicon surfaces. Table 7.6 details a current RCA cleaning process.220,461

The original RCA cleaning, which tends to etch silicon substrate during the
process,454 is based on two hydrogen peroxide solutions: an alkaline mixture with
ammonium hydroxide followed by an acidic mixture with HC1.203 In the first treatment,
a hot solution of NH4OH (27%), H2O2 (30%) and H2O, with a proportion of 1:1:5 to
1:2:7 by volume of the chemical agents, known as SC1 cleaning solution, is used.203

SC1 solution is designed to remove organic contaminants by both solvating action of
the ammonium hydroxide and the oxidizing action of the peroxide. The oxidizing action
by H2O2 also results in the formation of surface silicon oxide which dissolves slowly
in the solution. It is thus very effective in particle removal as continuous oxidation and
etching of the oxide take place under the particles.126 The metal surface contaminants
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such as gold, silver, copper, nickel, cadmium, zinc, cobalt, and chromium are also oxi-
dized by and dissolved by the complexing effectiveness of the ammonium hydrox-
ide; copper, for example, forms the amino-complex.203,488,630

The second treatment step exposes the rinsed wafer to a solution known as SC2,
which is a hot mixture of (30%), HC1 (37%), and in the proportions of
1:1:6 to 2:1:8 by volume. This cleaning solution is designed to remove alkali ions
and cations such as and that form -insoluble hydroxides in the
alkaline solution. It also cleans metallic contaminants that are not entirely removed in
SC1 solution such as gold and prevents displacement replacing from solution by
forming soluble complexes with the resulting ions.884 A preliminary cleaning step with
hot mixture (2:1) can be used for grossly contaminated wafers having
visible residues. A short dipping in dilute HF solution may also be used after SC1 clean-
ing to remove the hydrous oxide film formed in SC1 solution.203 More recently, this
cleaning solution has often been used with a concentration only one-tenth of the orig-
inal solution in order to avoid surface roughness and to reduce production cost and the
effect on the environment.1013

Strict control of the purity of water and materials used for preparation of the
cleaning solutions is essential in obtaining good results, as recontamination may also
occur in the cleaning solutions. Figure 7.60 shows, as an example, that the surface con-
centration of Fe, Ni, Cu, and Zn increases linearly with the impurity concentration
in SC1 solution.1017 The deposition process is found to follow the Langmuir adsorp-
tion/desorption theory. Cu, Ag, Au, and Mo at in HF and BHF solutions
can all cause deposition at levels higher than Deposition of metal impuri-
ties at ppm levels in HF solutions is severe for Cu, Au, and Cr and is much lower for
Fe and even less for Zn.883

The precipitation of metals onto a silicon surface is essentially a corrosion
process, in which the ionic metal species in the solution are reduced and deposited on
the surface simultaneously with oxidation of the silicon atoms. The rate of metal depo-
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sition tends to depend on the type and doping level of silicon, because deposition
involving charge exchange with the surface depends on the electronic properties of the
substrate.461 In addition to electrochemical deposition, metals may also precipitate onto
the silicon surface in the form of an oxide. According to Ohmi et al.220 metals such as
Al, Cr, and Fe, which have a larger enthalpy of oxide formation than Si, tend to be oxi-
dized more easily than Si and tend to be included as particles in the silicon oxide.

Cleaning of metallic impurities on a silicon surface requires the oxidation and
dissolution of the metal atoms. Most metals have a standard potential that is much
higher than that of silicon. To oxidize the metal atoms the electrode potential, at least
in the local area of the deposits, has to be raised to the level of the reversible potential
of the metal in the solution. For example, in SC1 solution the potential of silicon is

means that in SC1 solution the species with reversible potential less than tend
to be oxidized on the surface. Passivation is also responsible for the slow etch rate in
SC1 solution, for only about 30–40 material is removed during the RCA cleaning.454

The fact that the silicon surface is passivated serves three purposes: (1) It allows the
surface to be anodically polarized which is required for oxidizing of metal impurities,
(2) it prevents much etching of the substrate during the cleaning process, and (3) it
helps to physically dislodge the metal atoms from the surface by forming an oxide layer
between the metal atoms and the silicon surface.

The surface condition—whether a native oxide is present or not—has a signifi-
cant effect on bonding of iron and copper deposited on the surface and thus the clean-
ing efficiency.453 Each metal has its own characteristic chemical state.454 Metal impurity
such as Fe tends to be present on the silicon surface oxide layer in the form of oxidized
Fe(III), whereas Cu tends to bond directly to Si atoms in the elemental state. The former
can be cleaned by etching away the oxide whereas the latter can only be removed by
a redox reaction.

Experimental results have shown that after RCA cleaning, the number of parti-
cles and zinc concentration on a silicon wafer are drastically reduced, while copper and
iron concentrations remain similar to the as-received condition.131,493,665 With SC1 solu-
tion it is not easy to reduce surface heavy metals such as Fe below Modi-
fied SC1 solutions are used to remove the Fe, Cu, and Ni to below Dilute
solutions of are found to be more effective than RCA
at removing surface metal impurities such as Ca, Ni, Zn, and Al.454 Treatment with a
mixture of and diluted HF, which removes about 30 nm silicon, after RCA clean-
ing reduces significantly Fe, Ca, and Mg surface concentration.631 SC1 cleaning
followed by a very dilute acid of produces better results regarding
removal of metallic impurities and particles.465 Using ultrapure water to prepare the
RCA cleaning solutions leads to better results.131 Cleaning with ozonized water and
peroxide to remove particles and metals is shown to produce a clean surface with Cu
concentration below

7.8.2. Defect Etching

Defect etching refers to the etching process that preferentially attacks the strained
bonds of defects within a crystal. It is a simple and fast method of determining the

at which the silicon surface is passivated (it is                 without This
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structural perfection of single crystals. The morphological features developed by defect
etching have a characteristic shape and may occur at random or in arrays revealing
crystalline imperfections such as dislocation, slip, lineage, and stacking faults. Defect
etching has been widely used to evaluate dislocations and also to delineate process-
induced defects in silicon wafers and epitaxial deposits.375,387 In general, the etching
features and operating conditions in different defect etching systems are well charac-
terized but the etching processes that lead to the development of the defect features are
not well understood. The techniques and procedures for defect etching of silicon crystal
are well established and can be found in a series of ASTM Standards.439–442

Many different etchants have been developed for various purposes as shown
in Table 7.7. By using proper etchants and procedures, different types of crystal
defects can be evaluated: flow pattern defects,246 stacking faults,387,433,1023
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dislocations,91,304,319,340,387,433,1020 dislocation network,162,319,387 oxide precipitates,445 swirl
patterns,387,433,1023 striations,311,433 hillock defects,652 epitaxial defects,375 epitaxial
alignment,367 grain boundary,91,319,455 twin band,91 diamond saw damage,391 pn
junction,398,399,410 metallic precipitates,388,1173 and damaged layer of mechanically
polished surface.302

Most defect etchants are mixtures of and HF.319,340,387 The preferential
etching of dislocations takes place only at a proper concentration ratio of and
HF.387 These etchants are easy to use and fast, taking only several minutes to reveal
the defect etch features. Agitation is in general not required but it may improve the
quality of etched features in some etchants, such as Wright etch,433 Yang etch,387 Secco
etch.319 etchants are also used for defect etching. For example,

based etchant has been found to be highly sensitive for defects
of polycrystalline materials.91,993 Etching in a CuSO4–HF solution under anodic bias
reveals surface defects associated with dislocation networks.162 Etching profile by stain-
ing in Cu2+-containing acids at forward bias condition under illumination reveals pn
junction and doping.410,576 The copper preferentially is deposited on the n region, while
the silicon preferentially dissolves on the p region.

The degree of differential etching at defects depends on the orientation of the
crystal. In general, for diamond-type structures such as silicon it is much easier to
reveal dislocations on the {111} planes than on other planes.289,387 Some etchants, such
as Sirtl etch, reveal sharply the defects on (111) planes but are not satisfactory for (100)
planes.

The defect etching behavior of different silicon crystal planes has been related to
the different surface potentials of the planes.833 The surface energy of the low-index
surfaces follows the order The potential difference between a
dislocation and its surrounding area is greater on (111) surfaces than on (100) surfaces,
leading to a larger degree of preferential etching of the defects.

The etch pattern of dislocations is determined by the inclination of dislocations
to the surface.387 For dislocations lying nearly parallel to the surface, dislocation lines
are observed. For dislocations lying at a steep inclination to the surface, etch pits result.
The basic unit of an etch pit is generally bounded by the (111) planes intersecting the
surface. The shape of a dislocation etch pit, which can be viewed as a superposition of
the basic units etched at different intervals along a dislocation, is uniquely determined
by the orientation of wafer surfaces and dislocation lines. Figure 7.61 schematically
illustrates the shapes of etch pits developed on the three major surfaces.

For the formation of a dislocation etch pit it is necessary that the etching rate
along the dislocation line be greater than the rate on the rest of the surface as shown
in Fig. 7.1(c). The increased etching rate along the dislocation line is due to the strain
field associated with the dislocation.473,1022 Alternatively, the increased reactivity of dis-
locations may be due to the impurities preferentially segregated at dislocations. The
increased reactivity of edge dislocations leading to the initiation and propagation of
etch pits can be understood in terms of the chemical bonding and structure of the atoms
along the dislocation line. The atoms along a dislocation are only triply bonded to the
lattice and thus have dangling bonds. The terminal atom of an edge dislocation inter-
secting the surface may have only two dangling bonds. The sensitivity of an etchant to
defect etching is thus determined by the etch rate at the defects relative to that of the



ETCHING OF SILICON 347

surrounding area. Sharp etch pits are found to develop in etchants with a sensitivity
factor of

Not all etch pits developed in etching solutions are related to crystal defects. For
example, random and flat-bottomed etch pits are found to develop on dislocation-free
silicon wafer in solutions.168 Similar well-defined square and
randomly distributed pits of several micrometers in size are found after immersion of

in a solution.727 Large etch pits
the surface of which is covered with a porous silicon layer, have been found to form
on p-Si in quiescent concentrated HF solutions.1007 The number of pits is greatly reduced
in diluted solutions. This phenomenon can be attributed to the combined effect of
porous silicon formation and pitting corrosion.

7.8.3. Material Removal

Etching is widely used as a process for material removal in silicon device fabri-
cations. The important aspect of any etching process is the ability to control the amount
of materials with sufficient spatial accuracy. The process and structural diversity in
device fabrication necessitates diverse etching techniques—chemical or electrochemi-
cal, junction, anisotropicity, masking, and illumination—to provide uniform as well as
selective etching, with lateral selectivity as well as in-depth selectivity. Figure 7.62
highlights the basic uniform and selective etching techniques for removing materials.

Uniform Material Removal. In the category of uniform etching the simplest
method is immersing silicon samples in etchants such as solutions
as shown in Fig. 7.62(1).103,149,331,450 It is normally used in applications such as damaged
layer removal450,490 and polishing33,306 and in-depth doing profiling.18,852 The etching is
most commonly operated at the OCP but can be done under an anodic potential and/or
illumination to add extra control. Etching with potential control requires an ohmic
contact at the back side of the wafer in order to apply an anodic potential on the silicon



348 CHAPTER 7

sample as shown in Fig. 7.62(3). Also, for uniform etching in fluoride-based solutions,
the potential has to be in the current plateau region of an anodic (see Fig.
5.1). Instead of applying an external current, anodic potential can be applied via gal-
vanic action by depositing a metal on a part of the silicon surface.1181

Chemical etching of the silicon wafer in mixtures of HF and is used to
remove surface work damage and stress from the slicing operation as well as to provide



ETCHING OF SILICON 349

a relatively nonporous and clean back side of the finished wafer.471 It typically removes
0.5 to 1 mil of material from each side of the wafer. It has been reported that for the
etching to remove the damaged layer, KOH solutions offer better results in terms of
yield, flatness of back side, and metal contamination compared with solu-
tions.490 solution has been used to remove the damaged
layer on mechanically polished surfaces.302

Chemomechanical polishing, which combines mechanical abrasion and chemical
etching, is a basic processing technology for the production of flat, defect-free reflec-
tive surfaces. A widely used chemomechanical polishing technique for silicon uses an
aqueous colloidal silica suspension.213 The polishing proceeds by a combination of the
reactions of silicon with the solution and the mechanical removal of the reaction prod-
ucts by the polishing pad and the abrasive fluid. Electropolishing has been proposed as
an alternative technique to mechanical polishing for wafer polishing.33,303,306

Selective Material Removal. Selective etching can be realized by using
masking, anisotropicity, pn junction, focused illumination, heavy boron doping, and
potential control. All of these methods can be used for lateral selective etching, but only
the methods that provide a boundary with a clear difference in the etch rates of the
materials making the boundary, such as a pn junction or a junction between boron
heavily doped and moderately doped materials, can be used for in-depth selective
etching. Etching over a confined area on (100) substrate in an anisotropic solution
results in the formation of a cavity as illustrated in Fig. 7.62(2). In the case of an illu-
minated pn junction as shown in Fig. 7.62(4), the photogenerated holes in the n region
are flown to the p region resulting in dissolution of the silicon in the p region. When
the illumination is confined in an area, the photoenhanced dissolution occurs either
within the illuminated area or outside of the illuminated area depending on the mater-
ial type.422,600,758 For n-type material, illumination generates a selective etching which
leads to the formation of a cavity at the illuminated area as shown in Fig. 7.62(6). On
the other hand, for p-type material, illumination results in the formation of a column
as shown in Fig. 7.62(8).

In-depth selective etching requires that the material to be removed have a much
larger etch rate than the material beneath it so that etch stop occurs at the end of the
etching. For etching alkaline solutions, heavily boron doped silicon can be used as the
material for etch stop. This is based on the difference of several orders of magnitude
in the etch rates between heavily doped and lowly doped materials. Etch stop can also
be realized using the difference in the dissolution rates of p- and n-type silicon at anodic
potentials in HF solutions as shown in Fig. 7.62(7). For example, in-depth selective
etching of a p-type silicon can be realized by anodic polarization in HF solutions using
n-type silicon for etch stop.

In-depth selective etching of silicon in alkaline solutions can also utilize the dif-
ferent passivation potentials between p- and n-type materials in alkaline solutions such
as KOH,152,511,536 EDP,112 NH4OH,521,1004 hydrazine,205,462448 and TMAH.516 In this method,
as shown in Fig. 7.62(9), an anodic voltage sufficient to cause passivation of n-Si is
applied via an ohmic contact. Due to the potential drop in the reversely biased pn junc-
tion, the p-Si is maintained at a potential negative to the passivation potential and is
etched. On complete removal of the p-Si, the junction disappears and the etch stops
because the n-Si is passivated. A current peak, corresponding to the formation of the
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passive oxide film on the n-Si, occurs when the pn interface is reached. This current
peak signals the onset of the etch stop. Extra control can be obtained by applying dif-
ferent potentials on the p-Si and n-Si regions with p-Si maintained at a value near the
OCP and n-Si at a value positive of the passivation potential.536 This prevents the
unwanted passivation of the p-Si which can result from short-circuiting due to point
defects and current leakage. Etching of p-Si can also be realized by selective passiva-
tion using an accumulation layer for etch stop instead of a pn junction.463 Based on the
same principle as in-depth selective etching, laterally selective etching can be obtained
by biasing a laterally positioned pn junction because p- and n-Si have different passi-
vation potentials.521

Another group of methods for selective etching utilizes the high reactivity of
porous silicon.502 Porous silicon can selectively be formed in a patterned area. The
porous silicon can then be easily dissolved in a KOH solution leading to the selective
dissolution of the patterned area. Also, straight hole array with high aspect ratios can
be generated through formation of macropores by back illumination on n-Si.12,763

Locally confined etchant can also be used to preferentially etch small holes on
silicon.830,1018,1098 In this technique an active etchant is generated through a reduction
reaction at the tip of a fine electrode which is positioned near the silicon surface. In sit-
uations where diffusion-controlled process limits the in-depth etch rate, deep etching
can obtained using a centrifugal force.82

Many different structures can be micromachined on silicon through etching.
Whereas IC technology usually employs planar processes, in micromechanics, sensors,
and actuators, selective etching must be used to fabricate three-dimensional and mobile
elements.285,517 Two aspects are of particular important in the fabrication of structures
by etching: etch stop and etch feature definition, both of which rely on the selective
etching of materials on a patterned silicon surface.851 Virtually all microstructures utilize
at least one etch stop technique during the course of their fabrication. Etch feature def-
inition, on the other hand, is mainly achieved through masking and anisotropic etching
which makes anisotropic etching one of the key processes for the fabrication of three-
dimensional micromechanical devices.517,918

Table 7.8 lists some of the silicon structures that may be fabricated through
etching. The many etching characteristics of silicon and the numerous etching systems
provide a large range of variation in etch rate. This range of rate variation, in com-
bination with various etching techniques, provides many methods for selective
removal of materials on silicon as illustrated in Fig. 7.62, allowing the fabrication of
diverse structures on silicon. Also, process simulation models and software tools
have been developed to assist design and fabrication of structures of specific
geometries.515,517,524,1006,1080
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8
Porous Silicon

8.1. INTRODUCTION

Porous silicon (PS) is a material that is formed by anodic dissolution of silicon in HF
solutions. The formation of PS was first reported in the late 1950s in studies on elec-
tropolishing of silicon.33,957 Since then, particularly after 1990 when luminescence of
PS was discovered, numerous investigations have been undertaken. These investiga-
tions have revealed that PS has extremely rich morphological features with properties
that are very different from those of silicon and the formation process of PS is a very
complex function of many factors such as HF concentration, type of silicon, current
density, and illumination intensity.

The amount of information on PS in the published literature is enormous and it
is not possible to cover all aspects of PS in one chapter. Thus, the focus in this chapter
is on the phenomena related to the properties of silicon, such as the formation of PS
and the resulting morphology. The phenomena associated with the properties of PS and
the applications of PS are only briefly mentioned at the end of the chapter. In particu-
lar, there is so much information related to the luminescence of PS that it would require
a separate book to organize this body of information.

In this chapter, the conditions for the formation of PS, the relation between the
formation conditions and PS morphology, and the mechanisms for the formation of PS
and morphology are discussed. The various aspects of surface condition, nature of reac-
tions, and reaction kinetics that are fundamentally involved in the anodic dissolution
of silicon are discussed in Chapters 2–5.

353

8.2. FORMATION OF POROUS SILICON

8.2.1. Characteristics of i–V Curves

PS can either be formed by anodization in HF-containing solution under an anodic
bias or by an electroless process. The formation condition can best be characterized by
i–V curves. Figure 5.3 shows a typical plot of an i–V curve of silicon in HF solutions.
At small anodic overpotentials the current increases exponentially with the electrode
potential. As the potential is increased, the current exhibits a peak and then remains at
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a relatively constant value. PS forms in the exponential region but not at potentials
higher than that corresponding to the current peak, Electrochemical polishing occurs
in this region. At potentials above the exponential region and below the potential of the
current peak, PS formation also occurs, but the PS layer does not completely cover
the sample surface.2 The surface coverage of PS decreases as the potential approaches
the peak value. Hydrogen evolution simultaneously occurs in the exponential region
and its rate decreases with potential and almost ceases above the peak value. The
exisistance of these different regions are similar for other fluoride-containing solutions
of various compositions and pH values.34,700,775,939

In the exponential region where PS forms, the slope of the logarithmic current
density versus potential plot, i.e., the Tafel plot, is typically about 60mV/decade for p
type and heavily doped n types of silicon samples as shown in Table 5.3.

Successive i–V curves, measured on the same specimen (Fig. 8.1), are virtually
the same except for the first one when the surface is transformed from smooth to
porous.2 Because each curve is subsequently obtained on the electrode with a thicker
PS layer, it means that the reactions are independent of PS thickness, and are not con-
trolled by mass transport. The small difference between the first and subsequent ones
in Fig. 8.1 suggests that the active surface area is not drastically changed by the for-
mation of PS, although the total surface area is much increased due to the growth of
PS. Also, the interface capacitance is not modified by the presence of a PS layer with
increasing PS thicknesses.5 This means that the pore walls in PS are depleted of carri-
ers and are not active so that it is only conductive at the pore tips where active reac-
tions take place. However, the formation of PS transforms the surface morphology so
that the electrode behavior is changed from that of the original condition as shown in
Fig. 8.2.1153 After 5min of polarization at at which PS forms, the capacitive
loop of the n+ silicon in 1% HF is greatly reduced. Formation of PS, as will be dis-
cussed later, results in an increased effective area as well as in an increased kinetics
due to the enhancement of the electric field by the curvature at the pore tips.

The typical characteristics of the i–V curves of p-Si of different doping levels and
orientations are essentially identical except for a slightly higher current density of the
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(100) orientation relative to that of the (111) orientation.2,38 Figure 8.3 shows i–V curves
of different types of Si in 1% HF solution. Except for a shift along the potential axis,
which reflects the difference in the Fermi levels of these materials, the i–V curves of p
type and heavily doped n types are largely identical.

The i–V curves on non-heavily doped n-Si are shown in Fig. 8.4. Unlike p-Si and
heavily doped n-Si, a much larger anodic polarization is required to generate the dis-
solution reaction in the dark; the lower the doping level, the higher the applied poten-
tial for a given current density.2 Also, the i–V curves may not show the clearly defined
regions as on other types of Si, but depend on measurement procedures. As shown in
Fig. 8.4 the i–V curve with a positive potential scanning rate is different from that with
a negative scanning rate; different regions are revealed only on the curve measured at
a certain negative scanning rate. As will be discussed later, it is the particular reaction
and the morphology that give rise to the i–V characteristics shown in Fig. 8.4. Also,
the current flow on n-Si is very sensitive to surface roughness.9,42 Mechanical
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roughening or passing through an anodic current prior to PS formation will greatly
increase the current density at lower potentials, at which the current density is very
small without the surface roughening. The current rise occurs at a potential several volts
lower on a rough surface than that on a smooth surface.

The i–V curve of n-Si under a high illumination intensity, when the reaction is
no longer limited by the availability of photogenerated carriers, is identical to that for
p-Si except for a shift along the potential axis. As for p-Si, formation of PS on n-Si
occurs only below the critical current, The i–V relationship at a current density much
lower than the saturation photocurrent density is similar to that observed on p-Si. When
the saturation photocurrent density is lower than the critical current density, the current
is limited by the saturation photocurrent.

The current at a given potential increases with HF concentration. The current
density in the exponential region is linearly proportional to HF concentration, giving a
reaction order of about 1, while in the electropolishing region the HF reaction order is
about 1.35.2 Also, the potential at peak current shifts to high values with increasing HF
concentration. The i–V curves measured in concentrated HF solutions are very noisy
due to the violent hydrogen evolution at high current densities in concentrated solu-
tions. Unlike in diluted HF solutions, the current in concentrated HF solutions at high
potential values depends on scanning rate and decreases on successive curves measured
on the same sample, indicating the role of mass transport in the growing PS layer in
these solutions.1153

8.2.2. Conditions for PS Formation and Electrochemical Polishing

Examination of the sample surfaces that are anodized at different potentials indicates
that the potential corresponding to the maximum slope of the i–V curve is the upper
limit for formation of a uniform PS layer. At potentials between the maximum slope
and current peak, the porous layer may still form but the surface coverage is not
uniform. Thus, the anodic behavior is characterized by three regions: PS formation,
transition, and electropolishing.2
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Plotting the current at the maximum slope and the peak current for different
types of silicon as a function of HF concentration, the condition for occurrence of PS
formation and electropolishing is obtained as shown in Fig. 8.5.2 It is seen that the
three regions in relation to current density and HF concentration are essentially
independent of the silicon substrate doping type and concentration. This means that
the differences in semiconducting properties of the silicon samples have little effect
on the occurrence of these regions. The various parameters involved in PS forma-
tion such as potential, doping, and illumination affect the occurrence of different
regions through their relation to the current density. Low current and high HF concen-
tration favors PS formation whereas high current and low HF concentration favors
polishing.

