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Preface XV

Preface

This book on “Nanomaterials for sensing and optoelectronic ap-
plications” is designed for postgraduate and research students. Nano-
materials are defined by their nanoscale dimensions, where surface or
interface qualities take precedence over bulk features. The large surface
area of nanomaterials gives rise to novel physical and chemical proper-
ties, which make them suitable for developing devices and instruments
for a variety of applications in fields of life sciences, chemical industry,
pharmaceuticals, energy conversion and storage, electronics, photon-
ics, aviation and space, food safety, and information technology. This
book leans more toward experimental methods and practical appli-
cations rather than detailing the fundamental principles. We believe
that the framework of this book will better benefit a novice researcher.
This book brings together reviews, recent studies, and knowledge on
nanomaterials for sensing and optoelectronic applications.

Developing sensors with a high response, improved selectivity,
and a faster recovery time are the prime goals for researchers work-
ing on sensors. A nanostructured design helps the miniaturization
of the sensing device with improved performance, paving the way
for portable sensors. Such sensors can be a breakthrough in vari-
ous fields, including biomedical research and environmental moni-
toring. Intriguing results using metal oxide semiconductor-based and
thin-film transistor-based gas sensors have been reported in recent
years. Metal oxide semiconductors with exposed high-energy facets
have been reported to have improved gas sensing performance. The
first three chapters provide an overview of nanostructured gas sen-
sors using metal oxide semiconductors and two-dimensional tran-
sition metal dichalcogenides. Chapter 4 details the significance of
developing nanostructures with interesting features using template-
assisted synthesis. Chapter 5 gives an introduction to biosensors and
the phenomenon of luminescence, as well as various types of lumi-
nescent nanoparticles employed in bioimaging, which are thoroughly
explained in Chapter 6. The major challenges in bioimaging and the
use of luminescent nanoparticles as a bioimaging probe are also dis-
cussed. Early, fast, accurate disease diagnosis is the most demanding
need from biomedicine, the first step toward fighting against diseases.
Chapter 7 details the different nanophotonic techniques that can be
used for disease diagnosis. Precision nanoclusters have been used
for a broad spectrum of applications, such as molecular/metal ion
sensing, device fabrication, green energy harvesting, photocatalysis,
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and in the biomedical field. The use of atomically precise nanoclus-
ters in these applications is discussed in Chapter 8. Surface-enhanced
Raman spectroscopy (SERS) has evolved as a unique sensing tech-
nique since it combines molecular fingerprint specificity with single-
molecule sensitivity. Recent advancements in developing core-shell
nanostructures for the development of SERS substrates are also dis-
cussed in Chapter 9. SERS is also a label-free technique for monitoring
biomarkers in biological matrices at trace-level concentrations. The
recent advances in the field of SERS-based sensors for biomarker de-
tection in body fluids such as sweat, saliva, and tear with an emphasis
on the analysis of biomarkers, fabrication techniques, and potential
real-time applications for biochemical sensing are included in Chapter
10. There is always growing demand for flexible and skin-interfaced
sensors capable of the real-time monitoring of relevant biomarkers
from human body fluids, like sweat, saliva, tear, and interstitial fluid.
The design of nanomaterials-based electrochemical sensors enhances
the sensitivity of detection, and Chapter 11 discusses nanomaterials-
based flexible electrochemical sensors for healthcare monitoring. Ar-
tificial synaptic devices are one of the most far-fetched applications of
nanostructured materials. Artificial neural networks based on resistive
switching (RS) devices are considered one of the most straightforward
and cost-effective ways of realizing this technology. Apart from that, RS
has found immense applications in semiconductor electronics as well.
The mechanism of RS in nanostructures and its numerous applications
are discussed in Chapter 12. Shape memory alloys (SMAs) are smart
materials that exhibit the unique property of a shape change upon
exposure to a change in temperature. The combination of nanomate-
rials and SMAs helps to tailor the properties and to fabricate several
nanodevices based on individual nanoobjects. One of the emerging
technologies of nanotweezers based on shape memory composite ma-
terials and their application for manipulating real nanoobjects like
nanotubes and nanowires is discussed in Chapter 13. The final chap-
ter of this book elaborates on the outstanding physical and chemical
properties of diamond. Various techniques for the growth of diamond
in the form of thin films on different substrates and their characteristics
are explained.

It is very exciting to finally publish this book on “Nanomaterials
for sensing and optoelectronic applications.” There are many people
to whom we are grateful for their valuable contributions. We extend
our sincere thanks to Ms. Priya, M. J., Mr. Manu, S., Mr. Midhun, P. S,,
Ms. Krishnapriya, T. K., Ms. Anju, K. S., Mr. Subin, P. S., Ms. Navami,
S., Mr. Jose, V. R., Dr. Anjana, R., Dr. Pillai, A. M., Dr. Saji, K. J,,
Dr. Asha, A. S, and present and former researchers at Nanopho-
tonic and Optoelectronic Devices Laboratory (NPOED), Department
of Physics, Cochin University of Science and Technology. They have
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contributed their research results meticulously for each chapter of
this book. We also take this opportunity to thank with due regards,
Prof. Kumar, K. R., Department of Instrumentation, Cochin Uni-
versity of Science and Technology; Dr. Shibu, E. S., Department of
Nanoscience and Technology, University of Calicut; Dr. Biji, P., Depart-
ment of Chemistry and Nanoscience and Technology, PSG Institute
of Advanced Studies; Dr. Vinu, M. V. M., CSIR-Central Electrochem-
ical Research Institute (CECRI), Karaikudi; Prof. Sampath, V., Indian
Institute of Technology Madras, India; Von Gratowski, S. and Koledov,
V., Kotelnikov Institute of Radio Engineering and Electronics of the
Russian Academy of Sciences, Moscow, Russia; and Dr. Chandran,
M., Department of Physics, National Institute of Technology, India, for
their contribution.

It was a pleasant experience to work with the Elsevier Editorial
team, who have enabled the timely publication of this book.

Dr. M.K. Jayaraj
Dr. PP. Subha
Dr. T. Shibi
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Technology, Kochi, India. ¢University of Calicut, Malappuram, India

1.1 Introduction

Recently, nanostructured metal oxides have attracted much atten-
tion in many industrial and domestic applications for the detection
of toxic, flammable, and explosive gases due to their high sensitivity,
flexibility in production, small size, low cost, and ability to detect both
reducing and oxidizing gases (Miller et al., 2014; Wang et al., 2010). The
sensing properties of these nanomaterials strongly depend on their
size, structure, shape, surface-to-volume ratio, and physical and chem-
ical properties. With the increasing demand for selective and sensitive
gas sensors, researchers are following different strategies to improve
the gas sensing properties of the metal oxide semiconductor (MOS)-
based gas sensors, such as changing the morphology of nanostructures
(Gurlo, 2011; Shouli et al., 2010; Sun et al., 2012), noble metal dop-
ing (Luo et al., 2017; Sarkar et al., 2015), the formation of hierarchical
nanostructures (Miller et al., 2014; Walker et al., 2019), core-shell (CS)
structures (Yan et al., 2018), hollow heteronanostructures (Guo et al.,
2019), and exposing high energy crystal facets (Jia et al., 2014; Liang
et al. 2019a; Liu, et al., 2012). Among these strategies, scientists are
more interested in the development of nanostructures with selectively
exposed high-energy facets.

The numbers of dangling bonds (unsaturated bonds), number of
active site for gas adsorption, and the arrangement of surface atoms
are important factors that play a crucial role in gas sensing proper-
ties since gas sensing processes occur on the surface. Different crystal
facets with distinctive surface atomic arrangements possess different
gas sensing properties. High-energy facets possess a large number of

Nanomaterials for Sensing and Optoelectronic Applications. DOI: https://doi.org/10.1016/B978-0-12-824008-3.00015-1

Copyright (© 2022 Elsevier Inc. All rights reserved.
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dangling bonds, atomic steps, and edges, which leads to more active
sites for gas adsorption; hence sensing materials exposed with high-
energy facets show greater reactivity than those exposed with the low-
energy facets (Gao & Zhang, 2018; Kuang et al., 2014; Pal & Pal, 2015;
Shang & Guo, 2015).

This chapter gives a basic idea regarding MOS-based sensors, in-
cluding their gas sensing mechanism, the design of the gas sensor, the
design of the gas sensing measurement unit, different performance
parameters, and different strategies adopted for the improvement of
the performance of MOS gas sensors. The importance of MOSs with
exposed high-energy facets in the improvement of gas sensing perfor-
mance has been discussed in detail. Also, the effects of dangling bond
density on gas sensing properties have been discussed. According to
the research and calculation, surface engineering by selectively expos-
ing high-energy facets provides an effective way to obtain MOS gas-
sensitive materials with superior performance. The understanding of
the facet-dependent properties of MOS will lead to the fabrication of
more effective gas sensors in the future.

1.2 Metal oxide—based gas sensors
1.2.1 Gas sensing mechanism

The fundamental principle of MOS-based chemoresistive sensors
is the change in the conductivity of the MOS due to the oxygen ad-
sorption and desorption reactions on the metal oxide surface. In the
case of an n-type MOS-based gas sensor the sensing mechanism is as
follows: in ambient air atmosphere, oxygen adsorbed on the surface of
the sensing layer by extracting electrons from the conduction band of
the MOS, which results in the formation of a Schottky potential barrier
in MOS (Shankar et al., 2016). The adsorption of oxygen on the surface
of MOS depends on the operating temperature of the sensor. At lower
temperatures (<150°C), oxygen molecules are adsorbed in the form of
molecular oxygen ions (O, ™) via the trapping of a comparably fewer
number of electrons; however, at higher temperatures (>150°C), more
electrons are trapped by the adsorbed oxygen and form atomic oxygen
species (O~ and O, ™) (Kashif et al., 2013). The processes involved in
the adsorption of oxygen on the metal oxide surface can be described

as follows:
0, (gas) — O, (ads) (1.1)
0, (ads) + e~ — 0, (ads), T < 150°C (1.2)
0, (ads) + e~ — 207 (ads), T > 150°C (1.3)

O™ (ads) + e~ — 0% (ads), T > 150°C (1.4)
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The extracted electrons from the

conduction band (E,) leave behind pos- gy e
itively charged ions, resulting in upward o™ '

band bending and the formation of an l
electron-depletion region or a space- ol

charge layer in the MOS, as shown in o Potential barrier
Fig. 1.1. The height and depth of the
band bending depend on the amount
and type of adsorbed oxygen. Due to 1900000000 Conduction band

S

o
the formation of the electron depletion LT Sl R SR % Feomi level
region, an increase in the resistance of (0}
the MOS can be observed. When this ol ——+——» Depletion region
surface is exposed to reducing gases | Valence band

such as acetone and ammonia, the ad-
sorbed oxygen ions interact with the tar-
get gases and the trapped electrons are
released back onto the MOS surface. The amount of oxygen removed Figure 1.1. Schematic

from the surface is proportional to the concentration of the reducing ¢Presentation of band bending
gas. Thus the height and depth of band bending and the resistance after.the ad_sorpt|on of oxygen
of the MOS decrease (Ananya, 2018; Shankar et al., 2016; Wang et al., species (Priya et al, 2021).
2010). The oxygen desorption from the MOS surface in the presence of

areducing gas (say, R) can be described as follows:

R+n0O" — a CO, + bH,0 + ne” (1.5)

These electrons are released back onto the MOS surface and the
produced gas and water molecule are released into the atmosphere. On
the other hand, an oxidizing gas depletes the charge carriers, leading to
an increase in resistance. Similarly, in the case of p-type MOS, where
positive holes are the majority charge carriers, a decrease in the resis-
tance is observed in the presence of an oxidizing gas and an increase
in the resistance in the case of a reducing gas (Barsan et al., 2012; Neri,
2015; Subha & Jayaraj, 2019). Table 1.1 clearly summarizes the response
of n- and p-type MOS toward reducing and oxidizing gases.

1.2.2 Design of MOS gas sensors

The commonly available configurations for the design of
semiconductor-based gas sensors are (1) sintered pellet gas sensors
(Kazemi et al., 2016), (2) thick-film gas sensors (Arshak & Gaidan,
2005), and (3) thin-film gas sensors (Mirzaei et al., 2019). The
disadvantage with the use of sintered pellet gas sensors is their
relatively low gas response due to the limited surface area (Mirzaei
et al., 2019). Therefore researchers are more interested in the use
of thin- or thick-film gas sensors either in the tubular or planar
configuration, as shown in Fig. 1.2.
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Table 1.1 Change in the resistance of n- and p-type MOS when exposed
to reducing and oxidizing gases.
When exposed to When exposed to

Type of MOS reducing gases oxidizing gases

n-type Resistance decrease Resistance increase
p-type Resistance increase Resistance decrease

(A) (B) ;
Alumina Alumina

Figure 1.2. Schematic diagram
of metal oxide gas sensor
configurations: (A) tubular and
(B) planar (SE and HE represent
the sensor electrode and heater
electrode, respectively).
Reproduced with permission
from (Lee, 2018), Copyright 2018,
Elsevier.

tube Sensing substrate
materials HE2

Metallic heater coil

Thin- or thick-film sensors are prepared by depositing a sensitive
layer on an insulating substrate such as alumina (Al,O3) and Si/SiO,
wafer. The metal oxide powder is ground together with suitable sol-
vents like ethanol and terpineol using an agate mortar to form a slurry
for the tubular configuration. Then the slurry is coated on an alumina
tube, on which a pair of Au electrodes had been printed previously,
followed by drying and subsequent annealing at high temperatures.
Finally, a small Ni-Cr alloy coil is inserted into the tube as a heater so
as to adjust and optimize the working temperature of the gas sensor.
The tubular configuration is shown in Fig. 1.2A. Si/SiO, or alumina sub-
strate with preprinted interdigitated gold electrodes is commonly used
for the fabrication of planar sensors (Fig. 1.2B). A schematic diagram
of the interdigitated pattern is shown in Fig. 1.3. The use of platinum
electrodes is limited due to their high cost. In such cases Au electrodes
are more preferred. The working temperature is obtained by placing
the device on the external heater or with the help of an internal heater
printed at the back of the substrate. The planar configuration is more
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| I' —'T—b Micrometer range

i

|
|
q 'l
|
I

s Figure 1.3. Schematic diagram
J u of the interdigitated electrode
pattern.

preferred for large-scale production due to the improved fabrication
productivity and quality of the sensor (Lee, 2018; Mirzaei et al., 2019).

When we consider the substrate material, alumina is the best avail-
able substrate material due to its high thermal conductivity and sta-
bility, low thermal expansion coefficients, high mechanical strength,
and low electrical conductivity (Lee, 2018). The high thermal stability of
alumina is an important feature since most MOS-based sensors work
at relatively higher temperatures. However, for the fabrication of elec-
trodes in the micrometer range (<10 pm), microfabrication techniques
such as UV or electron-beam lithography has to be employed, which
leads to the preference of a Si/SiO, wafer as the substrate material
over the alumina substrate due to the surface roughness of alumina
substrate.

Plastic foils can also be used as supporting materials due to the
increasing demand for flexible gas sensors. The advantages of plastic
foils are their foldable and wearable design, lightweight, transparency,
and mass productivity due to roll-to-roll printing processes. Polymers
such as polyimide (PI), with relatively high thermal stability, have been
widely used as supporting materials for flexible sensors operating at a
relatively higher temperature. However, the operation of MOS sensors
above 400°C is difficult using PI substrates (Wang et al., 2016).

1.2.3 (Gas sensing measurement system

Generally, two types of measurement systems are commonly used
for studying the gas sensing properties of the device: static and dy-
namic. Fig. 1.4 shows the schematic diagram of a static measurement
system. The system consists of a transparent gas chamber of a defined
volume with a gas inlet. The sample is placed inside the chamber under
a controlled temperature and humidity. The operating temperature of
the sample can be adjusted by varying the heating voltage. During the
measurement, a fixed amount of analyte gas is injected through the gas
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Figure 1.4. Schematic diagram
of the static gas sensing
measurement system (Mirzaei
et al., 2018, 2019; Patil, 2007).

Figure 1.5. Schematic diagram
of the dynamic gas sensing
measurement system.

Glass dome
Two probe i
arrangement
Gas inject unit

@i Il'

By = =

Sample

Thermo couple

Heater
Base plate [ ]
Fan
fyY
)
230 VAC

arrangement

Sample

1
Healtgulatur -—I

ﬁas outlet

' Temperature
controller

Rotary pump

inlet with the help of a syringe. To uniformize the distribution of the
injected test gas, an electrical fan is installed inside the chamber. The
concentration of analyte gas is calculated with the ratio of the volume of
the injected gas to the volume of air under standard atmospheric pres-
sure. After reaching saturation in the current, the chamber is opened
to recover to the initial current in the air atmosphere. The procedure
is repeated for different analyte gases at different conditions (Mirzaei
etal., 2018, 2019).

A dynamic system consists of gas cylinders with a known concen-
tration, mass flow controllers (MFCs), a test chamber with a gas in-
let and outlet, heating arrangement, electrical measurement arrange-
ments, and data acquisition systems, as shown in Fig. 1.5. With the
help of MFCs, the flow rate of analyte gases and synthetic air can
be controlled. The concentration of analyte gases can be changed by
mixing properly with synthetic air or nitrogen in a mixing chamber
connected prior to the test chamber. Then the mixed volume of gas
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is passed into the test chamber through
the gas inlet. The sample is placed on
an external heater and the working tem-
perature can be controlled with a tem-
perature controller. The sample is con-
nected to a measurement unit to record
the current variation continuously. Dur-
ing measurement, the current through

Saturation 5

Response ”R{RamRa

the sample in air and in the presence a

of analyte gas at different temperatures 8

is recorded. Finally, after the measure- = E

ment, the gas from the test chamber is g L

removed with the help of a rotary pump W Response time Re

arrangement. Air
]

Time (Sec)
1.24 Performance parameters
. . . Figure 1.6. Typical response
The gas-sensing performance of sensors is evaluated using the fol- . .o ¢ - M0S-based gas
lowing important parameters (Balaguru 2004; Tonezzer et al., 2015;  gansor.
Tshabalala et al., 2016).

1.24.1 Gas response and sensitivity
Generally, the response of a semiconductor-based gas sensor is
defined as follows:
|Rg — R
R,
where R, and R, represent the resistances of the gas sensor in the
presence of air and target gas, respectively. A typical response curve
is shown in Fig. 1.6. Sensitivity is the change in measured resistance
(AR) with a change in analyte concentration (AC), i.e., the slope of a
calibration graph: S= S = AR/ AC:

Response = (1.6)

1.24.2 Selectivity

It is the ability of a sensor to differentiate a specific target gas from
a mixture of gases. A good sensor will detect a particular gas while
remaining insensitive to other gases. The selectivity coefficient (K) of
a gas sensor can be written as
K= (17)
Su
where S; and Sj; are the sensing responses of the sensor toward two
different gases, I and II, respectively.

1243 Stability

Stability is defined as the reproducibility of the device in the sensing
measurement after long use. To avoid the effects of nonrepeatability
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after repeated use, the materials are subjected to a thermal pretreat-
ment.

1.2.4.4 Response time and recovery time

Response time is defined as the time taken for the sensor to reach
90% of the maximum response and recovery time is the time taken for
the sensor to reach back to 10% of the maximum response after the
removal of analyte gas. For practical applications, rapid response and
short recovery times are always preferred for the efficient detection of
toxic or explosive target gases.

1.24.5 Operating temperature

Generally, the working temperature of metal oxide gas sensors is in
the range of 30°C-500°C. The response is limited at low temperatures
because of the slow rates of the chemical reactions, and it is limited
at high temperatures due to the high diffusion rate of gas molecules.
The optimum temperature should be chosen to get maximum sensor
response and short response time and recovery time etc.

1.2.4.6 Limit of detection (LoD)

The detection limitis defined as the lowest concentration of gas that
can be detected by the sensor and is expressed as follows:

3 X noise
LoD=—~ "™ (18)
Slope
where noise,,,; represents the standard deviation of the sensor re-
sponse, and the slope is the first derivative of the response vs. the gas
concentration curve.

1.3 Strategies for improving the performance
of metal oxide—based gas sensors

1.3.1 Changing the sensing layer morphology

The morphology of the sensing materials plays a critical role in the
sensing performance of metal oxide gas sensors (Dong et al., 2020).
Exposed surface area and porosity are different for different morpholo-
gies; thus the number of active sites for gas adsorption is also different,
which affects the gas sensing performance. Investigations are carried
out on different dimensional nanostructures to get an enhanced sens-
ing response (Lin et al., 2017). Fig. 1.7 shows the ethanol sensing prop-
erties of SnO, sensors with different morphologies. From the figure, it



Chapter 1 Facet-dependent gas sensing properties of metal oxide nanostructures 9

is clear that SnO, nanosheets show
the best sensing performances with the
largest surface area and a porous struc-
ture that has large number of active sites 3.5
for gas adsorption than the other mor-
phologies (Zeng et al., 2013).
Zero-dimensional (0D) nanoparti- &p 2.5
cles are used in the field of gas sensors E
but the agglomeration of such particles
limits its application in this field. One- 1.5
dimensional (1D) nanostructures such
as nanotubes, nanorods, nanowires,
and nanofibers have a high aspect ratio 0 20 40 60
and hence a large surface-to-volume Time /S

S 3.0 [N ] naniorods
e - nanowires

I |
80 100 120

ratio, thus having enhanced gas sensing

properties. Also for 1D structures, electrons flow along the axial direc-
Fion, which ir'lcreases the speed of ChaFge trapsfer, thus further enhanc- sensors with different

ing the sensing performance. Two-dimensional (2D) nanostructures morphologies at 340°C toward
have also garnered interest due to their large surface area. Also, they 19 ppm ethanol. Reproduced
can be used as building blocks for three-dimensional (3D) hierarchical  with permission from (Zeng
structures. 3D hierarchical nanostructures are potential candidates as et al., 2013), Copyright 2013,
sensing materials compared to 0D, 1D, and 2D nanostructures because  Elsevier.

of their large surface area, abundance of active sites, high porosity,

a less agglomerated configuration, and fast interfacial transport. For

porous nanostructures, analyte gas interacts with the surface; also the

gas penetrates into the sensing material, which improves the sensing

response (Lin et al., 2017; Németh et al., 2007; Zeng et al., 2013). Hollow

nanostructures show a better response than solid nanostructures. In

the case of hollow structures analyte gas can be adsorbed on the in-

ner and outer surfaces of the sensing materials, which facilitates the

superior performance of sensors. For example, Guo et al. studied the

ethanol sensing properties of Cu,O hollow and solid sphere sensors

(Guo et al., 2019). Fig. 1.8(A&B) shows the scanning electron micro-

scope (SEM) images of Cu,O solid and hollow spheres. The hollow

spheres show superior gas sensing performance over solid spheres, as

shown in Fig. 1.8C. The enhanced performance is due to their unique

hollow structure, which provides plenty of active sites on both the inner

and outer surfaces.

Figure 1.7. Response—recovery
characteristics of the Sn0,

1.3.2 Doping with noble metals

Noble metals such as Pt, Pd, Au, and Ag are widely used as doping
materials for metal oxide-based sensors due to their catalytic activ-
ities. They can reduce the activation energy and hence increase the
adsorption on the MOS surface. This will lead to fast response and
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Figure 1.8. SEM images of

(A) solid Cu,0 microspheres and
(B) hollow Cu,0 microspheres.
(C) Response-recovery
characteristics of hollow and
solid sphere Cu,0 sensors at
350°C toward 200 ppm ethanol.
Reproduced with permission
from (Guo et al., 2019), Copyright
2019, Elsevier.

Figure 1.9. Sensitization
mechanisms of noble
metal-doped metal oxide
surface by (A) Fermi-level
control and

(B) spillover effect (Degler et al.,
2019; Franke et al., 2006).
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recovery times and lower the operating temperature (Luo et al., 2017).
Also, they can produce more active sites on the surface. Analyte gas
can be adsorbed on the noble metal and then spilled into the MOS.
For example, noble metals can dissociate H atom from H,, which then
spills over and is adsorbed on the surface of metal oxide, as shown
in Fig. 1.9. The role of a noble metal is to bring down the reaction
activation energy. Generally, the work function of noble metals is more
than that of semiconductors; hence the Fermi level of a noble metal lies
below that of MOS. Due to the work function difference, the electrons
from the semiconductor flow into the noble metals to equal the Fermi
levels, as shown in Figs. 1.9 and 1.10. This electron transfer generates
the Schottky barrier at the interface and energy bands in the MOS are
bent upward due to positive charge, which makes the material more
sensitive to analyte gases, as shown in Fig. 1.10 (Degler et al., 2019;
Sarkar et al., 2015).

1.3.3 Forming hierarchical structures

For a better gas sensing response, heterostructures have been syn-
thesized from two different metal oxides having different Fermi levels.
The metal oxides can be either p-type or n-type. By the combination
of these metal oxides, p-p, n-n, and p-n junctions can be formed.
During the formations of heterostructures, due to the difference in
Fermi level, electrons flow from areas of higher Fermi level to areas
of lower Fermi level until the two Fermi levels are equal, as explained
before. This charge transfer creates a depletion region at the interface
of the two metal oxides and increases the resistance of the materials.
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Figure 1.11. (A) SEM images of
«-Fe,03/Sn0, nanofibers and (B)
dynamic response curves of
Ol'FBzOg, Ol'F6203/Sn02 and SnOz
nanofibers toward 100-1000 ppm
ethanol at 300°C. Reproduced
with permission from (Yan et al.,
2018), Copyright 2018, Elsevier.
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The increased resistance makes the sensing material more sensitive to
the analyte gases (Alenezi et al., 2014; Chang et al., 2020; Gao et al.,
2019; Qin et al., 2020). For example, Yan et al. synthesized hierarchical
a-Fe,03/Sn0, nanofibers by using the electrospinning method (Yan
et al., 2018). The SEM image of hierarchical nanofibers is shown in
Fig. 1.11A. Compared to pure «-Fe,O3; and SnO, nanofibers, the hi-
erarchical structure exhibits an enhanced ethanol sensing response,
as shown in Fig. 1.11B. The better sensing response of «-Fe,03/Sn0,
heterostructure nanofibers is due to the heterojunctions constructed
between the two MOSs.

1.3.4 Exposing high-energy facets

Due to the different atomic arrangements of two nonequivalent
lattice planes of a crystal, the faceting process is widely used for many
interesting applications. In gas sensing applications the surface prop-
erties of the sensing material are critical factors in determining its per-
formance. Controlling crystal facet growth is one of the basic strategies
to improve the surface properties and enhance both the sensitivity
and the selectivity of the sensors. But unfortunately, high-energy facets
are rapidly dominated by lower-energy facets during crystal growth
processes, which makes the facet engineering process more difficult.
For example, in the case of SnO,, crystal planes such as {221} and
{111} having a higher relative surface energy (2.28 Jm~—2 and 2.209 Jm~2)
than that of generally obtained stable low-index facets such as {110}
(1.401 Jm~2), {101} (1.554 Jm~2), and {100} (1.648 Jm~2) (Han et al.,
2009; Wang et al., 2012). Usually, the crystal tends to expose these
low-surface-energy crystal planes during growth. But under optimal
conditions, the crystal can be grown in a direction favorable for the
exposure of high-energy facets.

As explained before, the gas sensing mechanism of the MOSs can
be described as the change in the electrical conductivity arising from
the chemical interaction between the analyte gas and the chemisorbed
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oxygen species on the metal oxide surface. These chemical interactions
involve the gas adsorption, charge transfer, and gas desorption occur-
ring on the surface of metal oxide nanostructures. The ability to ad-
sorb oxygen species (such as 0,~, 0?7, and O~) and target molecules
depends on the exposed crystal facet of the surface since the high-
index crystal facets of materials can significantly affect their surface
properties, especially the surface adsorptivity, by providing a large
number of active sites for adsorption. The chemical activity of such ma-
terials is very high due to the presence of high densities of atom steps,
ledges, kinks, and dangling bonds. For example, on the {0001} surface,
Zn atoms are usually coordinative unsaturated, located in twofold-
coordinated sites with two dangling bonds and threefold-coordinated
sites with one dangling bond. However, on the {1010} surface, most of
the Zn atoms are fourfold coordinated and only a small part of them are
threefold coordinated with one dangling bond. Obviously, more dan-
gling bonds are presented on the {0001} surface than the {1010}surface,
which increases the oxygen adsorption on th {0001} surface, resulting
in an improved sensing performance (Xu et al., 2017). Another reason
for the improved sensitivity of the facet-dependent gas sensors is the
single-crystalline nature. The single-crystalline structure could reduce
the grain boundary barriers and provide better electronic transporting
ability, which may lead to an increase in sensitivity compared to the
polycrystalline structure (Chang et al., 2013).

One of the important advantages of the specific facets of semi-
conductor nanocrystals is the selective adsorption to certain gas
molecules. Therefore the sensing properties of metal oxide nanocrys-
tals can be tuned toward a particular analyte gas depending on their
exposed crystal facets. It is reported that sensors made of zinc oxide
(ZnO) prisms exposed with {100} facets show selective response to H,S
gas, whereas ZnO twin-spheres exposed with {001}facets show selec-
tive response to acetone. The intermediate ZnO dumbbell structure
between the prisms and twin-spheres exposed with both facets show
similar sensing capabilities to H,S and acetone (Gong et al., 2018). The
microstructures are shown in Fig. 1.12.

Figure 1.12. FESEM images of
Zn0: (A) prism, (B) dumbbell,
and (C) twin sphere (Insets:
Corresponding enlarged vertical
images). Reproduced with
permission from (Gong et al.,
2018), Copyright 2018, Elsevier.
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(221)

(A) (©)

Figure 1.13. Schematic model of (221)
different Sn0, nanoparticles:
(A) elongated octahedral,

(B) octahedral, and

(C) lance-shaped nanoparticles
prepared via hydrothermal
synthesis in the acidic medium
of HCl at 200°C for 12 h

(Han et al., 2009).

(110)
(110)

(221) (221)

1.4 General synthesis routes of high-energy
crystal facet—exposed metal oxides

The hydrothermal route is one of the most convenient methods for
the synthesis of facet-exposed nanostructures. The reaction dynamics
can be controlled by choosing suitable precursors, the medium, and
experimental conditions. Additionally, some surfactant agents such
as polyvinylpyrrolidone (PVP) and formamide may be used, which
can selectively adsorb onto specific facets to enhance the growth in
a particular direction only. For example, during a typical synthesis of
SnO, octahedra particles by Han et al., a small amount of HCI was
added along with the PVP for the predominant exposure of the high-
energy {221} facets (Han et al., 2009). SnO, octahedra particles with
different morphologies enclosed within {221} surfaces were formed ac-
cording to the variation of the volume of HCI, as shown in Fig. 1.13. The
formation of octahedral SnO, particles is the result of the coordinative
effect of H* and CI~ ions. Through the specific adsorption of Cl~ ions,
we can kinetically control the shape of the SnO, nanocrystals. In an
aqueous solution, tin(IV) ions can be easily hydrolyzed to produce
extremely small SnO, particles. But the growth of SnO, nanocrystals
can be slowed down by adding the HCl solution, which can inhibit the
hydrolysis of Sn** ions to a certain extent. The acidity is crucial at pH
0.4 since the higher concentration of HCI will completely inhibit the
hydrolysis of Sn**. The PVP surfactant plays a key role in dispersing
the SnO, particles rather than in morphology control. For the synthesis
of octahedral SnO, particles enclosed by high-energy {111} facets, a
basic medium of tetramethylammonium hydroxide (TMAH) can also
be used (Wang et al., 2012). In a similar way, PVP can also be used for
the synthesis of p-type Cu,O nanostructures with exposed {111} facets
(Wang et al., 2017) and {111} faceted ultrathin NiO single-crystalline
porous nanosheets (Liang et al., 2019a). Fluoride ions from NaF, HE,
and NH,F are known to preserve high-energy facets in metal oxide
systems through selective capping (Wang et al., 2013). NaCl, NaySOy,,
K,SO,, and formamide have also become well known recently for their
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use as capping agents for the synthesis of a high-energy facet-exposed
metal oxide system (Jia et al., 2014).

In the case of anatase TiO, nanoparticles hydrofluoric acid or other
fluorine-containing species were used as capping agents for synthe-
sizing samples exposed with a large percentage of reactive {001} facets
(Majumder & Roy, 2017). These routes are not environmentally friendly
as fluorine-containing compounds generate toxic and corrosive sub-
stances at high temperatures. Therefore the development of a novel
synthesis strategy is needed with fluorine-free chemicals as the cap-
ping agent. A few reports are available in the literature on the successful
growth of {001} faceted TiO, nanostructures using cetyltrimethylam-
monium bromide (CTAB) (Majumder & Roy, 2017), urea (Liang et al.,
2019b; Yang et al., 2015), etc. ZnO nanostructures with exposed highly
reactive facets can be synthesized through hydrothermal routes with
and without the help of surfactants like CTAB or by adjusting the pH of
the precursor solution (Qin et al., 2014). The structural variation or the
percentage variation of the particular facets by adjusting the pH of the
precursor solution is clearly shown in Fig. 1.14.

1.5 Facet-dependent gas sensing properties
of zinc oxide gas sensors

Here, the sensing properties of ZnO nanostructures with exposed
high-energy facets are discussed. Kaneti et al synthesized two types of
ZnO nanostructures, namely, nanoplates and nanorods with exposed
{0001} and {1010} crystal facets through facile solvothermal methods
(Kaneti et al., 2014). In the gas sensing results the response of ZnO
nanoplates toward ethanol was two times higher than that of the ZnO

Figure 1.14. lllustration of

(A) the formation mechanism of

various hexagonal Zn0

structures and (B) the crystal

facets in hexagonal Zn0
structures. Reproduced with
permission from (Qin et al.,
2014), Copyright 2014, Royal
Society of Chemistry.
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nanorods at an optimum operating temperature of 300°C. The bond
lengths corresponding to O-H, C-H, C-O, and C-C bonds for free
ethanol molecules obtained from density functional theory (DFT) cal-
culation were 0.977, 1.098, 1.438, and 1.513 A, respectively. When the
ethanol gas is exposed to the ZnO surface, the O atom from the ethanol
molecule forms a hydrogen bond with the surface Zn atom and the H
atom with the adsorbed O~. The DFT calculations proved that the O-H
bond distance of the ethanol molecule increases during the interac-
tions with the surface Zn atoms and the greatest elongation is observed
for the {0001} crystal plane, which leads to the stronger adsorption of
ethanol molecule on {0001} surface. In addition, the C-C-O and C-O-
H angles of the ethanol molecule also change significantly when the
ethanol molecule is adsorbed on the {0001} crystal plane compared to
the free ethanol molecule. The above analysis reveals that the strongest
ethanol interaction occurs on the {0001} surface compared to the other
ZnO surfaces, and thus the highest ethanol response is obtained.

Similarly, Tian et al synthesized a ZnO sensor by using the solution
process that exhibits three times higher ethanol response than an un-
processed sensor at an operating temperature range of 240°C-420°C,
probably because of the higher exposed {0001} facet for oxygen adsorp-
tion (Tian et al., 2012). Such a gas sensor exhibits a steadier and lower
initial resistance and a clearer and faster resistance change to 1 ppm
ethanol and thus can be used to detect the ethanol even at low concen-
trations. Chang et al. synthesized ZnO porous 3D nanostructures with
an exposed {0001} facet that showed enhanced NO, sensing response
than the commercially available ZnO sensor (Chang et al., 2013).
Alenezi et al. studied the ethanol sensing properties of ZnO nanos-
tructures exposed with {0001} and {1010} facets (Alenezi et al., 2013).
The {0001} facets gave better results than the {1010} facets. Xu et al.
synthesized ZnO nanosheets with exposed {0001} facets that showed
superior ethanol sensing properties than those with {1010} facets (Xu
et al., 2017). A higher acetone selectivity could be achieved with
surface-tuned ZnO nanosheets with exposed {100} facet sensors syn-
thesized by Xiao et al. (2012). An additional surface modification using
Pd nanoparticles could impose only a slight change in the interaction
with the acetone and thus in the response value. Qin et al. studied
the ethanol sensing properties of different ZnO nanostructures (Qin
et al., 2014). At a working temperature of 330°C, the ZnO disk with the
most exposed {0001} facet showed the highest gas response toward
ethanol, which was nearly two, three, and six times higher than those of
prismoid, prism, and pyramid structures with alesser amount of {0001}
facet-exposed, respectively.

Gong et al studied the gas sensing selectivity of different
ZnO nanostructures such as a prism, dumbbell, and twin-sphere
(Gong et al., 2018). Specifically, the sensors made with ZnO prisms
mainly exposed with {100} facets showed the highest response to
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H,S compared to the other synthesized shapes such as dumbbell
and twin-sphere among the reducing gases, including acetonitrile,
chlorobenzene, benzene, methylbenzene, ethanol, formaldehyde,
acetone, ammonia, and methanol (Fig. 1.15A). In contrast, twin-sphere
devices covered with {001} facets produced the highest response to
acetone (Fig. 1.15C). Also, the sensors exposed with both the facets
(dumbbell shape) exhibit similar responses to acetone and H,S
and therefore show poor selectivity to the gases (Fig. 1.15B). Here,
the acetone and H,S responses of the sensors linearly increase and
decrease, respectively, with increasing the coverage of {001} facets
on the ZnO surface. The adsorption energies (E,) of acetone and
H,S molecules onto ZnO crystals closely depend on the facets of
their surfaces and it is 1.40 eV for H,S and 1.17 eV for acetone onto
{100} facets of ZnO crystal. This means that the {100} facets of ZnO
crystals could absorb and sense H,S more when compared to acetone.
However, the adsorption energy of H,S and acetone to {001} planes
are 0.48 and 0.77 eV, respectively, which is favorable for the selective
detection of acetone.

Along with the enhanced gas sensing responses, this surface mor-
phology tuning strategy can be used for the selective adsorption and
detection of a particular gas, increasing the demand for developing
a high-energy facet-exposed metal oxide nanostructure. The ongoing
works in this field are proving improved properties such as response
and recovery time, stability, reversibility, and repeatability, which will
demand the high production of facet-exposed gas sensors.

1.6 Challenges and approaches

From the discussed examples, it is clear that the exposed facets are
the key factor that determines their sensing ability to certain gases. For
the same type of MOS, either the surface morphology or the surface
area does not totally affect the sensing properties; while the exposed
crystal planes plays a crucial role in tuning the sensing properties. The
literature proves the crucial role of surface engineering by exposing
high-energy facets in enhancing the gas sensing properties of MOS
materials. The production of many unsaturated dangling bonds in the
exposed crystal surface is the most promising approach to realize the
superior gas sensing performance, which can provide more active sites
for the adsorption of gas molecules, resulting in excellent gas sensing
properties of MOS. However, there are still some challenges that re-
main in several aspects:

« The controlled synthesis of MOS nanomaterials with exposed high-
energy facets is challenging since the facets having high surface
energy usually grow rapidly and finally vanish. Although there have
been several successful reported syntheses, we still need a detailed
study on their growth mechanism.
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2018), Copyright 2018, Elsevier.
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» Thelong-term stability of high-energy facets during the gas sensing
process has not been reported yet. The stability of the gas sensors is
an important property for potential biomedical applications.

« Forachieving the selective detection of biomarkers such as acetone
and ammonia, the gas sensing mechanism between the analyte
material and the gas should be well known, which further demands
a deep investigation in this field.

e The challenge in the use of the gas sensor as a breath analyzer
is in developing highly sensitive and selective gas sensors since it
involves the analysis of a mixture of VOCs, and their concentration
in the breath is very low.

The sensing material exposed with high-energy crystal surfaces
have superior physical and chemical properties favorable for gas sens-
ing application. However, we still requires further experiments and
research for the large scale production of facet-exposed gas sensors for
the real time measurements.

1.7 Application

One of the important applications of gas sensors in the medical field
is the early diagnosis of diseases by examining exhaled breath. Exhaled
human breath mainly consists of nitrogen, oxygen, CO,, water, inert
gases, and traces of volatile organic compounds (VOCs). The concen-
tration of VOCs is very low in the ppm range. There are more than
1000 types of VOCs present in the exhaled breath, which are closely
related to certain kinds of diseases. They are known as breath markers
since they correlate to specific diseases such as ammonia with kid-
ney disease, carbon monoxide with lung inflammation, and dimethyl
sulfide with liver disease etc. If this breath print is analyzed correctly,
the current health status of a person could be identified easily. For
example, among the different gas biomarkers, acetone is considered
to be the key factor that reflects the progress or the therapeutic effect of
diabetes mellitus. The acetone level in the exhaled breath of a healthy
individual is reported as 300-900 ppb, while it is increased to more
than 1.8 ppm in the case of a diabetic patient. Therefore the detection
of gas biomarkers in exhaled breath is rapidly emerging, and it has
been developed as an effective and noninvasive tool for diagnosing and
monitoring the physiological conditions of the human body (Giintner
et al., 2019; Lin et al., 2019; Righettoni et al., 2015; Yoon & Lee, 2017).

1.8 Summary

In this chapter a basic idea regarding MOS-based sensors, includ-
ing their gas sensing mechanism, design of the gas sensor, design of
the gas sensing measurement unit, and performance parameters, was
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provided. Strategies for improving the performance of metal oxide-
based gas sensors such as through a change in morphology, doping
with a noble metal, formation of hierarchical structure, and exposed
high-energy facets were also discussed. The gas sensing properties of
high-energy facet-exposed MOS gas sensors were discussed in detail.
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2.1 Introduction

Oxide electronics is a diverse and active field including materials
such as dielectrics, ferroelectrics, magnetics, piezoelectrics, multifer-
roics, high-temperature superconductors, and epitaxial oxides. These
materials find interesting applications across a large variety of devices,
including displays, memory devices, and sensors. Transparent con-
ducting oxide (TCO), transparent semiconducting oxide (TSO), and
amorphous conducting oxide (ACO) materials have been widely stud-
ied for a variety of applications in recent years. Unlike conventional
materials, they have an interesting combination of having high conduc-
tivity and high transparency in the visible regime, which makes them
perfect candidates for smart electronics. Metal oxide materials had
been studied before the silicon (Si) era. However, later developments
in modern electronics and display technology, dominated by Si tech-
nology, put a setback to the research in metal oxide semiconductors
(MOSs) and devices (Fortunato et al., 2012; Wager et al., 2014). Thin-
film transistor (TFT) technology revolutionized display technology in
the modern era. They are widely used in flat panel displays, including
television, computers, smartphones, and also flexible and foldable dis-
plays. The dominant technology in flat panel display consists of hydro-
genated amorphous silicon (a-Si:H) and low-temperature polysilicon
(LTPS) TFTs for driving the pixels. The replacement of Si-based TFTs
has been crucial for realizing flexible, transparent electronic devices
and displays, as the integration of Si TFTs with flexible displays is
challenging.
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Sensing technology has received increasing interest in recent years,
driven by its applicability in various industries, biomedical devices and
research, indoor and outdoor air quality supervision, and environmen-
tal studies. The miniaturization of gas sensors is essential for appli-
cations demanding device portability in areas like disease diagnosis,
food quality control, and air quality monitoring. The most common
gas sensors commercially available are two-terminal resistive-type gas
sensors based on metal oxides, including SnO, SnO,, tungsten oxide,
and ZnO (Baratto et al., 2004; Franke et al., 2006).

2.2 \Various types of gas sensors

Sensor research has come a long way from the hot platinum wire-
based sensor, the first commercial sensor produced in 1923 (Yunusa
et al., 2014). Researchers have made efforts to improve the sensitivity,
selectivity, and stability of sensors, leading to the research and devel-
opment of a wide variety of materials suitable for sensor applications.
Different gas sensors with various sensing elements and sensing mech-
anisms have extensively been studied during the past few decades. The
technique used in sensors can be classified into types such as acoustic,
piezoelectric, optical, chemiluminescence, and electrochemical. The
different types of sensing materials include conducting polymers, 2D
materials, organic materials, and MOSs.

Three-terminal field-effect transistors (FETs) are considered worth-
while alternatives after the successful demonstration of an n-channel
Pd-gated transistor as a hydrogen sensor in 1975, which was able to
detect 10 ppm of hydrogen at 150°C (Lundstrom et al., 1975). The un-
derlying mechanism of gas detection using FET sensors is the change
in channel current due to channel conductance modulation either
by the adsorbed gas species or by the gating effect. Various materials
such as carbon nanotubes, organic semiconductors, porous silicon,
silicon nanowires, metal oxide thin films, and nanowires have been
used as sensing (channel) layers. FETs’ sensing response can be further
improved by combining them with a ring oscillator circuit and other
adaptive amplifier circuits (Crone et al., 2002).

2.2.1 Semiconducting metal oxide materials as
gas sensors

The gas sensing market has been dominated by MOS-based two-
terminal chemiresistive-type gas sensors since the report of the ZnO-
based sensor by Seiyama in 1963, which operates at an elevated tem-
perature of 485°C. Sensing properties were investigated by measuring
the change in resistance of the sensing layer upon gas adsorption
(Tetsuro et al., 1963). The demand for high-performance gas sensors



Chapter 2 Metal oxide semiconductor thin-film transistors for gas sensing applications 27

with high sensitivity, response, and selectivity, together with low power
consumption, accelerated the efforts to develop new sensing materials.
MOS is the most common sensing material because of its advantages
like low cost, high sensitivity, and ease of fabrication. Generally, metal
oxides can be classified into two types: transition metal oxides (TiO,,
Fe, 03, etc.) and non-transition metal oxides (ZnO, CuO, etc.). Tran-
sition metal oxides can exist in different oxidation states and form
different oxides and are hence more sensitive to the oxygen environ-
ment. Non-transition metal oxides are considered to be inert because
of high energy requirements to form other oxidation states. More pre-
cisely, metal oxides having a d° and d'° electronic configuration can
be used for gas sensing applications (Liu et al., 2012; Wang et al., 2010).
Most of the MOSs, sensitive to gas species, are of n-type, and only a
few reports on p-type are available because of the unavailability of p-
type MOSs with electrical properties comparable to those of n-type
MOSs. Generally, an increase in the concentration of the reducing
gas decreases the resistivity of n-type MOSs and increases that of p-
type MOSs, whereas an increase in the concentration of the oxidizing
gas results in the opposite effect. MOS-based sensors received wide
acceptance because of their ability to detect the analyte gas by simply
measuring the resistance change between two electrodes (Panto et al.,
2018). However, limited room temperature sensitivity, poor selectiv-
ity, and high-temperature operation, ranging from 200°C to 400°C, to
ensure fast operation made them power hungry and not suitable for
portable device applications. Also, high-temperature operation leads
to the fast degradation of the sensing material, causing reliability and
durability issues (Park et al., 2019). In Chapter 1 resistive-type metal
oxide gas sensors have been discussed in detail.

TFTs, having better sensitivity and capability of room-temperature
operation, emerged as a better alternative to the two-terminal gas
sensors (see Section 2.3.1 for TFT structure). The conductivity modu-
lation of the semiconducting channel/sensing layer in the TFT using
the applied gate voltage allows them to detect a very small change
in the conductivity of the sensing layer and thereby detect a very low
concentration of gases (Hong et al., 2016; Jeong et al., 2019). Current
TFT-based gas sensor technology is mostly based on TFTs with the
organic channel as an active layer. They provide high sensitivity, ease of
fabrication, low-temperature operation, good selectivity, etc. However,
the stability of the semiconducting organic layer is a limiting factor
(Wu et al., 2020).

2.3 Metal oxide TFT-based gas sensors

TFTs have many advantages over conventional two-terminal
resistive-type sensors from an operational point of view. Unlike
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Figure 2.1. Cross-section of TFT
structures: (A) coplanar bottom
gate, (B) staggered bottom gate,
(C) coplanar top gate, (D)
staggered top gate, and (E) dual
gate.
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chemoresistors, which only give the conductivity change upon the ex-
posure of the analyte, the capability of the gate-induced modulation of
the electrical performance of the active layer gives a number of readily
extractable parameters such as threshold voltage (Vry), mobility (),
and on/off ratio (Ion/Iogr) (see Section 2.3.1). So an extracted data set
can provide a fingerprint of the analyte (Torsi et al., 2000). Most MOS
TFTs aim to achieve better electrical and performance parameters
comparable to Si since they have promising display applications. How-
ever, in the case of sensors we are looking for analyte species-induced
change in electrical performance. So TFTs with moderate electrical
properties might perform as good gas sensors since we are only in-
terested in the variations in the performance matric. In principle,
transistor-based sensors are more selective and more power efficient
and have better sensitivity and detection limits because of the gate-
controlled amplification of the signals. Furthermore, TFT sensors have
a simple structure, so they have more advantages in miniaturization
and chip integration.

2.3.1 TFT—structure, basics, and parameters

Fig. 2.1 shows the schematic cross-sections of different types of
TFTs. A TFT consists of three components: an insulating dielec-
tric layer, a semiconducting channel, and three electrodes (drain,
source, and gate). TFT is a three-terminal field-effect device and works
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according to the same principle of metal oxide semiconductor field-
effect transistor (MOSFET). The gate and channel are separated by
using an insulating dielectric material, which is quite similar to the
MOS structure. The basic principle of a field-effect device is to control
the flow of electrons (or holes) between the source and drain electrodes
via the modulation of a semiconducting channel. This modulation is
achieved by accumulating carriers near the semiconductor/dielectric
interface through the voltage applied on the gate electrode, which
forms a parallel-plate capacitor structure along with the gate dielectric
semiconductor. In MOSFET the substrate is a semiconducting Si wafer
and the device fabrication is very complex and expensive. TFTs can
even be fabricated over insulating substrates like glass and each of
the layers is deposited using a different deposition technique (mostly
by high vacuum techniques). Compared to MOSFET, TFT fabrication
is a comparatively simple and low-temperature process (<650°C). In
working as well, these two FETs differ. In MOSFET the substrate acts as
the active layer through the formation of an inversion layer of charges
near the semiconductor/dielectric interface (if the substrate is n-type,
the inversion layer consists of holes and is called a p-MOSFET) and the
applied gate voltage modulates the charges in the inversion layer. On
the other hand, in TFTs channel conductance is achieved through the
modulation of an accumulation layer of charges. (If the active layer is
n-type, then the accumulation layer consists of electrons, hence called
n-TFT.)

Depending on the three electrodes’ position, the TFT can be clas-
sified into two types: coplanar and staggered. Based on the fabrication
process and application, a suitable device structure can be selected.
When the semiconducting layer needs a high processing temperature
or needs an active layer with a high-quality crystal structure, a top gate
structure is used. Bottom gate structures, especially staggered, are most
commonly used for semiconducting channel layer studies and dis-
play applications because of the ease of fabrication. For most research
purposes, staggered bottom gate structures based on the commer-
cially available substrate/insulator structures such as indium tin oxide
(ITO)/antimony-doped tin oxide (ATO) or silicon (Si)/silicon dioxide
(Si0,) substrates are used to study the channel properties (Fig. 2.1B). In
the case of hydrogenated amorphous silicon (a-Si:H) TFTs, which are
used in LCD displays, the instability caused by backlight illumination
can be avoided by using the bottom gate structure. In the sensing ap-
plication the interaction of the semiconducting layer with sensing gas
is crucial and this makes the bottom gate structure suitable for the use
of TFT-based gas sensors. The TFT’s basic principle is to modulate the
conducting channel formed between the drain and source electrodes
through the injection of carries near the semiconductor/dielectric in-
terface using appropriate gate bias. The applied gate voltage modulates
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Figure 2.2. (A) Transfer and
(B) output characteristics of an
n-type TFT.
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the accumulation layer in the semiconducting channel, and it helps to

turn on and off the device. Based on working, TFTs are of two types:

« Enhancement mode (EM) TFT

« Depletion mode (DM) TFT
EM TFTs are at the OFF state under zero gate bias. These TFTs

are produced by using a channel layer with low carrier density, and
hence a gate bias is needed to form an accumulation layer of charges in
the semiconductor/dielectric interface. In the case of DM TFTs, they
are always at the ON state due to the channel with higher conductance,
and a gate bias is required to switch off the device. EM mode TFTs are
preferred for most applications as they consume less power compared
to DM TFTs.

The static characteristics of TFTs can be evaluated by using their
output and transfer characteristics, as shown in Fig. 2.2 (the transfer
and output characteristics of an n-type EM TFT). The output char-
acteristics can be obtained by measuring the drain to source current
(Ips) as a function of drain-source voltage (Vps) for various fixed gate-
source voltages (Vgs). The transfer curve is obtained by sweeping Vs
at a constant Vpg. At zero gate bias, there is no charge accumulation
at the channel/dielectric interface and hence the current is very low.
For a positive gate bias (for n-TFT), the electrons accumulate in the
channel/semiconductor interface, and the current flows upon apply-
ing an appropriate drain-source bias. The magnitude of the current
is proportional to the accumulated charge carrier density and car-
rier mobility. According to the value of Vpg, output characteristics
(Fig. 2.2B) have two regions.

1. Linear region - Also known as the pre-pinch off region, the ac-
cumulated channel layer is uniformly distributed throughout the
channel layer and the TFT behaves as a resistor. A linear increment
can be seen in Ipg with respect to Vps. We can say that the TFT
is in pre-pinch off when [Vps| < [Vgs — V|, and Ips is given in
Eq. (2.1), where ugg is the field-effect mobility, C,y is the gate di-
electric capacitance per unit area, and W and L are the channel
width and length, respectively.
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2. Saturation region - Also called the pinch-off region, in this region
the drain voltage is higher than the applied gate voltage. This causes
the carriers to spread out from the narrow channel region and
the current flows through a broader region than just the semi-
conductor/dielectric interface. A region devoid of charge carriers
formed near the drain electrode results in the depletion of charges
in the accumulation layer and is called the pinch-off. At this regime,
[Vps| > [Vgs — Vru| , and Ipg is given by Eq. (2.2), where gy is the
saturation mobility.

\ |
Ips = —MFECoxf (Vs — Vru)Vps — EVDS (2.1)

A\
Ips = _Msatcoxi(VGS — Vin)? (2.2)

The different TFT performance parameters that can be extracted
from the transfer/output curves are discussed below.

2.3.1.1 On/off ratio

This is defined as the ratio of the maximum to the minimum drain
current (Ip). The minimum I, which is generally given by the measur-
ing equipment’s noise level or by the gate leakage current (I ), depends
on the semiconductor material. An on/off ratio of above 10° is needed
for display applications. The minimum OFF current depends on the
measuring instrument’s noise level and leakage current through the
gate dielectric.

2.3.1.2 Threshold voltage (V1y)

This is the minimum gate voltage required to accumulate charge
carriers between drain/source terminals. Vry is defined as the value of
Vs when the conductive channel (or an accumulation layer near the
dielectric/semiconductor interface) just begins to connect the source
and drain electrodes. In n-type TFTs if Vry is negative (positive), the
devices are designated to operate in depletion (enhancement) mode.
V1 can be identified by the linear extrapolation of the Ip — Vg plot
(for the linear regime) or the Ip? — Vgs plot (for saturation regime)
(Fig. 2.2A).

2.3.1.3 Subthreshold swing (S)

It is the inverse of the maximum slope of the transfer characteristic,
which indicates the necessary Vs to increase I, by one decade. It gives
anideaabouthow fast the TFT responds to the applied gate voltage and
avalue of S< <1 is preferred for various practical applications. A lower
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value means higher speed and lower power consumption.
o _ (doglins)\ !
B dVgs
2.3.1.4 Mobility (1)

Itisthe efficiency of the majority carrier transportin a semiconduct-
ing material. In a material p is affected by several scattering mecha-
nisms, such as lattice vibrations, ionized impurities, grain boundaries,
and other structural defects. The most common ones used in the TFT
community are the effective mobility (peg), the field-effect mobility
(1gg), and the saturation mobility (psat).

2.3.1.5 Field-effect mobility (11re)

It is considered the correct estimation of p, which includes the Vg
effect. It is determined by the conductance at low Vpg and can be
calculated from the slope of the Vpg-Ip curve at small Vpg using the
following equation:

. slope
M CuW/L) Vs

2.3.1.6 Saturation mobility (1t sa¢)

The determination of this parameter is also common in TFTs and
it describes a situation when the effective length is smaller than the
actual channel length (L). Saturation mobility can be calculated at high
Vps and can be extracted from the slope in the linear region of the Vpg-
ID% curve

slope?
(1/2)Co(W/L)’

In TFT-based gas sensing either the active layer or the gate
(Fig. 2.1E) can be exposed to the analyte gas. In dual gate TFTs the sec-
ond gate acts as the sensing layer, and the change in the top gate affects
the active channel properties. Usually, the dual-gate configuration
is used in the organic TFT-based sensor, where the top organic layer
acts as a second gate and its potential changes with gas exposure. This
change in potential affects the electrical properties of the underlying
active channel layer. Here we discuss more about bottom gate TFTs, in
which the active layer and the analyte gas are in direct contact. Upon
analyte gas exposure, the above-discussed parameters of a TFT will
change depending on the type of gaseous species (oxidizing or reduc-
ing) in contact with the active layer. Through the interaction between
the analyte molecule and the sensing layer, the conductivity, carrier
density, and mobility of the active layer change, which in turn reflects

Msat =
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in the transistor properties (i.e., in the transfer and output character-
istics curves). Different methods have to be adopted to quantify the
changes in TFT performance induced by the analyte. One of the meth-
ods is to analyze the variation in Ip upon exposure to the analyte with
time. This method is similar to the measurement method of resistive-
type gas sensors. The most used method is by analyzing the variation in
Vra. The shift in Vy gives a direct implication of the type of analyte gas,
whether it is oxidizing or reducing in nature. Vg shifts only with ap-
plied gate bias, and the drain bias has no influence on it. Fig. 2.3 shows
arepresentation of the shift in the transfer curve and Vg with exposure
to different types of gases in an n-type TFT. When an oxidizing gas
comes in contact with the n-type active layer, it draws electrons from
the channel layer through the reaction with adsorbed oxygen species
and reduces the carriers available for charge transport. This reduction
in carriers reduces the channel conductance and shifts the transfer
curve in the positive direction with a reduction in drain current. The
extracted Vg curve also shows a positive directional shift, indicating
the reduction in channel conductance. If the channel layer is exposed
to reducing gas, it releases electrons to the active layer by reacting with
the adsorbed oxygen species. This causes an increase in carrier density
and conductivity of the channel layer. Hence the transfer curve shows
anegative shift with increased drain current. Here the Vi curve shows
areduction in Vg compared to the actual curve. Mobility also changes
during the gas exposure; the oxidizing gas reduces the channel mobility
while the reducing gas improves it. Variation in mobility is another
parameter that can be taken into account for the detection of various
gases.

Metal oxide TFTs have become an intensive research topic after
the successful demonstration of ZnO and indium gallium zinc oxide
(IGZO)-based TFTs, which exhibited excellent electrical properties
and ease of processing methods (Nomura et al., 2004; Prins et al., 1996).
In the initial stage, a run toward the realization of flexible and wear-
able electronics, most of the research concentrated on developing and
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integrating metal oxide TFTs for display applications. The ZnO films
were polycrystalline even when deposited at room temperature. So the
grain boundaries deteriorated the performance, stability, and unifor-
mity of the TFT characteristics. Following ZnO, other binary oxides
such as In,03, Ga,03 and SnO, were studied extensively (Lavareda
et al., 2006; Matsuzaki et al., 2006). Metal oxide TFTs require high-
temperature postannealing treatments to achieve excellent electrical
properties. Multicomponent amorphous oxides exhibit considerably
better TFT performance than binary compounds.

2.3.2 Binary metal oxide TFT gas sensors

Various kinds of n-type binary oxides such as SnO,, ZnO, In,0s,
WOj3, and Fe, O3 have been studied as chemoresistive two-terminal gas
sensors after the report of the first patented gas sensor based on SnO,
in 1975. TFTs based on binary metal oxides were mostly studied for
display applications. From 2003 onward, MOSs gained increasing in-
terest due to the development of the zinc oxide-based TFT by Hoffman
et al., which possesses a high mobility of 1 cm? V! s~! (Carcia et al.,
2003; Hoffman et al., 2003; Hossain et al., 2003). Usually, metal oxides
require high-temperature postannealing to achieve the desired elec-
trical properties. However, attempts to fabricate an MO-TFT operating
at room temperature were made due to its high stability compared
to the organic TFTs. The ZnO nanowire TFT shows adequate oxygen
sensing properties. Exposing the device to oxygen showed a reduction
in mobility and conductivity of the nanowire, which was due to the
formation of oxygen ions (O~, 0O*7) and the subsequent decrease of
the conductance of the channel in the nanowire. A further increase
in the oxygen pressure results in the widening of the depletion layer
and a reduction in carrier density, which was evident from the positive
shift in Vyy from the transfer curve. As ZnO is sensitive to UV light, UV
illumination can reverse the device’s performance to its initial state.
Upon UV exposure, the oxygen ions combine with the photogenerated
holes in the ZnO nanowire, resulting in oxygen desorption (Li et al.,
2004). A ZnO-based real-time sensor was fabricated by Andringa et al.
to detect a lower concentration of 40-ppb NO, with good selectivity at
200°C (Andringa et al., 2013). Since NO, is an oxidizing gas, the Vg
shift method was adopted for the detection. The mechanism behind
the Vpy shift can be explained as charge trapping mediated by NO,
(Fig. 2.4). Upon applying positive gate bias, the carriers accumulate in
the channel layer, and some of the accumulated charges get trapped
in the defect sites. They do not contribute to the channel current, but
they contribute to the electrostatic charge that shields the gate voltage
and causes the shift in V. When the trapped charges completely
compensate the gate bias, no current will flow (Andringa et al., 2012,
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2014). Recovery of the trapped carriers is not possible at room temper-
ature.

P-type MOS-based TFTs have received little attention compared to
n-type. One reason for the less interest in p-type TFTs is their poor
electrical properties, which stems from their electronic band structure
(Kamiya & Hosono, 2010). As a gas sensor, p-type MOS has certain
advantages: better humidity resistance, ability to chemisorb a higher
concentration of oxygen, and good catalytic effect (Zhang et al., 2015).
Moreover, the p-MOS gas sensor’s response is equal to the square root
of the response of the n-MOS gas sensor to the same gas for identical
sensor configuration (Hiibner et al., 2011). The first report on a p-type
MOS-TFT sensor used a sputtered SnOy as the sensing layer, and the
device was highly sensitive and selective toward NO, (Fig. 2.5). As NO,
is an oxidizing gas, upon exposure, the transfer curve shows a positive
shift because of the increased hole concentration due to the oxidation
of the channel surface. SnOy TFT gas sensor shows a better response
value of 19.4 for 10 ppm of NO, and recovery time at room temperature
compared to the SnOy thin-film gas sensor (Jeong et al., 2019).
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Figure 2.4. (A) Transfer curves
of a Zn0 transistor exposed to
320-ppb NO, as a function of
time under a continuously
applied gate bias of 30 V. The
linear transfer curves,
represented by the black lines,
were measured ata
source—drain bias of 2 V. The
red line presents the threshold
voltage as a function of stress
time. The threshold voltage is
empirically taken as the onset of
current flow. The threshold
voltage starts at about 0V and
shifts with time toward the
applied gate bias of 30 V.

(B) Schematic representation of
the charge trapping process in
a transistor. With time, mobile
electrons are trapped until the
steady state is reached. The
gate bias is then completely
compensated by immobile
trapped charges. Reproduced
with permission from (Andringa
etal., 2012). Copyright 2012,
Elsevier.

Figure 2.5. (A) Transient
resistance behavior (resistance
of the p-MQS decreases with
exposure to oxidizing gas) and
(B) maximum response values
of the fabricated SnQ, TFT gas
sensor to various target gases
obtained at room temperature.
Reproduced with permission
from (Jeong et al., 2019).
Copyright 2019, Elsevier.
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2.3.3 Multinary metal oxide TFT gas sensors

Multicomponent amorphous oxides, in general, have considerably
better TFT performance than binary compounds. In amorphous
oxides carrier transport is mostly influenced by the potential barriers
located around the conduction band minimum (CBM), associated
with structural randomness, which can easily be improved by
properly processing the film. Zn-based multicomponent oxides
show high electron mobility. Zinc-doped indium oxide (IZO) has
suitable electrical parameters, but a lack of stability under visible light
operation renders them unsuitable for device applications (Barquinha
et al., 2006). The difficulty in controlling the background carriers down
to low values, preferably less than 10'° cm~3, and high light sensitivity
made researchers work on new multicomponent oxides like IGZO
(Nomura et al., 2004). A single-crystalline IGZO transparent TFT with
a field-effect mobility of 80 cm? V~! s~! was reported by Nomura et al.
(2003). However, the device fabrication temperature was 700°C.

Amorphous oxide semiconductor (AOS)-based TFTs possess many
advantages, including high electron mobility, low operating voltage,
low processing temperature, excellent uniformity, ease of fabrication
and low leakage current, and high signal-to-noise ratio. Also, they have
a wide processing window and different choices of gate insulators to
obtain good TFT performance (Kamiya & Hosono, 2010). An amor-
phous IGZO (a-IGZO) TFT with a mobility >10 cm? V~! s7! at room
temperature on a flexible substrate was first developed by Nomura et al.
(2004). a-IGZO shows mobility in the range of 5 to 39 cm? V~! 57,
with varying amounts of indium, gallium, and oxygen. Gallium acts as
a carrier suppressor and stabilizer in a-IGZO, and an increased amount
of gallium decreases the conductivity and mobility of the TFT (Kumomi
et al., 2008). a-IGZO satisfies the properties needed for the application
of TFT-based gas sensors. Because of the amorphous phase, IGZO-
based TFT gas sensors have advantages in terms of reproducibility
and large area uniformity. A Zn-based AOS is considered sensitive to
humidity and oxygen partial pressure, affecting the turn-on voltage,
mobility, Vg, and off current. Kang et al. reported the possible use
of an a-IGZO TFT as an oxygen pressure sensor. By increasing the
oxygen partial pressure from 8.5 x 107® to 760 Torr, a shift in turn-
on voltage from —54 to —7 V was observed. This shift is associated
with oxygen adsorption and desorption on the IGZO surface (Kang
etal., 2007). Exposure to water shows a behavior contrary to that upon
oxygen exposure because on the IGZO active layer, oxygen acts as an
electron acceptor and water molecule acts as an electron donor. Also,
the water molecules make deep-level acceptors like traps, and these
traps contribute to the change in electrical performance. Also, the ac-
tive layer thickness is an essential parameter for trap creation (Fig. 2.6),
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as trap density decreases with an increase in channel thickness (Park
et al., 2008). Nevertheless, for the abovementioned experiments, the
recovery process after exposure to oxygen and moisture was very slow.
So a temperature-mediated process was needed for fast recovery. An
all-oxide transparent, flexible, highly sensitive humidity sensor using
a-IGZO showed sensitivity >10° at a low voltage of Vg = —1 to 2 V
and Vp = 1V (Kim et al., 2017). The a-IGZO TFT showed an excellent
response to gases like H, and NO, with a detection limit of 12.5 ppm
(at350°C) and 5 ppm (at 200°C), respectively. The device showed an ac-
ceptablerecovery time only at elevated temperatures (Yang et al., 2012).

To achieve device portability, low power operation and low-
temperature or room-temperature operation of gas sensors are
needed. This requires modification in the conventional device archi-
tecture and smart ways to modify the device performance under a
gaseous environment. The improved device architecture of the IGZO
TFT coupled with ZnO nanoparticles (Fig. 2.7) reduced the operating

Figure 2.6. The comparison of
the transfer curves before and
after water exposure for the
device with a (A) 35-nm-thick
and (B) 150-nm-thick channel,
respectively. As the channel
layer thickness decreases,
acceptor-like traps overwhelm
the donor concentration. If the
channel thickness is greater
than the screening length, the
traps will not respond to the
change in gate bias and the
subthreshold swing value
shows less degradation.
Reproduced with permission
from (Park et al., 2008).
Copyright (2008), American
Institute of Physics.

Figure 2.7. Schematic of the
IGZO TFT coupled with Zn0
nanoparticles, and the enlarged
portion shows the change in
depletion layer width before and
after exposure to ammonia gas.
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temperature to 150°C (Yun et al., 2017). Using this structure, the re-
ducing gas NH; was sensed at a comparatively low temperature of
150°C. The sensing mechanism is quite different from other TFT-based
sensors. The sensing and readout elements have different roles in
gas detection. When NH3 comes in contact with the sensing element
(ZnO nanoparticles), the reaction with adsorbed oxygen leads to the
formation of NH,OH as a by-product, and the trapped electrons are
released to the conduction band of ZnO nanoparticles. This decrease
in conduction bandwidth causes an increase in conductivity and, in
turn, causes the modulation in drain current in the coupled TFT to be
kept at a fixed Vgs and Vpg. UV illumination is a nonthermal mode
of activation of IGZO TFT-based NO, sensors. Under UV light, there
is an increase in charge carriers due to the photogenerated electron
and hole pairs, which result in a negatively shifted transfer curve with
an increase in drain current. Through exposure to NO, gas, the drain
current decreases with a positive shift in the transfer curve. When NO,
comes in contact with the sensing layer, it acts as an electron acceptor
and reduces the number of free carriers, leading to a positive shift in
the transfer curve and decreased drain current. NO, amounts as low
as 2 ppm were able to be detected by using this method. Moreover, the
sensor response is relatively slow, and the UV light makes the device
unfit for portable uses (Knobelspies et al., 2018).

The variations in the drain current in an a-IGZO TFT strictly orig-
inate from the oxidation or reduction reaction between the channel
surface and the analyte gas molecules, as the amorphous channel
layer does not possess any active reaction sites or grain boundaries.
Because of this, enhancement mode (EM) and depletion mode (DM)
TFTs were fabricated for the sensing of NO, gas at concentrations
< 10 ppm and > 10 ppm, respectively, at a temperature of 100°C (Kim
etal., 2018). In EM mode a low concentration of NO, is sufficient for the
change in drain current due to the low carrier density, and the current
variation can be detected easily. However, for DM TFTs, a high amount
of NO, is required to make an observable change in the drain current.
The EM TFT shows fast response and selectivity compared to DM mode
TFT (Kim et al., 2018).