The occurrence of different regions during anodization of silicon in HF solutions
is attributed to two competing reaction paths: direct dissolution of silicon and indirect
dissolution through formation and dissolution of silicon oxide.2 Formation of PS is only
possible when the surface is not fully covered with an oxide film and direct electro-
chemical dissolution of silicon is possible. At low potentials, direct dissolution of
silicon dominates and PS is readily formed. On the other hand, at potentials higher than
the current peak, the entire surface is covered with an oxide film and the semi-
conducting properties are masked such that the dissolution is homogeneous across the
surface and PS cannot be formed. Thus, the formation of an oxide film and its surface
coverage determines the occurrence of these three regions. The existence of an oxide
during PS formation and its increasing coverage with potential have been experimen-
tally confirmed.326

The electropolishing region does not occur in anhydrous organic solutions due to
the lack of water required for the formation of oxide film. Figure 8.6 shows that in
anhydrous HF–MeCN solutions the current can increase with potential to a value of
about without showing a peak current. The current increases linearly with
potential due to the resistance in the solution and silicon substrate except for very small
currents near the onset of anodic current where the current increases exponentially with
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potential. The characteristics of the i–V curves are independent of solution agitation
and potential scanning rate indicating that mass transport in the electrolyte has very
little effect. For n-Si the current is proportional to the light intensity and is only limited
by the saturation photocurrent. The photon efficiency is about 4 indicating a current
quadrupling effect; for every photon-generated electron, three electrons are injected
from the states at the interface.

8.2.3.  Effective Dissolution Valence and Hydrogen Evolution

As discussed in Chapter 5, the effective dissolution valence of silicon, n, can vary
between 2 and 4 depending on the type of silicon, potential, and illumination intensity.
In general, n increases with increasing anodic current density for all types of silicon
substrates as shown in Fig. 5.21. The value of n sharply changes at the peak current
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density, On the other hand, at a given current density, n increases with HF concen-
tration. Also, the dissolution valence decreases with increasing PS layer thickness as
shown in Fig. 8.7;41 also, a dissolution valence as low as 0.5 is measured for thick PS
films formed at low current densities. The low n values are due to the chemical disso-
lution of PS; the thicker the PS layer, the longer the sample is present in the electrolyte
and the larger the amount of chemical dissolution. For p-Si, on which the PS has
an extremely fine pore structure, the chemical dissolution during the growth of PS is
significant and is responsible for the low n values below 2.

For p-Si in the PS formation region, n tends to increase with doping concentra-
tion particularly at high doping concentrations as shown in Fig. 8.8;35,651 for n-Si the
effect of doping concentration on dissolution valence is seen to depend on current
density. It decreases with increasing illumination intensity as shown in Fig. 8.9.
Substrate orientation has little effect on n as shown in Fig. 8.10.1085

Evolution of hydrogen gas occurs during the formation of PS. It is the result of
the chemical reaction responsible for the effective dissolution valence of less than 4.
Figure 8.11 shows that the amount of hydrogen gas is proportional to the time of
anodization.34 When the anodization is stopped, the hydrogen evolution still continues
at a lower rate. In situ FTIR studies indicate that the H-termination of the silicon surface
is preserved during PS formation on n-Si.477,775,1123 The silicon atoms on the surface are
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dynamically adsorbed by H and dissolved into the solution. The efficiency of hydro-
gen evolution and dissolution valence as a function of potential under various condi-
tions is summarized in Fig. 5.23.

Due to the formation of hydrogen bubbles the space within the pores may not be
fully filled by electrolyte. It has been found that for the PS formed on heavily doped
p-type silicon in concentrated HF solution only slightly more than half of the pore
volume is filled by the electrolyte.40 The rest is occupied by the hydrogen gas gener-
ated during PS formation. However, it has been suggested by Lehmann and Foll763 that
the formation of hydrogen bubbles is likely to occur at the opening of the pores instead
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of inside the pores, because if hydrogen bubbles were formed inside pores they would
block the current path and stop the growth of the pore.

The formation of hydrogen does not occur in anhydrous organic solvents.136,248,1085

Because of lack of hydrogen evolution the dissolution reactions are entirely electro-
chemical in nature with a dissolution valence of 4 at all current densities. Addition of
water to the organic solvents reduces the dissolution valence as shown in Fig. 8.10.1085

8.2.4. Growth Rate of Porous Silicon

The growth rate of a PS layer can vary over a wide range depending on formation con-
ditions as shown in Table 8.1. It can be as low as a few angstroms per second and as
high as 4000 Å/s.36,41 Such rates are well within the limits observed for planar etch rates
of solid silicon and its oxides. The etch rates of silicon in solutions of certain
mixtures can be as high as (see Table 7.1), and those of anodic oxides, accord-
ing to Fig. 4.2, can be on the order of 1000 Å  in concentrated HF solutions.

For p-Si the growth rate of PS at a given current density appears to increase lin-
early with HF concentration as shown in Fig. 8.12.36,1128 For n-Si the growth rate also
increases with HF concentration but the relation is not linear (Fig. 8.13).12,1153 At a given
HF concentration it increases linearly with increasing current density as shown in Fig.
8.14.36 It also increases linearly with logarithmic dopant concentration (Fig. 8.15). The
growth rate of PS on n-Si is more complicated. Figures 8.14 and 8.15 show that the
growth rate on n-Si does not follow a linear function with current density nor with
dopant concentration and under identical conditions the PS formed on n-Si type gen-
erally has a higher growth rate than that on p-Si. Also, the growth rate of PS on n-Si
becomes relatively constant at current densities that are a significant fraction of the
current peak as shown in Fig. 8.16.12,763 The temperature of HF solutions generally
has little influence on the growth rate of PS.33,170 The formation of PS on n-type silicon
in the dark does not occur below certain anodic potentials in the dark but can occur
after roughening or formation of a thin PS layer under illumination.36,40
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The current under a given potential is generally constant as a function of anodiza-
tion time or of PS thickness.40,41 Figure 8.17 shows that the PS growth on heavily doped
n-Si is a linear function of time for thickness up to about Such constant current
and growth rate mean that the PS formed is uniform in thickness, a finding that agrees
with the results from morphological investigations. At large thicknesses the growth may
deviate from linearity. This occurs at different thicknesses under different conditions;
it starts on a smaller PS thickness at high current densities in concentrated solutions.41

The deviation from linearity, which indicates that either the effective area at the disso-
lution front is increased or the effective dissolution valence is increased, is due to the
effect of diffusion in the electrolyte within the pores.12,1133 PS growth rate is higher on
(100) samples than on (111) samples.1132

8.2.5. Mass Transport

The exponential current–potential relationship in the PS formation region indicates that
mass transport has little influence on PS formation. This is further confirmed by the
fact the current during PS formation is essentially independent of the thickness of
PS.2,36,40 Also, the concentration of HF inside pores is found to be essentially the same
as outside.40 However, as the PS layer gets thicker, diffusion may start to limit the rate
under high current densities. For example, Fig. 8.17 shows that the thickness of PS
increases linearly with time under various current densities and potentials below
At a certain thickness depending on HF concentration and current density, the growth
slows down. It has been found that for a very thick PS layer there is a dif-
ference of about 20% in HF concentration at the tips of pores and the bulk solution.12

The morphology of the PS formed under a diffusion-controlled situation will change
with increasing thickness. Due to the depletion of HF at pore tips, the distribution of
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the reactions, particularly the coverage of oxide at the pore bottom, is changed, which
results in the change of morphology.8

Mass transport of uncharged species in an electrolyte occurs by either convec-
tion or diffusion. Given the conditions for PS formation, convection inside pores
via physical stirring is only possible through the formation, growth, and movement of
hydrogen bubbles. It has been reported that the pores during their growth are not fully
filled with electrolyte, due most likely to the formation of hydrogen bubbles.40 However,
it has been argued that hydrogen bubbles may not be formed in the mass transport
within pores because if they are formed inside pores they will block the pore and
significantly reduce the rate of mass transport.12

In the potential range near the current peak before the electropolishing the current
is limited primarily by the diffusion of HF from the bulk to the silicon/electrolyte inter-
face.33 In this region the coverage of PS on the electrode surface is no longer complete
because oxide formation and dissolution proceed on a significant part of the surface.
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At the current peak, the critical current at which the effect of mass transport reaches
its maximum and the surface is covered with an oxide films, PS ceases to form.
Although diffusion has a strong effect in the electropolishing region, the current is not
fully limited by the diffusion process.34,939

8.2.6. Chemical Dissolution during PS Formation

During PS formation at an anodic potential, the tip of pores dissolves electrochemi-
cally. The pore wall areas that are sufficiently distant from the tips where no holes are
available, dissolve only chemically and at a very low rate. The chemical dissolution
does not depend on potential but on the time of immersion and the total surface area
of the PS. Due to the large surface area of PS, a significant amount of material may be
removed by the chemical dissolution during the formation period of PS. Figure 8.18
shows that the amount of chemical dissolution increases with immersion time in the
HF solution and with decreasing HF concentration.48 The dependence of the chemical
dissolution on time has been found to follow the equation

where t is time and A and n are constants depending on HF concentration and current
density. For 40% HF and a current density of the amount of chemical dis-
solution relative to that of electrochemical dissolution has been determined to be

This equation indicates that the amount of chemical dissolution relative to that of elec-
trochemical dissolution increases with time. This is reasonable, as chemical dissolu-
tion is proportional to the surface area of PS which in turn increases with time while
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electrochemical dissolution depends only on the surface area at the pore bottom that is
independent of anodization time.

The values in Fig. 8.18 can be used to estimate the chemical dissolution rate
on the surface of pore walls. For a PS with a density of 50% and a pore diameter of
3 nm, the absolute dissolution rate of PS equals the dissolution rate of PS
divided by silicon density and by specific area The chemical
dissolution rate is estimated to be about assuming the PS consists of
straight cylindrical pores of equal diameter. The order of magnitude is in agree-
ment with the planar etch rate of silicon in concentrated HF solutions (see Chapter
7). The real chemical dissolution rate of PS should be larger than that of a flat surface
due to the large amount of lattice defects associated with PS. The chemical disso-
lution during PS formation is responsible for the dissolution valence lower than 2
(Fig. 8.741) and the change of PS density with depth, particularly for lowly doped
material.

8.3. MORPHOLOGY

8.3.1. General

Morphology, which is determined by the distribution of materials in space, is the
least quantifiable aspect of a material. It is thus very difficult to characterize mor-
phology of PS, which has extremely rich details with respect to the range of variations
in pore size, shape, orientation, branch, interconnection, and distribution. Qualitatively,
the diverse morphological features of PS reported in the literature can be summa-
rized by Fig. 8.19 with respect to six different aspects: pore shape, pore orienta-
tion, shape of a pore bottom, fill of macropores, branching, and depth variation of a
PS layer.

The condition for PS formation is determined by current density and HF
concentration and is essentially independent of the condition of the silicon sub-
strate as described in Section 8.2.2. The morphology of PS, on the other hand, is
determined by all factors involved in anodization, particularly the factors related
to the substrate. For example, doping concentration, which does not affect the
nature of electrochemical reactions, is a principal factor determining the morphol-
ogy of PS.

Thus, the morphology of PS can be roughly grouped, according to the type and
concentration of doping, into four main categories: (1) moderately doped p-Si

(2) highly doped p-Si and n-Si and (4) lowly doped
. The PS formed on moderately doped p-Si has extremely small pores

ranging typically from 1 to 10 nm. The pores are highly interconnected as illustrated in
Fig. 8.19(5f). For heavily doped p and n types, the pores have diameters typically
ranging from 10 to l00nm. The pores show clear orientation and are less intercon-
nected as illustrated in Fig. 8.19(5e). For n-Si, the pores, with a wide range of diame-
ters from 10 nm to are generally straight and clearly separated as shown in Fig.
8.19(5a–d). For lowly doped p-Si, the PS can have two distinctive and continuous pore
diameter distributions: large pores on the order of micrometers and small pores on the
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order of nanometers as shown in Fig. 8.19(6c). The large pores can be fully or partially
filled by the small pores as shown in Fig. 8.19(4a–c).

The morphology of the PS formed on n-Si also strongly depends on illumination
conditions, that is, intensity, frequency, and direction (front or back). Very different
morphologies are produced by front versus back illumination. Back illumination gen-
erally produces straight pores, whereas front illumination typically produces a two-layer
PS as shown Fig. 8.19(6c).
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8.3.2. Diameter and Interpore Spacing

Among the morphological features, the average pore diameter of a PS, as a quan-
tifiable and easily measurable parameter, is most commonly determined. Table 8.2
shows the pore diameter and interpore spacing reported for the PS formed under various
conditions. Pores can be classified as micropore if the pore diameter is less than
2 nm, as mesopore if it is between 2 and 50 nm, and as macropore if it is larger than
50nm.12 For simplicity, the pores discussed in this chapter are categorized as only
micropores (less than l0nm) and macropores (larger than 50nm). Pores between 10
and 50 nm may be grouped into either micro- or macropores depending on the specific
situation.

Effect of Doping. The diameter of pores and interpore spacing, under the
same anodization condition, vary with doping type and concentration in a wide
range, from about 1 nm to about about 4 orders of magnitude.60,952,1084,1162 The
PS formed on different substrates can be roughly grouped into four main cate-
gories according to doping concentration: (1) moderately doped p-Si
(2) highly doped and and (4) lowly doped p-Si

The PS formed on moderately doped p-Si has extremely small pores typically
from 1 to l0nm. For heavily doped p and n types, the pores have diameters typically
ranging from 10 to 100nm. For n-Si, the pores have a wide range of possible diame-
ters from l0nm to For lowly doped p-Si, the PS can have two distinct dis-
tributions of pore diameters: large pores with a distribution of diameters on the order
of micrometers and small pores on the order of nanometers. The effect of doping on
pore diameter strongly depends on solution composition, potential, and illumination
conditions.

For a given type of pores, pore diameter varies continuously with doping con-
centration in a continuum. Figure 8.20 shows that for n-Si the diameter of the pores
increases with the sample resistivity at different current densities.1084 In contrast, the
pore diameter of p-Si of moderate or high doping concentrations decreases with increas-
ing doping concentration. Macropores can also form on highly doped n-Si and lowly
doped p-Si under certain conditions.247,952,1139,1165

Effect of Potential, Current, and HF Concentration. Pore diameter generally
increases with increasing potential and current density.8,47,50,1084 Figure 8.20 shows that
the diameter of pores formed on both p-Si and n-Si increases with current density over
a wide range of doping concentrations.47,1084 Figure 8.21 shows the cross sectional mor-
phology for lowly and highly doped p-Si.35 Figures 8.22 and 8.23 show that the diam-
eter of the pores formed on nisi increases with potential.8 Also, the PS formed in or
near the transition region according to the i–V curve tends to have relatively larger
pores; macropores can form on highly doped p-Si.2 They are also found on highly doped
n-Si.1139

For a given substrate, the sensitivity of pore diameter to HF concentration
strongly depends on the solvent.247,1027 Figure 8.24 shows that pore diameter decreases
with increasing HF concentration.1086,1140 A wider range of variations in pore diameters
can be obtained in organic solvents than in aqueous solutions. For example, it has been
found that under the same conditions, macropores can form in organic solutions but
may not in aqueous solutions.1139
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Primary and Branched Pores. The branched pores are significantly smaller
than the primary pores.35,60,575,1126 The hierarchical pore structure has been found to be
universal to the PS formed on all types of substrates.575

Pore Arrays. Straight large pores with smooth walls can be formed by back side
illumination of n-Si of (100) orientation.12,763,768 Using micropatterning for pore initia-
tion sites (micro processed pits), regularly spaced pore arrays can be produced. Pro-
duction of pore arrays of in diameter up to deep on a 6-inch wafer has
been reported.1169 Well-aligned pore arrays have not been obtained on [111] and [110]
wafers due to the misalignment between the direction of pore growth and that of the
hole source.768

Under given formation conditions, the pore diameter beyond the surface region
reaches a certain size determined by the formation conditions (i.e., HF concentration,
current density, potential, and doping concentration) and is generally constant with
increasing depth. According to Lehmann and Grüning768 as shown in Fig. 8.25, the
smallest possible pore diameter for a regular pore array is about below which
branching at the side of the pore bottom occurs. The largest pores are found to be about

above which formation of straight and smooth pores becomes a problem due to
hydrogen bubble formation. The diameter of the macropores formed on n-Si is pro-
portional to Because
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where A is a constant. Also, there is a power law relationship, existing
between pore diameter and doping concentration for the formation of stable pores (deep
pores without pore branching or dying).

Variation from Surface to Bulk. The pores at the surface are smaller than those
in the bulk of PS as, for example, shown in Fig. 8.26.8,37,40 Such an increase in pore
diameter from the surface to the bulk is due to the transition from pore initiation to
steady growth. Also, the walls of macropores may be covered with a layer of micro-
pores, i.e., two-layer PS, on illuminated n-Si or on very lowly doped p-Si. On illumi-
nated n-Si samples, a micro PS layer exists on the surface of the large pores
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formed.10,12,16 The pore diameter of this micro PS layer is less than 2nm and the thick-
ness of this layer changes with illumination intensity and the amount of charge passed.16

Also, the diameter of macropores on front-illuminated n-Si changes with the amount
of charge passed.763 The pore size and depth variation of PS on n-Si are very different
for front- and back-illuminated samples. The diameter of pores on two-layer PS will
be further discussed in Section 8.3.6.

For very deep pores the diameter may start to increase with a decreased growth
rate due to the effect of the diffusion process in the pore electrolyte. The depth at which
this occurs depends on current density and HF concentration. Figure 8.27 shows that
the maximum depth of pores formed on back-illuminated n-Si without changing of
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morphology decreases with increasing HF concentration.768 Low HF concentration, low
temperature, and low growth rate favors formation of deep uniform pores.

Interpore Spacing. The variation of interpore spacing or wall thickness is more
complex than pore diameter and there is much less information on the correlation
between wall thickness and formation conditions. Interpore spacing depends on the for-
mation conditions such as applied potential and HF concentration rather differently than
does pore diameter.8,1084 In general, the walls are on the same order as or smaller than
the pore diameter. The wall is thin in the PS of small pores but may also be thin in the
PS of large pores. In particular, the interpore spacing depends on potential; it increases
with potential at small currents but at a certain current it starts to decrease with increas-
ing potential. When the spacing is reduced to zero, pores no longer form, and instead,
shallow pits form as shown in Fig. 8.22(d).

Distribution of Pore Diameter. Pore diameters of the PS layer formed under a
given set of conditions have a distinct distribution. Normal, log-normal, bimodal,
fractal, and nonuniform distributions have been found for the PS formed under differ-
ent conditions.16,47,133,772,767,780,856

Figure 8.28 shows the pore size distributions for the PS formed on highly doped
p-Si at different current densities.47 For the PS formed on heavily doped silicon, the
pores at a given HF concentration have a narrower distribution at lower current; at
a given current density, the distribution is narrower at lower HF concentrations. A
bimodal distribution of pore diameter is generally associated with two-layer PS on
lowly doped p-Si and illuminated n-Si. The PS formed on p-Si has also been found to
have a bimodal distribution of particles sizes: small spherically shaped particles with
a diameter of a few nanometers and large cylindrically shaped particles oriented with
their axis perpendicular to the surface.771,772 The distribution of pore size with multiple
peaks may be attributed to the fact that PS may have a surface micropore layer and
smaller branched pores.133,780 Due to the hierarchical structure of the branched pores,
the distribution of pore diameters for highly branched PS is found to be fractal-like.60,575
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Illumination during formation of PS on p-Si has been found to affect the distribution
of pore diameter; it increases the amount of the smaller nanocrystals, while reducing
the amount of larger crystals.1124 For the PS formed under an illuminated substrate,
the relative amount of small crystals is found to increase with reduction of light
wavelength.774

Pore Density. The density of pores is determined by the diameter and pore
spacing, and depends on any factors that have an effect on the diameter and spacing.
Figure 8.29 is a summary by Lehmann et al.1084 of pore density as a function of doping
concentration. It shows that except for micro PS (less than 2nm in size) the density of
pores increases with doping concentration. Generally, the density of pores increases
with decreasing pore size.

The density of pores is generally higher near the surface than in the bulk.8,1133 At
the growing front of PS in the bulk, the pore density is independent of the initial surface
condition. For example, for the bulk pores formed on n-Si with patterned initiation sites
under back illumination the pores will merge or branch from the initially patterned
pores depending on the specific conditions.763

Figure 8.24 shows that for the PS formed on n-Si in the dark pore density
increases with increasing HF. Pore density also increases with increasing tempera-
ture.1133 Figure 8.30 shows that for the PS formed on back-illuminated n-Si, the pore
density in the transition phase increases with increasing potential for different doping
levels; high potential favors nucleation of pores. Figure 8.31 shows that the stable
growth-phase pore density increases with potential for highly doped material but
decreases with potential for lowly doped. Such a dependence of pore density on doping
can be explained using the data in Fig. 8.23, namely, the pore density decreases with
increasing potential at low potentials due to increase of the space charge layer thick-
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ness but decreases with potential at high potentials due to the reduced wall thickness.
The pore density decreases with potential (Fig. 8.31) because the PS on the more highly
doped substrate was obtained near the transition region (see Fig. 5.3), where the wall
thickness decreases with increasing potential. On the other hand, for the potential range
it is not in the transition region for the lowly doped material and pore density decreases
with increasing potential.
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8.3.3. Pore Orientation and Shape

The growth of individual pores, or the dissolution at pore tips, is anisotropic and thus
depends on the orientation of the substrate. It is also determined by direction of the
carrier source; pores tend to grow toward the carrier source. The relative effect of sub-
strate orientation and direction of the carrier source on the orientation of pores is deter-
mined by the specific electrochemical reactions at the silicon/electrolyte interface at the
pore bottoms under a given set of formation conditions.

The orientation of primary pores is in general in the <100> direction for all of the
PS formed on (100) substrate.36,60,1126 For PS with the dendritic structure shown in Fig.
8.32, pores propagate along the (100) direction even on(110)and(111)substrates.154,763,1126
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Figure 8.33 schematically illustrates the dendritic pore growth along the <100> directions
for both (100)- and (111)-oriented substrates.763 The nondendritic branched pores formed
on (100) substrate are not strictly perpendicular to the primary pores but deviate to various
extents from the <100> direction toward the source of holes.35,60,1083 Table 8.3 shows the
orientation of the pores observed under different conditions.

Ronnebeck et al.1083 found that the macropores formed on misoriented n(100)
substrates from 15° to 35°, as well as on n(111) are ori-
ented along the <100> direction when they are formed in the dark at high anodic poten-
tials. However, when the samples are illuminated from the back, the pores formed on
the (111) sample and the side pores formed on the 35° misoriented (100) sample are
oriented along <113>. Figure 8.34 shows that the orientation of the main pores formed
on the substrate 35° from the (100) surface is <100>, while that of the side pores is
<113>. According to Ronnebeck et al., crystal defects aligned in the <113> direction
are a possible cause of the unusual pore orientation. In another study by the same group
of researchers, the pores formed in dimethylforamide (DMF) are principally aligned in
the (100) direction independent of the substrate orientation.1138 Also, while macro pores
may grow along the <113> direction on non-(l00) substrates, the growth of the highly
branched dendritic pores appears to be along the <100> direction independent of sub-
strate orientation.60,1126

The dependence on substrate orientation for the macropores formed on p-Si is
similar to that on n-Si.1085,1138 The macropores formed on p-Si in anhydrous HF organic
solutions are straight and well oriented along the <100> or <113> direction on sub-
strates of different orientations, while those formed in solutions containing water tend
to be perpendicular to the surface (less anisotropic effect) and are poorly aligned.
According to Christophersen et al.,1085,1138 the supply of oxygen and hydrogen in the
solution are important to the anisotropic growth of pores based on their current burst
theory (see next section); oxygen is necessary for smoothing the pore tips, whereas
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hydrogen is the decisive factor for the anisotropic growth and passivation of macro-
pore side walls.

Large pores tend to have less anisotropic effect and grow more dominantly in the
direction of carrier supply, namely, perpendicular to the surface. On the other hand, for
pores of extremely small diameters, on the order of a few nanometers, the direction of
individual pores is not well defined. The macropores formed on p-Si generally have
smooth walls and an orientation toward the source of holes that is perpendicular to the
surface even on (110) and (111) samples.177,1027

Depending on the orientation of the substrate and formation conditions, the cross
section of individual pores may have different shapes as illustrated in Fig. 8.19(1),
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which reflects the orientation-dependent dissolution nature of the reactions. The shape
of the pores formed on (100) substrate is a square bounded by {011} planes with corners
pointing to the <100> directions.46,60 The shape of individual pores formed on n-Si tends
to change from circular to square to starlike and to dendritelike with increasing poten-
tial.763 Low formation voltage tends to favor circular shape and high voltage, starlike
shape. Near-perfect square shape of pores can be obtained for the PS formed on n-Si
at a certain current density, HF concentration, anodic bias, and illumination intensity.
For macropores formed on lowly doped p-Si the shape of pores tends to be round at
low current densities but tends to be square at high current densities on a (100) sub-
strate and triangular on a (111) substrate.177

The bottom of pores is always curved, varying from a shallowly curved semi-
circle to an elongated cone depending on the formation conditions as pictured in Fig.
8.22.8,10,12,763 Table 8.4 shows that the shape of pore bottoms, in terms of the ratio of
the length to the diameter, can vary from as small as 0.3 for very shallow bottoms to
as large as 5 for highly elongated bottoms. As will be discussed in Section 8.6, the cur-
vature of the pore bottom is a principal factor in the reaction kinetics required for for-
mation of PS and its morphology.

8.3.4. Pore Branching

As illustrated in Fig. 8.19(5), individual pores, depending on the formation conditions,
may propagate straight in the preferred direction with very little branching or with for-
mation of side pores. In general, the conditions that favor the formation of small pores
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also favors branching. Thus, branching is increased with decreasing current density
which generates smaller pores.763

The degree of branching and interpore connection, similar to pore diameter,
depends strongly on doping concentration. The most highly connected PS is found in
the PS of lowly doped p type and the micro PS of illuminated n-Si, on which the pores
are extremely small, less than a few nanometers.60 On the other hand, well-separated
and straight pores are generally found on moderately or lowly doped n-Si. Under certain
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conditions, perfectly straight pores with smooth walls can be formed on n-Si in the
dark, as, for example, shown in Fig. 8.35.1153 Also, on n-Si smooth and straight pores
without branching can be obtained under back illumination using a surface-patterned
substrate. On and samples, the pores grow perpendicular to the silicon surface
with many secondary pores on the sides of these pores which sometimes results in
branching.35,572 The macropores formed on lowly doped p-Si generally have no side
pores longer than the pore diameter.136,177,1027

The branches of the main pores are due principally to the tendency for anisotropic
dissolution along the <100> direction. Like the main pores the branched pores are highly
directional, propagating preferentially in the {100} planes and the long <100> direc-
tions.46,60,763 Such directional branching can produce regularly spaced three-dimensional
structures as shown in Fig. 8.36.1153 The tendency to branch is stronger on (110) and (111)
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substrates than on (100) because for substrates of non-(l00) orientations, no <100> direc-
tion coincides with the direction of the hole source. Due to the large tendency to branch,
it is difficult to produce straightpores with smooth walls on (110) and (111) samples, even
on the surface-patterned samples under back side illumination.768

8.3.5. Interface between PS and Silicon

The growth front of a PS layer (not individual pores) is always perpendicular to the
surface of the substrate with back electrical contact. The growth front is planar, inde-
pendent of the orientation of the silicon samples, because the growth of pores depends
on the supply of carriers which are transported from the back of the sample. The inter-
face between the PS layer and silicon substrate is essentially flat with a difference
between high and low points within a few micrometers.

8.3.6. Depth Variation

The morphology of PS generally varies in the depth direction from the surface to the
bulk. There are two types of depth variations: (1) The change of pore diameter near the
original surface is gradual from the surface to the bulk where pore diameter is constant
as shown in Fig. 8.19(6b); and (2) the change of pore diameter is abrupt from a surface
layer to the bulk layer with a difference in diameter as large as three orders of magni-
tude as shown in Fig. 8.19(6c). The surface layer for the first type is formed due to the
initiation of pores and their transition to steady-state growth. The second type is the
two-layer PS with a micro PS on top of a macro PS. While two-layer PS forms only
under certain conditions, the transition PS layer of varying thickness exists on the
surface of all PS layers. Also, for two-layer PS the macropores may be filled to various
extents by a micro PS layer as shown in Fig. 8.19(4). Layered PS structure due to the
fluctuations in the substrate has also been observed.779

Transitional Layer. The transitional layer is formed only on the original sample
surface and is associated with the nucleation of pores. It is present on top of the PS of
all types of silicon.8,36,40,763,1084,1133The pores in the transitional layer are generally much
smaller than those in the bulk. There is no clearly definable boundary separating the
surface layer and the bulk, the pore sizes gradually changing to those of the bulk. The
thickness of the surface layer is related to the size of pores; the smaller the pores, the
thinner the surface layer.

For n-Si large the transition layer with smaller pores can be clearly seen as for
example shown in Figs. 8.26 and 8.37.8 The distributions of the pores in the transition
layer and in the bulk stable growth layer are also different as shown in Fig. 8.38.1133

On the other hand, for p-Si this surface layer is very thin (near zero) for some PS with
extremely small pores. Figure 8.39 shows that the surface layer is a function of
current.40 Also, the thickness of this surface layer depends on dopant concentration as
shown in Fig. 8.40. The thin transition layer on p-Si is denser than the bulk PS.36,40

The morphology of the transition layer, unlike the bulk morphology, depends
sensitively on surface conditions, particularly surface roughness. For example, pores
tend to form along a scratch.60,154 For n-Si, which usually requires a large potential to
generate current in the dark, the formation of PS can occur at much lower potentials if
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the surface is roughened first by mechanical grinding with sandpaper or by electro-
chemical polarization at a higher potential. A rough surface provides the sites with small
radius of curvature for the initial preferential dissolution because electrochemical reac-
tions on semiconductor surface are sensitive to surface curvature.8 Different silicon
materials show different sensitivity toward scratches of different sizes and sharpness.

A certain amount of uniform dissolution may occur prior to and during the initi-
ation of pores. For example, as reported in one study, before the formation of the macro-
pores on lowly doped p-Si( 100) in anhydrous HF–MeCN solutions the entire surface
is etched forming (111) facets of about Pores then start to grow at the base of
these facets. Once macropores are developed the surface etch rate is greatly reduced,
by a factor of 4.
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Thus, in general, the dissolution of silicon at an anodic current results in three
regions of the silicon substrate which is exposed to the electrolyte as shown in Fig.
8.41. Such an etched layer prior to the initiation of pores is involved in all types of PS
because the etching causes roughening of the surface, which is required for pore initi-
ation. The etching phase is associated with the formation of macropores on both n and
p types of silicon and with formation of micropores on p-Si.794,1126 For example, for n-

As shown in Fig. 8.42, the thickness of the etched layer increases with increasing sub-
strate resistivity.1133 The pores are larger on the substrates of higher resistivity and a
thicker etched layer is required to generate a higher degree of roughening for pores to
initiate. On the other hand, the etched layer depends only very weakly on potential.

Two-Layer PS. Two-layer PS, with a micro PS layer on top of a macro PS layer,
can form under certain conditions. For n-Si, formation of a two-layer PS is associated
with front illumination, although it can also be formed with back illumination.12,177,247,1027

For p-Si, two-layer PS is found to form on lowly doped substrates. For moderately or
highly doped p-Si or for n-Si in the dark, formation of two-layer PS has not been
observed.

Si under back illumination initiation of macropores is preceded by an etching phase.
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Formation of PS of front-illuminated n-Si depends on the wavelength of the light;
formation of large and deep pores does not occur with a white light at wavelength
<800nm, but formation of cylindrical pores occurs at wavelength >867nm.763 Unfil-
tered lamp radiation results in large pores covered with micro PS and its depth and
shape depend on wavelength distribution. This phenomenon is due to the wavelength-
dependent absorption depth; carriers that are generated deep in the bulk promote pore
growth at the tips of macropores whereas near-surface generation results in the forma-
tion and dissolution of micro PS and lateral growth of the macropores.

The occurrence of the two-layer PS under front illumination depends on light
intensity and the amount of charge passed as illustrated in Fig. 8.43.16 There is a cor-
relation between the occurrence of two-layer PS and the saturation photocurrent value.10

Only a single micro PS layer forms at photocurrent densities below the photosatura-
tion value whereas a two-layer PS forms at current densities above the saturation current
as shown in Fig. 8.44. Also, a macro PS layer forms only after a certain amount of
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charge determined by the anodization conditions, which is the etch layer required for
the initiation of macropores as discussed in the previous section.247

There is also an etched layer of Si on the surface of the anodized Si sample under
illumination as illustrated in Fig. 8.45. This etched layer, which unlike that in the dark
is required for the surface roughening for the initiation of pores, is mainly due to pho-
tocorrosion. As a result of the photoinduced dissolution the top surface of the PS layer
recedes with time. The rate of dissolution depends on doping, HF concentration, current
density, and illumination intensity. Figure 8.46 shows the variation of the three layers
with the amount of charges passed; the etched layer on a highly doped sample is thicker
than that on a lowly doped material. The thickness of the micro PS decreases while
pore diameter and etched layer increase with increasing light intensity. Table 8.5 shows
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an example of the effect of light intensity, HF concentration, and amount of charge
passed on the thickness of the three layers.

The micro PS on top of the macro PS formed on n-Si under illumination can have
a very complex structure. For example, it has been reported that the PS formed on n-
Si has an irregular and square-shaped framework of pores with interconnected columns
of 100–200 nm for lowly doped materials and 100–400 nm for highly doped mate-
rials.767 Bounded to this rigid square-shaped framework and contained within is a finer
structure with wirelike structures of sizes varying from 3 to 12 nm. Fractal morphol-
ogy has been suggested to be associated with the micro PS.

The macropores formed on illuminated n-Si, once initiated, can increase in diam-
eter with time without reaching a constant value as shown in Fig. 8.47.247,763 Also, the
diameter of the macropores formed under front illumination increases with increasing
HF concentration as shown in Fig. 8.48, in contrast to the case of macropores formed
in the dark (Fig. 8.24). The diameter of the macropores increases linearly with increas-
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ing light intensity at low light intensity up to but changes little at higher
intensities up to

Two-layer PS on back-illuminated n-Si can also occur at low potentials (near
the OCP) at a current density much lower than (the current peak of an i–V curve).12

The top micro PS layer disappears with increasing potential (at a constant photocurrent
density) and only macropores are formed with their surface covered with micro PS.

The PS formed on p-Si generally has micropores, but when the resistivity exceeds
a certain value macropores can form underneath a layer of micropores.177,952,1027 The
resistivity at which this occurs depends on the solvent, HF concentration, and current
density. In aqueous HF solutions macropores are found to occur on substrates of resis-
tivity higher than 1027 On the other hand, macropores have been found to form
on substrates with a lower resistivity of in 2M HF + DMF electrolyte.177 The
pore size of the top layer is similar to the single-layer PS formed on p-Si while that of
the macropores is on the order of micrometers. The diameter of the macropores and the
pore spacing increase with increasing doping concentration. Pore diameter may increase
or decrease with increasing current depending on the solution composition, while inter-
pore spacing decreases with increasing current.177,1027 Presence of water in organic
solvents tends to reduce the thickness of the micro PS layer. It has been found that a
two-layer PS is formed on lowly doped p-Si in anhydrous HF–MeCN solutions, but
addition of water results in the formation of only macropores without a top layer of
micropores.1085

Fill of Pores. The macropores of two-layer PS may be completely filled with
micropores or only partially filled depending on the solution composition.1027,1085 When
other conditions are the same, the macropores formed in organic solvents are more filled
than those formed in aqueous solutions or mixtures of organic solvent and water. Addi-
tion of water to organic solutions reduces the extent of filling. Among organic solu-
tions, according to Jäger et al.,1126 the degree of filling of the macropores formed on
p-Si depends on the oxidizing nature of the solutions: Macropores are filled with micro
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PS in nonoxidizing electrolyte such as acetonitrile (MeCN), whereas they are not filled
in oxidizing electrolytes such as DMF. However, it has been reported that the PS on p-
Si formed in anhydrous HF–MeCN solution has only the macropore layer
with no nanometer PS covering the surface of the macropore walls and the sample
surface.248

For the two-layer PS formed on front-illuminated n-Si, the degree of filling of
the macropores depends on light intensity, on the amount of charge passed, as well as
on the magnitude of the current relative to the saturation photocurrent.10,16,247,767 The
micro PS thickness increases with the amount of charge passed reaching a relative
constant value as shown in Fig. 8.49 and it decreases with increasing light intensity.247

The macropores formed on lowly doped n-Si under back illumination can also be filled
by micro PS and the degree of filling decreases with increasing potential.12

8.3.7. Density and Specific Surface Area

The density of PS can be expressed as absolute density in units of grams per cubic cen-
timeter or relative density (versus single-crystalline silicon) in units of percent. It can
also be expressed as porosity which measures the amount of the open space with PS.
Thus, the relative density plus porosity equals 1. In many studies the density of PS is
determined by a simple gravimetric method of measuring the weight difference before
and after anodization and the actual volume of PS.32,36,48,50 It may also be determined
by measuring the volume of liquid capillary absorbed in the pores.50

Porosity and density are most often used for characterization of PS in the litera-
ture due to their conveniently measurable nature. However, porosity is not a morpho-
logical parameter but a quantity, determined by the morphology. A given morphology
has a definite density, but a given density may have different morphologies.
Thus, porosity or density of PS alone does not specify the morphology of PS. Because
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porosity is a parameter that reflects the combined effect of pore diameter and interpore
spacing, it may roughly be estimated from average pore size and interpore spacing.
Also, while pore diameter and interpore spacing are the properties of individual pores,
pore density and porosity are the properties of the PS layer. In essence, the physical
and chemical properties of PS are not determined by porosity, although some proper-
ties can be correlated with porosity under specific conditions.

The following are some general observations on the effect of various factors on
PS density.

1. PS density for both p and n types increases with increasing HF concentration
(Figs. 8.50 and 8.51)35,41,48

2. The density of PS formed on p-Si decreases with increasing current density
as shown in Fig. 8.50.32,36,50 On the other hand, the density of PS formed on
n-Si first increases with increasing current density, reaches a maximum, and
then decreases as shown in Fig. 8.51.32,35,36,41 The variation with current density
is larger at lower HF concentrations.

3. PS density of p-type silicon increases with increasing dopant as shown in Fig.
8.52.35,36,48 PS density of n-Si under front illumination increases with increas-
ing dopant concentration, reaches a maximum at about and then
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decreases (Fig. 8.52). As shown in Figs. 8.52 and 8.53, except for highly doped
materials, n type generally has a higher PS density than p type.

4. PS density of n-Si decreases with increasing illumination intensity as shown
in Fig. 8.53.36

5. For a given material the dependence of porosity on various factors is similar
to that of pore diameter.

6. PS density tends to decrease with increasing anodization time or increasing
PS thickness mainly due to chemical dissolution of PS (Fig. 8.51).12,41,48,287,1133

Specific surface area is the total physical area per unit volume (e.g., ), and is a
measure of the dispersion of the solid silicon in PS. In contrast to PS density, which is
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a measure of the total amount of solid in a unit volume, specific area defines how finely
the solid is distributed. Because of the small diameter and interpore spacing, the spe-
cific area of PS can be extremely high as shown in Table 8.6.

Given the porosity and pore diameter, the specific area of a PS can be roughly
estimated, assuming straight circular pores having an average diameter of

where A is the specific surface area (m2/cm3) and p is the porosity (%).
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Similarly, pore density (number of pores per unit area) can be estimated as

As examples, according to the above equations for a PS with a density of 50% and for
a pore diameter of the specific area is and the pore density is 2.5 ×

. For a pore diameter of 2 nm the specific area is and the pore density
is 4 × 1012/cm2. PS with a specific surface area on the order of can be formed
in a wide range of conditions.35,47,772,1118 Specific area as high as can be
associated with the PS formed on p-Si.35,647,1103 This means that an increase on the order
of 106 in surface area can result from the formation of PS on a solid silicon cube of
1 cm on each side (6 cm2 in total surface area). Thus, PS exhibits a range of properties
characteristic of the large surface area such as high chemical reactivity.

8.3.8. Composition

The composition of PS may deviate greatly from that of pure silicon due to the large
surface area, which can be terminated by H, OH, O, or F (see Chapter 2). For macro
PS, the ratio of surface silicon atoms to those in the bulk is small and the PS is largely
composed of pure silicon with a small amount of adsorbed foreign species. On the other
hand, for micro PS, the composition of the PS can be significantly different from the
silicon substrate due to the huge surface area adsorbed by foreign species. As an
example, assuming that the first layer of atoms on the surface has a thickness of
a PS with a specific area of has 0.03 cm3 of silicon atoms in the form of
surface compounds. This represents 5% of the silicon atoms in the PS with a porosity
of 40%. It accounts for as much as 50% of the silicon atoms for the PS with a specific
area of and a porosity of 70%. Such a PS is essentially a surface of silicon
compounds. This simple analysis is in general agreement with experimental observa-
tions. On the other hand, the PS formed on n-Si with doping levels from to

which has large pores and relatively smaller specific area, is almost pure
silicon with a small amount of fluorine, hydrogen, and oxygen.42

The atomic bonds in as-grown PS in HF solutions for both p and n types of silicon
samples are found to consist of Si–H, Si–Si, and Si–O with a few percent fluoride
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atoms.36,1104 The PS formed on lowly doped p-Si in HF solution has a high concentra-
tion of H, C, O, and F.6 The PS near the surface tends to be higher in O
content and lower in H indicating that it is oxidized. A high concentration of hydrogen,
between and 1021/cm3, is found to be incorporated into the walls of pores and
into the bulk Si (from the tips) during PS formation.794 Penetration depth is determined
by the volume diffusion of hydrogen.1108 Low pH favors hydrogen penetration. The
hydrogen can exist in clustered states such as (SiH2)2 and monomer states such as
SiH2.

130 For the PS formed in HF–MeCN solutions the surface of PS is completely
covered by hydride.136,248 Newly formed mino PS is partially oxidized. It has been found
that the extent of oxidation for the PS on lightly doped p-Si is on the order of 10%
whereas it is much less on heavily doped materials, on the order of 1%.35 Another study
found that for highly doped p-Si, there is very little oxide content whereas about 50%
of the PS is in the form of oxide for lowly doped p-Si.176 The degree of oxidation of
the silicon atoms in PS, in the form of SiO , depends on the region (on an i–V curve)
it is formed.770 Oxide content increases with potential approaching the electropolishing
region. At the boundary of the PS formation region the oxygen is incorporated as a
suboxide SiO0.5 and SiO while in the transition region the oxygen is increased in the
oxides as SiO1.5 and SiO2. It has been reported that oxygen in the form of oxide exists
at the bottom of the pores on formed in 25% HF + 50% ethanol but not on p-Si.762

The PS formed in the transition region (Fig. 8.5) is mostly composed of anodic silicon
oxide.770

The amount of Si–O and Si–H bonding varies from the surface to the bulk of the
PS. 794,1106 The relative amounts of oxidation states of the silicon atoms in the PS formed
on both p and n types of silicon are affected by illumination and light wavelength.1124

Also, the amount of oxidation of PS tends to vary with anodization time.1103

8.3.9. Crystallographic Structure

PS may be crystalline, polycrystalline, or amorphous depending on the type of silicon
and formation conditions. In general, PS has the same single rystallographic structure
as the substrate silicon except for the very fine micro PS in which the crystal structure
can significantly deviate from the perfect silicon crystal lattice PS. The crystal struc-
tures of some PS formed under various conditions are listed in Table 8.7.

The difference in the crystallinity of PS of different morphological structures is
shown in Fig. 8.54 as transmission electron diffraction (TED) patterns of PS formed
on different silicon materials.624 The crystalline structure deviates more from the perfect
silicon crystalline structure as the PS structural dimension becomes smaller from
sample a to d. The TED pattern in sample d for the PS on lowly doped p-Si shows sig-
nificant electron scattering modification due to deviation from the perfect crystalline
structure. Similar findings were reported in other studies: PS formed on heavily doped
p-Si has the same single-crystalline structure as the substrate, whereas on lightly doped
p-Si the Bragg spots are less defined and much diffuse electron scattering is
observed.35,36,566 It has been found that the PS formed on p-Si in 50% HF has an
amorphous layer of about   on top of a polycrystalline layer of PS having a pore
size of less than 3 nm.640 Except for the top surface layer, which may also be amor-
phous or polycrystalline structures, the PS layers formed in the stable growing phase
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generally are single crystalline (with some deviation from the substrate for very fine
structures) over a wide range of thicknesses.649,650

For two-layer PS formed on illuminated n-Si the top micro PS may have very
different crystal structures varying from amorphous to polycrystalline to distorted
single-crystalline structure. For example, micro PS formed in 5% HF under illumina-
tion on n-Si with a doping range from 1015 to 1018/cm3 is single crystalline with the
same orientation as the substrate.247,767 On the other hand, amorphous structure is found
in the micro PS formed on illuminated heavily doped n-Si.640,651 The surface crystalline
structure of the PS formed on n-Si under illumination varies from single crystalline to
amorphous depending on the silicon resistivity and the condition of anodization as sum-
marized in Fig. 8.55.36

Distortion of the crystalline structure of PS from that of substrate silicon is cor-
related with the size of the morphological structure and can be associated with a number
of causes. The extent of change in lattice spacing depends on the type of PS formed.
It has been found that the lattice spacing of the silicon atoms in PS is slightly larger
than in the Si substrate and the expansion is about 0.04% for degenerately doped p-Si
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and about 0.3% for nondegenerately doped p-Si.647 It has been suggested that the lattice
misorientation of the PS on moderately doped p-Si is due to the presence of compres-
sive strain caused by the lattice expansion in the PS.566,649,650 On the other hand, the
increased lattice spacing is attributed to the adsorption of H atoms on the pore surface.647

The larger distortion for the PS on nondegenerately doped p-Si is due to the larger
surface area in order to accommodate more hydrogen atoms per volume of Si. Amor-
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phous PS of the very fine PS appears to be associated with oxidation. The as-grown PS
on lowly doped p-Si, which may have various amounts of amorphous structure, can be
oxidized to a great extent from 10 to 50%.35,176,566

8.3.10. Summary

The morphology of PS has extremely rich details as shown in Fig. 8.19, determined by
the numerous factors involved in the anodization. Despite the enormous amount of
research effort, the quantitative and, to some extent, qualitative correlation of the for-
mation condition and morphology are still not clear. Generally, p-Si and n-Si have
distinct differences in the correlation between the formation conditions and PS mor-
phology. Among all formation conditions, doping concentration appears to show the
most clear functional effect on morphology. For example, Fig. 8.57 shows the growth
rate, dissolution valence, and porosity of the PS on p-Si and n-Si as a function of doping
concentration and current density.1084 Still, the correlations such those shown in Fig.
8.57, although covering a wide range of conditions, involve only a very limited region
of the large multidimensional space of the conditions. For example, the correlations
between doping concentration and morphology shown in Fig. 8.57 can be rather dif-
ferent in a different solution. They may also be different under illumination of differ-
ent intensities and directions (i.e., front or back) and at different potentials.
Nevertheless, as a rough generalization the various morphological aspects can be qual-
itatively correlated to the pore diameter of PS as shown in Fig. 8.56.

Some generalizations can be drawn about the structure and morphology of PS
based on the information presented in the previous sections:

Pore size ranges in orders of magnitude from about 1 nm to several
micrometers.
The distribution of pores is uniform laterally across the exposed silicon surface.



POROUS SILICON 403

The morphology of PS is uniform in the thickness direction except for a tran-
sition layer near the surface and two layer PS.
Pore diameters are smaller in the transition layer near the surface than in the
bulk of PS.
Individual pores preferentially form along <100> direction, generally indepen-
dent of the substrate orientation. Large primary pores tend to be perpendicular
to the surface independent of the substrate orientation.
The pore bottom is curved and the radius of curvature varies from the tip to
the side wall with the smallest radius of curvature at the pore tip.
The PS/silicon interface is flat and is parallel to the substrate surface.
The surface of pore walls is rough at the atomic scale for all pores.
Pore shape may be round, square, starlike, or dendritelike for the PS formed
on (100) substrate.
The bulk pore morphology (e.g., pore diameter and density) is independent of
the initial surface conditions (e.g., defects, roughness) except for the surface
where initiation sites are artificially introduced under conditions that indepen-
dently control the current and potential (e.g., under back illumination)
The degree of branching and interpore connection increases with decreasing
pore diameter.
Two-layer structure forms on front-illuminated n-Si and on high-resistivity
p-Si; the top layer has microscopic pores (nanometer scale) while the bottom
layer has macroscopic pores (micrometer scale).
Back illumination tends to generate straight and nonbranched pores.
Front illumination results in the formation of a micro PS and etching of the PS
during its growth.
The most significant factor determining pore diameter is doping type and
concentration.
Pore size increases with increasing current or potential, and decreases with
increasing HF concentration.
The pores in macro PS may be filled, or partially filled, or nonfilled by
micro PS.
Pores formed in non-aqueous HF solutions are smoother than those formed in
aqueous HF solutions.
Pores grow in the direction of carrier source, but are affected by the anisotropic
nature of the dissolution processes.
Branches on main pores are related to the anisotropic effect: Preferential dis-
solution is along the <100> direction.
The effect of anisotropic dissolution on morphology decreases with increasing
pore diameter; large pores tend to orient in a direction perpendicular to the
surface and have less branching.
The composition of macro PS is largely pure silicon; micro PS can have con-
siderable amounts of hydrides, oxides, and other compounds depending on the
conditions of anodization and posttreatment.
Macro PS has the same single-crystalline structure and orientation as the
substrate silicon. Micro PS, on the other hand, can have a wide range of
variation in crystalline structure, from amorphous to polycrystalline to single
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crystalline depending on the fitness of the PS structure and the degree of oxi-
dation hydration.