The prebiasing measurement method was proposed as a way to
improve the performance of a Si-based FET-type gas sensor (Wu et al.,
2017). Also, for IGZO and zinc tin oxide (ZTO) TFT-based oxygen
sensors, the applied electric field plays the role of a catalyst for the
chemisorption of oxygen by reducing the activation energy for ad-
sorption (Chen et al., 2012). A similar technique was implemented
to improve the NO, sensing property of an a-IGZO TFT. The appli-
cation of a positive prebias voltage to the gate electrode dramatically
reduced the response time and operating temperature for NO, sens-
ing. The improved sensing performance was attributed to the electric



Chapter 2 Metal oxide semiconductor thin-film transistors for gas sensing applications 39

field-induced chemisorption of NO, on
the active channel layer and the reduced
activation energy for the surface reac-
tion of NO,. Fig. 2.8 represents a chem-  E, - Activation energy

ical reaction model of NO, adsorption

onto an IGZO TFT. NO, gas becomes

NO, via the extraction of electrons from

the MOS layer. This decrease in electron

density in the active layer causes a shift

in the transfer curve toward the positive

direction. A reduced activation energy

by the induced electric field accelerates NOZ'

the NO, adsorption rate and causesa

more positive shift in the transfer curve. But a negative prebias volt-
age on the gate degrades the TFT performance. The device shows a
response value of 475 at an operating temperature of 90°C for 10 ppm
of NO, (Park et al., 2019). The effect of gate bias voltage was more
significant with an increase in pulse amplitude and width. As the pre-
bias time increases, the sensing performance is improved. The device
showed optimum sensing performance with a prebias voltage of 5V for
20 s at a temperature ranging from 60°C to 90°C, which indicates the
effectiveness of a positive prebiasing technique at low temperatures.
An amorphous zinc tin oxide TFT-based oxygen sensor uses visible
light illumination of the TFT to reduce the recovery time without any
heat treatment (Chen et al., 2012). However, incorporating such a light
source will affect the cost-effective fabrication and miniaturization of
the sensor.

——  without prebias
with prebias

2.4 Hybrid TFT sensors

It is essential to combine various material qualities to fabricate a
highly sensitive and selective gas sensor. Hybrid TFTs combine the
properties of organic, 2D materials and metal oxides to achieve better
sensor response. It was reported that organic layer capped bottom gate
a-IGZ0-based hybrid TFT sensors could operate at room temperature.
When a gas (oxidizing or reducing) interacts with the organic sensing
layer (OSL), the oxidation or reduction reaction causes a change in
the potential of the OSL. Hence we can treat the OSL as a floating top
gate, and the potential variations affect the current in the IGZO TFT.
When the device, with poly(3-hexylthiophene) (P3HT) as the OSL, was
exposed to ammonia, a reducing gas, a negative potential formed on
the OSL through the injection of electrons, causing a current drop in
the IGZO TFT. If the same device is exposed to an oxidizing gas like
NO, a positive potential forms in the OSL and causes an increase in
the TFT current. The device showed a sensitive reversible response to

Eal N02+e‘ - NOZ'

NO,+e

Figure 2.8. Chemical reaction
model for NO, adsorption onto
an IGZ0 TFT with and without
application of positive pre-hias
voltage on the gate electrode.
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Figure 2.9. (A) Structure of
WS,/IGZ0 heterojunction TFT
and the band diagram of
WS,/IGZ0 TFT after applying
negative gate voltage (Vgs) (B)
in air and (C) in an NO,
atmosphere. After applying a
positive Vgs the band diagram
(D) in air and (E) in NO,
atmosphere. Reproduced with
permission from (Tang et al.,
2019). Copyright 2019, American
Chemical Society.

100-ppb ammonia (with P3HT capping) and 100-ppb acetone (with
copper phthalocyanine [CuPc] capping) at room temperature (Zan
etal., 2011). CuPc-capped IGZO TFTs have high sensitivity toward ace-
tone, an index gas in the breath of patients with diabetes mellitus that is
used to distinguish between healthy (<900 ppb) and diabetes patients
(>1800 ppb).

A p-n heterojunction TFT with IGZO and 2D-WS; (tungsten disul-
fide) shows a better response to NO, gas at room temperature with
sensitivity values of 6820 for 5 ppm of NO, concentration (Fig. 2.9A).
Here a CVD-grown monolayer WS; is transferred to the bottom-gated
IGZO TFT and forms a p-n heterojunction sensing layer (Tang et al.,
2019). The depletion layer formed at the p-n heterojunction interface
of WS,/IGZO limits carrier diffusion and causes the low conductivity
of the device in the air. When the sensor is exposed to air, adsorbed
oxygen molecules form ionic oxygen species (O~ or O,~) by trapping
free electrons from the conduction band. When the sensor is exposed
to NO,, the oxidizing NO, reacts with the ionic oxygen and adsorbed
gas. NO, becomes an ionic species by attracting electrons from the
heterojunction and decreasing the conductivity. This affects the equi-
librium state of the built-in field and induces holes to accumulate at
the surface of WS, and reduces the depletion layer thickness. The band
shape and depletion layer width of the heterojunction can be modu-
lated by applying an external back gate voltage (Figs. 2.9B-E). There
were two possible mechanisms to explain NO, sensing depending on
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the concentration of the exposed gas. At a low NO; concentration (0
to 10 ppm), when the adsorption sites are sufficient for gas molecule
detection, the Schottky barrier builds up between the WS,_IGZO junc-
tion, and the electrodes changes. Thereby, a change in Vg and sub-
threshold slope can be seen. NO, adsorption is more favorable in
the metal/electrode interface, and it modulates the Schottky barrier.
Moreover, the higher binding energy of these sites leads to difficulty
in desorption. Therefore sensor recovery at a low gas concentration
is difficult. At higher gas concentrations (more gas molecules than
the active adsorption sites), the predominant sensing mechanism is
the doping of transistor channels in addition to the Schottky barrier
change. When NO, concentration increases, WS, becomes more p-
type, and more charges are transferred to the p-n heterojunction. This
causes an ultrahigh response toward NO, under an appropriate gate
bias.

25 Summary

Electrical stability, large-scale uniformity, and simple and cost-
effective fabrication methods make MOS TFTs promising candidates
for various optoelectronic applications. The gate-controlled modula-
tion of active channel conductance gives TFT-based gas sensors an
upper hand over conventional resistive-type MOS sensors. A num-
ber of readily extractable TFT parameters help the sensors to achieve
more sensitivity and selectivity toward different gases. Binary MOS
TFTs show good sensing toward various oxidizing and reducing gases,
but a temperature-mediated process is needed to recover the sensor
because the recovery of trapped carriers is not possible at room tem-
perature. P-type MOS TFT sensors were less studied because of their
inadequate sensing response. Multicomponent amorphous oxides are
another class of MOS showing better gas sensing properties. As the
amorphous channel layer does not possess any active reaction sites,
the variation in the TFT parameters is originated from the reaction of
analyte gas with the channel layer. Sensing response and selectivity
can be improved by modifying the device structure. Improved mea-
surement methods like applying a prebias voltage to the gate terminal
will effectively reduce the activation energy for the surface reaction of
gases and improve sensitivity. Hybrid and p-n junction TFTs combine
the properties of organic and 2D materials with MOS to achieve better
response, selectivity, and room-temperature operation.
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3.1 Introduction

Two-dimensional (2D) materials have brought a revelation in sci-
entific research, owing to their excellent chemical, mechanical, electri-
cal, and optical properties, making them a strong candidate for various
device applications. On top of their exceptional properties, novel 2D
materials possess certain structural precedences such as their high
surface-to-volume ratio and the ability of their surface to decorate
species or functional groups, making them attractive candidates as gas
sensing materials that can detect low levels of various gases exposed
at low temperatures (Li et al., 2012; Park et al., 2018; Perkins et al.,
2013; Sarkar et al., 2014). Among the family of 2D materials, graphene
is the most popular and widely used 2D material, owing to its out-
standing properties. But the absence of intrinsic bandgap limits the use
of graphene on certain device applications. The search for novel 2D
materials similar to graphene has triggered the exploration of a wide
range of materials such as transition metal dichalcogenides (TMDCs).
Among the TMDCs, 2D MoS, emerged as a promising semiconducting
material by virtue of its extraordinary properties such as high mobil-
ity, high flexibility, high breaking strength, and low power consump-
tion (Bertolazzi et al., 2011; P. et al., 2016; Park et al., 2018; Radisavljevic
et al., 2011). These features, along with its structural modifications and
functionalization with metals or metal oxides, make MoS, an efficient
sensing material (Cho et al., 2015b, 2015d; Park et al., 2018; Sarkar et al.,
2015; Sharma et al., 2018; Zhang et al., 2010). The dimensionality of
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the material plays a major role in gas sensing applications, and 2D
materials are more promising because of their ultrathin structure and
the high surface area associated with it. The high surface area of the
material leads to high sensitivity toward adsorbed gas molecules. The-
oretically, we assume that the whole surface is exposed to the target
gas in the case of monolayer 2D materials such as TMDCs; hence they
promise high sensitivity (Neri, 2017; Sun et al., 2014). Also, in monolayer
2D structures the surface atoms are unsaturated due to low coordi-
nation numbers. Mostly the adsorption of gas molecules happens on
the low coordinated areas of the solid surface, such as edges, steps,
terraces, kinks, and corner atoms. Hence the number of chemisorbed
gasmoleculesis high. Since atomically thin 2D TMDCs have numerous
low coordinated sites, they are expected to show enhanced sensing
properties compared to their bulk counterparts (Liu et al., 2017; Neri,
2017). Besides their structural advantage, 2D TMDCs have a unique
electronic band structure with bandgap varying with the thickness of
the material. Hence their bandgap can be modulated by tuning the
number of layers and thereby the sensing properties of the material.
Also, the intrinsic charge transport characteristics can be studied by
analyzing the electronic structures of such thin 2D TMDCS, which is
essential to understanding the sensing behavior of the material. Sub-
stantial changes in the electronic structure may occur in monolayer
materials due to the changes in the interlayer coupling, the degree
of quantum confinement, and symmetry element. Since the changes
in the electronic structure of single-layer materials are strongly influ-
enced by the adsorbed gas species, the sensing properties of the mate-
rial also improve compared to other bulk materials. 2D TMDCs show
remarkable enhancement in sensing properties as the thickness of
the material is decreased mainly due to the quantum confinement ef-
fect (Kim etal., 2016; Neri, 2017). Also, 2D TMDC-based sensors require
less power at even low operating temperatures, thereby increasing the
lifetime of the device. This is attributed to the physisorption charge
transfer sensing mechanism in 2D TMDC sensors, which require very
low power (Neri, 2017; Zhang et al., 2016). These features of 2D TMDCs
make them a promising candidate for use as high-performance gas
sensors compared to other sensing materials.

3.2 Sensing mechanism in 2D-based
gas sensors

A typical metal oxide-based gas sensor uses surface-adsorbed oxy-
gen ions in order to sense target gases. The surface of metal oxides
adsorbs negative oxygen ions (0O,~, O~, and O?7) at an operating
temperature higher than 100°C. When target gases are exposed to

-
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metal oxides, they interact with the negative oxygen ions, resulting in
a change in the conductivity of the metal oxides. If the target gas is
reducing in nature, the conductivity of metal oxides increases, while
exposure to an oxidizing gas decreases the conductivity of metal ox-
ides (Barsan & Weimar, 2001; Jiménez-Cadena et al., 2007; Yang et al.,
2017).

In the case of 2D material-based gas sensors (graphene and related
inorganic analogs) the sensing mechanism is related to the charge
transfer processes, where the sensing material accepts or donates
charge to the chemical species to be detected. Upon exposure to vari-
ous target gases, there occurs a charge transfer reaction between the
adsorbed gas molecules and the sensing material. This is followed
by different transfer directions and quantities of charges leading to
different changes to the resistance of the sensing material. If air is then
exposed to the sensing material, desorption of gas molecules occurs,
and resistance of the material goes back to the initial state. If an n-type
(electron donor) sensing material is exposed to an oxidizing gas, the
electrical resistance of the material increases while it decreases when
the material interacts with a reducing gas. The reverse process occurs
for a p-type (electron acceptor) sensing material (Vargas-Bernal, 2019;
Yang et al., 2017).

A theoretical account for the charge transfer mechanism of n-type
monolayer MoS, was given by Yue et al. using first-principles calcu-
lations. The adsorption of H,, O,, H,O, NH3, NO, NO,, and CO on
monolayer MoS, was considered. The charge density difference plot of
the interaction of monolayer MoS, and the adsorbed gases is shown in
Fig. 3.1. The green sector in the figure represents the charge depletion,
while charge accumulation is shown in the red sector.

The exposure of oxidizing gases such as H,, O,, H,0O, NO, NO,, and
CO with MoS, results in the transfer of electron charge from MoS, to
the adsorbing gases. As a consequence, the electron charge density of
MoS, decreases, leading to an increase in the resistance of monolayer
MoS,. But when MoS, is exposed to NH; (a reducing gas), electron
charge transfers from MoS, to NH; molecules cause an increase in the
electron charge density of MoS, and a decrease in its resistance (Yang
etal., 2017; Yue etal., 2013). Measuring the change in the photolumines-
cence of the sensing material before and after exposure to target gases
can prove the charge transfer mechanism in 2D gas sensors.

3.3 2D-based gas sensing devices

A traditional gas sensor detects the target gas when the electri-
cal, electronic, or optical characteristics of the sensing material are
changed upon exposure to different target gases. This change in prop-
erties of the sensing material can be termed as the sensing signal.
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Figure 3.1. Charge density
difference plots for (A) Oy,

(B) H,0, (C) NHs, (D) NO, (E) NO,,

and (F) CO interacting with
monolayer MoS, (Yue et al.,
2013).
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Various types of conventionally used 2D-based gas sensors are listed
below.

3.3.1 Field-effect transistors

A field-effect transistor (FET) can be used as an effective, low-
cost, and portable gas sensor with sensitive detection. A typical FET
gas sensor comprises a semiconducting channel (sensing material)
with metal electrodes at either end that act as the source and drain.
The conductance of the device can be controlled by the application
of various bias voltages on the gate electrode through a thin layer
of dielectric material. For gas sensing in a FET, the changes in the
drain-source current at a constant voltage are measured before and
after exposure to the target gas. When the target gas is adsorbed by
the sensing material, its electronic structure changes, which results in
the change in conductance of the semiconducting channel. A FET gas
sensor can be used to detect a variety of target gases. A typical exam-
ple of a 2D FET sensor using a layer of chemically reduced graphene
oxide (rGO) as the semiconducting channel in a back-gated configu-
ration is shown in Fig. 3.2A. The SEM image of the device is shown
in Fig. 3.2B. The drain-source current (I4s) is measured by applying a
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(A)

Figure 3.2. (A) Schematic
illustration of a FET sensor
based on reduced graphene
oxide; (B) SEM image of the
device, the brightest regions
35 4 = 12 are the metal electrodes; (C) Iy
AL _-“t::_m ! i versus V, curves before (black
M sakive W curve) and after (blue curve)
exposure to NHs; (D) Iy versus
V, curve after NO;, exposure (Lu
et al., 2011). Reprinted with
permission from (Lu et al., 2011).
=40 =20 ‘u 20 40 =40 =20 -ll 20 40 Copyright (2011) American
A\ AL Chemical Society.
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drain-source voltage of 0.1 V and varying and the gate voltage (V)
between —40V and +40 V. The I4,-V,, curve of the device upon exposing
the device to air and NHj3 gas is shown in Fig. 3.2C. Before exposure
to NHj, the device shows a typical p-type behavior, while after sensing
NHj, it shows ambipolar characteristics. This can be attributed to the
n-type doping effect of the NH; gas molecule, which decreases the hole
density of rGO, thereby diminishing its conductance. However, expo-
sure to NO, gas makes the device completely p-type (I4 slope is higher
than in air) and furthermore increases its conductance significantly,
as shown in Fig. 3.2D. Being an oxidizing gas, NO, extracts electrons
from rGO, which increases the hole density in rGO and enhances its
conductivity (Donarelli & Ottaviano, 2018; Lu et al., 2011; Yang et al.,
2017).

3.3.2 Chemiresistors

Chemiresistors are among the most favored gas sensors, attributed
to their cheap production cost, simple mode of operation, ease of fabri-
cation, and ability to reuse. The working mechanism of a chemiresistor
is that when the sensing material adsorbs a target gas molecule, the
electrical resistance of the sensing material changes. The target gas
can be identified by measuring the induced resistance change. In a
typical chemiresistor the sensing material is deposited between two
interdigitated electrodes supported by an insulating substrate. A
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Figure 3.3. Schematic diagram
of a G-PANI chemiresistor (\Wu
etal., 2013).

25 pm

2D-based chemiresistor gas sensor using drop cast graphene/
polyaniline (G-PANI) as the sensing material is shown in Fig. 3.3.
Interdigitated gold electrodes spaced at 25 um were deposited onto a
SiO, substrate, to which G-PANI was drop cast. The device succeeded
at sensing NH3 in a 1-6400 ppm range. The response of the device is
calculated using Eq. 3.1.

RG - Rair

Response = x 100% (3.1)

air
where Rg is the resistance of the device after NH; exposure and Ry, its
resistance in air (Donarelli & Ottaviano, 2018; Wu et al., 2013).

3.3.3 Optical gas sensors

In traditional gas sensors changes in the electrical properties of
the sensing material are measured to identify the target gas. But in an
optical gas sensor the variations in the optical characteristics, such as
fluorescence, reflectivity, and absorbance, of the sensing material are
used to sense the target gases.

Gold nanoparticles (AuNPs)-coupled graphene oxide sensor is
such a2D-based optical gas sensor developed by Cittadini et al. that de-
tects target gases by measuring the changes in the relative absorbance
of rGO. When the devices is exposed to H, (a reducing gas), the ab-
sorbance of rGO/AuNPs increases while it decreases upon exposure to
NO, (an oxidizing gas), as shown in Fig. 3.4 (Barsan & Weimar, 2001;
Vargas-Bernal, 2019).

Another sensor that uses the optical properties of a sensing material
is a surface plasmon resonance (SPR) sensor. When a light beam is
an incident on a material, the surface plasmons get excited, and the
diffracted/reflected light is collected by a detector. For SPR excitation,
the characteristics of the incident light change if there is a change in the
refractive index of the sensing material. 2D materials such as graphene,
graphene oxide, and MoS, are among the popular sensing materials
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used to fabricate SPR sensors (Donarelli
& Ottaviano, 2018; Piliarik & Homola,

1.004-air} H,i air § Hy i air
2009; Zeng et al., 2014, 2015; Zhang et al., | ﬂ
2013).

H

3.34 Impedance Sensors
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the impedance is computed in the fre-
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rent corresponding to an applied si-
nusoidal voltage (Rheaume & Pisano,
2011). An impedance sensor consists
of sensing material deposited between two metal electrodes. A sinu-
soidal voltage ranging from subhertz to megahertz is applied between
two electrodes, and the sensing response is measured using solid-
state impedance spectroscopy (Peter et al., 2007). One of the major
advantages of impedance sensors is that they can detect very low con-
centrations (sub-ppm) of hydrocarbons, CO, NOy, and humidity.

3.4 MoS;-based gas sensors

MoS; is a TMDC consisting of Mo and S atoms with strong in-
plane covalent bonds, while the vertically stacked layers are linked
via weak van der Waals forces between the layers in its bulk form
(Fig. 3.5A) (Radisavljevic et al., 2011). MoS,, like other TMDCs, can
exist as a hexagonal (2H), octahedral (1T), and distorted octahedral
(1T) crystal structure (Duerloo et al., 2014). Even though all these
phases consist of a molybdenum atom layer sandwiched between two
atomic layers of sulfur, only the 2H phase is semiconducting, while
other phases are metallic. Hence the 2H phase has been widely stud-
ied for electronic device applications. The most commonly occurring
and thermodynamically stable crystal structure for MoS; is hexagonal
(2H), which has a 2D-layered structure with Dg, point group symme-
try (Ataca et al., 2012). A monolayer of MoS; consists of a single sheet
of Mo plane sandwiched between two planes of S atoms forming a 2D
hexagonal crystal structure with a trigonal prismatic arrangement and
D3}, point group symmetry (Fig. 3.5B and C). Monolayer MoS; has a
thickness of ~6.5 A with the upper and lower sulfur atoms about 3.2 A
apart (Lu etal., 2011). MoS, monolayer has lattice constants reported to
be ~:3.22 A with a S-Mo-S bond angle of ~80.56° and a covalent bond
length of Mo-S of 2.43 A (Ataca et al., 2011, 2012; Ganatra & Zhang, 2014;
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Figure 3.4.
https://doi.org/10.1016/j.carbon.
2013.12.048. Time-resolved tests
for AuH-rGO sample achieved
at 528 nm upon exposure to Hy,
CO, and NO,. Reprinted from
Carbon, Volume 69, Michela
Cittadini, Marco Bersani,
Francesco Perrozzi, Luca
Ottaviano, Wojtek Wlodarski,
Alessandro Martucci, Graphene
oxide coupled with gold
nanoparticles for localized
surface plasmon resonance
based gas sensor, 452459,
Copyright (2013), with
permission from Elsevier.
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Figure 3.5. (A) 3D form of bulk
MoS,; (B), (C) side and top views
of 2D hexagonal layouts of
single-layer MoS, (Radisavljevic
etal., 2011).

P. et al., 2016). Another intriguing feature of 2D MoS; is that its surface
is free from dangling bonds.

Since 2D-layered MoS, is held together by weak van der Waals
forces, monolayer MoS, can be easily synthesized using exfoliation
methods (mechanical and chemical), just as with graphene. Also, it
can be grown in large areas using techniques such as chemical vapor
deposition (CVD) and physical vapor deposition (pulsed laser depo-
sition and sputtering). Unlike graphene, MoS, has a definite bandgap
exhibiting both direct (1.89 eV) and indirect (1.2 eV) transitions in its
monolayer and bulk forms, respectively. This intriguing nature can
be attributed to a combined effect of quantum confinement, long-
range Coulombic effects, and a change in the hybridization between
p. orbitals in S atoms and d orbitals in Mo atoms (Mak et al., 2010;
Splendiani et al., 2010). Also, monolayer MoS, exhibits strong photolu-
minescence with two excitonic peaks corresponding to 1.9 eV and 2.05
eV. These peaks appear to originate from the direct excitonic transitions
at the K zone, with the energy splitting (~0.15 eV) as a result of the
combined effect of interlayer coupling and valence band spin-orbit
coupling (Ganatra & Zhang, 2014; Kadantsev & Hawrylak, 2012; P. et al.,
2016).

The in-plane stiffness of a monolayer of MoS, is about 180 +
60 Nm™!, with an effective Young’s modulus of 270 + 100 GPa, which
is higher compared to that of bulk MoS, crystal (240 GPa) as well
as that of steel (~205 GPa) (Bertolazzi et al., 2011; Castellanos-Gomez
et al., 2012). Monolayer MoS, has a high breaking strength of 22 +
4 GPa, which is between 6% and 11% of its Young’s modulus, and
consequently, the monolayer MoS, can be deformed and bent to a
curvature of a radius of 0.75 mm by upholding its innate properties
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(Allen et al., 2010; Barvat et al., 2017; Ramana et al., 2008). Because of
these extraordinary mechanical features, MoS, can be used in flexi-
ble electronic and optoelectronic devices. The piezoelectric properties
shown by MoS, can be exploited for sensitive mechanical transducers
applications (Duerloo et al., 2012). Nanomechanical resonators based
on MoS, could operate in HF (high-frequency, 3-30 MHz) and VHF
(very-high-frequency, 30-300 MHz) bands with good performance
and exhibit a very high figure of merit of about 2 x 10'° Hz, even atroom
temperature (Lee et al., 2013a). Single-layer MoS, exhibits exceptional
electrical properties, which is evident from the first transistor made
using MoS; as the channel layer. The device exhibited a high mobility
of up to 200 cm? (V s) ~! along with a high on/off ratio of ~10® at
room temperature (P. et al., 2016; Radisavljevic et al., 2011). Along with
these outstanding electrical and optical properties, the high surface-to-
volume ratio of mono- and few-layered MoS, makes them promising
sensing materials.

FET devices were among the first-developed gas sensors using
MoS, as the sensing material channel. Mechanically exfoliated MoS,
was used to fabricate single- as well as multilayered (1-4L) MoS,-
based FETs in order to detect NO gas. Even though FET using mono-
layer MoS, showed rapid response toward NO, it was less stable,
while multilayered (2L, 3L, and 4L) MoS,-based FET sensors exhibited
both sensitivity and stable response with a detection limit of 0.8 ppm
(Lietal., 2012). Similarly, micromechanically exfoliated MoS, FET sen-
sors using one- to five-layered MoS, were used to sense NO,, NHj,
and water vapor. The device exhibited an n-type behavior with an
increase in resistance during NO, (electron acceptor) exposure and
a decrease in resistance when exposed to NHj (electron donor), as
shown in Fig. 3.6C and D, respectively. Surprisingly, five-layered MoS,
FET sensors were more sensitive compared to bilayer MoS, devices,
while single-layered MoS, FETs turned out to be unstable. The better
sensing performance of multilayered MoS, FET sensors is because
of the fact that the electronic structure of layered MoS, is thickness
dependent. First-principles calculation using density functional theory
(DFT) confirmed the transfer of charge between the MoS, semicon-
ducting channel and the exposed gas molecule (Late et al., 2013).

FET gas sensors fabricated using CVD-grown monolayer MoS, with
Schottky contacts showed a strong response toward NO and NHj. The
device detected NO, at 20 ppb and NHj at 1 ppm with a conductance
change of more than 20% and 40%, respectively. The main reason
for this highly improved sensitivity of the device is the Schottky bar-
rier modulation at the MoS,-metal electrode junctions along with the
charge transfer between the gas molecules and MoS, monolayer (Liu
etal., 2014).
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Figure 3.6. (A) Schematics of
MoS, FET-based NO, sensor
(Late et al., 2013), (B) optical
photograph of the MoS, FET
sensor mounted on the chip,
and comparative (C) two- and
(D) five-layer MoS, cyclic
sensing performances with NO,
and NHj, respectively (Late
et al. 2013). Reprinted with
permission from (Late et al.,
2013). Copyright (2013)
American Chemical Society.
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Resistive gas sensors based on MoS, are also widely used for
the detection of several target gases. High-concentration aqueous
dispersion of MoS, nanosheets synthesized using a combination of
grinding and sonication were used to sense NHj gas. The device was
fabricated by inkjet printing MoS, nanosheets onto the microelec-
trode, which was already prepared. The resistance measurements of
the sensor corresponding to the exposed NHj3; showed decent sensi-
tivity, which is attributed to the high-concentration aqueous disper-
sions of MoS, nanosheets along with their large surface-to-volume
ratio and robust adsorbability (Yao et al., 2013). A CVD-grown MoS,-
based chemiresistor was developed by Lee et al., which can sense
NHj at a concentration of up to 200 ppm under an N, environment
at room temperature with a poor recovery below this limit (Lee et al.,
2013b). Another resistive-type gas sensor was developed using liquid-
exfoliated MoS, flakes deposited on prepatterned SisN, substrates,
which can detect both oxidizing (NO,) and reducing (relative humidity
and H,) gases. Two devices were made, with one annealed at 150°C
and the other at 250°C in air. The device annealed in air at 150°C
exhibited p-type conductivity when exposed to NO, and 50% relative
humidity. Conversely, the device annealed in air at 250°C exhibited
n-type conductivity when exposed to NO,, relative humidity, and H,
gases, sensing both oxidative and reducing gases with a measured
detection limit of 20 ppb and response intensity equal to 5.80 at 1 ppm.
This outstanding performance of the device is attributed to the partial
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oxidation of the MoS, surface and increased sulfur vacancies due to
annealing in air at 250°C (Donarelli et al., 2015).

A bifunctional sensor using CVD-grown trilayered MoS, as a sens-
ing material was developed, which not only senses gas molecules but
also detects photons. The device turned out to be an excellent gas
sensor with high selectivity and sub-ppm-level detection for NO, with
astable cycling behavior in dark conditions compared to that with NHj3,
H,, and H,S. Even in the presence oflight, the device detected NO, and
NHj; but with less response compared to that in dark conditions. The
possible reason for this behavior is the increase in desorption of the
target gases. The sensor also acts as a capable photosensor with moder-
ate photoresponsivity (~71 mA/W), reliable photoresponse, and rapid
photoswitching within 500 ms (Cho et al., 2015a).

Apart from the large surface-to-volume ratio and its semiconduct-
ing behavior, MoS, also possesses numerous active sites, which makes
ita good sensing material. In order to study the effect of active sites dur-
ing sensing MoS; aligned in three different ways was used by Cho et al.:
horizontally aligned MoS,, a mixture of horizontally aligned MoS, and
vertically aligned layer, and vertically aligned MoS,, grown by means of
CVD. The resistive sensors based on vertically aligned MoS, showed a
five-times higher response to NO, when compared to the horizontally
aligned MoS, device. This can be attributed to the high adsorption
energy on the MoS, edge sites compared to the MoS, films’ basal
plane. The experimental result was confirmed by DFT calculations,
using which the binding energy of NO, near the edge sites of MoS, was
computed and multiple configurations in which it is much stronger
than those at the basal plane of the MoS, were found (Cho et al.,
2015d).

The sensing capabilities of MoS, gas sensors can be enhanced by
activating efficient charge transfer between the target gas molecules
and MoS,. This can be achieved by the surface functionalization of
MoS, with the nanomaterial of metal oxides and noble metals as func-
tional (Yang et al., 2017). Such a robust and high-performance gas
sensor with flexible thin film transistor (TFT) arrays based on MoS,
was fabricated by He et al. for the detection of NO, gas. They used rGO
as the electrode and functionalized MoS, thin film with Pt NPs, which
increased the sensitivity of the sensor by a factor of three and achieved
a detection limit of 2 ppb. This increase in sensitivity is probably at-
tributed to the change of the Schottky barrier between the semicon-
ducting MoS; thin-film channel layer and Pt NPs upon the adsorption
of NO, gas molecules (He et al., 2012). Apart from NO, detection,
Pt-decorated MoS, works as a very efficient humidity sensor as well.
Berman et al. developed an ultrasensitive humidity sensor by drop-
coating Pt-decorated few-layered MoS, nanoflakes on interdigitated
Au electrodes. The device recorded a very high response of 4000 times
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at 85% relative humidity with excellent stability, making it a suitable
sensing layer in a portable, low-power humidity sensor (Burman et
al., 2018). The effect of functionalization/doping on MoS, by metallic
NPs and the sensing behavior of functionalized MoS, FET sensors were
studied by Sarkar and his group. They doped MoS, with noble metals
such as Au, Ag, Pd, and Pt, as well as low-work-function metals such
as Sc and Y and made monolayer MoS, FETs in a back-gated config-
uration functionalized by Pd NPs in order to detect H, gas. Without
Pd functionalization, the sensor showed a negligible change in current
upon exposure to 3-ppm H, gas, while there was a substantial increase
in current on the Pd NP-functionalized MoS, FET sensor. This is due to
the decrease in the work function of Pd NPs upon hydrogen adsorption
resulting in the decrease in p-type doping and thus an increase in the
current of n-type MoS, FET. Also, they obtained a sensitivity of 5 for
Pd NP-functionalized MoS, FET sensors upon 3-ppm H, exposure at
room temperature, which was less than 1 for a bulk MoS, FET sensor
under the same conditions (Sarkar et al., 2015).

Similar to metal NPs, decorating metal oxide NPs on a 2D MoS; gas
sensor may enhance the sensing characteristics of the device. High-
sensitivity SnO, nanocrystals decorated on MoS, nanosheet-based gas
sensors with excellent repeatability and selectivity toward NO, gas
were fabricated by Cui et al. SnO; acted as a strong p-type dopant,
which create a p-type channel in the MoS, nanosheet. Though the
sensing device based on pure MoS, nanosheets was unstable, gas
sensors made of MoS,/SnO, nanohybrid structures exhibited a sta-
ble nature at room temperature. This high stability was the result of
incorporating SnO, nanocrystals, which increases its work function,
and creating a passivation layer to prevent the interaction between the
oxygen and the MoS,. The device exhibited a low detection limit of 0.5
ppm (Cui et al., 2015). In a similar work Yan and coworkers decorated
the surface of MoS, nanosheets with SnO, NPs to form a SnO,@MoS,
composite. The SnO,@MoS;, composite gas sensor showed a better
response to ethanol gas than the device made of pure SnO,. The
better performance of the SnO,@MoS, composite gas sensor is at-
tributed to three major reasons. Primarily, MoS, nanosheets exhibit
a high surface-to-volume ratio, which prevents SnO, NPs aggregation,
thereby facilitating the reaction of ethanol with surface-adsorbed oxy-
gen. Also, the active sites provided by MoS, nanosheets, along with ex-
cellent interaction between SnO, NPs and MoS, nanosheets, improve
the rate of electron transfer and thereby enhance the gas sensing per-
formance of the device. Finally, a p-n junction is formed at the interface
between SnO, NPs and MoS, nanosheets, and when the device is ex-
posed to ethanol gas at high temperatures, the generated electrons get
transferred to the conduction band of SnO, NPs, thus enhancing the
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sensing performance of the device (Yan et al., 2015). MoS, nanosheets
were also decorated with ZnO NPs, and the ZnO@MoS, composite
gas sensor showed better gas sensing performance toward ethanol gas
than ZnO NPs alone (Yan et al., 2016a).

Apart from functionalization by metal and metal oxide NPs, the
hybrid/heterostructures of MoS, with other 2D materials were also
found to have an immense effect on the sensing behavior of cor-
responding gas sensors. An atomically thin, flexible MoS,/graphene
heterostructure-based resistive gas sensor developed by Cho and his
group is shown in Fig. 3.7A. The flexible sensor was able to success-
fully detect NH3 and NO, gases at 150°C, and it maintained response
to both gases without major degradation even after 5000 bending
cycles, as shown in Fig. 3.7B (Cho et al., 2015c). They also investi-
gated the changes in gas sensing properties of MoS, heterostructures
on flexible substrates when decorated with metal NPs. The flexible
MoS,/graphene hybrid gas sensor was decorated with Pd and Al NPs,
and it was found that metal NPs can modulate selectivity by tuning
the electronic properties of the 2D sensor. When exposed to NH3 and
NO, gases, the device decorated with Pd NPs showed more sensitivity
toward NHj gas while sensitivity to NO, was enhanced by Al NPs (Cho
etal., 2015b).

The hydrothermal synthesis of MoS, often leads to the formation of
hierarchical nanostructures, which may add to the improved sensing
capabilities of 2D MoS, gas sensors. Such a gas sensor was fabricated
by incorporating AuNPs on MoS, hierarchical nanostructures, and the
device was able to sense NH; gas at low temperatures (Yan et al.,
2016b). MoS»/Sn0, hierarchical p-n heterojunctions, which were the
first of their kind, acted as a bifunctional device showing incredible
gas sensing performance along with exceptional catalytic property. The
device achieved fantabulous performance by tuning the amount of
MoS,. A low amount of MoS, made the device an excellent TEA (tri-
ethanolamine) sensor with superior selectivity, very high sensitivity,
and stability at a relatively low working temperature. By increasing the

Figure 3.7. (A) Optical image of
a MoS,/graphene
heterostructured device on a
bent polyimide substrate. (B)
Comparison of the gas response
characteristics of the flexible
heterostructured device
before/after the bending cycle
test; (inset) 3D schematic
images showing the bending
test condition (Cho et al., 2015¢c).
Reprinted with permission from
(Cho et al., 2015c). Copyright
(2015) American Chemical
Society.



B8 Chapter 3 Recent developments in 2D Mo$, thin films for gas sensing applications

amount of MoS,, the device exhibited excellent catalytic activity for the
reduction of 4-nitrophenol. These enhanced bifunctional properties
of the device may be ascribed to the synergic effect of hierarchical
structures along with the exposure or more active sites (Qiao et al.,
2018). The improvement in the gas sensing performance by controlling
the surface structure at the atomic level was ascertained from the ele-
vated gas sensing abilities of hierarchical hollow MoS, microspheres-
based gas sensors fabricated via the hydrothermal method. The device
succeeded at detecting H,S, NHj;, C,Hs0H, C5Hg, CO,, NO,, SO,, and
NO and showed a higher response toward NO, gas at a relatively lower
temperature (150°C). The hierarchical MoS, hollow sphere possesses
more active sites and increased specific surface area, which results in
its increased gas sensing performance (Li et al., 2019).

3.5 Summary

2D MoS; thin films have emerged as a very promising sensing ma-
terial for the detection of a wide range of gases, which can be attributed
to their extraordinary electrical, optical, mechanical, and chemical
properties. 2D MoS; FET sensors showed tunable sensing behavior by
modulating the thickness of the MoS, this film. These sensors are ca-
pable of detecting various target gases even at room temperature with
low power consumption, making them durable gas sensors. Even after
bending for 5000 cycles, the flexible MoS,-based gas sensor showed
a promising response without much degradation. The sensing perfor-
mance of the 2D Mo$S, FET sensors can be enhanced by functionalizing
MoS; thin film by metal and metal oxide NPs as well as forming het-
erostructures and composites of MoS, and other 2D counterparts like
graphene, rGO, and h-BN. The coupling of these 2D materials seems
to have an enhanced effect on the gas sensing properties of the device.
The structural orientation of MoS, thin films has also had a significant
contribution in the sensing behavior, with the vertically aligned MoS,
FET gas sensor showing a five-times better sensing response com-
pared to the horizontally aligned counterpart. Apart from structural
orientation, the formation of the MoS, hierarchical structure has also
been shown to improve the gas sensing properties mainly because
of an increase in the number of active sites along with high specific
surface area. Another advantage of the MoS,-based gas sensor is that
it can be used as a bifunctional device that acts as both a gas sensor
and a photodetector simultaneously. Even though the MoS,-based gas
sensor has shown very promising development in recent years, there
is still a need for improvement in areas such as detection limit and
selectivity of the target gas molecules, which hopefully will be solved
in the near future.

-
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4.1 Introduction

Nanotechnology has proved its possibilities in almost all realms
of modern living. Researchers are therefore getting self-motivated in
finding novel ways to develop nanomaterials with interesting func-
tionalities. Among the wide niche of applications of nanotechnology,
nanostructured gas sensors have attracted ample interest due to the
escalating changes in our ecosystem, especially our immediate atmo-
sphere. Upon a wide literature survey, we would come across two com-
mon strategies that have been proposed to improve the properties of
gas sensors. The generally accepted strategy is to control the growth of
nanomaterials by suitably modulating the dimensions, properties, and
morphology since the properties of gas sensors are highly dependent
on their surface-to-volume ratio. The growth of nanostructures through
the unidirectional crystallization of solid-state structures is found to be
achieved via various mechanisms such as the use of templates with
nanostructure morphologies, inherently anisotropic crystallographic
structures for nanowire (NW) morphology, the use of a liquid/solid
interface to reduce the symmetry of a seed, and the appropriate use
of surfactants or capping agents to control the growth rates of facets
of a seed (Yogeswaran & Chen, 2008). The next best strategy to im-
prove sensing performance is through surface modification with noble
metals, including silver, platinum, rhodium, and gold. Gas sensing per-
formance can be improved significantly because of the high catalytic
activity of noble metals toward the test gases (Guo et al., 2014; Kaneti
et al., 2015; Kim et al., 2015; Vallejos et al., 2011; Yan et al., 2016a).
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In the case of pure metal nanostructures a number of techniques
are in practice, such as inert gas condensation, plasma processing,
physical and chemical vapor deposition (CVD), electrodeposition,
rapid solidification, sol-gel synthesis, microemulsion, spark erosion,
mechanical alloying, and severe plastic deformation (Suryanarayana,
2002). The nucleation of nanostructures depends upon the lattice of the
substrate used, adhesion energy, crystal lattice orientation of the elec-
trode surface, specific free surface energy, and lattice mismatch at the
interface boundary of the nucleus and substrate. Nanostructures for
specific applications can be developed using the surface of the cathode
as a template. Such template-assisted electrodeposition processes are
mainly of two types: active template-assisted and restrictive template-
based electrodeposition (Milchev, 2002; Milchev et al., 1974). Hierar-
chically assembled structures have also turned out to be very effective
for gas sensing due to their less agglomerated configurations, more
effective transfer of charge carriers, and chances of better gas diffusion,
which leads to high gas response and a fast response speed (Lee, 2009).

4.2 Templated nanostructures: synthesis
techniques and applications

Templating against colloidal particles has been accorded
as an effective approach for the synthesis of hollow spherical
nanostructures. There are several reports on ceramic hollow spheres
grown using colloidal particles on the nanoscale with gold, silver,
or CdS particles and on mesoscale silica or polymer beads (Correa-
Duarte et al., 1998; Walsh & Mann, 1995). Typically, a thin coating
of the material (or its precursor) is formed on the template to create
a core-shell composite; subsequently, the template is removed
by calcination at elevated temperatures or selective etching in an
appropriate solution. The inner diameter of these hollow spheres
is determined by the template size. For coating, the template with
a thin shell of the desired material; controlled adsorption; and/or
reactions such as precipitation, grafted polymerization, or sol-gel
condensation are adopted on the surfaces of template particles
(Garg & Matijevi¢, 1988; Guo & Dong, 1999). However, maintaining
the homogeneity and thickness of the coating is trickier, with very
high odds for clumping and heterocoagulation. Recent research has
developed two techniques for the homogeneous, dense, thin coatings
of silica on various types of templates. One technique focuses on
the modification of the template surface with an appropriate primer
that could enhance the coupling of silica monomers or oligomers
to this surface (Liz-Marzan et al., 1996). The second technique
is building a shell structure around the surface-functionalized
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template particle through layer-by-layer (LBL) adsorption of
polyelectrolytes and charged nanoparticle. The subsequent removal
of the core can yield hollow spheres with a varied range of dimensions
(Caruso et al., 1998).

4.2.1 Template-assisted hollow nanostructures

Hollow nanospheres have been proven to be a preferred structure
due to their large surface area, efficient catalytic activity, and structural
stability (Gyger et al., 2010; Ma et al., 2013; Yang et al., 2007). Besides,
the use of noble metal particles or heterojunction has also been re-
ported to improve sensing properties (Ju et al., 2014; Miller et al., 2014).
Zhong et al. had described a facile method that generates mesoscale
hollow spheres of TiO, and SnO, by templating their sol-gel precur-
sor solutions against crystalline arrays of monodisperse polystyrene
beads. The diameter of the polystyrene template determines the hollow
sphere void size and the ceramic wall thickness could be effortlessly
modulated in the range of 30-100 nm by using sol-gel precursor solu-
tions with different concentrations (Zhong et al., 2000). Li et al. (2005)
employed the core-shell technique in which hollow spheres were pre-
pared by controlled adsorption, involving precipitation reaction, sol-
gel condensation, and LBL deposition of the desired material onto
the surface of an appropriately modified colloidal template (usually a
polymer) and the subsequent removal of the template through ther-
mal and/or chemical treatments (Decher, 1997; Zhong et al., 2000).
p-n heterojunctions with n-type SnO, hollow spheres and p-type NiO
nanoparticles have also been reported to be efficient triethylamine
(TEA) gas sensors with high response and selectivity (Ju et al., 2015).
Here, the hollow spheres of SnO, were synthesized by using a template-
assisted hydrothermal method. NiO nanoparticles were deposited us-
ing the pulsed laser deposition (PLD) process onto the surface of the
SnO; hollow sphere to form NiO/SnO; p-n junction sensors, with a
response of 48.6 for 10-ppm TEA gas with a detection limit as low as
2 ppm-level.

Coaxial- or core-shell-type oxide-based electrospun nanofibers
such as CuO-SnO,, ZnO-CuO, TiO,-ZnO, NiO-Sn0,, ZnO-In,03,
In203—W03, L3203—WO3, SHOQ—CCOZ, Sn02—1n203, and Il’lg_XNixO3
have been reported to be excellent gas sensors (Du et al., 2012; Feng
et al., 2012, 2015a, 2015b; Kalantar-Zadeh et al., 2015; Katoch et al.,
20144, 2014b; Lee et al., 2013; Park et al., 2009; Qin et al., 2013; Wang
etal., 2010; Zhang & Qiao, 2012). Coaxial electrospinning has also been
found to be beneficial for the otherwise nonelectrospinnable core ma-
terials since the reduced surface tension at the boundary of two fluids
and the elasticity of the shell fluid delay or suppress the Rayleigh insta-
bility of the core fluid (Merkle et al., 2013). Choi et al. have reported thin
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Figure 4.1. Schematic diagram
for the growth process of In,03
nanotubes.
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(0.5-1 m) layers of non-aligned or quasialigned hollow ZnO fibers by
sputtering ZnO onto sacrificial templates, i.e., polyvinyl acetate fibers
deposited by electrospinning on silicon or alumina substrates (Choi
et al., 2009). As compared to the reference ZnO thin film specimens,
the hollow ZnO fibers were more sensitive and exhibited a twofold
increase in their surface-to-volume ratio. The sensitivity enhancement
upon exposure to residual concentrations (2-10 ppm) of NO, in the
air at elevated temperatures (200-400°C) was even more. Besides the
electrospinning technique, a few metal oxides such as Ga,0s3, In,0s3,
TiO,, and Fe,0O3; in nanotubular morphology have been fabricated
through nanoporous alumina template-assisted approaches (Chen
et al., 2005; Cheng & Samulski, 2001; Imai et al., 1999). Carbon nan-
otubes (CNTs) have also been considered to be an ideal template for
the synthesis of metal oxide nanotubes of ZrO,, Al,03, V05, SiO,,
and MoOj; using a metal alkoxide-based sol-gel process followed by
calcination (Satishkumar et al., 1997). Ample efforts have been made
to synthesize metal oxide nanotubes (Fig. 4.1) with CNTs as the skele-
tal template through different routes such as the supercritical fluid
approach, CVD, chemical precipitation method, and LBL assembly
(Du et al., 2007; Han & Zettl, 2003; Katoch et al., 2014a; Sun et al., 2005;
Zhang et al., 2002).

Template-assisted synthesis routes can utilize both hard templates
(Breen et al., 2001; Dai et al., 2002; Xiong et al., 2002; Yang et al.,
2003) and soft templates (Yang & Zeng, 2004). Soft templates such
as surfactants tend to self-assemble to form micelles with desired
structures (Chen et al., 2004). These aggregated micelles are unstable
in certain solvents, failing to act as efficient templates. In this view

)
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complex surfactant systems are promoted for the synthesis of hollow
structures (Qi et al., 2002; Zhang et al., 2002). A complex surfactant
such as poly(ethylene oxide)-block-poly(methacrylic acid)-sodium
dodecyl sulfate (PEO-b-PMAA-SDS) micelles as templates could hold
Ca®* ions and assist with the precipitation of CaCOj3 (Qi et al., 2002).
Thelarge steric hindrance of the surfactant polymer PEO-b-PMAA-SDS
fails to limit the size of the precipitate to the nanometer regime. How-
ever, simple coordination agents or surfactants such as terephthalic
acid can effectively hold Sn** ions without a large steric hindrance
and yield SnO; hollow nanospheres from a micelle system made up of
terephthalic acid and sodium dodecyl benzene sulfonate (SDBS) in an
ethanolic solution. The as-prepared hollow nanospheres showed good
room-temperature sensitivity to ethanol vapors up to a detection limit
of 10 ppm (Zhao et al., 2006).

The functionalization of metal-organic framework (MOF)-derived
synergistic catalysts on metal oxides-based hollow nanofibers is an-
other technique for developing gas sensors. The nanoscale catalysts
decorated on hollow structures can effectively promote surface re-
actions; however, they reduce their surface energy at high operating
temperatures, leading to the degradation of response and the delay
of recovery (Lee, 2009). With an aim for the development of gas sen-
sors having high sensitivity, superior selectivity, and fast responding
speed, particularly in a highly humid atmosphere, a facile and effective
catalyst loading route was developed by Koo et al. (2017). They used a
nanoscale palladium nanoparticles (~2 nm)-loaded Zn-based zeolite
imidazole framework (~80 nm) as a catalyst loading platform for the
effective functionalization of a PAO@ZnO catalyst onto metal oxide
nanotubes. Even rare earth metals such as cerium have been tried
as effective defects on metal oxide hollow nanospheres for acetone
sensing (Song et al., 2012).

The use of spherical templates is also a facile approach to attain hol-
low morphology. Several reports have discussed coating polystyrene
spheres with Fe precursors and subsequent conversion of the precur-
sor layer into metal oxide (Caruso et al., 2001; Ding et al., 2006; Ohnishi
etal., 2006; Shiho & Kawahashi, 2000). The core templates are removed
by thermal decomposition.

4.2.2 Anodic aluminum oxide as a template for
nanostructures

Various approaches have been developed to generate the branched
nanostructures, mainly including vapor-phase (Jung et al., 2007; Wang
et al., 2003; Yun et al., 2006), solution-phase (Dong et al., 2007;
Kuno et al., 2006; Wan et al., 2008), and template-assisted methods
(Li et al., 1998; Meng et al., 2005; Papadopoulos et al., 2000). The
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Figure 4.2. AAO structure
prepared via the
electrochemical oxidation of Al.
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template-assisted method has its own advantages, such as precisely
controlling the morphology and dimension of the nanostructures. An-
odic aluminum oxide (AAO) has been generally used as a template with
an aim to realize specific characteristics such as tunable pore shapes,
dimensions, and lengths and good mechanical and thermal stability
(Jessensky et al., 1998; Li et al., 1998). Anodization of aluminum is a
technique in which a layer of porous alumina is formed (Zhang et al.,
2006) on the surface of aluminum, thicker than the native oxide usually
formed on the aluminum surface for natural anticorrosive protection.
These nanoporous AAO can be used as templates since the condition
of the anodization process can be modulated to tune the depth and
diameter of the nanopores. The most cited early reports on AAO
membranes show perfectly parallel pores, ordered hexagonally using
a two-step anodization technique (Fig. 4.2) (Martin, 1994; Masuda
& Fukuda, 1995). Anodic aluminum membranes or templates are
being widely used in research fields such as optoelectronics, energy
conversion and storage, high-density magnetic storage devices, and
biotechnology. There are a few reviews on anodic alumina and its
large-scale use in designing functional and patterned nanostructures
for all applications that demand large-surface-area and available
adsorption sites (Lee & Park, 2014; Zhao et al., 2018).

AAO templates with branched nanochannels have been applied
to generate various branched nanostructures, such as CNTs (Lee
et al., 2006; Jani et al., 2013) and semimetal NWs (Tian et al., 2004).
Nanowire structured gold and polypyrrole developed using AAO with
predesigned nanochannels as templates building have been reported
to be promising for integrated nanocircuits and nanoelectronics (Xu
et al., 2009). Polyaniline (PANI) NWs electropolymerized using AAO
membranes have also exhibited superior electrochemical properties
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and a large surface-to-volume ratio fit for gas sensing (Yu et al., 2009).
AAO has been extensively used as a nanoporous template for synthe-
sizing nanotubular forms of TiO, for various applications wherein a
larger specific surface area is a necessity (Bae et al., 2008; Chang et al.,
2010; Lee et al., 2010). Vertically aligned but electrically interconnected
TiO, nanotube arrays were fabricated using atomic layer deposition
combined with an AAO template suitable for H, gas sensing (Lee
etal., 2011c). The use of porous AAO membrane is an established strat-
egy for the synthesis of one-dimensional nanotubular forms of metals
(Lahav et al., 2003), semiconductors (Cai et al., 2004), and polymers
(Steinhart et al., 2002). Besides transition metal oxides, spinel AB,0,4-
type nanotubes are also found to have improved reactivity than the
corresponding single oxides. MCo, 0O, (M = Ni, Cu, Zn) nanotubes have
displayed excellent selectivity and high sensitivity to various gases such
as ethanol and SO, (Zhang et al., 2006). Esman et al. reported the fab-
rication of functional polypyrrole (PPy) nanotubes by compromising
between effectiveness and mildness of template dissolution conditions
(Esman & Lellouche, 2010).

The AAO membrane mask has also been used along with the PLD
technique for nanopatterning well-ordered nanodot arrays of mag-
netic CoFe, 0, for awide range of applications such as sensors, drug de-
livery, and data storage (Gao et al., 2009). For Au deposition over ZnO
nanorod arrays, Chik et al. have used AAO membranes as a shadow
mask. But the stiffness and hydrophilicity of AAO membranes limited
the transfer to a much smaller scale (approximately in the area size
range of mm?) with the inevitable occurrence of large voids in the
pattern (Chik et al., 2004).

4.2.3 Layer-by-layer assembly on templated
nanostructures

The technique of developing application-oriented nanostructures
gained more success after the advent of the sequential LBL transfer
of ultrathin films onto solid substrates via self-assembly, with a lim-
ited single-layer thickness at around the 1-10 nm range. In the LBL
assembly method the exfoliation of solids is done to produce col-
loids of sheets having a lateral thickness in the nano range (~10 nm).
In this process the charged species is adsorbed onto a substrate of
opposite charge, which reverses the substrate surface charge. The sub-
sequent layers are then deposited by the alternate adsorption of op-
positely charged species onto the substrate. The layering continues
until the desired film thickness is achieved. Following a conceptual
proposal on the LBL assembly of charged colloidal particles (Iler,
1966), Decher et al. demonstrated LBL assembly by the consecutive
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adsorption of anionic and cationic bipolar amphiphiles and polyelec-
trolytes in 1991 (Decher & Hong, 1991). In 1996 Kotov et al. developed
ultrathin graphite oxide/polyelectrolyte (GO/P) composites using the
self-assembly technique (Kotov et al., 1996). They could benefit from
properties such as controllable conductivity, magnetoresistance with
proper adhesion to different surfaces, flexibility, and inherent self-
assembly. The lateral conductivities and the ease of transition between
the nonconductive GO to the conductive graphite made them quali-
fied as components of advanced optical and electronic devices. Kov-
tyukhova et al. have also reported the preparation of GO/polycation
films grown on planar Si and Al,O3/Al supports following electrostatic
self-assembly (Kovtyukhova et al., 1999). The references for active re-
search progress on the LBL assembling technique, especially in the
early 1990s, had been listed by Cassagneau et al. in 2000, indicating
the use of this technique for ultrathin electronic, electrooptical, charge
storage devices and sensors (Cassagneau et al., 2000).

LBL proved to be an efficient technique for assembling supramolec-
ular structures and was also used for creating LBL thin films of CNTs
with polyelectrolytes similar to the graphene/polyelectrolyte combi-
nations (Shen et al., 2008; Zhang et al., 2004). A review published in
2008 by Wang et al. focuses on the two main classes of templates,
namely, planar and colloidal templates, to prepare nanostructured
materials (Wang et al., 2008b). These porous planar and colloidal
substrates, when used in LBL, offer immense opportunities to de-
velop materials with advanced structuring. Colloidal templates of dif-
ferent compositions (such as polymer, inorganic, liquid droplets, gas
bubbles) and geometries (such as spheres, rods, fibers) could create
nanostructures in different forms such as films, capsules, nanotubes,
nanoporous particles, and macroporous and biomimetic structures, fit
for potential applications such as adsorption, immobilization, cataly-
sis, drug delivery, sensing, separations, and synthesis. In 2009 again, a
review was published centering on the physicochemical parameters,
such as ionic strength, layer number, and pH, affecting the perme-
ability of multilayer shells (Mansouri et al., 2009). The authors also
discussed the synergic effect on the loading and release of biologi-
cally active molecules from LBL multilayers. LBL has also been em-
ployed in developing composite films composed of graphene and no-
ble metal nanoparticles (such as gold and platinum) through vacuum
filtration or ionic liquid linking (Kong et al., 2009; Zhu et al., 2010).
Also, the LBL technique could realize RGO sheets with the multilayer
film thickness in the subnanometer scale by simply varying the num-
ber of stacking layers, fit for OLED device applications (Lee et al.,
2011a). In 2011 Azzaroni et al., in their review, provided a diverse range
of LBL nanotube devices demonstrating the versatility of the nan-
otemplated LBL toolbox for generating functional soft nanotechnology
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(Azzaroni & Lau, 2011). LBL is already in the limelight, especially due to
its application in cell-surface engineering, cell-based bioscience, and
biomedical technologies. In a recent review published in 2019 Ariga
et al. unraveled the prospects of realizing LBL assemblies to layered
nanoarchitectonics (Ariga et al., 2019). However, we need to see an
evolution in this process in terms of the development of cheap mass-
production processes for LBL materials.

In 2007 for the first time, Du et al developed porous and poly-
crystalline In,O3 nanotubes with diameters of ~20-60 nm using LBL
assembly on CNT templates with subsequent calcination. The as-
prepared In,O; nanotubes exhibited a greater sensitivity and short
response/recovery times to NH; at room temperature due to their
ultrahigh surface-to-volume ratio and porous surface morphology (Du
et al., 2007). The sensing of gaseous forms of aromatic hydrocarbons
such as hexane, cyclohexane, ethanol, acetone, benzene, pyridine, and
toluene was also demonstrated using layered graphene/ionic liquid
(G-IL) composites on quartz crystal microbalances (QCM), wherein
the layered structures are formed by the in situ reduction of GO layers
in the presence of nonvolatile ionic liquids and subsequent electro-
static LBL assembly (Ji et al., 2010).

Ethanol sensing devices working at room temperature were de-
veloped using multiwalled CNT/polymer film-based sensors on the
printed circuit board substrate using LBL self-assembly technology.
The performance of multiwalled CNT/polymer film sensors fabricated
by LBL self-assembly was compared with that of sensors made by
other means such as drop-casting and thermal evaporation technique,
which highlighted a faster response and sensitive resistance change
when exposed to ethanol gas, showing its prospects in terms of both
performance and cost (Zhang et al., 2014). Recently, catalyst-decorated
hollow WO3 nanotubes were successfully synthesized through the LBL
self-assembly of inorganic precursors on sacrificial polymeric (here,
polymethylmethacrylate) nanofiber templates followed by subsequent
calcination (Koo et al., 2016). The sensing performances were evalu-
ated toward various analytic gases such nitrous oxide and toluene in
a highly humid atmosphere using pristine WO3, Pt loaded-WOj3, and
Pdloaded-WO; nanotubes. The LBL synthesis approach for producing
hollow metal oxide nanotubes functionalized with various catalysts
was found to be promising in exhaled breath analysis for the detection
of nitrous oxide and toluene, which are biomarker gases for asthma and
lung cancer diagnosis, respectively.

In 2014 an exclusive review on emerging strategies and applica-
tions of LBL self-assembly gave a whole list of various substrates
utilized in the LBL self-assembly technique and their applications,
including those for gas sensing (Rawtani & Agrawal, 2014). Naisiri
et al, in 2019, in their review focusing on the nanodimensional
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design of current state-of-the-art gas sensors, superlative in selectiv-
ity, specificity, and sensitivity, considered human breath sensors as
a promising candidate for rapid and noninvasive disease diagnosis
(Nasiri & Clarke, 2019). They have also indicated the LBL technique
as an effective method to yield low-cost composite nanodimensional
materials.

4.3 Prospects of biocages as templates in
nanotechnology

Enormous research has been garnered by biological systems such
as capsids of viruses, protein complexes like ferritins and heat shock,
lipid vesicles and artificial cells with well-defined interior cavities and
chemically amenable features, modifying them into nanoreactors for
interesting applications such as immunosensing, gas sensing, drug
delivery, and electrocatalysis in fuel cells (Du et al., 2011; Gélvez et al.,
2005, 2008; Liu et al., 2006; Yan et al., 2016b). The most familiar tech-
nique of synthesizing metal nanoparticles for nanobiotechnological
applications is the use of a chemically and spatially confined organic
molecular matrix for nanoparticle encapsulation.

In the early 1990s itself Mann, Douglas, and others started employ-
ing horse spleen apoferritin cavity in the preparation of size-restricted
metal oxides and oxyhydroxides (Douglas & Stark, 2000; Douglas &
Young, 1998; Liu et al., 2006). Apoferritin is the protein shell of ferritin,
which can accommodate around 7000 iron atoms. The removal of iron
from ferritin through a complex chemical process yields apoferritin, a
biocompatible nanocage. Apoferritin consists of 24 polypeptide sub-
units with a hollow sphere structure with inner and outer diameters of
8 and 12 nm, respectively (Wong et al., 1998). The channels between
the polypeptide subunits allow the transport of metal ions in and out
of the cavity. Ferritins have been suitably modified for various protein-
inorganic hybrids, such as Pt, Pd, Au, Ag, FeS, CdS, CeSe, and ZnSe
cores with ferritin shells (Fan et al., 2011; Uchida et al., 2007; Ueno
et al., 2004). These nanoparticle-encapsulated apoferritins give rise
to superior dispersion in polar solvents due to the repulsion forces
between surface-charged apoferritins. The high-precision size control
and monodispersity of these nanoparticle-encapsulated apoferritins
make them efficient catalysts or carriers in applications such as catal-
ysis, sensing, drug delivery, magnetic resonance imaging (MRI), and
fuel cells (Qiu et al., 2013). A recent review on ferritin family proteins
describes their structural properties, organization, and the ability to
sequester metal within their cavities that channelize their functions
as containers for drug delivery and scaffolds for the production of
vaccines (Fig. 4.3) (He & Marles-Wright, 2015).
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As discussed above, the protein cage templates were primarily
used on a large scale as nanoparticle containers or capsules, espe-
cially in bionanotechnology. Our present lifestyle makes us increas-
ingly prone to different hazards due to toxic chemicals and gases,
which we should be alerted of whenever beyond a tolerance level.
Many organophosphates are being used as pesticides for agriculture
and a few of them have been zoned as chemical warfare agents or
nerve agents (Casida & Quistad, 2004; Guo et al., 2006; Noort et al.,
2002). These organophosphates bind with the hydroxyl group of serine
in the active site of cholinergic enzymes such as acetylcholinesterase
and butyrylcholinesterase and inhibit their function (Fennouh et al.,
1997; Pardio et al., 2001). This inhibition results in the accumulation
of neurotransmitter acetylcholine, which in turn interferes with mus-
cular responses and can even cause death (Quinn, 1987; Shi et al.,
2006; Young et al., 2004). Thus the development of facile and reliable
diagnostic tools for the rapid monitoring of organophosphates is of im-
mense priority. Initial efforts toward such an immunosensor employed
zirconia nanoparticles as a selective sorbent for quantifying immune-
recognition events through the recognition of the phosphorylation
moiety with phosphomoieties and quantum dots as tags (Fang et al.,
1997; Liu et al., 2008; Liu & Lin, 2005). However, this technique suf-
fered the drawback of using a strong acid to dissolve nanoparticle tags
before electrochemical detection (Du et al., 2008; Hansen et al., 2006;
Wang et al., 2008a). In 2011 Du et al. developed a ZrO, nanoparticle-
based disposable immunosensor taking advantage of the protein cage
apoferritin to prepare encoded metallic tags instead of quantum
dot-based labels (Du et al., 2011). Apoferritin has six hydrophobic

Figure 4.3. Schematic

representation of the

preparation of metallic

nanoparticles.
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channels and eight hydrophilic channels, wherein the hydrophilic
channels facilitate the passage of metal ions and small molecules into
the cavity of the protein. The central cavity, the characteristics for dis-
sociation and reconstruction at different pH environments, a multi-
channel structure, and the chemical properties of apoferritin make it a
perfect choice for a core-shell composite or encoded nanoparticle tag.
The apoferritin-templated metallic phosphate nanoparticle tag and
Zr0, nanoparticle-based electrode as a sandwich-like immunosensor
was the first reported combination avoiding the usage of horseradish
peroxidase or quantum dot labels for the detection of organophos-
phates. The ultrasensitive detection of this immunosensor was due to
the efficiency of apoferritin to encode a large number of metal ions. The
technique also stood out in terms of selectivity, simplicity, portability,
and expense, and additionally, it did not demand organophosphate-
specific antibodies.

Apart from the toxicity due to chemicals, toxic gases emanating
from mines, explosives, or any other environmental hazards can now
be detected using nanostructured metal oxide-based chemiresistive
sensors. The growing demand for improving the quality of life and life
expectancy has attracted immense interest in exhaled breath analysis
as a powerful candidate for future human health diagnostics, which
proves itself as an easy tool for the diagnosis of diseases using nonin-
vasive, affordable, fast, and facile technology. Exhaled breath contains
volatile organic compounds (VOCs) and volatile sulfuric compounds
(VSCs) such as acetone (CH3COCH3), toluene (CgHsCHj3), and hydro-
gen sulfide (H,S), which are known as biomarkers for the diagnosis
of diabetes, lung cancer, and halitosis, respectively (Dong et al., 2006;
Khalid et al., 2013; Peng et al., 2009). Several breath analysis methods
such as gas chromatography (GC), GC coupled with mass spectrom-
etry (GC-MS), and selected ion flow tube mass spectrometry (SIFT-
MS) have been implemented (Deng et al., 2004; Mark et al., 1994;
Sousaetal., 2006). Among the various approaches, chemiresistive-type
breath sensors with semiconductor metal oxides as the sensing layer
seem to be promising due to the high potential for low-cost fabrica-
tion and portable application (Liu et al., 2012). Numerous researches
have progressed in metal oxide-based exhaled breath analyzers using
SnO, (Kolmakov et al., 2003; Xu et al., 1991), WOs (Li et al., 2004; Solis
et al., 2001), In,O3 (Yamaura et al., 1996), TiO, (Wang et al., 2017),
and ZnO (Wan et al., 2004; Wang et al., 2006) as the sensor materials.
However, the low sensitivity and selectivity of sensors to detect trace
biomarker gases in breath still remain a challenge in developing high-
performance breath sensors. Enhancing the exposed surface area as
well as catalytic sensitization are the only possibilities to overcome the
challenge since gas reaction occurs on the surface of the oxide mate-
rial and can be effectively activated by catalytic sensitization. Breath
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analyzers have extraordinary requirements such as remarkable sensi-
tivity as well as selectivity toward low concentrations (sub-ppm level)
of specific biomarker molecules in an uncontrolled environment (ex-
haled breath) with high humidity and many other interfering gases,
imposing extraordinary challenges in terms of sensitivity and selec-
tivity to the target biomarkers. To conquer these challenges, the gas
sensing properties of metal oxide-based gas sensors can be enhanced
by tailoring their microstructure to achieve high sensitivity and sen-
sitizing their response to the target gas species by using catalysts.
One-dimensional (1D) nanotubes are a preferable nanomorphology
due to their high surface area that provides a maximum ratio of re-
active surface sites, both at the inner and outer surfaces of the tube
as compared to the unexposed bulk area in case of other structures.
1D nanotubular morphology for metal oxide-based (Fe,Os, SnO,,
WOs3, In,03) gas sensors has been widely reported to be prepared
by thin film deposition on sacrificial templates followed by template
decomposition gas sensors (Chen et al., 2005; Choi et al., 2013; Du
et al., 2007; Kim et al., 2010). For improved sensitivity and selectiv-
ity to specific biomarker molecules, nanocatalyst-functionalized (Pt,
Ag, Pd) metal oxide-based 1D nanotubes such as Pt-WO;, Ag,O-
Sn0,, Pd-V,0s, Pt-NiO, and Ag-SnO, were also reported (Chen et al.,
2011; Cho et al., 2011; Fu et al., 2013; Jin et al., 2014; Miao et al.,,
2013).

The role of bioinspired (i.e., protein cages or shells) nanocatalysts
in the synthesis of functionalized 1D metal oxide-based nanotubes
is noteworthy, especially for their contribution as breath sensors. Pt
(~2 nm) and Au (~2.7 nm) catalysts were encapsulated by apoferritin,
a protein nanocage, via the templating route, wherein Pt-apoferritin
and Au-apoferritin directly functionalized on the interior and exterior
walls of electrospun SnO; nanotubes during controlled single-nozzle
electrospinning. The tubular morphology and uniform distribution of
catalysts synergistically enhanced the gas sensing performances. Pt-
loaded SnO, and Au-loaded SnO, nanotubes could sense acetone and
H,S with a maximum response (R,i;/Rgas) of 92 and 34, respectively, at
5 ppm. The detection limit was improved even up to 100 ppb in a highly
humid environment (90% RH) with a noticeable response of 2.7 and 2
for acetone and H,S, respectively. The gas sensing performances of the
Pt- or Au-loaded SnO, NTs were remarkably better than those of dense
SnO, nanofibers, confirming the significance of effective nanocatalyst
loading and morphology evolution (Jang et al., 2015).

The high dispersion property due to repulsive force between protein
shells in apoferritin has also been effectively used to functionalize well-
distributed catalytic nanoparticles onto 1D metal oxide nanofibers.
Cho et al. decorated catalytic nanoparticles homogeneously on ZnO
nanofibers (Cho et al., 2017). Both precious catalysts such as Pt and
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nonprecious catalysts such as La and Cu were successfully apofer-
ritin encapsulated in the nanoscale (i.e., 3-5 nm). Catalytic Pt and Cu
nanoparticle-functionalized ZnO nanofibers exhibited approximately
sixfold and threefold acetone response, respectively, compared to
pure ZnO nanofibers. Also, La-functionalized ZnO nanofibers showed
around a ninefold response to nitrogen monoxide. The authors also
introduced the principal component analysis (PCA) method for dis-
tinguishing simulated breath components such as acetone, toluene,
nitrogen monoxide, carbon monoxide (CO), and ammonia (NH3) us-
ing the catalyst ZnO nanofibers. The potential of using nonprecious
catalysts to establish diverse sensing material libraries applicable to
breath pattern recognition for the diagnosis of diseases was also well
demonstrated. Another precious metal, ruthenium (Ru), has also been
used for functionalizing metal oxides (Kruefu et al., 2015; Lee et al.,
2011b; Niranjan et al., 2002). Recently, nanoparticles of RuO, were
loaded into WO3 nanofibers through the electrospinning method using
apoferritin as the catalyst carrier (Kim et al., 2017). The hollow nature
of apoferritin helps in realizing RuO, nanoparticles with average diam-
eters of 1.8 £ 0.9 nm and RuO,-functionalized WO3; nanofibers show
significantly enhanced acetone sensing response at a highly humid
atmosphere (95% RH), proving their potential for diagnosing diabetes
from exhaled breath. These nanofibers also showed outstanding selec-
tivity toward acetone gas against hydrogen sulfide, toluene, ethanol,
pentane, ammonia, hydrogen, and water vapor. The observed results
seem to be encouraging for the precise detection of acetone in exhaled
breath, resulting in the easy diagnosis of diabetes.