8.4. PS FORMED AT OCP

PS can also be formed chemically without the application of a current by simply
immersing a silicon sample in a HF solution containing some oxidation agents such as
nitric acid or chromium oxide. The oxidants can be the redox couples, which do not
deposit onto the surface after the reduction, or metal ions which deposit onto the surface
after the reduction. The PS formed under such a condition are often referred to as stain
films or chemical PS. As a characteristic feature, the OCP of the silicon during forma-
tion of chemical PS in the presence of an oxidant is several hundred millivolts more
positive than without addition of an oxidation agent. The formation of chemical PS can
further be modified by illumination.658

According to a study by Beale et al.,764 chemical PS forms only below a certain
concentration of oxidation agent; too high a concentration results in polishing of the
surface. The PS formed at the OCP has a limited thickness depending on the substrate
material as shown in Table 8.8. The film growth rate tends to decrease with time and
eventually reach a limiting value. On p-Si the PS film is uniform and about in
thickness and is composed of single-crystalline material. The pores are a few tens of
nanometers in size and oriented perpendicular to the direction of film growth. The
limited thickness implies that a dissolution of the PS occurs during its growth. The
steady-state thickness of a PS film therefore depends on the relative rates of formation
and dissolution of PS. A formation rate of about 10 Å/s has been found in 1 HF:3
HNO3:5 H2O.746

Although the electrochemical nature of the processes involved in the formation
of PS at open-circuit conditions (nonbiased) should be similar to that under anodic bias,
there are several major differences in the formation conditions. The first is that at the
OCP the driving force is provided by the oxidation agents, the reduction of which pro-
vides the anodic polarization of the electrode needed for silicon dissolution. Unlike the
externally biased condition, the extent of polarization is limited by the oxidation power
of the oxidation agents. The second is that the carrier supply at the open-circuit con-
dition is localized and randomly oriented, while that at anodic potential is perpendic-
ular to the surface. The anodic and cathodic sites in the chemical etching process must
be in the vicinity of each other, and continuous alternations must occur between anodic
and cathodic reactions on the surface at the pores tips.
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Formation rate and thickness of PS at the OCP can be altered by depositing a
metal film on part of the exposed surface to form a galvanic cell.312,1084 The dissolution
rate of silicon is increased because the reduction of oxidants has a higher rate on the
metal surface. For example, in the stain etching of p(100) silicon with an Al film on
the back side, the Al film reduces the incubation time for the start of the etching
process.769

8.5. PS FORMED UNDER SPECIAL CONDITIONS

Different cell and electrode designs can be used for generation of PS of varying dis-
tribution and uniformity on the surface. For example, instead of back-side contact
through a metallic coating which covers the entire wafer, the wafer sample can be
clipped on one end which avoids the need for metallizing the back and PS can be formed
on both sides. The lateral distribution of current is very uneven at the beginning of
anodization but becomes more even later. As a result, the PS formed is thicker near the
top than near the bottom of the wafer, and has a varying morphology from the top to
the bottom of the wafer following the direction of the current flow.6

Another method is the use of two half-cells, in which Pt electrodes are immersed
in each cell and a Si wafer is used to separate and isolate the cells.436 In this design
there is an electrolytic contact on the back and thus there is no need to metallize the
back side of the wafer. The PS is found to be more uniform than the sample using back-
side metal contact.

The different positions for the i–V curves of different silicon materials indicate
that if a surface has different regions with different doping types or concentr-
ations, selective PS formation can occur in the regions that are favorably doped.35,185

Thus, when some regions of highly doped n-type wafer are ion amorphosed, formation
of PS occurs only on the amorphosed regions and no PS forms on the crystalline
regions.35,1172

Hydrogen bubbles sticking on the surface tend to prevent the formation of
homogeneous PS.36,50 The bubbles can be broken free and removed with an ultra-
sonic oscillator source. Also, surfactants can be added to the solution to reduce the
amount of hydrogen bubbles adsorbed on the Si surface.586,795 Water has a high surface
tension; in inorganic solutions cations are known to increase the surface tension of
solution and fluoride ions are rather effective in this process. During the formation of
PS hydrogen gas is released so that if the surface tension is high the hydrogen gas is
effectively trapped on the silicon surface in the form of bubbles which then mask
the underlying surface preventing further dissolution of the surface. The presence of
an organic material in an aqueous solution will result in a decrease of its surface
tension. The amount of reduction depends on a number of factors such as the solubil-

ity of the organic solvent and the tendency of the organic material to adsorb preferen-
tially at the water/air interface. Ethanol and acetic acid are known to decrease the
surface tension. Under similar conditions the PS formed in the solution containing
organic solvent such as ethanol appears to be more uniform and also less prone to side
pore formation.4,1084
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8.6. FORMATION MECHANISMS

8.6.1. Historical Development

Since the discovery of PS in the late 1050s, numerous theories have been proposed
regarding the mechanisms of PS formation and the morphological features. Figures 8.58
and 8.59 detail the progress of research on PS over the last 50 years with respect to the
discovery of major PS features and the theories proposed for various mechanistic
aspects involved in PS formation and morphology. The parallel developments in the
understanding of the fundamental electrochemical reactions of a silicon electrode in HF
solutions are shown in Fig. 8.60.

Discovery of PS and the Initial Model. The formation of a solid surface layer
(porous silicon) on a silicon electrode during dissolution in aqueous HF solution was
first reported by Uhlir and Turner in the late 1950s.33,957 In his study of electropolish-
ing of silicon in HF solutions, Turner found that the solid surface film forms only below
a critical current, J1 (see Fig. 5.2). The effective dissolution valence in this current range
was found to be about 2. At potentials more positive than the critical current, elec-
tropolishing occurs. Because the film (formed on p-Si) was found to be amorphous and
contained fluoride, Turner suggested that the film could be a subfluoride (SiF2)x grown
on the surface during the anodic dissolution of silicon. In the mid-1960s, this film was
found to consist mainly of polymerized silicon hydrides.1134

Based on a systematic study of the charge transfer kinetics of the silicon/elec-
trolyte in HF solutions and the understanding that the anodic film was of amorphous
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nature, Memming and Schwandt34 proposed that the solid film that formed on the silicon
surface during anodic dissolution was a dissolution/precipitation product
resulting from a two-step disproportionation reaction:

Macropores on n-Si and the Barrier Breakdown Model. In the early 1970s,
several studies found that the formation of etch pits and tunnels on n-Si occurs during
anodization in HF solutions in the dark.38,39,42,58 The size and number of these pits and
tunnels change with doping density and potential.

Meek,38,39 based on i–V curve and capacitance measurements, proposed that the
large current observed on n-Si at an anodic potential in the dark is due to barrier break-
down. The breakdown is not due to a bulk mechanism but rather to interface tunneling
from the states at the surface into the conduction band. Also, the breakdown is not
uniform but localized causing the formation of the etch pits and tunnels.

In a systematic investigation of i–V characteristics and the morphology of the
solid layer formed on n-Si, Theunissen42 found that in the dark, deep etch tunnels can
form on the substrates at a doping concentration higher than 2 ×1016/cm3. He also found
that the structure of etch channels on n-Si is single crystalline, and thus concluded that
the solid layer formed during anodization is the remaining substrate silicon left after
anodic dissolution. It was also found that the channels have a rich texture which varies
with formation conditions. Furthermore, the formation of channels is not related to
crystal defects and the direction of the channels depends on the orientation of the sub-
strate. Theunissen postulated that local breakdown of the depletion layer inside the
semiconductor is responsible for the formation of etch channels. The breakdown of the
barrier layer occurs when the maximum field at the silicon/electrolyte interface is larger
than the critical breakdown field.

Characterization of PS and Growth Kinetics. A number of systematic studies
were carried out to characterize the morphology and growth kinetics of PS from the
mid-1970s to the early 1980s.36,37,40,41,49 It was then established that the brown film
formed on p-Si consists of very small pores, observable only under TEM, and has the
same single-crystalline structure as the substrate. It thus is the substrate material
remaining after anodic dissolution, such as the etch channels on n-Si. The growth rate
of a PS layer for a given condition was found to be constant with increasing anodiza-
tion time and the morphology is generally uniform with increasing thickness of PS.
Thus, diffusion within the pores is not a rate-limiting process and the walls of the pores
are not active. The dissolution reactions occur only on pore bottoms and are limited by
the charge transfer process at the silicon/electrolyte interface. Decreased growth rate,
which is accompanied by an increase of porosity, occurs for thick PS layers. A differ-
ence in the condition at the bottom of the deep pores from that of the shallow ones was
suggested as the cause of this phenomenon.49

Depletion Layer and Field Intensification Model. By the mid-1980s the
overall scope of the conditions for the formation of PS and of the various morpholog-
ical features were largely identified, although many details of PS morphology and the
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nature of the reactions would be revealed later (new morphological features at more
refined scales are still reported today and will probably be the case for some time in
the future).

Based on an extensive investigation of the anodic i–V relations, dissolution
valence, and PS morphology on a large matrix of silicon substrates, Beale et al.35

proposed a rather comprehensive model on the formation of PS. This was the first
model that analyzed the i–V characteristics and correlated them with the current
conduction mechanisms associated with silicon substrates of different types and doping
concentrations.

Because the spacing between pores is always less than the width of the depletion
layer and PS has a very high resistivity, Beale et al. proposed that the material in the
PS is depleted of carriers and the presence of a depletion layer is responsible for current
localization at pore tips where the field is intensified. This intensification of field is
attributed to the small radius of curvature at the pore tips. For lowly doped p-Si the
charge transfer is by thermionic emission and the small radius of curvature reduces the
height of the Schottky barrier and thus increases the current density at the pore tips.
For heavily doped materials the current flow inside the semiconductor is by a tunnel-
ing process and depends on the width of the depletion layer. In this case the small radius
of curvature results in a decrease of the width of the depletion layer and increases the
current density at pore tips. The initiation was considered to be associated with the
surface inhomogeneities, which provide the initial localized high current density at
small surface depressions.

The model of Beale et al. provided a deeper level of understanding of the
current localization required for PS formation on different silicon substrates and
pointed out the correlation between the relative dimension of pore size and the width
of the depletion layer. Several concepts proposed in their model would be adopted
and further developed in many of the later models such as those by Foll,69

Zhang,8 and Lehmann.12,1084 However, because the model considered only the physical
aspects of the semiconductor and none of the chemical reactions, it provided little
insight for the change of pore size and other morphological features with current and
HF concentration. Also, Beale’s model assumed that the Fermi level of the semi-
conductor is pinned on the surface on the midgap which does not agree with the later
experimental data.

Carrier Diffusion Model. Near the end of the 1980s Smith et al.59,60,62 proposed
a model with commuter simulation to describe the morphology of PS based on the
hypothesis that the rate of pore growth is limited by diffusion of holes from the bulk
of the silicon to the growing pore tip. The pore structure is determined by the intrinsic
nature of the random walk and the magnitude of the diffusion length. A hole randomly
walking toward the growing pore tips is more likely to contact those pores that are
nearest to it, meaning the outer tips of pores have the highest probability of hole capture
and growth. According to this model, the features of PS morphology are essentially
determined by the hole diffusion length L which is a function of potential and dopant
concentration. The interpore spacing is then on the order of two diffusion lengths, that
is, 2L. The PS density decreases with decreasing diffusion length along with an increas-
ingly interconnected porous structure. To account for the variation in pore diameter and
the transition from PS formation to electropolishing a sticking factor was introduced.



412 CHAPTER 8

A hole needs to hit and stick to the surface to have a reaction at the active site. The
pore tip was considered to be oxidized to a varying degree depending on the anodiza-
tion conditions. The sticking factor is different along the surface of a pore tip which is
partially covered with an oxide. When conditions are such that the sticking probability
is much higher at the edge of the tip than in the middle, the dissolution process tends
to result in electropolishing rather than PS formation.

Although the model simulated some of the morphological features of PS, it was
too general to account for the different current conduction mechanisms for different
types of silicon substrates. For example, for n-Si in the dark, the current is by electron
injection into the conduction band from the surface, which cannot be explained by the
carrier diffusion model. Also, there is no physical foundation for the sticking factor of
carrier to the surface. Furthermore, the model did not consider the nature of the elec-
trochemical reactions at the interface, which must be an important part of the forma-
tion mechanism.

Formation Condition of PS. A critical current density (the peak current of the
i–V curve), below which PS forms and above which it does not, was identified by
Turner’s early study. However, it was not clear how accurate this current characterizes
the formation condition and whether it is identical for different types of silicon sub-
strates. Zhang et al.2 in the late 1980s made a systematic study on the i–V curves of
different silicon types and doping concentrations, current densities, and HF concentra-
tions and on the electrode surface condition after anodization. The condition for PS for-
mation on different substrates in the entire continuum of current and HF concentration
was then established (Fig. 8.5). It was concluded that the conditions determining
whether PS formation or electropolishing occurs is largely independent of the electronic
properties of silicon such as doping type and concentration. It is the nature of the reac-
tions that is responsible for the occurrence of the different regions of potential. The
transition from PS formation to electropolishing was postulated to result from the two
competing reactions between a direct dissolution of silicon through reacting with
fluoride species and an indirect dissolution through oxide formation and dissolution.
This hypothesis has been adopted in many of the later models on the formation mech-
anisms of PS.12,859,1087,1135

Quantum Confinement Model. To account for the formation of micropores of
less than a few nanometers formed on p-Si, Lehmann and Gosele71 in the early 1990s
postulated that instead of the depletion layer, which is involved in macropores,
quantum carrier confinement is responsible for the formation of the micropores on
p-Si. The confinement occurs due to an increase in band-gap energy and energy
barrier caused by the quantum size porous structure, which prevents the carriers from
entering the wall regions of the PS as illustrated in Fig. 8.61.25 Due to the quantum
confinement the pore walls are depleted of carriers and thus do not dissolve during the

anodization.
The quantum confinement model was extended by Frohnhoff et al.133 to account

for the wide distribution of pore diameters of the PS formed on p-Si. Tunneling of holes
through silicon crystallites was proposed as a process also involved in the formation of
the quantum size porous structure. The tunneling current oscillates with the crystallite
size which was considered to be responsible for the uneven pore size distribution and
for the stability of very small crystallites in the PS. The quantum confinement model
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has also been adopted by many groups to explain the many phenomena observed on
PS such as current conduction and luminescence.75,624,1156,1160

The quantum confinement model reasonably explains the formation of crystal-
lites of a few nanometers in size. However, it does not provide an explanation of what
determines pore diameter. If quantum confinement, which is not related to doping type
and concentration, were to occur, it should also occur on all types of silicon substrates.
However, quantum size PS is not found in many types of PS, e.g., the PS formed on
n-Si in the dark.

Surface Curvature Model. Based on the observation that the bottoms of pores
are always curved, Zhang8 in the early 1990s proposed a surface curvature model for
the formation of PS on n-Si. It was postulated that the rate of reactions can be greatly
increased on a curved surface because the surface curvature on the order of the width
of the space charge layer or smaller reduces the effective width of the space charge
layer and therefore greatly increases the interface tunneling current. Furthermore,
Zhang recognized the variation of radius of curvature from the tip to the wall and
pointed out its importance in determining the distributions of reactions (Si dissolution
and oxide formation) and current density on the pore bottom. The dimension of pores
and pore walls are determined by these distributions.

The model was considered to also be applicable for the PS formed on other types
of silicon substrates. As a generalization, Zhang stated that it is the sensitivity of the
semiconductor interface reactions to the curvature of the interface that enhances the
preferential dissolution and leads to the formation of pores. For p-Si and heavily doped
n-Si which have much thinner space charge layers than does n-Si, the radius of curva-
ture must be small to affect the width of the space charge layer and, as a result, much
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smaller pores are formed. This generalization is also applicable to the formation of
porous structures on semiconductors other than silicon.

Formation of Uniformly Spaced Pore Array. Lehmann and Foll763 in 1990
reported the formation of straight, smooth, and well-spaced macropore arrays on n-Si
using back-side illumination and surface patterning. The major difference between
back-side illumination and that in the dark is that the current is conducted through hole
diffusion from the back under illumination whereas it is by electron tunneling (or break-
down) from the front surface in the dark. Also, unlike in the dark, the current and the
potential under illumination can be independently controlled and thus a specific current
can be obtained at different potentials. Using such a separated current and potential
control plus surface patterning to define the number and spacing of the pores proved
to be a versatile method for fabrication of deep pore arrays of well-defined pore diam-
eters and interpore spacings.763,770,1093 Among other morphological features, Lehmann
and Foll found that as with the macropores generated in the dark the diameter of pores
generated under backside illumination is closely correlated to the width of the space
charge layer of the silicon material.

In further investigations Lehmann12,850 found that the pores propagate at similar
rates at different applied current densities. It was then postulated that all pore tips are
limited by mass transfer in the electrolyte defined by (see Fig. 5.1) in the steady-
state condition. It was further proposed that the relative rates of carrier transport in the
silicon semiconductor and mass transport in the electrolyte determine the PS morphol-
ogy of n-Si. At low current densities the reaction rate is limited by the transport of
carrier to the pore tips and there is no accumulation of holes so that dissolution occurs
only at pore tips while the pore walls do not dissolve because of the depletion of holes.
At high current densities the reaction at pore tips is mass transport limited and holes
accumulate at the pore tips and some of them move to the walls resulting in the disso-
lution of walls and larger pore diameters. When the concentration of holes in the walls
is close to that at the pore tips, the condition for the preferential dissolution at pore tips
disappears and PS ceases to form.

The rate of growth of macropores observed on n-Si is independent of current
density when the current density at the tip equals The pore diameter was related by
Lehmann12 to the ratio of actual current density to peak current density

where p is the spacing between two pores. Assuming an orthogonal pattern the wall
thickness is then given as

The above equations were found to be in good agreement with experimental data gen-
erated under back-side illumination and surface patterning. However, they are only phe-
nomenological correlations of pore diameter and interpore spacing with current density,
HF concentration (embedded in J1), and doping concentration (embedded in p) under
the specific condition. Equations (8.6) and (8.7) describe the pore diameter and spacing
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only for the limited range in the continuum of these parameters. For example, it is not
applicable for the pores formed at low current densities relative to the critical current,
i.e., less than 10% of when the growth rate of pores significantly increases with
increasing current. Also, according to Lehmann’s data the concentration reduction at
the pore tip due to the diffusion effect is only about 20% at a PS thickness of
which indicates that diffusion has only a minor role in the rate-determining process.
Processes other than diffusion must play a major role particularly for relatively shallow
pores.

Formation of Two-Layer PS on Illuminated n-Si. Two-layer PS with a micro
PS on top of a macro PS and on the walls of the individual macropores formed on illu-
minated n-Si had been reported in the late 1970s but was little investigated until the
1990s.16,247,600,767 The micro PS may have a fractal-like geometry and can vary in the
same layer in structure from amorphous to single crystalline and in diameter from a
few to hundreds of nanometers.

Whereas the formation of a macro PS layer on n-Si under front illumination
follows the same mechanism as the macro PS formed in the dark, the formation of
micro PS is believe to be mainly due to the effect of the photogenerated carriers. Essen-
tially, the dissolution reaction under illumination proceeds with a supply of photo holes
which are generated near the surface and distributed uniformly in the porous structure.
This results in a dissolution process different from that in the dark or back illumina-
tion and the formation of PS of extremely fine and randomly oriented structures.4

According to Arita,651 the anodic current under front illumination consists of three parts:

where and are the drift current due to carriers generated in the depletion
layer, the diffusion current due to minority carriers outside of the depletion layer, and
the election tunneling current through the barrier into the conduction band. The drift
current has a particularly strong effect on the crystalline structure of the PS:

where is the total flux of incident light, is the light absorption coefficient, and x is
the distance from the surface. The larger the contribution of the drift current, the
stronger is the tendency to form amorphous PS because the amount of amorphous PS
decreases with decreasing illumination intensity and with increasing PS thickness.

Alternatively, Clement et al.247 proposed that the micro PS found under illumi-
nation could result from shattering of the macro PS into fine filaments due to residual
stress. Dissolution-precipitation was also considered to be a possible mechanism for
the formation of micro PS although it is inconsistent with the single-crystalline nature
of the micro PS in many two-layer PS.

Theories on the Macro PS Formed on Lowly Doped p-Si. The formation of
macro PS and two-layer PS on p-Si was first discovered by Kohl et al.136,248 in the mid-
1990s on lowly doped substrate in anhydrous organic HF solutions. Macropores on p-
Si were later found to also form in aqueous solutions and the walls of the macropores
are not always covered by a micro PS layer.177,952,1058
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The formation of macro PS on p-Si was initially thought by Propst and Kohl248

to relate to the chemistry of the organic solvents because some of the electrochemical
reactions are fundamentally different from aqueous solutions, e.g., no hydrogen evo-
lution occurred during PS formation. With the findings on the formation of macro PS
in aqueous solutions, Wehrspohn et al.1086,1061 provided a model based on an analysis
of the resistance of the electrolyte, interface, and substrate and of the stability of current
against perturbation. They suggested that a necessary condition for formation of macro
PS on low-resistivity p-Si is that the resistivity of the substrate is higher than that of
the electrolyte. The micro PS, which was considered to follow the same field intensi-
fication mechanism, acts as a precursor for the formation of macro PS.

The model of Wehrspohn et al. was soon proven to be invalid as macro PS was
also found to occur in electrolytes having much higher resistance than the silicon sub-
strate.177,1027 Alternatively, Lehmann and Ronnebeck1027 postulated that the formation of
macro PS on lowly doped p-Si is due to the dominant effect of thermionic emission
which is sensitive to barrier height rather than barrier width. However, this does not
explain how the two PS layers with a difference of several orders of magnitude in pore
size could be determined both at the same time by the space charge layer nor what
governs the dimension of the macropores.

Miscellaneous Hypotheses. In many studies, the presence of a surface layer has
been suggested to be essential for the formation of PS. For example, selective reaction
of the hydrogen-bonded species has been suggested by Allongue et al. to be a neces-
sary condition for the formation of PS.794,1108 Similarly, surface roughening caused to
the formation of surface hydrides and the associated dissolution of the silicon has been
considered to be related to the formation of PS by Rappich and Lewerenz.775 On the
other hand, the observation of a very thin surface layer that is more dense than the bulk
micro PS led Unagami40 to suggest that the formation of PS is promoted by the depo-
sition of a silicic acid on the pore walls which hinders the dissolution of the walls and
results in the directional dissolution at the pore tips. Alternatively, Parkhutik et al.41

suggested that a passive film composed of silicon fluoride and silicon oxide covers the
wall and the bottom of the pores and that the formation of PS is similar to that of porous
alumina where a barrier layer exists on the base of pores.

Some of the hypotheses have been highly mathematically developed. For
example, a theoretical modeling based on charge transfer kinetics for PS morphology
has been attempted by Jaguiro et al.1170 Similar theoretical modeling considering the
transport phenomena of carriers in the semiconductor, ions in the electrolyte, and
surface tension has been proposed by Valance.1056 A theory based principally on ther-
modynamical arguments has been offered by La Monica et al.1163

Integration of Models. An attempt has been made recently by Lehmann
et al.12,71,1027,1084 to unify the theories on the formation mechanisms of all types of PS.
The fundamental assumption of the unified theory is that all of the surface of PS struc-
ture except for the pore tips is passivated due to the depletion of carriers. Different
mechanisms are involved in the depletion zone between the pores: depletion by
quantum confinement for the nano-scale pores and depletion by formation of the space
charge layer for all other PS having a pore size larger than a few nanometers.
As summarized in Fig. 8.62, the depletion by the space charge layer is further divided
into four groups according to the size of pores in relation to the doping type and
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concentrations. The models for the formation mechanism of each of the groups have
been described in the previous sections. (One may note that although the groups of
theories organized in Fig. 8.62 seem to cover all mechanisms, they are disconnected
and are not a coherent and integral body of theories.)

Current Burst Theory. The current burst theory of Foll et al.1087,1135,1140,1141 has
been developed most recently and is perhaps the most comprehensive model on the for-
mation of different types of PS. This is so far the only model that considers, on the one
hand, the relationships of morphological features to formation conditions, and on the
other hand, to the specific electrochemical reactions under these conditions.

This model has a basic assumption that the electrochemical reactions involved in
the dissolution of the silicon surface operate in microscopic units. These reaction units
have a temporal and a spatial distribution in number and in the state of activity. The
formation of pores is due to the synchronization of these operational units at certain
time and geometrical scales. It is further assumed that the state of reactivity of these
units oscillates by the same mechanism as the oscillation involved in the oxide forma-
tion–dissolution in HF at anodic potentials (see Section 5.10). Due to the nature of the
oscillation the unit on any specific position of the electrode surface can be silent or
burst into action resulting in an increase in current. More specifically, Foll et al.
assumed the system to have the following features:

Current flow is always spatially and temporally inhomogeneous, that is, it
occurs by local current bursts.
Current flow induces either direct dissolution or oxide formation and dissolu-
tion which always follows a current burst.
The band bending of oxide-free surfaces cannot be changed by applied poten-
tial because the Fermi level is pinned in the midband gap due to the large
surface state density. The surface tends to be terminated by hydrogen resulting
in the passivation of the surface states and unpinning of the Fermi level. As a
result of hydrogen termination and de-termination, the position of the Fermi
level and thus the width of the space charge layer also oscillates with time.
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Because the hydrogen termination process takes a considerable amount of time,
it is an important element contributing to the oscillation process.
The rate of hydrogen termination varies with crystal orientation, is fastest on
the (111) surface, and thus determines the probability of a current burst on sur-
faces of different orientations.

According to this model, as illustrated in Fig. 8.63 cycle of the processes occur involv-
ing active dissolution, oxide formation and dissolution, and hydrogen termination for
a reaction unit on a growing pore bottom.1087

The current burst model is potentially powerful in providing explanations for
many mechanistic and morphological aspects involved in the formation of PS.
However, as recognized by Foll et al. themselves, it would be extremely difficult for
such a unified model to be expressed in mathematical form because it has to include
all of the conditional parameters and account for all of the observed phenomena. Fun-
damentally, all electrochemical behavior is in nature the statistical averages of the
numerous stochastic events at a microscopic scale and could in theory be described by
the oscillation of the reactions on some microscopic reaction units which are tempo-
rally and spatially distributed. Ideally, a single surface atom would be the smallest
dimension of such a unit and the integration of the contribution of all of the atoms in
time and space would then determine a specific phenomenon. In reality, it is not pos-
sible because one does not know with any certainty the reactivity functions of each
individual atoms. The difficulty for the current burst model would be the establishment
of the reactivity functions of the individual reaction units. Also, some of the assump-
tions used in this model are questionable. For example, there is no physical and chem-
ical foundation for the assumption that the oxide covering the reaction unit is
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completely dissolved before formation of new oxide. Because the growth rate of the
oxide film is limited by the film thickness, at a fixed potential, the growth rate of the
oxide film will greatly increase with thinning of the film, which prevents the film from
being completely dissolved by a chemical reaction process.

Advances in the Understanding of Electrochemical Reactions. Starting at the
same time as the discovery of PS and particularly during the period from the late 1970s
to the 1990s, a number of systematic studies have been made on the fundamental
aspects of the electrochemistry of silicon in HF solutions as highlighted in Fig. 8.3.
These studies revealed many important details regarding the electronic structure, nature
of reactions and the carrier transfer kinetics of the silicon/electrolyte interface as dis-
cussed in detail in Chapters 2–5. Some of the key findings, which are relevant to the
formation of PS in HF solutions, can be summarized in the following:

These reaction features must be involved in the formation of PS on silicon in HF.
However, because of the great complexity of the anodic reactions on silicon in HF solu-
tions on the one hand and of the extremely rich PS morphology on the other hand, the
results from the two research domains, fundamental electrochemistry and PS formation
mechanisms, have not been well integrated.

In aqueous solutions silicon reacts spontaneously with water to form an oxide
film which passivates the surface.
The presence of HF results in the dissolution of silicon oxide and activates the
surface to a variable extent depending on HF concentration and potential.
The fluoride species such as HF and also react directly with the bare silicon
surface, and thus in aqueous HF solution, the dissolution of silicon atoms has
two principal competing paths, one via the reaction with HF and the other with
H2O.
Silicon, having four valence electrons, dissolves in multiple steps, each of
which may occur at different energy levels and may proceed via the conduc-
tion band as well as the valence band depending on the condition of the Si/elec-
trolyte interface.
The surface of silicon during anodic dissolution is dynamically terminated by
hydrogen and thus the dissolution of silicon atoms proceeds by first forming a
Si–H bond.
The replacement of the hydrogen by fluoride polarizes and weakens the Si–Si
back bond and facilitates the subsequent attack on this bond by water or HF.
The quantum efficiency of photoelectrochemical reactions may vary from 2 to
4, effective dissolution valence from 2 to 4, and efficiency of hydrogen evolu-
tion from 1 to near zero depending on light intensity and potential.
Anodic oxide films formed under different kinetic conditions have drastically
different structures, compositions, and properties (e.g., etch rate) and they
change with time during the anodization.
The applied anodic potential may mostly or partially drop in the space charge
layer or in the Helmholtz layer depending on doping type and concentration as
well as on the potential range.
The rate of removal of surface silicon atoms by the electrochemical reactions
is orientation dependent, lowest on (111) and higher on other orientations.
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Summary. Many models have been proposed for the mechanisms involved in
PS formation, but they generally have dealt only with limited aspects of this very
complex system. No single theory is yet close to a globally quantitative description of
the extremely rich and complex nature of the reactions and resulting morphological
evolution of the silicon electrode surface involved in the formation of PS. Generally,
some models can logically correlate certain theories in solid state and electrochemistry
with some aspects of the phenomena but not with other aspects. Also, the morphology
of PS has such a rich nature that every time a model is proposed to describe a set of
features, further details that could not be predicted by the model are discovered. Given
what has occurred in the last several decades during which there has been continuous
discovery of new morphological features, it can be expected that new unexpected mor-
phological features of PS may be discovered in the future. The situation about the for-
mation mechanisms of PS is somewhat like the age-old tale about a group of blind
people trying to describe an elephant, each provides a partial truth of the whole reality.
We are still not at the stage where we can quantitatively model the mechanisms of PS
formation and PS morphology with reasonable accuracy.

8.6.2. Analysis of the Mechanistic Aspects Involved in PS Formation

Any models attempting to describe the overall formation mechanism of PS must con-
sider the fundamental electrochemical reactions in three essential aspects: (1) nature of
reactions, reactants, products, intermediates, number of steps, and their sequences, (2)
nature and rate of charge transport in the different physical phases at the silicon/elec-
trolyte interface, and (3) spatial and temporal distributions of reactions and the cause
of such distributions. Also, the models have to take into account every factors deter-
mining the PS morphology such as doping type and concentration, orientation of
silicon, HF concentration, pH, illumination light wavelength and intensity, current
density and potential.

The first and second aspects have been extensively investigated and reasonably
well characterized as can be appreciated by the results described in Chapters 2–5. The
third aspect, on the other hand, is still not well characterized due to its complexity.
However, it is this aspect that determines the specific morphology of PS formed under
given conditions. It is not yet clear how this aspect can be described with an integral
model in accordance with the morphology of PS. Nevertheless, the spatial and tempo-
ral distributions of reactions are governed by the elements and events involved in the
system. The following is an attempt to qualitatively sort out the physical schemes of
these elements and events and their relative importance in the context of the overall
system.

Effect of Radius of Curvature. The bottom of all pores is curved and the cur-
vature of a semiconductor surface affects the field at the surface. For an interface with
a spherical shape as illustrated in Fig. 8.64, the potential and field in the semiconduc-
tor can be calculated by solving Poisson’s equation8:
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and

where r = x + is the ionized donor density, q is the electronic charge, is the
radius of curvature of the interface, and is the space charge layer width. According
to Eq. (8.10) the field strength of a curved surface increases considerably when the
radius of curvature is close to or smaller than the width of the space charge layer of a
flat surface. Figure 8.64 shows the effect of radius of curvature on the energy band
diagram with a potential drop of 5V across the space charge layer of an n-Si under an
anodic bias. Clearly the potential drops more sharply for a smaller radius of curvature
and the width of the space charge layer is considerably reduced. As a result, the field
in the space charge layer is greatly increased, for example, the field is about 4 times
higher for a curved surface with a radius of curvature of 1/5 than that for the
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flat surface. For n-Si under anodic potentials the current conduction is by electron tun-
neling from the surface into the conduction band. Note that the steep band bending due
to decreasing radius of curvature increases the number of energy levels for electron
tunneling. In the case shown in Fig. 8.64 the available energy range for tunneling at
a tunneling distance of 40 Å is about 180mV for a flat surface whereas it is about
470mV for a curved surface with a radius of curvature of

Similar analysis can be made for other types of materials. Thus, as a generaliza-
tion, the curvature of a surface causes field intensification, which results in a higher
current than that on a flat surface. Although the detailed current flow mechanism can
be different for different types of materials under different potential and illumination
conditions, the effect of surface curvature on the field intensification at local areas is
the same. The important point is that the order of magnitude for the radius of curva-
ture that can cause a significant effect on field intensification is different for substrates
having different widths of the space charge layer. Surface curvature determines the
vector of the field, that is, magnitude and direction of the field near the surface and is
a principal factor determining the dimensions of the pores.

Potential Drop in the Substrate. For a moderately or highly doped material the
potential drop due to ohmic resistance in the substrate is very small. For example, for
a substrate with a resistivity of the potential drop in the 0.1 mm
thick substrate at a current density of is 0.01mV, which is insignificant
relative to a potential in the millivolt range that is required to significantly affect the
rate of charge transfer process at the interface. However, when the resistivity is on the
order of or larger the potential drop inside the substrate is in
the millivolt range and starts to affect the distribution of the change of potential in the
current path.

For a solid between two spherical surfaces shown in Fig. 8.65, the resistance can
be described by
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where is the resistivity of the material and and r are the diameters of the inner
sphere and outer sphere, respectively. The potential drop, for a current
where i is the current density on the inner surface, flowing through the solid is then
described by

Figure 8.65 shows that the potential drop in the material with a curved surface increases
nonlinearly with increasing distance from the inner sphere and most of the potential
drop occurs within a distance of a few times the diameter of the inner sphere. Also, for
the same thickness of the solid the total potential drop increases with increasing radius
of curvature of the inner sphere, reaching the maximum at an infinitely large radius of
curvature, that is, a flat surface. The value of the potential drop is in the millivolt range
for an inner diameter of under the conditions shown in Fig. 8.65. It will be larger
if the current density or the resistivity is higher. Also, the results shown in Fig. 8.65
are for a spherical surface. In the case of curved pore bottoms, which are roughly semi-
spherical, the potential drop from individual pore bottom into the solid must be sig-
nificantly larger than that of an isolated sphere because the current flow from one pore
overlaps those from neighboring pores.

The results of the above analysis suggest that the formation of macro PS on lowly
doped materials can be associated with a nonlinear potential distribution in the solid
of a curved surface due to the high resistivity of the solid. The formation of two-layer
PS on p-Si indicates that there are two different physical layers in which the poten-
tial–current relations are sensitive to the radius of curvature. The space charge layer of
p-Si is thin under an anodic potential and is associated with the formation of the micro
PS. The nonlinear resistive effect of the substrate is responsible for that of the macro
PS. Also, to have the same change of potential drop in the substrate, at a given
current density, the radius of curvature must be smaller for a material of larger resis-
tivity according to Eq. (8.12). This means that the pore diameter decreases with increas-
ing resistivity, which agrees with experimental results.1027

As a further deduction, the effect of high substrate resistivity should also occur
in the case of lowly doped n-Si. However, the width of the space charge layer under
an anodic potential, at which macro PS is formed, is on the same order of magnitude
as the dimension of the resistive layer. The effect of the space charge layer and the
resistive layer on the pore diameter are not distinguishable under normal conditions. If
the conditions can be controlled such that the pores formed due to the effect of the
space charge layer and those due to the effect of the resistive layer have a size differ-
ence of at least one order of magnitude, it would be possible to obtain PS with two dis-
tinct distributions of pore diameters on high-resistivity n-Si as illustrated in Fig. 8.66(a).
Such a condition might exist at a low potential (small space charge layer thickness) on
a back-illuminated substrate. Also, if this is true it should then be possible to obtain PS
with three distinct distributions of pore diameters on a front-illuminated sample as illus-
trated in Fig. 8.66(b).

Anisotropic Effect. As discussed in Chapter 7, anisotropic etching occurs when
the dissolution reactions depend on the concentration of the active surface species. In
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alkaline solutions, the active surface species are the atoms on the (111) steps which are
likely to be bonded by two or three foreign species such as H, F, and OH and are thus
most easily removed from the lattice in a reaction with the electrolyte. The fact that
(100) is a preferentially attacked direction during PS formation indicates that the same
mechanism as that involved in alkaline solutions may be involved in the anisotropic
growth of pores. The difference between this case and that in alkaline solutions is that
in HF solutions the removal of silicon atoms is an electrochemical reaction involving
holes such that the rate of reaction depends on whereas in alkaline
solutions it depends only on (see Fig. 7.40). The rate of the electrochem-
ical reaction is a function of the potential across the Helmholtz layer.

Simplistically, the effect of anisotropic dissolution on the growth of pores can be
described by the difference in the current densities between the (100) and (111) orien-
tations, and the current density on pore bottoms as shown in Fig.
8.67. Thus, at the tips of the main pores, the total current density is that due to carrier
effect plus that due to lattice effect
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while at the tips of the side pores the current density is

That the growth rate of the side pores is generally much slower than that of the main pores
may reflect the fact that carrier current of the side pores is much smaller than
due to the unfavorable geometric location. Also, for the side pores the component due to
carrier effect and that due to lattice effect do not overlap. Thus, side pores grow in an
angle, from the growth direction of the main pores and only become
normal to the main pores when Also, when the side
pores do not grow very long before they cease growing because the growing bottom of
the main pore quickly moves the source of holes farther away from the side pore. There
is little branching under such a condition.

Reactions on the Surfaces of Silicon and Silicon Oxide. As discussed in
Chapter 5, there are two basic reactions, that is, direct dissolution of silicon and indi-
rect dissolution through the formation and dissolution of silicon dioxide. The rates of
both reactions increase with potential and proceed simultaneously on the surface of
silicon. They compete with each other in rate and coverage of the surface area, and the
relative surface coverage of the two reactions depends on the potential. At a low poten-
tial the surface coverage of oxide is zero when the rate of oxide formation is low com-
pared with the dissolution rate of the oxide. On the other hand, the coverage is 1 and
the entire surface is covered with an oxide film when the rate of oxide formation is
much higher than the dissolution rate of oxide. Between the two extremes the surface
is partially covered with oxide films at local places where the rate of oxide formation
equals the oxide dissolution rate. At low potentials the oxide formation rate is low com-
pared with the dissolution rate and the surface is not covered with an oxide film. Thus,
depending on the radius of curvature the bottom of a pore may be covered with an
oxide film of varying thickness as shown in Fig. 8.68.
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Such reaction processes are responsible for the transition with increasing poten-
tial from PS formation to electropolishing as typically revealed in an i–V curve.2 Once
the whole surface is covered with an oxide film, further reaction can only proceed
through the formation of oxide followed by its dissolution by HF and electropolishing
rather than PS formation occurs. Increasing further the potential will only increase the
oxide film thickness. On the other hand, increasing HF concentration will increase the
dissolution rate of oxide (see Chapter 4). The presence of oxide on the silicon surface
in the PS formation region and its increase with potential have been experimentally
observed.326

When the surface is completely covered with an oxide film, dissolution becomes
independent of the geometric factors that are responsible for the formation and direc-
tional growth of pores, such as surface curvature and orientation. Fundamentally, unlike
silicon, which does not have an atomic structure identical in different directions, anodic
silicon oxides are amorphous in nature and thus show intrinsically identical structure
in all orientations. Also, on the oxide-covered surface the rate-determining step is no
longer electrochemical but rather the chemical dissolution of the oxide.

Distribution of Reactions and Their Rates on Pore Bottoms. For a stably
growing PS the reactions and rates are different on the pore walls and on the pore
bottoms. Furthermore, they are different at different positions of a pore bottom due to
the difference in the radius of curvature. The current is the largest at the pore tip because
there the radius of curvature is the smallest. It decreases from the pore tip to the pore
wall as the radius of curvature increases. On the other hand, because the reactions
involved on a silicon surface in HF solution depend on the current density, for a given
condition, direct dissolution of silicon dominates at a relatively low current range
whereas oxide formation and dissolution dominate at a higher current range. Thus,
oxide formation and dissolution tend to occur at the pore tips at a lower applied poten-
tial than at the side of the pore bottom. The distribution of the kinds of reactions along
the pore bottom at different current densities is shown in Fig. 8.69.

For a pore to propagate under a steady state the current density on the side of the
pore bottom, and that at the pore tip, as illustrated in Fig. 8.68 have the follow-
ing relation:
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where is the extra current mostly due to the anisotropic effect and is responsible for
the formation of the side pores. The current density at different sites on the bottom
depends on It is the largest at the tip where and is the smallest on the bound-
ary of the bottom where Such a distribution of current density is provided by
the distribution of radius of curvature along the pore bottom, which determines the field
at the silicon surface and the nature of the reactions. For different HF concentrations
and potentials the current density distribution on the pore bottom is different and so is
the shape of the pore bottom. When the pore bottom is curved to such an extent that
the current density distribution on the pore bottom for a given HF concentration and a
given potential satisfies Eq. (8.16), pores will propagate stably.

For macropores in a stable growth condition, the distribution of current density on
the surface of an individual pore bottom is bell-like and is constant with increasing depth
as shown in Fig. 8.70(a). For micro PS, the pores tend to grow in a randomly fashion.
The distribution of the current at the dissolution front of the PS is highly modulated
across the surface as illustrated in Fig. 8.70(b). The distribution changes with time but
at any given time there are areas on which the current is near zero (e.g. on the walls).

For two-layer PS, in which macropores can be filled or partially filled with micro
PS, the current profiles are illustrated in Fig. 8.70(c,d). The bell-shaped distribution of
the current responsible for the growth of the macropores consists of fine modulations
of the current responsible for the growth of the micro PS. When the current densities
are such that no oxide occurs on any area of the pore bottom, the macropore is fully
filled with micro PS. When the current densities are such that oxide forms at the tip
area, and no micro current modulation is possible on the oxide-covered surface, the for-
mation of partially micro PS-filled macropores occurs. These different levels of current
modulation are governed by the effects of curvature, orientation, and illumination.
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Dissolution of PS. The dissolution of PS during PS formation may be due to
two processes: a process in the dark and a process under illumination. Both are essen-
tially corrosion processes by which the silicon in the PS is oxidized and dissolved with
simultaneous reduction of the oxidizing species in the solution. The corrosion process
is responsible for the formation of micro PS of certain thickness (stain film) as well as
the dissolution of the existing PS. The material in the PS which is at a certain distance
from the pore tips is little affected by the external bias due to the high resistivity of PS
and is essentially at an open-circuit condition (OCP). This dissolution process, which
is often referred to as chemical dissolution, is an electrochemical process because it
involves charge transfer across the interface. The anodic and cathodic reactions in the
microscopic corrosion cells depend on factors such as surface potential and carrier con-
centration on the surface which can be affected by illumination and the presence of oxi-
dants in the solution.

Because the dissolution of silicon in HF solution requires holes according to reac-
tion II in Fig. 5.68, the corrosion rate of silicon in HF solutions is very low due to the
unavailability of holes at the OCP (see Chapter 7). But due to the large surface area of
PS the amount of dissolution still has a significant effect on the density of PS (e.g., PS
density decreases with increasing PS thickness as shown in Fig. 8.51). The presence of
oxidants in the solution can greatly increase the corrosion rate of PS.

Illumination generates holes within the material of the PS and causes photocor-
rosion of the PS. Depending on the illumination intensity and time, the PS can be
thinned to various extents by the photoinduced corrosion. This corrosion process is
responsible for the etched crater between the initial surface and the surface of PS as
shown in Fig. 8.45. It is also responsible for the fractal structure of the micro PS formed
under illumination due to the different widths of the surface charge layer at which the
holes are generated.

Potential Drops in Different Phases of the Current Path. There are five pos-
sible physical phases in the current path in which significant potential drops may occur
as illustrated in Fig. 8.71. They are the substrate, the space charge layer, the Helmholtz
layer, the surface oxide film, and the electrolyte. The overall change in the applied
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potential due to a change of current density in the current path is the sum of the poten-
tial drops in these phases:

As described above, the factors that cause change of the current distribution on the
bottom of pores will affect the morphology of PS. Thus, the phases in the current
path that have relatively large resistance will take large portions of the change in the
applied potential and thus change the current distribution along the pore bottoms,
affecting the morphology of PS. For a given condition, i.e., doping type and concen-
tration, HF concentration, current density, potential, illumination intensity and direc-
tion, there is a certain distribution of the applied potential in the different phases of the
current path.

The last term, in Eq. (8.17) is the resistance of the electrolyte. It causes a
potential drop that is linearly distributed in the electrolyte inside the pores and thus
does not have an effect on the current distribution on the pore bottom although it takes
a significant amount of in the applied potential. However, as will be discussed later, the
potential drop in the electrolyte has an important effect in maintaining the flat growth
front of the PS layer.

In the case when the substrate is moderately doped and the surface is free of
oxide, the rates of reactions are determined by the resistance in the space charge layer
and in the Helmholtz double layer. The reactions under these conditions have a great
tendency to localize because the rates of charge transfer in both layers are sensitive to
geometric factors. The reaction that is kinetically limited by the space charge layer is
sensitive to the radius of curvature and that by the Helmholtz layer to the orientation
of the surface. Depending on the relative effect of each layer, the curvature effect versus
anisotropic effect can vary.

When the pore bottom is covered with an oxide, partially or fully, the change of
applied potential occurs almost entirely in the oxide due to the very high resistance of
the oxide. The rate of reactions is now limited by the chemical dissolution of the oxide
on the oxide-covered area and when the entire pore bottom is covered with an oxide
the rate of reaction is the same on the entire surface of the pore bottom. As a result,
the bottom flattens and no PS forms. The change of oxide coverage on the pore bottom
can also occur when diffusion of the electrolyte inside deep pores becomes the rate-
limiting process. A decreased HF concentration at the pore bottom due to the diffusion
effect can result in the formation of an oxide on the bottom of deep pores under con-
ditions in which it does not occur in shallow pores.

In the case when the resistance of the substrate is high and a significant amount
of potential is dropped in the substrate, the potential drop may not be uniform along a
curved pore bottom due to the nonlinear potential distribution in the material sur-
rounding the bottom. Formation of macro PS on lowly doped materials due to resistive
effect becomes possible under such conditions.

Relativity of the Dimensions and Events. Formation of PS is due to preferen-
tial dissolution of a silicon surface; the rate is larger at some areas of the surface rela-
tive to others. Such relative rates with respect to the spatial position of the areas, on
which these processes occur, are determined by the relative nature of the physical and
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chemical dimensions and events. Specifically, the relative nature of the following
aspects are important in determining the morphology of PS:

The phases that produce a relatively large contribution to the change of applied
potential affect the current distribution along the pore bottom and thus affect
the morphology of PS.
The effect of radius of curvature only becomes significant in affecting the
width of the space charge layer when its value is on the same order or less
relative to the width of the space charge layer.
It is the relative depletion, not the absolute depletion, that is important in deter-
mining the directional growth of pores (the walls of many types of PS are not
depleted). The relative depletion is due to the relatively fast advance of the
pore tips which allows very little time for reactions on the walls before the
wall region becomes depleted.
The relative magnitude of the current in the direction of the carrier source to
that in the direction of <100> affects the tendency to branch. The larger the
former compared to the latter, the smaller is the tendency to branch.
The relative dissolution rate on the (100) surface to that on the (111) surface
is a determining factor for the orientation of pores.
The relative growth rate of the side pores to that of the main pores affects the
length of the side pores. The length of the side pores is short when their rate
of growth is much smaller than that of the main pores because the relatively
fast-growing main pores quickly deplete the carriers at the tips of the side
pores.
The relative change of the profile of the pore bottom due to a given amount
of dissolution caused by local current perturbation determines the straightness
of pores. Assume that the amount of dissolution due to a current perturbation,

is where A is a constant. This amount of dissolution may cause
only a small change of the profile of the bottom of a large pore but can sig-
nificantly change that of a small pore and thus alter the growth direction of
the small pore as shown in Fig. 8.72. This is why the large pores are gener-
ally straighter than the small pores.
Related to point 7 is the scale of the regular morphological features in a PS
relative to the size of the perturbation caused by the reaction processes which
are stochastic near the atomic scale. The stochastic nature of these reactions
affects the phenomena of larger scales through different factors in the solu-
tion, interface, and substrate, seen as inhomogeneities in the crystalline struc-
ture, temperature, concentration, and so on. This aspect of relative regularity
at different scales is reflected in the dimensional distribution of the morpho-
logical features such as the size of pores and smoothness of the pore walls.
As a result, the larger scale features of PS generally have more regular pat-
terns than the smaller ones.