In addition to the synthesis of metal nanocatalysts for metal oxide
breath sensors, apoferritin has also been a carrier of metal catalysts for
hydrogen sensing (Choi et al., 2016). Coaxial electrospinning combined
with sacrificial templating and apoferritin-encapsulated functionaliza-
tion was employed to load a Pd nanocatalyst into macroporous WO3
nanotubes. Pd-functionalized nanotubes exhibited a very high H, re-
sponse of 17.6 (R / Rgas) at 500 ppm, and furthermore, the sensor was
highly selective to H, against CO, NH3, and methane (CH,). Recently,
quantum dots of cadmium telluride were also synthesized within the
hollow cavity of apoferritin. It was interesting to note that the control of
the reaction conditions and pH of the precursor solution with varying
the molar ratio of Cd and Te could yield CdTe quantum dots of different
diameters (Peng et al., 2017).

Apoferritin used for research purposes is extracted from the equine
and horse spleen. However, chemical companies do supply apoferritin
but at very high prices of around $1900 for 1 g of 0.2-m filtered apo-
ferritin from the equine spleen. The process of eliminating iron atoms
from ferritin to obtain the empty protein or organic shell is the first



Chapter 4 Template-assisted nanostructures for gas sensing applications

17

tedious step to convert ferritin into apoferritin as a nanoreactor for dif-
ferent nanotechnological applications. Most of the available protocols
for apoferritin synthesis are time consuming, tedious, and difficult to
reproduce. This intricate and long process flow makes apoferritin ex-
pensive. Nevertheless, Moglia et al. proposed a method for the efficient
generation of iron-devoid ferritin in a single-day timeframe, using bio-
compatible nondenaturing reagents (Moglia et al., 2018). They tested
several protocols and characterized the apoferritin products using size
exclusion chromatography, UV-Vis spectroscopy, inductively coupled
plasma optical emission spectrometry, and dynamic light scattering.
They could finally remove more than 99% of the iron from the loaded
holoferritin and recover 70%-80% of the original protein as monomeric
apoferritin nanocages by managing the pH conditions of the reduction
step and the nature of chelating agents used for iron removal. It was
found that the spectrophotometric measure for protein determination
in ferritin-iron complexes is not viable due to the absorbance of 280 nm
by iron in ferritin. However, the best process protocol was standardiz-
able, scalable, and applicable to be used for yielding iron-free apofer-
ritin nanocages based on lower ferritin iron content and higher protein
recovery; applicable for nanotechnological and biotechnological uses.

Besides ferritin-based biocages, viruses have also been exploited as
a constrained template to direct nanoparticle synthesis. Virus-based
templates offer confined cages, high symmetry, robust functional pro-
tein capsids, unique structural architectures, unique protein surface
topology (such as polarity, residue charge, and surface relief), and re-
peating motifs and are amenable to molecular biology manipulations
(Douglas et al., 2002; Douglas & Young, 1998). Viruses are used as scaf-
folds or templates to fabricate metalized nanoparticles and nanotube
structures using mineralization techniques (Shenton et al., 1999). Ex-
tensive research on these techniques has helped in the development of
mineralized nanotubes and NWs for applications such as batteries and
data storage devices (Lee et al., 2009; Nam et al., 2006, 2008). Com-
monly used viral templates include tobacco mosaic virus (TMV) and
cowpea chlorotic mottle virus (CCMV) (Douglas et al., 2002; Douglas
& Young, 1998; Dujardin et al., 2003; Knez et al., 2004; Liu et al., 2016;
Shenton et al., 1999; Wang et al., 2002). Slocik et al. described two viral-
mediated pathways for the synthesis of gold nanoparticles directed by
the surface chemistry of the virus capsid and the selection of a metal
precursor. They endorse the opportunity lying in the reductive capac-
ity of tyrosine for gold by introducing tyrosine residues into peptide-
binding domains within the viral cage or cavities of protein templates.
However, other metal precursor substrates of Ag*, Pt**, Pd**, and an
insoluble Au(I) complex were not found to be reduced to zero-valent
nanoclusters by the virus.
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Viral capsids can be icosahedral or rod shaped. Icosahedral par-
ticles range in size from 18 to 500 nm, whereas rod-shaped or
filamentous viral nanoparticles can reach up to 2 pm in length. CCMV
is an icosahedral protein capsid that is 28 nm in diameter. A review on
the art of engineering viral nanoparticles by Pokorski and Steinmetz
details their varied kinds and applications in drug delivery, imaging,
and other nanobiomedical applications (Pokorski & Steinmetz, 2011).
The surface chemistry of the outer surface of the virus is adequate
for the site-selective covalent binding of gold nanoparticles with size
<5 nm (Blum et al., 2004; Radloff et al., 2005; Slocik et al., 2005).
However, larger single gold nanoparticles (with size >8 nm) can be
encapsulated within the cavity of the viruses through self-assembly
from protein subunits (Aniagyei et al., 2009; Chen et al., 2006; Loo
et al., 2006; Wang et al., 2011). At neutral pH, the RNA cargo of the
virus can be disassembled into coat protein (CP) dimers under high
Ca* concentrations (Jeffrey et al., 1995). Upon adjusting the pH to 5 at
high ionic strength, the native cage-like structures of the viruses can be
regained through self-assembly.

Yan et al. used M13 bacteriophage as a viral template to fabricate 1D
gold/PPy nanopeapods (Yan et al., 2016b). The filamentous virus was
genetically modified for the selective attachment of gold nanoparticles
along its length, following which PPy shell was electropolymerized
on the Au nanoparticle chains, forming nanopeapod structures. The
networks of the hybrid Au/PPy nanostructures were excellent chemire-
sistive NH3 sensors. The sensing performance of the nanostructures
was evaluated from 5 to 50 ppmv at room temperature. The lowest
detection limit was calculated to be as low as 0.005 ppmv.

4.4 Summary

Nanomaterials in their wide range of morphologies and geome-
tries are being effectively used as biosensors, chemical sensors, optical
sensors, gas sensors, and so on. In this chapter we have attempted
to focus only on the gravity of research that has been done on de-
veloping nanostructures through templating. We could observe that
templating through different means using sacrificial templates, AAO,
and LBL assembly helped to modulate the structure, size, and com-
position of hybrid particles in a controllable way to tailor their op-
tical, electrical, thermal, mechanical, electrooptical, magnetic, and
catalytic properties. The emphasis on the much trickier use of protein-
based biocages for catalyst encapsulation, enzyme immobilization,
and breath analysis could also highlight the current relevance of tem-
plating nanobiotechnology.
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5.1 Introduction

A biosensor is an analytical device that transforms biochemical
reactions into a measurable signal proportional to analyte concentra-
tion (Arora, 2013). Biosensors constitute promising tools that are ap-
plicable in wide areas such as the fields of biomedical, environmental
monitoring, food processing, and other fields where fast and authentic
analyses are needed (Rastislav et al., 2012). In addition to these day-
to-day applications, biosensors can also serve as low-cost sense con-
taminating bioagents in the atmosphere. A widely accepted definition
for biosensors is: “a biosensor is a chemical sensing device in which
a biologically derived recognition entity is coupled to a transducer,
to allow the quantitative development of some complex biochemi-
cal parameter” One of the major applications of biosensors so far is
in blood glucose sensing because of its abundant market potential.
In spite of its potential, nowadays, commercial adoption has been
slowed down due to various technical problems like environmental
contamination due to the presence of biomolecules (S.P. & E., 2006).
Researchers from different fields such as physics, chemistry, biology,
engineering, and medicine are interested in evolving and manufac-
turing efficient and reliable sensing devices to get rapid and reliable
information (Sagadevan & Periasamy, 2014).

Nanotechnology has an important role in the development of
biosensors. The detection limit, reliability, and sensitivity of biosen-
sors can be enhanced using nanomaterials. Nanomaterials possess
unique physical and chemical features due to various effects such as
the quantum size effect, various surface effects, and quantum tunnel
effect. It has been demonstrated that the physical and chemical prop-
erties of nanomaterials have a strong influence on the performance of
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biosensors (Bin et al., 2010; Lei & Ju, 2012). Nanosensors, nanoprobes,
and other nanosystems are revolutionizing the fields of chemical and
biological sensors to enable the rapid analysis of multiple substances
due to their submicron size. Different types of nanomaterials, like gold
nanoparticles, carbon nanotubes (CNTs), magnetic nanoparticles, and
quantum dots, are being applied to biosensors because of their dis-
tinctive physical, chemical, optical, mechanical, and magnetic prop-
erties, along with enhanced reliability and sensitivity of detection (Ali
et al., 2017; Sagadevan & Periasamy, 2014). The latest development in
nanomaterial-based biosensors is the use of two-dimensional (2D)
materials for developing ultrafast and ultrasensitive sensors. Numer-
ous biosensors have been reported with graphene (Bitounis et al.,
2013; He et al., 2010; Liu et al., 2013), the first 2D material, and many
other 2D materials like transition metal dichalcogenides (TMDCs) and
transition metal oxides (Subbaiah et al., 2016). With a single or few
layers of atoms, 2D materials typically offer the advantage of the largest
surface area for analyte detection and the possibility to explore biosen-
sors based on new detection principles, owing to the extreme charge
confinement effects in such materials (Oh et al., 2021).

5.2 Fundamentals of biosensors

A biosensor is a device that amalgamates a biological recognition
element with a transducer, i.e., a biosensor is a probe that integrates a
biorecognition element with an electronic component to yield a mea-
surable signal. A biosensor consists of three essential components: a
biological recognition element, a transducer, and a signal processing
unit. The bioelement can be any organic body that detects any particu-
lar analyte from the medium of interest. The sensing element consists
of a transducer, which can be magnetic, optical, electrical, electro-
chemical, etc. A biosensor should possess rapid sensitivity, reliability,
portability, productivity, and long-lasting stability. Some important
parameters that play a very crucial role in the manufacturing of biosen-
sors are immobilization/fabrication of biorecognition element, high
accessibility of the reception sites to the species of interest, successful
adsorption of the analyte, etc. All these demands should be actively
addressed while designing biosensors (Ali et al., 2017).

A typical biosensor has five different levels of functions, as shown
in Fig. 5.1: (1) a bioreceptor or bioelement (bacterium, antibodies,
nucleic acids, enzymes, etc.) that accepts the specific analyte from
the sample; (2) an electrical interface in which biological processes
occur; (3) a transducer that converts the biochemical reaction into
an electronic signal; (4) the signal processor, which converts the
electronic signal into a physical parameter; and finally, (5) an in-
terface to display the results (Sagadevan & Periasamy, 2014). The
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bioreceptor/bioelement  shall not
recognize any other analyte and is
very specific to the analyte to which
it is sensitive. The analytes of interest
may be not only biological in nature @ &
(such as DNA, protein, cell, exosome,
etc.) but also ions, dissolved gases,
drugs, and toxins. When a bioreceptor
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chemical signal generated during the
biorecognition event into a measurable
electrical signal (Chen & Shamsi, 2017).
The fundamental idea of the biosensor
was first pointed out by Leland C. Clark
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Jr., the father of the biosensor concept.
His fabulous idea of the Clark oxygen electrode became the basis for a
wide range of bioanalytical instruments. One of the classic examples is
immobilized glucose oxidase (GOx), which transforms a simple plat-
inum electrode into an efficient scientific instrument for the detection
of glucose levels in human samples (Turner, 2013).

b.3 Classification of hiosensors

Biosensors can be classified based on the order of their discovery
into first-, second-, and third-generation biosensors. First-generation
biosensors involve the direct detection of either an increase of an en-
zymatically generated product or a decrease of a substrate of redox
enzymes using a natural mediator for electron transfer, for example,
a glucose biosensor (Arora, 2013). Second-generation biosensors use
artificial redox mediators like ferrocene, ferricyanide, and quinones for
electron transfer, which increases their reproducibility and sensitivity.
A typical example is self-monitoring amperometric glucose sensors.
In third-generation biosensors the redox enzymes are immobilized on
the electrode surface in such a manner that direct electron transfer is
possible between the enzyme and transducer.

Biosensors can also be classified based on their transduction prin-
ciple into categories such as electrochemical (including amperomet-
ric, potentiometric, and conductometric), electrical (including field-
effect transistor [FET]-based), optical (including fluorescence and sur-
face plasmon resonance [SPR]-based), piezoelectric (including quartz

Figure 5.1. Schematic

representation of components
and functionalities of a typical

biosensor.
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crystal microbalance [QCM] biosensors), and calorimetric (thermo-
metric) or based on their recognition element, such as immunosen-
sors, aptasensors, genosensors, and enzymatic biosensors, when anti-
bodies, aptamers, nucleic acids, and enzymes are used (Justino et al.,
2017; S.P. & E., 2006).

5.3.1 Classification by transduction mechanism
5.3.1.1 Electrochemical biosensors

An electrochemical biosensor transforms the interaction between
the target and the biomolecule into an electric current or poten-
tial. Among the various available biorecognition elements, enzymes
are the most used biorecognition element owing to their specific
binding ability as well as biocatalytic activity (Rastislav et al., 2012).
Electrochemical biosensors are categorized according to the sig-
nal property, which allows the quantification based on biological
fluctuations into amperometric, potentiometric, and conductometric
biosensors.

Amperometric

Amperometric biosensors are the most commonly used biosensors.
Most biochemicals can be detected and quantified amperometrically
by using their enzyme-catalyzed electrooxidation or electroreduction
process. The working electrode is normally a noble metal or screen-
printed layer covered by the bioelement. The modern option is to use
CNTs. At the applied working potential, the conversion of electroactive
species generated in the enzyme layer occurs at the electrode and the
resulting current (typically in the nA to pA range) is measured.

Potentiometric

The potentiometric transducer calculates the difference in potential
that is generated across an ion-selective membrane separating two
solutions at virtually zero current flow. Potentiometric sensors such
as glass electrodes, metal oxide-based sensors, and ion-selective elec-
trodes are usually available (Rastislav et al., 2012). Moreover, they can
be easily mass fabricated in miniature form using advanced thin-film
technologies.

Conductometric (Impedimetric)

The conductivity or resistivity of a solution changes when ions
or electrons are produced during the biochemical reaction. The
parameter measured using this type of transducer is the electrical
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conductance/resistance of the solution (Rastislav et al., 2012). Conduc-
tance measurements have comparatively low sensitivity.

5.3.1.2 FET-based electronic transducer

An electronic transducer directly converts the reaction between the
biological detector element and the analyte to an electrical signal (Jeho
etal., 2014). In field-effect transistors (FETs) the charges on the analyte
create a modulation of the electrical conductivity of a channel by the
externallyinduced electric field. The external field, however, penetrates
only a short distance into the material and this distance is very limited
even in semiconductors that have a lower density of electrons or holes.
FET-based electrical transducers have the potential to be used to make
very sensitive, label-free, and real-time biosensors.

5.3.1.3 Optical transducers

Optical transduction recognizes changes in the optical properties in
the form of absorption, emission, transmittance, scattering, reflection,
refraction, etc., of the transducer surface induced by the biorecogni-
tion event (Chen & Shamsi, 2017). In optical biosensors the transducer
signal output is quantified as light. The interaction between the target
and receptors, immobilized on the transducer surface, leads to a vari-
ation in refractive index, which is subsequently detected and quanti-
fied based on transducer illuminations. Various optical biosensing ap-
proaches are categorized into absorption spectroscopy, fluorescence
and SPR and so on.

5.3.1.4 Piezoelectric (mass-sensitive)

Biosensors based on mechanical transduction are mass-sensitive
label-free transducers, and examples include surface acoustic wave
(SAW) sensors and QCM. An SAW sensor detects variations in the
velocity of an SAW using interdigitated transducers (IDTs) on a ce-
ramic resonator or quartz crystal-based piezoelectric substrate (Chen
& Shamsi, 2017). QCM detects a change in the resonating frequency of
a piezoelectric quartz crystal transducer. An applied external electri-
cal potential to a piezoelectric material produces internal mechanical
stress and it oscillates quartz crystal at its resonance frequency.

5.3.1.5 Calorimetric (Thermometric)

This type of biosensor is manufactured via the immobilization of
biomolecules onto temperature sensors (Rastislav et al., 2012). When
the analyte comes in contact with the biorecognition element, heat
is generated as a result of a chemical reaction, which is proportional
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to the analyte concentration. The total amount of heat produced or
absorbed in a reaction is proportional to the molar enthalpy and to
the total number of molecules in the reaction. The enzyme thermistors
measure the temperature of such a system.

5.3.2 Classification by biorecognition layer
5321 Enzymes

Enzymes are widely used as biorecognition elements for the de-
velopment of biosensors. These biosensors utilize enzymes that are
specific to the desired molecules and catalyze biochemical reactions,
which are then directly determined using transducers (Rastislav et al.,
2012). Glucose biosensors are the most successful and commercially
available biosensors that use enzymes like GOx or glucose dehydroge-
nase. Many factors like enzyme loading, the use of a suitable pH, and
temperature have an influence on the performance of enzyme-based
biosensors.

5322 Antibodies

An antibody is a network of biomolecules that is made up of hun-
dreds of individual amino acids arranged in a specific ordered se-
quence. An antigen-specific antibody matches its unique antigen in a
distinct way. This particular property of antibodies is crucial to their
usefulness in immunosensors, where only the specific analyte of inter-
est, the antigen, fits into the antibody binding site.

5323 Nucleic acids

Biosensors based on DNA, RNA, and peptide nucleic acid gain their
high reactivity and selectivity from the very strong base-pair affinity be-
tween complementary sections oflined-up nucleotide strands (Chen &
Shamsi, 2017; Rastislav et al., 2012). Nucleic acid (NA)-based biosen-
sors integrate an NA (natural and biomimetic forms of oligo- and
polynucleotides) as the biological recognition element. Synthetic
oligodeoxyribonucleotides (ODNs) are used as probes in the DNA hy-
bridization sensors. End-labels, such as thiols, disulfides, amines, or
biotin, are integrated to immobilize ODNs to transducer surfaces.

5324 Cells

In a cell-based system the biorecognition is done by an entire
cell/microorganism or a specific cellular element capable of specific
binding to definite species. The main advantage of using this type of
bioreceptor is that the detection limits can be verylow because of signal
amplification. Cell-based biosensors can execute real-time bioassays
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very rapidly and have wide applications varying from biomedicine to
environmental monitoring (Rastislav et al., 2012).

5.4 Coupling/Immobilization methods

One of the most crucial parts of biosensor fabrication is the immo-
bilization of the biomolecule on the sensor head. Various factors that
affect the performance of biosensors with immobilized molecules are
the chemical and physical conditions (pH, temperature, and contam-
inants), thickness, and stability of the materials (Rastislav et al., 2012).
The most commonly used immobilization techniques for the construc-
tion of biosensors are membrane entrapment/immobilization, physi-
cal adsorption, matrix entrapment, and covalent bonding, as demon-
strated in Fig. 5.2.

In the physical adsorption method the coupling of different types of
forces like van der Waals forces, hydrophobic forces, hydrogen bonds,
and ionic forces is held together to attach the biomaterial to the surface
of the sensor. In the membrane entrapment technique a semiperme-
able membrane separates the analyte and the bioelement, and the
sensor is attached to the bioelement. Here the organic element is em-
bedded into the particular semipermeable membrane that is directly
placed over the sensor element. In this type the membrane acts as a
separating phase between the organic element and the analyte (Chen
& Shamsi, 2017; S.P. & E., 2006). If any porous material, like sol or gel
matrices, is used as the restricting medium for the biological element
and this matrix encapsulation forms a direct link with the sensor ele-
ment, it is called matrix immobilization (Chen & Shamsi, 2017). For the
covalent bonding method, the sensor surface is treated as a reactive
group to which the biological materials can bind, and hence in the
covalent coupling the bioelement and the sensor element are directly
attached by covalent interactions (S.P. & E., 2006).

Figure 5.2. Various kinds of
biomaterial-sensor coupling
mechanisms.
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Figure 5.3. Schematic diagram
of (A) MOSFET and (B) ISFET. (C)
Transfer curve of an n-channel
MOSFET, (D) typical threshold
voltage shift when the dielectric
layer is exposed to an analyte,
and (E) change in
transconductance when the
channel layer is exposed to an
analyte.
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5.5 Field-effect transistor biosensors

Nowadays, increasing interest has been garnered by the FET-based
biosensor, which is the most attractive electrical biosensor due to
its outstanding benefits like greater signal-to-noise ratio (SNR), fast
measurement capabilities with small amounts of sample requirement,
compact or portable instrumentation, low cost with mass-production
capability, and high-speed and efficient integration with other elec-
tronic components (Jeho et al., 2014). FET-based devices have innu-
merable biological applications comprising the recognition of several
biological elements like small molecules, proteins, DNA, peptides, and
cells. Anumber of FET-based biosensors have been developed to study
biomolecular interactions, which are the key drivers of biological re-
sponses in in vitro or in vivo systems. FET-based biosensors have been
considered better candidates for next-generation point-of-care testing
(POCT) (Syu et al., 2018).

The metal-oxide-semiconductor FET (MOSFET) is the commonly
used FET device. In its simple configuration a MOSFET consists of
source and drain contacts on either side of a semiconducting chan-
nel layer. The electrical conductance of this channel layer or, in other
words, the flow of charge carriers between the source and drain termi-
nals, is modulated by an electric field generated by applying a suitable
voltage to a third electrode called a gate, which is physically separated
from the channel layer by an oxide dielectric, as shown in Fig. 5.3A.
Depending on the type of charge carrier induced in the channel by the
action of the gate field, the FET can be either n-channel (electrons) or
p-channel (holes). The typical transfer characteristics of an n-channel
FET, obtained by scanning the voltage between the gate and source
terminals for a fixed small voltage applied between the source and
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drain terminals, are shown in Fig. 5.3C. The shape of this characteristic
curve strongly depends on the nature of the gate insulator and the
conditions prevailing at the gate region and channel layer (Mohanty
et al., 2012). When used for sensing applications, either the dielectric
layer or the channel layer can be exposed to the analyte. In the former
case adsorbed analytes cause a change in the capacitance, which in
turn causes a change in the charge carrier density in the channel,
leading to a change in the drain current (Ips). This is manifested as a
change in the threshold voltage of the FET, as shown in Fig. 5.3D. When
the channel layer is exposed, the adsorbed analytes directly influence
the conductance of the channel layer. This is manifested as a change in
the transconductance or mobility of the charge carrier (Fig. 5.3E).

In biological sensing FETs (BioFETs) the conventional physical gate
is removed and the dielectric layer is functionalized with specific re-
ceptors to selectively absorb the target biomolecule. This biomolecule
(which is usually charged) absorption on the gate electrostatically
modulates the conductance of the channel region, which is reflected
in the performance metrics (threshold voltage, field-effect mobility,
on/off ratio, subthreshold swing, etc.) of the transistor (Jeho et al.,
2014). This gating effect is also possible by using other methods like cov-
ering the sensing channel region with polymers/lipids, which enables
functionalization for specific biomolecule absorption, or by the direct
functionalization of the channel layer material with specific receptors.
In another approach the channel layer can be directly functionalized
with antibodies without an intermediate dielectric layer. Biomolecule
reception in such cases induces disorders in the channel potential
and hence affects the on-state transconductance of the transistor.
Biomolecule detection is usually quantified in terms of variations in the
FET performance metrics. There are many advantages to using a FET
biosensor in biological sensing. MOSFET-based biosensors are very
useful for detecting the DNA-binding activity of proteins (Han et al.,
2010). However, the shorter Debye screening length is a fundamental
issue for FET devices. The Debye length specifies the spatial extent
of the sensed bound charge on the sensor or how far its electrostatic
effects persist. Several attempts have been made to explore a better FET
architecture with advanced performance and to conquer the physical
limitations of the FET technology in recent years (Jeho et al., 2014).

FET-based sensors can be devised either using a gate electrode
(conventional FET) or without a conventional gate electrode (ion-
selective FET [ISFET]). The metal gate electrode in an ISFET is replaced
with an ion-selective electrode, an electrolyte solution, and a reference
electrode (Fig. 5.3B). The magnitude of the current of an ISFET device
depends on the charge density of the analyte molecules on the gate
surface. Park et al. were the first to describe the application of an
ISFET-based biosensor to measure conformational changes in proteins
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(Park et al., 2009; Syu et al., 2018). For the accurate detection of
biomolecules, the reference electrode in ISFET needs to provide a con-
stant stable potential during the operation. Finding a compact, stable
reference electrode is a challenge in this field (Kaisti, 2017).

Antibodies are the most widely used capture agents for identify-
ing, isolating, and quantifying analytes of interest due to their speci-
ficity to the binding antigen. When antigen-antibody binding occurs
(Fig. 5.3), a change in the gate potential arises, which varies the charge
density on the surface and it is an important factor when measuring the
interaction patterns of biomolecules using FET-based biosensors. Park
et al. reported the ISFET-based detection of a CRP (C-reactive protein)
antigen and its concentration as a useful indicator of inflammation in
the early stages of an infection (Park et al., 2009). FETs can also be used
to investigate enzyme-catalyzed reactions quantitatively and qualita-
tively. These enzymatic reactions allow the accumulation of charge
carriers at the gate surface in proportion to the analyte concentration.
The concentration of the charge carriers accumulated onto the gate
electrode increases in accordance with the enzyme-substrate reaction
until the substrate molecules are depleted. This enzymatic reaction can
cause a measurable change in the electrical signal between the source
(S) and the drain (D). A common example of an enzyme FET is the
glucose-sensitive FET sensor, which has a glucose oxidase membrane-
modified gate surface and is used to determine the level of glucose in
the blood (Jeho et al., 2014).

FET-based biosensors can be used for specific interactions of
biomolecules, such as enzymatic reactions, DNA hybridization, and
antibody-antigen reactions (Sang et al., 2016). Depending on the type
of biomolecules, there are different types of biosensors like enzyme-
based FETs (ENFETs), cell-based FETs, and immune detection-based
FETs (ImmunoFETs). ENFETs are a combined form of ISFETs with
enzymes, are based on biocatalytic reactions affecting the charge at
the gate surface, and produce an electronic signal dependent on the
enzyme-substrate concentration. The various kinds of enzymes stud-
ied by ENFETs include glucose oxidase, urease, and penicillinase. Cell-
based FETs are exploited for the detection of cell metabolism and anal-
ysis of the interaction of drugs and cells. They can also record electric
potentials inside cells. The nanotube can penetrate the cell membrane,
bringing the cell cytosol in contact with the FET, and hence is able to
record the intracellular transmembrane potential. ImmunoFETs are
the most frequently used biosensors. They detect the charged anti-
gens related to serious diseases using immobilized antibody-modified
FETs (Sang et al., 2016). Sarangadharan et al. (2018) reported the study
of high field gated FET biosensors engineered to directly detect target
analytes in a physiological salt environment. A few biomedical applica-
tions using high field gated FET biosensors have been demonstrated,
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such as direct protein detection in serum/whole blood and DNA/RNA
detection in 1X phosphate buffered saline (PBS).

The major challenge for FET-based biological sensing is the selec-
tion of appropriate channel materials that provide fast detection in low
concentration regimes. Many types of nanomaterials have been widely
used as promising candidates for FET biosensors. One-dimensional
(1D) semiconducting nanomaterials configured with FETs offer op-
portunities for real-time and label-free sensing applications, such as
silicon nanowires (SW) and CNTs. Persnova et al. developed a FET
biosensor using silicon nanowires for the detection of prostate-specific
antigen (PSA) in human serum (Presnova et al., 2017). These 1D struc-
tures suffer from fundamental constraints in terms of both sensitivity
and detection limits.

2D semiconducting nanomaterials, like graphene, have attracted
great attention as they can be used for developing biosensors with
high selectivity and sensitivity because of their excellent electrostat-
ics due to their atomically thin structure (Sang et al., 2016). It also is
of a planar nature, which enables large-scale integrated device pro-
cessing and fabrication. However, sensitivity is limited in graphene-
based FETs due to a lack of bandgap. Unlike this, TMDCs have a siz-
able bandgap and have unique physical properties. TMDCs like MoS,
have 2D stacked layers of covalently bonded transition metals and
dichalcogenide atoms kept together in a hexagonal lattice with weak
interlayer van der Walls forces. MoS, based FET have wide application
in biosensors devices (Tong et al., 2015). Unlike graphene-based FETs,
2D MoS; FETs help suppress direct source-to-drain tunneling leakage
currents and hence ensure better switching. Most oxide dielectrics
are hydrophilic and hence have relatively low affinity to biomolecule
adsorption. Therefore in order to monitor the binding events the ox-
ide surface needs to be treated with additional chemicals if an ISFET
geometry is used. However, MoS, deposited on oxide surface has hy-
drophobic nature and hence it shows a higher affinity to biomolecule
binding. Therefore MoS, can be used either as a surface-adsorption
layer on gate oxide or as a sensing channel layer. Hydrophobic MoS,
surface allows the physical adsorption of biomolecules onto the sensor
surface.

Sarkar et al. have reported a MoS,-based FET biosensor in an aque-
ous environment and operating in the subthreshold region for the ul-
trasensitive and specific detection of biomolecule (Sarkar et al., 2014).
They showed that this biosensor achieves excellent sensitivity in pH
sensing and in biomolecule detection (Fig. 5.4). Here micromechanical
exfoliation techniques were used for the preparation of MoS, flakes
and the device was fabricated on a 270-nm SiO,/Si substrate. A fluidic
channel for transferring the electrolyte is fabricated using an acrylic
sheet. It is important that the devices operate in a wet environment
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Figure 5.4. MoS,-based FET
biosensor device. (A) Schematic
diagram of a MoS,-based FET
biosensor. For biosensing, the
dielectric layer covering the
MoS, channel is functionalized
with receptors for specifically
capturing the target
biomolecules. The charged
biomolecules, after being
captured, induce a gating effect,
modulating the device current.
An electrolyte gate in the form of
a Ag/AgCl reference electrode
is used for applying bias to the
electrolyte. The source and
drain contacts are also covered
with a dielectric layer to protect
them from the electrolyte (not
shown in this figure). (B) Optical
image of a MoS; flake on 270-nm
Si0, grown on degenerately
doped Si substrate. Scale bar,
10 um. (C) Optical image of the
MoS, FET biosensor device
showing the extended
electrodes made of Ti/Au. Scale
bar, 10 ym. (D) Image and
schematic diagram (inset figure)
of the chip with the biosensor
device and macrofluidic
channel for containing the
electrolyte. Reprinted with
permission from Sarkar, D., Liu,
W.,, Xie, X., Anselmo, A. C.,
Mitragotri, S., & Banerjee, K.
(2014). MoS, field-effect
transistor for next-generation
label-free biosensors. ACS
Nano, 8(4), 3992-4003. © 2014
American Chemical Society.
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for the biosensing application. Hence the devices were measured in a
wet environment by transferring the electrolyte solution to the fluidic
channel (Sarkar et al., 2014).

The MoS, biosensor detects the pH changes in the electrolyte
solution (Fig. 5.4). The pH sensing was done by the protona-
tion/deprotonation of the OH groups on the gate dielectric depending
on the pH value of the electrolyte, which produces a change in the
dielectric surface charge. This pH-dependent surface charge, together
with the electrolyte gate voltage applied through the reference elec-
trode, determines the effective surface potential of the dielectric. A
significant increase in current was obtained at a particular applied bias
with a decrease in pH value, leading to the successful demonstration of
the MoS, pH sensor (Sarkar et al., 2014). Thus a MoS,-based pH sensor
with ultrahigh sensitivity (713 for a pH change of 1 unit) as well as a
wide operation range (pH of 3 to 9) was demonstrated. Also, specific
sensing of biomolecules using the MoS, biosensor was investigated
through the well-known biotin-streptavidin interaction where the bi-
otin and streptavidin act as models for receptor and target molecules,
respectively.

Liu et al. (2014) developed chemical sensors using Schottky-
contacted CVD-grown monolayer MoS, FET. Some of the optical and
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electronic properties of MoS, FET devices are unique and superior
to usual semiconductor FET devices, hence rendering them suitable
for novel electronic and optoelectronic applications. This label-free,
ultrasensitive, highly flexible sensor is very cheap and its low power
consumption provides great opportunities in healthcare and security
applications.

Recently, COVID-19 has locked people across the world and
brought our global economic growth to a halt. FET biosensors were
proven to be an accurate and efficient method to detect this virus.
Recently Sadighbayan et al. (2020) proposed the use of FET biosensors
for the detection of viruses such as COVID-19. They developed FET
biosensors for identifying SARS-CoV-2 in biological fluids. This device
was fabricated by modifying sheets of graphene as the sensing material
with a monoclonal antibody specific to the SARS-CoV-2 spike protein.
It was a successful approach and their work also involves the detection
of many other viruses too. The FET technology is found to be very
effective for detecting a variety of such infectious diseases (Panahi
etal., 2021).

5.6 Applications of biosensor

Biosensors have been utilized in many areas like medical and
health care (for monitoring glucose, lactose levels in the body, ana-
lytical measurement of folic acid, biotin, vitamin Bj,, etc.), pharma-
ceutical (estimation of drug residues in food, such as antibiotics and
growth promoters), environmental (detection of pesticides and river
water contaminants), defense (remote sensing of airborne bacteria,
e.g., in counter-bioterrorist activities), and food technology (microbial
biosensor, pathogen detection). Biosensors play a significant role in
tissue engineering as well (Chen & Shamsi, 2017).

In order to avoid hazards to human health and to the surround-
ings a mechanism to understand, detect, and remove contaminants
from the surroundings, like water, soil, and air within affordable costs,
quite quickly, and with enhanced precision has to be adopted today
and this can be achieved using the biosensing techniques. Different
types of biosensors based on enzymatic inhibition and those based on
DNA with high specificity to certain DNA, RNA, or proteins that they
can encounter have been used for the removal of contaminants like
pesticides, other toxins, and heavy metals from the soil, air, and water,
including many other versatile types of biosensors (Ali et al., 2017).

Several types of biosensors have provided great success in the de-
tection and monitoring of the toxic levels of heavy metals that would
lead to injurious health conditions. Bacteria-based cell biosensors
require the use of genes that resist certain types of heavy metals like

-
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copper, mercury, tin, and cobalt. In order to ensure the safety of pro-
cessed foodstuffs specific methods have been adopted by food in-
dustries to sort out problems leading to food spoilage and the de-
tection and destruction of such chemicals or biological agents that
are responsible for the spread of some serious health-related prob-
lems. Biosensors, being target specific, are highly sensitive, and quickly
responsive, would be helpful in that regard to enable us to deter-
mine the cause of chemical activities that lead to food spoilage, not
only that of canned and industrial food products but also food crops.
There are many known types of biosensors, but in the food industry
mainly enzyme-based biosensors and immunosensors are commonly
employed.

5.7 Summary

This chapter describes and characterizes different classes of biosen-
sors according to the utilized types of bioelements, transducers, and
methods of entrapment. Working principles, constructions, advan-
tages, and applications of many biosensors are presented. Biosen-
sors represent promising analytical tools applicable in areas such as
clinical diagnosis, food industry, environmental monitoring, and all
fields where rapid and reliable analyses are needed. FETs are label-
free, sensitive, and selective electronic biosensors. Due to the ad-
vantages of sensitivity, selectivity, miniaturization, lightweight, low
power consumption, and seamless fitting in electronic read-out sys-
tems, FET-based biosensors have become competitive candidates for
future POCT applications in contrast to bulky optical-based instru-
ments. In summary, FET-based biosensors are most suitable for POCT
and would initiate a diagnostic revolution for next-generation develop-
ment. Within a few years, FET biosensors will find their way from the
laboratory to the market, especially for the early detection of various
infectious diseases.
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6.1 Introduction

Even though the medical world is showing phenomenal progress,
the chances of curing disease are directly dependent on the early de-
tection of the disease and proper treatment methods. In the present
scenario one of the major health risks faced globally is cancer. The
problems associated with the detection and treatment of cancer are
mainly due to the difficulty of identifying diseased tissues from healthy
tissues (Hanahan & Weinberg, 2000, 2011). The common detection
methods for cancer cells include mammography, computed tomogra-
phy, endoscopy, ultrasound, and magnetic resonance imaging (MRI).
These imaging techniques suffer from low sensitivity and limited ability
to differentiate between malignant and benign tissues. Morphological
analysis techniques such as cytology and histopathology are not effi-
cient for the early detection of the disease (Choi et al., 2010; Xing et al.,
2010).

A better imaging technique having the ability to detect cancer cells
at their early stage is necessary. The development of luminescent
nanoparticles as a probe for the early detection of cancer is therefore
an important topic of research. Optical imaging is an important nonin-
vasive imaging technique based on the interaction of light with tissues.
Parameters such as wavelength, intensity, polarization, lifetime, inter-
ference, coherence, and nonlinear effects are varied to create tissue
contrast. Fluorescence microscopy has developed as a significant tech-
nique among the various optical imaging techniques (Sharma et al.,
2006). The specific types of nanoparticles used for cancer diagnosis
include gold nanoparticles (Giljohann et al., 2010; Huang et al., 2007),
semiconductor quantum dots (QDs) (Smith et al., 2008), upconversion

Nanomaterials for Sensing and Optoelectronic Applications. DOI: https://doi.org/10.1016/B978-0-12-824008-3.00006-0

Copyright (© 2022 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/B978-0-12-824008-3.00006-0

108 Chapter 6 Luminescent nanoparticles for hio-imaging application

nanoparticles (UCNPs) (Chatterjee et al., 2008), polymeric nanoparti-
cles (Perumal et al., 2019), polymer dots (Jeong et al., 2020), and silica
nanoparticles (Cheng et al., 2013; Chinen et al., 2015).

6.2 Luminescence

Luminescence is the spontaneous emission of photons from elec-
tronically or vibrationally excited species that are not in thermal equi-
librium with their surroundings. It is considered a cold light originating
due to a mechanism other than rising temperature. Light emission by
bodies solely because of their temperature is called incandescence. The
term luminescence was introduced by E. Wiedemann, in which lumen
means light in Latin (Valeur & Berberan-Santos, 2011). Later Vavilov
made the definition more specific to luminescence by adding the crite-
rion of duration. Luminescence can be classified based on the mode of
excitation of electrons; for example, chemiluminescence is caused as a
result of chemical reaction, bioluminescence by biochemical reactions
in living organisms, photoluminescence by interaction with photons,
etc.

Photoluminescence (PL) is one of the many forms of luminescence,
which is initiated by photoexcitation, hence the prefix “photo.” It is the
light emission from any form of matter after the absorption of photons.
The three elementary processes involved here are excitation, nonradia-
tive transitions, and emission. Emission from a luminescent center is
a process of returning to the ground state radiatively from an excited
state. The emission from pure materials is called intrinsic photolumi-
nescence and the emission because of the intentionally incorporated
impurities or defects is called extrinsic luminescence (Kitai, 2008).
The phenomenon of PL can be pictorially represented using either a
Jablonski diagram or a configurational coordinate diagram.

Jablonski diagrams (Fig. 6.1) are named after the Polish physicist
Aleksander Jablonski. The electronic states of a molecule are arranged
vertically on the basis of energy, in which thicker lines are vibrational
ground states and thinner lines are higher vibrational states. The tran-
sitions between them are portrayed using arrows. Straight arrows are
used to symbolize radiative transitions and squiggly arrows are used for
nonradiative transitions. The states are clustered horizontally by spin
multiplicity.

The theoretical basis for the mechanism of absorption and emission
was reported by George G. Stokes in 1852. When a molecule or atom
absorbs a photon, it gets excited to a higher energy state by gaining
energy. Since the excited state lifetime is very small (of the order of
108 s), the system returns to its ground state after losing a small
amount of energy through vibrational relaxation, and this return can be
radiative or nonradiative. The Franck-Condon principle states that the
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separation between the nuclei does not
change during the transition. The nu-
clei remain at rest during the optical
excitation from the ground state to the
excited state, leading to an absorption
energy of E,s. After the absorption, the
nuclei do not occupy the equilibrium
position of the excited state, and the sys-
tem moves gradually to the minimum
of the excited band, with the emission
of phonons (Fig. 6.2). This is due to the
small lifetime of the excited state. Thus
the luminescence center is in general
transparent, or nearly so, with respect to
their own emission bands (Marfunin &
Spectroscopy, 1979).

Following excitation, various relax-
ation processes can occur, one of which
is nonradiative relaxation, which in-
cludes intersystem crossing, internal

conversion, vibrational relaxation, etc., as shown in Fig. 6.1. The energy
absorbed by the luminescent materials that are not emitted as radi-
ation is dissipated to the crystal lattice as heat. Based on the energy
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Figure 6.1. Jablonski diagram
showing the various relaxation
processes of excited electrons.

Figure 6.2. Configurational

Stokes shift.

of the emitted photon with respect to the excitation photon, the PL

coordinate diagram showing



110 Chapter 6 Luminescent nanoparticles for hio-imaging application

Table 6.1 Differences between fluorescence and phosphorescence.
Fluorescence Phosphorescence
Excitation and emission are almost instantaneous Excitation and emission are not instantaneous

Lifetime 10~8 t0 10=° s
Temperature independent

Lifetime longer than 10=° s
Temperature dependent

No change in spin direction of electron Electron spin direction changes

Fluorescence involves emission from states having the Phosphorescence comes from “spin forbidden”
same spin transitions

Stops instantly when the excitation is turned off Glow for several seconds up to a couple of days

after the excitation has been turned off

E.g.: fluorescent lights and neon signs E.g.: glow-in-the-dark toys, stickers, paint etc.

process can be classified as Stokes and anti-Stokes. Emissions in which
the excitation energy is higher come under Stokes luminescence, for
example, fluorescence and phosphorescence. If the emission energy
is more than the excitation energy, it is called anti-Stokes lumines-
cence, for example, upconversion, single harmonic generation, and
two-photon absorption. Allowed electrostatic dipole transitions are
between electronic states of different parity based on spin and Laporte
selection rules (Mini Krishna & Jayaraj, 2020).

Two important parameters that describe luminescence based on
the nature of fluorophore are quantum efficiency and lifetime. The
luminescence quantum efficiency/quantum yield (QY) is defined as
the number of photons emitted divided by the number of photons
absorbed (Kitai, 2008). Luminescence lifetime is the time required for
luminescence intensity to decrease to 1/e of its maximum intensity.
Both QY and lifetime are independent of the amount of fluorophore
and hence are better parameters to deal with when compared to lumi-
nescence intensity (Lakowicz, 1999).

6.2.1 Stokes luminescence

Luminescence in which the energy of the excitation photon is
higher compared to the emission photon is called Stokes luminescence
and the difference in the energy between the two is Stokes shift. Phos-
phors are luminescent materials that are designed to provide visible
color emission. This can be either fluorescence or phosphorescence,
depending on whether the emission is fast or slow. Major differences
between fluorescence and phosphorescence are shown in Table 6.1.
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6.2.2 Anti-Stokes luminescence

Luminescence in which the emitted photon has a higher energy
than the exciting photon is called anti-Stokes luminescence and the
shift in energy is called anti-Stokes shift. Optical excitations absorb
phonons in order to attain thermal equilibrium with the lattice. These
excitations rejoin to emit radiation of higher energy, thereby cooling
the crystal in the process (Patterson et al., 2008). Such an exchange
of energy radiation (absorption or emission) is unique to a molecular
structure. Albert Einstein was the first one who explained this in a sat-
isfactory manner. This can occur basically in three ways: simultaneous
two-photon absorption (STPA), second-harmonic generation (SHG),
and upconversion (Zhang, 2015).

STPA is the process in which two low-energy photons (which can
be either identical or of different frequencies) are absorbed simultane-
ously by a molecule to excite to a higher energy state. Under coherent
radiation, this could happen with highly hyperpolarizable materials
(a nonlinear optical property that is described as the second-order
electric susceptibility per unit volume), in which the emitted photon
has twice the frequency and half the wavelength of the incident light.
SHG is similar to STPA in considering the energy of excited photons
and the emitted photons but differs from it due to the presence of
virtual excited energy levels. SHG was first discovered by Franken et al.
(1961), who observed second-harmonic light with half the wavelength
when ruby laser light was sent through a quartz crystal in 1961.

Like STPA and SHG, upconversion is also an anti-Stokes process.
It refers to nonlinear optical processes that convert two or more low-
energy pump photons to a higher-energy output photon (Xing et al.,
2010). Electrons are getting excited to an intermediate energy level by
absorbing the first photon. The second photon raises the electron to an
excited state and emission occurs from that level. Materials that show
this effect are known as upconverters. They can be made to respond to
IR energy using diode lasers and can be made to emit a range of photon
energies at visible wavelengths (Cheng et al., 2013; Sharma et al., 2006;
Smith et al., 2008). But it is more efficient when it requires no coherent
or high-intensity radiation. In a typical upconversion process there are
several metastable energy states. This upconversion process exhibits a
higher efficiency, than STPA and SHG, since real energy levels are used
for accommodating the absorbed photons (Zhang, 2015). The basic
energy level diagram for STPA, SHG, and UC is shown in Fig. 6.3.

Real energy levels make the upconversion process more feasi-
ble and it proceeds by different mechanisms, as shown in Fig. 6.4.
Excited-state absorption (ESA), energy transfer upconversion (ETU),
cooperative sensitization upconversion (CSU), cross-relaxation (CR),
and photon avalanche (PA) are the possible mechanisms (Zhang,
2015).



112 Chapter 6 Luminescent nanoparticles for bio-imaging application

Figure 6.3. (A) Simultaneous

two-photon absorption, (B) (A) (B) (C)
second-harmonic generation, Roal ensrzy lavel
and (C) upconversion. ~ eesemess Virtual energy level
f”“ﬁ\
e N
- ’Ionl "; . N — ;x \\ 54 \“
e — LW T4
H ! f e W lon2 3
: / n il
2 I 1 24 12
1 (e i 4 A X
: = wnl it “‘u 1 { lon1 3 \
E1l — El on lon3
+ 1 ry El —‘—r E
i i i F 1 b
1 i ! 1i ! F
o : . {
G G 1 b G L G —! L G 4 : 4
(A) (B) (&)
lon2
lon1 #T + 1 %
EZT - - : :
1: “\\ |on1//:/"3\ 2! Ii
i M H_‘l‘_h \ I Sl
El+ My n2 i ‘\l |
~
. A‘_ E1 o e =
] >
\\\ 1 1 : - z
h\ 1 ! -~
N 1 : f"
G L | G G [ 3 G
(D) (E)

Figure 6.4. Different mechanisms of upconversion: (A) Excited-state absorption, (B) energy transfer upconversion, (C)
cooperative sensitization upconversion, (D) cross-relaxation, and (E) photon avalanche.

Only one type ofion is involved in ESA, whereas two and three types
of ions are involved in ETU and CSU, respectively. Lanthanide ions,
such as Er**, Ho*, Tm3*, and Nd**, which have a ladder-like energy
level structure, are required to achieve highly efficient ESA and these
are the most common emitters (activators) in ESA-based upconversion
phosphors. The upconversion efficiency of an ETU process is strongly
dependent on the dopant concentration, which determines the aver-
age distance between the neighboring dopant ions. The efficiency for
CSU is very less compared to ESA and ETU (Patterson et al., 2008).
The QY differs considerably among these mechanisms. Theoretically,

)
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ESA < ETU < PA, but PA always needs high excitation energy and
suffers from a slow response to excitation. The QY of ETU is two orders
of magnitude higher than that of ESA, making it suitable for many
applications (Wang & Zhang, 2016).

6.3 Bioimaging

The first X-ray image captured by Wilhelm Roentgen in 1896 was a
great start of imaging in the medical field (Sharma et al., 2006). Digital
image processing, which started in the early 1960s for space applica-
tions, has undergone dramatic progress within a short span of time due
to the improvements in hardware and software industries, extending
the applications of image processing to various fields such as remote
sensing, medical field, astronomy, food and agriculture and many
more. Imaging includes various types of techniques covering a wide
range of the electromagnetic spectrum, from simple imaging in the
visible spectrum to X-ray, thermal, MRI, and hyperspectral imaging.

The term bioimaging refers to the imaging of biological ma-
terials, which are the basis of the food and agriculture, aquacul-
ture, health, forestry, and environmental industries. It is a tech-
nique using a variety of imaging equipment and processing. It can
be defined as a visualization method in which a biological process
can be recognized noninvasively and it interferes as little as pos-
sible with life processes. A 3D structure of the observed specimen
can be made using bioimaging without any physical interference
(Vadivambal & Jayas, 2015).

Biological imaging is a computer
vision technology that uses artificial
vision to observe, capture, process,
and present an object of interest.
Acquired images of biological ma-
terials are processed using different
imaging softwares to get useful in-
formation and knowledge. Subcellu-
lar structures, cells, tissues, and even
multicellular organisms can be ob-
served using bioimaging. The evalu-
ation of cellular processes or the ion
metabolite levels is also possible us-
ing this technique (Ghamsari, 2018).
A bioimaging system makes use of
equipment that has the basic compo-
nents, like any other imaging system. Image
Fig. 6.5 shows the basic requirements RIOCesSING
for an imaging system. software

Frame

grabber/ —_

Digitizer

Image
processing
hardware

Figure 6.5. Basic components
of an imaging system.

Imaging System
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A good-quality camera is the primary component of a bioimaging
system. A wide variety of sensors, including a charge-coupled device
(CCD) camera, X-ray, X-ray CT, ultrasound, and MR], are used. Among
these, a CCD camera is the most commonly used one to evaluate ex-
ternal characteristics such as shape, size, surface structure, and color.
X-ray, X-ray CT, MRI], and ultrasound are used to evaluate internal
quality characteristics. Proper illuminating light sources are needed
to observe a better-clarity image of the biological system. A frame
grabber or digitizer is used to convert the pictorial images captured by
the camera into a digital signal. This conversion of analog signals to
digital signals is called digitization. After digitization, the image must
be processed properly by image processing hardware and software to
create the necessary output. Image processing hardware is used to per-
form arithmetic and logical operations, and software is used to write
codes to analyze the captured images. The different steps involved in
image processing are image acquisition, preprocessing, enhancement,
segmentation, representation, and description (Vadivambal & Jayas,
2015).

MR, one of the leading noninvasive imaging techniques specifi-
cally for soft tissues, works on the principle of nuclear magnetic res-
onance (NMR). NMR signals from all the hydrogen nuclei in an or-
ganism are collected to generate the tissue contrast. Contrast agents
such as iron particles or gadolinium chelates are used to selectively
distinguish tumors from normal tissues (Smith et al., 2008). But op-
tical imaging is better than MRI in comparing the sensitivity. Re-
cently developed techniques in bioimaging include super-resolution
microscopy (Wang et al., 2019), two-photon fluorescence excitation
microscopy (Liu et al., 2017), fluorescence recovery/redistribution af-
ter photobleaching (FRAP) (Sprague et al., 2004), and fluorescence
resonance energy transfer (FRET) (Chinen et al., 2015). Each of these
techniques has advantages and disadvantages. The low resolution of
the image, which is a major limitation faced by bioimaging, can be
circumvented by the use of super-resolution microscopy (Wang et al.,
2019). But the high cost of hardware and software makes it difficult for
common use.

The fluorescence microscopic imaging technique is normally based
on Stokes shift. For cancer diagnosis, a high-energy excitation radiation
is absorbed by the fluorescent probe near the tumor site and low-
energyradiation is emitted, which can be detected using a detector. The
autofluorescence of cells and light scattering can decrease the quality
of the image in this case.

Nanotechnology can be used here as a tool to increase the reso-
lution of current techniques, thereby raising medical imaging to the
next level. Nanomaterials have immense potential in the biological
and medical imaging field, especially for targeted imaging, as they
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improve the contrast of the image (Ghamsari, 2018). From the con-
ventional organic dye to cadmium-free QDs such as InP, CulnS,, and
CulnSe;, which are called new generation QDs, there is a huge variety
of imaging probes (Wang & Zhang, 2016).

6.4 Luminescent nanoparticles used for
bioimaging

The optical properties of nanomaterials depend on parameters
such as size, shape, surface characteristics, and other variables, in-
cluding doping and interaction with the surrounding environment and
other nanostructures. For example, the blue shift in absorption edge
shown by semiconductor nanoparticles on decreasing size is a remark-
able effect of its change in the bandgap. Likewise, the shape can have a
dramatic influence on the optical properties of metal nanostructures.
The optical, electronic, and magnetic properties of nanomaterials can
be effectively altered by doping. It can be varied by controlling the
chemical nature of the dopants, the level of doping, and the ratio of
codopants. These tunable properties of nanomaterials make it an ideal
candidate for imaging applications.

Different synthesis techniques (both top-down and bottom-up
methods) for particles in the nanometer scale have led to considerable
development in the field of optical imaging. To make the synthesized
nanoparticles biocompatible with good water dispersibility and phys-
iologic stability, surface modifications are done. Ligand exchange, lig-
and attraction, ligand oxidation, and layer-by-layer assembly are some
methods to convert hydrophobic NPs to hydrophilic NPs. Usually, this
is done by using carboxylic acid (-COOH) and amine (-NH,) func-
tional groups (Yang, 2014).

A schematic diagram showing the method for the targeted imaging
of the tumor site using luminescent nanoparticles is shown below
(Fig. 6.6). Surface-modified luminescent nanoparticles applied in the
tissue get attached specifically to the tumor site. On applying an excita-
tion light of a particular wavelength, a visible emission can be observed
using the detector. The early detection of diseased cells is possible
using this method. Different types of nanoparticles used for imaging
are described in detail in this section.

6.4.1 Organic dyes

Organic dyes are the traditional fluorescent labels. Based on the
origin of emission, they can be classified into resonant dyes and charge
transfer dyes (CT dyes). A comparison between these two is given in
Table 6.2.
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Figure 6.6. Schematic diagram showing the method of targeted imaging of tumor site using luminescent nanoparticles.

Table 6.2 Comparison between resonant dyes and CT dyes.

Resonant dyes CT dyes

Emission originates from optical transitions Emission originates from intramolecular charge
delocalized over the whole chromophore transfer transitions.

Slightly structured, narrow emission and absorption Well-separated, broader and structureless
bands that mirror each other absorption and emission bands (in polar solvents)

Small Stokes shift (insensitive to solvent polarity) Large Stokes shift (depends on solvent/matrix

polarity)
High molar absorption coefficient Small molar absorption coefficient
Moderate to high fluorescence quantum yield Small fluorescence quantum yield

Organic dyes have a high fluorescence QY in the visible light range
and a moderate value in the near-infrared (NIR) range. The ma-
jority of them have a fluorescence lifetime of about 5 ns in visible
light and 1 ns in the NIR wavelength. Limited photostability makes
it less efficient for the temporal discrimination of short-lived fluores-
cence interference from the scattered excitation light. The advantages
of organic dyes include the availability of functionalized dyes with
proper labeling protocols and with information on the site-specificity
of the labeling procedure. Also, the small size of organic dye labels
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helps minimize steric hindrance and
allows the attachment of several fluo-
rophores to a single biomolecule, en-
hancing the fluorescence signal. But
high label density can result in fluores-
cence quenching and may interfere with
the biomolecule function. In the case of
toxicity, organic dyes do not pose a ma-
jor problem except for DNA intercala-
tors (Resch-Genger et al., 2008).

Commonly used dyes include DAPI,
TRITC, FITC, and cyanine dyes (Cy2,
Cy3, and Cy5), among which DAPI is
used to stain the nucleus of cells. Moses
et al. (2010) studied the effect of ex-
posure to ionizing radiation and X-ray
on human lymphocytes, and Fig. 6.7
shows the fluorescence microscope images of lymphocytes stained
with DAPI, FITC, and TRITC. Chromosomes 18 and 19 in the undam-
aged nuclei were labeled separately using FITC (green) and TRITC
(red) (Fig. 6.7C and D). Blue signal from DAPI indicates the whole
genome DNA. Fig. 6.7A represents the merged image of Fig. 6.7B, C,
and D.

da Silva Viana et al. (2019) reported the production of six new
luminescent nanoprobes based on the combination of europium-
doped sodium yttrium fluoride (NaYF4:5%Eu) nanoparticles and the
organic compounds p-coumaric acid, tyrosine (Tyr3), boradiazain-
dacene (BODIPY), and zinc phthalocyanine (ZnPc) using a surface
modification strategy. The samples showed good phase purity on pow-
der XRD analysis. FTIR and TEM analysis revealed the formation of
conjugated particles with a size less than 50 nm. The optical proper-
ties of NaYF,:5%Eu-coumaric acid and NaYF,:5%Eu-Tyr3 showed only
the f-f transitions of the 4% configuration of the Eu®* ion for excita-
tion and emission spectra. But the compounds NaYF,:5%Eu-BODIPY
COOH, NaYF,;:5%Eu-BODIPY NCS, NaYF,;:5%Eu-BODIPY NCS/Tyr3,
and NaYF4:5%Eu-ZnPc presented wide bands in the excitation and
emission spectra, which were related to the conjugated organic chro-
mophores on the surface of the particles. The evaluation of lumines-
cent nanoprobes as targeting colon cancer cells was performed. The
compounds showed cellular internalization with no morphological
damage to the human colorectal adenocarcinoma cell line, HT-29, after
24 h, making it a potential candidate for cancer diagnosis.

A novel redshifted polymethine dye with emission wavelengths
ranging from 680 to 1045 nm for shortwave infrared (SWIR) in vivo

Figure 6.7. (A) Agarose-
embedded untreated GO human
lymphocyte stained by
fluorescence in situ
hybridization (FISH) using DNA
probes specific to human
chromosomes 18 and 19. Image
acquisition was performed with
a fluorescence microscope
equipped with single bandpass
filters for DAPI, FITC, and TRITC.
(B-D) Fluorescent images of the
same cell generated with single
bandpass filters for DAPI, FITC,
and TRITC, respectively. A:
Merge of images B-D (Mosesso
et al., 2010). Reproduced with
permission from (Mosesso

et al., 2010), Copyright (2010),
Elsevier.
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imaging was developed by Cosco et al. (Cosco et al., 2017). 1- and 3-
methine dyes exhibited improved photostability and 5- and 7-methine
dyes exhibited exceptional brightness upon photophysical character-
izations. SWIR imaging in mice was done with the 7-methine dye be-
cause of its micelle formulation capacity. Imaging in the SWIR region
is really promising because of low autofluorescence and greater pene-
tration depth in tissues.

6.4.2 Quantum dots

The most commonly used QDs for life science applications are the
group II-VI compounds, such as CdSe and CdTe, which contain cyto-
toxic cadmium ion surrounded by a less toxic shell material such as
ZnS. This coating improves the QY by passivating the nonradiative re-
combination sites on the surface. The coating acts as a barrier, protect-
ing CdSe from direct contact with the surrounding solvent. The optical
properties of QDs depend on the type of the constituent material, its
particle size and size distribution, surface chemistry, and the number
of dangling bonds favoring the nonradiative deactivation. QDs have an
emission band of symmetric shape and the width of the emission peak
is determined by the size distribution. The quantum size effect deter-
mines the spectral position of absorption and emission. They have a
large molar absorption coefficient and QY compared to organic dyes.
Biofunctionalization is needed to attach this to biomolecules. QDs
are made water dispersible and are bound to the cell via electrostatic
linking, through covalent cross-linking, or by binding to polyhistidine
tags (Chen et al., 2012; Wang et al., 2013; Yong et al., 2009).

Su et al. made a comparison of the cytotoxicity of CdTe QD with
that of CdTe/CdS/ZnS core-shell-shell (CSS) QD and free cadmium
ion in CdCl, solution and found that CdTe QDs are more cytotoxic than
the other two. Fig. 6.8A shows the cytotoxicity studies and Fig. 6.8B
shows the change in the morphology of HEK293 cells upon the addition
of these QDs. From the results obtained, the conclusion was that the
cytotoxicity of QDs is based on not only the release of Cd?* ions but
also the concentration of total QDs ingested by cells (Su et al., 2010).

One major drawback that severely limits the clinical translation of
QDs is the toxicity concern of II-VI semiconductor QDs in biomedical
applications. These are easily disintegrated in biological systems if their
surface is not'modified with shell coating (Yong et al., 2009). Therefore
the emphasis has shifted toward the fabrication of noncadmium-based
QDs in recent years.

QDs made up of I1I-V semiconductors (such as InP) are extremely
promising as they are not only cadmium free but also more robust
structurally, owing to the presence of covalent bonds in their matrix
(Resch-Genger et al., 2008). Yong et al. (2009) effectively used InP/ZnS
QDs, functionalized with mercaptosuccinic acid and bioconjugated
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Figure 6.8. Cytotoxicity of different concentrations of CdTe, CSS-QDs and CdCl, exposed to HEK293 cells for 24 h
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(For CdTe and CSS-QDs, 1-6 in the X axis of Fig. A were 0, 18.75, 37.5, 75, 150, and 300 nm, respectively. For CdCly, they
were 0, 1.25, 2.5, 5, 10, and 20 pm, respectively). (A) Viability of HEK293 cells after treatment with CdTe, CSS-QDs, and
CdCl,. The cell viability was calculated as a percentage from the viability of the control (untreated) cells. The viability
of the control cells was considered 100%. The results are expressed as means =+ SD from three or four independent
experiments. (B) Morphology of HEK293 cells after incubation with 300-nm CdTe, 300-nm CSS-QDs, and 20-um CdCl, for
24 h, with the untreated cells as control (Su et al., 2010). Reproduced with permission from (Su et al., 2010), Copyright

(2010), Elsevier.

with pancreatic cancer-specific monoclonal antibodies, such as anti-
claudin-4 and anti-prostate stem cell antigen (anti-PSCA), for specific
in vitro targeting of pancreatic cancer cell lines. Surface functionaliza-
tion was done to make them highly dispersible in aqueous media. The
optical properties of the core-shell structures were strongly dependent
on the nature of the shell around InP. The emission wavelength can be
tuned by simply changing the shell material. For example, ZnS coating
gives an emission wavelength of~520 nm, whereas a ZnSe shell allows
it to be tuned to~590 nm. ZnS-coated InP QDs have a greater QY
(up to 40%) compared to bare QDs. Folic acid-InP QD bioconjugates
were successively used for the confocal and two-photon imaging of KB
cancer cells. The major difficulty with this type of QDs is their lengthy
and complicated synthesis procedure (Fan et al., 2014).

Another type of QD that has many easy synthesis techniques is
the carbon dot (CD). It was discovered accidentally in 2004 using
the top-down arc discharge method and possesses the advantages
of low cost, chemical inertness, photostability, low cytotoxicity, and
biocompatibility. Emission wavelength can be tuned by varying the
size of QDs. The different types of synthesis techniques for CDs include
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laser ablation, hydrothermal treatment, microwave approach, thermal
decomposition, ultrasonic treatment, and electrochemical oxidation
(Chu et al., 2019).

De Yro et al. (2019) successfully prepared CDs from biowaste using
the hydrothermal treatment of calamansi (Citrofortunella microcarpa)
and pineapple (Ananas comosus) waste as a carbon source. The syn-
thesized CDs showed coagulation in an aqueous solution and a strong
blue fluorescence under UV light (A= 365 nm). TEPA (tetraethylene-
pentamine) was added for the surface passivation of QDs to increase
the QY. Fluorescence was also observed in Escherichia coli bacterial
culture after the addition of CDs due to the attachment of positively
charged, surface-passivated (with-OH and -NH functional groups)
CDs with a negatively charged E. coli bacterial cell.

Two main points related to CDs that are not well understood are
the mechanism by which they emit light and their core structure. The
PL mechanism of CDs can be explained by using different theories,
including surface state, quantum confinement, and molecular state
(Mintz et al., 2019). Wang et al. (2015) tried different combinations of
nitrogen sources such as EDA (ethylenediamine), DETA (diethylene-
triamine), and TEPA for surface passivation. Citric acid (CA) was used
as the carbon source. Using hydrothermal synthesis at 200°C for 6 h,
surface-passivated photoluminescent QDs were formed. The CA-EDA
combination gave highly luminescent QDs (having high QY) but the
photostability was poor. Whereas for the CA-TEPA combination, the
QDs showed high photostability but at the cost of QY. In vitro and in
vivo studies were conducted with these. In vitro imaging was done
using cancerous HeLa cells. A bright green fluorescence was observed
for CD-EDA and CD-DETA samples compared to CD-TEPA in the
cytoplasmic region of HeLa cells. In vivo studies were conducted in
mice and the CD-EDA sample showed better signal intensity.

6.4.3 Lanthanide-based inorganic materials

Inorganic nanoparticle-based bioimaging probes have been exten-
sively studied because of their better imaging performance, stimuli re-
sponse, and targeted imaging. But far more research is needed for their
effective use in clinical applications due to safety issues and less opti-
mized efficiency. Lanthanide-doped calcium phosphate nanoparticles
attract attention compared to QDs and luminescent silica nanoparti-
cles mainly because of their low cytotoxicity (Kim et al., 2018).

The property of splitting of electonic energy levels in the pes-
cence of an electric field produced by the crystalline environment of
a dielectric crystal makes lanthanides spectroscopically active mate-
rials (Chen et al., 2014). The 4f orbitals are shielded by the 6s, 5p,
and 5d orbitals, making the emission insensitive to the environment.
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Emission and absorption in the NIR, vis-
ible (Vis), and ultraviolet (UV) spectral
range are possible due to this electronic
arrangement. Spectra arising from f-f

Transition metal

transitions are narrow, unlike transition . Organic Sins
metal d-d transition spectra. Triply ion- dyes ~100 nm
ized lanthanide ions have lower emis- SQuantum dots ~30-50nm

sion line widths, with an FWHM value ~25-40 nm

of ~10-20 nm. Fig. 6.9 shows the in- _

crease in the FWHM of the emission Bnthanide ions

bands of different nanoparticles used ~I=20nm

in imaging. Lanthanide emissions are

highly resistant to photobleaching since

they involve only atomic transitions.

Compared to organic dyes, lanthanides show a larger Stokes shift.
The shift between excitation and emission bands can be hundreds
of nanometers due to the energy level structure of these ions. Both
downconversion and upconversion luminescence are possible with
the doping of lanthanide ions (Anjana et al., 2020; Krishnapriya et al.,
2021).

A variety of solids like ceramics, crystals, or fibers can be used as
the host material. They are also ideal for spectral conversion because of
the large possibility of absorption and emission wavelengths, indepen-
dence on host materials, and low vibration energy losses. So these have
been widely used in lasers, sensors, solar cells, photodynamic therapy,
and optical imaging (Wang & Zhang, 2016).

6.4.4 Upconversion nanoparticles

The drawbacks of conventional imaging probes led to the develop-
ment of a new class of fluorophores called upconversion nanoparti-
cles (UCNPs). Although organic dyes, QDs, or metal complexes have
high QY, the UV or visible excitation can cause autofluorescence from
tissues, DNA damage, and cell death. Low signal-to-noise ratio, low
sensitivity, low photostability, and unsuitability for multiplex labeling
due to the broad emission spectra are some disadvantages of these
nanoprobes. For QDs, toxicity is the main problem. As already dis-
cussed, the main advantage of UCNPs is their emission in the visible
or near-infrared (NIR) range under NIR irradiation. Since excitation is
through low-energy IR radiation, there is no cell damage and autoflu-
orescence from living tissues. High detection sensitivity and high light
penetration depth are added advantages. These UCNPs also show high
photostability, tunable emission, low toxicity, sharp emission band-
width, and long lifetime.

Figure 6.9. Increase in the
FWHM of the emission bands of
different nanoparticles used in
imaging.
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Figure 6.10. Bright field,
confocal, and superimposed
images of live human ovarian
carcinoma cells (OVCAR-3, top
row) and human colonic
adenocarcinoma cells (HT-29,
bottom row), with PEI/NaYF,
nanoparticles attached. The
nanoparticles were surface
modified with folic acid
(Chatterjee et al., 2008).
Reproduced with permission
from (Chatterjee et al., 2008),
Copyright (2008), Elsevier.

UCNPs can be excited by a normal continuous wave laser, which
makes them easier to use. The sol-gel method, coprecipitation method,
thermal decomposition, and hydro-/solvothermal method are the ma-
jor synthesis techniques for UCNPs.

Cao et al. (2019) designed and prepared NaYF,:Yb and Tm@
LiLuF4:Nd core-shell nanoparticles, which had the special property
of emission at approximately 800 nm under 980-nm excitation and
at approximately 1060 nm under 808-nm excitation. Therefore these
particles show upconversion and downshifting mechanisms for NIR
emission. The surface of the particles was modified with sodium citrate
to make them soluble. Upconversion was originated from Yb3*-Tm3*
ions and downshifting from Nd®* ions. By analyzing various optical
signals, the authors confirmed that these two luminescent imaging
modes showed similar performance.

The application of the UCNP, NaYF, doped with Er®* and Yb®",
for cytoplasm-selective cellular imaging was proposed by Nampi
et al. (2019). Hydrothermally synthesized particles were surface-
functionalized with PEI for better long-term stability in water. A bio-
compatible sample was used for multiphoton imaging. Imaging of liver
tissue proved its property of tissue imaging without tissue autofluores-
cence.

The first report on in vivo imaging of small mammals using
UCNPs was by Chatterjee et al. (2008). In vitro and in vivo imaging
of human cells and Wizar rats using NaYF,:Er/Tm, Yb UCNPs sur-
face modified with PEI is shown in Figs. 6.10 and 6.11, respectively.
In vitro studies were done with a folic acid modification on the
surface of nanoparticles for attachment to the cancer cells used.
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In vivo studies were done on Wizar rats and it was found that, com-
pared to QD luminescence, upconversion luminescence was more
intense and was visible through thicker body muscles, as shown in
Fig. 6.11.

The QY of UCNPs is usually between 0.005% and 0.3%, which is very
low compared to usual luminescent imaging probes. Although studies
have proved good cell viability for UCNPs, their long-term effect on
living beings is yet to be studied. The shape, size, surface charge, and
surface coating have significant effects on the behavior of UCNPs in
biological systems (Yang, 2014). Research is fast progressing in this field
to develop high-QY, multifunctional UCNPs for imaging, drug delivery,
photothermal therapy, etc.

6.5 Summary

In this chapter the fundamentals of luminescence (Stokes and anti-
Stokes), basics of bioimaging, and different nanoparticles used for

Figure 6.11. /n vivoimaging of
rat: quantum dots (QDs) injected
into translucent skin of (A) the
foot show fluorescence, but not
through thicker skin of the (B)
back or (C) abdomen,;
PEI/NaYF,:Yb,Er nanoparticles
injected below (D) abdominal
skin, (E) thigh muscles, or (F) the
skin of the back show
luminescence. QDs on a black
disk in (A, B) are used as the
control (Chatterjee et al., 2008).
Reproduced with permission
from (Chatterjee et al., 2008),
Copyright (2008), Elsevier.

)
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bioimaging were discussed. Surface-modified luminescent nanopar-
ticles get attached to specific cells of interest and help in the iden-
tification of the same. High QY, photostability, low toxicity, and
high biocompatibility are the essential qualities of a fluorescent
nanoparticle for its use as an imaging probe. The traditional fluorescent
labels, organic dyes, have a comparatively high QY but low photosta-
bility. QDs, on the other hand, have a large molar absorption coeffi-
cient and QY compared to organic dyes. III-V QDs are preferred over
[I-VI QDs because of their low toxicity. Similarly, lanthanide-doped
inorganic materials have low toxicity issues and give emission insen-
sitive to the surrounding environment but more research is needed
for their effective clinical use. UCNP based imaging is proposed as a
better alternative, because of the visible or near-infrared (NIR) range
emission under NIR excitation. NIR radiation causes no cell damage
and autofluorescence from living tissues compared to UV light. High
detection sensitivity, high light penetration depth, high photostability,
tunable emission, low toxicity, sharp emission bandwidth, and long
lifetime make UCNPs ideal candidates for bioimaging.
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7.1 Introduction

Nanotechnology can contribute immensely to the early-stage de-
tection of communicable and noncommunicable diseases. Nanopho-
tonics refers to the study of light with matter on the nanometric scale
(Mishra & Shandilya, 2020). Nanophotonics has created extensive op-
portunities and enabled new technologies. The most exciting fact is
that nanophotonics deals with the interaction of light with matter hav-
ing a size less than the wavelength of light in many cases. Nanoconfine-
ment can be achieved in three ways: confining light in the nanoscale
dimension, limiting matter size to the nano regime, or confining the
photo process in the nanoscale (Prasad, n.d.). By designing metallic or
dielectric two-dimensional or three-dimensional (3D) nanostructures,
light can be scattered, confined, refracted, and processed in new ways
that are almost impossible using conventional materials. The main aim
of nanophotonics is to overcome Abbe’s diffraction limit, the classical
limit of diffraction of light, and study the effect of light in a region
smaller than its wavelength. When light shrinks to such a volume that
it can eventually be compared to atomic unit cells, the classical models
for describing optical interactions fail, and nanoscale quantum effects
dominate (Koenderink et al., 2015).

Different nanophotonic phenomena can be utilized to imple-
ment sensing. Whatever the technique used, these devices have some
unique advantages like better sensitivity, good portability, and the pos-
sibility of multiplexing (Mishra & Shandilya, 2020).

Nucleic acid amplification, antigen detection, and antibody detec-
tion (serological assays) are the commonly used techniques for the
diagnosis of communicable diseases. The most successful biosensors
are based on real-time polymerase chain reaction (RT-PCR). PCR
improves the sensitivity of the sensor through gene amplification.

Nanomaterials for Sensing and Optoelectronic Applications. DOI: https://doi.org/10.1016/B978-0-12-824008-3.00001-1
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Issues include sophisticated equipment and trained personnel re-
quired for sample preparation and analysis and high response time.
Compared to PCR sensors, using the conventional enzyme-linked im-
munosorbent assay (ELISA) for antibody detection is simple. How-
ever, the sensitivity is poor and the time required and costs are high.
Antigen and antibody detection is possible using immunochromato-
graphic (IC) lateral flow assays (LFAs) qualitatively. Existing antigen
and antibody detection have limited sensitivity for detecting acute in-
fections. Demand exists for a susceptible, specific, fast, and convenient
detection method, for which optical biosensors are the most promising
solution. Generally, a biosensor has three main elements: target,
recognition element, and transducer. The analyte molecule is the target
that is detected by the recognition element through some analyte-
specific interactions. The selective binding with the target molecule
causes some changes in the physical or chemical property of the recog-
nition element. The changes are translated to a signal using the trans-
ducer. These changes can be in conductivity, refractive index, pH value,
emission, etc. (Klar, 2007; Lee et al., 2020; Shrivastav et al., 2021).

Optical biosensors evaluate variations in the optical properties of
the propagated light during the interaction of the target analyte and
the receptor. The optical property can be wavelength, absorption, po-
larization, dispersion, intensity, or refractive index (Soler et al., 2020).
The ultimate level of disease diagnosis is molecular recognition, which
occurs at the molecular level, which falls in the nanometer range. For
example, single-stranded DNA can be recognized using complemen-
tary DNA, or antibodies can identify proteins. The question of how
efficiently these molecules can be recognized using different nanopho-
tonic phenomena and the information can obtain as signals remain ex-
citing. The process is more challenging when the analyte concentration
is less (Klar, 2007).

Efforts have been made to create electrical and electrochemical
biosensors as well. Even though these methods promise a high detec-
tion limit, they lack repeatability and are highly sensitive to pH change.
Many efforts on the development of optical biosensors to overcome
these limitations are ongoing, among which many of them utilize light-
matter interaction in nanoscale materials. We discuss the possibilities
of such sensors in detail further in this chapter (Suthanthiraraj & Sen,
2019).

1.2 Plasmonic biosensors

Plasmonic biosensing can be used for the fast, real-time, and label-
free detection of biomolecules with a short response time. Mainly, they
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are of two types: those that use metallic thin films and those with
inorganic plasmonic nanostructures (Mejia-Salazar & Oliveira, 2018;
Shrivastav et al., 2021). Surface charge waves produced due to the con-
finement and propagation of electromagnetic waves at the dielectric-
metal interface are surface plasmons (Hill, 2015). These waves exhibit
an electromagnetic field that evanescently penetrates the dielectric
up to a few hundreds of nanometers (10—300 nm) and is extremely
sensitive to the changes induced due to biomolecular interactions.
When specific biomolecules’ recognition elements (e.g., antibodies or
DNA strands) are immobilized on the gold surface, the specific bind-
ing between the target and analyte molecule induces a change in the
refractive index or in the light properties, which can be monitored as
signal and quantitative detection is possible by monitoring the changes
(Soler et al., 2020).

A diverse spectrum of types of sensing is possible using plasmonic
nanostructures (Hill, 2015). The key benefit of plasmonic biosensors
is label-free detection, and the main limitation is the requirement
of a pure sample to avoid nonspecific interactions (Mejia-Salazar &
Oliveira, 2018). Different plasmonic sensors are discussed in detail as
follows.

7.2.1 Propagating surface plasmons—based
sensors

Traditional plasmon sensors are based on propagating plasmon
waves through a metal-dielectric interface known as surface plasmon
polaritons. If the external excitation used is in resonance with plasmon
oscillation, surface plasmon resonance (SPR) can be achieved. Gold
thin films are frequently used for sensing because of the SPR in visible
wavelength and the ease of surface functionalization using gold-thiol
interaction. A coupling medium is required to match the momentum
of the excitation photon with that of the plasmon wave. The wave
vector of the traveling plasmon wave and the excitation photon must
match. Conventionally, this is achieved by using a prism, where the
light falling on a metal-dielectric interface passes through the prism
and facilitates total internal reflection at the metal-prism interface, as
shown in Fig. 7.1. The method is known as the Kretschmann configura-
tion. Propagating surface plasmons-based sensors with Kretschmann
geometry are now a mature technology, and these sensors are com-
mercially available. The coupling can also be achieved by using grat-
ing, waveguide, and optical fiber (Hill, 2015; Shrivastav et al., 2021;
Svedendahl et al., 2009). The sensor can be developed either in an
angle-resolved configuration or a wavelength-resolved configuration.
In the angle-resolved configuration the excitation angle at which SPR
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occurs is found for single wavelength
(A) excitation. In wavelength resolved con-
figuration the wavelength at which SPR
occurs is scanned. In both cases SPR is
highly sensitive to the refractive index of
the dielectric medium, which in biosen-
sors is an aqueous solution containing
the analyte. The specific biomolecular
interactions change the refractive index,
and hence a change in the SPR angle or
wavelength can be tackled. It can detect
the refractive index change at the sur-
face. Proper surface chemistry has to be

Excitation

used to immobilize an analyte-specific
target at the metal thin-film surface.
Thin film-based sensors are the most
used because of the established tech-
nology and availability of instruments
(Hill, 2015).

Companies like Biacore produce
chip-based sensors using thin metal
(~50 nm)-coated glass substrate.
Even though label-free, fast detection
is possible, these sensors have

Metal Layer

Dielectric or Sensing Layer

Figure 7.1. (A) Metal thin-film
plasmonic biosensor to detect
biomolecules through
biomolecular interactions;

(B) prism-based coupling used
in the sensor.

disadvantages like limitations of mass
w transportation and the risk of data
misinterpretation. The equipment is
massive due to the optics required to
couple excitation light into the metal
film and the need for temperature control to stabilize the SPR signal.
Also, the propagation length of the SPR laterally on the film surface sets

a lower limit on the size of the sensor surface (Hill, 2015).
The sensitivity in wavelength-resolved configuration can be defined

as

S = AX/An (71)

where A2 is the wavelength shift of the response spectrum when the
refractive index of the test medium changes by An [12]. The figure of
merit of the sensor can be calculated as

S

FoM = ———
© fwhm

(72)

where fwhm is the full width at half the maximum of the SPR peak
(Svedendahl et al., 2009).
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The limit of detection (LOD) of a sensor is the lowest concentration
that can be reliably detected using the sensor. The LOD depends on
the sensitivity of the sensor and the noise in the detection (Molina-
Fernédndez et al., 2019).

Since this method is well established, many sensors have been
reported so far. Here we attempt to review only the recent efforts.
Omar et al. reported the sensitive detection of dengue virus using an
SPR thin-film sensor. They used self-assembled monolayers of reduced
graphene oxide-polyamidoamine dendrimer thin film. DENV-2 E pro-
teins induced by the virus were detected using antibodies as a receptor.
The authors claim early-stage detection of viral infection using the
sensor with a detection limit of 0.08 pM (Omar et al., 2020).

The Kretschmann coupling method has been studied well and even
commercialized, but the equipment needed for it is bulky. Here comes
the importance of grating-based compact and portable sensors that
can be integrated with other plasmonic structures (Nejat & Nozhat,
2020).

Shi et al. reported precise and label-free testing of clinical biomark-
ers by using an Au nanohole array-based sandwiched plasmon ruler.
They could detect C-reactive protein and procalcitonin in patient
serum samples without using a prism coupler, which proposes a minia-
ture and more sensitive sensor. They measured the thickness change
caused by the adsorption of biomolecules through molecular-specific
binding using optical methods (Nan et al., 2020).

Prism-based coupling is not needed in a nanohole array platform
as the periodic array acts as two-dimensional grating. The grating mo-
mentum wavevector can fulfill the energy and momentum conserva-
tion between excitation photons and surface plasmons. Incident pho-
tons couple through the periodic nanohole array and convert to plas-
mons that couple with the film and reradiate as photons through the
opposite side. Since this radiation process occurs after excitations and
propagation through the metal-dielectric interface, it is sensitive to re-
fractive index changes in dielectric and hence can sense biomolecular
interactions. Fig. 7.2 shows the experi-
mental setup used for sensing. The local
refractive index change can be obtained
by analyzing the CCD image by inte-
grating the transmission intensity over
each spot area corresponding to holes
(Lesuffleur et al., 2008). Microscope

A biosensor consisting of graphene-
gold ellipse grating with SPR in the
midinfrared region has been proposed
by Sadeghi et al. They have used the
geometrical features of the ellipse

Sensor

Figure 7.2. Experimental setup
used for sensing using
nanohole array.

_
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Figure 7.3. Plasmon resonance
in metal nanoparticles.

grating to increase the strength of the biomolecules-ligand interaction,
and the sensor has increased sensitivity and quality factor (Sadeghi &
Shirkani, 2020).

Wu et al. used a graphene-protected Cu SPR sensor chip for
biosensing. The analyte solution usually causes the corrosion of metals,
which reduces the quality factor and sensitivity of the sensor. Also,
surface functionalization of the plasmonic thin film itself might reduce
the quality of the surface, which also causes lower sensitivity. The usage
of graphene as a passivation layer can increase the sensitivity by three
to four orders of magnitude. The graphene layer also preserves the plas-
monic resonances under biofunctionalization (Wu et al., 2019). Xu et al.
reported a MoS,-aluminum-based sensor with high sensitivity and
accuracy. The sensor exhibited better performance than graphene-
based plasmonic sensors (Xu et al., 2014).

1.2.2 Localized SPR hiosensor

The plasmon oscillations of metal nanoparticles are slightly differ-
ent from those of thin films. It is known as localized surface plasmon
resonance (LSPR), since the electromagnetic field is confined to metal
nanostructure, as shown in Fig. 7.3 (Klar, 2007).

The size of the nanoparticles is so small that light can penetrate
into the whole nanoparticle and oscillate the entire free electrons. The
sea of free electrons is displaced from the positively charged ions and
oscillates like a harmonic oscillator driven by the excitation light wave.
There will be damping due to losses like ohmic loss and scattering loss.
The scattering or radiative loss may lead to the reemission of a photon.
Since LSPR does not travel, no coupling is required for excitation,
which is the most significant advantage of nanoparticle-based sensors
over thin-film sensors. The direction of excitation is notimportant; only
the wavelength of excitation is important (Klar, 2007).

Similar to propagating SPR sensors, LSPR sensors are also suscepti-
ble to changes in the refractive index of the surrounding medium. How-
ever, LSPRs extend only a few nanometers into the analyte medium,
hence the information is more localised. On the other hand, for

thin films, the plasmon oscillation ex-
tends to hundreds of nanometers. The
reduced sensing volume can lead to the
extension of the detection limit to a
single-molecule level. In consequence,
extreme care must be taken when devel-
oping such a sensor to ensure that the
binding of the target molecule occurs
within the sensing volume (Hill, 2015).
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Consider a metallic nanosphere with radius R, metallic dielectric
constant €, and with a dielectric material of index ¢4 around. Accord-
ing to Mie theory, the total extinction coefficient for an excitation w:

Text = 12(9)n SR Im (fm) _ (73)
c [Re(em) + 2€q]° + [Im (€y)]

The equation has to be modified with the shape of the particle.
Resonance occurs when the denominator is minimum, and hence the
extinction coefficient is maximum. So the resonance condition can be
written as:

Re(em)+2€4=0 (7.4)

Eq. 7.4 is known as the Frohlich condition to achieve LSPR. A strong
absorption peak is observed at resonance due to the localization of a
strong electromagnetic field around the nanoparticle. The resonance
wavelength is highly sensitive to the nanoparticle’s shape, size, and
material and the medium around it (Shrivastav et al., 2021).

The shift in LSPR peak due to the adsorption of a molecular mono-
layer producing a change in refractive index An due to adsorption later
can be found using

AL = np.An (1 — e /W) (75)

where d is the effective thickness of the adsorption layer, 14 is the
electromagnetic field decay length around the metal nanoparticle, and
np is the bulk sensitivity of the sensor. Bulk sensitivity can be written
as

Alrspr
= 7.6
=i (7.6)
AArspr — the wavelength shift in LSPR
Ang — the change in the refractive index of the surrounding

medium

Sensing performance can be measured by exploring the figure of
merit given by Eq. 7.2 (Csdki et al., 2018; Farooq & de Araujo, 2018). The
sensitivity varies with the shape of the metal nanoparticles. Nanoparti-
cles with a high aspectratio have higher sensitivity. Compared to single
nanoparticles, core-shell nanoparticles can be used to produce more
sensitive sensors (Cséki et al., 2018).

LSPR-based sensors can be low cost, easy to use, and integrated
with lateral flow-based ones where the color variation can be detected
as the signal. When a metal nanoparticle colloidal solution experiences
arefractive index change due to some molecular interaction, the color
of the solution changes. The color change is due to a shift in resonance
wavelength. The sensors can be called colorimetric sensors. The color
can be enhanced by using fluorescent labels (Shrivastav et al., 2021).
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Alafeef et al. reported a nanoamplified, RNA extraction-free col-
orimetric rapid test for COVID-19. The diagnosis can be made using
the naked eye with a response time of less than 1 h. They detected
the amplified nucleic acid from COVID-19 by using gold nanoparticles
capped with antisense oligonucleotides as the colorimetric reporter.
It is a low-cost, rapid sensor with minimal instrumentation. But the
sensor demands a suitably clean environment as contaminations may
lead to false signals, and the color perception cannot be trusted entirely
(Alafeef et al., 2021).

Thermally annealed silver nanostructures were used to detect NS1
antigen, a dengue nonstructural protein, by Prashanth et al. For selec-
tive antigen detection, antibodies were immobilized on thermally an-
nealed Ag thin film. The NS1 antigen was detected from blood plasma
with a detection limit of 0.06 g ml~!. The sensor inlet was provided
with a polyethersulfone membrane that can separate blood cells from
plasma (Suthanthiraraj & Sen, 2019).

A fiber-optic biosensor based on Au nanoparticles-decorated ZnO
nanowires was reported by Kim et al. Here, the LSPR of 3D nanos-
tructures is used for sensing. The 3D nanostructure is composed of
ZnO nanowires grown on the cross-section of optical fibers using
the hydrothermal method and Au nanoparticles are immobilized on
the nanowires. The sensor had a linear response to refractive index
changes due to biomolecular interaction. Prostate cancer was detected
by sensing prostate-specific antigen with an LOD of 0.51 pg mL~!. In
structures in which nanowires and nanoparticles are combined the
surface area of the sensor is high, which traps more incident light to
the sensing region due to its forest-like structure. As a result of the
enhanced interaction of incident light, the sensor will have improved
sensitivity (Kim et al., 2019).

Optical fiber coupling is important for dealing with LSPR sensors.
Tuning the SPR frequency to the NIR regime will be highly beneficial
since the attenuation coefficient at NIR is low. Ultrasensitive and long-
range sensors can be deployed with NIR excitations. The SPR of Au
nanostructures can be tuned to the NIR range if the aspect ratio is of
the order of 10. The resonance band of transparent conducting oxide
(TCO) nanomaterials can be shifted to the NIR range. That is, we should
not be restricted to the use of typical metals for SPR sensors. Heav-
ily doped degenerate semiconductors like Sn-doped In,03 (ITO), Al-
doped ZnO (AZO), In-doped CdO (ICO), and Ga-doped ZnO (GZO)
have plasmonic resonance at the longer wavelengths. Superstructures,
in which smaller nanoparticles are coupled to larger nanoparticles,
forming core/satellite structures, can also have SPR in the NIR region
(Dos Santos et al., 2021). F- and In-doped CdO nanoparticles with SPR
between 1500 and 3300 nm were reported as excellent candidates for
LSPR sensing applications (Ye et al., 2014).
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The reproducibility of the sensing platform is one of the main
challenges in the development of the LSPR sensor (Prabowo et al.,
2018). Highly controllable and efficient fabrication of nanostructures is
possible by adapting nanolithography techniques. The developments
in cost-effective lithographic techniques have boosted the growth of
chip-based LSPR. These are miniaturized and have high sensitivity and
repeatability (Shrivastav et al., 2021).

El barghouti et al. reported an LSPR sensor based on Ag nanopar-
ticles coated with graphene. They found that the graphene thickness
can affect the sensitivity of the device, and a sensor with a 9-nm-thick
graphene layer shows a 300% increase in sensitivity compared to a
sensor without graphene. Also, graphene can protect Ag nanoparticles
from oxidation (EI barghouti et al., 2020).

The main advantages of LSPR sensors are a high surface area for
the immobilization of sensing elements, the possibility of miniatur-
ization of the device, and an increased likelihood for multiplexed de-
tection. But on the other hand, LSPR sensors have lower refractive
index sensitivity than thin-film SPR sensors, but the increased sur-
face area provides more accommodation to biomolecules at sensing,
resulting in the high sensitivity for biomolecule detection (Shrivastav
etal., 2021).

SPR-based sensors were introduced three decades ago and have
even been commercialized (LAuRA Digital Diagnostic Platform). SPR-
based sensors have great potential to improve clinical detection accu-
racy and do not need a well-equipped laboratory and well-trained per-
sonnel, which is the main challenge in situations like pandemics (Soler
et al., 2020; Bhalla et al., 2020). But the main challenge is the high cost
of the equipment and components. For commercial implementation,
low-cost sensors have to be developed (Prabowo et al., 2018).

1.3 Evanescent field waveguide biosensors

Evanescent field biosensors constructed using optical waveguides
have high sensitivity. So these will be helpful in detecting biomolecules
for which amplification is not possible. Ta,Os, Si, Si3Ny4, SiON, or SiO,
waveguides have been widely studied in this regard. The fundamental
discovery behind the development of evanescent field sensing was by
Lukosz and colleagues in the 1980s. The light-guiding characteristics
of high refractive index waveguides change due to a change in their
environment. The group velocity of the guided mode in the waveg-
uide changes in two ways: either due to a change in the refractive
index of the surrounding liquid or gaseous medium or due to the
adsorption of molecules from the medium onto the waveguide surface,
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Figure 7.4. Schematic diagram
showing the theory of
evanescent field biosensing.

forming an adlayer. The evanescent field
produced by the light traveling through
the waveguide extends 30-100 nm into
the surrounding cover layer, and the
presence of the analyte in the cover layer
can be detected through molecular-
specific bonding. The schematic of the
working of the evanescent field biosen-
sor is shown in Fig. 7.4.

The group velocity of the guided mode:

C
Vp= — (77
Deft

c—Speed of light in vacuum

nes—Refractive index of the waveguide

nes depends on the wavelength of light, the refractive index of the
substrate, the refractive index of the waveguide, the refractive index of
the cover, the thickness of the waveguide, the refractive index of the
adlayer, and the thickness of the adlayer.

If the material of the waveguide has a high refractive index, then
the adsorption of the molecule on the surface will lead to a significant
change in nef. Such a waveguide, together with a grating coupler setup,
can be used for the label-free detection of immune affinity reactions.
If one of the binding partners is immobilized onto the surface of the
waveguide, the presence of the other partner in the surrounding liquid
medium can be selectively found (Schmitt, 2006; Schmitt et al., 2008).

These waveguides can be made compact and patterned in com-
plex forms allowing the construction of a sensor array in a photonic
chip. The waveguide sensor chip can be used for multiplexed analysis.
Si photonic structures can be fabricated using etching and lithogra-
phy. These methods also offer excellent reproducibility and precision
(Huertas et al., 2019). With the help oflithographic methods, the sensor
can be made on a chip of dimension in the micro- or nanoscale. For op-
tical signal communication, the chip has to be integrated with optical
fiber. Micron and nanochips maintain a small and elliptical mode field,
whereas optical fiber has a relatively large (9-10 m) and single, circular
mode field. This mismatch demands a grating coupler (Chen & Wang,
2020).

Instead of measuring the refractive index change, sensing is possi-
ble through evanescent fluorescence detection as well. Fluorescence-
labeled sensors have been reported to have higher sensitivity and a
higher possibility for multiplexing (Duveneck et al., 2002). The waveg-
uide surface can be surface modified using emitting molecules. The tar-
get biomolecules are marked with a fluorescent tag and immobilized
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on the receptor surface of the waveguide. The reduction in lumines-
cent intensity in the presence of analyte due to fluorescent resonance
energy transfer (FRET) can be used for detection (Aparicio et al.,
2014).

The evanescentfield can excite the fluorescence through the waveg-
uide. Fluorescence-based optical waveguide sensors have better sen-
sitivity and specificity, as well as ease of labeling. Since the detection
is based on an evanescent field, the autofluorescence from complex
analyte solutions can be avoided. The disadvantage of fluorescence de-
tection is the rapid photobleaching of fluorescent organic dye markers
(Mukundan et al., 2009a). This can be overcome by using quantum
dots as fluorescent labels. Also, multiplex detection is possible by using
quantum dots that emit at different wavelengths (Luchansky et al.,
2010).

Mukundan et al. used a sensitive waveguide-based optical biosen-
sor for cancer detection. They developed a sandwich immunoassay by
functionalizing the surface of single-mode planar optical waveguides
using a fluorescently labeled detector antibody. Fluorescent molecules
are excited only when they are within the evanescent field of the waveg-
uide (within a 0-250 nm distance from the surface). This spatial filter-
ing can be used to identify the presence of an analyte through selective
binding. It also minimizes the background fluorescence because of
biomolecules in complex biological samples like blood and sputum
(Luchansky et al., 2010; Mukundan et al., 2009b).

Waveguide-based biosensors are already commercialized, for ex-
ample, OWLSTM 210 by MicroVacuum Ltd. Itis a highly sensitive, label-
free biosensor system. It offers real-time quantitative measurements.
The main application of the sensor is in drug determination (Aparicio
etal., 2014).

Makela et al. used SisN, nanoslot fluidic waveguides to detect coro-
navirus DNA (cDNA) sequences. A strong evanescent field can be
created by a nanoslot arrangement that makes strong confinement of
light within the slot region. The slot also serves as a fluidic channel
for the analyte solution. cDNA was synthesized using a standard re-
verse transcription protocol on viral RNA. The excitation light was col-
limated through a single-mode silica fiber that was butt-coupled with
the waveguide through its front facet. The green light guided through
the waveguide excites fluorescence from the labeled DNA, and the
emission is collected using a multimode silica fiber connected toa CCD
spectrometer (Makela & Lin, 2021).

Instead of the waveguide, light through a resonator can also be used
for sensing. When light travels through a ring shaped micro-waveguide,
the evanescent field forms whispering gallery modes (WGMs). These
WGMs are extremely sensitive to the refractive index outside the res-
onator.
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Figure 7.5. The mechanism of
FRET. FRET occurs when the
donor and acceptor distance is
<10 nm.
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These Si-based direct-detection biosensors have a high potential as
low-cost, high-yield, and portable sensors for point-of-care diagnosis
(Gauglitz, 2020).

1.4 Forster resonance energy transfer
sensors

Forster resonance energy transfer, or FRET, is a sensitive and selec-
tive analytical technique employed for fluorescence chemical sensing.
It is a distance-dependent nonradioactive process between two fluo-
rophores in which resonance energy transfer occurs between a fluo-
rophore (donor) and another fluorophore or quencher nanoparticle
(acceptor), as shown in Fig. 7.5. The method can be used to measure
the nanoscale distance between two molecules. FRET is one of the best
methods aimed at biosensing, bioimaging, and drug delivery. Inte-
grating nanomaterials in FRET sensing will improve its sensitivity and
specificity. Luminescent nanoparticles as donors can overcome the de-
merits of conventional dyes like poor photobleaching resistance, short
fluorescence lifetime, and low chemical stability. Fluorescent proteins
can also be used as a donor, permitting sensing within living cells to
detect dynamic intracellular interactions. Noble metal nanoparticles
and graphene oxide (GO) are the commonly used acceptors in FRET
sensors. FRET sensors are widely studied for detecting biomolecules
like glucose, antibodies, nucleic acids, etc. This method has unique
advantages like high sensitivity and reproducibility. In this method the

concentration of the analyte can also be

Donor measured with good accuracy. Accurate

detection of biomolecules like glucose
both in vivo and in vitro has attracted
much attention. FRET allows the mon-
itoring of the concentration of an ana-
lyte in sensitive samples with minimal
disturbance (Choi et al., 2021; Shi et al.,
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enough, the excitation energy will transfer nonradiatively from the
donor to the acceptor when the two dipoles are close enough (with
a separation smaller than 10 nm). The process is nonradiative, which
means that the transition occurs without the emission or absorption of
a photon.

The efficiency (E) of FRET can be defined as the number of energy
transfer events per donor excitation.

kET

E=— " (7.8)
ki +ker + ) ki

where

kgr—the rate of energy transfer

ki—the radiative decay rate

ki—the rate of other deexcitation pathways

The rate of energy transfer is inversely proportional to the fluores-
cence lifetime of the donor molecule in the absence of the acceptor
molecule.

E— DT ™A (7.9)
L3s)
tp—Donor lifetime in the absence of the acceptor
tpa—Fluorescence lifetime of the donor in the presence of the
acceptor
The efficiency of FRET depends on:
» Spectral overlap between the donor and acceptor
» Excited-state lifetime of the donor and acceptor
 The relative orientation of donor and acceptor dipoles
» Donor-acceptor distance
The relation between efficiency and donor-acceptor distance can
be written as:

1
E= Ty (7.10)
Ry
where

rpa—the donor-acceptor distance

Ro—the distance at which the transfer efficiency is 50% (Forster

distance) (Clegg, 2009).

The energy transfer efficiency is inversely proportional to the sixth
power of the donor-acceptor distance, making it highly sensitive to
the distance between donor and acceptor. Hence it is a sharp tool
for molecular-level information tackling. FRET need not always be
associated with fluorescence. It is only one way to measure the energy
transfer between the donor and acceptor (Clegg, 2009; Shi et al., 2015b).

Shi et al. reported a graphene quantum dot (donor)-gold nanopar-
ticles (acceptor) FRET biosensor to detect the mecA gene sequence
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Figure 7.6. Schematic diagram
for the FRET sensing of
miRNA-155 using La(lll)-MOF
and Ag nanoparticles. Reprinted
(adapted) with permission from
Afzalinia & Mirzaee (2020).
Copyright 2020 American
Chemical Society.
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of Staphylococcus aureus. This borne bacterium can produce heat-
resistant toxins in food. The LOD of their biosensor was around 1 nM
(Shi et al., 2015a).

An upconversion (Anjana et al., 2018) FRET sensor was developed
by Xu et al. to detect lead ions in human serum. The NIR excitation in
upconversion luminescent donors helps overcome self-luminescence
from the serum. The LOD of their biosensor was 80 nM (Xu et al., 2014).

Afzalinia et al. developed an ultrasensitive FRET sensor for early-
stage cancer diagnosis, as shown in Fig. 7.6. The rapid and selective
detection of MicroRNA-155 (miRNA-155), a cancer biomarker, was
demonstrated. There have been reports about the presence of miRNA-
155 unusually in biological fluid samples of breast or lung cancer pa-
tients. So the detection of this biomarker with high sensitivity can lead
to an early-stage diagnosis. A modified La(III) metal—organic frame-
work (MOF) is used as the donor and an Ag nanoparticle as acceptor.
The LOD of the sensor is 0.0386 ppb (Afzalinia & Mirzaee, 2020).

Specific, sensitive, fast, and quantitative detection of SARS-CoV-2
was demonstrated using a FRET assay by Alhadrami et al. The extracel-
lular protease is used as the virus biomarker. The LOD of the method
was 9.7 £3 pfumL~!. They propose a short time and low-cost diagnosis.
Fluorogenic dipeptide with a fluorophore and a quencher on both ends
was used as a substrate, and the SARS-CoV-2 protease analyte was
identified and quantized by the increase in fluorescence (Alhadrami
etal., 2021).

Fu et al. achieved the specific and rapid detection of the intracel-
lular pathogen using a FRET nanoprobe. Aptamer-modified quantum
dots were used as the donor and Teicoplanin antibiotic functionalized-
gold nanoparticles as the acceptor (Fu et al., 2020).
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Geldert et al. proposed an aptamer- and MoS, nanosheet paper-
based FRET sensor for detecting plasmodium lactate dehydrogenase
(pLDH), a malarial biomarker. Developing a paper-based FRET sensor
that is simple and cost-effective will encourage the commercialization
of FRET sensors that already have advantages like high sensitivity and
accuracy in quantitative analysis (Geldert et al., 2017).

In some cases a single FRET transfer is not sufficient. The distance
between the two molecules can be too large, or in some cases more
accurate positioning may be required. In such situations the FRET can
be expanded to include more than one donor and acceptor, as shown
in Fig. 7.7.

Snell et al. developed a homotransfer FRET (homo-FRET) double-
fluorophore biosensor. Homotransfer sensors have advantages over
heterotransfer (hetero-FRET) biosensors, including increased mea-
surement precision, flexibility for multiplexing, and improved data
analysis methods (Snell et al., 2018). A six-color FRET multiplexed
biosensor was developed by Geifiler et al. for detecting five different
binding events simultaneously. Five different organic dyes can be used
for measurement in a filter-based time-resolved detection format. All
five markers have a detection limit in the picomolar range. The sensor
can distinguish between small-cell and non-small-cell lung carcinoma
from human serum. The sensor will be helpful in early-stage screen-
ing and therapy monitoring, which can replace lung biopsies (Geifler
etal., 2013).

1.5 Multimodal sensors

Different nanophotonic sensing platforms can be used in combi-
nation to develop a more reliable sensor. Many multimodal sensors

Figure 7.7. Schematic diagram
showing energy level transitions
of multistep (A) hetero-FRET
and (B) homo-FRET.
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have been reported so far. Surface-enhanced Raman spectroscopy
(SERS) is a commonly used sensing platform with unique advantages
like excellent detection limit and specificity. Fluorescence-SERS dual
nanotag is commonly used for multimodal sensing. Wang et al. de-
veloped organic—metal—QD hybrid nanoparticles as a fluorescent-
SERS dual tag for immunoassay (Wang et al., 2012). Cui et al. used
Au@organosilica multifunctional nanoparticles for fluorescent-SERS
dual-sensing. The Au core acts as a SERS substrate and silica as a fluo-
rophore (Cui etal., 2011). Niu et al. developed upconversion SERS dual-
mode tags for in vivo imaging (Niu et al., 2014). All these reports suggest
that dual-modal sensing can increase the reliability of the device as
the fluorescence serves as a fast indicator and the SERS signal is more
target specific.

Sensitive and accurate FRET-SERS dual sensors can also be devel-
oped. The disadvantage of FRET sensors is that they are not very spe-
cific to the analyte. This can be overcome by combining a SERS-based
sensor and FRET sensor in the form of a dual sensor. Some reports exist
about dual-channel FRET sensors that combine FRET with pH change
(Cui et al., 2011; Niu et al., 2014).

Qiu et al. reported dual-functional plasmonic photothermal
biosensors for coronavirus 2 detection. They have combined the
photothermal effect and plasmonic sensing for nucleic acid detection
with improved sensitivity and detection limit (0.22 pM) (Qiu et al.,
2020). SARS-CoV-2 DNA sequences were identified using nucleic
acid hybridization. The authors used LSPR in nanoparticles along
with plasmonic photothermal (PPT) effect. The in situ hybridization
temperature was elevated using thermoplasmonic heat to discriminate
between two similar gene sequences (Bhalla et al., 2020).

7.6 Summary

Nanophotonic biosensors are very promising for disease diagno-
sis. Many of the methods have been well studied and they have been
reported to have many advantages compared to conventional sensor
kits. All these are excellent platforms for molecular recognition. Even
though there are commercially available sensors, the large-scale ap-
plication is not possible due to the production cost and advanced
detection setup requirement. These sensors have to be cost effective
and have to be implemented without costly equipment requirements.
Paper-based FRET sensors and fluorescence-based waveguide chip
sensors are promising in this aspect. The majority of the methods offer
multiplexed detection, which is crucial for diagnosing newly found or
mutating pathogens. Multimodal detection offers highly desirable sen-
sors by combining the advantages of multiple methods. For example,
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FRET-SERS sensors can provide the specificity of SERS sensors and
accuracy in quantitative detection provided by FRET sensing.
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8.1 Introduction

Precision nanoclusters-based sensors have grown exponentially
over the last few decades. During this time, the size-focused synthetic
strategies and surface functionalization of nanoclusters have been sig-
nificantly improved. Nanoclusters with photoluminescence properties
have been proven to be extremely useful in the qualitative and quan-
titative detection of analytes due to their ultrasmall size, low toxicity,
aqueous solubility, large Stokes shift, and high photoluminescence
quantum yield. The photoluminescence enhancement or quenching
could be used as a visual detection method for different analytes,
including metal cations, anions, gases, and biomolecules due to the
different possible interactions between nanoclusters and analytes. In
this section we summarize the sensing applications of precision noble
metal nanoclusters.

8.1.1 Cation sensing

The metal pollutants present in the environment harm both the
ecosystem and the metabolic pathways of living organisms. As a re-
sult, the metal pollutants must be monitored and controlled. Metal
pollutants have been detected conventionally using spectroscopic or
chromatographic techniques. However, this process requires a more
prolonged duration since it needs sophisticated instrumentation tech-
niques or experienced personnel. Many advanced nanomaterials have

Nanomaterials for Sensing and Optoelectronic Applications. DOI: https://doi.org/10.1016/B978-0-128-24008-3.00009-6

Copyright (© 2022 Elsevier Inc. All rights reserved.


https://doi.org/10.1016/B978-0-128-24008-3.00009-6

150 Chapter 8 Precision nanoclusters: promising materials for sensing, optoelectronics, and biology

been used for the fast and reliable sensing of metal ions in the re-
cent past, emphasizing the importance of portable and low-cost sen-
sors. Precision noble metal nanoclusters, possessing inherent pho-
toluminescence, were found to have good metal ion sensing ability.
Therefore analytes can be detected in situ by exploiting the strong
interactions with nanoclusters’ metallic core or their surface ligands.
For example, some analytes have a strong affinity to the closed elec-
tronic configuration of the metal core. In other cases the analytes
interact with surface ligands through electrostatic interaction, result-
ing in metal chelation. These specific interactions cause changes
in the photoluminescence of nanoclusters, making the analytes de-
tectable. The changes in the photoluminescence intensity of nan-
oclusters could also be directly correlated with the concentration
of analytes. The specific sensing of various metal ions is described
below.

8.1.1.1 Mercury (Hg?) sensing

Mercury is one of the potentially toxic heavy metals that harm living
organisms (Holmes et al., 2009). It can trigger neurological, cardio-
vascular, and renal disorders even in trace amounts. As a result, the
selective detection of mercury in the environment is critical for pre-
venting health problems. Luminescent noble metal nanoclusters were
found to be excellent probes for detecting mercury ions. The metallic
core of nanoclusters has a higher percentage of M(I) (M = Au or Ag)
content compared to plasmonic nanoparticles. Au(I) or Ag(I) metal
cores with a closed-shell electronic configuration or d' structure have
a greater binding affinity toward Hg(II) ions. Since Hg(II) ions also
hold a d'° electronic configuration, an efficient metallophilic bond
formation is possible between the nanocluster core and Hg(II) ions.
Such an Au(I)-Hg(II) interaction helps alter the electronic structures of
gold nanoclusters. As a result, even a trace amount of Hg(I) ions in the
solution can quench the photoluminescence of nanoclusters. Based
on this molecular recognition chemistry, several nanocluster-based
fluorescent probes have been developed to detect Hg(II) ions. For ex-
ample, bovine serum albumin-protected luminescent gold nanoclus-
ters (Au@BSA) were found to be an effective Hg(II) sensor (Fig. 8.1A-
C) as they could selectively quench their photoluminescence in the
presence of Hg(II) ions (Xie et al., 2010). Different surface-modified
nanoclusters, including Au@BSA nanoclusters-entrapped sol-gel sen-
sory films (Hofmann et al.,, 2014), a-chymotrypsin-protected gold
nanoclusters blotted in the cellulose membrane (Liu et al., 2014),
and Au@BSA nanoclusters-coated polymeric electrospun nanofibers
(Senthamizhan et al., 2015), have also been used for selective Hg(II) ion
detection. In contrast to Hg(II) ions, another toxic species of mercury,
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viz., CH3Hg(I) (methyl mercury), could also be detected in seawater
using lysozyme-protected gold nanoclusters (Lin & Tseng, 2010). Later,
a cellulose paper-based visual sensor for the ratiometric sensing of
Hg(II) ions was developed by dropping the Tb**/Au@BSA nanocluster
composite over the paper and drying it (Fig. 8.1D-F). To better un-
derstand the practical application capability, internal organ samples
collected from the rats artificially infected with Hg(II) ions were stud-
ied using the nanocomposite mentioned above. The nanocomposite-
based Hg(II) ions sensing results were in good agreement with results
from traditional atomic absorption spectrometer (AAS)-based detec-
tion. This ensured that Hg(II) ion detection using the Tb*"/Au@BSA
nanocluster composite has excellent practical potential (Qi et al., 2015).
Similar metallophilic interactions (d'°-d!°) have also been used to dis-
play the silver nanoclusters-based sensors. For example, Adhikari and
Banerjee achieved the selective detection of Hg(Il) ions at subnanomo-
lar levels using lipoic acid-protected silver nanoclusters (Adhikari &
Banerjee, 2010). Later, lysozyme- and oligonucleotide-stabilized silver
nanoclusters were used for the selective detection of Hg(IT) with a limit
of detection of 0.6 mM and 5 nM, respectively (Guo et al., 2009; Zhou
etal., 2012). In another study Guo and Irudayaraj developed denatured
BSA (denatured using guanidine and tris(2-carboxyethyl)phosphine
hydrochloride [TCEP.HCI])-protected silver nanoclusters for the selec-
tive detection of Hg(II) ions with a limit of detection of 10 nM (Guo &
Irudayaraj, 2011). Glutathione-protected silver nanoclusters holding a
higher percentage of Ag(I) content that have a better quantum yield
(15%) showed remarkable selectivity and sensitivity for Hg(II) ion sens-
ing (Yuan et al., 2012).

Figure 8.1. (A) Schematic
representation of Hg(ll) sensing
based on the fluorescence
quenching of Au@BSA
nanoclusters. (B)
Photoemission spectra and
photographs of Au@BSA
nanoclusters under UV lightin
the (1) absence and (2)
presence of Hg(ll) ions (50 pM).
(C) Photographs of an aqueous
solution of nanoclusters (20
mM) under UV light in the
presence of 50 yM
concentration of various metal
ions. (D) Schematic illustration
of Hg(ll) sensing using
Th?*/Au@BSA nanoclusters. (E)
Fluorescent probe digital
photographs of Th*/Au@BSA
nanocluster—derived
paper-based visual sensor. (F)
Fluorescence color image of the
visual sensor at different
concentrations of Hg(ll) solution
under 254-nm UV light

(Fig. 8.1A—C from Xie et al. [2010]
and Fig. 8.1D—F from (Qi et al.,
2015)).
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Several studies have shown that metallophilic interactions between
Hg(II) ions and nanoclusters could quench photoluminescence. Still,
a comprehensive understanding of such fundamental interactions and
mechanical aspects has not yet been identified. To better understand
the hypothesis mentioned above, Yu et al. studied a variety of nan-
oclusters using steady-state fluorescence and time-resolved transient
absorption measurements (Fig. 8.2A and B) (Yu et al., 2013b). When the
interactions of three nanoclusters, namely, Aug@BSA, Au;@histidine,
and Auy; @BSA, with Hg(II) ions were compared, the former two nan-
oclusters preserved their photoluminescence due to the absence of
Au(I) species on the metal core. On the other hand, the Au,s @BSA nan-
ocluster showed luminescence quenching, confirming the presence of
the Au(I) center. These Au(I) semirings on the Auys @BSA nanoclus-
ter could effectively bind with Hg(II) ions, which demonstrates the
existence of Au(I)-Hg(II) interactions. Lifetime measurement showed
a steady decrease in the decay profile as the concertation of Hg(II)
ions increased. Similar experiments were conducted with silver nan-
oclusters also. Interestingly, the lifetime values of excited-state silver
nanoclusters were comparable to those of gold nanoclusters in the
presence of varying concentrations of Hg(II) ions (Guo et al., 2009).
The studies revealed that the photoluminescence quenching of nan-
oclusters with mercuryions contact was triggered by a static quenching
process. The formation of a nonluminescent static complex between
Hg(II) ions and silver nanoclusters resulted in their photolumines-
cence quenching.

In some cases the presence of negatively charged functional moi-
eties on the nanocluster surface could directly interact with positively
charged metal ions. Such attractive electrostatic interaction could re-
sult in the aggregation of nanoclusters. The luminescence intensity
of nanoclusters changes during the aggregation. This process results
in two photophysical phenomena, viz., aggregation-induced emis-
sion and aggregation-induced quenching. Here the former increases
the luminescence intensity, whereas the latter diminishes it. Both
aggregation-induced emission and aggregation-induced quenching
could be exploited for analyte detection. For example, Huang et al.
proposed an aggregation-induced quenching mechanism for the de-
tection of Hg(II) ions using 11-mercaptoundecanoic acid (11-MUA)-
tethered gold nanoclusters (Huang et al., 2007). However, the detec-
tion trials showed photoluminescence quenching when interacting
with different metals ions such as Hg(II), Pb(II), and Cd(II). To over-
come such selectivity issues, a masking reagent, viz., 2,6-pyridine di-
carboxylic acid, was introduced into the detection medium. The ca-
pability of Pb(Il) and Cd(II) ions to form complexes with 2,6-pyridine
dicarboxylic acids could deactivate them from the screening process.
This masking technique helped create a highly selective Hg(II) ions

-
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sensor with a limit of detection of 5 nM. Later, Deng et al. fabricated
hybridized DNA duplexes-tethered silver nanoclusters for the “turn-
on” detection of Hg(II) ions (Deng et al., 2011). Initially, the cytosine
loops containing DNA strands and complementary DNA strands were
hybridized to generate the DNA duplex scaffolds. To fabricate lumi-
nescent silver nanoclusters, the above-prepared DNA duplex scaffolds
and silver salt were chemically reduced using an aqueous NaBH, solu-
tion. Since silver nanocluster formation is highly sequence dependent,
the introduction of several thymine-thymine (T-T) mismatches on the
DNA duplex restricted the formation of such luminescent nanoclus-
ters. But, the introduction of Hg(II) ions to such mismatched DNA
duplexes on the nanocluster surface was strengthened by the T-Hg(II)-
T base pair formation, resuming the production of highly luminescent
silver nanoclusters. Such a synthetic protocol could be exploited for
the sensitive detection of Hg(II) ions with a limit of detection of 10
nM. The fluorescence resonance energy transfer (FRET) mechanism
was also employed to detect Hg(II) ions using two fluorophores. For
example, Pu et al. used blue-emitting conjugated oligomer-substituted
polyhedral oligomeric silsesquioxane (POSS) and red-emitting gold
nanoclusters for the selective detection of Hg(II) ions (Fig. 8.2C and D)
(Puetal., 2011). When the dual emissive nanocomposites were excited,
an efficient spectral overlap occurred with the donor (blue-emitting
POSS) and acceptor (red-emitting gold nanoclusters). This resulted in
the generation of pink fluorescence due to the energy transfer from
POSS to nanoclusters. However, the addition of Hg(II) ions induced a
shift in luminescence from pink to blue due to the quenching of red-
emitting nanoclusters. The strong Au(I)-Hg(II) interaction plays a crit-
ical role in the quenching mechanism, allowing Hg(II) ion detection
with a limit of detection of ~ 0.1 nM.

8.1.1.2 Copper (Cu?*) sensing

Although copper is a necessary trace element in biological systems,
excessive consumption causes copper accumulation in the body. A
variety of luminescent gold nanoclusters-based sensors have been em-
ployed for the selective detection of copper. For example, glutathione-
protected gold nanoclusters (Au@SG) were used to detect copper ion
(Cu(I1)) with a limit of detection of 86 nM (Zhang et al., 2013a). The
effective chelation between the carboxyl group of glutathione and
Cu(II) results in nanocluster aggregation. However, the detection se-
lectivity is extremely poor since the chelation is also possible with
other metal ions such as Hg(I) and Pb(II). Later, a mixture of two
separate ligand-protected gold nanoclusters (Au@BSA and Au@lysine)
was employed to detect Cu(II) ions with a limit of detection of 0.8
pM (Yang et al., 2013). Cu(II) could coordinate with the -COOH and
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-NH, groups of each of these nanoclusters. Hence the efficient co-
ordination helped form the anisotropic aggregates accompanied by
luminescence quenching. This selective quenching resulted in the de-
tection of Cu(Il) ions. Meanwhile, Muhammed et al. fabricated an
Auzz@BSA nanoclusters-based Cu(Il) ion sensor by adopting a simi-
lar quenching mechanism (Muhammed et al., 2010). Durgadas et al.
employed Au@BSA nanoclusters for the Cu(II) ions sensing in living
cells (Durgadas et al., 2011). Later, Shang et al. developed a reversible
luminescent copper sensor using poly(methacrylic acid) (PMAA)-
stabilized silver nanoclusters (Shang and Dong, 2008). The detection
mechanism of Cu(Il) ions was purely based on luminescence quench-
ing. In this case nanoclusters showed reversible photoluminescence in
the presence of disodium ethylenediaminetetraacetate (EDTA). When
EDTA was added to a mixture of nanocluster and Cu(II) ions, the
preferential coordination between EDTA and Cu(II) ions released the
nanoclusters. This resulted in the restoration of the original photolumi-
nescence of nanoclusters. Later, Lan et al. developed a water-soluble
DNA-stabilized silver nanocluster for the specific sensing of Cu(II) ion
(Lan et al., 2010). This approach was attractive because of its practical
usefulness in the detection of Cu(II) in pond water and soil.

8.1.1.3 Iron (Fe**/Fe* ) sensing

Iron is an essential metal that is needed in biological processes.
Being the metal center of the heme group, iron is critical in the trans-
fer and storage of oxygen. Iron deficiency causes anemia, and excess
iron in the body causes iron poisoning. As a result, it is vital to mon-
itor the iron selectively and sensitively. For example, Ho et al. used
a solvent-free (green synthesis) one-pot synthesis approach to cre-
ating L-DOPA (L-3,4-dihydroxyphenylalanine)-protected luminescent
gold nanoclusters (Ho et al., 2012). The presence of Fe(IIl) ions was
able to be detected based on the aggregation-induced fluorescence
quenching of nanoclusters. The nanocluster is highly attractive for the
sensing of Fe(IlI) ions because of its liner concentration range of 5
to 1280 pM and strong selectivity toward Fe(III) ions with a limit of
detection of 3.5 pM. Su et al. developed L-histidine-protected blue-
green emitting gold nanoclusters using a similar green synthesis tech-
nique, which has been used to detect Fe(III) ions in plants. Later, Yu
et al. developed antibiotic vancomycin-protected luminescent gold
nanoclusters for Fe(III) ion detection (Yu et al., 2017). The interaction
between vancomycin and Fe(III) ions could selectively quench the
photoluminescence of nanocluster, enabling the detection of Fe(III)
ions with a limit of detection of 1.4 uM. The addition of EDTA into the
above mixture could restore the photoluminescence of nanoclusters
due to the stronger coordination between Fe(III) ions and EDTA. In
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another study an alloy metal nanocluster containing Au, Ag, Cu, and
Pt metal atoms was used to detect Fe(III) ions (Zhou et al., 2017b). The
photoluminescence quenching of nanoclusters in Fe(III) ions and the
visual change in color of the nanocluster solution in Fe(IIT) ions could
be used to detect the ions. George et al. fabricated surfactant-free Pt
nanoclusters for the “turn-off” detection of Fe(III) ions (George et al.,
2017). The better stability of the nanoclusters with static quenching ca-
pabilities enabled the detection of Fe(III) ions in human blood samples
at room temperature. Later, Yang et al. used a ligand exchange fol-
lowed by the chemical reduction approach to create aqueous-soluble,
red luminescent [Au;(DHLA),Cl,] nanoclusters for the detection of
ferrous Fe(II) ions (Yang et al., 2017). The photoluminescence result-
ing from the aggregation-induced emission of outer Au(I)-thiolates
around Au(0) core of the nanocluster has been efficiently used to detect
Fe(II) ions with a limit of detection of 3.8 puM.

8.1.2 Anion sensing

Some anions are poisonous and classified as hazardous environ-
mental pollutants. The detection of such anions is possible when
they interact with the metallic core of nanoclusters. Anions such as
cyanides, sulfides, and nitrites could etch the metallic core, leading to
the decomposition or aggregation of nanoclusters. This process could
be monitored by recording and analyzing the photoluminescence in-
tensities of nanoclusters.

8.1.2.1 Cyanide (CN~) sensing

Monitoring cyanide (CN~) anions is critical because they are in-
credibly toxic and adversely influence bioactivities. The core etching
of the nanocluster in the presence of CN™ ions could result in the for-
mation of an [Au(CN),]~ complex. As a result, the photoluminescence
intensity of nanoclusters quenches simultaneously. Such interactions
between the nanoclusters and cyanide ions have been used to detect
CN~ ions very efficiently. For example, Liu et al. developed a cyanide
sensor using Au@BSA nanoclusters (Fig. 8.3A) (Liu et al., 2010). The
red emission of nanoclusters was selectively quenched within 20 min
due to the strong interaction between cyanide ions and gold atoms.
This method exhibited superior cyanide specificity over many other
anions present in the environment. It also showed better cyanide sen-
sitivity, with a limit of detection of 200 nM, which is 14 times lower
than the optimum standard level of cyanide in drinking water (2.7 pM).
Similarly, Lu et al. fabricated lysosome-tethered gold nanoclusters
for the selective detection of CN~ ions (Lu et al., 2014). The color of
nanocluster solution under visible light and UV light (photoemission)
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changed when they interacted with CN~ ions, thus resulting in a se-
lective CN~ ion sensor with a limit of detection of 190 nM. Later, Zong
et al. developed (Au(I)MTA); (MTA = 3-mercapto-1,2,4-triazole) and
poly(acrylonitrile) nanocluster-based nanocomposite polymer films
for the selective detection of CN~ ions (Zong et al., 2014). The photo-
luminescence intensity of the fabricated film was quenched due to the
gold-cyanide interactions. The macroporous structure of the polymer
film greatly enhanced CN~ ions’ diffusion by improving Au(I) interac-
tion sites, resulting in rapid and sensitive detection. Also, these macro-
pores amplified the signals by instantly capturing and concentrating
the volatile CN~ ions. The practical applications of these films were
further evaluated for the selective detection of CN~ ions in red wine,
juice, and coffee and the real-time detection of CN~ ionsrelease during
the cassava processing (Fig. 8.3B and C).

8.1.2.2 Sulfide (S, ) sensing

Sulfide (S,~) ion is another toxic pollutant anion present in the
environment, despite being an essential gaseous signal transmitter in
the neuron. They could prevent cellular respiratory actions by form-
ing complexes with iron present in the mitochondrial cytochrome en-
zymes. The rapid and sensitive detection of S, ~ with a limit of detection
of 29 nM was achieved using Au@BSA nanoclusters (Cui et al., 2013).
The interaction of S, ions with the gold metallic core leads to the
degradation of nanoclusters via the formation of an Au,S precipitate.
This degradation resulted in luminescence quenching, which can be
directly correlated with S, concentration. The Cui et al. were able to
detect S, present in river water, which demonstrated the practical ap-
plication of the sensor. Yuan et al. used a gold nanocluster costabilized
by (10-mercaptodecyl)-5-methyl pyrimidine-2,4-dione (TSH) and 11-
MUA to develop a “turn-on” fluorescence detection of S, ions (Yuan
etal., 2013a). A ligand exchange procedure was used to introduce TSH.
However, due to their poor solubility, it induced nanocluster aggrega-
tion, which resulted in decreased fluorescence. On the other hand, sul-
fide ions could efficiently be adsorbed on metallic surfaces. As a result,
an increased surface charge and static repulsion were created on the
nanocluster surface. This led to the disaggregation and luminescence
restoration of nanoclusters. Such a sulfide ion-nanocluster interaction
was used to develop an ecofriendly nanocluster-based detector with a
limit of detection of 0.5 M.

8.1.2.3 Nitrite (NO,™ ) sensing

Nitrite (NO, ™) ion is a necessary nutrient for plant growth, and it is
also used as an antimicrobial preservative in meat. However, excessive
nitrite ion consumption in human beings could result in serious health

-
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problems such as gastric cancer and methemoglobinemia. Nitrites can
produce highly carcinogenic nitrosamine compounds by interacting
with proteins in the body. As a result, it is critical to monitor the
concentration of nitrites in food and water samples. Various metal
nanoclusters have been used to detect nitrite ions. For example, Liu
et al. used sonochemically prepared Au@BSA nanoclusters for the
detection of NO,~ ions in the drinking water (Liu et al., 2013b). Al-
though nitrite ions could be detected using the photoluminescence
quenching mechanism, the selectivity was questioned due to the in-
teractions of Au@BSA nanoclusters with other metal ions and anions.
To avoid this issue, Unnikrishnan et al. thoroughly investigated the
sensing ability of Au@BSA nanoclusters and the mechanistic aspects of
photoluminescence quenching (Unnikrishnan et al., 2014). From XPS
(X-ray photoelectron spectroscopy) data, they found that the binding
energy values of gold increased only in the presence of nitrite ions.
This result shows that a higher oxidation state is created for gold in the
presence of nitrite ions. The authors further scrutinized various factors
influencing nitrite quantification. For example, the detection of nitrite
ions was highly feasible without any interference under an acidic envi-
ronment (pH ~3). Furthermore, the addition of masking agents such as
EDTA has been shown to improve selectivity. Finally, the authors could
develop an Au@BSA nanocluster-modified nanocellulose membrane
to detect nitrite ions in water and urine samples. Later, Chen et al. fabri-
cated gold nanoclusters cotethered with a series of amphiphilic ligands
and 11-mercaptoundecanol (Chen et al., 2014). Among them, tetrade-
canoic acid and 11-mercaptoundecanol-costabilized gold nanoclus-
ters showed better photoluminescence quantum yield and dispersibil-
ity. They have been used for the selective detection of nitrite ions with
a limit of detection of 40 nM. It is also possible to detect nitrite ions
electrochemically using nanoclusters. For example, Dhanya et al. fab-
ricated silver nanoclusters-modified electrodes to detect nitrite ions
using square wave voltammetry (Dhanya et al., 2013). The fabricated
electrode showed the limit of detection of 1.5 fM and a broad response
range of 100 pM to 100 nM. Similarly, Xu et al. fabricated a nanocom-
posite using the graphene oxide-supported gold nanoclusters to quan-
titatively analyze nitrite ions (Xu et al., 2015). Later, Chen et al. uti-
lized hyperbranched polyethyleneimine-protected silver nanoclusters
(Ag@hPEI) for the detection of nitrite ions by two-step processes (Chen
et al., 2016). Under acidic settings, nitrite and externally introduced
hydrogen peroxide combined to generate peroxynitrous acid. The in-
teraction of in situ-formed peroxynitrous acid and nanocluster could
result in aggregation-induced luminescence quenching. This process
was utilized for the detection of nitrite ions with a limit of detection
of 100 nM. Later, copper nanoclusters were also used for the detection
of nitrite ions. For example, both stabilizer-free (Zheng et al., 2016)
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and glutathione-protected (Zhou et al., 2017a) copper nanoclusters
(Cu@SG) have been efficiently used for the selective detection of nitrite
ions.

8.1.3 Biosensing

This section discusses in detail the sensing of different biomole-
cules using precision nanoclusters.

8.1.3.1 Glucose sensing

Glucose is a significant carbohydrate that most living beings use as
a source of energy. The glucose levels in the human blood influence
both metabolic activity and health conditions. An abnormal glucose
level in the blood or urine may be an indication of underlying health
problems, which can sometimes progress to diabetes. So it is essential
to fabricate selective and sensitive sensors to monitor the glucose level
in blood or urine. There are many approaches available to detect the
glucose level in human body fluids. However, in nanocluster-based
sensing the sensitive interaction between luminescent nanoclusters
and H,0; is predominantly used. H,O, is produced as a byproduct
of the enzymatic oxidation of glucose in the presence of oxygen. The
generated H,O, can be detected by monitoring the change in pho-
toluminescence intensity of nanoclusters. Thus the indirect detection
of glucose is possible based on the amount of H,O, produced. Many
nanocluster-based sensors have been developed using the mechanism
described above. For example, Shiang et al. fabricated luminescent 11-
MUA-tethered gold nanoclusters for the selective detection of H,O,
and glucose (Shiang et al., 2009). The surface Au-S bonds get oxidized
in the presence of H,O, to form disulfides, which eventually leads to
photoluminescence quenching. The glucose detection is carried out in
a two-step process, in which the glucose oxidase enzyme (GOx) was
initially allowed to react with glucose in the presence of sodium phos-
phate buffer. Subsequently, the produced H,0, further interacted with
gold nanoclusters. The overall process was monitored by recording
and analyzing the time-dependent photoluminescence spectra. Based
on the amount of H,O, generated, glucose could be detected with
a limit of detection of 1 uM (Fig. 8.4A and B). Notably, the sensitiv-
ity of this method was in good agreement and comparable with that
of methods that use the electrochemical biosensors reported earlier.
Likewise, glutathione- (Wu et al., 2019b), L-cysteine- (Hussain et al.,
2011), and BSA-stabilized gold nanoclusters (Jin et al., 2011) have been
demonstrated for the selective detection of glucose using a similar
mechanism. Among them, the L-cystine-stabilized gold nanoclusters
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showed a wider range of detection sensitively due to their better photo-
luminescence intensity. The Au@BSA nanoclusters showed a detection
range of 100 mM to 0.5 mM with a limit of detection of 5 pM. Later,
Xia etal. fabricated GOx-tethered gold nanoclusters by conjugating the
enzyme with the surface-bound lipoic acid (Xia et al., 2013). The as-
synthesized enzyme-conjugated nanoclusters could be directly used
for the in situ detection of glucose. The oligonucleotide-protected sil-
ver nanoclusters (Schroeder et al., 2019) and glucose oxidase/copper
nanocluster hybrid structures (Su & Liu, 2017) were also similarly used
to detect glucose. Later, Zong et al. proposed a different approach for
detecting H,O, and glucose by blending the Fenton reaction on the
nanocluster surface (Zong et al., 2017). In the Fenton reaction H,0,
gets oxidized in the presence of a Fenton reagent (Fe(II)) to form hy-
droxyl radicals ( "OH). Since "OH are more reactive and aggressive
oxidizing agents than H,0,, improved oxidation of nanoclusters with
a higher sensitivity is ensured. Similarly, H,O, produced by the cat-
alytic oxidation of glucose could be detected much more efficiently
by converting it into hydroxyl radicals (OH) using the Fenton reaction
(Fig. 8.4C-E). In contrast to this method, Chen et al. demonstrated
the formation of silver nanoclusters and the subsequent detection of
glucose via the Fenton reaction (Chen et al., 2017c). Here, the free
radicals produced by the Fenton reaction were used to initiate the
polymerization of methacrylic acid (MAA). The polymerized product

Figure 8.4. (A) Schematic
representation of H,0,
nanosensor; (B) the
photoluminescence spectra
were recorded from
11-MUA—gold nanoclusters in
the (a) absence and (b)
presence of H,0,. The
corresponding photographs
captured under UV light are
shown in the inset. (C) The
Fenton reaction-mediated H,0,
and glucose sensing. (D)
Fluorescence response and
corresponding photographs of
gold nanoclusters in the (a)
absence and presence of (b)
10-mM H,0, and (¢) 20-mM
H,0,, respectively. (E) The
time-dependent fluorescence
response of gold nanoclusters
was recorded after adding
10-mM H,0, (Fy and F are the
fluorescence intensity of the
nanocluster at 660 nm in the
absence and presence of H,0,,
respectively) (Fig. 8.4A and B

from Shiang et al. [2009] and Fig.

8.4C—E from Zong et al. [2017]).



162 Chapter 8 Precision nanoclusters: promising materials for sensing, optoelectronics, and biology

(PMMA) could act as a comfortable template to stabilize the lumines-
cent silver nanoclusters. Based on the photoluminescence intensity of
the silver nanoclusters generated, the accurate detection of glucose
was feasible. Later, Naaz et al. carefully created the preferential affinity
between the cis diol groups of glucose and phenylboronic acid for the
direct detection of glucose (Naaz et al., 2018). To fabricate the glucose
sensor, dihydrolipoic acid-stabilized silver nanoclusters (Ag@DHLA)
were initially conjugated with 3-aminophenyl boronic acid (APBA) via
a hydrogen bond-mediated interaction. The molecular interaction led
to the aggregation of nanoclusters with enhanced photoluminescence.
The addition of glucose into the assembled nanoclusters quenched
their luminescent intensity due to the disaggregation.

8.1.3.2 Biothiol sensing

Biothiols (primarily cysteine, homocysteine, and glutathione) are
essential constituents of the majority of peptides. These biothiols
have critical physiological roles, including maintaining redox balance,
stimulating gene expression, and preventing damage from free radicals
and toxins. However, unusual quantities of biothiols in the human
body have been connected to various diseases, including cancer,
Alzheimer’s disease, Parkinson’s disease, and AIDS. As a result,
developing tools for detecting biothiol concentrations in living cells
is critical for learning more about biothiol-related pathophysiological
processes. Several reports on biothiol detection based on nanocluster
are available. For example, Han and Wang fabricated single-stranded
DNA-stabilized silver nanoclusters to detect biothiols (cysteine,
homocysteine, and glutathione) in human plasma samples (Han &
Wang, 2011). For this, silver nanoclusters were initially synthesized by
reducing silver salts in the presence of thiolated single-stranded DNA
using an aqueous NaBH, solution. The purified nanoclusters were
stored in the dark for 3 hours before usage. The addition of biothiols
into the nanocluster sample creates a coordination complex between
sulfur and silver atoms. The vacant d orbitals of silver atoms are
filled by the electron pair from sulfur atoms, forming a metal-ligand
bond. The XPS binding energies validated the formation of such Ag-S
bonds. UV-Vis spectroscopy and lifetime measurements suggested a
static quenching mechanism. Later, Huang et al. investigated various
DNA-stabilized silver nanoclusters and found that the nanocluster’s
properties are highly dependent on DNA templates (Huang et al., 2011).
Some DNA-templated nanoclusters preserved their photolumines-
cence when interacting with thiol molecules. However, a group of other
nanoclusters quenched their photoluminescence by forming ground
state complexes. The third possibility is the enhancement of photolu-
minescence in the presence of biothiols. For example, the interaction

-
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of biothiols with polycytosine DNA-protected silver nanoclusters
boosted their photoluminescence. Based on their understanding, a
turn-on detection of biothiols has been achieved. Later, Chen and
Tseng used lysozyme type VI-stabilized blue-emitting Aug nanoclus-
ters with a high quantum yield to detect glutathione in a single drop of
blood (Chen & Tseng, 2012). Here, the photoluminescence intensity of
about 455 nm gradually decreased with the increasing glutathione con-
centration with a limit of detection of 20 nM. However, cysteine could
also quench the photoluminescence of nanoclusters, which breaks the
selectivity. Hence, fluorosurfactant-capped gold nanoparticles were
used to improve the selectivity by masking cysteine. The greater thiol-
mercury affinity has also been used to detect biothiols. For example,
the interaction of MUA-protected gold nanoclusters with Hg(II) ions
could form a stable complex via coordination with the carboxylic acid
group, resulting in photoluminescence quenching (Chang et al., 2014).
However, introducing a thiol moiety restores the original photolu-
minescence due to the better affinity of Hg(II) ions to thiol groups
compared to carboxylic acid groups. This method has been further
extended to detect biothiols in real biological samples. Similarly, water-
soluble DNA-protected silver nanoclusters complexed with Hg(II)
ions were used for biothiol detection (glutathione and cysteine) (Yan
et al., 2018). Later, Shang and Dong used PMAA-stabilized aqueous
luminescent silver nanocluster to detect cysteine (Shang & Dong,
2009). Glutathione-protected silver nanoclusters (Ag@SG) were also
used to detect cysteine selectively and sensitively (Yuan et al., 2013b).
The specific silver-thiol interaction and steric hindrance resulted in
cysteine sensing with a limit of detection of <3 nM (Fig. 8.5A-C).

8.1.3.3 Adenosine triphosphate sensing

Adenosine triphosphate (ATP) is a compound that transports en-
ergy to cells and regulates their metabolic activities. Abnormal ATP
levels signify various pathogeneses, emphasizing the importance of
ATP monitoring in human beings. Precision noble metal nanoclusters
are useful probes to monitor ATP levels in the human body. For ex-
ample, Zhou et al. demonstrated ATP detection using DNA-stabilized
silver nanoclusters (Zhou et al., 2011a). For this, silver nanoclusters
were initially synthesized via the chemical reduction of silver ions in
the presence of thiolated DNA. Since there were only a few base pairs
in the DNA sample without the ATP (ATP aptamer ATPS1/ATPS2was in
a free state), injection of an aqueous solution of NaBH, into a mixture
of silver ions and DNA resulted in the formation of less luminescent
nanoclusters. However, the addition of ATP into the above-prepared
nanocluster solution results in bright photoluminescence. As a re-
sult, the method mentioned above is helpful in detecting ATP levels.
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Figure 8.5. (A) Schematic
representation for the selective
sensing of cysteine by Ag@SG
nanoclusters. (B, C) Top panel:
digital photos under (B) visible
light and (C) UV light, and bottom
panel: (B) relative optical
intensity (I/ly) of absorption at
489 nm and (C) relative
fluorescence intensity (I/1y) at
647 nm of aqueous Ag@SG
nanocluster solutions (10 M) in
the presence of 50 uM
concertation of different amino
acids (Yuan et al., 2013b).

Fluorescent Fluorescence quenching by

decomposition

The integration of the specific
steric hindrance and
unique thiol-Ag

(A) GSH-AgNCs

)

| 4
N, - e
nﬁﬁo\ chemistry
- Finin
) ¢ /
@ f

A T g 1
T e ™ e
= =
= =0.8
308 H
g £
0.64
Fosf g
a o
< & 04
0.4 y
£ E
So2 302
&
00

ST IS FELITISLISSET

Amino Acids

P ST EIFIFEL SIS

Amino Acids

The selectivity of this technique was comparable to that of existing
methods with a limit of detection of 0.2 pM. Further, the authors ex-
tended this work using luminescent double-stranded DNA (dsDNA)-
stabilized copper nanoclusters (Zhou et al., 2011b). In this case the
addition of ascorbic acid into an aqueous solution of copper ions in
the presence of dsDNA resulted in the formation of highly luminescent
dsDNA-stabilized copper nanoclusters. However, the addition of ATP
into the mixture of DNA and copper ions before the ascorbic acid
reduction results in the formation of an ATP-aptamer complex, which
prevents the formation of dsDNA and nanoclusters. Consequently,
a low photoluminescence intensity was observed. This investigation
has been efficiently utilized to detect ATP in human serum and hu-
man adenocarcinoma HeLa cells due to its simplicity and high sen-
sitivity (limit of detection 28 nM). Later, Liu et al. demonstrated a
nanohybrid system made up of nucleic acid-stabilized nanoclusters
and graphene oxide for the turn-on detection of ATP (Liu et al., 2013a).
The interaction between graphene oxide nanosheets and nanoclusters
quenched the photoluminescence intensity of nanoclusters. However,
the addition of ATP into the above sample could restore their pho-
toluminescence intensity due to the preferential interaction between
ATP and nanoclusters. This method allows the selective detection of
ATP (Fig. 8.6A-C). Li et al. introduced a new nanohybrid system com-
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posed of glutathione-stabilized nanoclusters and Fe** ions (Li et al.,
2012b). The photoluminescence intensity of glutathione stabilized
nanoclusters is quenched when they interact with Fe3* ions. However,
the addition of phosphate-containing molecules restores their original
photoluminescence, which aids in detecting ATP.