1.

2.

3.

4.

5.

6.

7.

8.

Pore Diameter and Interpore Spacing. Pore diameter and interpore spacing are
the prominent morphological parameters which as discussed above are determined by
two large groups of factors: those that affect the dimension of the space charge layer and
those that affect the distribution of the reactions on the pore bottoms. The first group of
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factors include doping type and concentration, potential, and illumination direction and
determine the overall range of pore diameters. The second group of factors include
current density, HF concentration, illumination frequency, and intensity and determine
the variation of pore diameter and interpore spacing. Eventually, the change of pore
diameter, pore wall thickness, and transition from PS formation to electropolishing on
silicon are determined by the change of the distributions of the reactions and their rates
along the pore bottom by changing the shape of the curved pore bottom. Except for the
macro PS on lowly doped p-Si, both pore diameter and wall thickness are largely deter-
mined by the width of the space charge layer. Pore diameter is determined by the radius
of curvature which is on the same order of magnitude as the width of the space charge
layer. Wall thickness is generally less than twice the space charge layer thickness so that
the walls are depleted of carriers because of the overlapping of the two space charge
layers. If the wall thickness is larger than twice the space charge layer, the walls are not
depleted of carriers and dissolution can still occur and new pores can form along the wall
and propagate into the wall. Under certain conditions such as back-side illumination and
surface patterning, pore walls can be much larger than twice the space charge layer
because of the large relative depletion of the carriers in the walls compared with carrier
concentration at the pore tips as discussed in the preceding section.

The actual wall thickness depends on the relative dissolution rates between the
edge of a pore bottom (see Fig. 8.68) and the tip, that is, between and If is com-
parable to significant dissolution occurs at the edge of the pore bottom before the
pore tip propagates a distance away. This will result in a thin wall, or even no wall at
all when equals On the other hand, if is very small compared to the pore tip
will propagate relatively fast so that, before much dissolution occurs on the edge of the
pore bottom, the edge has already moved into the wall region where the current is very
small and the dissolution is virtually stopped. This will generate relatively thick walls
(compared to pore size).



432 CHAPTER 8

At a given anodic current density, the potential, which determines the width of
the space charge layer, is different for different doping type and concentration due to
different current conducting mechanisms. The combination of doping and potential thus
provides a wide range of space charge layer widths and thus a wide range of pore diam-
eters. Figure 8.73 schematically illustrates the space charge layer width for differently
doped materials. For n-Si the space charge layer and thus the dimension of the pores
increases with decreasing doping concentration and increasing potential. For p-Si, on
the other hand, the application of an anodic potential reduces the width of the space
charge layer which results in smaller pores. However, when the doping concentration
is lower than a certain level, the effect of resistivity of the substrate becomes impor-
tant and formation of macropores occurs. A micro PS layer can form on the surface of
the macropores when the width of the space charge layer is also in effect. The band
structure for such a case is illustrated in Fig. 8.73(a). This mechanism should also
operate for lowly doped n-Si as illustrated in Fig. 8.73(d).

Under illumination, photocarriers are generated in the semiconductor from the
surface to the depth of penetration determined by the wavelength of the light. The thick-
ness of the space charge layer which has a field effect on the photocarriers then varies
from almost zero to the full width of the space charge layer depending on where those
carriers are generated. Correspondingly, the size of pores and wall thickness for the PS
formed under illumination may vary from zero (i.e., corrosion of PS) to that compara-
ble to the width of the space charge layer, resulting in a fractal-like structure.
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When the current is larger than a certain value at which oxide starts to form at
the tip of pores, increasing current density will increase the coverage of the oxide film
on the pore bottom. In such a case the relative change in the current at the pore tip
with an increase in the overall current, is less than that at the side of the pore bottom,

that is, As a result, the pore bottom is flattened, which results in
larger pores and thinner walls. On the other hand, when the current is relatively small
so that the current density at the pore tips is still much less than that required for the
formation of oxide, an increase in applied current density will cause a relatively larger
change at the tip than on the side of the pore bottom (the slope of an i–V curve in this
current range increases with increasing current density), that is, As a result,
the pore bottom becomes sharper with increasing current density.

On the other hand, increasing the concentration of HF increases the dissolution
rate of oxide, which in turn increases the sharpness of the pore bottom. As a result, the
pores become smaller and the walls thicker.

Variation of Morphology from Surface to Bulk. Initiation of Pores. Forma-
tion of pores is a result of preferential dissolution of the silicon surface due to the sen-
sitivity of the electrochemical reactions to the surface curvature. A silicon surface, no
matter how well it is prepared, is not perfectly flat at the atomic scale, but has surface
defects such as surface vacancies, steps, kink sites, and dopant atoms that constitute
the intrinsic microroughness of the surface (see Chapter 7). The dissolution of the
surface is thus not uniform but modulated at the atomic scale with higher rates at the
defects and depressed sites. The microroughness of the surface will increase with the
amount of dissolution due to the sensitivity of the reactions to surface curvature asso-
ciated with the micro depressed sites. These sites, due to the higher dissolution rates,
will evolve into pits and eventually into pores. It is generally observed that for two-
layer PS on p-Si and illuminated n-Si, a certain thickness of micro PS or etching, which
is required to generate the right radius of curvature, occurs prior to the initiation of the
macropores.

The pores so initiated are very small in size but large in number due to the nature
of surface defects. However, for PS formed under a steady state at a given anodization
condition, the morphology has certain characteristics in terms of pore size, density,
branching, and so on. Thus, the tiny pores initiated on the surface are not stable but
tend to grow to the size required for a stable pore propagation. As the pores propagate
into the bulk, some vanish and some grow gradually in size. The thickness of the ini-
tiation phase is comparable to the diameter of the pores grown at the steady state as
shown for example in Fig. 8.37.8 Thus, the initiation layer is very thin for micro PS
and relatively thick for macro PS.

It is important to note that although surface defect sites are associated with the
initiation of pores, they do not determine the density and dimension of the pores in the
bulk PS. The bulk morphology of PS is determined by the property of semiconductors
and anodization conditions. However, under certain conditions such as those for the
formation of macropores on lowly doped materials, control of the initiation sites by
surface patterning can to some extent change the PS morphology.

Flatness of the Growth Front of PS. The growth front of all types of PS is gen-
erally flat and parallel to the initial surface of the substrate, meaning that the pores,
which may have a range of diameters and shapes, propagate at essentially the same rate.
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As discussed in the section on the distribution of the applied potential in the different
phases in the current path, the electrolyte inside a pore does not affect the current dis-
tribution on the pore bottom due to the even distribution of the potential along the length
of the pores. However, it is the potential drop in the electrolyte phase that maintains
the same growth rate for the different pores. For a pore of length l, the potential drop in
the electrolyte with resistivity inside the pore at an average current density i is

which is independent of pore diameter and shape and depends only on one geo-
metric factor, that is, the length of the pores. Assuming that one pore is significantly
ahead of the rest of the pores, the current i in this pore will increase due to the reactions
occurring on the side wall of the pore. This will then increase the potential drop,
which in turn will result in a reduction of the potential available for other phases in
the current path. The reduction of the potential in other phases will then reduce the
current density on the pore bottom and slow the growth of the advanced pore. Thus,
due to such a process individual pores can only grow at the same rate and as a result,
the growth front of a PS layer is flat at a scale larger than the diameter of pores.

Two-Layer PS. Two-layer PS with a micro PS on top of a macro PS layer is
formed on lowly doped p-Si or illuminated n-Si. For lowly doped p-Si, two-layer PS
can form when the conditions are such that the space charge layer and the resistive
layer differ in dimension by several orders of magnitude and both are significantly
involved in the rate-limiting process due to the effect of surface curvature on the current
flow near the surface and in the substrate. For n-Si, two-layer PS can form on a front-
illuminated substrate as long as the conditions exist for the formation of macropores.
It may also form in the dark under conditions similar to those for the formation of two-
layer PS on lowly doped p-Si.

Figure 8.74 illustrates the two-layer PS formed on illuminated n-Si. The photo-
generated holes are located near the surface and flow in various directions depending
on the direction of the field inside the crystallites of the PS. These photocarriers can
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result in the dissolution of PS without the assistance of an applied anodic potential and
are responsible for the etching of the PS layer, On the other hand, the photocarriers
generated at different depths within the space charge layer are collected at the bottom
surface of the macropores, resulting in the formation and growth of the micro PS. The
holes that are generated beyond the space charge layer are mostly collected and react
at the bottom of the macropores. Also, depending on the current density relative to that
for the formation of oxide, the tip area may or may not be covered with an oxide film.
When the entire pore bottom is not covered with any oxide, the macropores will be
fully filled with micro PS. On the other hand, when the tip area of pores is covered
with an oxide film, local micromodulation of current density due to photocarriers gen-
erated at different depths is not possible so that the macropores are only partially filled
with micro PS as illustrated in Fig. 8.74.

8.6.3. Summary

PS displays a wide range of morphological variations. However, under a given
condition, except for the transition layer near the surface, the pores are spatially
uniformly distributed and the reactions occurring anywhere within PS during its
growth can be represented by what occurs on the surface of a single pore–wall–
pore unit. Thus, the formation of PS having specific morphological features is basi-
cally determined by the distribution of reactions and their rates along the surface of
this unit.

Kinetically, the overall dissolution process consists of carrier transport in the
semiconductor, electrochemical reactions at the interface, and mass transport of the
reactants and reaction products in the electrolyte. Also, there are a number of reactions
involved at the interface and these reactions consist of several steps and subreactions.
At any given time the dissolution kinetics can be controlled by any one or several of
these steps. The distribution of reactions along a pore bottom under a steady-state con-
dition during pore propagation must be such that pore walls are relatively less active
than the pore tip. Then, the dissolution reactions are concentrated at the pore tip result-
ing in the preferential dissolution and formation of pores. The formation of pores is the
consequence of spatially and temporally distributed reactions.

The distribution of the reactions and their rates on the surface of a silicon
electrode in HF solution are determined by at least the following processes: (1)
Electrochemical reactions on a semiconductor surface are sensitive to surface curva-
ture. The reaction rates at depressed sites which have smaller radii of coverture are
larger than those of the surrounding area. Such sites may preexist due to the in-
trinsic random roughness of the surface or may be generated after a certain amount of
dissolution which roughens the surface. (2) The reactivities of the atoms on the surface
of different crystal orientations are intrinsically different (anisotropic nature). (3) In
the entire current path the phases that cause significant potential changes due to
current perturbation will affect the distribution of the current and reactions on a curved
surface. (4) The reactions involved in silicon dissolution have two paths: Silicon
may react with fluoride species and dissolve directly into the solution or may react
with water to form oxide and dissolve indirectly. The direct dissolution is sensitive to
surface geometrical factors such as surface curvature and orientation, but the indirect
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dissolution through the formation and dissolution of oxide is insensitive to the surface
geometrical factors. Formation of an oxide film masks the semiconductor properties of
silicon.

The fundamental reason for the formation of pores is that the rate of electro-
chemical reactions on a semiconductor is sensitive to the radius of curvature of the
surface. This sensitivity can either be associated with the width of the space charge
layer or the resistance of the substrate. Thus, when the rate of the dissolution reactions
depends on the width of the space charge layer, formation of pores can in principle
occur in a semiconductor electrode, not just on silicon. The specific porous structures
are governed by the relative significance in spatial and temporal scales among the geo-
metric dimensions, reactions and their rates, physical regions of the current path, and
so on. Because different dimensions, rates, regions, and so on may be significant in the
formation process, the mechanistic details for the formation of each specific type of PS
morphology vary with situations. As a global generalization, the conceptual analysis
for the mechanisms involved in the formation of PS can be called the curvature-
relativity model.

The types of PS can be categorized into three groups according to this model: (1)
Space charge layer controlled; this includes all PS except for the macro PS formed on
p-Si The diameter of the pores in this group is comparable to the width of the space
charge layer. (2) Substrate resistance controlled; this includes the macro PS formed on
lowly doped p-Si and possibly on lowly doped n-Si (a prediction). (3) Photocarrier con-
trolled; this includes two-layer PS (micro PS for > SCL and macro PS for
< SCL) and the micro PS structures resulting from photocorrosion.

Figure 8.75 summarizes PS features according to the formation conditions
defined by the kinetics relative to current and HF concentration. The lines defining the
regions are determined by the nature of the reactions and are independent of the doping
type and concentration (see Fig. 8.5). One important factor governing the change of
one region to another shown in Fig. 8.75 is the formation and coverage of an anodic
oxide film on the surface. The coverage of oxide on the surface increases from zero in
PS region A to only at pore tips in PS region B to part of the surface in the transition
region to full coverage in the electropolishing region. The actual size of the pores under
a given anodization condition is primarily determined by doping concentration. Most
of the other morphological features can be phenomenologically correlated with pore
diameter as illustrated in Fig. 8.56. The mechanisms responsible for these features are
determined by the various factors involved in the formation processes discussed in
Section 8.6.2. The characteristics of fundamental reaction processes and the rate-
limiting steps in these reactions are given in Table 5.8.

A quantitative description of the diverse morphological features of PS
requires the integration of the aspects discussed above as well as the fundamental
reaction processes involved in silicon/electrolyte interface structure, anodic dissolution,
and anodic oxide formation and dissolution as detailed in Chapters 2–5. Any mathe-
matical formulation for the mechanisms of PS formation without such a global inte-
gration would be limited in the scope of its validity and in the power to explain details.
In addition, a globally and microscopically accurate model would also require the full
characterization of all of the morphological features of PS in relation to all of the
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formation conditions, which has not as yet been achieved according to the information
gathered in this book.

8.7. PROPERTIES AND APPLICATIONS

As may be expected from the rich morphology, PS has a wide range of interesting prop-
erties, of which luminescence is most well known. Since its first report by Canham in
1990,72 the phenomenon of luminescence has been intensely investigated due to the
strong interest in the potential application of PS as an optoelectronic material. This
research effort has generated a huge amount of results; some 1500 papers were pub-
lished on PS in the 7 years following Canham’s finding.1107,1111 This body of informa-
tion is not dealt with in detail in this book as the focus here is on the electrochemical
properties of single-crystalline silicon, not those of PS which is essentially a different
material. Table 8.8 lists examples of studies on the properties of PS so as to provide a
rough idea of the scope of this research area. Detailed review of this body of informa-
tion can be found in a number of articles.870,1107,1073,1075,1161
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Ideas on the applications of PS in microelectronics, optoelectronics, solar
cells, and sensors have continuously been generated since its discovery 50 years
ago. 443,823,868,1161 For a similar reason as stated above for the properties of PS, detailed
discussion of the applications of PS is not included here. Table 8.9 should serve to
provide some relevant references for interested readers.
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9
Summary and Closing Remarks

9.1. COMPLEXITY

Silicon exhibits a diverse range of electrochemical phenomena, such as current oscil-
lation, anisotropic etching, formation of porous silicon, etc. Each of these phenomena
has extremely rich details that are governed by complex relationships between struc-
tures and properties of silicon electrodes on the one hand and between properties and
experimental conditions on the other. The silicon/electrolyte interface is a complex
system in which a great many variables are interacting with each other in a great many
ways.1182,1183

The physical and chemical nature of the silicon/electrolyte interface, in terms of
carrier type and density, charge distribution and transfer, surface reactions, evolution
of surface geometry, etc., are determined by numerous variables as illustrated in Fig.
9.1. Each of these variables is a continuum of a wide dimensional range and its effect
on the electrode properties involves time and micro-surface geometry. Thus, the pos-
sible conditions determined by the combinations of these variables are infinite, respon-
sible for the diverse phenomena and complex details observed on silicon electrodes.
The experimental results on silicon electrodes generated in the past decades have been
overwhelming, but many phenomena on silicon electrodes are still not fully character-
ized due to their complex nature. Also, what occurred in the past indicates that the more
is known about the system the more questions are generated. Thus, in a philosophical
sense, the details of the system may never be completely revealed because every time
a phenomenon is characterized at one temporal-spatial scale under a condition, further
details with increasing complexity start to emerge at a finer scale or under a new
condition.

The high degree of details that have already been characterized on silicon elec-
trodes is associated with the great diversity of conditions that have been explored,
the high sensitivity in experimental control and measurement, and the large number
of investigations made in the past. In particular, many details could not be experimen-
tally resolved without the high sensitivity in experimental control and measurement.
To this end the most important control has been for the silicon substrate, which is con-
veniently available in single crystalline form of high quality to researchers of all fields.
Such high degree of standardization and availability has been unique to silicon. No
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other material has this advantage and accordingly none has been characterized to the
same levels of details as silicon. In this, silicon is truly a model material, by which new
phenomena and science are explored.

The complexity of the system implies that many phenomena are not directly
explainable by the basic theories of semiconductor electrochemistry. The basic theo-
ries are developed for idealized situations, but the electrode behavior of a specific
system is almost always deviated from the idealized situations in many different ways.
Also, the complex details of each phenomenon are associated with all the processes at
the silicon/electrolyte interface from a macro scale to the atomic scale such that the
rich details are lost when simplifications are made in developing theories. Additionally,
most theories are developed based on the data that are from a limited domain in the
multidimensional space of numerous variables. As a result, in general such theories are
valid only within this domain of the variable space but are inconsistent with the data
outside this domain. In fact, the specific theories developed by different research groups
on the various phenomena of silicon electrodes are often inconsistent with each other.
In this respect, this book had the opportunity to have the space and scope to assemble
the data and to review the discrete theories in a global perspective. In a number of cases,
this exercise resulted in more complete physical schemes for the mechanisms of the
electrode phenomena, such as current oscillation, growth of anodic oxide, anisotropic
etching, and formation of porous silicon.
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One problem in meaningful application of the basic electrochemical theories is
related to surface states that may be associated with surface defects, interface states at
silicon/oxide interface, adsorbed species, or reaction intermediates. They are often con-
veniently considered to be responsible for the results that are inconsistent with the basic
theories. However, the understanding on the nature of surface states at the silicon/elec-
trolyte interface is still poor; one is aware of some consequences of surface states but
knows little of their origins and their specific roles in various electrode processes.

A closely related matter is the measurement and use of the flatband potential. The
existing data show that for a silicon/electrolyte interface the flatband potential is spe-
cific to the given surface condition. Also, the flatband potential generally drifts due to
the fact that the surface of silicon in electrolytes changes constantly with time. Also, it
changes with application of potentials which is generally required for the determina-
tion of flatband potential. Therefore, any theory which assumes a fixed value of flat-
band potential will be limited in its scope of validity.

Another problem in application of the basic theories is associated with surface
geometry. Most theories are developed to describe the relationships among the area-
averaged quantities such as charge density, current density, and potentials assuming a
uniform electrode surface. In fact, the silicon surface may not be uniform at the microm-
eter, nanometer, or atomic scales. There can be great variations in the distribution of
reactions from extremely uniform, for example, in electropolishing, to extremely
nonuniform, for example, in the formation of porous silicon.

There are two principal aspects with respect to the nature of an electrode surface:
1) the chemical nature in terms of the specific of events at the atomic scale and the
kinetic quantities measured at a macroscopic scale which are the global average of the
atomistic events; and 2) the physical nature in terms of surface geometry and its effect
on the kinetics and its evolution during the reaction processes.

Surface lattice structure at the atomic scale and surface curvature at the nanome-
ter to micrometer scale are two major geometric factors that affect the uniformity of
the reactions on the surface and are responsible for the occurrence of anisotropic etching
and formation of porous silicon. The difference in the reactivity of the atoms at differ-
ent surface lattice structures is responsible for the anisotropic nature of reactions, while
the electrochemical reactions that depend on the supply of charge carriers is sensitive
to surface curvature. The carrier density at depressed sites which have smaller radii of
curvature are larger than those of the surrounding area. Such sites may preexist due to
the roughness of the surface or may be generated as a result of interaction between the
electrode and electrolyte. The spatial distribution of electrochemical processes is deter-
mined by geometric factors such as surface lattice structure and curvature, the study of
which can be called as geometric electrochemistry.

The overall electrode process consists of carrier transport in the semiconductor,
electrochemical reactions at the interface, and mass transport of the reactants and reac-
tion products in the electrolyte. There are a number of physical phases associated in
the current path and the change of potential in each phase has a specific effect in rela-
tion to surface geometry. Also, a number of different reactions can occur simultane-
ously on the surface and compete in surface coverage and in reaction rate. Particularly,
the anodic reactions of silicon in HF solutions have two parallel paths: silicon may
react with fluoride species and dissolve directly or may react with water to form oxide.
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The direct dissolution is sensitive to surface geometrical factors such as surface cur-
vature and orientation, while the indirect dissolution through the formation and disso-
lution of oxide is insensitive to the surface geometrical factors. Formation of an oxide
film, which generally shifts the rate limiting process to inside the oxide, masks the semi-
conductor properties of silicon.

9.2. SURFACE CONDITION

Silicon is a rather active element and unless in a vacuum its surface is never “clean”
because of the adsorption by foreign species. In water and aqueous solutions, the
surface of silicon can be terminated by various species including hydrogen, hydroxyl,
fluorine, and oxide. The specific type of termination, in terms of structure and compo-
sition, depends on how the surface is prepared and cleaned. In non-HF aqueous solu-
tions, the silicon surface is generally covered by an oxide film and in HF solutions the
silicon surface tends to be terminated by hydrogen (in the form of hydrides). The for-
mation of a surface hydride layer or oxide layer is responsible for the stability of silicon
in aqueous solutions.

In HF solutions the surface coverage of hydrogen and oxide is a function of poten-
tial. As schematically illustrated in Fig. 6.7, the surface is fully covered by an oxide
film at anodic potentials higher than the passivation potential, while it is fully covered
by hydrogen at potentials more negative of the open circuit potential. From the open
circuit potential to the passivation potential, the surface coverage of hydrogen gradu-
ally decreases as the coverage of oxide increases. Also, while at potentials near the open
circuit potential and below the passivation potential the hydride or oxide layer is on the
order of a monolayer, the hydride layer at the cathodic potentials and the oxide layer
at potentials higher than the passivation potential is relatively thick. The difference in
the kinetics for formation of a hydride layer and an oxide layer and in the stability
of these two layers plays a critical role in the diverse phenomena observed on silicon
electrodes.

The silicon surface may be hydrophobic or hydrophilic depending on whether it
is terminated by hydroxyl or hydrogen groups. Also, surface impurities, in the form of
metals, ceramic, and organic species can reach a surface atomic concentration higher
than 0.1% at 1 ppm impurity concentration in the electrolytes. In addition, a silicon
surface, even under the best prepared conditions, is not completely flat but has a certain
degree of roughness. The roughness can be associated with vacancies, kinks, adatoms,
steps, and terraces at the atomic scales and with pits, hillocks, scratches, deposits, etc.,
at a macro scale. Once in an electrolyte, the hydrophobicity and the roughness tend to
change over time as electrode processes occur, which is the basis for the processes,
such as cleaning, for surface preparation and control.

9.3. OXIDE FILM

Silicon oxide plays a particularly important role in the properties of silicon elec-
trodes. In air the surface of silicon is always covered with a very thin oxide film, the
thickness of which may vary from 5 to 20 Å depending on the preparation conditions.
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In water after a sufficient time lapse the surface is always covered with a thin oxide
film and the steady state thickness depends on the initial surface condition. The steady
state thickness of the native oxide films formed on the silicon surface in water is similar
to that formed in air. Water is essential for the formation of oxide on the silicon surface
in different solutions, organic or inorganic. Oxide film does not form on the surface in
water when the concentration of HF is higher than 10 ppm.

The native oxide can be thickened with application of an anodic potential. The
rate of growth and final thickness at a given potential depends, among other factors, on
solution composition. Holes from the valence band are responsible for the oxidation
reaction for p-Si while injection of electrons into the conduction band is for n-Si. The
oxidation reaction occurs at the silicon/oxide interface through several intermediate
steps forming partially oxidized species which can act as interface states. The oxygen
required to form the oxide structure is from the water, either residual or generated
during anodization, in the electrolyte. The water molecules enter into the first layers of
the oxide and dissociate into ionic species, such as and/or which then migrate
toward the silicon/oxide interface under the effect of the electrical field in the oxide.

As illustrated in Fig. 3.19, anodic oxide behaves like a doped semiconductor and
is capable of conducting a large electronic current under anodizing conditions, which
are responsible for the low ionic current efficiency due to side reactions. The side reac-
tion is the oxidation of water in aqueous solution and is the oxidation of the solvent
molecules in non-aqueous solutions. Photo emission may result from the charged car-
riers going through the energy steps at the oxide/electrolyte interfaces, silicon oxide
interfaces, and localized states in the oxide during the oxidation process.