8.1.3.4 Protein sensing

The selective detection of proteins can be carried out by connect-
ing the respective protein receptors on the nanocluster surface and
subsequently monitoring the photoluminescence changes during the
protein interactions. For example, Huang et al. developed a sensor
for the selective detection of breast cancer marker protein (platelet-
derived growth factor AA [PDGF AA]) using the gold nanocluster-gold
nanoparticle hybrid donor and acceptor system (Huang et al., 2008).
For this, 11-MUA-protected nanoclusters were conjugated with PDGF
AA, and the gold nanoparticles were conjugated with PDGF binding
aptamer separately. When these nanosystems were mixed, the unique
relationship between PDGF AA and PDGF binding aptamer led to the
FRET that resulted in the photoluminescence quenching of PDGF AA-
conjugated nanoclusters. However, the addition of excess PDGF AA

Figure 8.6. (A) ATP assay using
DNA-protected aptamer—silver
nanocluster/graphene oxide
system. (B) Fluorescence
spectra of red-emitting silver
nanoclusters upon analyzing
different concentrations of ATP
by the silver nanocluster/
graphene oxide system: (a) 0
mM, (b) 0.025 mM, (c) 0.05 mM,
(d) 0.25 mM, (e) 0.5 mM, (f) 1
mM, (g) 2 mM, and (h) 3 mM.
Inset: calibration curve
corresponding to the
luminescence signal at A =616
nm. (C) Selectivity of the ATP
sensor by using 1 mM of
uridine-5'-triphosphate (UTP),
guanosine-5'-triphosphate
(GTP), guanosine-5'-
monophosphate (GMP), and
ATP (Liu et al., 2013a).
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Figure 8.7. (A) Schematic
representations of PDGF and
PDGF receptor nanosensors
based on the modulation of the
photoluminescence quenching
between PDGF AA—gold
nanocluster and PDGF binding
aptamer—gold nanoparticle
probe. (B) Competitive binding
assay for PDGF AA—gold
nanocluster and PDGF binding
aptamer—gold nanoparticle
probe. (C) Photoluminescence
changes of PDGF AA—gold
nanocluster and PDGF binding
aptamer—gold nanoparticle
probe toward PDGFs and other
proteins (Huang et al., 2008).
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restores the photoluminescence of nanoclusters due to the specific
binding between PDGF protein and PDGF receptors (Fig. 8.7A-C).
Later, the authors chose mannose-tethered luminescent nanoclus-
ters for the selective detection of Concanavalin A (ConA) and Es-
cherichia coli (Huang et al., 2009). When these nanoclusters were cou-
pled with ConA, aggregation-induced quenching occurred, which was
efficiently used to detect Con A with high selectivity and a limit of
detection of 75 pM. On the other hand, when these nanoclusters were
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incubated with E. colibacteria, the photoluminescence of nanoclusters
was significantly enhanced due to the specific binding of nanoclus-
ters on the bacteria surfaces. The calculated limit of detection was
about 7.2 x 10° cells mL™! based on the linear connection between
the photoluminescence of gold nanoclusters and the concentration of
E. coli. Later, Triulzi et al. reported the selective detection of human
immunoglobulin G (IgG) antigen using PAMAM (poly[amidoamine])-
stabilized gold nanoclusters (Triulzi et al., 2006). Here, the nanoclus-
ters were initially conjugated with goat-derived polyclonal antihuman
IgG. The subsequent addition of human IgG to the bioconjugated
nanoclusters resulted in photoluminescence quenching. This mech-
anism has been successfully used for the selective detection of hu-
man IgG antigen. Similarly, Shiang et al. demonstrated the detection
of human IgG in plasma using protein A-modified gold nanoclusters
(Shiangetal., 2011). Hu et al. employed Au@BSA nanoclusters to detect
trypsin. In this case the ability of trypsin to enzymatically hydrolyze
BSA leads to the decomposition of nanoclusters and enables fluores-
cence quenching-based detection (Hu et al., 2012). Further, Sharma
et al. showed the detection of thrombin using antithrombin aptamer
sequence-conjugated silver nanoclusters (Sharma et al., 2011). Simi-
larly, Li et al. demonstrated the detection of human «-thrombin using
luminescent guanine-rich DNA sequence-stabilized silver nanoclus-
ters (Li et al., 2012a). Here, two different aptamers, viz., Aptl5 and
Apt29, were linked to the nanocluster surface, and the complementary
sequence was linked to G-rich overhang, respectively. The interactions
of both aptamers with target proteins could push G-rich overhang very
near to silver nanoclusters, resulting in enhanced photoluminescence
from nanoclusters.

8.1.3.5 Nucleic acid sensing

The selective detection of nucleic acids (DNA/RNA) proved vital for
biomedical research and genetic disease diagnosis. As an optical probe
for the selective detection of nucleic acid, precision nanoclusters offer
many potentials. The research group of Prof. Wang has been working on
nanocluster-based nucleic acid sensing for a long time. For example,
cytosine loops containing DNA strands were hybridized together to
build DNA duplex scaffolds and employed as a stabilizing agent for
preparing silver nanoclusters (Guo et al., 2010). Interestingly, these
nanoclusters could detect single nucleotide mutations such as sickle
cell anemia mutations due to the significant sequence-dependent
formation of nanoclusters. Subsequently, the authors developed a
nanocluster-based molecular beacon for DNA and ATP detection by
utilizing the photon-induced energy transfer between DNA-protected
silver nanoclusters and G-quadruplex/hemin complexes (Fig. 8.8A-C)
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Figure 8.8. (A) Schematic
Illustration of photon-induced
energy transfer between
DNA/silver nanoclusters and the
G-quadruplex/hemin complex.
(B) Schematic illustrations of
the analysis of DNA using
DNA/silver nanocluster—G-
quadruplex/hemin conjugate.
(C) Comparison of the redox
state of the G-quadruplex/hemin
complex and the energy levels
of DNA/silver nanoclusters
(Zhang et al., 2013b).
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(Zhang et al., 2013b). Such a nanocluster-based molecular beacon
allowed for the “turn-off” detection of analytes. Later, they devised
another molecular beacon that provides for the “turn-on” detection of
DNA (Zhang et al., 2013c). In this case the strand displacement reaction
was used to detect DNA and thrombin, with the G-rich overhang strand
acting as a photoluminescence enhancer. Yeh et al. created yet another
“turn-on” model for detecting DNA targets (Yeh et al., 2010). Initially,
they discovered that when DNA-stabilized silver nanoclusters were
placed near guanine-rich DNA sequences, the photoluminescence of
nanoclusters was enhanced up to 500 times. Based on these findings,
they fabricated a nanocluster beacon that brightens up with target
binding. Single nucleotide polymorphisms or point mutations cause
a variety of genetic diseases, so it is critical to investigate them. A
chameleon nanocluster beacon was utilized to detect such single nu-
cleotide polymorphisms (Yeh et al., 2012). The chameleon nanocluster
beacon is a novel form of luminescent probe that emits at multiple
wavelengths when bound to single nucleotide polymorphisms, and the
luminescence of the same beacons was enhanced when placed near
specific DNA sequences. Based on the emissive color and lumines-
cence amplification of the silver nanocluster, the authors were able to
distinguish up to six disease-related single nucleotide polymorphisms.
Later, Jia et al. used a copper nanocluster to detect single nucleotide
polymorphs by exploiting the delicate interaction between the base
types in the main grooves (Jia et al., 2012). The single mismatch and
its mismatch type could be instantly and precisely identified in the
DNA sequence at room temperature. Similarly, Lan et al. fabricated
oligonucleotide-stabilized silver nanoclusters for the selective detec-
tion of single nucleotide polymorphisms (Lan et al., 2011). Later, Liu
et al. fabricated DNA-stabilized silver nanocluster dimers to locate the
single nucleotide polymorphisms (Liu et al., 2017b). The photolumi-
nescence intensities of the nanocluster dimer were reduced linearly
when the single mismatched base moved from the center point to
the end of the target DNA. The changes in the photoluminescence
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intensities of nanoclusters could help to locate the single mismatched
base pairs.

8.1.3.6 Microenvironment sensing

The microenvironment (e.g., temperature and pH) of nanoclusters
has a significant impact on their photoluminescence. Therefore the
correlation between the microenvironment and the photoluminescent
intensity of nanoclusters is helpful during the fabrication of sensors.
With this idea, nanoclusters or their nanocomposites have been used
to measure intracellular temperature based on the changes in their
photoluminescence intensity. For example, the temperature change in
living cells was detected using red-emissive lipoic acid-protected gold
nanoclusters (Au@LA) (Shang et al., 2013). For this, gold nanoclusters
were synthesized through the chemical reduction of gold precursor
(HAuCly) in the presence of lipoic acid, followed by microwave irradi-
ation and purification via triple centrifugation. The quenching of pho-
toluminescence with increasing the temperature has been utilized for
temperature sensing. Experiments with gold nanoclusters and HeLa
cells could detect the intracellular temperature ranging from 14 to 43°C
with a resolution of 0.3 to 0.5°C. These nanocluster-based optical sen-
sors were found to be more reliable and sensitive than molecule-based
sensors. Later, a dual-emissive carbon dot/gold nanocluster nanocom-
posite was used to develop the intracellular thermometer (Wang et al.,
2016a). Here, the amino-functional group-terminated carbon dots and
glutathione-protected gold nanoclusters were used to fabricate the
nanohybrid system via the coupling reaction. This nanohybrid has
been further used for temperature sensing at cellular levels. Such
nanohybrids will be highly useful to resolve the problems like probe
concentration, excitation efficiency, and other local environmental pa-
rameters of the conventional techniques (Fig. 8.9A-C). Later, Jia et al.
developed a self-assembled nanocomposite using luminescent carbon
dots and gold nanoclusters for intracellular temperature sensing (Jia
et al., 2019). The communication between the positively charged car-
bon dots and negatively charged gold nanoclusters resulted in elec-
trostatic interaction-induced assembly. This dual emissive nanohybrid
system has been further used to detect temperatures ranging from 20
to 80°C. Later, the gold nanoclusters embedded in peptide nanofibers
have also been used to develop a biocompatible thermometer to mea-
sure the temperature of living cells (Zhang et al., 2017). The pH is a cru-
cial parameter for many biological processes, and hence it can act as an
essential indicator to monitor disease progression in living organisms.
As the luminescent intensity of nanoclusters is highly dependent on
the pH, nanocluster-based sensors could be efficiently used to monitor
the pH in a constrained biological environment. For example, Deng

-
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Figure 8.9. (A) Schematic
illustration of the synthesis of
carbon dot and Au@SG
nanocluster nanohybrid system.
(B) Fluorescence spectra
(excitation 367 nm) of the
nanohybrid system with an
increase of temperature from 20
to 75°C (top to bottom). (C) The
ratios of the emission intensities
at 430 and 605 nm “430/'605)
versus temperature. Inset:
photographs of the nanohybrid
solution at various temperatures
under UV light (Wang et al.,
2016a).
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et al. fabricated gold nanoclusters using N-acetyl-L-cysteine (NAC)
as a reducing and stabilizing agent (Deng et al., 2015). Interestingly,
the photoluminescence intensity of the fabricated nanoclusters had
shown ultrasensitivity in the pH range of 6.05 to 6.40. The smaller core
size and easy synthesis protocol of the nanocluster were found to make
them superior to the other known pH sensors. The lifetime measure-
ments revealed that photoluminescence quenching follows a static
quenching mechanism. At the same time, the XPS study avoided the
possibility of potential Au(I) ion reduction-based photoluminescence
quenching. Hence, the luminescence quenching could be attributed
to the pH-induced aggregation of gold nanoclusters. In addition, the
abovementioned nanoclusters have also been used to detect urea, ure-
ase, and urease inhibitors by correlating with the acidity or basicity
of the environment. For example, the ammonia molecule obtained
from urease-catalyzed urea hydrolysis could alter the pH of the gold
nanocluster. In another study Cuaran-Acosta et al. fabricated biocom-
patible and ratiometric pH nanosensors using nicotinamide adenosine
dinucleotide (NAD)-tethered gold nanoclusters holding two acidic
phosphoric groups with a detection range of 3 to 11 (Cuaran-Acosta
etal., 2019). Here, the degree of chelation of bidentate ligands with gold
atoms varies with the pH values. As a result, different emissions from
gold nanoclusters could be available for ratiometric pH sensing.
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8.2 LED fabrication

Precision noble metal nanoclusters have recently emerged as an
attractive phosphor for fabricating light-emitting diodes (LEDs) due
to their easy preparation routes, high stability, low toxicity, and better
photoluminescence quantum yield. Nanoclusters or their composites
have been used in LED fabrication as color conversion layers. For
example, Wang et al. combined two copper nanoclusters that emit
in the orange and blue regions to develop a rare-earth-free, low-cost,
white light-emitting diode (WLED) (Wang et al., 2016b). The fabrica-
tion of the orange-emitting copper nanoclusters was carried out using
glutathione as both the reducing and stabilizing agent. Subsequently,
the photoluminescence quantum yield of orange-emitting nanoclus-
ters was enhanced via a solvent-assisted aggregation-induced method.
As a result, the quantum yield was improved up to 24% and 43% in
solution and solid state, respectively. At the same time, blue-emitting
copper nanoclusters were synthesized by reducing Cu(Il) ions us-
ing ascorbic acid as the reducing agent and polyvinylpyrrolidone as
the stabilizing agent. Postsynthetic surface treatment of blue-emitting
nanoclusters using sodium citrate helped improve their stability and
quantum yield up to 14%. The above-synthesized blue- and orange-
emitting copper nanocluster powders have been further used to fab-
ricate monochrome LEDs and WLEDs by integrating them as color
conversion layers on a commercially available GaN LED chip with
370 nm excitation. To fabricate white light-emitting devices, the au-
thors further extended their work by preparing thermally and me-
chanically stable luminescent copper nanocluster-polymer nanocom-
posite films (Wang et al., 2016d). The amine acid condensation re-
action between the glutathione-protected copper nanoclusters and
carboxylated polyurethane helped fabricate the dual-emissive (blue
and orange) nanocomposite films. Here, the condensation and ag-
ing led to the aggregation of copper nanoclusters, resulting in an en-
hanced emission with a quantum yield of up to 18%. This flexible
film was further used as the color conversion layer on the ultravi-
olet LED chip. Later, poly(vinylpyrrolidone)-supported copper nan-
oclusters were examined with various electron-rich ligands to find
out a better photoluminescence quantum yield. For example, the
treatment of poly(vinylpyrrolidone)-supported copper nanoclusters
with glutathione resulted in an enhanced blue emission with a quan-
tum yield of up to 27% (Wang et al., 2016¢c). The combination of the
powder form of such a nanocomposite and commercially available
red and green phosphors has been further used to fabricate WLEDs
with an excellent color rendering index. Later, Wu et al. developed
LEDs by integrating the self-assembled superstructures fabricated
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Figure 8.10. (A) TEM images of
the[Cuq4(DT)1] nanocluster and
its polymorphic assembly. (B-D)
The fluorescent images of LEDs
fabricated from different
nanocluster assemblies; (B)
copper nanocluster ribbons, (C)
copper nanocluster sheets, and
(D) gold nanocluster sheets. (E)
Fluorescent image of the WLED
from a mixture of assembled
copper nanocluster ribbons,
copper nanocluster sheets, and
gold nanocluster sheets (\Wu
etal., 2015).
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from [Cuy(DT)yo] (DT = dodecanethiol) nanoclusters as a color con-
version layer and a 365-nm GaN LED chip as a light source (Wu
et al., 2015). The [Cuy(DT);0] nanoclusters were first synthesized by
dissolving copper precursor (CuCl,»2H,0) in benzyl ether and em-
ploying DT as a stabilizing and reducing agent. These nanoclusters
were self-assembled into two forms of polymorphic assemblies: rib-
bons (blue-green emitting) and sheets (yellow emitting), upon ther-
mal treatment at elevated temperatures of 128°C and 140°C, respec-
tively. Such self-assembled superstructures were formed due to effi-
cient van der Waals attractions between the DT ligands. Based on the
nature of ligand and internanocluster Cu(I)-Cu(I) interactions, they
exhibited mechanochromic and thermochromic photoluminescence
properties. The blue-green-emitting self-assembled [Cuy,(DT)yo] rib-
bons and yellow-emitting self-assembled [Cuj;4(DT)yo] sheets were
used to create LEDs of the respective colors. Furthermore, the authors
used a combination of [Cus(DT)yg] ribbon, [Cuys(DT)y0] sheet, and
gold nanocluster sheet (red-emitting) assemblies to develop WLEDs
(Fig. 8.10A-E). They expanded their research activities by modulat-
ing the internanocluster distances in the nanocluster assembly by
controlling the experimental variables such as solvents, ligands, du-
ration of assembly, and temperature (Ai et al., 2017b). The different
photoluminescence colors produced by the various assemblies were
further used to fabricate LEDs and WLEDs. Later, the authors used
aromatic thiols holding different substituents for tuning the photolu-
minescence of red-emissive copper assemblies in the 548- to 698-nm
region (Ai et al., 2017a). The difference in the emission wavelength of
assemblies achieved is attributed to the electron-donating nature of
the substituents on the aromatic ligand. The authors could enhance
the quantum yield of copper nanoclusters by up to 23.5% by dop-
ing the nanoclusters with Au(I) centers. Based on the percentage of
metal doping, the photoluminescence quantum yield of the nanoclus-
ter was changed (Liu et al., 2017c). Here, copper nanoclusters were pre-
pared by reducing the copper precursor (CuCl,e2H,0) in the presence
of dodecanethiol. To introduce varied percentages of Au(I) centers,
different amounts of gold precursors (HAuCl) were mixed with cop-
per precursors before the reduction. Powders of gold-doped copper
nanoclusters with 0%, 0.3%, and 80% gold content were mixed with
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polydimethylsiloxane (PDMS) precursors to generate the color con-
version layer for WLEDs. Later, the electrophoretic deposition of blue-
green-emitting copper and red-emitting gold nanocluster sheets de-
posited on ITO (indium tin oxide) plates has been used as a color
conversion layer in the creation of WLEDs (Liu et al., 2016a). Simi-
larly, Huang et al. fabricated WLEDs using the solid-state-emitting Zn-
coordinated gold nanocluster assemblies (Huang et al., 2019). For this,
glutathione-protected gold nanoclusters were initially synthesized us-
ing a gold precursor (HAuCly) and glutathione via the microwave-
assisted method. The efficient metal coordination of Zn ions with
the carboxylate group of the glutathione-tethered nanocluster sur-
face helps create a yellow-orange-emitting Zn-coordinated gold nan-
ocluster assembly via electrostatic interactions. Here, a combination
of green-emitting carbon nanodots and yellow-orange-emitting Zn-
coordinated gold nanocluster assemblies have been paired with blue-
emissive LEDs to fabricate the WLED quickly. Later, Bhandari et al. de-
veloped a biofriendly WLED nanocomposite using red-emitting gold
nanoclusters and green-emitting ZnS quantum dots (which consist of
7ZnQ,; HQ = hydroxyquinoline) (Bhandari et al., 2016). In the presence
of sodium sulfide Au@BSA nanocluster reacted with zinc precursors to
produce Au@BSA nanoclusters-ZnS quantum dot, which then reacted
with hydroxyquinoline to form the required Au@BSA nanocluster-
7ZnS quantum dot complex. The combined emission from the gold
nanocluster-ZnS quantum dot complex produced nearly white light
emission (in both liquid and solid). Further, the self-assembled
orange-red-emitting (NH,)q[Age(0-MBA)g] or (NH,)e[Age(p-MBA)]
nanoclusters were used to produce WLEDs (Sun et al., 2020; Xie et al.,
2020). Each nanocluster was prepared via the ultrasonication method
in the presence of respective ortho- (0-) or para- (p-)mercaptobenzoic
acid (MBA). Here, the (NH4)q[Ags(0-MBA)g] nanoclusters produce
self-assembled nanofibers by interacting with succinic acid, while the
pH-guided assembly of the (NH,4)o[Ago(p-MBA)g] nanocluster results
in self-assembled nanorods. By combining commercially available
phosphors, these nanocluster assemblies have been effectively used to
produce the color conversion layers in LEDs.

8.3 Solar energy harvesting

Precision noble metal nanoclusters have recently been identified
as a promising photosensitizing candidate for light energy conversion
devices. The attractive photosensitizing properties of the nanoclus-
ters have mainly been attributed to their broad absorption spectrum,
excited-state lifetimes, light extinction coefficients, high stability in
the visible and infrared regimes, and energy-level positions for charge
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injection and regeneration. For the first time, Sakai and Tatsuma in-
vestigated the photovoltaic response of precision nanoclusters using
a series of magic number glutathione-protected gold nanoclusters
[Au, (n=15, 18, 22, 25, 29, 33, 39)] (Sakai & Tatsuma, 2010). These
gold nanoclusters were used as the photosensitizer material by in-
tegrating with nanoporous TiO, films via electrostatic interaction, in
which the negatively charged carboxyl groups of glutathione ligands
were anchored on positively charged TiO, films. Among all the nan-
oclusters tested, the [Aus;SGig] nanocluster showed the maximum
photoelectric conversion efficiency (~0.26%). Also, the Auys-modified
TiO, electrode achieved a short-circuit current density (Jsc) of 290
pA cm and an open-circuit voltage (Voc) of 460 mV when exposed
to light. Though the figures mentioned above were less significant
compared to current advancements, the results provided a solid foun-
dation for future developments in metal nanocluster-sensitized solar
cells. The authors further extended their research activities by corre-
lating the electronic structure of gold nanoclusters with the photocur-
rent responses of gold nanocluster-modified TiO, electrodes (Kogo
et al., 2012). The photocurrent influence on irradiation wavelength
and the standard electrode potentials of electron donors were used
to estimate the highest occupied molecular orbital-lowest unoccupied
molecular orbital (HOMO-LUMO) levels. The estimated values are
extremely useful in devising metal nanocluster-sensitized solar cells
by choosing the proper nanocluster and redox couple combination.
As a result, the conduction band of the semiconductor material and
the redox potential value of the electrolytes were discovered to be
critical to constructing a metal nanocluster-sensitive solar cell. Later,
Chen et al. made a breakthrough by developing a metal nanocluster-
sensitized solar cell through the appropriate selection of nanoclus-
ter and redox couple (Chen et al., 2013). Using Au(0)@Au(I)-thiolate
nanocluster-modified mesoscopic TiO, films and a redox couple of
Co(bpy)s(PFg)2/Co(bpy)s(PFs)s (bpy = bipyridine), they were able to
achieve a much higher power conversion efficiency (2.3%). While the
previous methods could only generate microampere currents, the lat-
est method could generate a Jsc of 3.96 mA cm~2 and a Voc of 832
mYV, comparable to the widely known CdS quantum dot-based solar
cells (Fig. 8.11A). The absorbance of these Au(0)@Au(I)-thiolate nan-
oclusters was limited by less than 525 nm, suggesting that there is still
room for improvement. Later, Abbas et al. constructed photosensi-
tizers based on four different gold nanoclusters, viz, [Auig.12(SR)10-12],
[Au;5(SR)13], [Auig(SR)14], and [Auas(SR)g] using the I7 /13~ redox cou-
ple (Abbas et al., 2016). They initially investigated the size effect of
gold nanoclusters and redox couple selection on the efficiency of
metal nanocluster-based solar cells. The I7/I;~ electrolyte displayed
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a good photosensitizing efficiency due to its appropriate redox poten-
tial for the regeneration of oxidized gold nanoclusters. Furthermore,
the relatively rapid diffusivity of the I7/I;~ electrolyte reduced the
mass transport restrictions associated with Co?*/Co®*" redox couples.
Later, they used electrochemical impedance spectroscopy and other
characterization techniques to look into the performance-limiting is-
sues. Among the four nanoclusters, the Au;g nanocluster produced
the best photoelectric conversion efficiency (3.8%) with a Jsc of 8.18
mA cm? and a Vgc of 672 mV due to the balance in their optical
absorption and charge recombination rate. (Fig. 8.11B and C). Even
though the electrochemical impedance spectroscopy analysis showed
that the Au;s nanocluster had the highest charge recombination rate,
the comparatively narrow absorption spectrum was their drawback.
On the other hand, the Au,; nanocluster showed better optical ab-
sorption but was limited by the charge recombination rate. As a result,
increasing the size or number of gold atoms or even having broad
optical absorption spectra for nanoclusters does not assure improved
performance. Later, silver nanoclusters were also introduced to evalu-
ate their performance as a photosensitizer in the solar energy device
(Sakai et al., 2013). The stability and efficiency of silver nanocluster-
based solar cells were found to be significantly lower than those with
gold nanoclusters when exposed to light for an extended period of
time. However, problems such as chemical stability and short excited-
state lifetimes of silver nanoclusters have been solved by introduc-
ing Ag(0)@Ag(I)-thiolate nanoclusters as the photosensitizer (Abbas
et al., 2019). Here, the pH-induced aggregation strategy was employed

Figure 8.11. (A) Schematic
illustration of the working
principle of a nanocluster-
sensitized solar cell. (B) Energy
band diagram and (C) J—V
characteristics of
[Auqg.12(SR)1g.12], [Auss(SR)isl,
[Aui(SR)1al, and [Auys(SR)is]
nanocluster-sensitized solar
cells (Fig. 8.11A from Chen et al.
[2013] and Fig. 8.11B and C from
Abbas et al. [2016]).
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to introduce oxidation resistive Ag(I)-thiolate complexes around the
Ag(0) core. Such nanoclusters performed well compared to all other
silver nanocluster-based sensitizers. Still, the performance was not as
good as gold nanocluster-sensitized solar cells. Hence Naveen et al.
introduced a doping method to improve the efficiency. They doped
silver atoms on a [Auig(SR)14] nanocluster via the chemical method and
subsequently evaluated their photosensitizing performance. These
silver-doped gold nanoclusters demonstrated an intriguing rise in ex-
tinction coefficient and HOMO-LUMO gap. Single silver atom-doped
[Au;;Ag; (SR)14] nanoclusters showed a record photoelectric conver-
sion efficiency of 4.22% with a photovoltage of 832 mV. Doping such
nanoclusters with up to three silver atoms did not affect their stabil-
ity. However, higher doping resulted in rapid photocurrent degrada-
tion. It has been suggested that doped silver atoms (<3) are confined
within the gold metallic core, preventing rapid degradation. Similarly,
copper, platinum, palladium, and bimetallic (silver-gold and silver-
copper) nanoclusters were also employed for solar cell applications
(Li & Chen, 2015; Sakai et al., 2011; Shahzad et al., 2015). Among these,
silver-copper bimetallic nanoclusters showed a photoelectric conver-
sion efficiency of 1.1%, the best photoelectric conversion efficiency
reported from a nongold sensitizer (Shahzad et al., 2015). It has re-
cently been discovered that nanoclusters function both nontradition-
ally and uniquely throughout the optical energy conversion process
compared to dye-sensitized solar cells and quantum dot-sensitized
solar cells (Khan et al., 2021). For example, nanoclusters were found
to show anomalous J—V hysteresis behavior, and their dependency
on the hysteresis response suggested that it was not inherent to any
particular structure or size. However, the less purified or nanoclusters-
containing impurities could reduce the hysteresis and enhance photo-
electric conversion efficiency, showing that these beneficial impurities
were the source of hysteresis and decreased photoelectric conversion
efficiency. Abbas et al. demonstrated that an alkali metal ion (Na*)
must be present among all possible contaminants to enable higher ad-
sorption of [Auy»SGyg] nanoclusters, hence eliminating hysteresis and
improving photoelectric conversion efficiency. Here, the increased in-
teraction of gold nanoclusters with TiO, in the presence of Na* ions
boosted the charge transfer and recombination kinetics dramatically.
Furthermore, these nanocluster-sensitized electrodes improved pho-
tovoltaic performance while retaining significant photostability. Later,
they found a strange hole transfer mechanism while studying three dif-
ferent nanoclusters, viz., [Au;5(SG)13], [Au1g(SG)14], and [Auas(SG)ig],
using photoelectrochemical impedance spectroscopy (PEIS) (Abbas &
Bang, 2020). In the smaller-sized [Au;5(SG)13] and [Aug(SG)y4] nan-
oclusters the hole transfer process occurred from the HOMO levels to
the electrolyte. However, in the [Au,s5(SG)g]-TiO, electrode the hole
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transfer took place through the deep trap states in TiO,. This suggests
that depending on the size of the nanoclusters, the hole transfer in
TiO,-nanocluster photoelectrodes could occur indirectly via interfa-
cial surface trap states, even in the presence of an effective hole scav-
enger electrolyte.

8.4 Photocatalysis

The singlet oxygen (10,) production efficiency of precision nan-
oclusters has been efficiently used to catalyze organic reactions.
For example, Kawasaki et al. employed [Auy;PET;g]~ (PET=2-
phenylethanethiol) nanoclusters to generate 'O, by using visible/NIR
irradiation followed by the oxidation of sulfide to sulfoxide with
a higher selectivity (Kawasaki et al., 2014). Chen et al. developed
an Aups nanocluster-TiO, photocatalyst for the selective oxidation
of amine to an imine (Chen et al., 2017a). The oxidation reaction
was carried out at mild temperatures under the visible light irradia-
tion of Auys(PPh3)1Cla(SC3HgSi03)5/TiO, in the presence of molec-
ular oxygen (30,). Among the different nanoclusters investigated,
the rod-shaped Au,; showed 98% conversion and 99% selectivity for
the oxidation of 4-methylbenzylamine, with a turnover frequency of
1522 h~!. Photoexcited Au,s(PPhg)1Cl(SC3HgSiO3)s/TiO, nanoclus-
ters showed an effective electron-hole separation due to their long
lifetime. Thus these photogenerated electrons are transferred to the
conduction band of TiO, and then to 30O, to produce active oxygen
(O,°7) species. At the same time, benzylamine consumes the holes to
generate a benzylamine radical cation. Finally, the benzylamines oxi-
dized toyield the imine product via intermediates such as Au-H species
and carbocation (Fig. 8.12A). Later, Li et al. reported [AusgS2(SAdm)y]
(HSAdm = adamantanethiol) nanoclusters with a high 0, generation
capacity (Li et al., 2017). These nanoclusters have been used to catalyze
the oxidation of methyl phenyl sulfide to sulfoxide and amine to an
imine. The photocatalyst [AusgS2(SAdm),] nanocluster accomplished
a 57% conversion efficiency and 100% selectivity during the oxidation
of methyl phenyl sulfide to methyl phenyl sulfoxide. In this case the
excited nanoclusters transferred their energy to 30, to generate 10,,
the key active species in this process. Furthermore, the same nanoclus-
ter could attain 99% selectivity and conversion efficiency for amine
to imine oxidation. Hanbao et al. recently achieved 100% conversion
efficiency and selectivity for the amine to imine oxidation of ben-
zylamine by using bimetallic [Auys 4 AgxSR1g] nanoclusters (Hanbao
et al., 2018). The photocatalytic effect of nanoclusters has been further
employed for the decomposition of pollutants. For example, Yu et al.
demonstrated the photocatalytic impact of [Au,sPETg] nanoclusters
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Figure 8.12. Proposed
mechanisms under visible light
irradiation for (A) the photo-
oxidation of benzylamine by
[Augs(PPh3)19Cip(SC5HgSi03)s)/
Ti0,. (B) Photocatalytic dye
degradation by [Auys(PET)sg]/
Ti0, (Fig. 8.12A from (Chen et al.,
2017a) and Fig. 12B from (Yu

et al. 2013a).
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combined with TiO, nanocrystals on the degradation of methyl or-
ange stable Au,5(SR)13/TiO, composite nanostructure with enhanced
visible light (Yu et al., 2013a). Compared to pure TiO, nanocrystals,
this nanocomposite exhibits 1.6 times the catalytic activity when ex-
posed to visible light. Under visible light irradiation, the HOMO-LUMO
bandgap (~1.3 eV) of nanoclusters showed an efficient separation of
electrons-holes by transporting electrons to the conduction band of
TiO, nanocrystal. The holes formed on the nanocluster were subse-
quently transformed into hydroxyl radicals, which are crucial in de-
grading dyes (Fig. 8.12B). Liu et al. developed a one-pot method to
fabricate the SAdm-capped bimetallic silver-doped gold nanoclusters
(Liu et al., 2019a). The resulting nanocluster showed more excellent
photocatalytic degradation capability for rhodamine B and phenol.
Compared to the homometallic nanocluster, the bimetallic nanoclus-
ter dramatically improved its catalytic activity due to the excellent
separation of electrons and holes. For example, the relative 0.5-wt%
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Auy3/TiO, composite took ~30 min to decompose rhodamine B com-
pletely, but 0.5-wt% Au,; xAgy/TiO, took only 19 min to achieve com-
plete degradation. Later, Deng et al. developed a thiol-modified cova-
lent organic framework to synthesize metal nanocluster inside its pores
(Deng et al., 2020). The nanocluster produced within such framework
has improved photostability and photocatalytic activity and was used
in the degradation of rhodamine B.

8.5 Bioimaging

Optical bioimaging techniques help monitor biological compo-
nents and their activities in real-time. Compared to traditional imaging
methods, fluorescence-based bioimaging provides advantages such
as noninvasiveness, high spatial and temporal resolution, and a bet-
ter signal-to-noise ratio. Luminescent nanomaterials such as quan-
tum dots, carbon dots, upconversion nanoparticles, and atomically
precise nanoclusters have been used for bioimaging applications for
many years. Among them, luminescent nanoclusters are very attrac-
tive due to their easy synthetic routes, different possible surface func-
tionalization, low toxicity, photostability, and biocompatibility. For
example, Wu et al. used luminescent Au@BSA nanoclusters to im-
age MDA-MB-45 and HeLa cells owing to their high tumor uptake
(Wu et al., 2010). Furthermore, the enhanced permeability and re-
tention (EPR) effect resulted in a higher contrast difference, which
was beneficial in obtaining good images. Later, Wang et al. suc-
cessfully fabricated luminescent nanoclusters inside cancer cells by
introducing the biocompatible micromolar solution of chloroauric
acid into cells (Wang et al., 2013a). In this case the overexpressed
glutathione present in cancer cells could react with Au(III) species
in situ to form gold nanoclusters. Glutathione-protected silver nan-
oclusters (Ag@SG) synthesized similarly inside cancer cells have also
been used for bioimaging applications (Gao et al., 2014). Later, the
researchers attempted to conjugate a tumor-targeting molecule on
the nanocluster surface for targeted imaging and delivery. Simple
coupling reactions have been used to connect the target molecules
on the nanocluster surface. For example, Retnakumari et al. used
an EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) coupling
reaction to link folic acid with the Au@BSA nanocluster through
an amide bond formation (Retnakumari et al., 2010). The NIR pho-
toluminescence of nanoclusters (700-800 nm) has been success-
fully used to image the oral cancer cells. Similarly, folic acid conju-
gated thiolated polyethyleneimine-stabilized silver nanoclusters were
also used for in vitro and in vivo bioimaging (Wang et al., 2014b).
Wang et al. connected a humanized monoclonal antibody (Herceptin)
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on the Au@BSA nanocluster surface via bioconjugate chemistry
(Wang et al., 2011). The Herceptin-conjugated nanoclusters found bet-
ter target selectivity for imaging and had the potential to reach the
cell nucleus, causing nuclear damage of the malignant cells. Further-
more, the nanoclusters were fabricated using specific biomolecules
that can continue their biological functions even when bound to nan-
oclusters. For example, transferrin (Tf) is a protein that is essential
for iron homeostasis and cell growth regulation. The overexpression
of Tf receptors in the cancer cell is 100 times more than in normal
cells. Wang et al. synthesized gold-transferrin (Au-Tf) nanoclusters
in which Tf acts as both a stabilizing and reducing agent during the
synthesis (Wang et al., 2013b). The ability of Tf to bind with Tf recep-
tors had been preserved even though it stabilized nanoclusters. The
authors developed an NIR-emitting nanocomposite probe for in vitro
and in vivo fluorescence bioimaging using Au-Tf nanoclusters and
graphene oxide. The addition of graphene oxide quenched the fluores-
cence of Tf-stabilized nanoclusters. However, when this composite was
in contact with Tf receptor overexpressed cells, the fluorescence was
restored due to the specific interaction between Tf and its receptors,
which promptly removed the graphene oxide (Fig. 8.13A and B). Using
an ultrafast synthetic method, Yin et al. fabricated gold nanoclusters
stabilized with cyclic arginine-glycine-aspartic acid (RGD) peptides
(Yin et al., 2015). Here, the specific interaction of the cyclic peptide
with melanoma A375 cells has been utilized for luminescence-based
bioimaging. Zhu et al. used NIR light-assisted reduction to fabricate
gold nanoclusters stabilized with antimicrobial peptides (AMPs) (Zhu
etal., 2020). Such Au@AMP nanoclusters could diagnose and treat can-
cer cells and simultaneously fight against bacterial infections. Later,
cancer cells overexpressed by nucleolin (nucleolar phosphoprotein)
and mucin were imaged using silver nanoclusters stabilized by G-
quadruplex AS1411 and MUCI targeting aptamers, respectively (Feng
et al., 2020; Zhu et al., 2015). Lyu et al. introduced cationic polyelec-
trolyte (poly(diallyldimethylammonium chloride) [PDDA]) into DNA-
tethered silver nanoclusters to improve their stability against nuclease
digestion. Such a highly stable PDDA-DNA@Ag nanoclusters nanosys-
tem has been further employed for cellular imaging (Lyu et al., 2019).
Several metal-doped nanoclusters have also been used for bioimag-
ing applications due to their improved photoluminescence quantum
yield and stability. For example, AgAu,s nanoclusters holding 200-
fold high quantum yield have been used for cancer cell bioimaging
(Wang et al., 2014a). All of the abovementioned bioimaging techniques
have been used in the visible-NIR (Vis-NIR) regime (400-900 nm).
Later, near-infrared second (NIR-II) or short-wave infrared (SWIR)
window (1000-1700 nm) fluorescence imaging emerged to address
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Figure 8.13. (A) Schematic illustration Tf—Au nanoclusters/graphene oxide composite as a turn-on NIR fluorescent probe for bioimaging TfR
overexpressed cancer cells. (B) Fluorescence spectra and photographs of as-prepared Tf-Au nanoclusters and fluorescence imaging of Hela
tumor-bearing mice and normal nude mice after injecting the Tf—Au nanoclusters/graphene oxide composite. (C) Schematic illustration of the
formation of DOX-loaded gold nanocluster-embedded BSA nanoparticles, followed by the uptake and release of DOX inside the Hela cells, leading to
apoptotic cell death, in addition to two-photon imaging. (D) SWIR image of blood vasculature in mice after intravenous injection of AuMHA/TDT and
MCR+ HP filter-treated SWIR images (false colors): (i) 1.5s, (ii) 5 s, (iii) 25 s, and (iv) 65 s after AuMHA/TDT bolu.s intravenous injection (Fig. 8.13A and
B from Wang et al. 2013b; Fig. 8.13C from Khandelia et al. [2015]; and Fig. 8.13D from Yu et al. [2020]).
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the issues associated with the Vis-NIR regime. The use of SWIR flu-
orescence imaging could enhance deep tissue penetration, reduce
photodamage to biological samples, and lower the background in-
terference. For example, Chen et al. synthesized a gold nanocluster
stabilized with zwitterionic ligands (lipoic acid sulfobetaine) that emit
in the SWIR region (~1000 nm) (Chen et al., 2017b). A mixture of the
as-prepared gold nanocluster and excess lipoic acid-sulfobetaine was
directly injected into a mouse tail vein before in vivo imaging. Inter-
estingly, the mouse blood vessel images were more detailed when the
SWIR (808 nm) laser was used to excite the nanoclusters. Later, Yu
et al. developed a mercaptohexanoic acid (MHA) and tetra(ethylene
glycol) dithiol (TDT)-costabilized luminescent (quantum yield of 8%)
gold nanoclusters (Yu et al., 2020). The SWIR images of the mouse
vascular network system using such nanoclusters showed an increased
spatial resolution and contrast (Fig. 8.13D). Liu et al. used NIR-II
(1100-1350 nm) light-emitting glutathione-protected gold nanoclus-
ters [Auss5(SG)yg] to image mice brain arteries and monitor tumor
metastasis in vivo (Liu et al., 2019b). In another work a protein corona
structure-stabilized gold nanocluster having emission at 1050 nm with
a quantum yield of 1.9% was prepared. The excellent acid stability of
this nanocluster made it ideal for NIR-II-imaging the gastrointestinal
tract (Wang et al., 2020).

Two-photon fluorescence imaging is another advanced technique
that has been used to analyze biological specimens. In this case the
fluorophore or nanocluster is excited by simultaneously absorbing two
photons. This method has shown to be a powerful tool in biomedical
applications due to its better tissue-penetrating capabilities, improved
three-dimensional spatial resolution, superior signal-to-noise ratio,
and ability to limit interference due to autofluorescence. Patel et al.
were the first to show that DNA-stabilized silver nanoclusters have
a good two-photon absorption cross-section (107°° ¢cm* photon s™!)
(Patel et al., 2008). Later, Oh et al. fabricated a series of polyethy-
lene glycol (PEG) dithiolane-protected gold nanoclusters with better
photoluminescence quantum yield (4%-8%). Such nanoclusters have
further been used to visualize cellular uptake processes via two-photon
emission (Oh et al., 2013). Later, Khandelia et al. developed a nan-
otheranostic system for two-photon imaging and cancer treatment
using BSA-stabilized gold nanoclusters preloaded with the anticancer
drug doxorubicin (DOX) ((Fig. 8.13C) (Khandelia et al., 2015). Jiang
et al. prepared mixed ligand-stabilized gold nanoclusters using zwitte-
rionic ligands and 11-MUA (Jiang et al., 2019). The higher absorption
cross-section (~10° GM) of such gold nanoclusters has successfully
been employed for one-photon, two-photon, and fluorescence life-
time imaging. Multimodal imaging techniques combine two or more
imaging modalities in a single probe in the nanometer regime. All of
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the previous imaging techniques discussed were fluorescence based.
However, there are alternative imaging approaches such as X-ray
computed tomography (CT), magnetic resonance imaging (MRI), pho-
toacoustic (PA) imaging, positron emission tomography (PET), Raman
imaging, and ultrasound (US) imaging. Each of these imaging meth-
ods has its own set of benefits and drawbacks. Hence, introducing
multimodalities in a single probe improves the challenges associated
with single modal imaging techniques and combines the help of two
imaging techniques by enhancing imaging resolution and sensitivity.
Gold can be utilized for multimodal imaging due to its high X-ray
attenuation coefficient, making it ideal for PL/CT/PA imaging. For
example, PL/CT multimodal imaging was successfully demonstrated
using two independent gold nanoclusters protected with glutathione
and lysosome ligands (Liu et al., 2016b; Zhang et al., 2013a). It has
been further used for targeted imaging of malignant cells by coupling
with folic acid. Later, Wu et al. loaded a NIR fluorescent dye (indo-
cyanine green [ICG]) on the surface of pea protein isolates-protected
gold nanoclusters (Wu et al., 2019a). Such a nanohybrid system was
then used for PL/CT dual-modal imaging and therapy in A549 cells.
Shen et al. fabricated thioctic zwitterion-protected gold nanoclusters
for multimodal in vivo imaging using their NIR photoluminescence
and PA signals (Shen et al., 2017). Later, the PL/MRI multimodal imag-
ing approach was used by developing nanohybrid probes comprised
of nanoclusters and magnetic nanomaterials such as Gd-based com-
pounds and Fe;O4 nanoparticles. For example, Liang et al. used cy-
clodecapeptides as a protective ligand to fabricate gold nanoclusters.
Subsequently, the coordinating capacity of the protective ligand with
Gd3* was used to integrate the magnetic ions, resulting in the formation
of a nanohybrid system capable of PL/MRI imaging (Liang et al., 2013).
Likewise, Gd** coordinating ligands (diethylenetriaminepentaacetic
acid dianhydride and diethylenetriaminepentaacetic acid) were con-
jugated on the surface of gold nanoclusters to use for PL/MRI con-
trast imaging applications (Wu et al., 2020). Furthermore, the con-
siderably higher proton relaxivity of Gd,O3 nanoparticles compared
to Gd®* chelates was exploited for PL/MRI imaging by incorporating
with Au@BSA nanoclusters and aptamer-coated silver nanoclusters
(Sun et al., 2013). Apart from lanthanide chelates/nanoparticles, the
nanohybrid system composed of Fe;O, nanoparticles and metal nan-
oclusters has also been used for PL/MRI imaging (Zhao et al., 2016).
Furthermore, the PET technique, along with the photoluminescence
of nanoclusters, was used for PET/PL imaging. The %*Cu-doped lu-
minescent gold nanoclusters were used for such dual-modal imaging
based on Cerenkov resonance energy transfer (Hu et al., 2014). The
64Cu dopant is a 8* radioisotope used as an energy donor for gold nan-
oclusters excitation and as a positron-emitting radionuclide for PET
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imaging. Similar to dual-modal imaging, triple-modal imaging has also
been developed to increase the accuracy of bioimaging. For example,
nanocomposites such as Gd,0s-gold nanoclusters-ICG and Gd3*-
assembled gold nanoclusters were separately employed to perform
PL/CT/MRI triple-modal imaging (Han et al., 2017; Wu et al., 2014).
Similarly, the incorporation of gold nanoclusters with mesoporous sil-
ica shells has been demonstrated to perform PL/PA/MRI triple-modal
imaging (Hembury et al., 2015).

8.6 Photodynamic and photothermal
therapies

Photodynamic therapy is a noninvasive treatment method that uses
light to activate the photosensitizer, which transfers the incident pho-
ton energy to the surrounding oxygen species. As a result, cytotoxic re-
active oxygen species (ROS) such as '0,, superoxide, hydrogen perox-
ide, and hydroxyl radicals are generated, causing severe damage to ma-
lignant cells. Since the conventional photosensitizers faced poor selec-
tivity, solubility, and targeting capability, their transport to malignant
cells is very complicated. To overcome such issues, the nanoclusters
have started to be used as an efficient probe to transport the photosen-
sitizer by conjugating both of them covalently before the delivery. For
example, Nair et al. fabricated very efficient singlet oxygen-producing
multifunctional nanoclusters via conjugate chemistry. The targeting
(folic acid) and photosensitizer (protoporphyrin IX) molecules were
initially conjugated on a nanocluster surface via an EDC coupling re-
action (Nair et al., 2015). Such multifunctional nanoclusters were used
to generate singlet oxygen in tumor cells by laser irradiation. Even a
low photosensitizer loading on a nanocluster surface resulted in an
enhanced !0, efficiency (80%) compared to protoporphyrin IX alone
(63%). Furthermore, the NIR photoluminescence from the nanoclus-
ters was used to monitor the progress of the photodynamic therapy in
real time. Similarly, the NIR-emitting DNA-stabilized silver nanoclus-
ter coupled with protoporphyrin IX was employed for photodynamic
therapy and attained ~80% cell mortality rate (Ai et al., 2016). The en-
hanced mortality rate is attributed to the synergic effect of the photody-
namic efficiency of protoporphyrin IX and the photothermal efficiency
of the NIR luminescent nanoprobes. Later, Zhang et al. loaded another
photosensitizer (chlorin e6 [Ce6]) on the nanocluster surface for the
targeted photodynamic therapy (Zhang et al., 2015). Here, folic acid-
capped PEG was covalently bonded with glutathione-capped gold
nanoclusters. Subsequently, the photosensitizer Ce6 was adsorbed on
the nanocluster surface via the hydrophobic interactions with PEG
chains, and the Ce6 carboxyl group interaction with the metallic core.
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This multifunctional nanocluster was used for targeted photodynamic
therapy with improved tumor penetration and long-time retention.
The same photosensitizer (Ce6) was coloaded with gold nanoclusters
using a pH-sensitive liposome, resulting in a nanocomposite that in-
hibits the antioxidant defense activity of thioredoxin reductase and
stimulates 'O, generation to cause mitochondrial damage (Gao et al.,
2017) (Fig. 8.14A and B). On the other hand, Huang et al. used Ce6
covalently linked silica-coated gold nanoclusters for photodynamic
therapy (Huang et al., 2013). Similarly, Dutta et al. combined photody-
namic treatment and bioimaging by loading methylene blue on gold
nanocluster embedded mucin nanoparticles (Dutta et al., 2019). Later,
Cheng et al. fabricated a nanocomposite consisting of TiO, nanoparti-
cles, gold nanoclusters, and graphene (TAG) to boost the light energy
conversion efficiency of photodynamic therapy (Cheng et al., 2017d).
When TAG was exposed to sunlight, the excited electrons from the gold
nanocluster were transferred to the conduction band of TiO, nanopar-
ticles and then to graphene, resulting in free electrons that combine

Figure 8.14. Schematic

illustration of gold nanoclusters

and photosensitizer Ce6
dual-loaded spatiotemporal
controllable liposomal
nanocomposites to enhance
tumor photodynamic therapy
effect by inhibiting thioredoxin
reductase (TrxR) (Gao et al.,
2017).

()
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with O, to produce superoxide radicals. Due to staggered energy levels,
the holes were accumulated on the HOMO level of gold nanoclusters
that generate hydroxyl radicals from H,O. As a result, when exposed
to sunlight, the TAG nanocomposite generates an abundant supply of
ROS that kill melanoma cancer cells. The intrinsic catalytic activities
of PAMAM-dendrimer-protected gold nanoclusters have been used to
convert H,O, into O, (Liu et al., 2017a). When such nanoclusters were
conjugated with protoporphyrin IX, the efficiency of photodynamic
therapy in the treatment of hypoxic cancer was significantly improved.
Later, the intrinsic photosensitizing ability of metal nanoclusters was
probed for photodynamic therapy without the photosensitizers. For
example, Yu et al. used red-luminescent BSA-protected Ag;3 nanoclus-
ters to demonstrate photodynamic treatment in breast cancer cells (Yu
etal., 2016). From the ultrafast laser spectroscopic studies, it was found
that the photoexcited Ag;3sBSA nanoclusters have a high predomi-
nance of triply excited states capable of producing singlet oxygen with
high efficiency. Similarly, the nucleus-targeting TAT peptide-protected
gold nanoclusters with intrinsic photosensitizing activity were used
to destroy cancer cells (Vankayala et al., 2015). Recently, Han et al.
developed in vivo two-photon-induced photodynamic therapy using
dihydrolipoic acid-protected gold (Au@LA) nanoclusters (Han et al.,
2020). In this case the photochemical electron transfer mechanism
(type 1) worked preferentially over the conventional singlet oxygen
mechanism (type II). As a result, the superoxide anion was generated
instead of !0,. Nanoclusters have recently been discovered to be good
probes for photothermal treatment. The light energy collected by the
nanocluster is converted to vibrational energy, which generates local
heat and eventually eliminates the malignant cell lines with superior
spatiotemporal resolution. For example, Katla et al. used the Auy5SGig
nanocluster for the photothermal treatment of MDA-MB-231 breast
cancer cells using an 808-nm laser (Katla et al., 2018). They performed
the phototherapy using various laser powers and achieved 100% can-
cer cell death with 10 W cm~2 for 5 min of irradiation. Later Jiang
et al. conjugated ICG NIR dye with the [Aus;SGyg] nanocluster for the
photothermal therapy (Jiang et al., 2020). When compared to the ICG
solution alone (~10°C), the ICG4-GS-Au,s nanocomposite produced
~20°C temperature gain with negligible decay when irradiated with
0.5 W cm™2 NIR laser. As a result, the combined effect of ICG and
nanocluster could be obtained by using a lower power density than
that used in the abovementioned work. (Katla et al., 2018) Furthermore,
these systems showed better renal clearance, low toxicity, and excel-
lent biocompatibility. Recently, the AuyCuy/Au,s @Lip nanohybrid sys-
tem was utilized for combined photodynamic and photothermal ther-
apy (Liu et al., 2021). Organic-soluble Au,Cu, bimetallic nanoclusters
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and aqueous-soluble Auy; nanoclusters self-assemble into the spher-
ical AuyCus/Auys@Lip nanohybrid system. The photothermal and
fluorescence activity of the Au,; nanocluster was probed here for imag-
ing and therapy.

8.7 Summary

This chapter outlines the applications of precision nanoclusters in
different aspects of chemistry, physics, and biology. The bright pho-
toluminescence of metal nanoclusters has been successfully used to
detect hazardous metal ions and biologically relevant compounds with
great effectiveness. The functionalized nanoclusters have also been
used for (1) LED fabrication as color conversion layers, (2) green
energy harvesting, (3) photocatalysis, (4) bioimaging, and (5) ther-
apeutics due to their simple and well-established synthetic routes,
broad absorption spectrum, improved photostability in the Vis-NIR
regimes, lower toxicity, and increased photoluminescence quantum
yield. The improved photophysical properties of nanoclusters resulting
from metal doping, aggregation-induced emission, supramolecular
self-assembly, and other methods will aid in the development of next-
generation technologies and biology.
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9.1 Introduction

Nanomaterial research has progressed as a new realm due to its
unique properties compared to the properties of bulk materials and
their applications in different fields such as optics, biomedicine, elec-
tronics, and environmental science. The inherent human nature of
thirst for knowledge, curiosity, and interest in the exploration of new
materials hasled to tremendous advancements in these fields. Techno-
logical advancements in characterization techniques such as scanning
electron microscopy, transmission electron microscopy, and atomic
force microscopy have helped researchers to explore new nanomate-
rials and probe into their properties and, moreover, to gain insight into
the infinite possibilities where the fascinating materials are applicable.

Among the various applications of nanoparticles (NPs), surface-
enhanced Raman spectroscopy (SERS) is a technique for detecting
molecules, even at the single molecular level. It is a comparatively
new yet fast-evolving technique, owing to its efficiency in molecular
detection. This technique finds applications in various fields such as
biosensing, forensics, and food adulterant detection.

9.2 Surface-enhanced Raman spectroscopy

An enhancement in Raman signals of pyridine molecules adsorbed
on the roughened silver electrode was first observed by Fleischmann
et al. in 1974 (Fleischmann et al., 1974). Their explanation for this
phenomenon was the increase in the number of pyridine molecules
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adsorbed on the surface of the silver electrode due to the increased
surface area of the silver electrode. Later, Van Duyne recognized that
there is an enhancement in Raman signal in the order of 10° and it
may not be attributed to the increased surface area but may be due
to the increased Raman scattering cross-section. Jeanmaire et al. and
Albrecht et al. proposed that Raman signal enhancement is due to the
increase in the electric field near the adsorbed molecules, which arises
from the localized surface plasmon resonance (LSPR) on the metal
surface (Jeanmaire & Van Duyne, 1977).

To explain the 10°-fold enhancement in intensity, two mechanisms
are proposed in general.
» Electromagnetic enhancement mechanism
e Chemical enhancement mechanism

These two mechanisms are taken into account since, according to
the classical theory of Raman scattering, the Raman scattering intensity
is directly proportional to the square of the induced dipole moment,
Mind- Induced dipole moment is a product of Raman polarizability, «,
and the magnitude of the incident electromagnetic field, E. Due to the
presence of plasmons on the surface of the metal, a LSPR (Petryayeva &
Krull, 2011) arises, which enhances the local electromagnetic field and
produces an enhancement of the order of 10*. The chemical enhance-
ment factor (EF) of 102 may be attributed to the metal-to-adsorbate
charge-transfer resonances, which in turn induce a change in polar-
izability and cause an enhancement in the Raman signal (Hasna &
Jayaraj, 2020).

9.21 Electromagnetic enhancement mechanism
of SERS

When electromagnetic radiation falls on the metal surface, con-
duction electrons in metal get resonantly excited with the electromag-
netic field as a driving force, exactly like a driven harmonic oscilla-
tory system. The resonant frequency of oscillations (plasmons) wmay
is a function of the dielectric constant of the metal &yera () and the
surrounding medium ¢, (o). For metals like silver and gold, plasmon
peaks are in the visible region and visible light can be used to excite
these colloidal particles. This system can be resonantly excited by laser
radiation with angular frequency wy,. and amplitude Ey, which leads
to charge separation in a metal nanoparticle (LSPR), and hence a local
dipoleis developed and the induced dipole moment is a function of the
polarizability of the metallic NP o/t and the strength of the incident
field:

Mind = & metal Eo (winc) (9-1)
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This charge separation coupled with the incident field leads to an
increased local field near the vicinity of the metal NP E,c(winc), which
can be felt by a molecule in the vicinity of the metal NP (Cialla et al.,
2012). This phenomenon is shown in Fig. 9.1.

In 1908 Mie proposed that extinction cross-section (Cey) for metal
NPs depends on the real and imaginary parts of the complex dielectric
function (Mie, 1908). For metal NPs with radius R dispersed in a mate-
rial with dielectric constant &, extinction cross-section Cey; is:

3
24712R35m/2 g
by (6! 4+ 2ep,)* +¢"2

where ¢’ and ¢” represent the real and imaginary components of the
complex dielectric function, respectively, and this equation indicates
the dependence of plasmon resonance on the size of the NPs and the
medium surrounding the NP.

The second term has a maximum value for

Cext = (9'2)

&= —2&,

which is the the surface plasmon resonance condition. In the optical
absorption spectra of Au and Ag hydrosols this is observed as strong
absorption bands and explains the strong colors observed in these
colloids.

From the works of Nie et al. and Kneipp et al. on single-molecular
SERS, it is evident that isolated single particles could not achieve high
EFs (Kneipp et al., 1997; Nie & Emory, 1997). Regions of intense field
enhancement are observed in the junction between particles due to
the plasmonic coupling. This effect is known as hot spot formation
and leads to even higher enhancement of Raman signal. This effect is
known as hot spot enhancement. Intense field enhancement are also
observed in particles of sharp edges and tips and this effect is known
as lightning rod effect. as shown in Fig. 9.2.

Figure 9.1. Localized surface
plasmons on the surface of a
metal nanoparticle.

)



202 Chapter 9 Recenttrends in core—shell nanostructures—based SERS substrates

Hotspot Hotspot
E —
—_—
Single nanoparticle Coupled nanoparticles Sharp nanoparticle

Figure 9.2. Electric field enhancement in the vicinity of (A) single metallic nanoparticles, (B) coupled metallic
nanoparticles, and (C) sharp metallic nanoparticles.

9.2.2 Enhancement factor

Raman signal enhancement is qualitatively stated in terms of EE
which is the ratio of the intensity of the enhanced Raman signal to
the normal Raman signal. Since the intensities of the Raman signal
depend on the number of molecules giving the Raman signal, both
intensities must be normalized by dividing the intensities by the num-
ber of molecules giving the Raman signal. An equation of the form of
Eqg. (9.3) is used normally to calculate EFs.

I N,
EF = SERS o KRS (9.3)

Igs Nsgrs

where Iggrs and Igg are the intensities of enhanced Raman signal and
normal Raman signal, respectively, and Ngs and Ngggs denote the
number of molecules contributing to the Raman signal in SERS and
non-SERS cases, respectively.

For calculating analytical EFs, mostly in the case of colloidal SERS
substrates, Eq. (9.4) can be used.

I C
pFp — Sers o CRs (9.4)

Ips Cskrs

Here, Cgs is the concentration of an analyte in bulk and Cgggs de-
notes the concentration of the analyte solution adsorbed onto the
metal surface under given experimental conditions.

The SERS EF depends on the wavelength and polarizations of lasers
used for excitation, SERS substrate, the intrinsic Raman cross-section
of the analyte molecule, and the extent to which the analyte molecule
can adsorb onto the surface of the metal (Le Ru and Etchegoin, 2009).

Single-molecular identification by using SERS has led to the in-
crease in the popularity of this unique molecular identification tech-
nique. SERS finds wide applications in chemical and biological sens-
ing. Researchers in this field are in search of suitable SERS substrates
that can provide high EFs and enable the in vivo and in vitro detection
of molecules, selective detection of molecules, the study of change in
the properties of molecules in varying environments, etc.
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The power of SERS has not been explored fully until now. New
SERS substrates must be developed to exploit the advantages of SERS
in sensing and detecting molecules even at low concentrations. Also,
efforts must be made to fabricate SERS substrates with stability, repro-
ducibility, and a high EF. Although significantimprovements have been
possible in the synthesis of complex and highly efficient plasmonic
SERS NPs with controllable sizes and shapes, challenges in the prepa-
ration of stable, well-defined nanoassemblies with consistent hotspots
exist, implying an opportunity for further research.

9.2.3 SERS substrates

SERS substrates are usually structures made of metals that can
support surface plasmons. Metal-coated rough surfaces were used in
the beginning (Fleischmann et al., 1974). The synthesis of metal NPs
in different shapes and sizes enables one to control surface plasmon
resonances. Arrays of metallic NPs supported on other planar surfaces
are a recent development in fabricating SERS substrates. These arrays
are made by using self-assembly methods or lithographic techniques.

9.3 SERS substrates: an overview

Since its discovery in 1977, SERS has invited the attention of re-
searchers due to its high sensitivity and efficiency in molecular identi-
fication. Progress in the development of SERS substrates is tremendous
considering the short time span over which it has evolved. Over the
past few decades, researchers all over the world have tried to develop
novel and effective methods for the development of SERS substrates
owing to the huge applications of this technique. Some of those works
are listed below.

9.3.1 Metal electrodes

The first reported work in SERS was in 1974 by Fleischmann et
al., who observed enhanced Raman signals of pyridine molecules ad-
sorbed on a roughened silver electrode. The main advantage of this
method is the increased surface area. Recent advancements have been
in depositing the roughened metal layer into indium tin oxide (Zhu
et al., 2011), anodic aluminum oxide (Chen et al., 2015)(), etc. Oxidized
forms of metal electrodes have also been used as SERS substrates
(Taranenko et al., 1996).

9.3.2 Ordered metallic nanostructures

Ordered metallic nanostructures that can give high enhance-
ment are also used as SERS substrates. They are made directly on
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Figure 9.3. (A) Sample FESEM
images of silicon master with
triangular pits with an average
edge length of 300 nm and (B)
large area view.

a solid platform. The methods for developing such substrates in-
clude electron beam lithography, electron migration, electrochem-
ical metal growth, and nanosphere lithography (; Petti et al., 2016;
Amin et al., 2021; Zhao et al., 2017). In electron beam lithography
nanostructured features are obtained on solid surfaces by selective
area etching using the electron beam, as shown in Fig. 9.3. A layer
of metallic film is coated on these solid platforms using sputtering
techniques. Following this technique, Hasna et al. fabricated arrays
of nanotriangular pillars on silicon (Hasna et al., 2016). These pat-
terns of arrays of nanotriangular pillars on silicon were replicated on
poly(methyl methacrylate) (PMMA) by means of the nanoimprint-
ing technique. A silver film is made on this pattern using the ther-
mal evaporation technique. This technique enables the fast and in-
expensive production of highly uniform and reproducible SERS sub-
strate on a large scale. In nanosphere lithography metallic particles
are deposited on the surface of nanospheres and the nanospheres are
removed by dissolving in suitable solvents, leading to ordered nanos-
tructures (Haynes & Van Duyne, 2002).

9.3.3 Colloidal metal nanoparticles

NPs of metals such as gold, silver, copper, and palladium have been
widely used in their colloidal form as SERS substrates and they provide
high sensitivity. The development of new physical and chemical syn-
thesis routes has enabled good control over particle size distribution,
shape, and particle arrangement, which control the SERS efficiency of
substrates (Schliicker, 2014).

9.4 Core-shell nanostructures

Core-shell nanostructures are mainly composed of a material that
is usually referred to as the core, which has a thin or thick coating
of another material, referred to as the shell, as shown in Fig. 9.4.
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Core-shell nanostructures have invited great in-
terest recently due to their high tunability and
optical properties. Coating, if chosen properly,
provides good stability for these core-shell struc-
tures. Proper binding should be ensured between
the core and the shell. For that, some surface func-
tionalization is used in general, depending on the
chemical properties of the core and shell. The tun-
ability of substrates is achieved by varying param-
eters such as core radius, shell thickness, material,
surface morphology, and suitable surface modifi-
cation to fit into specific applications (Chaudhuri
& Paria, 2012). Various morphologies of core-shell
anoparticles as shown in Fig. 9.5

9.4.1 Bimetallic core—shell nanostructures

In bimetallic core-shell nanostructures the core and shell are fabri-
cated using metals, which enable high SERS activity by tuning the size
and shape of the structure. Bimetallic core-shell nanostructures play
a vital role in the category of core-shell nanostructures-based SERS
substrates owing to the fact that both the core and shell are plasmonic
nanostructures and this leads to very high EFs. Extensive works have
been done on bimetallic core-shell nanostructures, especially using
silver and gold. The reason for the popularity of bimetallic core-shell
nanostructures is that the surface plasmon resonance of both the core
and shell can be easily tuned to match specific applications since both
core and shell exhibit plasmonic properties. The SPR of the bimetallic
nanostructures varies to a great extent from that of its single coun-
terparts. Chemical synthesis routes are preferred for the fabrication
of core-shell nanostructures in general. Core-shell nanostructures of
gold and silver are used mainly. Other noble metals like Cu, Al, and
Pt are also used for fabrication depending on the application involved.
The fabricated substrates can be used for environmental monitoring,
food adulterant detection, and immunoassay analysis.

The optimization of core radius and shell thickness plays a ma-
jor role in the EFE In a work by Khlebtsov et al. 1,4-aminothiophenol
(4-ATP) molecules were embedded between Au core and Ag shells of
thickness 1 to 25 nm and their detection was studied using SERS. Fur-
ther, the substrates were used to demonstrate the effective detection
of thiram fungicide in solutions with concentrations as low as 10~ M
(Khlebtsov et al., 2016)

In a work by Khurana et al. Au shell was coated over an Ag shell with
varying thickness to fabricate Ag@Au bimetallic nanocomposite based
SERS substrate. Fig. 9.6 demonstrates the variation in surface plasmon
resonance peak upon adding an increased amount of gold NPs. This

—> Core

—> Shell

Figure 9.4. Core—shell
nanoparticle general
morphology.
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Figure 9.5. Various core—shell
nanoparticle morphologies: (A)
spherical core-shell
nanoparticles, (B) hexagonal
core-shell nanoparticles, (C)
core decorated by small
nanoparticles, (D) cubical
core-shell nanoparticles, (E)
cylindrical core—shell
nanoparticles, and (F) movable
core nanoparticles within the
hollow shell material.

Figure 9.6. UV-Vis spectra of
synthesized Ag@Au
nanocomposite having an Au
shell thickness of (A) 5, (B) 8, (C)
13, (D) 17, and (E) 21 nm; inset
shows the spectrum of Ag NPs
Reprinted with permission from
(Khurana et al., 2016) Copyright
2015 Elsevier.

(D)

(E) (F)

indicates a redshift in surface plasmon resonance wavelength on
increasing the shell thickness. Correspondingly, the enhancement in
the Raman signal of 10~* M crystal violet (CV) molecule is found to
be varying, as shown in Fig. 9.7. The shell thickness is optimized to be
30 nm for the core and 8 nm for the shell to get a maximum enhance-
ment of 10% in detecting CV dye (KKhurana et al., 2016). A SERS substrate
based on AuNPs modified with 4-nitrothiophenol (4-NTP) and coated
with Ag shell of controlled thickness at 6.6 nm was developed by Wang
et al. to detect staphylococcal enterotoxin B (SEB) on a microplate.
The efficiency of the developed SERS substrate was used to analyze
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SEB-spiked milk samples. The SERS-
based immunosensor had a limit of de-
tection of 1.3 pg mL~! (Wang et al., 2016)

Bimetallic structures of diverse mor-
phology have also been investigated. The
morphology plays a significant role in
the enhancement of the Raman signal
due to the lightning rod effect. The am-
plified field enhancement on the cor-
ners and tips of NPs enables the detec-
tion of ultralow concentration. Joseph
et al. fabricated cubic hollow nanostruc-
tures of AuAg@Ag SERS substrates fol-
lowing simple chemical methods. First,
the AuAg hollow cubic nanostructures
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were synthesized as the core, and an Ag shell was arranged from AgNOj3
in the presence of ascorbic acid under an alkaline environment. The
feed ratio of the Ag ion is increased to get increased shell thickness
and the nanostructures are named AuAg@Ag2 and AuAg@Ag5, re-
spectively, for feed concentrations of (Au:Ag):Ag of (5:1):1 and (5:1):4.
The increase in Ag ion concentration leads to a blueshift in the LSPR
compared to that of AuAg NPs, as shown in Fig. 9.8A. For AuAg alloy,
the plasmon peak is observed to be at 785 nm and for AuAg@Ag2 and
AuAg@Ag5 samples, the same is observed to be at 666 nm and 558
nm, respectively, which shows the tunability of plasmon frequency by
changingthe shell thickness. Transmission electron microscopy (TEM)
images of these samples (Fig. 9.8B-D) reveal the thin Ag coating in the
AuAg@Ag2 sample and a thick Ag coating in the AuAg@Ag5 sample.
Theresult of the SERS performance evaluation of the AuAg, AuAg@Ag?2,
and AuAg@Ag5 samples (Fig. 9.9) reveals that both AuAg@Ag2 and
AuAg@Ag5 show enhanced SERS performance compared to the AuAg
sample. The study indicates that the SERS efficiency increases due to
the presence of an Ag shell on AuAg nanostructure and further in-
creases with an increase in shell thickness. This increase in the SERS
performance of AuAg@Ag2 and AuAg@Ag5 over the AuAg nanostruc-
ture may be attributed to the shift in plasmon resonance from the NIR
to the visible range. Further, an increase in the intensity in SERS per-
formance for AuAg@Ag5 compared to AuAg@Ag2 can be attributed to
the favorable hotspot formation by Ag NPs on the AuAg nanostructure.
4-Mercaptothiophenol (4-MPh) was used as the probe molecule to
conduct a concentration-dependent SERS analysis and the detection
limit was found to be of the order of 10~ M (Joseph et al., 2019).

Khlebtsov et al. reported a synthesis method for the preparation of
Au@Ag core-shell cuboids and dumbbells and further studied their
SERS efficiency in detecting 1,4-aminothiophenol. The SERS EF of the
colloidal dumbbells was determined to

Figure 9.7. SERS spectra of (A)
CV (10-* M) molecule and CV
(10=* M) molecule using Ag@Au
nanocomposites with increased
Au shell thicknesses of (B) 5, (C)
8,(D) 13, (E) 17, and (F) 21 nm
Reprinted with permission from
(Khurana et al., 2016). Copyright
2015 Elsevier.
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Figure 9.8. (A) UV-Vis-NIR extinction spectra of AuAg core and AuAg@Ag core@shell cubic nanostructures and their
corresponding TEM images: (B) AuAg, (C) AuAg@Ag2, and (D) AuAg@Ag5. Reprinted with permission from (Joseph et

al., 2019) Copyright 2018 Elsevier

Sharma et al. reported their work on the SERS activity of platinum-
coated gold nanorods with tunable shell thickness. The developed
SERS substrates were used for the detection of methylene blue dye with
an enhancement of 10* (Sharma et al., 2016).

Metal core-shell NPs are widely used as chemical sensors. In a
work by Song et al. Au@Ag core-shell NPs were synthesized by using
the chemical method for the detection of arsenic pollution in water
with a detection limit of 0.1 ppb. CV was used as a probe molecule
to test the SERS activity (Song et al., 2016). Luo et al. fabricated silver-
coated gold bimetallic NPs-based SERS substrates for the detection of
triphenylmethane drugs in fish muscle (Luo et al., 2014).

Bimetallic nanostructures have the disadvantages of low stability
and low reproducibility, and a new type of hybrid nanostructures is
being synthesized.
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9.4.2 Dielectric—metal core—shell nanostructures

Dielectric-metal core-shell nanostructures are widely used nowa-
days as SERS substrates, either to provide high stability to the
nanostructure or to provide environmental modification of the NP,
thereby increasing the enhancement. The highly tunable properties of
dielectric-metal core-shell NPs make them a suitable candidate as a
SERS substrate.

Li et al. reported an efficient way to selectively detect rhodamine
6G from water by the surface modification of silica silver core-
shell nanostructures and the detection limit was found to be 10~
M (Li et al., 2017).

Higher-order enhancements can be obtained by properly tuning
the dimensions of core-shell structures. For example, the authors of
this chapter has fabricated silica silver core-shell nanostructures fol-
lowing a simple chemical route (Anju et al., 2019). Firstly, the core ra-
diusisincreased and the shell thickness is fixed at constant to study the
effect of varying core radius on the SERS performance. The core radius
is varied from 37 nm to 126 nm. For a very small core radius, a complete
shell of silver NPs is formed. But as the core radius increases, the Ag
NPs get distributed apart, leaving the possibility for the formation of a
hotspot, as shown in Fig. 9.10. This increase in hotspots is reflected in
the SERS performance, as shown in Fig. 9.11. The limit of detection in
the optimized case was found to be 10718 M.

Figure 9.9. Characteristic SERS
spectra of 4-ATP on AuAg core
and AuAg@Ag core@shell
cubic nanostructures. Inset is
the enlarged SERS spectrum of
AuAg. Reprinted with
permission from (Joseph et al.,
2019) Copyright 2018 Elsevier.
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Figure 9.10. TEM images of
Ag-Si0, nanospheres prepared
using silica spheres with varying
sizes of (A) 37 nm, (B) 61 nm, and
(C) 89 nm with a fixed AgNO3
concentration (1 mM). (D—F)
Schematic representation of the
possible distribution of silica
nanospheres on silver
nanoparticles with increasing
silica size. Reprinted with
permission from (Anju et al.,
2019) Copyright (2019) Elsevier.

The same effect is observed while increasing the shell thickness
also (Anju et al., 2019). Shell thickness is increased by increasing the
concentration of the silver precursor (AgNO3) in the order of 1 mM,
5mM, and 10 mM. As the shell thickness increases, the SERS efficiency
is found to be decreasing, as shown in Fig. 9.12

Raman Intensity

Figure 9.11. Comparison of the
SERS spectra of 107'* M G

solution of rhodamine 6G on

Ag-Si0, substrates with varying _ l A ~ A AA A B

silica sizes of (A) 37 nm, (B) 61

nm, (C) 89 nm, and (D)126 nm A ~ AN A
and a fixed AgNO3 1 2 1 . 1 . 1 i 1 2 1 N 1 N L
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permission from (Anju et al., =

2019) Copyright 2019 Elsevier Wavenumber/cm
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9.4.3 Polymer—-metal core—shell nanostructures

Polymer-metal NPs are usually fabricated by arranging metal NPs
on polymers such as polystyrene (PS) beads and polyaniline (PANT).
The main advantage of PS is that it is commonly available and very
economical compared to bimetallic substrates. The PS beads are
readily available in highly monodisperse spherical form and these
beads are stable, which makes it easier for the further attachment of
metallic shell. Further, the self-assembling property of these spheres
ensures the formation of uniform and reproducible SERS substrates.
This property was used by Yamaguchi et al. for developing AuNPs-
decorated PS beads-based SERS substrate on a lab-on-a-chip scenario.
The aggregation of AuNPs-decorated PS beads was controlled by an
AC electric field. The AuNPs-decorated PS beads were prepared by
varying the coverage of Au NPs on the PS beads for optimization as
SERS activity depends on the coverage. Advanced technologies such
as integrated medical machines can be developed using this method
(Yamaguchi et al., 2019).

9.44 Magnetic—metal core—shell nanostructures

In magnetic-metal core-shell nanostructures, either the core or
the shell is fabricated using magnetic NPs. Plasmonic nanostructures
are incorporated either as the core or as the shell to invoke surface

Figure 9.12. SERS of rhodamine
6G measured using prepared
Ag-Si0, colloidal substrates
with varying shell thicknesses
prepared using 1 mM, 5 mM,
and 10 mM of AgNO; Reprinted
with permission from (Anju

et al., 2019) Copyright 2019
Elsevier.
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Figure 9.13. (A) Synthetic route
for gold shell-coated magnetic
nanoparticles and (B) schematic
illustration of the operating
procedures for bacteria
detection via a SERS method.
Reprinted with permission from
(Wang et al., 2016a) Copyright
2016 American Chemical Society
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plasmon resonance. The main aspect of involving magnetic NPs is to
enable SERS detection along with magnetic separation. As an example,
Au-coated MnFe,0, magnetic NPs (AuMNPs) have been used as the
SERS substrate by Wang et al. to detect p-aminothiophenol (PATP)
with a detection limit of 10~° M. The magnetic core is found to be of
high magnetic responsivity and it enables the magnetic separation of
Staphylococcus aureus as shown in Fig. 9.13. Also, the presence of mag-
netic NPs enables the formation of a sandwich-like structure for high
hotspot formation. Further, the synthesized AuMNPs were conjugated
with S. aureus antibody for bacteria detection with a detection limit of
10 cells mL~! (Wang et al., 2016a).

The magnetic-metal core-shell NPs find wide application in biolog-
ical detection. Lin et al. developed a rapid and simple method to detect
carcinoembryonic antigen (CEA) using antibody-modified Au and y -
Fe,Os@Au NPs (Lin et al., 2016).
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9.5 Core—shell nanostructures for biological
applications

SERSis a versatile technique that can provide molecular vibrational
information, which leads to the detection of molecules at very low
concentrations. The negligible interference from the Raman signal of
water molecules makes this technique highly suitable for use in bi-
ological systems. SERS is widely used for the analysis of biological
molecules and for bioimaging, disease diagnosis, and cancer cell de-
tection. The basic application of SERS in bioscenarios comes from the
detection of molecules in living cells. Colloidal core-shell nanostruc-
tures find extensive possibilities in biological application because of
their excellent properties. The main advantage of colloidal core-shell
NPs is that they can be used in the native environment of biosamples
without any interference in the form of Raman signals from water
molecules. Another prospect is the possibility of the modification of
the surface of NPs for specific applications. For example, hydrogen
peroxide is generated in living organisms as a normal product of ox-
idative mechanisms. Nevertheless, severe human diseases are related
to the dysregulation of hydrogen peroxide. AuAg alloy NPs possess high
chemical stability, excellent plasmonic property, and low cytotoxicity,
and coating with porous SiO, makes them more stable. The surface
is further modified using 4-mercaptophenylboronic acid (MPBA) and
an internal standard Raman molecule of 4-mercaptophenylacetylene
(MPAE). A bridging molecule (dopamine) is then introduced, fol-
lowed by the addition of 3-(4-(phenylethynyl)benzylthio) propanoic
acid (PEB) as a Raman signaling molecule, as shown in Fig. 9.14.
In the presence of H,O, the Raman peak intensity of the peak at
2214 cm™! of PEB is decreased due to the chemical modification
in the structure compared to the intensity at normal circumstances.
But the peak of MPAE at 1986 cm™! is independent of the pres-
ence or absence of H,O,. By comparing the intensity of both these
peaks, a quantitative analysis of the amount of H,O, can be realized.
The developed nanosensor is used successfully for the detection of
H,0, both exogenously and endogenously in living cells (Si et al.,
2019).

SERS substrates are widely used as pH sensors owing to the struc-
tural change associated with molecules changing the pH of the envi-
ronment. This result may be used for the detection and Raman imaging
of cancer tissues since the pH value of cancerous tissue is lower than
that of normal cells. PANI is a polymer is present as emeraldine salt in
an acidic environment while it is converted to an emeraldine base in an
alkaline environment. Upon increasing the pH, the peak at 1164 cm™*
shows a decayed intensity. This property is exploited by fabricating a
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Table 9.1

SI. No.  SERS substrate

1 Double-strand DNA
functionalized Au@Ag NPs

2 Nanogapped Au (core)@AuAg
(shell)

3 Au-Si0,@Ag wire

4 Spherical gold satellites on the
surface of Au@Ag@Si0,

5 Magnetic Ni@C nanospheres

6 Gold nanostar@Raman
reporter@nanoshell structures

7 AUNS@Ag@Si0,

8 Au@Ag core—shell nanocuboid

9 Ag/Zn0/Au

10 AgNPs@RGO

11 Ag@Au core—shell porous
nanocages

12 rGO@CD@Au

13 Aptamer-conjugated Au

nanocage/Si0, core—shell
bifunctional nanoprobes

14 Si0,@Ag immune probes

15 Vertical flow assays based on
core—shell SERS nanotags

16 Enzyme-induced Au@Ag
core—shell nanostructure

17 Monodisperse Au@Ag
core—shell nanoprobes

18 AU@BizSEg

19 Polypyrrole/iron oxide core/gold
shell

20 Fe304@CuzO

No Permission Required

Application
17 B-estradiol

Ochratoxin A

Thiocyanate in urine and human
serum

Ultrasensitive SERS
immunoassay of a-fetoprotein
Hypersensitive C—reactive
protein detection

Exosomes

a-Fetoprotein

Detection of protein single-point
mutations

DNA detection

DNA detection

SERS immunoassay

Trace detection for doxorubicin
Cellular SERS imaging

SERS-based multiplex
immunoassay of tumor markers
Multiplex prostate cancer
biomarker detection
Immunoassay of cancer
biomarkers

Raman imaging of living cancer
cells

Synergetic therapy by
SERS-traceable antagomiR
delivery and photothermal
treatment

Multimodal imaging and
photothermal cancer therapy
Imaging-guided NIR
photothermal therapy

Major applications of core—shell SERS substrates in the biological scenario.

Reference

Pu et al. (2019)
Shao et al. (2018)
Ankudze et al. (2019)
Yang et al. (2019))
Wang et al. (2018)
Tian et al. (2018)

Zhao et al. (2019)
Tuetal. (2018)

Pal et al. (2019))
Han et al. (2018)
Huang et al. (2019)
Wei et al. (2019)
Wen et al. (2019)
Wang et al. (2018)
Chen et al. (2019)
Yang et al. (2017)

Chang et al. (2019)

Mohammadniaei et al. (2018)

Han et al. (2017)

Wang et al. (2018)
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Figure 9.14. (A) Preparation mechanism of an AuAg@p-Si0,NPs-based nanosensor. (B) Detection of H,0; in living
cells. Reprinted with permission from (Si et al., 2019) Copyright 2019 Elsevier.

core-shell nanostructure with PANI as the core and gold NPs as the
shell (PANI@AuNPs). These NPs were introduced into HeLa cancer
cells for Raman imaging.

Numerous applications of core-shell SERS substrates in biological
scenarios are summarized in Table 9.1.
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Summary

This chapter offers a general idea about the basic theory and ad-
vances in exploration in the field of development of SERS substrates
based on core-shell nanostructures. Development strategies adopted
for formulating SERS substrates based on some general architectures
such as bimetallic, dielectric-metal, polymer-metal, and magnetic-
metal are also discussed. It has also been shown that the morphol-
ogy and size of both the core and shell play an important role in
tuning the SERS efficiency of core-shell NP-based SERS substrates.
The ways in which research is being broadened into biological sce-
narios are also emphasized in detail. With these developments, a
wide range of quantitative and qualitative applications are enabled for
SERS in the biomedical field for the evaluation and trace detection of
molecules.

References

Amin, M.U,, Zhang, L., Hao, R., Zhang, D., You, H., Fang, J., 2021. Electrochemical
growth of dendritic silver nanostructures as facile SERS substrates. CrystEngComm
23 (3), 694-699. https://doi.org/10.1039/DOCE01258K.

Anju, K.S., Gayathri, R., Subha, P.P,, Kumar, K.R., Jayaraj, M.K., 2019. Optimally
distributed Ag over SiO, nanoparticles as colloidal SERS substrate. Microchem. J.
147, 349-355. https://doi.org/10.1016/j.microc.2019.03.027.

Ankudze, B., Philip, A., Pakkanen, TT., 2019. Ultrasensitive and recyclable
superstructure of AuSiO, @Ag wire for surface-enhanced Raman scattering
detection of thiocyanate in urine and human serum. Anal. Chim. Acta 1049,
179-187. https://doi.org/10.1016/j.aca.2018.10.040.

Chang, J., Zhang, A., Huang, Z., Chen, Y., Zhang, Q., Cui, D., 2019. Monodisperse au@ag
core-shell nanoprobes with ultrasensitive SERS-activity for rapid identification and
Raman imaging of living cancer cells. Talanta 198, 45-54.
https://doi.org/10.1016/j.talanta.2019.01.085.

Chaudhuri, R.G., Paria, S., 2012. Core/shell nanoparticles: classes, properties, synthesis
mechanisms, characterization, and applications. Chem. Rev. 112 (4), 2373-2433.
https://doi.org/10.1021/cr100449n.

Chen, J, Feng, S, Gao, F, Grant, E, Xu, ], Wang, S, Huang, Q, Lu, X, 2015. Fabrication of
SERS-active substrates using silver nanofilm-coated porous anodic aluminum
oxide for detection of antibiotics. ] Food Sci 80 (4), N834-40.
doi:10.1111/1750-3841.12825.

Chen, R., Liu, B., Nij, H., Chang, N., Luan, C., Ge, Q., Dong, J., Zhao, X., 2019. Vertical flow
assays based on core-shell SERS nanotags for multiplex prostate cancer biomarker
detection. Analyst 144 (13), 4051-4059. https://doi.org/10.1039/CIAN00733D.

Cialla, D., Mérz, A., Bohme, R., Theil, E, Weber, K., Schmitt, M., Popp, J., 2012.
Surface-enhanced Raman spectroscopy (SERS): progress and trends. Anal.
Bioanal.Chem. 403 (1), 27-54. https://doi.org/10.1007/s00216-011-5631 -x.

Fleischmann, M., Hendra, P.J., McQuillan, A.J., 1974. Raman spectra of pyridine
adsorbed at a silver electrode. Chem. Phys. Lett. 26 (2), 163-166.
https://doi.org/10.1016/0009-2614(74)85388-1.

Han, B., Zhang, Y.-L., Zhu, L., Chen, X.-H., Ma, Z.-C., Zhang, X.-L., Wang, J.-N.,

Wang, W., Liu, Y.-Q., Chen, Q.-D., Sun, H.-B., 2018. Direct laser scribing of


https://doi.org/10.1039/D0CE01258K
https://doi.org/10.1016/j.microc.2019.03.027
https://doi.org/10.1016/j.aca.2018.10.040
https://doi.org/10.1016/j.talanta.2019.01.085
https://doi.org/10.1021/cr100449n
https://doi.org/10.1111/1750-3841.12825
https://doi.org/10.1039/C9AN00733D
https://doi.org/10.1007/s00216-011-5631-x
https://doi.org/10.1016/0009-2614(74)85388-1

Chapter 9 Recent trends in core—shell nanostructures—bhased SERS substrates

217

AgNPs@RGO biochip as a reusable SERS sensor for DNA detection. Sens. Actuators
B 270, 500-507. https://doi.org/10.1016/j.snb.2018.05.043.

Han, L., Zhang, Y., Zhang, Y., Shu, Y., Chen, X.-W., Wang, J.-H., 2017. A magnetic
polypyrrole/iron oxide core/gold shell nanocomposite for multimodal imaging and
photothermal cancer therapy. Talanta 171, 32-38. https://doi.org/10.1016/j.talanta.
2017.04.056.

Hasna, K., Antony, A., Puigdollers, J., Kumar, K.R., Jayaraj, M.K., 2016. Fabrication of
cost-effective, highly reproducible large area arrays of nanotriangular pillars for
surface enhanced Raman scattering substrates. Nano Res. 9 (10), 3075-3083.
https://doi.org/10.1007/s12274-016-1190-y.

Hasna, K., Jayaraj, M.K., 2020. Metal Oxides-Based SERS Substrates. In: Jayaraj, M.K.
(Ed.), Nanostructured Metal Oxides and Devices. Materials Horizons: From Nature
to Nanomaterials. Springer, Singapore, pp. 155-175.

Haynes, C.L., Van Duyne, R.P,, 2002. Plasmon scanned surface-enhanced Raman
scattering excitation profiles. MRS Proceedings 728, 1-6.

Huang, Y., Lin, D., Li, M., Yin, D., Wang, S., Wang, J., 2019. Ag@Au core-shell porous
nanocages with outstanding SERS activity for highly sensitive SERS immunoassay.
Sensors (Basel, Switzerland), 19 (7). https://doi.org/10.3390/s19071554.

Jeanmaire, D.L., Van Duyne, R.P.,, 1977. Surface Raman spectroelectrochemistry: part I.
heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver
electrode. J. Electroanal. Chem. Interfacial Electrochem. 84 (1), 1-20.
https://doi.org/10.1016/S0022-0728(77)80224-6.

Jin, X., Mao, A., Ding, M., Ding, P, 2016. A simple route to synthesize Cu@Ag core-shell
bimetallic nanoparticles and their surface-enhanced Raman scattering properties.
Appl. Spectrosc. 70 (10), 1692-1699.

Joseph, D., Kwak, C.H., Huh, Y.S., Han, Y.-K., 2019. Synthesis of AuAg@Ag core@shell
hollow cubic nanostructures as SERS substrates for attomolar chemical sensing.
Sens. Actuators B 281, 471-477. https://doi.org/10.1016/j.snb.2018.10.092.

Khlebtsov, B.N., Liu, Z., Ye, J., Khlebtsov, N.G., 2015. Au@Ag core/shell cuboids and
dumbbells: optical properties and SERS response. J. Quant. Spectrosc. Radiat.
Transfer 167, 64-75. https://doi.org/10.1016/j.jqsrt.2015.07.024.

Khlebtsov, B., Khanadeev, V., Khlebtsov, N., 2016. Surface-enhanced Raman scattering
inside Au@Ag core/shell nanorods. Nano Res. 9 (8), 2303-2318.
https://doi.org/10.1007/s12274-016-1117-7.

Khurana, P, Thatai, S., Prasad, S., Soni, S., Kumar, D., 2016. Agcore-Aushell bimetallic
nanocomposites: gold shell thickness dependent study for SERS enhancement.
Microchem. J. 124, 819-823. https://doi.org/10.1016/j.microc.2015.10.009.

Kneipp, K., Wang, Y., Kneipp, H., Perelman, LT, Itzkan, ., Dasari, R.R., Feld, M..S., 1997.
Single molecule detection using surface-enhanced Raman scattering (SERS). Phys.
Rev. Lett. 78 (9), 1667-1670. https://doi.org/10.1103/PhysRevLett.78.1667.

Le Ru, E.C., Etchegoin, P.G., 2009. Calculations of electromagnetic enhancements. In:
Le Ru, E.C., Etchegoin, P.G. (Eds.), Principles of Surface-Enhanced Raman
Spectroscopy. Elsevier, Amsterdam, pp. 265-297.
doi:10.1016/B978-0-444-52779-0.00011-8.

Li, H., Jiang, J., Wang, Z., Wang, X., Liu, X, Yan, Y., Li, C., 2017. A high performance and
highly-controllable core-shell imprinted sensor based on the surface-enhanced
Raman scattering for detection of R6G in water. J. Colloid Interface Sci. 501, 86-93.
https://doi.org/10.1016/j.jcis.2017.04.010.

Lin, Y, Xu, G., Wei, E, Zhang, A., Yang, ]., Hu, Q., 2016. Detection of CEA in human
serum using surface-enhanced Raman spectroscopy coupled with
antibody-modified Au and y -Fe, O3 @Au nanoparticles. J. Pharm. Biomed. Anal.
121, 135-140. https://doi.org/10.1016/j.jpba.2016.01.027.


https://doi.org/10.1016/j.snb.2018.05.043
https://doi.org/10.1016/j.talanta.2017.04.056
https://doi.org/10.1007/s12274-016-1190-y
https://doi.org/10.3390/s19071554
https://doi.org/10.1016/S0022-0728(77)80224-6
https://doi.org/10.1016/j.snb.2018.10.092
https://doi.org/10.1016/j.jqsrt.2015.07.024
https://doi.org/10.1007/s12274-016-1117-7
https://doi.org/10.1016/j.microc.2015.10.009
https://doi.org/10.1103/PhysRevLett.78.1667
https://doi.org/10.1016/B978-0-444-52779-0.00011-8
https://doi.org/10.1016/j.jcis.2017.04.010
https://doi.org/10.1016/j.jpba.2016.01.027

218 Chapter 9 Recenttrends in core—shell nanostructures—based SERS substrates

Luo, Y, Pei, L., Huang, Y., Li, C., Zhang, Y., Rasco, B.A., Lai, K., 2014. Detection of
triphenylmethane drugs in fish muscle by surface-enhanced Raman spectroscopy
coupled with Au-Ag core-shell nanoparticles. Journal of Nanomaterials 2014,
730915. https://doi.org/10.1155/2014/730915.

Mie, G., 1908. Contributions to the Optics of Turbid Media, Particularly of Colloidal
Metal solutions. Annalen der Physik 25, 377-445. doi:10.1002/andp.19083300302.

Mohammadniaei, M., Lee, T., Bharate, B.G., Yoon, J., Choi, H.K., Park, S., Kim, J., Kim, J.,
Choi, J.-W., 2018. Bifunctional Au@Bi,Se3 core-shell nanoparticle for synergetic
therapy by SERS-traceable antagomiR delivery and photothermal treatment. Small
14 (38), 1802934. https://doi.org/10.1002/smll.201802934.

Nie, Emory, 1997. Probing single molecules and single nanoparticles by
surface-enhanced Raman scattering. Science (New York) 275 (5303), 1102-1106.

Pal, A.K,, Pagal, S., Prashanth, K., Chandra, G.K., Umapathy, S., D., B.M, 2019.
Ag/Zn0O/Au 3D hybrid structured reusable SERS substrate as highly sensitive
platform for DNA detection. Sens. Actuators B 279, 157-169.
https://doi.org/10.1016/j.snb.2018.09.085.

Petryayeva, E., Krull, U.]., 2011. Localized surface plasmon resonance: nanostructures,
bioassays and biosensing—A review. Anal. Chim. Acta 706 (1), 8-24. https://doi.
org/10.1016/j.aca.2011.08.020.

Petti, L., Capasso, R., Rippa, M., Pannico, M., La Manna, P, Peluso, G., Calarco, A.,
Bobeico, E., Musto, P., 2016. A plasmonic nanostructure fabricated by electron
beam lithography as a sensitive and highly homogeneous SERS substrate for
bio-sensing applications. Vib. Spectrosc. 82, 22-30.
https://doi.org/10.1016/j.vibspec.2015.11.007.

Pu, H,, Xie, X., Sun, D.-W., Wei, Q., Jiang, Y., 2019. Double strand DNA functionalized
Au@Ag nps for ultrasensitive detection of 17 8-estradiol using surface-enhanced
Raman spectroscopy. Talanta 195, 419-425.
https://doi.org/10.1016/j.talanta.2018.10.021.

Schliicker, S., 2014. Surface-enhanced Raman spectroscopy: concepts and chemical
applications. Angew. Chem. Int. Ed. 53 (19), 4756-4795.
https://doi.org/10.1002/anie.201205748.

Shao, B., Ma, X., Zhao, S., Lv, Y., Hun, X., Wang, H., Wang, Z., 2018. Nanogapped Aucre)
@ Au-Ag(gpen) structures coupled with Fe3O4 magnetic nanoparticles for the
detection of ochratoxin A. Anal. Chim. Acta 1033, 165-172.
https://doi.org/10.1016/j.aca.2018.05.058.

Sharma, V., Sinha, N., Dutt, S., Chawla, M., Siril, P.E, 2016. Tuning the surface enhanced
Raman scattering and catalytic activities of gold nanorods by controlled coating of
platinum. J. Colloid Interface Sci. 463, 180-187.
https://doi.org/10.1016/j.jcis.2015.10.036.

Si, Y, Li, L., Qin, X,, Bai, Y., Li, J,, Yin, Y., 2019. Porous SiO,-coated Au-Ag alloy
nanoparticles for the alkyne-mediated ratiometric Raman imaging analysis of
hydrogen peroxide in live cells. Anal. Chim. Acta 1057, 1-10.
https://doi.org/10.1016/j.aca.2018.12.061.

Song, L., Mao, K., Zhou, X., Hu, J., 2016. A novel biosensor based on Au@Ag core-shell
nanoparticles for SERS detection of arsenic (III). Talanta 146, 285-290.
https://doi.org/10.1016/j.talanta.2015.08.052.

Taranenko, N., Alarie, J.-P., Stokes, D.L., Vo-Dinh, T., 1996. Surface-enhanced Raman
detection of nerve agent simulant (DMMP and DIMP) vapor on electrochemically
prepared silver oxide substrates. J. Raman Spectrosc. 27 (5), 379-384. https://
doi.org/10.1002/(SICI)1097-4555(199605)27:5<379::AID-JRS925>3.0.CO;2-G.

Tian, Y.-E, Ning, C.-F, He, E, Yin, B.-C., Ye, B.-C., 2018. Highly sensitive detection of
exosomes by SERS using gold nanostar@Raman reporter@nanoshell structures
modified with a bivalent cholesterol-labeled DNA anchor. Analyst 143 (20),
4915-4922. https://doi.org/10.1039/c8an01041b.


https://doi.org/10.1155/2014/730915
https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1002/smll.201802934
https://doi.org/10.1016/j.snb.2018.09.085
https://doi.org/10.1016/j.aca.2011.08.020
https://doi.org/10.1016/j.vibspec.2015.11.007
https://doi.org/10.1016/j.talanta.2018.10.021
https://doi.org/10.1002/anie.201205748
https://doi.org/10.1016/j.aca.2018.05.058
https://doi.org/10.1016/j.jcis.2015.10.036
https://doi.org/10.1016/j.aca.2018.12.061
https://doi.org/10.1016/j.talanta.2015.08.052
https://doi.org/10.1002/(SICI)1097-4555(199605)27:5<379::AID-JRS925>3.0.CO;2-G
https://doi.org/10.1039/c8an01041b

Chapter 9 Recent trends in core—shell nanostructures—bhased SERS substrates

219

Tu, G., Deogratias, N., Xu, M., Li, X,, Liu, J,, Jiang, L., Yang, Y., Zhang, J., 2018.
Sharp-featured Au@Ag core/shell nanocuboid synthesis and the label-free
ultrasensitive SERS detection of protein single-point mutations. Mater. Chem.
Front. 2 (9), 1720-1724. https://doi.org/10.1039/C8QMO00185E.

Wang, J., Wy, X,, Wang, C., Rong, Z., Ding, H., Li, H,, Li, S., Shao, N., Dong, P, Xiao, R,
Wang, S., 2016a. Facile synthesis of Au-coated magnetic nanoparticles and their
application in bacteria detection via a SERS method. ACS Appl. Mater. Interfaces 8
(31), 19958-19967. https://doi.org/10.1021/acsami.6b07528.

Wang, S., Luo, J., He, Y., Chai, Y., Yuan, R., Yang, X., 2018a. Combining porous magnetic
Ni@C nanospheres and CaCO3 microcapsule as surface-enhanced Raman
spectroscopy sensing platform for hypersensitive C-reactive protein detection. ACS
Appl. Mater. Interfaces 10 (39), 33707-33712. https://doi.org/10.1021/
acsami.8b13061.

Wang, W., Wang, W., Liu, L., Xu, L., Kuang, H., Zhu, J., Xu, C., 2016b.
Nanoshell-enhanced Raman spectroscopy on a microplate for staphylococcal
enterotoxin b sensing. ACS Appl. Mater. Interfaces 8 (24), 15591-15597.
https://doi.org/10.1021/acsami.6b02905.

Wang, Z., Yang, H., Wang, M., Petti, L., Jiang, T., Jia, Z., Xie, S., Zhou, J, 2018b.
SERS-based multiplex immunoassay of tumor markers using double SiO, @Ag
immune probes and gold-film hemisphere array immune substrate. Colloids Surf.
A 546, 48-58. https://doi.org/10.1016/j.colsurfa.2018.02.069.

Wang, Z., Zhang, J., Wang, H., Hai, J., Wang, B., 2018c. Se atom-induced synthesis of
concave spherical Fe304@Cu, O nanocrystals for highly efficient MRI-SERS
imaging-guided NIR photothermal therapy. Particle & Particle Systems
Characterization 35 (11), 1800197. https://doi.org/10.1002/ppsc.201800197.

Wei, W., Wang, L., Huang, Q., Li, T, 2019. Controlled synthesis of biocompatible
rGO@CD@Au nanocomposites for trace detection for doxorubicin by Raman
imaging spectroscopy. J. Alloys Compd. 783, 37-43. https://doi.org/10.1016/
jjallcom.2018.12.285.

Wen, S., Miao, X., Fan, G.-C., Xu, T, Jiang, L.-P., Wu, P, Cai, C., Zhu, J.-J., 2019.
Aptamer-conjugated Au nanocage/SiO; core-shell bifunctional nanoprobes with
high stability and biocompatibility for cellular SERS imaging and near-infrared
photothermal therapy. ACS Sens. 4 (2), 301-308.
https://doi.org/10.1021/acssensors.8b00682.

Yamaguchi, A., Utsumi, Y., Fukuoka, T., 2019. Aggregation and dispersion of
Au-nanoparticle-decorated polystyrene beads with SERS-activity using ac electric
field and brownian movement. Appl. Surf. Sci. 465, 405-412.
https://doi.org/10.1016/j.apsusc.2018.09.206.

Yang, L., Gao, M.X,, Zhan, L., Gong, M., Zhen, S.J., Huang, C.Z., 2017. An
enzyme-induced Au@Ag core-shell nanoStructure used for an ultrasensitive
surface-enhanced Raman scattering immunoassay of cancer biomarkers.
Nanoscale 9 (7), 2640-2645. https://doi.org/10.1039/C6NR07979B.

Yang, Y., Zhu, J., Zhao, J., Weng, G.-J., Li, J.-J., Zhao, J.-W., 2019. Growth of spherical gold
satellites on the surface of Au@Ag@SiO; core-shell nanostructures used for an
ultrasensitive SERS immunoassay of alpha-fetoprotein. ACS Appl. Mater. Interfaces
11 (3), 3617-3626. https://doi.org/10.1021 /acsami.8b21238.

Zhao, J., Wy, C., Zhai, L., Shi, X,, Li, X., Weng, G., Zhu, ], Li, J., Zhao, ].-W., 2019. A
SERS-based immunoassay for the detection of o-fetoprotein using
AuNSs@Ag@SiO; core-shell nanostars. J. Mater. Chem. C 7 (27), 8432-8441.
https://doi.org/10.1039/C9TCO1890E.


https://doi.org/10.1039/C8QM00185E
https://doi.org/10.1021/acsami.6b07528
https://doi.org/10.1021/acsami.8b13061
https://doi.org/10.1021/acsami.6b02905
https://doi.org/10.1016/j.colsurfa.2018.02.069
https://doi.org/10.1002/ppsc.201800197
https://doi.org/10.1016/j.jallcom.2018.12.285
https://doi.org/10.1021/acssensors.8b00682
https://doi.org/10.1016/j.apsusc.2018.09.206
https://doi.org/10.1039/C6NR07979B
https://doi.org/10.1021/acsami.8b21238
https://doi.org/10.1039/C9TC01890E

220 Chapter 9 Recenttrends in core—shell nanostructures—based SERS substrates

Zhao, X., Wen, ], Zhang, M., Wang, D., Wang, Y., Chen, L., Zhang, Y., Yang, J., Du, Y.,
2017. Design of hybrid nanostructural arrays to manipulate SERS-active substrates
by nanosphere lithography. ACS Appl. Mater. Interfaces 9 (8), 7710-7716.
https://doi.org/10.1021/acsami.6b14008.

Zhu, C., Meng, G., Huang, Q., Zhang, Z., Xu, Q., Liu, G., Huang, Z., Chu, Z., 2011. Ag
nanosheet-assembled micro-hemispheres as effective SERS substrates. Chem.
Commun. 47 (9), 2709-2711. https://doi.org/10.1039/C0CC04482B.


https://doi.org/10.1021/acsami.6b14008
https://doi.org/10.1039/C0CC04482B

Noninvasive biomarker sensors
using surface-enhanced Raman
spectroscopy

Navami Sunil and Biji Pullithadathil

Nanosensor Laboratory, PSG Institute of Advanced Studies, Coimbatore,
India.

10.1 Introduction

Wearable sensors have become extremely useful in providing ac-
curate information about an individual’s activities and behaviors and
thus have become inevitable in many applications such as medical,
environmental, and commercial fields. The wearables that possess
sensors to monitor how the body is functioning may provide a better
understanding of our health conditions (Mukhopadhyay, 2015). Ad-
vancements in sensing technologies and their miniaturization to the
lab-on-a-chip model have made it possible to monitor the activities of
human beings continuously.

In general, biosensors have three major operations: sample collec-
tion, assay chemistry, and detection and recording of a quantifiable
signal. In recent times, there has been a huge increase in the use of
wearable sensors in the biomedical field. Some of these include mon-
itoring a patient’s body temperature, heart rate, pressure, and oxygen
saturation and even the detection of analytes such as alcohol content,
glucose level, urea, and other metabolites (Bandodkar & Wang, 2014).
This has led to a tremendous improvement in the field of biomed-
ical science as it involves faster analysis and response time. Recent
advances have focused more on the electrochemical monitoring of
various biomarkers in biological fluids. The wearable sensors that non-
invasively analyze body fluids such as saliva, sweat, and tears are of
greater importance these days because of their ability to assess the
health status by continuously monitoring the changes in the metabolic
process (Heikenfeld, 2016). Both finger pricking and venous puncture
are invasive and causes pain and stress during the blood collection.
Thus a simple and non-invasive method is necessary for diagnostic
applications which is possible through biological fluids such as saliva,
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Sweat is an alternative biological matrix that can be used to detect
drug intake and abuse. It is produced by eccrine and apocrine glands
that begin in the dermis of the skin and end in secretory canals that
flow into the skin surface and hair follicles. Sweat consists of 99% water,
with sodium chloride being the most concentrated solute. Sweating
rates are highly dependent on environmental temperatures, and rates
as high as 3 L min~! have been recorded for short periods of time
(Chawarski et al., 2007). Sweat and sebaceous glands are housed in
the dermis and are disproportionally distributed throughout the body.
The hands have the highest concentration of sweat glands, while the
forehead has the densest population of sebaceous glands (Cone et al.,
1994). Sweat is particularly attractive due to the ease of collection and
the presence of different biomarkers, contains rich information about
the health status, and provides detailed information regarding a wide
spectrum of the biomarkers, metabolites, etc. Many years have passed
since it was demonstrated that endogenous and exogenous chemicals
are secreted in this biological sample, necessitating its collection and
analysis. Despite of its non-invasive and easy collection advantages,
quantitative sweat analysis faces practical challenges in the direct
sampling and detection of multiple biomarkers without evaporation.
Traditional sweat research and analysis relied on absorbent pads or
fabric substrates that adhere to the skin to collect sweat and require
professional handling to retrieve the deployed patch for precision mea-
surements (De Giovanni & Fucci, 2013).

Saliva is another extracellular fluid produced and secreted by sali-
vary glands, containing 98% water and 2% other compounds such as
electrolytes (sodium, potassium, calcium, chloride, magnesium, bicar-
bonate, and phosphate), glucose, nitrogenous products, and various
biocompounds (enzymes, immunoglobulin, mucosal glycoproteins,
albumin, polypeptides, oligopeptides, antimicrobial factors, etc.). All
these biocomponents are vital to the oral cavity’s wellbeing and are
responsible for a variety of functions attributed to saliva. Human sali-
vary glands produce about 0.5 L to 1.0 L of saliva per day via three
distinct major salivary gland pairs, namely, parotid, submandibular,
and sublingual glands, as well as numerous minor salivary glands,
such as oral palatal and buccal glands and those in the labial mucosa
(Rathnayake et al., 2013). Saliva is a complex fluid that contains a
huge library of hormones, proteins, enzymes, antibodies, antimicro-
bial constituents, and cytokines. Saliva has been considered extremely
important in screening and diagnosis because it is a readily available
specimen that can be collected using non-invasive procedures and
contains many hormones, drugs, and antibodies. Additionally, saliva
has good correlation with the blood concentrations of numerous an-
alytes such as glucose, lactate, phosphate, uric acid hormones, and
antibodies and also contains an array of analytes (proteins, mRNA,
and DNA) that can be used as biomarkers for translation and clinical

-
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applications. Saliva has much potential as a diagnostic fluid, and it
has an advantage over serum and other biological fluids in terms of
being a cheap and non-invasive way to monitor systemic health and
disease progression. The numerous components in this fluid can be
used as biomarkers to diagnose a variety of systemic and local diseases
(Lee & Wong, 2009).

The term “tears” refers to the fluid found in the precorneal film and
the conjunctival sac. The volume of tear fluid is approximately 5 to
10 pL. The lacrimal gland produces the majority of it (95% or more);
goblet cells and the accessory lacrimal gland of the conjunctiva pro-
duce lesser amounts. The total mass of the fluid produced by the lat-
ter is approximately one-tenth that of the main lacrimal gland (Van
Haeringen, 1981). Tears contain proteins, electrolytes, metabolites, and
mucins. Tears have been proposed as a diagnostic tool for drug mon-
itoring, confirming dry eye syndrome (Schirmer test), detecting lyso-
somal storage diseases (e.g., Morbus Gaucher), and detecting hyper-
glycemia (Haeckel & Hénecke, 1993). Biomarker molecules in tears
diffuse directly from the blood, and their concentrations in the blood
are more closely correlated with concentrations in tears compared to
other biofluids, which makes tears superior to other biological fluids
such as sweat. Tears also contain a wide range of components like
proteins, peptides, lipids, metabolites, and electrolytes and possess
unique merits in diagnosing specific ocular diseases.

Biological fluids such as sweat, saliva, and tears have a long history
of use in clinical diagnostics because of the ease of collecting their
samples and the presence of a wide range of both host and associated
biomarkers due to infection (Corrie et al., 2015). Wearable electro-
chemical sensors and biosensors have been developed for noninvasive
real-time monitoring of electrolytes and metabolites in sweat, tears,
or saliva as indicators of the wearer’s health status. Such noninvasive
sensors and biosensors are expected to open up new and exciting
avenues in the field with continued innovation and attention to key
challenges and their significant use in a variety of personal health
care monitoring applications, as well as in sports and military applica-
tions (Bandodkar & Wang, 2014). Many methods have been employed
for the detection of biomarkers in the fields of the aforementioned
biological fluids, including immunological procedures, isolation pro-
cesses, and, more recently, electrochemical methods, optical meth-
ods, and surface-enhanced Raman spectroscopy (SERS) using biosen-
sors, which have all been used to identify biomarkers and metabolites
from sweat, saliva, and tears. Over the conventional techniques, SERS
biosensors have many advantages such as lower detection limits, low
cost, simple design, ease of manipulation, low consumption of costly
and/or toxic reagents, and, more importantly, improved sensitivity
even at trace concentration levels, allowing the measurement event
with tiny amounts of samples.
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Figure 10.1. Schematic
illustration of a gold nanohole
array—based surface-enhanced
Raman scattering biosensor for
the detection of silver(l) and
mercury(ll) in human saliva
(Zheng, 2015).

Laser

Saliva drop

SERS is essentially a combination of two techniques: Raman spec-
troscopy and nanotechnology. SERS, like normal Raman spectroscopy,
is an emission technique that involves the inelastic scattering of inci-
dent laser energy resulting in spectral peaks that are frequency-shifted
from the incident energy due to the vibrational modes of the molecule.
The adsorption of analyte molecules onto the SERS substrate is re-
quired for the SERS technique. The Raman signal of the analyte is
enhanced upon adsorption onto the SERS surface, and the result-
ing signal intensity is comparable to that obtained by fluorescence
(Mosier-Boss, 2017). The speed with which samples can be analyzed
is one of the main advantages of using SERS over traditional analyt-
ical techniques. Other benefits, such as exceptional spectral selectiv-
ity, ease of sample manipulation, speed of analysis, in situ analyte
identification, and the availability of commercially available, robust,
portable Raman spectrometers, have made SERS an appealing tech-
nique for detecting a wide range of chemical species. Also, the high
resolution of the SERS spectra makes simultaneous multicomponent
analysis possible. To obtain a SERS, the protocol can be as simple and
quick as dropping a microliter sample onto a SERS substrate followed
by a split-second laser integration time, thereby analyzing the signal
and comparing it to a reference spectrum Fig. 10.1. Another important
advantage of the SERS method involves sensitivity, reproducibility,
selectivity, and portability, which makes it suitable for the detection of
trace amounts of analyte (Pang et al., 2016). Typical SERS substrates are
roughened silver/copper/gold surfaces. Noble metal nanostructures
such as silver, gold, and copper use electromagnetic and chemical
enhancement mechanisms to amplify the Raman signals of molecules
in close proximity to the surface.

This book chapter focuses on the advances in the field of SERS-
based biological fluid sensors and their promising impact on

the non-invasive and continuous health
monitoring aspects. Here, the recent ad-
vancements of the sensors for the detec-
tion of different biomarkers and metabo-
lites are explored in detail. The content

each biomarker, its fabrication method,
and its practical application for bio-

C; ’ SERS includes a summary of the analysis of

- & o =) chemical sensing. The concluding sec-
= o = = tion discusses the challenges and future
scope of these types of wearable biosen-
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10.2 Non-invasive biological fluids
10.2.1 Sweat

Sweat, an important biological fluid that can be retrieved conve-
niently and non-invasively, contains a wealth of information about
one’s health status, and sweat-based biosensors provide detailed in-
formation on a wide range of biomarkers, metabolites, and other
electrolytes during physical activities. This slightly acidic biofluid (pH
range 4.0-6.8) is primarily composed of water (99%), which contains
electrolytes (e.g., sodium, chloride, and potassium), urea, pyruvate,
and lactate proteins, peptides, amines, amino acids, and metal ions,
as well as inhibitors, antigens, antibodies, and a variety of xenobiotics
such as drugs, cosmetics, and ethanol. These substances are stored
in sweat glands, secreted into the sweat, and finally transported to
the epidermis surface with partial selective reabsorption of sodium
and chloride during transportation, resulting in the hypotonicity of the
secreted sweat in healthy individuals (Sato et al., 1989). Among various
biological fluids, sweat is particularly attractive due to the ease of col-
lection and the presence of biomarkers related to various health con-
ditions such as dehydration, mental stress, and other diseases (Jadoon
etal., 2015).

For sweat analysis, common analytical equipment for high-
resolution separation (GC, liquid chromatographs [LC], and capillary
electrophoresis [CE] equipment) is most often coupled to mass spec-
trometers (MSs) of varying complexity, primarily for the analysis of
drug or complex metabolites (Jurado-Gamez et al., 2014). Fluorescent
sensing, colorimetric sensing, and electrochemical sensing are some
of the other detection methods used for sweat analysis. Despite the
fact that these sweat sensing principles are widely used and that many
wearable sweat biosensors have been developed, there are still several
complicated issues to be considered: (1) sweat detection necessitates
sensors with high selectivity and sensitivity, so costs will inevitably
rise; (2) the reagents in continuous sweat detection must be replaced
on a regular basis, or measurement accuracy will be affected; and (3)
changes in the environment (humidity, pressure, and temperature)
can cause significant changes in the signal, affecting the sensor reading
(Yu & Sun, 2020).

Among different types of detection methods used for sweat analysis,
surface-enhanced Raman spectroscopy (SERS) has a high potential in
clinical diagnosis due to its low susceptibility to environmental vari-
ables; miniature/portable instruments for in situ detection, and abil-
ity to provide highly sensitive, timely, accurate, and non-destructive
information. SERS is a nondestructive, ultrasensitive, and fast analyt-
ical technique that can provide rich and distinguishable vibrational

oy
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Figure 10.2. Schematic diagram
showing the fabricated
button-like portable tablet for
SERS detection of the chemical
composition of eccrine sweat in
latent fingerprints, developed by
Chen et al. (2015).
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information used for molecule identification and can perform trace
detection or even single-molecule detection. Furthermore, SERS re-
quires little to no sample preparation, which makes it an ideal spec-
troscopy technique for analyzing the chemical composition of sweat
and for diagnostic purposes (Kleinman et al., 2011).

A button-like substrate made of periodically ordered diatomaceous
earth and Au nanoparticles for the SERS analysis of the chemical com-
position of eccrine sweat in latent fingerprints was proposed by Chen et
al (2015). It may reveal an individual’s medical condition by analyzing
the obtained SERS spectra, implying that the SERS-based methodology
has a potentially wide range of applications in fields that require trace
detection, such as medical diagnostics and forensic investigations, due
to its high sensitivity Fig. 10.2.

With the help of a mussel-inspired surface-imprinted capillary
SERS sensor, a novel ultrasensitive and universal Raman indicator
sensing strategy for protein detection was proposed by Arabi
et al. (2021). The proposed method offers ultra-low LOD, down to
4.1 x 1073 pg L~ for trypsin in complex biological fluid samples with-
out any pretreatment because of the advantages of the indicator sens-
ing mechanism and the excellent specificity of the capillary sensor. The
SERS substrate of Au nanoparticles-dotted magnetic nanocomposites
(AMNSs) modified with inositol hexakisphosphate (IP6) used to quickly
monitor trace drug-related biomarkers in saliva and to screen a trace
drug biomarker in fingerprints on-site was developed by Yang et al.
(2015). The detection limit for a drug biomarker in a fingerprint was
100 nM and hence this methodology could be used to accurately differ-
entiate between smokers and drug addicts on-site in the near future.
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10.2.2 Saliva

Saliva is an extracellular fluid produced and secreted by the salivary
glands. It comprises 98% water, but it also contains many important
substances such as electrolytes, mucus, antibacterial compounds,
and various enzymes. Human salivary glands produce about
0.5 L to 1 L of saliva per day via three distinct major salivary gland
pairs, namely, parotid, submandibular, and sublingual glands, as
well as numerous minor salivary glands, such as oral palatal and
buccal and those in the labial mucosa. Additionally, saliva has good
correlation with the blood concentrations of numerous analytes such
as glucose, lactate, phosphate, uric acid hormones, and antibodies.
Saliva contains a variety of analytes (including protein, mRNA, and
DNA) that can be used as biomarkers in translation and clinical
applications. The report of saliva as a diagnostic tool for oral cancer
detection was reviewed by Devaraj et al. in 2013 where he had
explored the diagnostic purposes of saliva for the detection of a
variety of diseases including cancer detection (Devaraj, 2013). Another
important biomarker in saliva is glucose, as studies have shown that
in diabetes patients salivary glucose concentration is significantly
higher than in healthy subjects (Malon et al., 2014). In addition, the
entire human saliva normally contains many normal and pathogenic
microorganisms (e.g., bacteria, fungi, or viruses) and their metabolites,
as well as several types of cells that are excreted, secreted, or migrated
from the oral mucosa or between the gums. Therefore saliva provides
a large number of analytes that are comparable to blood for disease
diagnosis and monitoring and hence can be used as a powerful tool
for disease diagnosis and monitoring (Yeh et al., 2010).

Molecules found in blood, such as DNA, RNA, proteins, metabo-
lites, and microbiota, are also found in saliva, and therefore changes
in their concentrations can be used as biomarkers to detect early-
stage cancer or to monitor response to therapeutic management (Lee
etal., 2009). A review done by Wang et al explored in detail the poten-
tial mechanisms by which distal tumors mediate changes in salivary
biomarker profiles, as well as a description of the recent advances
in salivary biomarkers used for systemic cancer detection (Wang
et al., 2017). Saliva has been used as a powerful tool for the detection
of various types of cancers, including oral cancer (Cheng et al , 2014),
breast cancer (Zhang etal., 2010), pancreatic cancer (Wong et al., 2009),
lung Cancer (Wong et al., 2017), and ovarian cancer (Lee et al., 2012).

Salivaomics research is critical for identifying disease biomarkers
and potential drug targets (Zhang et al., 2016). Salivaomics has the
potential to detect diseases in their early stages as well. However, saliva
research and its applications for disease diagnosis are still in their
early stage, and progress in these studies is hampered by a lack of effi-
cient and useful methods and technology. Based on the SERS spectra
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Figure 10.3. Clinical utilities of
saliva for the diagnosis of local
and systemic diseases (Kaczor
etal., 2019).
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of saliva, a number of diseases like diabetes mellitus, cardiovascular
disease, renal disease, genetic disorders, periodontal diseases were
successfully identified and analyzed Fig. 10.3.

Many attempts have been made in order to correlate blood glucose
level and salivary glucose level (Panchbhai, 2012). The typical molar
concentration levels of glucose in urine range from 0 to 0.8 mM, and
higher glucose levels in blood result in higher glucose levels in urine.
The glucose levels in saliva are much lower, in the range of 50 to
500 pM, but are measurable due to the sensitivity of the SERS tech-
nique. According to studies, diabetic patients have significantly higher
salivary glucose concentrations than healthy subjects (Ben-Aryeh
et al., 1988). As a result, saliva was developed as a diagnostic tool for
diabetes. Botta et al. developed a sensor for the noninvasive detection
of glucose in diabetic patients using saliva samples (Botta et al.,
2016). SERS-active substrates were created using an inert gas-phase
condensation technique. They used 2-thienylboronic acid as a linker
or bridge molecule that was attached to the silver surface on one side
and to the glucose molecule on the other side to quantify the glucose
concentration in the molar concentration range of 1 M-500 M. A work
done by Ceja’s group demonstrated the use of gold nanoparticles
(AuNPs), multibranched gold nanoparticles (MBGNs), and silica-
coated MBGNs (MBGNs-silica) for the detection of rhodamine B (RB)
and «-glucose detection at low concentrations. The SERS signals of
RB and «-glucose using MBGNs-silica were improved in comparison
to AuNPs and MBGNSs, which is attributed to MBGN aggregation and
a stronger interaction and the functionalization process improves
the interaction and allows measurements at low concentrations with

&)
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detection limits of 50 pM for rhodamine B and 5 mM for «-glucose re-
spectively (Ceja-Fdez et al., 2014). A similar work was done by Hu et al.
using the composite of Au nanoparticles and porphyrin-based metal-
organic framework for the SERS detection of glucose in saliva samples
(Hu et al., 2020). The quantitative detection of glucose was then
achieved by monitoring the SERS intensity of the Raman-active MG,
and the detection concentration was as low as 0.16 mmol L™!. The
developed sensor offered a good sensitivity and selectivity, showing
good recovery from 96.9 to 100.8%, thereby paving a new way to design
ananozyme-based SERS protocol for biomolecule analysis. Al-Ogaidi’s
group developed an SERS biosensor for label-free glucose detection
using gold nanostar@silica core-shell nanoparticles conjugated with
glucose oxidase (GOx) enzyme molecules (Al-Ogaidi et al., 2014).
The surface-immobilized GOx enzyme catalyzes the oxidation of
glucose, resulting in the formation of hydrogen peroxide, which
produces a strong SERS signal upon excitation by a laser that is used
to determine the concentration of glucose ranging from 25 M to
25 mM in the aqueous solution with a limit of detection of 16 M.
A versatile SERS-based platform for the quantitative detection of
monosaccharides (glucose, fructose, and galactose) in a single test
via a displace-and-trap mechanism was developed by Lin’s group
(Lin et al., 2021). The detection range of the developed platform was
found to be 0.125 to 7 mg dL~!, which is perfectly covered by the
use of multiple optical interference-free (1800-2200 cm™) signal-
independent Raman probes, thereby providing a better platform for
the noninvasive and high-efficiency screening of clinical diabetes and
other carbohydrate-related diseases.

Many works have been carried out to study the potential biomark-
ers in saliva for cardiovascular, renal, and neurodegenerative diseases
using SERS. SERS is a powerful tool for identifying and quantifying car-
diovascular biomarkers such as uric acid (Lu et al., 2018) and linoleic
acid (Farvid et al., 2014).

Rapid and sensitive detection of TNF-«, a biomarker for the early di-
agnosis of cardiovascular disease, using a magnetic bead pull-down as-
say in combination with SERS was demonstrated by Lai’s group (Lai et
al., 2018). Silica-encapsulated small gold nanoclusters served as highly
sensitive SERS labels, were applied for detection, which can achieve a
sensitive detection for TNF-o down to ca. 1 pgmL ™}, thus indicating the
great potential of the developed SERS labels as promising and sensitive
reporters in multiplexed bioanalytical applications such as immunoas-
says. A Rapid and reproducible analysis of thiocyanate in real human
serum and saliva was developed by Wu et al. using a droplet (Wu et al.,
2014) microfluidic device using the SERS technique for the detection of
thiocyanate in real human serum and saliva, which is a biomarker for
both cardiovascular and periodontal disease. Their method utilized
the rapid detection of SCN in real human saliva such that it can be
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used to distinguish smokers from nonsmokers, thereby demonstrating
a quick, dependable, and simple method for SCN detection with high
reproducibility. The first approach using nanotechnology to identify
biomarkers involved in the development and progression of different
endotypes and stages of asthma in saliva was demonstrated by
Zamora-Mendoza et al. (2019). Their research revealed that IL-8, IL10,
and sCD163 are potential biomarkers of bronchial inflammation, and
the bands in the Raman spectra 760, 1127, 1231, 1326, 1456, and 1750 cm ™
provide high sensitivity for the potential diagnosis of asthma, making
SERS a useful tool for the identification of the inflammatory endotype
in asthma. Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a novel severe acute respiratory syndrome coronavirus
that is continuously spreading and that has become a worldwide
emergency. The recommended specimens for diagnostic tests are
nasopharyngeal and oropharyngeal swabs, with real-time reverse
transcription-polymerase chain reaction (rRT-PCR) on respiratory
specimens representing the gold-standard method for detecting SARS-
CoV-2 infection (Sofi et al., 2020). The analytical protocol required for
SARS-CoV-2 detection via RT-PCR faces many drawbacks like time,
specialized laboratories, expensive reagents, and adequate personnel
in a process that is highly susceptible to operator error affecting the
final sensitivity. Carlomagno’s group published the first report on the
Raman-based approach for saliva analysis to significantly differentiate
the signal of patients currently infected with COVID-19 from healthy
subjects and subjects with a previous infection (Carlomagno et al.,
2021). The Raman-based classification model was able to discriminate
the signal collected from COVID-19 patients with more than 95%
accuracy, precision, sensitivity, and specificity in the range of 89% to
92%, confirming this technique as a diagnostic tool that uses saliva as a
minimally invasive and highly informative biofluid and demonstrating
the technique’s efficacy. In 2021 Liu et al. reported an SERS-based
lateral flow immunoassay (SERS-LFIA) for the simultaneous detection
of anti-SARS-CoV-2 IgM/IgG with high sensitivity using SiO, @Ag (Liu
etal., 2021). The detection sensitivity of the proposed method for virus-
specific IgM and IgG was 800 times higher than that of the standard
Au-based LFIA method. The SERS-clinical LFIA’s application potential
was further validated using 68 clinical serum samples, including 19
positive serum samples that gave 100% accuracy and specificity with
SERS-LFIA for the combined analysis of IgM and IgG.

Carlomagno et al. developed a method for the diagnosis of amy-
otrophic lateral sclerosis (ALS) through saliva, a neurodegenerative
disease leading to progressive and irreversible muscle atrophy, using
the SERS technique. SERS was used to analyze saliva collected from
19 late-stage patients with ALS (pALS) and compared to data obtained
from saliva collected from 10 healthy controls (CTRL), 10 Parkinson’s
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disease (PD) patients, and 10 Alzheimer’s disease (AD) and mild cog-
nitive impairment patients. Their results showed promising accuracy
in ALS onset discrimination, thereby introducing a quick and sensitive
procedure to improve the diagnosis as well as the monitoring of ther-
apeutic and rehabilitative processes in ALS (Carlomagno et al., 2020).
A noninvasive method based on the SERS of tears as a tool for diag-
nosing neurodegenerative pathologies such as AD and other forms of
dementia (AD) was proposed by Cennamo and coworkers (Cennamo
et al., 2020). They were able to differentiate the spectra acquired from
tears collected from AD subjects, healthy subjects and subjects with
ascertained mild cognitive impairment symptoms.

There are numerous organisms that live in and on our bodies caus-
ing respiratory infections, spreading through respiratory secretions,
and shedding in nasal secretions and saliva samples. As a result, nasal
fluid and saliva have become useful clinical samples for diagnosing
infectious diseases and have been explored by many researchers. A
method for the detection of nonstructural protein 1 (NS1) from the
SERS spectra of adulterated saliva using the artificial neural network
(ANN) was developed by Othman et al. (2018). The ANN was used to
distinguish the SERS spectra of saliva and saliva adulterated with NS1
byilluminating it with a 785-nm laser source. A total of 128 spectra were
analyzed, with each spectrum containing 1801 Raman shifts. Later, the
same group aimed to explore the effect of the number of hidden nodes
in the ANN topology and the PCA termination criterion on the perfor-
mance of the PCA-SCG-ANN classifier for detecting NS1 from the SERS
spectra of the saliva of subjects (Othman et al., 2017). They evaluated
the performance of 42 classifier models and found out that the EOC cri-
teria paired with the ANN topology of 13 hidden nodes outperformed
the other models, with 91% accuracy, 94% precision, 94% sensitivity,
and 96% specificity. Later, in 2019 they investigated the various ELM-
RBF classifier models in combination with the PCA termination criteria
for classifying the NS1 salivary SERS spectra. The performance of the
ELM-RBF classifier models is found to be dependent on the number of
principal components and kernel parameters, with the conclusion that
the CPV- and EOC-ELM-RBF classifier models outperform the Scree-
ELM-RBF classifier models (Othman et al., 2019).

Another work in the field of detection of pyocyanin (PYO), a
metabolite specific for Pseudomonas aeruginosa, which is currently
considered a biomarker for life-threatening Pseudomonas infections,
in saliva done by employing SERS combined with a microfluidic plat-
form was also reported (Zukovsl(aja et al., 2017). Saliva collected from
three individuals with pneumonia was used to successfully detect PYO
down to a concentration of 10 M for two of the tested samples and
25 M for the third, indicating the possibility of detection of PYO di-
rectly from complex matrices. In 2019 a SERS-based diagnostic method
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for oseltamivir-resistant pH1N1/H275Y mutant virus found in human
nasal and saliva samples was developed by Eom et al. Au NPs with
OHT functionalization bound to the mutant virus, and strong SERS
signals were obtained only in the presence of the mutant virus, and
detection at a low concentration of 1 PFU was obtained using the
developed method, hence proving its use for the practical diagnosis of
pHIN1/H275Y mutant virus infection (Eom et al., 2019).

Saliva plays a very important role when considering forensic ap-
plications. Saliva evidence is not as common as blood or semen, but
it can still be useful in cases involving sexual assault, bite marks, and
even envelopes since DNA can be extracted from saliva (Dziegelewski
et al., 2002). The ability of SERS to identify and quantify drugs and
their metabolites in saliva has recently been investigated. The extreme
sensitivity of SERS, the ability to measure very small samples, and the
ability to identify molecular structures of drugs using the rich vibra-
tional information provided by Raman spectroscopy, all contributed to
the expected success of this approach and hence proved its application
in forensics (Farquharson et al., 2008).

Yang et al. presented a magnetically optimized SERS protocol for
rapidly detecting trace drug-related biomarkers in saliva and finger-
prints (Yang et al., 2015). The SERS substrate in this study were AuNPs-
dotted magnetic nanocomposites stabilized and bound with IP6. The
main observation in their work is that the SERS detection of CV in
aqueous solution is reduced to 5 pM while that of nicotine in aqueous
solution is reduced to 5 nM via a magnetic field-inducing effect. The
LOD values for benzoylecgonine and cotinine in saliva were 29 ppb and
8.8 ppb, respectively, whereas the LOD reached 100 nM (17.6 ng mL™!)
for cotinine in fingerprints using the magnetically optimized SERS as-
say. A microfluidic flow-focusing device was presented by Andreou’s
group (Andreou et al., 2013) in which the transport and aggregation of
SERS active silver nanoparticles could be explicitly controlled, allowing
for the rapid detection of methamphetamine in saliva. The presence of
methamphetamine in the sample was determined at concentrations as
low as 10 nM, and the results obtained in their work provide evidence
for areproducible and rapid detection method that could be realized in
the form of a cartridge-based microfluidic system that can detect and
identify narcotics in biological fluids in a matter of minutes.

10.2.3 Tears

Tears are a clear liquid secreted by the lacrimal glands found in the
eyes of all land mammals, which helps in lubricating the eyes, remov-
ing irritants, and aiding the immune system. Biomarker molecules in
tears diffuse directly from the blood, and their concentrations in the
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blood are more closely correlated with concentrations in tears com-
pared to other biofluids, which makes tears superior to other biolog-
ical fluids such as sweat (Pankratov et al., 2016). Tears contain a wide
range of components like proteins, peptides, lipids, metabolites, and
electrolytes and possess unique merits in diagnosing specific ocular
diseases such as dry eye syndrome, trachoma, glaucoma, keratoconus,
and thyroid-associated orbitopathy and systematic disorders such as
diabetes mellitus, cancer, systemic or multiple sclerosis, cystic fibrosis,

Parkinson’s disease, and sclerosis. Wearable sensing systems based on

tear biofluid have been reported for a variety of analytes, including

glucose and lactate, with the primary focus being on the incorporation
of electrochemical sensors into contact lens-based platforms with in-
tegrated electronic components for direct measurements in basal tears

(Yuetal., 2019). A number of tear-based sensors for continuous analyte

monitoring have been developed. This includes:

1. Strip-based sensors, the first tear-based wearable devices, were de-
veloped by placing electrochemical sensors on flexible or stretch-
able strips (Kudo et al., 2006).

2. Contact lens-based sensors (Tseng et al., 2018) are an appealing
platform for fabricating tear-based sensors because of their com-
fort, consistent yield of tear fluid, excellent oxygen permeability,
and ability to provide accurate continuous monitoring.

3. The spring-like electrochemical sensor coated with a protective
polysaccharide-based hydrogel material is another type of tear-
based sensor (Kownacka et al., 2018).

4. Recently, eyeglasses-based tear biosensing systems (Sempionatto
etal., 2019) were developed in which a microfluidic electrochemical
detector was integrated into the nose bridge pad of the eyeglasses to
monitor tear biomarkers noninvasively.

Over the last few decades, a large number of studies have been
conducted to analyze the tear composition using conventional bio-
chemical methods such as high-performance liquid chromatography,
enzyme-linked immunosorbent assays, or ferric-reducing antioxidant
power, allowing for a thorough characterization of this fluid (Fullard &
Snyder, 1990). These traditional techniques have largely been replaced
by optical spectroscopy methods, such as those based on Raman scat-
tering, which offer many advantages like being less time consuming,
not requiring specific sample preparation, and having high sensitivity
and specificity. Raman spectroscopy and SERS have been used to study
human tears, primarily in the diagnosis of eye diseases. Raman and
SERS can be used to assess the global changes in tear composition
caused by the pathological state in addition to the direct detection of
biomarkers (Willcox, 2019).

The use of a plasmonic SERS Schirmer strip has been reported by
Park et al. (2017) for rapid, label-free, and on-demand bioassays of
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Figure 10.4. SERS sensor
developed by Kim et al for
identifying oxidative
stress-induced age-related
macular degeneration (AMD)
and diabetic macular edema
(DME) (Kim et al., 2017).
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tear molecules. The diagnostic strip contains gold nanoislands that
are directly and evenly formed on the top surface of cellulose fibers,
allowing for efficient tear collection and also providing a plasmonic
enhancement in SERS signals for tear molecule identification. Uric
acid in human tears has been quantitatively detected at physiological
levels using SERS (25-150 uM). In a work done by Leordean et al. they
showed how SERS could be used to directly and reliably identify urea
metabolic by-products in tears and fingerprints, using gold colloidal
particulate films as active plasmonic substrates (Leordean et al., 2012).
By combining the specificity and sensitivity, low cost and ease of use
of the SERS method, the SERS substrate in the presence of alternative
body fluids is a viable alternative for the development of advanced
biosensors for the early detection of various kidney diseases.

Kim and coworkers (2017) presented a highly reproducible and
practical SERS sensor for the detection of trace amounts of bioflu-
ids based on Au-decorated ZnO NR arrays grown on a graphite
sheet (Au/ZnONRs/G). This was built in two stages: hydrothermal
synthesis-induced growth of ZnO NRs on graphite sheets for nanos-
tructure fabrication, followed by gold metallization on ZnONRs/G via
e-beam evaporator for SERS functionalization. The performance of this
Au/ZnONRs/G sensor was evaluated using human aqueous humors
with cataract as well as two oxidative stress-induced eye diseases-
age-related macular degeneration, and diabetic macular edema. The
results showed that this sensor, which is supported by a multivari-
ate statistics-derived bioclassification method, has great potential in
POCT applications for identifying eye diseases (Fig. 10.4).

Later, the same group presented the fabrication of a monometallic
SERS-functionalized paper platform using a screen-printing technique
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and a mixture of AuNPs and viscous ink. The SERS effect was optimized
by varying the amount of AuNPs synthesized, and its reproducibility
was confirmed by varying the viscosity of CMC-AuNP screen printing
inks (Kim et al., 2016). The in vivo application of two representative
ocular infectious diseases (conjunctivitis) revealed clear Raman peaks
and SERS effects to aid in the rapid POC diagnosis of biofluids in
clinics. In their previous studies, they have analyzed human tears and
aqueous humors for various ocular diseases using different SERS sub-
strates. However, although these SERS substrates showed both high
SERS-EF and reproducibility, most SERS substrates showed low uni-
formity. Hence, to overcome these, they presented a novel strategy and
progress in the highly sensitive detection and quantification of tear
fluids, as well as their potential application for breast cancer detection
(Kim et al., 2020). The high discriminatory power of a portable Raman
spectrometer device with a well-aligned Au/HCP-PS monolayer SERS
biosensor supported by a multivariate statistics-based identification
method suggested that asymptomatic breast cancer could be detected
or predicted from human tear fluids, indicating that this noninvasive,
real-time, label-free screening technology can be used immediately for
the early detection of asymptomatic tumors, thereby decreasing the
likelihood of tumor recurrence (Fig. 10.5).

In a study conducted by Hu et al they systematically compared
two Raman techniques with improved sensitivity for detecting micro-
liter quantities of whole human tears: drop-coating deposition Raman
spectroscopy (DCDRS) and SERS. The results show that DCDRS is
useful for detecting some highly abundant components in whole tears,

Figure 10.5. Schematic
representation of the label-free
SERS hiosensor developed by
Kim et al. for on-site breast
cancer detection using human
tears (Kim et al., 2020).
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while SERS is useful for detecting some less abundant components (Hu
et al., 2014). A combination of both techniques can be used to extract
multiparameter information for a systematic analysis of clinical tears,
the use of which can be extended to other body fluids according to their
findings.

Cennamado’s group investigated SERS'’s potential in the study of
human tears. In total, 26 tear samples were analyzed using an AuNP-
based substrate, and the SERS enhancement factor was calculated
using rhodamine 6G water solutions. When the SERS signal was
compared to the one obtained by using conventional Raman spec-
troscopy, a SERS enhancement factor of about 4 x 10° was calcu-
lated. A direct comparison of SERS and Raman response of human
tears has also been reported, clearly indicating an increase in signal
intensity in the case of SERS when compared to conventional Raman
spectroscopy (Camerlingo et al., 2019). In 2020 the same group pro-
posed a noninvasive method based on the SERS of tears as a tool
for diagnosing neurodegenerative pathologies such as Alzheimer Dis-
ease (AD) and other forms of dementia. Even if specific biomark-
ers of AD could not be distinguished, the global SERS response
reflects small but intriguing changes in tear composition that can
be attributed to altered levels of specific pathological and disease-
stimulated substances. Their findings were very encouraging, with
intriguing implications for medical applications such as clinical diag-
nosis support and discrimination of AD from other forms of dementia
(Cennamo et al., 2020).