The oxide films formed by anodization have generally a loose structure contain-
ing a significant amount of water, hydroxyl ions and other species, which are present
in the electrolyte. As-formed anodic oxides may contain SiO, SiOH and SiH groups,
absorbed water, oxidation products of the solvent and ionic impurities to levels as high
as Due to the incorporation of OH and water, anodic oxides are generally
non-stoichiometric with silicon deficient structures. Also, anodic oxide is not uniform
but changes with distance from the interface to interface and
tends to change with time, which plays a critical role in current oscillation.

The physical, chemical, and electrical properties of anodic silicon oxides are
determined by this loose structure and the incorporation of foreign species. The elec-
trical properties of anodically formed oxides is very poor in comparison with those of
thermal oxides due to the high concentration of charges and states associated with the
loose structure and high levels of impurities. Most notably, the etch rates of anodic
oxides are generally many times higher than thermal oxide. Also, the silicon/oxide inter-
face region has a high density of partially oxidized silicon atoms, which significantly
contribute to interface charge. The reaction of these partially oxidized silicon atoms
with hydrogen is also responsible for the small amount of hydrogen evolution and an
oxidation valence of less than four in the passive region.

The role of oxide in the major phenomena of silicon electrodes in terms of surface
coverage and rates of formation and dissolution can be qualitatively described by Fig.
9.2. Depending on the condition, the surface coverage of oxide may vary from zero to
one. Under a condition when the formation rate for the first layer of oxide is larger than
the dissolution rate the oxide will grow in thickness and full oxide coverage of the
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surface results, which is the case at the potential higher than the passivation potential.
When the formation rate of the first layer of oxide is smaller than the dissolution rate,
the coverage is zero. This is the case in silicon surface cleaning in dilute HF solutions,
where it is desirable to form a ceratin amount of oxide during the cleaning but the
surface must be free of oxide at the end of cleaning. In the case of anisotropic etching
in alkaline solutions, which has to occur on a bare silicon surface, the coverage is also
near zero because oxide formation is not involved in the dissolution process. In con-
trast, for isotropic etching or electropolishing in HF solutions the presence of an oxide
of certain thicknesses is necessary to mask the crystallographic character of the silicon
surface. In the case of porous silicon formation in HF solutions, the active silicon
surface may be covered by oxide to a varying degree depending on the specific condi-
tion. The walls of pores are free of oxide while the pore tips may or may not be free
of oxide depending on current density. In the case of current oscillation on oxide
covered surface in HF solutions, the surface is fully covered with oxide but the rates
of formation and dissolution of oxide change with time.

9.4. SENSITIVITY TO CURVATURE

A particularly important property of silicon electrodes is the sensitivity of the rate
of electrochemical reactions to the radius of curvature of the surface, i.e., the sensitiv-
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ity to surface geometry. Since an electric field is present in the space charge layer near
the surface of a semiconductor, the vector of the field varies with the radius of surface
curvature. The surface concentration of charge carriers and the rate of carrier supply,
which are determined by the field vector, are affected by surface curvature. The situa-
tion is different on a metal surface. There exists no such field inside the metal near the
surface and all sites on a metal surface, whether it is curved not, are identical in this
aspect.

Thus, on a perfectly flat semiconductor surface the concentration of charge car-
riers is uniform across the surface because the vector of the field at every spot of the
entire surface is perpendicular to the surface and has the same magnitude. On a curved
surface, on the other hand, the rate of carrier transport to the surface depends on the
radius of curvature. Therefore, the rate of the electrochemical reactions, when is limited
by the supply of charge carriers, is sensitive to the radius of surface curvature. This
sensitivity, as an intrinsic property of semiconductors, determines the distribution of
reactions on the surface and determines the geometric evolution of the surface when
the reaction results in the change of surface morphology. Thus, it plays a critical role
in the formation of pores in silicon and surface roughness. Also, it may be an impor-
tant factor determining the breakdown of passive films of various metals and semi-
conductors.1183 This property has generally been observed on semiconductors, for
example, the formation of pores on the electrodes of Ge, InP, GaAs, SiC, etc.

Physically, the sensitivity of reactions to surface curvature can be associated with
the space change layer or the resistance of the substrate. For moderately or highly doped
materials, this sensitivity is only associated with the space change layer because the
ohmic potential drop in the semiconductor substrate is very small. However, for lowly
doped material a significant amount of potential can drop in the semiconductor to cause
the current flow inside semiconductor to be also sensitive to the curvature of the surface.
In this situation, the sensitivity is associated with both the width of space change layer
and the resistivity of the substrate. The radius of curvature required for the occurrence
of the sensitivity caused by space change layer is different from that by substrate resis-
tivity. Therefore, under certain doping and polarization conditions, the current on the
surface can have two different distributions associated with radii of curvature of dif-
ferent scales. Such current distribution can result in the formation of geometric struc-
tures of two different scales such as the formation two-layer porous silicon (see Fig.
8.70).

The distribution of chemical reactions which do not involve charge carriers in the
semiconductor is not affected by surface curvature. Thus, formation of pores does not
occur in KOH solutions where the dissolution of silicon is of almost 100% chemical
nature. Also, the effect of surface curvature is little when the surface is covered with
an oxide film which masks the semiconductor properties of silicon, e.g., during elec-
tropolishing in HF.

The sensitivity depends on the radius of curvature relative to the width of space
charge layer. This effect can be measured by a normalized parameter defined
as relative curvature.8,1183 At i.e., when the radius of curvature is in the order of
the width of space change layer the electrochemical reactions will be significantly
affected (see Fig. 8.64). Thus, for any electrochemical reactions that can cause the
surface geometry to change, either a dissolution or deposition, the surface distribution
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of current will be affected by the surface curvatures that have a radius close or smaller
than the width of the space charge layer.

9.5. SENSITIVITY TO LATTICE STRUCTURE

The surface of a single crystalline silicon can have different reactivities depend-
ing on the orientation of the surface. This orientation dependent reactivity is determined
by the bonding condition of the surface silicon atoms in the surface lattice structure
which is different for surfaces of different orientations. Characteristically, for example,
the atoms on (111) surface have three bonds connecting to the substrate lattice while
those on (100) surface have only two. Also, the bonding of the surface silicon atoms
to the species in the solution such as change the bond strength of the atoms to the
substrate, and thus their reactivity, to varying extent. In addition, a real surface has
atomic structures associated with roughness and defects, which deviate from the lattice
structure of determined by the orientation. The atoms at these structures have different
bonding conditions and different reactivity.

The reactivity of the surface can be described by the density of the active surface
atoms as illustrated in Fig. 7.40. The density and distribution of surface active atoms
determines the difference in the reactivity of different surfaces. Thus, the etching of
silicon in KOH is anisotropic because the difference in the density of surface active
atoms on (100) and (111) surfaces is large. On the other hand, the etching of silicon in

is largely isotropic because the density of surface active atoms is similar for
surfaces of different orientations. In HF solutions, the surface has an intrinsic tendency
to roughen due to the sensitivity of the electrochemical reactions to surface curvature.
As a result, the surface which is rough at the atomic scale has no distinct crystallo-
graphic character and can be viewed as an amorphous surface, as illustrated in Fig.
9.3a. On the other hand, the surface shown in Fig. 9.3b is less rough and has a clear
crystallographic character. It can be generalized that when the number atoms at kink
sites, steps, and other defects is close to the density of surface atoms, the surface loses
its crystallographic nature. Similarly, the reaction is also essentially isotropic in the
case of electropolishing in HF solutions because the dissolution is through the forma-
tion and dissolution of silicon oxide which is amorphous in structure. The formation
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of an amorphous oxide film masks the crystallographic nature of the substrate as shown
in Fig. 9.3c.

9.6. RELATIVITY

An important mechanistic aspect is the relative nature of the dimensions and
events in space and in time. The electrochemical reaction processes can vary in quality
and quantity in temporal and spatial scales of many orders of magnitude, which is
responsible for the diverse phenomena observed on silicon electrodes. The under-
standing of the relative nature of dimensions and events are essential in mechanistic
descriptions of this complex system. The following are the relative dimensions and
events that are important in determining the electrode phenomena of silicon.

1. The amount of reaction with fluoride based species relative to that with water
based species determines the relative surface coverage by hydride, hydroxide,
and oxide, the reactivity of the surface and the crystallographic character of
the surface.

2. The amount of chemical reactions relative to electrochemical reactions
determines the amount of anodic hydrogen evolution and the value of effec-
tive dissolution valence.

3. The rate of oxide formation relative to dissolution of the oxide determines the
surface coverage, thickness, and properties of oxide, occurrence of passiva-
tion and current oscillation as well as uniformity of anodic dissolution.

4. Rate of removal of atoms from kinks and steps relative to that from terraces
determines the anisotropicity of reactions.

5. Atomic scale roughness in terms of the density of kinks sites and steps rela-
tive to surface atomic density determines effect of surface lattice structure
on the rate of reactions; when the roughness is low relative to atomic density
the reactions show a high degree of anisotropicity and when it is high the
reactions tend to be isotropic.

6. The radius of surface curvature relative to the width of space charge layer
determines the sensitivity of reactions to surface roughness, the distribution
of reactions on the surface. It is the principal factor in the formation of pores
in semiconductors and the porous morphology.

7. The wavelength of light relative to the width of the space charge layer affects
the quantum efficiency of photocurrent, the vector of photocarrier flux on the
surface, and is responsible for the fractal-like morphology of the micro PS in
two-layer PS.

8. The relative distribution of potential change in different physical phases along
the current path determines the rate determining processes and the role of each
physical phase in the overall electrode phenomenon.

In addition to the ones listed above, there are other relative dimensions and events
that are associated with specific phenomena, for example, relative carrier depletion
in the directional growth of pores on a semiconductor electrode. Fundamentally,
the relativity of these dimensions and events are associated with the relativity of
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randomness of events at different temporal and spatial scales, that is, the duality of the
stochastic nature of the microscopic and atomic events and the deterministic macro-
scopic phenomena. Such duality, as a general materials property, exhibits in all the phe-
nomena on silicon electrodes. For examples, random removal of individual silicon
atoms from the surface versus the predictable etching rate of the surface, the random
locations of initiation of pores versus the deterministic direction of propagation of
pores, the randomness of surface lattice structure at the atomic and near atomic scales
versus the deterministic surface roughness at a macroscopic scale.

9.7. FUTURE RESEARCH INTERESTS

The amount of information on the electrochemical properties of silicon, as
summarized in this book, is enormous owing to the research interests over the last
five decades. The intensity of research on silicon electrodes is likely to continue in the
foreseeable future for three major reasons.

The primary reason is the continued use of silicon as the mainstream material for
future generations of electronic devices.1041,1067,1190,1195 Many problems encountered in
the diminishing device feature size are related to surface properties of silicon, such as
surface roughness, which are determined by the numerous wet processes, such as clean-
ing. In addition, the increasing applications for sensors and actuators that are com-
patible with integrated circuits demands the fabrication of micro mechanical devices
that are three-dimensional and moveable. Chemical etching of silicon with its large
range of etch rates and selectivity with respect to orientation, doping type and con-
centration, and foreign materials, is one of the key processes for the fabrication of theses
devices.517,851,918 Also, there is a renewed interest in electrodeposition of metals such as
copper for replacing aluminum as the conducting material for micro devices.1192–1194 Fur-
thermore, silicon technology will play an important role in molecular engineering
and nano technology which will emerge as a dominant industry in the 21th
century.1184,1188,1191 Research on electrochemical properties of silicon is essential for
understanding and development of wet processes that can control surface conditions
and generate micro and nano surface structures, dissolved or deposited, of increasing
complexity.

The second reason is due to the importance of silicon material in the advance-
ment of solid state physics and material science. There is a huge existing knowledge
base and high degree of standardization and availability associated with silicon as a
material. Such knowledge base, standardization, and availability, which do not exist
with any other material, are essential for large scale researches into deeper questions
that cannot yet be asked for other materials. In fact, the current investigations on silicon
electrodes routinely cover almost the whole dimensional range from the scale of the
electrode to the atomic scale. New phenomena will be discovered and new knowledge
will be generated at deeper levels and wider scopes on silicon electrodes. There are
many topics that are of interest for further research, specifically, for example,

1. the chemical and electrochemical characters of hydrogen reaction
2. surface structural condition and kinetic processes for the formation of a

silicon–oxygen network that passivate the surface
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transformation of structure and properties of anodic oxides after their
formation
the continuum from individual atomic events and large scale phenomena
solvation structure and process of silicon in solution
spatial distribution of reactions and evolution of surface geometry at
different scales
chemical bonding and stability of the atoms at different surface lattice
structures
difference between Si–OH and Si–F bonds in determining the chemical or
electrochemical dissolution of the silicon atom
physical and chemical nature of different types of surface states
global kinetic theories that include all the essential elements and can account
for different electrode phenomena.

3.

4.
5.
6.

7.

8.

9.
10.

The third reason is attributed to our innate interest in functional interfaces
between the man-made non-living matters and the living matters, the most important
of which is the human body. The information in the man-made world is stored and
processed electronically while that in the human body is stored and processed chemi-
cally or electrochemically. The electrochemical processes must play an important role
in enabling the technology for direct exchange of information between the two worlds.
In this regard, silicon, which is already the dominant material for processing electronic
information, seems to be a natural candidate as the electrode material on which such
interfaces could be investigated and developed. The processes to deposit organic mol-
ecules such as amino acid and proteins on silicon that can functionally bond to cells
and live tissues and the characterization for the electrochemical properties of these
silicon/bio-material interfaces should be an interesting research area in the future.1187–1189

New interests and deeper questions, which may still be beyond the imagination
at this time, will surely continue to emerge in the future. There are more interesting
questions, on silicon electrodes to be researched now than before. In some ways, what
has been accomplished is just a preparation for the greater research challenges that lay
ahead, which must be atomistic in detail, complex in the relationships among phe-
nomena and variables, and integral in scope to relate the events at the atomic scale with
the phenomena at a macro scale.
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Index

Absolute scale, 6, 8, 9
Absorption, 3, 8

hydrogen, 242
hydroxyl, 141
light, 3, 8, 14, 31, 212, 415

Acceptor, 2, 21
Accumulation layer, 10, 11, 14

photo potential, 35
Acetic acid, 252, 290
Acetonitrile, 16, 75, 79, 276
Acids, 86, 179
Activation energy

etching of silicon, 280, 284, 290, 305, 317, 319
etching of oxide, 132, 137, 159
hydrogen termination, 59

Adsorption, 53–63, 154
fluoride, 60, 158
Helmholtz layer, 13, 153
hydrogen, 55–60, 75
hydroxyl, 61, 152, 158
organic, 61, 63, 69
other species, 61
oxide surface, 156, 158
water, 53, 152

Aeration, 40
Aging, 65, 70, 215
Air, 63
Air bubbles, 141
Alcohols, 63, 106, 296
Alignment, 315, 324
Alkali, 144, 154, 198
Alloying, 146, 164, 294
Aluminum, 294, 306
Amine, 305
Ammonia, 63, 87, 276
Amorphization, 241
Amorphous phases, 52, 242, 287, 400, 448
Analytical techniques, 41
Angle, 315, 322

Anisotropic etching, 280, 295, 312–323, 423, 448
etched feature, 323
mechanism, 316, 448

Annealing, 120, 123, 128, 148
Anodic dissolution, 167, 218, 229, 354

characteristics, 169, 170, 229
illumination, 168
mechanism, 219, 229
potential, 168
solution composition, 168
type of silicon, 168
uniformity, 229, 355

Anodic oxides, 91, 115, 125, 148, 201, 444
breakdown potential, 125
coverage, 242, 247, 249, 425, 437, 444
current oscillation, 210–212, 215
dissolution, 229, 446
electric properties, 122, 125
etching; see Etching of oxides
formation, 94, 174, 446

current efficiency, 95, 98, 100
field strength, 115
illumination, 103, 108
maximum potential, 95
n-Si, 108
solution composition, 96
yield, 95, 103, 202

formation mechanism, 105–112
growth kinetics, 112, 115–116
impedance, 189
impurities, 118
localized states, 112
luminescence, 104, 109
passive films, 201, 444
passivation 167, 174, 195
physical properties, 116, 118, 211
porous silicon, 357, 366, 399, 425
structure, 118, 126–130, 150, 163
thickness, 204, 210, 215
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Anodization
electropolishing, 169, 354
etching, 348
formation of oxide, 94, 195
formation of porous silicon, 169, 354

Area, 88, 102, 242, 327, 354, 396
Aspect ratio, 351
Atomic density, 45
Avalanche breakdown, 27, 108

Back-bonds, 59, 106, 226, 287, 320
Band diagram, 2, 3, 82, 111, 275
Background light, 36
Band edge, 7, 9, 18, 23, 268
Band gap, 2, 46

charge transfer, 22
photo effect, 31, 36, 174
surface states, 15, 75

Band bending, 3, 10–13, 217, 229, 432
equilibrium, 23
flatband, 8
photo current, 34, 174
photo potential, 36, 268
surface states, 15, 180

Barrier, 68, 108
Barrier height, 245, 273, 416
Bias, 10, 28, 34, 298, 349
Bond strength, energy, 14, 45, 55, 58, 72, 75, 448

anisotropic etching, 319, 320
dissolution reactions, 229
oxide etching, 151, 165

Breakdown, 27–29
oxide film, 98, 125, 213
passivation, 168
silicon/electrolyte interface, 108, 170, 410

Breakdown field, 46, 109, 125
Bubbles, 141, 242, 338, 360, 407
Buffering, 52

Capacitance, 12, 14–18, 189
accumulation layer, 12
depletion layer, 11
double layer, 13
flatband potential, 18–21
Helmholtz layer, 13, 14
inversion layer, 12
oxide film, 123, 128, 189
porous silicon, 354
space charge layer, 9–13
surface states, 15, 72–75, 123

Carriers, electron and hole
charge transfer, 219, 228, 238, 248
distribution, 5
etching, 292, 305, 321
generation, 3, 9, 31, 184, 241, 424

Carriers, electron and hole (cont.)
relation to doping, 5
transport, 216, 447
type, 6

Carrier density, 9
doping effect, 5
intrinsic, 5, 184
photo effect, 32, 36, 424
surface, 23

Carrier transfer; see Charge transfer
Catalytic effect, 174, 239, 292, 306
Cathodic behavior, 237
Cavity, 324, 349
Cell, 37, 407
Ceramics, 54
Charge, 120, 123

distribution, 7, 123
immobile type, 10, 123
mobile type, 123, 128,
transfer, 13
surface states, 15, 120

Charge transfer, 21, 217
coefficient, 30, 194
interface states, 120
involvement of bands, 22, 238
mechanism, 217
metal deposition, 273
polymer coating, 274
redox species, 3, 7
surface states, 15

Chemical etching; see Etching of oxide
Chemical dissolution, 182, 359, 367–368, 428
Chemical potential, 2, 5, 6
Chemical reactions, 23, 226, 229, 248
Chemical vapour deposition, CVD 93
Chemicals, 86, 85, 244, 252

258, 293
CsOH, 144, 298
HC1, 103
HF; see Fluoride

83, 86, 96, 250, 290
96
68, 96, 138, 173
244
139

68, 141, 260, 293, 299, 337
KC1, 73
KF, 142, 155

262, 264
74

155
74

KOH; see KOH
262
79
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Chemicals (cont.)
LiOH, 144, 298
NaCl, 72, 97, 144

254, 288
NaOH, 144, 298

301
53, 138

142
107, 298

RbOH, 144, 298
others

Cleanness, 53, 63, 70, 341
Cleaning, 340–344

contamination, 61
hydrogen termination, 55
metal deposits, 248
RCA process, 330, 342
SC-1 solution, 62, 70, 141, 147, 299, 320, 343
surface roughness, 328
surface treatment, 43

Cleavage 63, 67
Coefficients 45

charge transfer 30, 194
diffusion 27, 46
generation and recombination 38
photo absorption 32, 33, 415
potential partitioning 18

Complex, 47, 53, 153, 256
Complexity, 219, 276, 419, 450, 441–444
Conduction band, 2, 217
Contamination, 54, 61, 289, 340
Convection, 40, 366
Copper, 66, 87, 89, 239, 245
Corner undercut, 327
Corrosion, 39–41, 87–90, 246, 250, 347, 428
Coverage, 242, 272, 275

fluoride, 61
hydride, 55, 286, 444
metal deposit, 248
oxide, 58, 423, 433, 444
porous silicon, 354, 423, 437

Crack, 51
Crystal, 45, 46
Crystal structure, 448

oxide film, 92
porous silicon, 399
silicon, 46

Crystal orientation; see Orientation
Current, 22, 168

anodic current, 22–24
cathodic current, 22–24
corrosion current, 39
electropolishing, 357
exchange current, 29
limiting current, 26, 29, 40

Current (cont.)
passivation current, 168, 173, 196
photo current; see Photo current
saturation current, 35
short circuit current, 35, 37

Current burst, 417
Current distribution, 427, 433
Current doubling; see Current multiplication
Current efficiency, 94, 175
Current multiplication, 31, 174, 217, 222
Current path, 428, 434
Current oscillation, 167, 207–216

characterization, 207
impedance, 92
mechanism, 212, 417
oxide properties, 149, 220

Curvature, 420, 446
porous silicon formation, 413, 420
solubility, 51

CVD oxide, 133, 146

Dangling bond, 14, 53
interface states, 120
surface states, 14, 178

Dark current, 27, 120, 184, 241, 268, 273
Deaeration, 41
Debye length, 46
Decomposition

299
solvent molecules, 277, 305
water, 47

Defects, 88, 92, 179, 184, 321, 433
current oscillation, 212
etching, 231, 287, 308, 327, 338, 344–347
hydrogen adsorption, 231
porous silicon, 375, 433

Degenerate doping, 169, 195, 199
Degenerate surface, 11
Delineation, 288
Dendrite, 380
Depletion layer, 10, 28; see also Space charge

layer
anodization of n-Si, 108
photo current, 32
photo potential, 35

Deposition, 62, 81; see also Metal deposits
metals, 243
polymer, 275
silicon, 251

Derivation, 271, 274, 328, 340, 450
Device fabrication, 94, 328, 340, 346, 450
Dielectric breakdown, 27, 109, 125
Dielectric constant, 20, 46, 125
Diffusion, 217, 365

activation energy, 132, 280
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Diffusion (cont.)
carriers, 27, 184
coefficient, 36, 113, 119
ionic species, 113
oxygen, 112
process, 19, 114, 212
water in oxide, 108, 114, 119

Diffusion length, 27, 32, 36
Dilution, of solution, 285, 291
Dimension, 429, 442, 449
Dipoles, 122
Dislocation, 14, 263, 345
Displacement reaction, 62
Dissociation constant, 52
Dissolution; see also Anodic dissolution

etching of silicon, 279
OCP, 40, 68
of oxide, 51, 200, 229; see also Etching of oxide
process and mechanism, 219, 229, 312, 420
reactions, 219
valence, 180, 184, 229, 233

chemical dissolution, 182
etching in HF solutions, 288
illumination, 181
potential, 181
PS formation, 359
type of silicon, 181

Dissolution products, 305
Distance, 22, 46, 68
Distribution

Boltzmann distribution, 9, 162
current, 427, 433
energy levels, 6
Fermi Dirac distribution, 4
Gaussian distribution, 7
Maxwell–Boltztnann distribution, 5
metal deposit nuclei, 250
potential and change, 9, 16, 193, 428
reactions, 426, 447
surface states, 15, 37, 73

Donor, 2, 21
Dopant, 45

concentration, 9, 11
energy level, 2
etch stop, 308
type, 164

Doping, effect of concentration
anisotropic etching, 314
band gap, 2
carrier concentration, 5
dissolution valence, 182, 360
electropolishing, 169
etch rate, 182

oxide, 147, 163
silicon, 286, 291, 296, 309, 314

Doping, effect of concentration (cont.)
flatband potential, 75
limiting current, 186
impedance, 190
i-V curves, 169
native oxide, 65
OCP, 83, 86
passivation, 182, 199
photo current, 34
porous silicon, 355, 360, 432
potential distribution, 29
oxide formation, 126

Doping, effect of type
breakdown filed, oxide, 126
current oscillation, 207
etch rate, 297, 302, 306
hydrogen evolution, 183, 241
impedance, 190
i-V curves, 168, 173, 297
leaking current, oxide, 127
metal deposition, 245, 250
oxide growth, 101
passivation, 198
photo current, 175
porous silicon, 355, 359, 432
potential distribution, 195
quantum yield, 178
redox reactions, 254
reaction mechanisms, 219, 229, 432
Tafel slope, 194