The study conducted by Chois’ group aimed to evaluate the po-
tential of optical DCD-SERS detection as a diagnostic tool for aden-
oviral conjunctivitis using human tear fluids. Their findings revealed
thatthe DCD-SERS Raman technique provides high chemical structure
sensitivity without the need for additional tagging or chemical mod-
ification. Because of this benefit, DCD-SERS Raman technology is an
excellent tool for the early detection of adenoviral conjunctivitis (Choi
etal., 2014). In another work, Narasimhan et al created a cost-effective,
scalable, and flexible plasmonic metasurface-based platform for label-
free SERS using a simple biomimetic fabrication process (Narasimhan
et al., 2020). The flexible metasurface (flex-MS) is a modular system
consisting of a dense array of tightly coupled Au nanodisks in which
Au nanoholes are separated by sub-10-nm SiO, nanogaps in a MIM
configuration on flexible PDMS thin films. Finally, they demonstrated
the label-free detection of UA in both artificial tear buffer and whole
human tear samples using flex-MS as a broadband diagnostic plat-
form and also compared the flex-MS’s performance with that of a
commercial UA measurement assay and found that they are in good
agreement.
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10.3 Challenges and future perspectives

Inrecent times there has been a huge increase in the use of wearable
sensors in the biomedical field, which include monitoring the patient’s
body temperature, heart rate, pressure, and oxygen saturation and
even the detection of biomarkers and metabolites. Saliva, sweat, and
tear-based wearable sensors are of particular importance because
of the presence of important biomarkers that can be used to assess
health status by continuously monitoring the changes in the metabolic
process. Some of the significant challenges faced by the biological
fluid-based wearable sensors are material biocompatibility, efficient
energy usage, acceptable performance, comfort, and practical usage
model. The concentration of many important biomarkers present
in the sweat, saliva, and tears is much lower as compared to that in
the blood, thereby requiring a highly sensitive sensor for accurate
monitoring, which is another important task in the case of the
biological fluid base wearable sensors. Biological fluids consist of
arich matrix of constituents that can easily be contaminated by means
of external factors and the presence of a high concentration of proteins
in these, especially saliva, can lead to rapid biofouling of the oral
cavity along with the food debris through nonspecific adsorption at
the transducer surface. On the other hand, wearable sensors placed in
close contact with the body are easily accessible and do not suffer to
the same extent from biofouling. More importantly, they are subjected
to short-term use (hours or days rather than many years for implants).
Despite these challenges, it is clear that the wearable biological fluid-
based sensors play a prominent part in providing the patients and
clinicians with abundant information regarding health conditions and
making it possible for a home-based therapeutic strategy and health
care, causing a significant improvement in the quality of life and life
expectancy of the people. This also overcomes the limitations of the
conventional system of finger pricking.

SERS is a powerful spectral characterization technique, offering
numerous advantages, including high sensitivity, specificity,
efficiency, and noninvasiveness, and has been widely used in trace
and rapid investigations of body fluids. SERS analysis of biological
fluids like sweat, saliva, and tears, in particular, provides noninvasive,
sensitive, and reliable recognition of various cancers, diseases, and
illicit drugs, allowing for a more convenient and painless diagnosis
approach. In addition to this, there are still a few scientific issues to be
stated. SERS methodologies are expected to be more expensive for a
possible routine clinical application. Similarly, drying the sample prior
to analysis results in a loss of salivary component quality. The major
challenges with SERS substrate include the need for intimate contact
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between the enhancing surface and the analyte; degradation of the
substrate over time, resulting in a decrease in signal; limited reusability
of the substrates; and problems with homogeneity and reproducibility
of the SERS signal within a substrate. In order to overcome these
challenges SERS substrate optimization is required, particularly to
improve substrate stability, reproducibility, and specificity, which are
critical for quantitative detections. With perseverance, SERS, when
combined with advancements in nanotechnology, optical technology,
biochemical methodology, and data processing strategy, will have a
better chance of being used in noninvasive clinical diagnosis, human
health promotion, and disease prevention, demonstrating its superior
capabilities in the next generation.

10.4 Summary

Biosensors that noninvasively analyze body fluids such as saliva,
sweat, and tears are of greater importance recently because of their
ability to assess the health status by continuously monitoring the
changes in metabolic processes. Among various types of biosensor
platforms, SERS-based biosensors have many advantages over con-
ventional techniques, including lower detection limits, lower cost, sim-
ple design, ease of manipulation, low consumption of costly and/or
toxic reagents, and, most importantly, improved sensitivity even at
trace concentration levels, allowing measurement even with tiny
amounts of samples. The SERS analysis of biological fluids such as
sweat, saliva, and tears, in particular, provides noninvasive, sensitive,
and reliable identification of various cancers, diseases, and illicit drugs,
allowing for a more convenient and painless diagnosis approach. Re-
cent advances in the field of SERS-based biological fluid sensors and
their promising impact on noninvasive and continuous health moni-
toring aspects are focused on in this chapter. The most recent sensor
advancements for detecting various biomarkers, an analysis of each
biomarker, the fabrication method for the sensors, and the practical
applications of the developed sensors for biochemical sensing and
metabolites are thoroughly reviewed.
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11.1 Introduction

The existing health care management processes necessitate pa-
tients to reach hospitals, and the clinical diagnosis is mainly associated
with blood analysis (Bandodkar & Wang, 2014). Invasive, repetitive
blood sampling is painful and cumbersome for infants and elderly
people (Bandodkar et al., 2016b). Also, blood analysis often suffers from
delayed diagnosis and treatment that adversely causes serious health
problems. Hence conducting point-of-care testing (POCT) at or near
the patient site is crucial for improving the therapeutic turnaround
time and the efficiency of treatment and therapy (Nambiar & Mohan,
2021). POCT devices are portable or handheld meters capable of pro-
viding rapid, real-time information directly by using biofluids without
depending on pretreatment or sophisticated instruments (Heikenfeld
et al., 2018). POCT analysis can be carried out by untrained personnel
in the home, hospital, field, ambulance, or critical care unit. The recent
advancements in flexible electronics provide continuous point-of-care
analysis noninvasively using other biofluids like interstitial fluid (ISF),
sweat, saliva, and tear fluid (Bocchetta et al., 2020; Mohan et al., 2020).
These wearable devices can replace invasive blood analysis and pro-
vide real-time data on the health and fitness level of individuals (Ray
etal., 2019).

The majority of the existing health care-monitoring wearable de-
vices are focused on monitoring physical parameters such as body
temperature, blood pressure, blood oxygenation, heart rate, pulse rate,
electrocardiogram, and electroencephalogram signals. The tracking of
the physiological parameters alone is insufficient to comprehend the
detailed health conditions of the human body (Gubala et al., 2012).
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The estimation of chemical constituents from body fluids delivers vital
information about the underlying diseases of individuals, and these
chemical species are called biomarkers. Biofluids consist of several
metabolites, electrolytes, amino acids, proteins, enzymes, and other
nutrients. Colorimetric sensors provide rapid detection of multiple
analytes in a single platform, including gases and vapors. But such
devices suffer from a deprived limit of detection, poor reproducibil-
ity, and complicated data collection and analytics. Electrochemical
sensors provide rapid, sensitive, and selective detection of biomark-
ers with minimal power consumption and can be easily miniaturized
for various applications. Recently, electrochemical sensors have been
used for the analysis of health care biomarkers (Aswini et al., 2014; Li
etal., 2019), metabolites (Mohan et al., 2013), environmental pollutants
(Mohan et al., 2014b), toxic heavy metals, pesticides (Mohan, 2020),
nerve agents (Goud etal., 2020), drugs (Aswini et al., 2016; Mishra et al.,
2020), and proteins (Mohan et al., 2015).

Nanostructured materials have received significant attention for
use in developing highly sensitive electrochemical sensors owing to
their ability to enhance electron transfer in electrode-electrolyte in-
terfaces. Carbon nanomaterials like multiwalled and single-walled
carbon nanotubes, graphene, and fullerenes have been extensively
utilized due to their unique shape- and size-dependent chemical,
physical, and electrochemical characteristics. The high surface area
and surface-to-volume ratio of nanomaterials augment the sensitiv-
ity and increase the lowest limit of detection (Mohanan et al., 2018).
Metal nanoparticles and metal nanowires also have shown tremen-
dous electrochemical sensing abilities due to their ease of synthesis,
functionalization, electrical conductivity, and electron transfer rates.
Noble metal nanoparticles such as platinum (Pt), gold (Au), and silver
(Ag) are highly stable during electrochemical reactions and show in-
tact catalytic properties even under repetitive usage or high potential
cycling (Mohan et al., 2014a). Parameters like stoichiometric compo-
sitions, crystal structure, crystallographic axis orientation, and surface
properties collectively contribute to the catalytic, electrocatalytic, and
electron transport kinetics of nanomaterials (Allibai Mohanan et al.,
2016). The present chapter addresses the recent developments in flex-
ible electrodes, electrode materials, and the role of nanostructured
materials for improving the sensing capabilities of skin-based wearable
biosensors, particularly for monitoring biofluids such as sweat, saliva,
ISE, and tear fluid.

11.2 Wearable electrochemical sensors for
sweat monitoring

Perspiration is a physiological process primarily correlated with the
thermoregulation of the human body. Sweat production is associated
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with the physical or emotional burden that stimulates the production
of a neurotransmitter called acetylcholine (Kim et al., 2019). The neu-
rotransmitter activates the sweat glands and causes the secretion of
water-rich sweat fluid. Sweat consists of numerous biologically impor-
tant biomarkers that provide imperative information about the under-
lying health and physiological status of the human body (Bandodkar &
Wang, 2014b). The correlation of biomarkers’ levels in blood and sweat
is greatly related to various sweat-stimulating mechanisms. Intense
physical activities enhance the body temperature and upset metabolic
processes, which subsequently causes changes in sweat composition.
Hence, continuous tracking of the dynamic variation in sweat is nec-
essary for the precise analysis of the real-time health condition of the
human body (Kim et al., 2018a).

11.2.1 Flexible sensors for electrolytes
monitoring

During perspiration, metabolites, biomolecules, proteins, amino
acids, hormones, peptides, and ions are excreted from the body. The
partition mechanisms associated with sweat, after its secretion from
endocrine glands, play a vital role in the sweat components and com-
positions (Baker, 2019). Sweat is carried to an epithelial surface by
means of a dermal duct and the sodium-potassium pump effectively
transports Na* and Cl™ ions between blood serum and the secretory
coil. As aresult, an osmotic pressure gradient (hypotonic to the serum)
develops that drags fluid into the eccrine glands (Bariya et al., 2018).
When sweat is transported via the sweat ducts, the reabsorption of
Na* and Cl” happens, and when the sweat rate increases, the rate of
Na* secretion enhances than the reabsorption. Sodium is one of the
major components in sweat; the assessment of its concentration pro-
vides critical information about electrolyte loss during ultraendurance
activities. An abnormal Na* level in sweat indicates low blood plasma
sodium concentration (hyponatremia) and dehydration. In addition,
an unbalanced level of sweat sodium is clinically relevant, especially
for diagnosing cystic fibrosis, a progressive genetic disorder rooted in
the mutation of the transmembrane conductance regulator channel
that predominantly affects lungs and other internal organs. Determin-
ing the specific concentration of Na* or Cl” is typically utilized for
its successful diagnosis. The failure of Cl~ reabsorption at the eccrine
glandsisleadsto the devastation of the lungs and thus enhances the Cl-
concentration in sweat (Bear et al., 1992). Tontophoresis-based sweat
sensing enables rapid screening and precise diagnosis of cystic fibrosis,
particularly for newborn babies.

Developing epidermal sensors for biomarker monitoring requires
specific wearable substrates and fabrication methods due to the dis-
tinctive mechanophysiology of the human skin. Intense research is
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Figure 11.1. (A) Photograph
showing real-time sweat sodium
measurement during exercise
activities (inset represents the
zoomed image of a Na-ISE
tattoo). (B) An “NE” lactate
biosensor attached to a male
volunteer’s deltoid; response of
the LOx- (a) and enzyme-free (b)
tattoo biosensors during
exercise activities. (C)
Schematic representation of the
concept of deposition and
stripping on microelectrodes
and the composition of the
microsensor array for heavy
metal analysis; optical image of
a flexible sensor array
integrated with a printed circuit
board. (D) Image of a subject
having an s-band drug sensing
platformin a cycling exercise;
schematic of
iontophoresis-based sweat
extraction (Fig. 11.1A from
Bandodkar et al. [2014];

Fig. 11.1B from Jia et al. [2013)];
Fig. 11.1C from Gao et al. [2016a];
and Fig. 11.1D from Tai et al.
[2018]).

being focused on developing skin-worn epidermal electronics that are
in close contact with the wearer’s epidermis and mimic the properties
of the skin. One of the new methods explores the direct printing of
electrochemical devices onto temporary tattoo substrates (Windmiller
et al., 2012). The tattoo platform facilitates people to wear the sensors
effortlessly without affecting their regular daily activities. The tattoo
platform allows a unique opportunity to develop body-compliant elec-
trochemical sensors that are continuously in contact with the human
skin (Bandodkar et al., 2015a). Bandodkar et al. developed a tattoo-
based epidermal patch for the continuous noninvasive assessment
of sweat Na* levels directly from the human skin (Bandodkar et al.,
2014). The excreted sodium during perspiration is a reliable marker for
detecting electrolyte imbalance and provides vital information about
physical and mental well-being. A solid-state ion-selective electrode
(ISE) has been designed on a temporary transfer tattoo substrate, and
the device was realized by merging several advanced technologies
such as laser printing, thick film, solid-state potentiometry, microflu-
idics, and wireless communication (Fig. 11.1A). Such a smart device
could alert the wearer about their electrolyte loss and thus help avoid
dehydration-related complications.

Ammonium ions accumulate in blood as a result of protein
metabolism. Therefore monitoring ammonium ions from blood
plasma provides vital physiological information related to the
metabolic state and dietary conditions of individuals. During exercise
or intense hard work, metabolism changes from an aerobic to an

)
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anaerobic state, and also diets with a deficit of carbohydrates often
lead to temporary abnormal levels of ammonium ions in blood
plasma. Moreover, the liver converts ammonium ions to urea prior
to its excretion, and any hepatic disorder like hepatitis or cirrhosis
leads to increased ammonium ions in plasma, which is often reflected
as ammonia smell in sweat. Ammonium ions are excreted through
sweat via nonionic diffusion from plasma and studies have reported
that ammonium concentration in sweat correlates very well with its
level in plasma. Wang et al reported a temporary transfer tattoo-
based screen-printed solid-state potentiometric sensor for monitoring
ammonium ions from sweat. The sensor showed good stability,
Nernstian responses, and a wide working range of 10™* to 10! M,
and its analytical performances are not affected by mechanical
deformations such as stretching or bending (Guinovart et al., 2013).

The pH value of a healthy individual varies in the range of 4.5 to 6.5,
but abnormal pH levels indicate disorders such as kidney stones, dia-
betes, or cystic fibrosis. Persons suffering from cystic fibrosis have alka-
line sweat (pH 9) due to the deficiency in the bicarbonate-reabsorption
(H*-secretion) process. As the pH value reflects the metabolism and
homeostasis level, monitoring hydrogen ion concentration in body flu-
ids provides vital physiological information about the human body. Po-
tentiometric ISEs are widely utilized for pH monitoring owing to their
simplicity, wide detection range, stability, and repeatability. Tattoo-
based flexible pH sensors have been developed for monitoring sweat
pH during intense exercise activities (Bandodkar et al., 2013). Polyani-
line was deposited onto printed carbon electrodes via electropolymer-
ization and the tattoo sensor showed rapid and sensitive responses to-
ward pH changes with negligible carryover effects. The elasticity of the
tattoo substrate provides conformal attachment onto the skin surface,
and the incorporation of carbon fiber within the ink offers adequate
tensile strength to withstand mechanical deformations (Windmiller
etal., 2012).

Wounds cause a significant burden and unique health care con-
cerns for patients, particularly when wounds are chronic and not heal-
ing in time. The wound healing process is very complex and influenced
by several environmental factors. Adhesive bandages are usually used
to protect wounds from moisture, dust, and debris and to provide an
unperturbed environment for facilitating rapid healing processes. Mi-
crobial growth is a major concern that adversely affects the wound sta-
tus and delays the healing processes. Monitoring the pH of the wound
fluid can provide vital information about the wound site. The presence
of different types of bacteria and enzymes increases the pH to neutral
or slightly alkaline. Hence the wound healing status is highly correlated
with the pH of the wound fluid. Wang et al. reported a bandage-based
pH sensing patch that can provide real-time information on hydrogen
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ion variations in a wound (Guinovart et al., 2014). By integrating with a
printed circuit board having low-energy radiofrequency identification
or Bluetooth communication abilities, the bandage-based sensors can
be exploited for wearable wound monitoring devices.

11.2.2 Flexible sensors for metabolites tracking

Among the various biomarkers in body fluids, the measurement of
glucose level is garnering great attention due to its direct relevance to
diabetes. Studies have shown that sweat glucose levels hold a good cor-
relation with blood glucose levels and thus perspiration-based wear-
able glucose sensors can avoid the painful process of finger pricking.
One-dimensional (1D) nanomaterials showed significant advantages
for improving the sensing performances and designing stretchable
electrodes with good electrical conductivity. Vertically aligned gold
nanowires possess advantages like a broad electrochemical window,
good biocompatibility, electrical conductivity, chemical inertness, and
surface modification moieties. Compared to the percolated networks
of gold nanowires, three-dimensional (3D) upright nanowires pro-
vide a very high surface area and enormous electron transfer rate.
Cheng et al. explored such 1D nanomaterials for electrochemical glu-
cose sensing along with Prussian blue nanoparticles and glucose oxi-
dase enzyme (Zhai et al., 2019). The electrode showed a sensitivity of
4.55 yA mM~! cm ™2 even when exposed to 30% strain.

Sweat sampling is usually carried out by sweat stimulation methods
such as intense exercise, heat, or iontophoresis. Understanding the
mechanism behind the partitioning of glucose from the blood to sweat
is vital for the precise self-testing of glucose. Sweat sampling needs to
be simpler and faster for user-friendly personalized health care anal-
ysis. The fingertip possesses a high density of sweat glands of around
400 glands cm ™2, which produces sweat at high rates ranging from 50 to
500 nL.cm 2 min~!. Wang et al. developed a touch-based sweat collec-
tion method directly from the fingertip and electrochemical detection
of glucose (Sempionatto et al., 2021b). Sweat was collected by sim-
ply touching the fingertip on the electrochemical transducer which is
functionalized with a sweat-absorbing polyvinyl alcohol-based porous
hydrogel that draws sweat by capillary action. Such a rapid sweat ac-
cessing touch-based blood-free glucose assay offers promising patient
compliance and improved diabetes management.

Lactate is one of the most significant biomarkers for evaluating
the physical performances for various military-, sports-, and health
care-related applications. Lactate is primarily an indicator of tissue
oxygenation, and monitoring its level in perspiration can avoid inva-
sive blood sampling methods. During endurance-based activities like
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cycling or triathlon, the normal aerobic metabolism is not sufficient to
meet the energy demands of the human body. Hence, in such occa-
sions the anaerobic process is induced and energy is produced from
the stored glycogen at the muscle cells. This process is associated with
the production of lactate and is called glycolysis or lactate acidosis.
As the eccrine gland’s energy metabolism also follows the anaerobic
pathway during abnormal physical activities, sweat lactate can serve as
a precise marker for tissue oxygenation. Sweat lactate can also provide
a warning for pressure ischemia, which reflects insufficient oxidative
metabolism, and tissue viability. Wang et al. demonstrated an epider-
mal electrochemical biosensor based on temporary tattoo electrodes
functionalized with lactate oxidase (Fig. 11.1B) that provides data on
real-time sweat lactate levels during exercise (Jia et al., 2013).

11.2.3 Flexible sensors for heavy metal
monitoring

Human body fluids contain a variety of heavy metals such Zn,
Cu, Cd, Pb, and Hg, which are closely related to human physiological
conditions. Cu and Zn are essential trace metals, and their deficiency
or their presence in abnormal levels can have detrimental effects on
individuals. Excessive copper accumulation causes Wilson’s disease,
liver damage, heart and kidney failure, and brain disorders, whereas
low concentrations of copper lead to anemia and osteoporosis. Poor
zinc levels lead to a lethal form of pneumonia and diarrhea, but its
presence in abnormal levels can be toxic and cause liver diseases,
cardiac disorders, and low pancreatic enzyme counts. A high level of
Cd causes toxic effects on the human body, including liver, respiratory
tract, and kidney problems. Lead poisoning causes developmental de-
lay, irritability, violent behavior, fatigue, and loss of appetite. Mercury
poisoning leads to several serious diseases such as Minamata disease,
Hunter-Russell syndrome, and acrodynia. Hence monitoring the levels
of heavy metals in the body is vital for health care development and
detoxification. Sweat examination assists in gaining insight into a per-
son’s heavy metal levels and can alert exposure to toxic metals. Wang
etal. developed a wearable electrochemical sensor for the noninvasive
assessment of trace metals in human perspiration (Kim et al., 2015a).
The tattoo-based stripping oltametric sensor exploits bismuth/Nafion
film-modified screen-printed electrode for the real-time monitoring
of zinc from sweat during physical activity. The noninvasive stripping
oltametric analysis can be readily expanded for the on-body measure-
ments of other significant heavy metals. Javey et al. developed a flexible
microsensor array for the simultaneous determination of heavy metals
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from human body fluids (Gao et al., 2016a). Au and Bi microelectrodes
were utilized for square wave anodic stripping voltammetry-based
analysis (Fig. 11.1C).

11.2.4 Flexible sensors for drug monitoring

Drug analysis is the chemical examination of human biological
samples to determine the individual’s drug level. It has importance
in several fields such as doping control, drug abuse detection, clini-
cal therapeutics, forensic investigation, and digital health monitoring.
Blood analysis provides precise information about the drug history,
but its invasive nature makes it cumbersome for sample collection.
Recently, wearable sensors have been used for the in situ real-time
tracking of drug usage noninvasively from sweat samples owing to
its nature of secretion and accessibility. Javey et al. demonstrated the
monitoring of caffeine, a methyl xanthine drug, from sweat sample (Tai
et al., 2018). Caffeine is usually a safe drug administered via coffee,
tea, and other related products. But, its prolonged overdose causes
serious health problems such as hypertension, coronary syndromes,
and depression. Herein, carbon nanotubes-modified printed flexible
electrode was utilized for the differential pulse voltammetric (DPV)
detection of caffeine at around 1.4 V (Fig. 11.1D).

The facile sweat tracking process can be utilized to monitor the
level of drugs in an individual’s bloodstream, which has attracted at-
tention for use in applications such as drug abuse detection, ther-
apy management, drug-druginteraction assessment, drug compliance
analysis, and personalized dosing. The drug level in sweat is usually
very low when compared to that in the blood; hence highly sensitive
sensors are required for its precise determination. The use of ultra-
microelectrodes and the surface functionalization of electrodes with
nanostructured materials can enhance the limit of detection of the
transducers. Emaminejad et al. used the DPV technique for the de-
tection of three model drugs, namely, dipyridamole, acetaminophen,
and caffeine, using a boron-doped diamond electrode (Lin et al., 2020).
Pulse voltammetric techniques like DPV and square wave voltammetry
can suppress nonfaradaic background current and thus enable sensi-
tive detection. The wireless readout system in this sensing patch pro-
vided real-time electroactive drug levels in a sample-to-answer man-
ner. Nicotine exposure can also be detected from sweat samples with
a flexible electrode array interfaced to a compact printed circuit board
(Tai et al., 2020). A gold working electrode was deposited on a flexible
plastic film, and then gold nanodendrites were directly grown and fur-
ther modified with a nicotine-oxidizing enzyme. The results suggested
confirmable and elevated levels of nicotine in sweat for individuals
inhaling cigarette smoke.
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11.2.5 Flexible sensors for nutrition tracking

Nutrition is a significant factor that regulates our physiological
functions, and an improper nutritional level can affect fetal, infant,
and maternal health. In children nutritional balance is vital for nor-
mal growth, physical and mental development, and maintaining a
healthy body weight. For elderly patients and institutionalized peo-
ple, malnutrition causes enhanced morbidity and delay in the re-
covery of diseases. Hence periodic monitoring of nutrition levels
in the body is important for overall health and well-being. In gen-
eral, nutrition levels are examined by using anthropometric assess-
ments and serum biomarkers. Javey et al. developed a wearable sen-
sor for monitoring vitamin C from biofluids such as sweat, urine,
and blood (Zhao et al., 2021). The sensor is developed by grow-
ing Au nanodendrites on flexible poly(ethylene terephthalate) sub-
strates having gold electrode, and further modified with an elec-
troactive conducting polymer, poly(3,4-ethylenedioxythiophene). The
top protective membrane of Nafion prevents the leaching of the
enzyme from the working electrode. Sweat and urine analysis are
promising modes to regularly monitor nutritional levels and dietary
interventions.

Sweat generated during exercise or high endurance activities
is ideal for fitness monitoring applications. But a different sweat-
producing mechanism is required for sweat-based clinical health care
monitoring. Iontophoresis is a method widely used to improve the
transdermal delivery of compounds (drug) through the skin via the
application of a small electric current. Iontophoresis functions based
on the principle of electroosmosis and electromigration, which aug-
ments the permeation of charged and neutral materials and enables
programmed or target responsive drug delivery (Priya et al., 2006).
Iontophoresis could be used for artificially stimulating sweat by trans-
dermal delivering a sweat-stimulating drug called pilocarpine with
the help of iontophoretic electrodes. Wang et al. monitored vitamin C
profiles from induced sweat after consuming vitamin C pills or vitamin
C-rich beverages (Sempionatto etal., 2020). A flexible epidermal tattoo
was developed with iontophoretic sweat-stimulating electrodes, and
amperometric transducers for monitoring oxygen that formed during
the enzymatic reaction. Wang et al. developed an amperometric sensor
for the noninvasive monitoring of alcohol from induced sweat (Kim
et al., 2016). The wearable sensor was constructed on a tattoo platform
by integrating an iontophoretic-enzyme electrode along with flexible
wireless electronics. The skin-worn biosensor realizes the controlled
delivery of pilocarpine and the wireless transmission of real-time sig-
nals to any smart device.

-



254 Chapter 11 Nanomaterials-based flexible electrochemical sensors for health care monitoring

Figure 11.2. (A) Photograph of a
wearable multiplexed sweat
sensor integrated with a
wireless circuit board. (B)
Stretchable integrated blood
pressure—chemical sensing
patch on the neck, and the
enzymatic chemical sensing
from ISF and sweat. (C)
Wearable sweat analysis based
on silk fabric—derived
intrinsically nitrogen (N)-doped
carbon textile; photograph of
the multiplex electrochemical
sensor array. (D) Image of a
Chem—Phys patch for
electrocardiogram and lactate
signals monitoring; schematic
representing the mechanism
behind lactate biosensor. (E)
Photograph of the
eyeglasses-integrated
biosensor system for lactate and
potassium monitoring (Fig. 11.2A
from Gao et al. [2016b];

Fig. 11.2B from Sempionatto
etal., [2017]; Fig. 11.2C from He
etal., [2019]; Fig. 11.2D from
Imani et al. [2016]; and Fig. 11.2E
from Sempionatto et al., [2017]).
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11.2.6 Flexible sensors for multiplexed biomarker
analysis

The efficacy of sweat-based noninvasive biosensors can be im-
proved by monitoring multiple analytes simultaneously. The incor-
poration of on-site signal processing circuitry and advanced sensor
calibration mechanisms provide the precise quantification of the phys-
iological state. The technological gap exists in many aspects such as
signal transduction, conditioning, processing, signal crosstalk between
the sensors, and wireless transmission. The development of a flexible
circuit board and its integration with flexible sensors and the mainte-
nance of robust electrical contact with the transducers are also crucial
for the productive commercialization of wearable sensors. Javey et al.
developed a multiplexed biosensing system to track sweat biomarkers
(Gao et al., 2016b). The fully integrated mechanically flexible platform
allows the in situ monitoring of sweat metabolites like lactate and
glucose, electrolytes such as Na* and K*, and the skin temperature for
calibrating the sensor responses (Fig. 11.2A). The sensors are fabricated
on mechanically flexible thin sheets of poly(ethylene terephthalate),
which enables conformal sensor-skin contact. Also, the use of a flexible
printed circuit board allows stable integration into 3D skin surfaces.

Cardiovascular parameters such as heart rate and blood pressure
directly reflect the physiological status of the body. These parameters
are influenced by body movements, stress, food intake, drug consump-
tion, and variations in biomarker concentrations. Parallel monitoring
of these physiological parameters along with that of chemical markers
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can provide comprehensive health information, particularly for the
elderly or individuals suffering from obesity, diabetes, and other car-
diovascular disorders. Integrating multiple sensors in the same patch
reduces the discomfort of using multiple devices for tracking these
parameters, and such biomedical devices can prevent harmful cardiac
events and save lives. Wang et al. recently developed a stretchable
sensing patch that can seamlessly be attached to the epidermis and
monitor the levels of biomarkers like glucose, lactate, alcohol, and
caffeine, along with blood pressure and heart rate (Sempionatto et al.,
2021a). The flexible device possesses sufficient mechanical resiliency
toadaptto theirregular skin surfaces and ensures the precise sensing of
glucose in subdermal fluid and other metabolites from induced sweat
without affecting any crosstalk between the sensors (Fig. 11.2B).

Textile substrates are another class of ideal wearable substrates be-
cause of their maximum epidermal contact and conformity (Rajendran
et al.,, 2019). Silk is a natural fiber generally used for constructing
flexible and breathable fabrics. In comparison with animal fibers like
wool, silk fibers show significant advantages such as high mechan-
ical strength, good uniformity, and large length, up to 1.5 km. The
textile substrates need to be transformed into a conductive form for
various electrochemical sensing or energy storage applications. Silk-
derived carbon textiles possess intrinsic conductivity and a hierarchi-
cal porous mesh-woven configuration that enables them to be used
as transducers for sensing applications. Recently, Zhang et al. devel-
oped nitrogen-doped carbon textile for multiplexed sweat analysis
(Fig. 11.2C). The wearable patch could simultaneously monitor various
biomarkers such as lactate, glucose, ascorbic acid, uric acid, Na*, and
K* with good selectivity, high sensitivity, and long-term stability (He
etal., 2019).

The epidermal sensors that monitor either chemical or physiologi-
cal parameters alone do not provide the complete health care state of
individuals. The majority of the existing wearable sensors are focused
on monitoring physiological signals like body temperature, pressure,
heart rate, pulse rate, electrocardiogram signals, respiration rate, and
tissue oxygenation levels. The fruitful amalgamation of both chemi-
cal and physiological sensors is necessary for improving the efficacy
of the point-of-care analysis and personalized health care monitor-
ing. Cross-signal transfer is a critical obstacle when harvesting such
skin-based electrochemical signals (e.g., amperometric) and physical
sensor responses parallelly from individuals. Imani et al. addressed
this issue and developed a wearable epidermal sensing patch that
can monitor lactate, a biomarker for oxygenation levels, and electro-
cardiogram signals simultaneously to assess an individual’s exertion
and endurance level (Imani et al., 2016). The presence of a vertically
oriented hydrophobic coating adjacent to the amperometric lactate
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sensor geometrically detaches the sensors and avoids the possibility
of signal interference and shunting effects (Fig. 11.2D).

Most wearable devices for sweat-based biomarker analysis have
relied on flexible substrates like thin plastic films, wristbands, head-
bands, or temporary tattoo-like devices. As part of advances in wear-
able technologies, there is tremendous demand for wearable fash-
ion accessories to integrate chemical sensors without disturbing body
movements or routine activities. Smart bandages are used for under-
standing the status of wound healing by monitoring the pH of the
wound fluid (Kassal et al., 2015; McLister et al., 2016). Contactlenses are
another class of wearable platforms, initially introduced for tear anal-
ysis, particularly for continuous glucose monitoring (Yao et al., 2011,
2012). Wang et al integrated an amperometric lactate biosensor and
a potentiometric K* ISE into both the nose-bridge pads of eyeglasses
(Sempionatto et al., 2017). The sensors are interfaced with a printed
circuit board placed on the glasses’ arms, capable of performing elec-
trochemical measurements and wireless data transmission (Fig. 11.2E).

11.3 Flexible microfluidic sensors for sweat
analysis

Though skin-worn wearable electrochemical sensors offer reliable,
real-time tracking of vital signals selectively from complex biofluids,
sweat analysis still involves some challenges. The major bottlenecks
include uneven sweat generation and capturing rates, dilution of sweat
due to the mixing up of sweat secreted at various intervals of time, the
carryover of sweat biomarkers, irregular movement of sweat over the
transducer surface, unsymmetrical sweat volumes, and inconvenient
sample evaporation (Vinoth et al., 2021). The burgeoning microfluidics
technology offers the development of miniaturized devices for various
applications like cell/particle trapping (Kobel et al., 2010), size-based
sorting/exclusion of particles (Chirica et al., 2006), droplet formation
(Liu & Zhang, 2011), nanomaterials synthesis (Song et al., 2008), and
drug delivery (Sanjay et al., 2018). Paper-based microfluidic devices
are widely used for various applications such as POCT, food quality
assessment, and environmental analysis. Paper substrate is made up
of porous cellulose fibers that facilitate liquid to flow through capillary
force of action and allow sample filtering, mixing, and transport. Paper-
based analytical devices are ideal for point-of-care diagnosis due to
their simplicity, cost-efficiency, biodegradability, and biocompatibil-
ity. Zhong-Yang et al developed a paper-based flexible microfluidic
system that can selectively and parallelly measure metabolites like
lactate and electrolytes such as sodium and pH (Anastasova et al.,
2017). Also, the fully integrated on-body patch possesses a temperature
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sensor for internal calibration, and the patch is capable of real-time
data collection from human subjects during treadmill running and
cycle ergometry (Fig. 11.3A).

Although paper-based sensors possess several advantages, such
devices are not appropriate for the continuous tracking of health care
markers. The incessant exposure of biofluids to the paper substrate
often causes memory effects and adversely affects the precise moni-
toring of biomarkers. Recently, soft microfluidic channels have been
exploited for sweat collection, sampling, and analysis (Martin et al.,
2017; Zhang et al., 2019). Photolithographic techniques are usually em-
ployed for developing high-resolution masters, which are expensive
and time consuming and require clean-room facilities. An epidermal
sweat monitoring patch was developed by merging soft lithographic
and screen-printing techniques (Martin et al., 2017). The electrochem-
ical system possessed intrinsic sweat sampling and continuous flow
of sweat through the sensing electrodes and hence obviates the re-
quirement for complicated electrokinetic or hydrodynamic platforms
(Fig. 11.3B).

Screen-printing is a cost-effective technique widely used for realiz-
ing planar electrodes for sensing applications. The printing technique
replaces the use of conventional rod/disc-type electrodes for electro-
chemical analysis. The planar electrodes printed on an inexpensive
paper or plastic substrate are ideal for cost-effective practical appli-
cations. The ideal three-electrode system is typically realized by print-
ing carbon- and silver-based inks to function as the working/counter
and reference electrode, respectively. And the top layer of the dielec-
tric ink defines the active area of the sensing electrodes, which is

Figure 11.3. (A) Schematic
representation of the
paper-based microfluidic chip
for simultaneously measuring
lactate and electrolytes. (B) A
soft epidermal microchip device
for the electrochemical sensing
of sweat metabolites;
photograph of patch integrated
with wireless conformal
electronics on the skin. (C)
Photograph showing fully
integrated, skin-interfaced
microfluidic sensor and the
close-up part of a multiarray
electrode used for lactate and
electrolyte monitoring. (D)
Schematics show a
laser-engraved wearable
microfluidic sensor for the
sensitive detection of uric acid
and tyrosine in sweat (Fig. 11.3A
from Anastasova et al. [2017];
Fig. 11.3B from Martin et al.
[2017]; Fig. 11.3C from Vinoth

et al. [2021]; and Fig. 11.3D from
Yang et al. [2020]).
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crucial for all electrochemical measurements. Recently, the printing
technique has been exploited for constructing low-cost microfluidic
channels (Vinoth et al., 2021). The soft microfluidic sensors possessed
in situ sweat harvesting and multiplexed in situ detection abilities and
have been used for the continuous monitoring of lactate, Na*, K*,
and pH simultaneously from sweat samples during intense physical
activities. The sweat sampling efficiency was enhanced by the surface
functionalization of soft microfluidic channels, and the patch could
monitor regional variation in sweat compositions (Fig. 11.3C). Many
of the wearable microfluidic systems are related to silicone elastomers
that require advanced microfabrication facilities. Although the screen-
printing technique allows the large-scale production of uniform pat-
terns and the repetitive use of the same master for channel prepa-
ration, the printing dimension is relatively poor when compared to
lithographic techniques.

Laser engraving is a promising fabrication technology for the rapid
realization of high-resolution fluidic channels directly on wearable
plastic substrates. The CO, laser technology requires minimal person-
nel training and process optimization and allows the scalable produc-
tion of precise microfluidic channels at ambient conditions. The laser
technology has recently been exploited for realizing reduced graphene
oxide for awide variety of applications (Strong et al., 2012). Keegan et al.
demonstrated the ability of laser-scribed graphene for electrochem-
ical sensing applications. The method enables the direct patterning
of electrochemically active graphene layers on the flexible substrate
(polyimide) and facilitates the roll-to-roll production of large-scale dis-
posable sensors. Graphene offers a 2D environment for electron trans-
port and realizes rapid heterogeneous electron transfer at their edge
planes. Gao et al. exploited this technique for the multimodal sens-
ing of molecular analytes more comprehensively by including both
chemical and physical signatures (Yang et al., 2020). The system allows
the wireless monitoring of uric acid and tyrosine by means of laser-
engraved graphene sensors and the tracking of real-time tempera-
ture and respiration rate using a laser-engraved multiinlet microfluidic
module (Fig. 11.3D). The laser-engraved multimodal platform allows
efficient microfluidic sweat sampling, sensitive biomarker sensing, and
multiplexed analysis. The graphene-based chemical sensors possess
rapid electron mobility, ultralarge surface area, high current density,
and high sensitivity.

11.4 Flexible sensors for saliva monitoring

Saliva is a biofluid that is extremely attractive for the noninvasive
monitoring of biomarkers owing to its continuous and convenient
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availability. Saliva possesses a good correlation with blood levels of
various analytes due to the permeation of multiple analytes from the
blood via the paracellular or transcellular path. Hence sialochemistry,
the chemical analysis of saliva, has been recognized as a proficient
tool for the noninvasive monitoring (alternative to blood analysis) of
the hormonal, stress, and metabolic states of individuals. Saliva is
an exocrine secretion containing several electrolytes such as sodium-
potassium; chloride; magnesium; calcium; phosphate and bicarbon-
ate; and proteins, immunoglobulins, mucosal glycoproteins, polypep-
tides, and albumins. Metabolites like glucose and lactate and nitroge-
nous compounds like ammonia and urea are also excreted through
saliva fluid (Humphrey & Williamson, 2001). The unstimulated basal
secretion moisturizes and lubricates the oral tissues, whereas exoge-
nous or pharmacologically stimulated saliva contributes to the major-
ity of the daily salivary production.

Monitoring pH from saliva would be highly beneficial for under-
standing oral health conditions like the disintegration of tooth enamels
and diagnosing gastroesophageal reflux disease. Diamond et al devel-
oped a potentiometric testing strip using a planar screen-printed elec-
trode for monitoring pH from saliva samples. The pH strip contains an
H* ion-selective membrane electrode and a solid-state ionogel refer-
ence electrode. The pH values of the collected real saliva samples were
measured and validated by using standard glass electrode-based pH
analysis (Zuliani et al., 2014). For COVID-19 diagnostic testing, naso-
and oropharyngeal swabs are widely used; however, saliva testing is
also recently suggested. Recently, monitoring RNA from saliva samples
was approved by the US Food and Drug Administration, which sup-
ports the concept of saliva tracking for the detection of the coronavirus
and antibodies produced against it (Ceron et al., 2020).

Denture-based sensors are reported for estimating biomarkers
from saliva fluid. Coltro et al. developed a paper-based microfluidic
device and integrated it into a 3D-printed mouthguard for the colori-
metric detection of glucose and nitrite (de Castro et al., 2019). Mouth-
guards are generally used by athletes to prevent sports-related injuries.
These polymeric devices attach firmly over the teeth and can be eas-
ily worn and removed without depending on specialized assistance.
The mouthguard can easily access real-time saliva secretion and en-
ables the facile integration of transducer and related microcontrollers.
Electrochemical sensors can also be merged with the denture plat-
form for the noninvasive monitoring of salivary metabolites. Wang
et al. developed an amperometric sensor for lactate using Prussian
blue-based screen-printed electrodes, functionalized with poly-(o-
phenylenediamine)-lactate oxidase enzyme layer. The system allows
highly sensitive and selective lactate detection in undiluted saliva sam-
ples owing to its low-potential signal measurement and elimination
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Figure 11.4. (A) Photograph
showing the mouthguard
biosensor interfaced with an
amperometric circuit board. (B)
Mechanism behind the Prussian
blue—based uric acid biosensor.
(C) Photographs showing the
front and back side of the
wireless circuit board (Kim
etal., 2015).

Prussian Blue carbon
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of coexisting electroactive and bulky protein constituents (Kim et al.,
2014).

Uric acid is another biomarker that could be detectable from saliva,
which is the end product of purine metabolism. The abnormal uric
acid levels in the human body indicate several diseases, including
hyperuricemia, renal syndrome, Lesch-Nyhan syndrome, and gout.
Uric acid can function as a marker for reactive oxygen species induced
by physical stress, which acts as a free radical scavenger. Also, an ab-
normal uric acid concentration increases the risk of type 2 diabetes
and the associated complications. The salivary uric acid measurement
can replace invasive blood testing and the real-time analysis can be
conducted in a continuous manner. Wang et al developed a mouth-
guard biosensor for uric acid based on screen-printed electrodes on
aflexible plastic substrate. The Prussian blue electrode was chemically
functionalized by crosslinking uricase enzyme during the electropoly-
merization of o-phenylenediamine (Fig. 11.4). The sensor signals could
be wirelessly shared with any smart devices like smartphones, tablets,
laptops, or smartwatches (Kim et al., 2015b).

The noninvasive monitoring of glucose is highly needed to avoid the
pain and discomfort related to invasive blood analysis. Saliva is a good
biofluid for noninvasive glucose analysis, wherein the saliva glucose
levels significantly correlate with the blood glucose concentrations.
However, saliva contains a very low level of glucose, usually less than
100 uM, which is much lower than that detected using blood glucose
sensors (3.6-7.5 mM). Therefore it is important to augment the sensi-
tivity of the sensors for detecting low levels of glucose. Modification
of electrode surfaces with nanostructured materials allows for a high
surface area and energy compared with the traditional bulk materi-
als. Carbon-based nanomaterials are conductive, easy to functionalize,
and biocompatible and possess alarge surface area and low overpoten-
tial for electrochemical reactions. 3D carbon nanotubes, 2D graphene,
and 1D nanofibers have been well explored for electrochemical
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sensing. The combination of these materials often causes a synergistic
effect and leads to better electrochemical performances. Kong et al.
developed a nonenzymatic sensor for glucose based on CuO nanonee-
dle/graphene/carbon nanofiber-modified electrode (Ye et al., 2013).
The sensor showed high electrocatalytic ability for glucose oxidation
with a low limit of detection of 0.1 uM, and it can be utilized for mon-
itoring glucose levels from saliva samples. Bouchikhi et al. reported
a molecularly imprinted sensor for the selective detection of salivary
glucose. The imprinted sensor was constructed on a screen-printed
gold electrode by electropolymerizing acrylamide/bis-acrylamide in
the presence of glucose as template molecules. The sensor could effec-
tively avoid structurally similar coexisting interferents such as sucrose
and lactose and showed a lowest detection limit of 0.59 ug mL~! (Diouf
etal., 2019).

11.5 Flexible sensors for interstitial fluid
analysis

ISF has shown the greatest potential to substitute existing blood-
based clinical diagnostics. ISF is the transcapillary fluid from the blood
that surrounds the cells and tissue and functioning for transporting nu-
trients and waste materials. In addition, ISF is responsible for immune
regulation and signaling molecules between cells. The biomarker com-
position in ISF closely correlates with that in the blood, which al-
lows precise diagnosis. ISF contains a negligible amount of coagulat-
ing elements and is thus free from clotting problems and useful for
continuous monitoring of biomarkers. ISF can be sampled minimally
or noninvasively with minimal personal inconveniences and provides
local information about tissues without the requirement for biopsies.
Such benefits have attracted researchers to harvest vital information
from ISF for reliable on-body analysis (Teymourian et al., 2021).

Microneedle arrays are promising devices for directly accessing ISF
under the skin. Microneedles are sharp, vertically oriented structures,
hardly visible but able to puncture the uppermost layer of the skin.
Microneedles access ISF from a lower depth and the penetration does
not reach the capillary bed or nerve endings in the underlying der-
mis. Microneedles offer a painless, blood-free, and minimally invasive
tool for accessing the ISF biomarkers. Microneedle arrays provide the
advantages of integrating multiple sensors on a single platform, ease
of miniaturization, and the ability to collect multiplexed molecular
information (Mishra et al., 2017).

Lactate monitoring is used for assessing the maximum perfor-
mance of athletes and clinical care. The normal blood lactate level
for healthy individuals ranges from 0.5 to 2 mM and increases to 15
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mM during exercise activities. Several pathological conditions also
influence lactate levels, including pulmonary embolism, cardiac dis-
ease, liver disorder, and endotoxic shock. Recently, lactate has been
found to play a key role in cancer diagnosis as it causes acidifica-
tion around the cancer tissues (Hirschhaeuser et al., 2011). Amper-
ometric biosensors are ideal for the accurate and cost-effective de-
tection of lactate with improved selectivity and sensitivity. Antiochia
etal. developed a microneedle-based mediated biosensor for monitor-
ing lactate levels from ISE Gold microneedles were electrodeposited
with Au-multiwalled carbon nanotubes and further modified with
poly(methylene blue) prior to enzyme immobilization by drop-casting.
The microneedle array could detect lactate in human serum and in
artificial ISF (Bollella et al., 2019).

Currently, continuous glucose-monitoring devices are attracting
tremendous interest as they can record real-time glucose signals for
several days. The direct contact of transducers with the ISF is ideal for
precise sensing, as opposed to extracting the fluid with other methods.
Anderson et al. developed a microneedle-based amperometric sensor
for glucose thatuses the needle itself as a functional constituent. The el-
egant microneedle sensor is capable of the painless continuous analy-
sis of glucose for diabetic patients (Invernale et al., 2014). Self-powered
devices are appropriate for personal health care monitoring as they can
continuously harvest signals even in the absence of external powering
sources. Biofuel cells convert the biochemical energy from the trans-
dermal fluid of the wearer into measurable responses proportional to
the analyte concentration (Bandodkar et al., 2017; Mohan, 2021). Wang
et al. reported a microneedle-based self-powered biosensor for moni-
toring glucose from the subdermal fluid (Valdés-Ramirez et al., 2014).
The biofuel cell consists of GOx-tetrathiafulvalene-modified carbon
paste as the bioanode and carbon paste/Pt black cathode in a hollow
microneedle array (Fig. 11.5A).

Unhealthy alcohol consumption represents a critical health hazard
due to severe accident-involved traffic fatalities. Alcoholism leads to
potential health risks, including a variety of disorders, diseases, and
injuries. Breathalyzers (functioning based on Henry’s law) are com-
monly utilized for measuring breath alcohol levels. However, the per-
formance of these devices can be affected by local humidity, tem-
perature, and other environmental fumes. Hence there is significant
demand for easy-to-use, accurate alcohol monitoring devices that pro-
vide reliable and real-time information about alcohol consumption
and misuse. Wang et al. developed a transdermal microneedle-based
biosensing system for the continuous real-time tracking of alcohol
from ISF (Mohan et al., 2017b). The array of microneedle systems con-
sists of Pt and Ag wires integrated within the aperture of hollow mi-
croneedles to function as an ideal three-electrode system (Fig. 11.5B).
The Pt wire-based working electrode was functionalized with alcohol
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oxidase enzyme, along with a perm-selective poly(phenylenediamine)
membrane. The sensor possessed good sensitivity and stability and
was successfully used for measuring alcohol levels from the artificial
ISE.

The simultaneous analysis of ISF and sweat from the epidermis
using a single wearable bioelectronics platform is highly desired for
expanding the scope of biofluid monitoring and improving clinical
accuracy. The common sweat generation methods such as exercise and
thermal heating cause uncontrolled sweat generation and extensive
intersample mixing. These challenges can be resolved by employing
iontophoresis and reverse iontophoresis processes for the controlled
and localized sampling of sweat and ISE respectively. The electrically
induced migration of ions or molecules across the skin can be explored
for both delivering and extracting compounds. Administering the drug
pilocarpine induces sweat production, but the same iontophoresis can
be used for drawing molecules toward the skin surface from the ISE
called reverse iontophoresis. Wang et al. developed such an innovative
wearable biosensing device for the simultaneous and independent
sampling of both the epidermal biofluids (Kim et al., 2018b). These
biosensors could electrochemically measure glucose from the ISF (at
the cathode) and alcohol from sweat (at the anode). Such dual sam-
pling and parallel sensing modalities hold considerable potential for
improving the capabilities and scope of noninvasive health care mon-
itoring.

Melanoma is an aggressive skin disease, the early diagnosis of
which is crucial for timely treatment and reducing mortality. At

Figure 11.5. (A) Optical image
of a microneedle array;
schematic representation of
microneedle-based carbon
paste bioanode and cathode
electrodes, and the mechanism
behind self-powered glucose
sensor. (B) Photograph of a
microneedle array mounted on
the fingertip and the optical
micrograph of the microneedles
integrated with Pt and Ag wires;
schematic demonstration of the
construction of an alcohol
biosensor. (C) Images showing a
bandage-based
electrochemical sensor for
tyrosinase and a microneedle
sensor integrated into soft
flexible electronics (Fig. 11.5A
from Valdés-Ramirez et al.
[2014]; Fig. 11.5B from Mohan

et al. [2017b]; and Fig. 11.5C from
Ciui et al. [2018]).
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present, time-consuming, complex methods are used for detecting
melanoma biomarkers, such as melanocytic lineage indicators. The
synthesis of melanin involves a polyphenol oxidase enzyme called
tyrosinase. The overexpression of tyrosinase and its accumulation in
skin cells causes the skin cancer. Hence monitoring tyrosinase lev-
els is a faster and simpler technique for the rapid detection of skin
melanoma. Wang et al. developed a fully integrated wearable bandage
and microneedle-based electrochemical sensing systems for detect-
ing tyrosinase from the skin surface and under the skin, respectively
(Ciui et al., 2018). The bandage sensor contains a biocompatible hy-
drogel having catechol, the enzyme substrate. In presence of tyrosi-
nase enzyme, the immobilized catechol is oxidized to benzoquinone,
which can be reduced and measured using amperometric technique
(Fig. 11.5C).

11.6 Flexible sensors for tear fluid analysis

Human tear fluid or lachrymal liquid is one of the most complex
biological fluids that contains 98% water, and the remaining 2% is
made up of low- and high-molecular-weight constituents such as elec-
trolytes, metabolites, enzymes, proteins, and small organic molecules.
The majority of these molecules possess diagnostic potential and can
be used for the noninvasive evaluation of the health care status of
individuals. Tear fluid is covered as a thin film on the surface of the eye
bulb, with a thickness of about 9 to 10 um. Also, the lachrymal secretion
protects the exposed area of the eye capped with a lipid membrane that
prevents the evaporation of the tear liquid. The physiological pH and
temperature of the tear fluid are about pH 7.5 and 35°C, respectively,
and its total volume is nearly 6.2 + 2.0 uL (Pankratov et al., 2016).

Continuous biomarker monitoring directly from human blood is
complex and practically difficult. Subcutaneous fluid-based glucose
monitoring has been well studied and shows a very good correla-
tion with blood glucose levels. The relationship between the levels of
bioindicators in the tear fluid and personal physical conditions has
recently been well studied. Mitsubayashi et al. developed a promising
wearable amperometric biosensor for the continuous monitoring of
glucose from the tear liquid (Iguchiet al., 2007). A soft microelectrome-
chanical system-based technique was utilized for preparing flexible
electrodes and functionalized with a gas-permeable membrane and
glucose oxidase enzyme. The sensor could continuously detect glucose
concentrations from tear fluid on a rabbit’s eye.

The levels of several metabolites in tears have been shown to have a
good correlation with the blood levels, suggesting tears as a promising
biofluid for personalized health care monitoring. These platforms have
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primarily focused on contact lens-based sensors for direct analysis
in basal tears. Integrating microcontrollers, wireless data transmitters,
and power sources with a contact lens is challenging and efforts for
improving such wearable modalities are progressing. Wang et al de-
veloped a noninvasive flexible device integrated into eyeglasses for
the real-time monitoring of multiple target molecules such as glucose,
alcohol, and vitamins in tears (Sempionatto et al., 2019). An online
microfluidic channel is mounted onto the eyeglasses’ nose-bridge pad
to facilitate the direct sampling of stimulated tears. The effect of alco-
hol consumption over the tear alcohol level was evaluated in human
subjects over multiple drinking courses, which displayed a notable
correlation to parallel breath alcohol content measurements.

11.7 Challenges and future perspectives

Wearable chemical sensors are witnessing significant progress and
are expected to grow rapidly over the following decade. However, there
are some bottlenecks that still exist that need to be addressed to fill
the technological gap between the existing prototypes and commer-
cialized promising health care devices. The mechanical properties of
these devices should be considered while maintaining electrochemical
performances and stability. Developing electrochemical transducers
having stretchability (Mohan et al., 2017a) and self-healing abilities can
maintain stable performances when subjected to repeated mechan-
ical deformations (Bandodkar et al., 2015b, 2016a). The mechanical
properties of the controlled electronics and the power sources are also
crucial as their conformal attachment is mandatory for facile inte-
gration with flexible sensors. As the continuous sensing and wireless
data collection processes necessitate an abundant source of energy
for a prolonged period of time, the development of soft, lightweight,
miniature energy sources like batteries (Mohan et al., 2014b) and
supercapacitors with a high energy density is required (Rajendran
et al., 2019). The wearable sensors must possess good repeatability
and reproducibility; hence the large-scale fabrication of uniform elec-
trodes and accurate surface functionalization procedures are a matter
of major concern. There are irregularities in biofluid secretion with
respect to gender, age, and ethnicity; thus advanced smart calibra-
tion methods need to be utilized for error correction and precise
monitoring. The level of biomarkers in various biofluids is extremely
lower than the detection limit of the existing sensors. Hence atten-
tion must be paid to the development and use of suitable nanostruc-
tured materials so as to further improve the sensitivity of the existing
transducers.
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11.8 Summary

Advances in wearable point-of care-devices for the real-time track-
ing of the health and fitness state of individuals are discussed.
Information-rich biofluids like sweat, saliva, ISF, and tear fluid could be
efficiently utilized as an alternative for painful, tedious blood analysis.
The seamless integration of these sensors into the irregular or curved
surfaces of the human body necessitates significant flexibility, stretch-
ability, and mechanical strength so as to withstand the mechanical
strain. Information about the composition of biofluids, the underlying
partition mechanisms, and their correlation with blood biomarkers’
levels is vital for the design and development of epidermal biosensors.
Nanostructured materials play a crucial role in detecting low levels of
these chemical indicators from various body fluids. Real-time biofluid
capture and analysis is important to avoid dilution or carryover-related
problems, and the microfluidic technology offers superior fluid extrac-
tion, sampling, preconditioning, and transport. Conducting large pop-
ulation studies including different age groups, continents, genders, and
ethnicities can improve the efficacy of these personalized diagnostic
systems and facilitate the commercialization pathways.
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12.1 Introduction

Resistive switching (RS) is referred to as the phenomena of
changing resistance/conductance of materials under the action of
a current or strong electric field. It was first observed in metal oxides
(MOs) back in the 1960s by Hickmott (1962). He observed a sudden
drop in resistance while applying a bias voltage to an aluminum oxide-
sandwiched structure. The as-prepared aluminum oxide film was an
excellent insulator, and it showed an exponential I-V relationship at
low voltages (Lee et al., 2015). The resistance suddenly switched from
high resistance state (HRS) to low resistance state (LRS) as an increased
bias voltage was applied; the resulting resistance state was nonvolatile
and reversible. This effect is commonly observed in MOs (Sawa, 2008),
nitrides (Zhang et al., 2015), chalcogenides (Bogoslovskiy & Tsendin,
2012), semiconductors (Mehonic et al., 2012), and organic materials
(Scott & Bozano, 2007). However, the RS property has been investigated
most thoroughly in transition metal oxides (TMOs). TMOs such as
CuO (Kim et al., 2009), TiO, (Yoshida et al., 2007), HfO, (Yu et al., 2011),
and NiO (Seo et al., 2004) (Y. & Y.-H., 2008) show excellent RS property.

As shown in Fig. 12.1, a typical RS device has a capacitor-like
structure in which a TMO is sandwiched between two electrodes. The
electrodes may be Ag, Pt, Al, Au, ITO, etc., and not all combinations of
electrode-TMO work. There are also a large variety of materials that do
not belong to TMO still showing RS property including graphene oxide
(GO) (He et al., 2009) and ternary perovskites such as SrTiO3 (Wang
et al., 2013) and SrZrO3 (Meng-Han et al., 2010). The RS phenomenon
is used in the fabrication of devices for different applications such
as novel high-density resistive random access memory (RRAM - also
called memristor) and synaptic memory. An RS device is capable
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Top Electrode

of switching from HRS to LRS or vice versa
several times depending upon the applied
voltage/current. The critical parameters for
memory device characterizations are operating

Metal Oxide

power, speed, retention, and endurance. RS
devices usually require low power and possess
Pl high-speed switching (~20-50 ns) (Cheng et al.,
L 2010). An RRAM device exhibits a high retention
time (time for which the device can withstand

Bottom Electrode

data) of approximately more than 10 years
(Cabout et al., 2014; Lee et al., 2008). Endurance

is defined as the number of cycles of operation
that can be withstood by a device. An RRAM

Figure 12.1. Schematic
representation of the RS device.

device usually has a very high endurance (cycle) of about 10° cycles
(Kent & Worledge, 2015; Niu et al., 2016).

12.2 Types of resistive switching

A typical RS device is a two-terminal device (capacitor-like
structure) with an oxide layer of thickness below 100 nm. That is,
an MO thin film is sandwiched in between two electrodes. This two-
terminal configuration is relatively easy to fabricate, which enables
the RS device to be a highly scalable and economically feasible
memory device. Because of the high bandgap (typically 1-4 eV), the
as-prepared oxide thin films have very high resistance (HRS), which
can be switched to an LRS by applying a sufficient external voltage.
This initial process is called the forming process: the voltage at which
tremendous resistance change takes place during the forming process
is termed the forming voltage. Current passing through the oxide
material is very high during formation, which might lead to a complete
dielectric breakdown (irreversible breakdown) of the oxide materials.
Therefore it is necessary to limit the current to an optimum value, and
this current limit is usually called “current compliance” (CC). Once the
conducting filament is formed, the device will continue to be in LRS for
a longer time without any external power supply, thus nonvolatile. To
change the resistance state of the device, another voltage pulse either of
the same or opposite polarity must be applied. The process of changing
the resistance state of the system from LRS to HRS is called the RESET
process, and the voltage at which the RESET takes place is termed the
RESET voltage (Vyeset). Once again, to change the resistance state from
HRS to LRS, a voltage pulse that is less than that of the forming voltage
must be applied. This process is called the SET process, and the voltage
at which the SET process takes place is termed the SET voltage (V).
Thus the state of the device can be switched back and forth between
LRS and HRS by controlling the voltage of the applied pulse. Based on



Chapter 12 Resistive switching in metal oxides for various applications 275

Vforming Vset  Vreset

Vreset  Vset  Vforming
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current-voltage (I-V) characteristics of the RS device, the RS
phenomenon is roughly classified into two types: unipolar and
bipolar RS.

12.2.1 Unipolar resistive switching

In unipolar RS the resistance state of the device can be switched
back and forth by applying different voltages of consistent polarity.
Unipolar RS action does not depend upon the polarity of the applied
voltage, i.e., SET and RESET occur under the same polarity. Unipo-
lar switching is usually exhibited by simple binary oxide structures
like NiO (Y. & Y.-H., 2008), CuO (K. C. Kim et al., 2009), CoO (Wang
et al., 2010), Fe,O3 (Jin-Yong et al., 2013), HfO (Wang et al., 2010a), and
Nb,Os (Méhne et al., 2012). Fig. 12.2 represents the I-V characteristics
of unipolar RS. As-prepared MO-based devices will be in HRS (also
represented by OFF state). A relatively high positive voltage applied to
the device brings its resistance to LRS (forming process) at a particular
voltage called forming voltage. The curve “1” in Fig. 12.2 represents the
forming process of a unipolar device. After the forming process, the
current becomes very high, and this current must be limited by CC. This
is a nonvolatile state, and hence the device will remain in LRS even if
we remove the applied voltage. A positive voltage sweep (from 0 up to
Vieset) applied to the device after forming is represented by curve “2”
in Fig. 12.2, which is an LRS (also represented by ON state). When the
applied voltage reaches Vi1, the resistance changes from LRS to HRS
(represented by curve “3” in Fig. 12.2); this is called the RESET pro-
cess. During this process, CC is not mandatory since HRS restricts the

Figure 12.2. |-V characteristics
of a unipolar RS device.
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current overshoot through the de-
vice. In order to change the state of
the device again from HRS to LRS
a voltage that is greater than that
of Vyeset has to be applied. This pro-
cessis called the SET process (rep-
resented by curve “4” in Fig. 12.2).

Current (in pA range)

From the I-V characteristics, it can
be observed that the device behav-
ior is the same for both polarities
of the applied voltage. Hence all
these processes can be observed
by applying negative voltage also
(positive voltage is not needed this
time). So unipolar RS is advanta-

Voltage (in volt range)

Figure 12.3. |-V characteristics
of a bipolar RS device.

geous from a schematic point of
view because no polarity change
in the voltage is needed (Nardi
etal., 2011).

12.2.2 Bipolar resistive switching

Bipolar RS is sensitive to the polarity of the applied voltage, i.e.,
SET and RESET occur under opposite polarities. Bipolar RS has been
observed in numerous oxides such as TiO, (Yoshida et al., 2007), MnO,
(Yang et al., 2009), BiFeO3 (Shuai et al., 2011), and ternary oxides with
a perovskite structure such as SrTiO3 (STO) (Szot et al., 2007) and
SrZrO; (Lin et al., 2007). Fig. 12.3 represents the I-V characteristics
of a bipolar RS device. Here curve “1” represents the SET process
under the application of a positive voltage, which brings the device
from HRS to LRS, whereas a negative voltage is required for the RE-
SET process, which brings the device from the LRS to the HRS (curve
“3” represents the RESET process). In unipolar RS, the forming pro-
cess is mandatory; however, the requirement for a forming process
in bipolar RS varies depending on the type of oxide materials. In the
case of bipolar RS the choice of top and bottom electrodes is very
important because the work functions of electrodes play a crucial role
in bipolar RS. The difference in work function leads to the forma-
tion of a Schottky-like barrier at the interface. Studies show that an
ohmic contact of Au/Pry,Cag3Mn0O; (PCMO), SrRuO; (SRO)/PCMO,
and Ti/SrTigg9Nbg g O3 (Nb:STO) interfaces shows no RS. However,
the I-V curves for Ti/PCMO, Au/Nb:STO, and SRO/Nb:STO interfaces
exhibit hysteretic behavior indicating RS in addition to the rectification
(Sawa, 2008). In light of these results, it can be concluded that the
Schottky barrier plays an essential role in bipolar RS.
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123 Mechanism of resistive switching

The mechanism behind the RS effect has been explained with the
help of a variety of processes including ohmic conduction (Chen & Wu,
2010), Schottky emission (Xin, 2012), fuse-antifuse mechanism (Kwon
et al., 2010), Poole-Frenkel (PF) conduction, trapping/detrapping of
charge carriers (Jeong et al., 2011; Shang et al., 2010), and oxygen va-
cancy migration (Choi et al., 2009; Strachan et al., 2010; Chen et al.,
2013). The mechanisms behind unipolar and bipolar switching are
separately explained and discussed as follows.

12.3.1 Mechanism of unipolar resistive switching

In unipolar RS the mechanism is explained by the formation and
rupture of the filamentary conducting path in an insulating matrix.
Fig. 12.4 shows a possible driving mechanism for filament-type RS
that shows unipolar behavior. The as-prepared device possesses high
resistance (HRS); it does not contain any conducting channel be-
tween the electrodes (Fig. 12.4A). The forming process occurs when
a sufficient voltage is applied across the electrode, where filamentary
conducting paths form as a soft breakdown in the dielectric mate-
rial (Fig. 12.4B). Due to the filamentary conducting path formation,
the resistance of the RS device becomes very low as compared to
the as-prepared device. This state of the device continues unless an-
other voltage is applied. Again, when a voltage with the same polar-
ity is applied, the rupturing of filaments takes place (RESET process)
due to the Joule heating effect (Fig. 12.4C). These ruptured filaments
can be reformed to convert from HRS to LRS (SET process) again
by applying a voltage with the

Figure 12.4. Schematic
representation of the (A) initial
state (as-prepared), (B) filament
formation, (C) RESET state,

(D) SET state.

same polarity (Fig. 12.4D). The  (A) Initial State (as-prepared) (B) Forming

temperature  dependence  of Top Electrode
resistance in the low-resistance
state of the Pt/CuO/Pt structure
suggests the presence of a copper
metal filament network embedded

within the CuOy bridge (Fujiwara Bottom Electrode
et al., 2008). The formation and
rupturing of filaments are widely (C) RESET State (
considered the mechanism behind
unipolar RS. The mechanism of op Elem;dem
< Rupture

unipolar switching is simple, with
no negative voltage needed for
the entire operation. But thermal
instabilities are observed in many
unipolar RS devices due to thermal
breakage of the filaments.

Bottom Electrode

Top Electrode

— Filament

Bottom Electrode

D) SET State

Top Electrode

Bottom Electrode
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Figure 12.5. (A) SEM image of
the Ni/CuQ/Ni RS device after
the forming operation; the
conducting filament can be
clearly seen, and the resistance
is 3 k<2, indicating that the
device is in LRS. The channel
length of this device was

5.2 um, and the width was

80 .«m. (B) The conducting
filament physically cut by
creating a narrow slit using FIB.
After filament cutting,
resistance recovers to its
as-prepared value of ~200 k2.
(C) Reformation of the
conducting filament after cutting
the initially formed filament. The
device recovered an LRS value
of 3 k2 (Fujiwara et al., 2008).

bridge-cut k3 ‘‘re’-forming

12.3.2 Evidence for metallic conducting filament

Fujiwara et al. have reported the direct observation of structural
changes in a CuO device having a planar geometry and electrodes a
few microns apart (Fujiwara et al., 2008). They investigated to obtain
evidence of filament formation by using the scanning electron micro-
scope (SEM) imaging technique. Fig. 12.5 shows the SEM image, from
which the formation of conducting filament/conducting bridge (CB)
after forming operation can be seen (Fig. 12.5A). After filament forma-
tion, resistance becomes very low, and a transition from HRS ~200 k2
to LRS ~3.3 k2 occurs. Then, the filament is physically cut by creating
a narrow slit using the focused ion beam (FIB) method (Fig. 12.5B).
The device switches to its initial state (as-prepared) after cutting the
conducting filament (HRS ~196 k2). When trying to reform (set) the
device, branching of the filament occurs, and resistance goes to ~3 k2
(Fig. 12.5C). They observed the temperature dependence of resistance
similar to metals in the LRS, strongly suggesting the presence of a Cu
metal filament network embedded within the CuOy bridge. They also
proposed that SET and RESET processes are respectively associated
with the reduction and oxidation of a narrow segment of the Cu metal
path promoted by an electric field or current (Fujiwara et al., 2008).

For a better understanding of the physical properties of formed
filament, the channel resistance of both LRS and HRS has been mea-
sured as a function of temperature. Fig. 12.6 shows the temperature
dependence of both HRS and the LRS of the Pt/CuO/Pt device, which
exhibits unipolar RS. Here the resistance of LRS increases as the tem-
perature increases, indicating that LRS possesses a typical metallic
behavior (positive temperature coefficient of resistance). In contrast,
this implies the presence of a Cu metal path inside the bridge (Fujiwara
et al., 2008). HRS possesses semiconductor behavior with a negative
temperature coefficient of resistance. In the case of the Pt/NiO/Pt
unipolar RS device (Lee et al., 2008), HRS behaves like a semiconductor
(i.e., resistance decreases as temperature increases), whereas LRS be-
haves like a metallic conductor with a positive temperature coefficient
of resistance. These results strongly indicate the formation of metal
filaments inside the NiO matrix (Lee et al., 2008).
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Based on experimental results, the mecha-

nism of a bipolar system is usually regarded as 440

a redox reaction and electrochemical migration s

of oxygen vacancies. Hence the mechanism de- 7~ 420
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it) is generated inside the active materials (say,

TMO). This electric field induces the electro- 360 F

chemical migration of oxygen vacancies inside

the active material. Fig. 12.7 illustrates the con- 340 '

duction filament formation and rupturing upon
the application of positive and negative voltages
at the top electrode. A positive voltage applied
at the top electrode attracts negatively charged oxygen ions in the MO
toward that electrode (Fig. 12.7A) (Wei et al., 2008; Yang et al., 2008).
Oxygen vacancies are also created and migrated along with oxygen ions
toward the top electrode. These oxygen vacancies that migrate toward
the top electrode form conducting channels between the two elec-
trodes. After forming a conduction channel between the electrodes,
the resistance becomes low (LRS) as compared with the initial value
(Fig. 12.7B). This state is nonvolatile and reversible to the initial state.
A negative voltage at the top electrode repels the oxygen toward the
bottom electrode resulting in high resistance by breaking the conduct-
ing channel (Fig. 12.7C) (Yang et al., 2008). RESET is thus not the result
of the rupture of a conducting filament by Joule heating (even though
the process may be heat-assisted). Again, a positive voltage at the top
electrode switches the device back to LRS (Fig. 12.7D). In fact, LRS
and HRS occur at the rectifying Schottky (top) junction, not at the
ohmic junction. So it is better if one of the junctions is Schottky for the
device to exhibit bipolar switching. The applied voltage bias can also
create oxygen vacancies/oxygen ions at the ohmic junction, but small
variations in the concentration of oxygen vacancies/oxygen ions will
not alter the band structure of the ohmic junction (Yang et al., 2008).