Double layer, 3, 4, 13

Earth, 131
Edge

crystal terrace, 320, 321–323
energy bands, 7, 9, 18, 23, 268
wafer, 141

EDP, EPW, 302; see also Etching of silicon
Efficiency

energy conversion, 270
hydrogen evolution, 183, 237
ionic current, 94
redox reaction, 21
photo current, 175

Electrochemical techniques, 42
Electrode

preparation, 43, 60, 340
ring-disc, 183

Electrode potential, effect on
anodic oxide formation, 95
anodic dissolution, 167
current oscillation, 208
dissolution mechanism, 219
etch rate, 293, 297, 302, 304, 308
etch-stop, 349
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Electrode potential, effect on (cont.)
passivation, 167
surface roughness, 331

Electroless deposition, 243
Electroluminescence, 104, 109, 266, 437
Electroplating; see Deposition
Electrolyte; see Solution
Electron, 8, 46
Electronic current, 109, 115
Electron transfer; see Charge transfer
Electronegativity, 69, 122
Electropolishing, 169, 182, 190, 356, 430
Emission, of photon, 104, 109, 268
Emmision center, 110
Energy conversion, 37, 273
Energy bands, 2, 216
Energy levels, 4, 6, 7, 46, 217, 319

charge transfer, 21
empty states, 7, 15, 22
occupies states, 7, 15, 22
surface states, 14, 71

Energy overlap, 21
Enthalpy, 344
Epitaxial layer, 63, 342, 345
Equilibrium, 4, 39, 47

carrier distribution, 2
charge transfer, 21
double layer, 13, 153
redox species, 6, 36
surface adsorption, 154, 162

Equivalent circuit, 16
Etch rate, 132, 182

calculation, 288
OCP, 182
oxides, 133, 137, 148, 211
other materials, 283, 294, 306,
silicon, 182

Etch pits, 251, 345
Etchants, 281

alkaline based, 294
KOH, 295

299
EDP, 302, 314
TMAH, 306

anisotropic etching, 312
defect etching, 344
fluoride based, 138, 285
isotropic etching, 256

Etching of oxide, 131, 283, 294
activation energy, 133, 137
anodic oxide, 148, 211
application, 131
cleaning, 70
mechanism, 151

Etching of oxide (cont.)
potential, 141, 150
rate equation, 158
solution composition, 138
structure, 139, 149, 163
type of oxides, 133, 145, 147

Etching of silicon, 279
activation energy, 280, 290, 317
applications, 340
defects, 344
dissolution products, 297, 305
doping effect, 308
effect of orientation, 287, 312–323
etchants; see Etchants
morphological features, 280, 323, 345
OCP, 41, 85
potential, 290, 299, 351
precipitation, 296, 298
reaction mechanism, 292, 297, 310, 316, 446
relative to other material, 133 283, 294, 306
techniques, 348
temperature, 290, 295
time, 295
undercuts, 323
work damaged surface, 292

Etch-back, 120, 204
Etch-stop, 308, 349
Etching techniques, 348
Ethanolamine, 305
Exchange current, 29, 30, 186, 239, 273
Excess charge, 38
Experimental techniques, 41

Faraday’s law, 288
Fermi Dirac distribution, 4
Fermi level, 5

OCP, 39
semiconductor, 2
surface states, 16
pzc of oxide, 120

Fermi level pinning, 16, 20, 80, 269, 417
Fick’s law, 113
Field, 420

breakdown, 28, 125
bulk silicon, 432
carrier separation, 31
limiting current, 186
oxide film growth, 94, 100, 125
space charge layer, 420

Field intensification, 410, 416, 420
Flat band potential, 12, 18–21, 75–82

definition, 8
interface states, 120
luminescence, 267
metal deposit, 272

301
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Flat band potential (cont.)
Mott–Schottky equation, 11, 11–20
OCP, 85
oxide film, 21, 125
photo potential, 35
PZC, 9
redox couples, 80
surface states, 19, 21, 128
transient effect, 128

Fluorine/fluoride, 50–53, 168
current oscillation, 237
etching, 137, 155, 285
complex, 48
in oxide, 125, 118
i-V curve, 171
pH, 48
reaction mechanisms, 219, 441
solubility, 50

Fluoride termination, 60, 66, 70
Fractal structure, 432
Frequency, 32, 73, 80
Free energy, 45, 319, 320
Future, 450

Galvanic action, 348
Galvanostatic, 101
Gas, 120
Gassing, 288
Gauss law, 11
Generation center, 241
Geological system, 131, 144
Geometry, 443, 447

etched structure, 152, 323, 335, 348
pores, 434
surface curvature, 51, 420, 446
surface lattice, 321, 335, 423, 446, 448

Glass, 137, 146, 164
Gold, 15, 81, 289
Gouy–Chapman layer, 3
Grain, 272

Heat treatment; see Annealing
Helmholtz layer, 3, 13–21, 26, 193

capacitance, 191
double layer structure, 8, 153
flat band potential, 20
hydrogen evolution, 238
PS formation, 428
surface states, 14, 16, 80

Helmholtz potential, 7, 13, 75
Henry’s law, 113
High field mechanism, 115
Hillocks, 297, 300, 334
History

research progress, 408

History (cont.)
theories on anodic dissolution, 219, 419

Holes density, 9, 23
Hole lifetime, 27
Hole mobility, 45
Hot electron, 109
Hydration, 51, 107, 152
Hydride, 47, 55–60, 242
Hydrogen, 47

absorption, 241
adsorption; see Hydrogen termination
evolution; see Hydrogen reduction

Hydrogen potential, 6
Hydrogen reduction, 237

efficiency, 182
etching, 288, 287, 304
electroluminescence, 267
hydride formation, 242
in passive region, 212
kinetics, 183, 238, 241
mechanism, 58
metal deposition, 245, 272
nature of reaction, 241, 228
porous silicon, 354, 358
roughness, 338
thermodynamics, 47

Hydrogen termination, 55–60, 229, 242, 444
activation energy, 59
anodic dissolution, 222
hydrophobicity, 70
limiting current, 185
native oxide, 63, 67, 69
polymer deposition, 276
porous silicon, 359, 417
surface roughness, 320
surface states, 14, 72

Hydrolysis, 151
Hydrophilic–hydrophobic surface, 65, 70, 251, 444
Hydroxide, 108
Hydroxyl, 107, 141, 150, 297
Hydroxyl termination, 55, 61, 67, 70

Illumination, 174
anodic oxide formation, 103
corrosion, 40, 428, 434
direction, 373, 431
dissolution valence, 181, 184, 358
electroless deposition, 247, 251
etching, 304, 304, 349
hydrogen evolution, 184, 239
i-V curves, 168, 174
OCP, 87, 268
passivation, 174, 206
porous silicon, 358, 365, 389, 434
quantum efficiency, 176
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Illumination (cont.)
surface states, 72, 81, 176
wavelength, 33, 177, 432

Impedance, 189
anodic dissolution, 189
oxide film, 128
porous silicon, 354

Impurity, 399
contamination, 61, 340
doping, 45
in oxide, 65, 92, 125, 164

Incubation, 64, 67
Inhibition, 41, 155
Inhomogeneity, 14, 250
Initiation, 254, 433
Interfaces, 189, 194, 204, 218, 266, 429, 441

living mater/non-living mater, 451
metal/electrolyte, 273

112
Si/metal, 273
Si/polymer, 451
Si/porous silicon, 386, 374

15, 77, 107, 111, 124, 120
states, 122, 128, 130
photo current, 174, 206

Si/water, 4, 7, 152, 159, 273, 421
111, 120

Interface tunnelling, 28, 170, 188, 421
Interface states, 15, 120, 128
Intermediates, 223

anodic dissolution, 29, 183, 190
anodic oxidation, 105, 128, 204
current multiplication, 31
etching of oxide, 156
redox reactions, 189
surface states, 14, 74, 185

Intrinsic states, 14, 72
Inversion layer, 10, 36
Ion implantation, 141

anodization, 100
etch rate, 287

Ionic transport, 106, 115, 213
Ionization, 45, 125, 162
Ions, 13, 16, 51

metal ions, 51, 53, 61, 87, 173
Isopropyl alcohol, IPA, 295, 298, 302, 306
Isotope, 106, 156
Isotropic etching, 256, 323, 448
I–V curve, 40, 41, 168, 348, 354

anodic dissolution, 168, 354
anodic oxide film, 125, 127, 426
doping, 171, 173
etching, 293, 297, 302, 304, 308, 348
formation of porous silicon, 169, 426
hydrogen evolution, 238

I–V curve (cont.)
metal deposition, 245
organic solutions, 276
passivation, 168, 173
redox couples, 254

Kinetic energy, 28
Kink, 14, 45, 55, 320
Knowledge base, 450
KOH

dissolution valence, 182
etching of oxide, 140
etching of silicon, 294
etching of quartz, 144
passivation, 173
reaction mechanism, 225
roughness, 332

Langmuir adsorption model, 62
Laser, 348
Lattice constant, 45, 46
Lattice structure, 45, 321, 335, 399, 443, 448
Leakage current, 125, 127, 340
Lewis sites, 14
Lifetime, 33, 46
Ligands, 158
Light; see Illumination; Photo effect
Limiting current, 27, 29, 40, 184
Luminescence, 104, 108, 266

Marker, 106
Mass transport, 354, 358, 365–367, 414
Mask, 190, 294, 313, 324, 327, 407
Maxwell–Boltzmann distribution, 5
Mean free path, 109, 125
Measurement, 39, 42, 355, 441

anisotropic etching, 313
etch rate, 132
surface roughness, 327

Mechanisms, 219–235, 408–440, 442
anisotropic etching, 316–323
anodic reactions, 219
charge transfer, 217
current oscillation, 212–216
dark limiting current, 184
electroluminescence, 267
etching of oxide, 151–165
etching of silicon, 297, 310
formation of porous silicon, 408–437
formation of anodic oxide, 104–112
heavy-doping etch stop, 310
hydrogen termination, 58
native oxide, 64, 69
passivation, 234
redox reactions, 254
surface roughness, 338

Metallic behavior, 11, 265
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Metal deposits, 240, 270
catalyst, 240, 270, 273
cleaning, 341, 344
etching, 312
hydrogen evolution, 239, 245
surface contamination, 53, 61, 66, 81, 180

Methanol, 79, 97
Micro domain, 212, 214
Micromachining, 131, 294, 340, 350
Microwave, 212
Minerals, 132, 154
Mixed potential, 8, 39
Mobility, of carriers, 46
Monomer, 51
Morphology, 248, 327, 368

anodic dissolution, 169
cleaned surface, 341
etched surface, 143, 287, 280, 296, 327
metal deposits, 247
porous silicon, 368, 433

Mott–Schottky equation, 12, 19, 189, 274
flatband potential, 19
Helmholtz layer effect, 13
plot, 19, 81

Multiplication, 28, 31, 175

Native oxide, 63, 444
adsorption, 53, 62
in air, 63
cleaning, 43, 344
passivation, 67
in water, 67

Nernst equation, 6
Nickel, 247
Nucleation

hillocks, 337
metal deposits, 247
pores, 375, 433
steps, 320, 322
surface oxide, 64, 67

Nuclei, 249

Ohmic contact, 274
Ohmic effect, 422
Open circuit photo potential, 35, 37
Open circuit potential, OCP, 39, 82–89, 241, 292,

406, 428
Optical penetration, 32
Organic coating, 275
Organic contaminants, 54, 61
Organic solvents, 58, 63, 69, 276

anodization, 96, 105
effect of water, 99, 277, 360
etching of oxide, 144
etching of silicon, 302

Organic solvents (cont.)
porous silicon, 358

Orientation, of single crystal surface, 448
bond density, 47, 448
dissolution valence, 360
etching

defects, 345
etch stop, 309
quartz, 143
roughness, 335
silicon, 291, 295, 309, 312–323

fixed oxide charge, 124
hydrogen termination, 55
limiting current, 188
native oxide, 66
OCP, 82
passivation, 198
porous silicon, 369, 380, 423
reaction process, 229
roughness, 337
surface properties, 45, 47, 48, 448
surface recombination, 179
thermal oxide growth, 114

Oscillation, 7, 94, 98, 417; see also Current
oscillation

Over potential, 24, 29
anodic dissolution, 167
hydrogen evolution, 238
metal deposition, 244, 250
passivation, 197, 201

Oxidation
cleaning, 344
redox couples, 265
of solvent, 100, 105
thermal oxide, 112
of water, 47, 100

Oxidation intermediates, 111, 183
identity, 120
redox species, 254
surface states, 121

Oxide, 63, 91, 201, 444
charge, 123–124
etch rate, 133, 134, 215
solubility, 50
structure, 92, 163, 215
type, 91

anodic oxide; see Anodic oxide
CVD, 93, 133, 146
liquid phase deposition, 93
native oxide; see Native oxide
silica and silicates, 91
thermal oxide; see Thermal oxide

Oxide film, 63 88, 201, 357, 444
metal deposition, 246
porous silicon, 356, 366
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Oxide film (cont.)
role in anodic phenomena, 446
thickness, 204, 210

Oxidizing agents, 41, 43, 189, 406
native oxide, 68, 93
etching, 288, 290, 299

Oxygen, 47
anodic oxidation, 105, 399
corrosion current, 41, 89
CVD oxide, 146
etching, 287, 302, 304, 332
native oxide, 68, 93
open circuit potential, 41, 86
thermal oxidation, 112

Oxygen evolution, 100, 108
Ozone, 67, 344

Particle, 51, 54
Passivation, 4, 167, 195–207

in alkaline solution, 173, 196
cleaning, 344
condition, 167
device, 94
etching, 299, 310, 317, 351
hydrogen termination, 55
illumination, 174
native oxide, 63
phynomenom, 98, 167, 196
surface states, 14
redox reactions, 260, 300

Pattern, 141, 345
Permittivity, 123, 128
Perturbation, 216, 431
Potassium hydroxide; see KOH
Pourbaix diagram, 47
pH

adsorption, 61, 152
current multiplication, 175
current oscillation, 207
etch of silicon, 285, 300, 307
etching of oxide, 143
flatband potential, 77
Helmholtz potential, 8, 75
hydrogen evolution, 239
hydrogen termination, 56
limiting current, 185, 188
native oxide, 66
OCP, 83, 86
photo current, 205
Pourbaix diagram, 47
pzc, 8, 9
quantum yield, 178
solubility, 50
surface states, 75

Phase, 428, 443

Phase transformation, 212
Photo effect, 31, 174

absorption, 32
anodic dissolution, 167, 174
current multiplication, 31, 174, 217, 222

Photo excitation, 31, 177
Photo voltage; see Photo potential
Photocurrent, 31–34, 81, 174, 205
Photopotential, 35, 268
Physical properties

oxides, 116
porous silicon, 437
silicon, 45, 46

Pits, 94, 98, 143, 251, 333, 345, 377
Platinizing, 238
Platinum, 130, 239, 246
p–n junction, 304, 345, 349
Poisson, equation 9, 420
Polarization, of bonds, 6, 8, 59, 156, 172, 228,

230, 287, 319
by potential; see Electrode potential

Polarization curve; see i-V curves
Polarization mode, 101, 151
Polarization resistance, 40, 90
Polishing, 78, 349; see also Electropolishing
Polyhedron, 91, 323
Polymer, 51, 274
Polymerization, 254
Porous silicon, 353

applications, 351, 437
morphological characteristics, 368, 402

composition, 398, 399
crystallographic structure, 399–402
dendrite, 380
density of pores, 378, 387, 433
depth variation, 375, 386–389, 433
dissolution rate, 431
etched layer, 389–393, 428
growth front, 386, 433
interpore spacing, 377, 430
pore array, 373, 414
porosity, 393–397, 433
size distribution, 377, 387, 431
specific area, 367, 396–398
two-layer structure, 389–393, 423, 434
transition layer 375, 379, 386–389
uniformity, 375, 386, 393

formation, 353, 402, 426, 437
condition, 169, 356, 357, 406, 412, 437
dissolution valence, 358
rate, 362, 365

formation mechanism, 357
analysis of aspects, 420–437
research history, 408
initiation, 375, 433



508 INDEX

Porous silicon (cont.)
individual pores, 368

bottom, 374, 380, 383, 431, 424
branching, 373, 383–386, 431
diameter, 368, 370–380, 392, 402, 430
filling, 369, 393, 427
in-depth variation, 375
oxide coverage, 366
orientation, 369, 380, 424
shape, 369, 380–383, 387, 431
smoothness, 430
tip, 365, 367, 424, 426
wall, 367

properties, 437
relation to other phenomena, 57, 79

Potential, electrode
breakdown potential, 2, 6, 39
corrosion potential, 39
dark potential, 35
flatband potential, 8, 12, 18–21, 75–82
Helmholtz potential, 7, 13, 75
hydrogen potential, 6
mixed potential, 35, 39
Nernst potential, 6
open circuit potential, 8, 39, 82–89, 268
passivation potential, 167, 173, 197
photo current onset potential, 174, 178, 272
photo potential, 35, 268
redox potential, 2, 6, 16, 243, 268
rest potential, 39
reversible potential, 6, 39, 344
short circuit potential, 35
standard potential, 6, 47
surface potential, 152
zeta potential, 342

Potential distribution, 9, 29, 194
Potential drop, 3, 16, 29, 428

metal deposit, 274
passive film, 174
substrate, 422
surface states, 124

Potential of zero charge, PZC, 8, 9, 77, 120
Potential static, 101
Potential oscillation; see Current oscillation
Pourbaix diagram, 49, 50
Power efficiency, 37
Preferential dissolution, 280
Precipitation, 51, 337
Pressure, 47, 51
Profile, 142, 313, 345, 430
Pyramid, 297, 326

Quantum yield or efficiency, 34, 175, 184, 229,
255, 264

Quantum confinement, 412

Quartz, 52, 91, 132, 142, 161

Radiation, 63, 101
Radical, 21, 31
Radius, 46, 51, 420
Radius of curvature, 51, 420, 422, 447
Rate determining processes, 216

anisotropic etching, 317, 321
anodic dissolution, 219
etching of oxides, 132
etching of silicon, 280, 298
formation of anodic oxide, 103, 108, 115
formation of porous silicon, 365, 428
hydrogen termination, 59
metal deposition, 247
surface adsorption, 154

Rate equations, 158, 289, 298, 310, 367
Ratio, 226, 255, 259, 294, 306, 312
RCA cleaning, 342
Reaction pathways, 156, 219, 228, 231

anodic dissolution, 225
etching, 287, 305
redox couples, 254

Recombination, 4, 33
bulk, 36, 268
luminescence, 267
surface, 34, 37–39, 178

Recombination center, 37, 101, 178, 180
Recombination velocity, 38, 178
Redox couples, 6, 80, 252

258
cleaning, 343

254, 288, 345
electroluminescence, 267
etching, 254–260
flatband potential, 80

260, 300
hydrogen evolution, 241

256, 290
in organic solvents, 276
passivation, 260, 300
photo potential, 36, 268
OCP, 39, 406
porous silicon, 406
surface states, 75

Redox potential, 2, 6, 16, 243, 268
Refractive index, 46, 120
Relative curvature, 447
Relativity, 429, 449
Relaxation, 7
Reorganization effect, 7, 15
Reorientation energy, 7
Residue, 296, 304, 337
Resistivity, 2, 46, 47, 123, 130; see Conductivity
Resistance, 102, 168, 207, 209, 422, 429, 432
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Roughness; see Surface roughness
Roughening, 79, 331, 443

Saturation current, 35
Saw damage, 316, 345
Scratching, 184, 356
Scanning rate, 9, 170, 196, 355
Schottky barrier, 16, 24, 26, 75, 186
Screening, 154
Short circuit current, 37
Sidewall, 296
Silica, 47, 50, 91, 131, 142, 154
Silicate, 47, 132
Silanol, 62, 77, 118, 125

see Oxides; Anodic oxides
Slope, 70, 77, 170, 193, 356
Sodium, 287
Solar energy, 37
Solubility, 50–53, 229

oxygen in oxide, 114
salts in solvents, 207
water in oxide, 114

Solution, effect of composition, 96
anodic dissolution, 170
anodic oxide formation, 95
conductivity, 102
energy level, 6
limiting current, 185
potential, 9
surface roughness, 331
see also Organic solutions

Solvation, 6, 21
Solvation shell, 7
Space charge layer, 9–13, 17, 217, 432

band bending, 2, 420
capacitance, 16, 189
definition, 2
doping, 432
effect of curvature, 420, 432
metal deposit, 273
potential distribution, 29
thickness, 28, 32, 421, 432, 447

Sphere, 323
Stabilization, 265, 270, 274, 332
Stability

anodic oxide, 48, 51
300

silicon surface, 58, 265, 321
solvents, 277
water, 49

Stacking faults, 345
Stain, 338, 406
Standardization, 441, 450
Steady state, 27

etch rate, 292

Steady state (cont.)
limiting current, 187
native oxide, 66
photo current, 34
roughness, 334
surface roughness, 334

Steam, 114
Step

density, 321
energy, 45
etching, 319, 320, 321–323
hydrogen adsorption, 55
generation, 326, 322

Stochastic events, 450
Stoichiometry, 118, 125, 200
Storage; see Aging
Stress, 211, 213, 348
Strain, 344
Substrate, 65, 100
Surface

adsorption, 53–63, 152
analysis, 42
area, 88, 270, 327, 354, 396, 425
atomic density, 47, 319
bond density, 45, 47, 319
carrier density, 23, 38
contamination, 53, 341
curvature, 51, 413
defects, 14, 88, 179, 184
flatness, 55, 328
geometry, 318, 443, 447
orientation, 45
potential, 51, 152
structure, 152, 323, 335, 348

Surface charge, 152, 158
Surface condition, 42, 54, 78, 55, 152, 344, 444
Surface derivation, 270
Surface energy, 45, 47, 51
Surface generation, 177
Surface physical properties, 45, 47
Surface preparation, 43, 330
Surface profile, 323, 425, 431
Surface recombination, 34, 37–39, 176
Surface reconstruction, 207
Surface roughness, 55, 229, 327, 443

anodization, 101
cleaning, 341
etching of oxide, 139
hillock formation, 337
hydrogen termination, 55
porous silicon formation, 355

Surface species, 156, 218, 423
Surface states, 4, 14–18, 71–75, 443

capacitance, 73
charge transfer, 26, 272
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Surface states (cont.)
definition, 14
density, 38, 72, 74, 81, 123
Fermi level pinning, 16
flat band potential, 19, 20, 128
Helmoholtz layer, 13
intrinsic states, 14, 72,
limiting current, 184
measurement, 16, 72
origins, 72–75
oxidation intermediates, 120
photo current, 34, 178
redox reactions, 265
type, 14

Surface tension, 407
Surface texture, 270
Surface transformation, 80, 241
Surface treatment and modification, 43, 270, 340
Surfactant, 139, 332, 407
Synchronization, 212, 214, 417

Tafel slope, 29, 193, 195, 238, 354
Techniques, 42, 348
Termination, 54, 71
Terraces, 55, 320, 321
Temperature

etching of oxide, 136, 141, 149
etching of silicon, 290, 295
photo voltage, 268
roughness, 338
thermal oxide, 93

Tetramethyl ammonium hydroxide, TMAH, 83,
140, 306

Thermodynamics, 47
Thermal oxide, 92

electrical properties, 123
etching, 131, 136
growth kinetics, 112–114
physical properties, 117

Time, effect on
chemical dissolution, 367
current oscillation, 207
etch rate, 286
etching roughness, 333
flatband potental, 79
hydrogen termination, 56

Time, effect on (cont.)
native oxide, 63
OCP, 87
passivation, 206
properties of oxide, 215

Transient effect, 34, 87, 128, 185, 206
Transition coefficient, 22
Transition phenomena, 170, 174, 194, 356, 426
Transport coefficient, 112
Tunnelling, 26, 217

breakdown, 27, 108, 125
interface, 26, 174, 187, 421

Unsaturated bond, 53, 73
Ultraviolet light, 32, 37, 63
Undercuts, 323, 142

Vacancies, 14, 45, 55
Vacuum level, 6–9
Valence, 104
Valence band, 2, 217
van der Waals force, 42
Variables, 442
Vertices, 91, 323
Viscosity, 38

Wafer, 320, 332, 340, 407
Water

activity, 229
anodic oxide, 99, 105, 118
hydration, 152
as impurity, 144
native oxide, 66, 79
OCP, 40
as oxidants, 112
role in etching, 297, 303
role in organic solvent, 99, 277, 360
source of oxygen, 106, 111
thermodynamics, 49

Water rinse, 57, 66–70, 141
Wavelength, 32, 177, 267, 432
Wetting, 70
Work damage, 348
Work function, 320

Zener breakdown, 27, 217
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