12.3.4 Evidence for oxygen vacancy conducting
filament

As mentioned earlier, bipolar RS in MOs is regarded as the
creation and electromigration of oxygen vacancies, which changes the
carrier density and valence states of cations in the dielectric matrix

200

Temperature (K)

300 400

Figure 12.6. The resistance
change of HRS and LRS as a
function temperature.
Temperature dependence of the
filament resistance R(T) of a
Pt/Cu0/Pt - RS device with a
channel length of 1.8 um and a
width of 95 um was measured
at each stage of resistance
switching. The main panel
shows R(T) in the LRS,
indicating that conduction is
dominated by a good metal,
probably Cu. The inset shows
R(T) in the as-prepared state
and in the HRS. The activation
energy of ~0.19 eV was
established from the
temperature dependence
(Fujiwara et al., 2008).
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Figure 12.7. lllustration of the
RS mechanism in bipolar

devices. In each case voltage is

applied at the electrodes, and
the corres-

ponding oxygen vacancy
config-

uration is shown. (A) During the
forming process, (B) during the

SET process, (C) in the RESET
state, and (D) in the SET state.

(Kwon et al., 2010). Selective
area electron diffraction (SAED)
patterns and fast Fourier
transform (FFT) micrographs of
the HRTEM images of TiO, planar
structure reveal the change in
crystallographic structure and
oxidation state after the forming
step. Fig. 12.8 shows the HRTEM
images of such nanofilaments.
During the forming step,
nanofilament formation starts
at the cathode; many filaments
will grow from the cathode to
anode. In fact, once one of the
nanofilament connects between
the cathode and anode (Fig. 12.8A
and C), a large current flows
through the device. When this
Bottom Electrode current reaches the compliance
(g limit, the potential drop across
- the electrodes reduces and
prevents the growth of other nanofilaments. Such filaments are called
partial filaments (Fig. 12.8B and D). These results support the filament
growth model for the TiO,-based devices (Kim et al., 2007; Kim and
Hwang, 2009; Subin et al., 2021). TEM analysis reveals that the formed
filament’s diameter ranges from 5 to 10 nm (Figs. 12.8C and D).

Iron oxide (which exhibits several crystal phases such as Fe;Oy,
y-Fe,03, and «-Fe, 05 in its different oxidation states)-based devices
show bipolar RS (Muraoka et al., 2007). When an Fe;0,-based device
is electroformed to a conducting state, a change in the crystal phase
of Fe304 to y-Fe, 03 is observed. Fig. 12.9 shows the schematic repre-
sentation of the device and testing configuration specially designed for
Raman studies. The Raman spectrum of Fe3;O4 was investigated before
and after the forming step. A prominent peak is observed at 668 cm™
before forming, which corresponds to the A;; mode of Fe30, (mag-
netite). After forming, an additional peak at 718 cm™ corresponding
to y-Fe,03 is observed, thus confirming the oxidation state change
during nanofilament formation.

(B) ?+

Top Electrode

vacancy

RESET

124 Chalcogenides-based RRAM

Chalcogenides-based memory relies on the mechanism of phase-
change memory (PCM). PCMs are capable of switching their structural
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phase under the applicat- (A)f
ion of voltage pulses
(Ciocchini et al., 2016).
Most chalcogenide mater-
ials exist in at least two
distinct solid phases: one
amorphous and one (or
more) crystalline phase
(Raoux et al., 2010). The
amorphous and crystalline
phases of chalcogenide
exhibit different optical and
electrical properties. This
difference in the electrical
and optical properties for
distinct phases can be used
as memory if the phases
can be switched back and
forth a number of times.
These different phases have
different resistivity and
band structures so that the
phase can be differentiated
by measuring the electrical
current. This effect is utilized for the realization of high-density non-
volatile PCM. Many chalcogenides such as Ge,Sb,Tes (GST) (Maimon
et al., 2004; Pradel et al., 2011), CdS (Ju et al., 2012), GeTe (Yu et al.,
2008), and MoS, (Bertolazzi et al., 2013) are good candidates for PCM,
conducting bridge resistive random access memory (CBRAM), and
RRAM.

In PCM the amorphous phase exhibits structural relaxation (SR)
due to thermally accelerated atomic rearrangement in the disor-
dered networks (Boniardi & Ielmini, 2011), which can be com-
monly observed in amorphous semiconductors (Koughia et al., 2005;
Roorda et al., 1991) and metallic glasses (Miracle et al., 2007). The
mechanism behind GST-based RRAM seems to be a high local en-
hancement of ionic diffusivity due to Joule heating and ion migration
and the subsequent formation/collapse of a depleted layer at the bot-
tom electrode due to the large electric field (Ciocchini et al., 2016). In
the case of GST a positive sweep causes crystallization and a conse-
quent decrease of resistance (1 GS2 to 30 M2), called the SET process.
On the other hand, a negative sweep causes an increase in resistance
(30 MQ to 1 GS), called the RESET process. One of the main limitations
of PCM is the SR of the amorphous phase and crystallization even at
low temperatures (Ciocchini et al., 2016).

CATHODE

CATHODE

;

Figure 12.8. Magnéli structures
after the forming step. (A) and
(B): High-resolution TEM image
of a Ti;07 nanofilament. (C) and
(D): a fast Fourier transform
micrograph of the
high-resolution image of Ti;0;
(Kwon et al., 2010).
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125 Carbon-based RRAM

Laser Beam The RS property can be seen in a wide vari-

ety of materials, including carbon compounds,
which could be utilized for RRAM applica-

Fe;0,

tions. Carbon-based materials have attracted
both industrial and academic interests for fu-
ture RRAM applications because of their sim-
ple chemical composition, high stability, low

cost, and compatibility with complementary

| Electrical Pulse

Figure 12.9. Schematic
cross-section of the lateral
device with two bottom
electrodes to investigate the
oxidation state change during
switching using Raman
spectroscopy.

Figure 12.10. Hypothetical
diagram of the current paths:
(A) ON process; (B, C, D) OFF
process.

metal-oxide-semiconductor (CMOS) processes
(Kent & Worledge, 2015). Graphene, GO (He
et al., 2009), thin films of graphitic sheets, amor-
phous carbon, and hydrogenated amorphous
carbon show excellent RS properties. Reliable and reproducible
switching phenomena were observed in the metal/a-C : H/Pt struc-
tures (Zhuge et al., 2010). The RS mechanism investigated in the
metal/GO/Pt device reveals the diffusion of metal atoms through the
GO matrix (Zhuge et al., 2011). In an Al/GO/ITO device a combined
mechanism of diffusion and oxygen migration is proposed (Honget al.,
2011). The oxygen depth profile in the GO layer obtained by X-ray
photoelectron spectroscopy (XPS) analysis shows a remarkable change
in the oxygen functional group density for the two distinct resistance
states (HRS and LRS). In the case of HRS the C-OH bonding peak
decreases with depth, whereas in the case of LRS the C=0 bonding
peak increases with depth. The oxygen functional group density distri-
bution in GO-based RRAM shows a remarkable difference for the two
resistance states. This clearly indicates the oxygen migration through
the GO layer during the formation process. More clearly, the oxygen
migration and diffusion of the metal electrode
are the main mechanisms behind the switching
phenomena in GO-RRAM.

12.6 Perovskite-hased RRAM

Organic and inorganic perovskite materials
have recently attracted significant interest
for applications in RS memory. Perovskite
materials like BaTiO; (Chu et al., 2014; Pan
et al,, 2012), SrZrO; (Lin et al., 2008; Panda
& Tseng, 2014), SrTiO; (Muenstermann et al.,
2010; Song et al., 2012), CsPbBr; (Liu et al.,
2017), Pr;4xCayMnO; (PCMO) (Chen et al.,
2010; Kumbhare et al., 2017), CH3NH3PbBr3

)
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perovskite quantum dots (QDs) (Vijila et al., 2019; Yang et al., 2017),
CsPbBr3 QDs (Wang et al., 2018), and CH3NH;PbI3_,Cly (Yoo et al.,
2015) are good candidates for RRAM application. The RS properties
of perovskite materials strongly depend on the crystal structures and
oxygen concentration of the films (Lin et al., 2008; Panda & Tseng,
2014). The commonly observed RS type in perovskite-based RRAM is
bipolar RS. The RS mechanism behind the perovskite-based RRAM
includes ohmic conduction (Lin et al., 2006; Yan & Liu, 2015), hopping
conduction (Cheng et al., 2018), Schottky emission (Cai et al., 2018), PF
conduction (Chen & Wu, 2010), trap-controlled space-charge-limited
conduction (SCLC), and charge carrier trapping or detrapping (Liu
etal., 2016; Yang et al., 2017). In the case of the BaTiO3 perovskite RS de-
vice, the RS mechanism originates from the formation and the rupture
of conductive filaments by electrical migration and thermal diffusion
of oxygen vacancies, respectively (Yan et al., 2011). Fig. 12.10 shows the
proposed conduction mechanism of vanadium-doped SrZrO3 (V:SZO)
perovskite RS memory. In the forming process, a conducting path is
formed through possible point defects such as oxygen vacancy, ionic
and electronic defects associated with zirconium replaced by vana-
dium (Lin et al., 2006). Due to this conduction path, the overall resis-
tance of the device gets reduced (ON state). Fig. 12.10A shows the hy-
pothetical diagram of conduction path formation in the ON state. The
mechanism behind the RESET process (OFF state) is regarded as the
rupturing of the conduction paths. When a positive voltage is applied at
the top electrode, electrons would be trapped randomly in the defects
of V:SZO. A part of the current paths is ruptured due to the trapping of
electrons at the conducting path, as shown in Fig. 12.10B. This process
does not bring the device to a stable HRS (OFF state) because current
could flow through other unruptured or newly formed conducting
paths, as shown in Fig. 12.10C. But, when more current passes through
the transition region (say, 13 V), electrons get trapped in the defects
of the V:SZO film to some degree; therefore the path is considered to
be ruptured, as shown in Fig. 12.10D (Lin et al., 2006). Such a RESET
process (OFF state) consumes more power than the SET process (ON
state).

12.7 Multilayer RRAM

The RS property has also been reported in many bilayer struc-
tures (Chen et al., 2014; Varandani et al., 2010). Fig. 12.11 shows the
schematic representation of a bilayer device. Although most of the
reported literature on RRAM devices is centered on single-layered
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RS devices, improved memory characteristics
are observed in many bilayered devices such

Electrode

Layer1l

as Pt/Al,03/TiO,/Ru (Kim et al., 2006), Cu-
doped Mo00O,/GdOy (Yoon et al., 2009), CuO-
CulnO, (Varandani et al., 2010), ZrO/HfO, (Lee
etal., 2010), TaO, /WOy (Prakash et al., 2012), and
== V  WO,/NbOy (Sadaf et al., 2012). The self-formed
WO,/NbOy bilayer structure exhibits signifi-

Electrode

. cantly improved memory performance and can
address the sneak path issue in the crossbar

array (high-density memory) (Liu et al., 2011).
This WO,/NbO, device exhibits low SET and

Figure 12.11. Schematic of the
multilayer RRAM.

RESET voltages, excellent switching uniformity,
high HRS-to-LRS ratio, high-speed switching, and excellent retention
even at 85°C (Sadaf et al., 2012). Hu et al. showed stable bipolar RS
characteristics with a high resistance ratio (~10°) in Ag/MnO/CeQ, /Pt
bilayer devices (Hu et al., 2018). Dou et al. demonstrated remarkable
improvement in performance by introducing a thin Si buffer layer into
a Ce0,-based RS device (Dou et al., 2012). Banerjee et al. designed a
high-k Al,03/WOy bilayer dielectric that has a significant resistance
ratio of >10%, good read endurance of 10° times at a read voltage of
—0.5V, and data retention of 10 years at 85°C (Banerjee et al., 2011).

128 High-density memory (crosshar memory)

Typically an RS memory device has a simple structure compared to
flash memory (floating gate transistor). Therefore the fabrication pro-
cess is much simple and more cost-effective with current semiconduc-
tor fabrication technologies. Future memory devices need to accom-
modate novel, highly scalable nanoelectronic structures to validate
Moore’s law. Many models have been proposed for nanoelectronics-
based circuit design and fabrication. Because of their simple struc-
ture, high-density three-dimensional (3D) RRAM electronics are the
most promising of all nanotechnologies (Ziegler and Stan, 2003). High-
density crossbar memory was suggested for RRAM about a decade
ago, and it is also used for custom configurable logic circuits (Strukov
& Likharev, 2007). Fig. 12.12 shows a typical crossbar memory struc-
ture. Crossbar-based RS memory is among the most promising of all
nanotechnologies, which enables an alternative to the von Neumann
architecture (Ziegler and Stan, 2003). Compared to conventional solid-
state devices, RRAM-based crossbar has many advantages. The 3D
RRAM crossbar is very cost-effective, with about 20 times lower power

)
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per bit. One of the main disadvantages of the crossbar structure is the
sneak path (leakage current) issue (Kiigeler et al., 2011). The sneak path
current arises when we read a particular RS device in the crossbar,
especially when it is in HRS. The read voltage (comparatively small
voltage) applied to the device causes a small current through that
device, but a significant current flows through the neighboring de-
vices too, which also contributes to the read current. This issue mainly
arises when all the surrounding RS devices are in LRS. Current flowing
through neighboring RS devices other than the addressed one is called
sneak current. This sneak current might lead to a wrong interpretation
of the data. Linn et al. proposed an innovative method to address this
sneak path issue by introducing a new RS device called complemen-
tary resistive switch (CRS). It is constructed by connecting two bipolar
RS devices antiserially onto a single device (Fig. 12.13A) (Linn et al.,
2010).

The RS devices integrated (A) (B)
into crossbar arrays reduce = 7 -

Figure 12.12. Schematic
representation of the crosshar
structure.

Figure 12.13. (A) Schematic of
CRS (a combination of RS
devices A and B). (B) I-V
characteristic of a CRS
(superimposed -V
characteristics of A and B).
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with selector binary bits. An essential factor in the fabrication of the
device is its uniformity. All the devices must have the same physical
properties such as thickness, morphology, and crystallinity so that
they probably have the same SET, RESET voltage, durability, and sta-
bility. Considering all these factors, conventional CMOS technology
and photo/e-beam lithography are the most prominent methods for
crossbar RS device fabrication. Nauenheim et al. fabricated a 64 x 64
bit nanocrossbar array with a feature size of 100 nm via electron beam
lithography in combination with a lift-off process (Nauenheim et al.,
2008).

CRS is composed of two RS devices, A and B, which are connected
antiserially (Fig. 12.13A), resulting in superimposed I-V characteristics,
as shown in Fig. 12.13B. Initially, both devices A and B are in HRS
(“OFF” state); to change the state of CRS, a voltage has to be applied. An
applied voltage of V < 2V3 or V > 2V, is required for CRS to change the
state from “OFF” to “1” or “0’, respectively. Suppose devices A and B are
in LRS and HRS, respectively (CRS state 1); then it acts like a potential
divider and almost all voltage is dropped across device B for V < Vj.
When the voltage reaches Vi, device B switches to LRS and device A
continues to be in LRS (Fig. 12.13B) since the voltage drop across device
B is far below the RESET voltage of device B. When both devices A and
B are in LRS, the CRS state is defined as the ON state, which occurs only
during read operation. If the voltage is further increased to V,, device
A switches to HRS, since this voltage is equivalent to the RESET voltage
of device A and device B remains in the LRS. This state is defined as
“0” i.e., device A in HRS and device B in LRS. Moving to the opposite
polarity from 0 to V3 volts, CRS remains in the state “0” At voltage Vs,
device A changes its state to LRS. Now both the devices are in LRS
(ON state) for the range V3 < V < V. If the voltage exceeds V4, device
B changes its state to HRS and device A is in LRS, and the resulting
state of CRS is termed “1” All the possible states of CRS are shown in
Table 12.1.

129 In-memory digital computing

Conventional computers are based on the von Neumann archi-
tecture, in which data is processed in the processor and stored in
the memory (Ielmini & Wong, 2018), where the processor and stor-
age space are physically separated. In this architecture data stored
in the memory unit must be transferred to the processing unit, and
processed data has to be transferred back to the memory unit to store.
This entire process takes up much time and energy; hence the speed
of computing might be reduced. To address this issue, a new computer
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Table 12.1 Possible states of a complementary resistive switch (CRS).

CRS state RS device A RS device B Resistance CRS

0 HRS LRS HRS

1 LRS HRS HRS

ON LRS LRS LRS + LRS; only during read operation
OFF HRS HRS >>HRS; only in initial state

State “ON" occurs only during the read operation. State “OFF" is the initial state

of the device. The states “0” and “1”

are the memory states for which the overall resistance of the CRS is the same: Rcrs = Rigs + Rirs (With Rigs < < Rigs).

No Permission Required

architecture called in-memory computing (IMC) has been proposed.
IMC is a method that utilizes an architecture that is capable of comput-
ing within the memory, thus reducing time and energy consumption
(TIelmini & Wong, 2018). RRAM is a novel nonvolatile memory that is
able to compute within the memory. Fig. 12.14 shows the realization of
an RRAM-based NAND logic gate. X; and X,, indicated by red memory
cells in Fig. 12.14, represent the resistance state of two RS devices. Vg
and Y represent the input read voltage and output, respectively. Here
logic values “0” and “1” are represented by the LRS and HRS (say,
LRS ~1 k2 and HRS ~1 M), respectively; all processes are explained
assuming negligible sneak path current. When X; and X, both set to the
“0” state (LRS), a significant current flows through both devices. Then a
measurable output voltage appears across the load resistor (Ry). When
X; and X, both set to be in the “1” state (HRS), no significant current
flows through the devices. Thus output Y

becomes zero. When X; =0 and X, =1

Figure 12.14. The realization of
the NAND gate with the RRAM
device.

or vice versa, a significant current flows y
il

through the device set to “0” and con-
tributes to the output Y. Output Y can be

stored in another location in the same ar-
ray. Table 12.2 shows the truth table of the

NAND gate realized by RRAM.

Also, NOT operation can be easily re-
alized with the same configuration. Con-
sider only the case of X; (forget about X;),
and if X; is set to LRS (logic value 0), then
current flows through Ry; hence the out- |
put will be “1” If X; is set to HRS (logic
value 1), then no current flows through Ry ; R
hence the output will be “0” Therefore the
output is NOT operation of X;.

|[|
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Table 122 The truth table of an RRAM-based NAND gate.

State of RS  Logic Value  State of RS  Logic Value

element X, of X4 elementX, of X, Output Y
LRS 0 LRS 0 1
LRS 0 HRS 1 1
HRS 1 LRS 0 1
HRS 1 HRS 1 0

No Permission Required

Figure 12.15. Realization of the
XOR gate with the RRAM device.

Now, a small alteration in the circuit can lead to the formation of
an XOR gate with RRAM,; Fig. 12.15 shows the realization of the XOR
gate. Suppose the red memory cells are initially in LRS (X;, X, = 0);
then the same current flows through both the RS devices; therefore
the comparator output must be “0” The comparator gives an absolute
output voltage corresponding to the input current difference, i.e., the
output is high only for a large input difference and low otherwise. If
X; = 0 and X, = 1, a large difference in current occurs at the inputs
of the comparator, which leads to a high output (logic value “1”). If
X; =1and X, =0, the same thing happens again, since the comparator
gives only absolute output proportional to the input difference. If Xj,
X, = 1, then the difference in current must be negligible; hence the
comparator output becomes “0” Table 12.3 shows the truth table of the

AW AW A

A

~X, _'F y

Comparator
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Table 123 The truth table of an RRAM-based XOR gate.

State of RS  Logicvalue State of RS  Logic value

element X; of X; elementX, of X, Output Y
LRS 0 LRS 0 0
LRS 0 HRS 1 1
HRS 1 LRS 0 1
HRS 1 HRS 1 0

No Permission Required
XOR gate realized by RRAM.

1210 Neuromorphic computing with
RS memory

Neuromorphic computingis a novel computing method inspired by
human brain computation and thus is also called brain-inspired com-
puting. Neuromorphic computing architectures enable in-memory
analog computing technology; hence, memory and processor are not
physically separated. This type of computation technology can address
the drawbacks of the von Neumann architecture. Limitations, such as
latency and power consumption, are usually described as the von Neu-
mann bottleneck (Ielmini, 2018). RS memory, PCM, and Mott memris-
tor can be used as an artificial synapse since the conductance can be
tuned by applying a series of input pulses (Pickett et al., 2013; Tan et al.,
2018; Tomas et al., 2016). Conductance change during the application
of an electrical signal is analogous to the synaptic weight/connection
alteration in neuroscience (Subin et al., 2021). An increase in conduc-
tance by applying a specific voltage stimulus is defined as the poten-
tiation process, whereas a decrease in conductance is defined as de-
pression. The conductance change of the artificial synapse (RS device)
element depends upon the timing and amplitude of the input pulse.
In the human brain memory is a result of the persistent strengthening
of the connection between two neurons, and it is classified as short-
and long-term plasticity, also called short-term memory (STM) and
long-term memory (LTM), respectively, in the psychological model.
Accordingto Atkinson and Shiffrin, the transition from STM to LTM oc-
curs due to a process called repeated rehearsal (Atkinson and Shiffrin,
1968). A similar process can be observed in an RS-based artificial
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Figure 12.16. (A) Schematic
illustration of a single-layer
neural network. The input layer
and output layer represent pre-
and postsynaptic neurons,
respectively, in which the depth
of connection between the two
neurons is denoted by a
synaptic weight (W). (B)
Crosshar array analogs to a
neural network; here the
conductance of the RS devices
is equivalent to the synaptic
weight.

(A) (B)

Synaptic weight "

1
Wj{_‘[ /./? . v ’rrgll "rrrG’lz "rrgis ’Hg‘ln

- f/ z
;FEN f"rr(;zz rrrgu /frgzn

Vs ”

é ,rrlésj rrr%n "rrggg Gir

v,
"rrgml "rrgmz "rrrG/m';t ;Hémn

Input layer Output layer L I, Ia RS 'n

synapse, in which the conductance of the device increases persistently
as input pulse is applied repeatedly. Necessarily, an artificial synapse
must exhibit this property in addition to potentiation and depression.
Retention time is also tunable in some RS devices so that the sensory
register (SR), STM, and LTM can be easily obtained. In order to im-
plement artificial synapse for constructing artificial neural networks,
it must exhibit synaptic plasticity with respect to spike timing (spike-
timing-dependent plasticity [STDP]), spike rate (spike-rate-dependent
plasticity [SRDP]), and transition from STM to LTM.

A simple single-layer neural network is shown in Fig. 12.16A, in
which the input layer and output layer are connected through a synap-
tic weight. Here each synaptic weight (W) represents the conductance
of individual RS devices having a specific conductance value. The in-
puts Vy, V,, V3,.. V), are the input voltages, and I, I, I5,...1,, are the out-
put currents (Fig. 12.16B). Here each output current strongly depends
on the synaptic weights of the corresponding device. As mentioned ear-
lier, the inputlayer and output layer are connected to the multiplexer to
address each device in the crossbar. According to Kirchhoff’s law, the
output current can be represented by the equation (ignored sneak path
issue),

m
=Y GV (12.1)
j

where G;; is the conductance of the ij™ RS device.
Additionally, Eq. 12.1 can be represented in matrix form (Eq. 12.2).
Thus by measuring the currents through each output line, we can solve
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the vector-matrix multiplication:

Il Gll G21 G31 ... Gml Vl
12 G12 G22 G32 CEEEE Gml V2

_ . . . P . % . (12.2)
In Gln G2n GSn . e . Gmn Vm

Real-world physics problems are solvable via vector-matrix multi-
plication; thus they are solvable by artificial neural networks as well.
The desired conductance matrix can be obtained by altering the con-
ductance by applying pulses with a large voltage compared to the read
voltage. The potentiation (increase in conductance) and depression
(decrease in conductance) processes of the artificial synapse are usu-
ally achieved by applying positive and negative voltage pulses, respec-
tively. Read voltage applied at each input line produces an output
current through each RS device. The output current is the product of
conductance and applied read voltage. The applied read voltage has
some margin since the synaptic weight might be altered under the
application of excess voltage.

Summary

RS devices are novel candidates for the realization of next-
generation memory devices that are suitable for many applications.
They are applicable in the fabrication of nonvolatile RRAM, artificial
synapses, and advanced digital IMC. These applications are essential
for artificial intelligence, deep learning, and energy-efficient comput-
ing. The RRAM device supports a 3D crossbar array structure capable
of high-density memory fabrication since it has only two terminals.
Fabrication processes are also simple because the active materials
are simple TMOs. RRAM exhibits good endurance and retention as
compared to conventional nonvolatile memories. As mentioned er-
lier, the RS devices are also suitable for artificial synapses, the basic
building block of neuromorphic computing. This RS-based artificial
synapse can emulate almost all characteristics of biological synapses,
such as short-term plasticity, long-term potentiation, spike-timing-
dependent plasticity (STDP), and paired-pulse facilitation (PPF). STM
to LTM transition can also be realized in RS-based artificial synapse,
which is essential for learning and memory. In digital computing IMC
is feasible using RS devices by constructing essential logic gates. Logic
gates are the fundamental units of a digital computer; many logic gates
are practicable with RS, especially the universal NAND gate. In light
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of these facts, RS-based devices are good candidates to fabricate high-
density nonvolatile memory and artificial synapse for energy-efficient
IMC and neuromorphic computing applications.

References

Atkinson, R.C., Shiffrin, R.M., 1968. Human Memory: A Proposed System and its
Control Processes. Psychology of Learning and Motivation 2, 89-195.
https://doi.org/10.1016/S0079-7421(08)60422-3.

Banerjee, W., Rahaman, S.Z., Prakash, A., Maikap, S., 2011. High-k Al,03/WOx bilayer
dielectrics for low-power resistive switching memory applications. Japan. J. Appl.
Phys. 50 (10). https://doi.org/10.1143/]JJAP.50.10PHO1.

Bertolazzi, S., Krasnozhon, D., Kis, A., 2013. Nonvolatile memory cells based on
MoS;/graphene heterostructures. ACS Nano 7 (4), 3246-3252.
https://doi.org/10.1021/nn3059136.

Bogoslovskiy, N.A., Tsendin, K.D., 2012. Physics of switching and memory effects in
chalcogenide glassy semiconductors. Semiconductors 46 (5), 559-590.
https://doi.org/10.1134/S1063782612050065.

Boniardi, M., Ielmini, D., 2011. Physical origin of the resistance drift exponent in
amorphous phase change materials. Appl. Phys. Lett. 98 (24).
https://doi.org/10.1063/1.3599559.

Cabout, T., Vianello, E., Jalaguier, E., Grampeix, H., Molas, G., Blaise, P,, Cueto, O.,
Guillermet, M., Nodin, J.E,, Pemiola, L., Blonkowski, S., Jeannot, S., Denorme, S.,
Candelier, P, Bocquet, M., Muller, C., 2014. Effect of set temperature on data
retention performances of HfO,-based RRAM cells. 2014 IEEE 6th International
Memory Workshop, IMW 2014. IEEE Computer Society.
https://doi.org/10.1109/IMW.2014.6849355.

Cai, H., Ma, G., He, Y, Liu, C., Wang, H., 2018. A remarkable performance of
CH;3NH3PbI; perovskite memory based on passivated method. Org. Electron. 58,
301-305. https://doi.org/10.1016/j.orgel.2018.04.025.

Chen, S.W., Wuy, ].M., 2010. Unipolar resistive switching behavior of BiFeOj3 thin films
prepared by chemical solution deposition. Thin. Solid. Films 519 (1), 499-504.
https://doi.org/10.1016/].tsf.2010.08.004.

Chen, Y.-T., Chang, T.-C., Huang, J.-J., Tseng, H.-C., Yang, P.-C., Chu, A.-K,, Yang, J.-B.,
Huang, H.-C., Gan, D.-S., Tsai, M.-]., Sze, S.M., 2013. Influence of molybdenum
doping on the switching characteristic in silicon oxide-based resistive switching
memory. Appl. Phys. Lett., 043508. https://doi.org/10.1063/1.4790277.

Chen, X., Hu, W., Wu, S., Bao, D., 2014. Stabilizing resistive switching performances of
TiN/MgZn0O/ZnO/Pt heterostructure memory devices by programming the proper
compliance current. Appl. Phys. Lett. 104 (4). https://doi.org/10.1063/1.4863744.

Chen, Y., Tian, W., Li, H., Wang, X., Zhu, W., 2010. PCMO device with high switching
stability. IEEE Electron Device Lett. 31 (8), 866-868. https://doi.org/10.1109/
LED.2010.2050457.

Cheng, C.H., Chin, A, Yeh, ES., 2010. Novel ultra-low power RRAM with good
endurance and retention. In: Digest of Technical Papers—Symposium On VLSI
Technology. IEEE, pp. 85-86. https://doi.org/10.1109/VLSIT.2010.5556180.

Cheng, X.E, Hou, X., Zhou, J., Gao, B.J., He, ].H,, Li, H., Xu, Q.F, Li, N.J., Chen, DY.,
Luy, J.M., 2018. Pseudohalide-induced 2D (CH3NHj3),PbI;(SCN), perovskite for
ternary resistive memory with high performance. Small 14 (12).
https://doi.org/10.1002/smll.201703667.


https://doi.org/10.1016/S0079-7421(08)60422-3
https://doi.org/10.1143/JJAP.50.10PH01
https://doi.org/10.1021/nn3059136
https://doi.org/10.1134/S1063782612050065
https://doi.org/10.1063/1.3599559
https://doi.org/10.1109/IMW.2014.6849355
https://doi.org/10.1016/j.orgel.2018.04.025
https://doi.org/10.1016/j.tsf.2010.08.004
https://doi.org/10.1063/1.4790277
https://doi.org/10.1063/1.4863744
https://doi.org/10.1109/LED.2010.2050457
https://doi.org/10.1109/VLSIT.2010.5556180
https://doi.org/10.1002/smll.201703667

Chapter 12 Resistive switching in metal oxides for various applications

293

Choi, J.S., Kim, J.-S., Hwang, L.R., Hong, S.H., Jeon, S.H., Kang, S.-O., Park, B.H.,

Kim, D.C., Lee, M.J,, Seo, S.S., 2009. Different resistance switching behaviors of NiO
thin films deposited on Pt and SrRuOjs electrodes. Appl. Phys. Lett., 022109.
https://doi.org/10.1063/1.3173813.

Chu, D,, Lin, X,, Younis, A., Li, C.M., Dang, F, Li, S., 2014. Growth and self-assembly of
BaTiO3 nanocubes for resistive switching memory cells. J. Solid State Chem. 214,
38-41. https://doi.org/10.1016/j.jssc.2013.10.049.

Ciocchini, N., Laudato, M., Boniardi, M., Varesi, E., Fantini, P., Lacaita, A.L., Ielmini, D.,
2016. Bipolar switching in chalcogenide phase change memory. Sci. Rep. 6.
https://doi.org/10.1038/srep29162.

Dou, C., Kakushima, K., Ahmet, P,, Tsutsui, K., Nishiyama, A., Sugii, N., Natori, K.,
Hattori, T., Iwai, H., 2012. Resistive switching behavior of a CeO, based ReRAM cell
incorporated with Si buffer layer. Microelectron. Reliab. 52 (4), 688-691.
https://doi.org/10.1016/j.microrel.2011.10.019.

Fujiwara, K., Nemoto, T., Rozenberg, M.J., Nakamura, Y., Takagi, H., 2008. Resistance
switching and formation of a conductive bridge in metal/binary oxide/metal
structure for memory devices. Japanese Journal of Applied Physics, Part 1: Regular
Papers and Short Notes and Review Papers, 47 (8), 6266-6271.
https://doi.org/10.1143/JJAP.47.6266.

He, C.L., Zhuge, E, Zhou, X.E, Li, M., Zhou, G.C,, Liu, YW., Wang, ].Z., Chen, B., Su, W.],,
Liu, Z.P, Wy, Y.H., Cui, P,, Li, R.W.,, 2009. Nonvolatile resistive switching in graphene
oxide thin films. Appl. Phys. Lett. 95 (23). https://doi.org/10.1063/1.3271177.

Hickmott, T.W., 1962. Low-frequency negative resistance in thin anodic oxide films. J.
Appl. Phys. 33 (9), 2669-2682. https://doi.org/10.1063/1.1702530.

Hong, S.K., Kim, J.E., Kim, S.0., Cho, B.J., 2011. Analysis on switching mechanism of
graphene oxide resistive memory device. J. Appl. Phys. 110 (4).
https://doi.org/10.1063/1.3624947.

Hu, Q., Kang, T.S., Abbas, H., Lee, T.S., Lee, N.J., Park, M.R., Yoon, T.S., Kang, C.J., 2018.
Resistive switching characteristics of Ag/MnO/CeO;/Pt heterostructures memory
devices. Microelectron. Eng. 189, 28-32. https://doi.org/10.1016/j.mee.2017.12.014.

Ielmini, D., 2018. Brain-inspired computing with resistive switching memory (RRAM):
devices, synapses and neural networks. Microelectron. Eng. 190, 44-53.
https://doi.org/10.1016/j.mee.2018.01.009.

Ielmini, D., Wong, H.S.P,, 2018. In-memory computing with resistive switching devices.
Nat. Electron. 1 (6), 333-343. https://doi.org/10.1038/s41928-018-0092-2.

Jeong, D.S., Cheong, B.K., Kohlstedt, H., 2011. Pt/Ti/Al,O3/Al tunnel junctions
exhibiting electroforming-free bipolar resistive switching behavior. Solid State
Electron. 63 (1), 1-4. https://doi.org/10.1016/j.sse.2011.05.028.

Jin-Yong, L., Yoon-Jae, B., Quanli, H., Young, J.C., Chi, ].K., Ho, L.H., Hyun-Mi, K.,
Ki-Bum, K., Tae-Sik, Y., 2013. Multimode threshold and bipolar resistive switching
in bi-layered Pt-Fe, O3 core-shell and Fe, O3 nanoparticle assembly. Appl. Phys.
Lett., 122111. https://doi.org/10.1063/1.4798534.

Ju, Y.C, Kim, S., Seong, T.G., Nahm, S., Chung, H., Hong, K., Kim, W., 2012. Resistance
random access memory based on a thin film of CdS nanocrystals prepared via
colloidal synthesis. Small 8 (18), 2849-2855. https://doi.org/10.1002/smll.
201200488.

Kent, A.D., Worledge, D.C., 2015. A new spin on magnetic memories. Nat. Nanotechnol.
10 (3), 187-191. https://doi.org/10.1038/nnano.2015.24.

Kim, K.M., Choi, B.J., Koo, B.W., Choj, S., Jeong, D.S., Hwang, C.S., 2006. Resistive
switching in Pt/Al,O3/TiO2/Ru stacked structures. Electrochem. Solid State Lett. 9
(12), 343-346. https://doi.org/10.1149/1.2353899.

Kim, K.M., Choi, B.J., Shin, Y.C., Choi, S., Hwang, C.S., 2007. Anode-interface localized
filamentary mechanism in resistive switching of TiO thin films. Appl. Phys. Lett. 91
(1). https://doi.org/10.1063/1.2749846.


https://doi.org/10.1063/1.3173813
https://doi.org/10.1016/j.jssc.2013.10.049
https://doi.org/10.1038/srep29162
https://doi.org/10.1016/j.microrel.2011.10.019
https://doi.org/10.1143/JJAP.47.6266
https://doi.org/10.1063/1.3271177
https://doi.org/10.1063/1.1702530
https://doi.org/10.1063/1.3624947
https://doi.org/10.1016/j.mee.2017.12.014
https://doi.org/10.1016/j.mee.2018.01.009
https://doi.org/10.1038/s41928-018-0092-2
https://doi.org/10.1016/j.sse.2011.05.028
https://doi.org/10.1063/1.4798534
https://doi.org/10.1002/smll.201200488
https://doi.org/10.1038/nnano.2015.24
https://doi.org/10.1149/1.2353899
https://doi.org/10.1063/1.2749846

294 cChapter 12 Resistive switching in metal oxides for various applications

Kim, K.M., Hwang, C.S., 2009. The conical shape filament growth model in unipolar
resistance switching of TiO, thin film. Appl. Phys. Lett. 94 (12).
https://doi.org/10.1063/1.3108088.

Kim, C.H., Jang, ]Y., Hwang, H.J., Sun, Z.H., Moon, H.B., Cho, J.H., 2009. Observation of
bistable resistance memory switching in CuO thin films. Appl. Phys. Lett., 102107.
https://doi.org/10.1063/1.3098071.

Koughia, K., Shakoor, Z., Kasap, S.0., Marshall, J.M., 2005. Density of localized
electronic states in a-Se from electron time-of-flight photocurrent measurements. J.
Appl. Phys. 97 (3). https://doi.org/10.1063/1.1835560.

Kiigeler, C., Rosezin, R., Linn, E., Bruchhaus, R., Waser, R., 2011. Materials, technologies,
and circuit concepts for nanocrossbar-based bipolar RRAM. Applied Physics A:
Materials Science and Processing 102 (4), 791-809.
https://doi.org/10.1007/s00339-011-6287-2.

Kumbhare, P.,, Chakraborty, I., Khanna, A., Ganguly, U., 2017. Memory performance of a
simple Pr(;Cap3MnOs-based selectorless RRAM. IEEE Trans. Electron Devices 64
(9), 3967-3970. https://doi.org/10.1109/TED.2017.2725900.

Kwon, D.H., Kim, K.M., Jang, ].H., Jeon, ].M., Lee, M.H., Kim, G.H,, Li, X.S., Park, G.S.,
Lee, B., Han, S., Kim, M., Hwang, C.S., 2010. Atomic structure of conducting
nanofilaments in TiO, resistive switching memory. Nat. Nanotechnol. 5 (2),
148-153. https://doi.org/10.1038/nnano.2009.456.

Lee, HY., Chen, P.S,, Wu, TY.,, Chen, Y.S., Wang, C.C., Tzeng, PJ,, Lin, C.H., Chen, E,
Lien, C.H., Tsai, M.J., 2008. Low power and high speed bipolar switching with a thin
reactive Ti buffer layer in robust HfO, based RRAM. In: Technical
Digest—International Electron Devices Meeting. IEDM. https://doi.org/10.1109/
IEDM.2008.4796677.

Lee, J.S., Lee, S., Noh, T.W., 2015. Resistive switching phenomena: a review of
statistical physics approaches. Appl. Phys. Rev. 2 (3). https://doi.org/10.1063/1.
4929512,

Lee, J., Bourim, E.M., Lee, W, Park, J., Jo, M., Jung, S., Shin, J., Hwang, H., 2010. Effect of
ZrOx/HfOx bilayer structure on switching uniformity and reliability in nonvolatile
memory applications. Appl. Phys. Lett. 97 (17), 172105.
https://doi.org/10.1063/1.3491803.

Lee, M.J., Park, Y., Ahn, S.E,, Kang, B.S,, Lee, C.B., Kim, K.H., Xianyu, W.X,, Yoo, LK.,
Lee, J.H., Chung, S.J., Kim, Y.H., Lee, C.S., Choi, K.N., Chung, K.S., 2008.
Comparative structural and electrical analysis of NiO and Ti doped NiO as
materials for resistance random access memory. J. Appl. Phys., 013706.
https://doi.org/10.1063/1.2829814.

Lin, C.C,, Lin, C.C,, Tu, B.C,, Yu, J.S,, Lin, C.H., Tseng, TY., 2007. Resistive switching
properties of SrZrO3-based memory films. Japanese Journal of Applied Physics,
Part 1: Regular Papers and Short Notes and Review Papers, 46 (4 B), 2153-2156.
https://doi.org/10.1143/JJAP.46.2153.

Lin, C.C,, Tu, B.C,, Lin, C.C,, Lin, C.H., Tseng, TY., 2006. Resistive switching
mechanisms of V-doped SrZrO3; memory films. IEEE Electron Device Lett. 27 (9),
725-727. https://doi.org/10.1109/LED.2006.880660.

Lin, CY,, Lin, M.H., Wu, M.C,, Lin, C.H., Tseng, TY., 2008. Improvement of resistive
switching characteristics in SrZrOs thin films with embedded cr layer. IEEE
Electron Device Lett. 29 (10), 1108-1111. https://doi.org/10.1109/LED.2008.2002879.

Linn, E., Rosezin, R., Kiigeler, C., Waser, R., 2010. Complementary resistive switches for
passive nanocrossbar memories. Nat. Mater. 9 (5), 403-406.
https://doi.org/10.1038/nmat2748.

Liu, H., Wy, Y., Hy, Y., 2017. Reproducible switching effect of an all-inorganic halide
perovskite CsPbBr3 for memory applications. Ceram. Int. 43 (9), 7020-7025.
https://doi.org/10.1016/j.ceramint.2017.02.128.


https://doi.org/10.1063/1.3108088
https://doi.org/10.1063/1.3098071
https://doi.org/10.1063/1.1835560
https://doi.org/10.1007/s00339-011-6287-2
https://doi.org/10.1109/TED.2017.2725900
https://doi.org/10.1038/nnano.2009.456
https://doi.org/10.1109/IEDM.2008.4796677
https://doi.org/10.1063/1.4929512
https://doi.org/10.1063/1.3491803
https://doi.org/10.1063/1.2829814
https://doi.org/10.1143/JJAP.46.2153
https://doi.org/10.1109/LED.2006.880660
https://doi.org/10.1109/LED.2008.2002879
https://doi.org/10.1038/nmat2748
https://doi.org/10.1016/j.ceramint.2017.02.128

Chapter 12 Resistive switching in metal oxides for various applications

295

Liu, X., Sadaf, S.M., Son, M., Shin, J., Park, J., Lee, J., Park, S., Hwang, H., 2011. Diode-less
bilayer oxide (WOx-NbOy) device for cross-point resistive memory applications.
Nanotechnology 22 (47). https://doi.org/10.1088/0957-4484/22/47/475702.

Liu, Y, Li, E, Chen, Z., Guo, T., Wy, C., Kim, T.W., 2016. Resistive switching memory
based on organic/inorganic hybrid perovskite materials. Vacuum 130, 109-112.
https://doi.org/10.1016/j.vacuum.2016.05.010.

Mihne, H., Berger, L., Martin, D., Klemm, V,, Slesazeck, S., Jakschik, S., Rafaja, D.,
Mikolajick, T., 2012. Filamentary resistive switching in amorphous and
polycrystalline Nb,Os thin films. Solid-State Electronics, 72, 73-77.
https://doi.org/10.1016/j.sse.2012.01.005.

Maimon, J., Hunt, K., Rodgers, J., Burcin, L., Knowles, K., 2004. Progress on a new
non-volatile memory for space based on chalcogenide glass. AIP Conference
Proceedings, 699, 639-649. https://doi.org/10.1063/1.1649626.

Mehonic, A., Cueff, S., Wojdak, M., Hudziak, S., Jambois, O., Labbé, C., Garrido, B.,
Rizk, R., Kenyon, A.]., 2012. Resistive switching in silicon suboxide films. Journal of
Applied Physics, 111 (7). https://doi.org/10.1063/1.3701581.

Meng-Han, L., Ming-Chi, W., Chen-Hsi, L., Tseung-Yuen, T., 2010. Resistive switching
characteristics and mechanisms of pt-embedded SrZrO; memory devices. J. Appl.
Phys., 124117. https://doi.org/10.1063/1.3437635.

Miracle, D.B., Egami, T., Flores, K.M., Kelton, K.E, 2007. Structural aspects of metallic
glasses. MRS Bull. 32 (8), 629-634. https://doi.org/10.1557/mrs2007.124.

Muenstermann, R., Menke, T., Dittmann, R., Waser, R., 2010. Coexistence of filamentary
and homogeneous resistive switching in Fe-doped SrTiO3 thin-film memristive
devices. Adv. Mater. 22 (43), 4819-4822. https://doi.org/10.1002/adma.201001872.

Muraoka, S., Osano, K., Kanzawa, Y., Mitani, S., Fujii, S., Katayama, K., Katoh, Y., Wei, Z.,
Mikawa, T., Arita, K., Kawashima, Y., Azuma, R., Kawai, K., Shimakawa, K.,
Odagawa, A., Takagi, T., 2007. Fast switching and long retention Fe-O ReRAM and
its switching mechanism. In: Technical Digest—International Electron Devices
Meeting, IEDM. IEEE, pp. 779-782.

Nardi, E, Cagli, C., Spiga, S., Ielmini, D., 2011. Reset instability in pulsed-operated
unipolar resistive-switching random access memory devices. IEEE Electron Device
Lett. 32 (6), 719-721. https://doi.org/10.1109/LED.2011.2131631.

Nauenheim, C., Kiigeler, C., Riidiger, A., Waser, R., Flocke, A., Noll, T.G., 2008.
Nano-crossbar arrays for nonvolatile resistive ram (RRAM) applications. In: 2008
8th IEEE Conference on Nanotechnology, IEEE-NANO, pp. 464-467.

Niu, G., Calka, P., Auf Der Maur, M., Santoni, F,, Guha, S., Fraschke, M., Hamoumou, P.,
Gautier, B., Perez, E., Walczyk, C., Wenger, C., Di Carlo, A., Alff, L., Schroeder, T.,
2016. Geometric conductive filament confinement by nanotips for resistive
switching of HfO2-RRAM devices with high performance. Sci. Rep. 6.
https://doi.org/10.1038/srep25757.

Pan, R.K,, Zhang, T.J., Wang, ]Y., Wang, ].Z., Wang, D.E, Duan, M.G., 2012. Mechanisms
of current conduction in Pt/BaTiO3/Pt resistive switching cell. Thin. Solid. Films
520 (11), 4016-4020. https://doi.org/10.1016/j.tsf.2012.01.013.

Panda, D., Tseng, TY., 2014. Perovskite oxides as resistive switching memories: a review.
Ferroelectrics 471 (1), 23-64. https://doi.org/10.1080/00150193.2014.922389.

Pickett, M.D., Medeiros-Ribeiro, G., Williams, R.S., 2013. A scalable neuristor built with
Mott memristors. Nat. Mater. 12 (2), 114-117. https://doi.org/10.1038/nmat3510.

Pradel, A., Frolet, N., Ramonda, M., Piarristeguy, A., Ribes, M., 2011. Bipolar resistance
switching in chalcogenide materials. Physica Status Solidi (A) Applications and
Materials Science 208 (10), 2303-2308. https://doi.org/10.1002/pssa.201000767.

Prakash, A., Maikap, S., Lai, C.S,, Tien, T.C., Chen, W.S,, Lee, HY., Chen, ET., Kao, M.,
Tsai, M.J., 2012. Bipolar resistive switching memory using bilayer TaOx/WOx films.
Solid State Electron. 77, 35-40. https://doi.org/10.1016/j.sse.2012.05.028.


https://doi.org/10.1088/0957-4484/22/47/475702
https://doi.org/10.1016/j.vacuum.2016.05.010
https://doi.org/10.1016/j.sse.2012.01.005
https://doi.org/10.1063/1.1649626
https://doi.org/10.1063/1.3701581
https://doi.org/10.1063/1.3437635
https://doi.org/10.1557/mrs2007.124
https://doi.org/10.1002/adma.201001872
https://doi.org/10.1109/LED.2011.2131631
https://doi.org/10.1038/srep25757
https://doi.org/10.1016/j.tsf.2012.01.013
https://doi.org/10.1080/00150193.2014.922389
https://doi.org/10.1038/nmat3510
https://doi.org/10.1002/pssa.201000767
https://doi.org/10.1016/j.sse.2012.05.028

296 Chapter 12 Resistive switching in metal oxides for various applications

Raoux, S., Wetnic, W., Lelmini, D., 2010. Phase change materials and their application to
nonvolatile memories. Chem. Rev. 110 (1), 240-267. https://doi.org/10.1021/
cr900040x.

Roorda, S., Sinke, W.C., Poate, ].M., Jacobson, D.C., Dierker, S., Dennis, B.S.,
Eaglesham, D.J., Spaepen, E, Fuoss, P., 1991. Structural relaxation and defect
annihilation in pure amorphous silicon. Phys. Rev. B 44 (8), 3702-3725.
https://doi.org/10.1103/PhysRevB.44.3702.

Sadaf, S.M,, Liu, X., Son, M., Park, S., Choudhury, S.H., Cha, E., Siddik, M., Shin, J.,
Hwang, H., 2012. Highly uniform and reliable resistance switching properties in
bilayer WOx/NbOx RRAM devices. Physica Status Solidi (A) Applications and
Materials Science 209 (6), 1179-1183. https://doi.org/10.1002/pssa.201127659.

Sawa, A., 2008. Resistive switching in transition metal oxides. Mater. Today 11 (6),
28-36. https://doi.org/lo.1016/81369—7021(08)70119—6.

Scott, J.C., Bozano, L.D., 2007. Nonvolatile memory elements based on organic
materials. Adv. Mater. 19 (11), 1452-1463. https://doi.org/10.1002/adma.200602564.

Seo, S., Lee, ML, Seo, D.H., Jeoung, E.J., Suh, D.S,, Joung, Y.S., Yoo, L.K., Hwang, LR.,
Kim, S.H., Byun, LS., Kim, J.S., Choi, J.S., Park, B.H., 2004. Reproducible resistance
switching in polycrystalline NiO films. Appl. Phys. Lett. 85 (23), 5655-5657.
https://doi.org/10.1063/1.1831560.

Shang, D.S., Shi, L., Sun, J.R., Shen, B.G., Zhuge, E, Li, R.W., Zhao, Y.G., 2010.
Improvement of reproducible resistance switching in polycrystalline tungsten
oxide films by in situ oxygen annealing. Appl. Phys. Lett., 072103.
https://doi.org/10.1063/1.3300637.

Shuai, Y., Zhou, S., Brger, D., Helm, M., Schmidt, H., 2011. Nonvolatile bipolar resistive
switching in Au/BiFeO3/Pt. J. Appl. Phys. 109 (12).
https://doi.org/10.1063/1.3601113.

Song, Min Yeong, Seo, Yujeong, Kim, Yeon Soo, Kim, Hee Dong, An, Ho-Myoung,
Park, Bae Ho, Sung, Yun Mo, Kim, Tae Geun, 2012. Realization of One-Diode-Type
Resistive-Switching Memory with Cr-SrTiO3 Film. Applied Physics Express 5 (9),
91202. doi:10.1143/APEX.5.091202.

Strachan, J.P, Pickett, M.D., Yang, J.J., Aloni, S., Kilcoyne, A.L.D., Medeiros-Ribeiro, G.,
Williams, R.S., 2010. Direct identification of the conducting channels in a
functioning memristive device. Adv. Mater. 22 (32), 3573-3577.
https://doi.org/10.1002/adma.201000186.

Strukov, D.B., Likharev, K.K., 2007. Defect-tolerant architectures for nanoelectronic
crossbar memories. J. Nanosci. Nanotechnol. 7 (1), 151-167.

Subin, P.S., Asha, A.S., Saji, K.J., Jayaraj, M.K., 2021. Spike-dependent plasticity
modulation in TiO,-based synaptic device. Journal of Materials Science: Materials
in Electronics 13051-13061. doi:10.1007/s10854-021-05710-2.

Subin, P.S,, Saji, K.J.,, Jayaraj, M.K., 2021. Plasticity and learning behavior emulated in a
ZnO based transparent artificial synapse. Thin Solid Films 737, 138924.
doi:10.1016/j.tsf.2021.138924.

Szot, K., Dittmann, R., Speier, W., Waser, R., 2007. Nanoscale resistive switching in
SrTiOj thin films. Physica Status Solidi—Rapid Research Letters 1 (2), R86-R88.
https://doi.org/10.1002/pssr.200701003.

Tan, T, Du, Y., Cao, A., Sun, Y,, Zha, G., Lei, H., Zheng, X., 2018. The resistive switching
characteristics of Ni-doped HfOy film and its application as a synapse. J. Alloys
Compd. 766, 918-924. https://doi.org/10.1016/j.jallcom.2018.07.044.

Tomas, T., Angeliki, P., Manuel, L.G., Abu, S., Evangelos, E., 2016. Stochastic
phase-change neurons. Nat. Nanotechnol. 693-699. https://doi.org/10.1038/
nnano.2016.70.

Varandani, D., Singh, B., Mehta, B.R., Singh, M., Singh, V.N., Gupta, D., 2010. Resistive
switching mechanism in delafossite-transition metal oxide (CulnO,-CuO) bilayer
structure. J. Appl. Phys. 107 (10). https://doi.org/10.1063/1.3369436.


https://doi.org/10.1021/cr900040x
https://doi.org/10.1103/PhysRevB.44.3702
https://doi.org/10.1002/pssa.201127659
https://doi.org/10.1016/S1369-7021(08)70119-6
https://doi.org/10.1002/adma.200602564
https://doi.org/10.1063/1.1831560
https://doi.org/10.1063/1.3300637
https://doi.org/10.1063/1.3601113
https://doi.org/10.1143/APEX.5.091202
https://doi.org/10.1002/adma.201000186
https://doi.org/10.1007/s10854-021-05710-2
https://doi.org/10.1016/j.tsf.2021.138924
https://doi.org/10.1002/pssr.200701003
https://doi.org/10.1016/j.jallcom.2018.07.044
https://doi.org/10.1038/nnano.2016.70
https://doi.org/10.1063/1.3369436

Chapter 12 Resistive switching in metal oxides for various applications

297

Vijila, CV.M., Subin, P.S., Shaji, M., Kumar, K.R., Jayaraj, M.K., 2019. Perovskite quantum
dot based resistive memory with very low operating power. AIP Conference
Proceedings, 2082. American Institute of Physics Inc. https://doi.org/10.1063/
1.5093879.

Wang, Y., Lv, Z., Liao, Q., Shan, H., Chen, J., Zhou, Y., Zhou, L., Chen, X., Roy, VA.L,,
Wang, Z., Xu, Z., Zeng, Y.J., Han, ST., 2018. Synergies of electrochemical
metallization and valance change in all-inorganic perovskite quantum
dots for resistive switching. Adv. Mater. 30 (28). https://doi.org/10.1002/adma.
201800327.

Wang, X.P,, Chen, YY., Pantisano, L., Goux, L., Jurczak, M., Groeseneken, G.,

Wouters, D.J., 2010a. Effect of anodic interface layers on the unipolar switching of
HfO,-based resistive ram. Proceedings of 2010 International Symposium On VLSI
Technology, System and Application, VLSI-TSA 2010. IEEE, pp. 140-141.

Wang, Z.Q., Li, X.H., Xu, HY., Wang, W., Yu, H., Zhang, X T, Liu, Y.X,, Liu, Y.C., 2010b.
Effects of compliance currents on the formation and rupture of conducting
filaments in unipolar resistive switching of CoO film. J. Phys. D Appl. Phys. 43 (38).
https://doi.org/10.1088/0022-3727/43/38/385105.

Ziegler, M.M., Stan, M.R., 2003. CMOS/nano co-design for crossbar-based molecular
electronic systems. IEEE Transactions on Nanotechnology 2, 217-230.
https://doi.org/10.1109/TNANO.2003.820804.

Wang, Y.H., Zhao, K.H.,, Shi, X.L., Xie, G.L., Huang, SY., Zhang, L.W., 2013. Investigation
of the resistance switching in Au/SrTiO3:Nb heterojunctions. Appl. Phys. Lett,
031601. https://doi.org/10.1063/1.4813622.

Wei, Z., Kanzawa, Y., Arita, K., Katoh, Y., Kawai, K., Muraoka, S., Mitani, S., Fujii, S.,
Katayama, K., lijima, M., Mikawa, T., Ninomiya, T., Miyanaga, R., Kawashima, Y.,
Tsuji, K., Himeno, A., Okada, T., Azuma, R., Shimakawa, K., Sugaya, H., Takagi, T.,
Yasuhara, R., Horiba, K., Kumigashira, H., Oshima, M., 2008. Highly reliable TaOx
ReRAM and direct evidence of redox reaction mechanism. 2008 IEEE International
Electron Devices Meeting. IEEE, pp. 1-4.

Xin, G., 2012. Roles of schottky barrier and oxygen vacancies in the electroforming of
SrTiO3. Appl. Phys. Lett. 152903. https://doi.org/10.1063/1.4759030.

Y, S.J., Y.-H,, S, 2008. Direct observation of conducting filaments on resistive switching
of NiO thin films. Appl. Phys. Lett., 222106. https://doi.org/10.1063/1.2931087.

Yan, Z.B., Liu, J.M., 2015. Resistance switching memory in perovskite oxides. Ann. Phys.
358, 206-224. https://doi.org/10.1016/j.a0p.2015.03.028.

Yan, Z., Guo, Y., Zhang, G., Liu, ].M., 2011. High-performance programmable memory
devices based on Co-doped BaTiO3. Adv. Mater. 23 (11), 1351-1355.
https://doi.org/10.1002/adma.201004306.

Yang, J.J., Pickett, M.D., Li, X., Ohlberg, D.A.A., Stewart, D.R., Williams, R.S., 2008.
Memristive switching mechanism for metal/oxide/metal nanodevices. Nat.
Nanotechnol. 3 (7), 429-433. https://doi.org/10.1038/nnano.2008.160.

Yang, K., Li, F, Veeramalai, C.P., Guo, T, 2017. A facile synthesis of CH3NH3PbBr3
perovskite quantum dots and their application in flexible nonvolatile memory.
Appl. Phys. Lett. 110 (8). https://doi.org/10.1063/1.4976709.

Yang, M.K., Park, JW., Ko, TK., Lee, ].K., 2009. Bipolar resistive switching behavior in
Ti/MnO, /Pt structure for nonvolatile memory devices. Appl. Phys. Lett. 95 (4).
https://doi.org/10.1063/1.3191674.

Yoo, E.J.,, Lyu, M., Yun, ].H., Kang, C.J., Choi, Y.J., Wang, L., 2015. Resistive switching
behavior in organic-inorganic hybrid CH3NH3Pbl3-¢Cly perovskite for resistive
random access memory devices. Adv. Mater. 27 (40), 6170-6175.
https://doi.org/10.1002/adma.201502889.

Yoon, J., Choi, H,, Lee, D., Park, ].B., Lee, ]., Seong, D.J,, Ju, Y., Chang, M., Jung, S.,
Hwang, H., 2009. Excellent switching uniformity of Cu-doped MoOy/GdOx bilayer


https://doi.org/10.1063/1.5093879
https://doi.org/10.1002/adma.201800327
https://doi.org/10.1088/0022-3727/43/38/385105
https://doi.org/10.1109/TNANO.2003.820804
https://doi.org/10.1063/1.4813622
https://doi.org/10.1063/1.4759030
https://doi.org/10.1063/1.2931087
https://doi.org/10.1016/j.aop.2015.03.028
https://doi.org/10.1002/adma.201004306
https://doi.org/10.1038/nnano.2008.160
https://doi.org/10.1063/1.4976709
https://doi.org/10.1063/1.3191674
https://doi.org/10.1002/adma.201502889

298 Chapter 12 Resistive switching in metal oxides for various applications

for nonvolatile memory applications. IEEE Electron Device Lett. 30 (5), 457-459.
https://doi.org/10.1109/LED.2009.2015687.

Yoshida, C., Tsunoda, K., Noshiro, H., Sugiyama, Y., 2007. High speed resistive switching
in Pt/TiO,/TiN film for nonvolatile memory application. Appl. Phys. Lett. 91 (22).
https://doi.org/10.1063/1.2818691.

Yu, B., Sun, X,, Ju, S., Janes, D.B., Meyyappan, M., 2008. Chalcogenide-nanowire-based
phase change memory. IEEE Trans. Nanotechnol. 7 (4), 496-502.
https://doi.org/10.1109/TNANO.2008.926374.

Yu, S., Guan, X., Wong, H.S.P,, 2011. Conduction mechanism of TiN/HfOy/Pt resistive
switching memory: a trap-assisted-tunneling model. Appl. Phys. Lett. 99 (6).
https://doi.org/10.1063/1.3624472.

Zhang, Z., Gao, B., Fang, Z., Wang, X., Tang, Y., Sohn, J., Wong, H.S.P,, Wong, S.S.,

Lo, G.Q., 2015. All-metal-nitride RRAM devices. IEEE Electron Device Lett. 36 (1),
29-31. https://doi.org/10.1109/LED.2014.2367542.

Zhuge, E, Dai, W., He, C.L., Wang, AY,, Liu, YW., Li, M., Wu, Y.H., Cui, P., Li, Run-Wei,
2010. Nonvolatile resistive switching memory based on amorphous carbon. Appl.
Phys. Lett., 163505. https://doi.org/10.1063/1.3406121.

Zhuge, E, Hu, B, He, C., Zhou, X,, Liu, Z., Li, R.W., 2011. Mechanism of nonvolatile
resistive switching in graphene oxide thin films. Carbon 49 (12), 3796-3802.
https://doi.org/10.1016/j.carbon.2011.04.071.


https://doi.org/10.1109/LED.2009.2015687
https://doi.org/10.1063/1.2818691
https://doi.org/10.1109/TNANO.2008.926374
https://doi.org/10.1063/1.3624472
https://doi.org/10.1109/LED.2014.2367542
https://doi.org/10.1063/1.3406121
https://doi.org/10.1016/j.carbon.2011.04.071

Mechanical bottom-up
nanoassembling and
nanomanipulation using shape
memory alloy nanogripper

V. Sampath?, S. von Gratowski®, A. Irzhak®, P. Lega®,
Z. Song®, M. Alonso Cotta’ and V. Koledov*

aIndian Institute of Technology Madras, Chennai-600 036, India. ? Laboratory
of Spectroscopy and Millimeter and Submillimeter Wave Measurements,
Kotelnikov Institute of Radio Engineering and Electronics, Russian Academy
of Sciences, Fryazino Branch, FIRE RAS, VWedenski Sq.1, Fryazino, Moscow
Region, 141190, Russia. °Institute of Microelectronics Technology, Russian
Academy of Sciences, Chernogolovka, 142432, Russia. ?Magnetic
Phenomena Laboratory, Kotelnikov Institute of Radio Engineering and
Electronics, Russian Academy of Sciences, Mokhovaya 11-7 1250009,
Moscow, Russia. ¢International Research Centre for Nano Handling &
Manufacturing of China, Changchun University of Science and Technology,
Changchun 130022, China. fInstituto de Fisica Gleb Wataghin, Universidade
Estadual de Campinas, 13083-859 Campinas, Sdo Paulo, Brazil.

13.1 Introduction

Miniaturization is one of the main global trends in modern science
and technology. This trend is presented perfectly in nanotechnology
and nanoscience in the matter of production and study of micro- and
nanodevices, as well as micro-and nanoobjects. This branch of nan-
otechnology is divided into two paradigms: top-down technology (for
example, silicon lithography) and bottom-up technology. In the top-
down approach nanoobjects are created by processing objects that
are larger in size. An important example of the top-down approach
is the fabrication of integrated circuits. Nowadays, it has grown to the
level of fabricating nanoelectromechanical system (NEMS), where tiny
mechanical components, such as microfluidic channels along with
electronic circuits, are embedded in a tiny chip. At the beginning of
fabrication, relatively large structures, such as silicon crystals, are used.
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The main technology is nanolithography. This technology enabled the
making of tiny chips. But these days, many types of nanolithography
are used, such as photolithography, electron-beam lithography, and
ion-beam lithography. The bottom-up approach in nanotechnology
involves making larger nanostructures from smaller building blocks,
such as clusters, molecules, and nanoobjects. The very rapid develop-
ment of nanoscience and nanotechnology in the last few decades has
provided the discovery of a wide range of individual zero-dimensional
(0D), one-dimensional (1D), and two-dimensional (2D) nanoscale
materials; for example, 0D: quantum dots, clusters (Alivisatos, 1996);
1D: structures like nanotubes and nanowires (NWs) (Avouris, 2002;
Hongjie, 2002; Hu et al., 1999; Lieber & Wang, 2007; McEuen, 2000);
and 2D: graphene, etc. of different materials.

Recently, individual nanomaterials are being intensively inves-
tigated in different ways, including the characterization of electri-
cal, magnetic, mechanical, and biological properties and structure
(Hongjie, 2002; Hu et al., 1999; Lieber & Wang, 2007). These studies
show that individual nanoobjects have outstanding functional prop-
erties and have allowed/facilitated the construction of a wide range of
nanodevices based on individual nanoobjects (Avouris, 2002; Collins
et al,, 1997; Duan et al., 2001; Huang et al., 2002; Li et al., 2006; Lieber
& Wang, 2007; Wang, 2003). New promising spintronic nanodevices
like spin-transfer torque microwave nanogenerators (Zeng et al., 2008,
2012, 2013a, 2013b); high-field superconductor-ferromagnet tunnel
junctions (Kolenda et al., 2016); nanotransistors (Chaste et al., 2008),
with their operating frequencies in the GHz region; nanolasers (Huang
et al., 2001a; Johnson et al., 2002; Li et al., 2006; Wang, 2003); carbon
nanotube (CNT)-based NEMSs (Andzane et al., 2009; Sazonova et al.,
2004; Weldon et al., 2008); nanoantennae (Tong et al., 2013a); biomed-
ical sensors based on NWs (Janissen et al., 2017; Sahoo et al., 2016);
nanomotors (Mandal et al., 2015); and many other individual nanode-
vices (Huangetal., 2002; Li et al., 2006; Lieber & Wang, 2007) have been
developed in recent times in laboratories around the globe. In prin-
ciple, these nanomaterial-based devices possess unique functional
properties, such as extremely high sensor sensitivity, and also cost less.

But for the real usage of the individual nanodevices mentioned
above, depending on the individual nanoobjects, an effective as well as
economical technology of assembling these nanodevices into micro-
and then into macrodevices needs to be developed. It should be
noted that in this case, it is also important that a reliable mechan-
ical, and in many cases electrical and/or optical contact, needs to
be established between nanocomponents. Such nanoassembling rep-
resents a “bottom-up” paradigm in nanotechnology. The bottom-up
paradigm is an alternative to the mainstream “top-down” nanotech-
nology paradigm. “Top-down” nanotechnology is widely used for
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fundamental and applied research in nanoscience and for industrial
production at present. Equipment like nanolithography is very expen-
sive and cumbersome.
In the meantime, for the large-scale “bottom-up” paradigm, such
approaches as an electric field-directed assembly of NWs, fluid flow-
directed assembly of NWs, and Langmuir-Blodgett assembling (Teo &
Sun, 2006; Whang et al., 2004; Yu & Lieber, 2010) are used. All these
technologies are based on liquids and have fundamental limitations
that are related to the lack of a large-scale order in liquid media. But
these methods currently cannot provide the required accuracy and re-
producibility. As a result, the “bottom-up” technology cannot compete
with the top-down paradigm, i.e., with nanolithography.
In this chapter we focus on the concept of the paradigm of bottom-
up mechanical nanoassembling (MNA) that, in principle, can be
competitive with a top-down paradigm in terms of accuracy and
reproducibility. In the framework of this technology the original
mechanical nanoassembly of individual nanoobjects into a single
nano- and subsequently into meso-, micro-, and macrodevices and
their integration with standard components of modern electronics,
MEMS, devices for alternative energy, microbiosensors and lab-on-
chip technology, telecommunications, instruments for fundamental
and applied research, etc., are expected to be developed. The micro-
and macro-devices produced using such paradigms will not only be
cheaper but also make the equipment compact and inexpensive. These
devices will be available for medium and small groups of scientists
with a modest budget and also for small business enterprises. For the  Figure 13.1. Concept of the
realization of MNA, the application of the new technology of three- layered prestrained composite
dimensional (3D) manipulation is needed. The purpose of this chapter ~ with SME: (1) active layer with
is to illustrate this concept by using some practical examples of the ~SME, (2) elastic metal layer;

nanomanipulation of real nanoobjects using MNA. (A) composite in the martensitic
(cold) state; (B) composite in the

austenitic (hot) state.

13.2 Materials and methods
(A) 2

For the purpose of the development I ]
of the MNA bottom-up approach, we | |
propose the methodology based on the 1
new frontier nanomanipulation system
with the world’s smallest and fastest
mechanical and optical nanotweezers
(Amiri et al., 2012; Gratowski et al., 2017;

Irzhak et al., 2010, 2014, 2017; Koledov

et al.,, 2014a; Zakharov et al., 2012). (B) P
The concept of the mechanical com-

posite nanotools with shape memory

effect (SME) is illustrated in Fig. 13.1. /
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Figure 13.3. microactuator on the base of Ti;NiCu/Pt
composite with SME, produced by FIB-CVD: actuation
is controlled in vacuum chamber of ion scanning
microscope by semiconductor laser radiation:
microactuator in martensitic (cold) state.

Figure 13.2. Microactuator on the base of Ti;NiCu/Pt
composite with SME, produced by FIB-CVD: actuation
is controlled in the vacuum chamber of the ion
scanning microscope via semiconductor laser
radiation: microactuator in martensitic (cold) state.

The active element of the composite micro- or nano-actuator consists
of two layers: prestrained shape memory alloy, for example, Ti,NiCu,
and reliable elastic metal. Due to thermoelastic martensitic transi-
tion upon cooling/heating of the shape memory alloy, the bimetallic-
layered composite demonstrates giant reversible deformation, whose
magnitude is rather restricted by the reliability of the elastic layer than
that of SME (Zakharov et al., 2012). Modern nanotechnologies like 3D
ion nanolithography and FIB-CVD provide opportunities for the de-
sign and production of composite nanoactuators and nanomechanical
devices like nanotweezers, as illustrated in Figs. 13.2 and 13.3 (Irzhak
et al., 2010).

13.3 Experiment

Currently individual and mass production of the nano-tools based
on composites exhibiting SME is possible [33-39]. The composite
nano-tweezer system is fairly compatible with custom-made SEM and
FIB systems. It can easily be connected to the standard manipulation
devices, like OmniprobeR, Kleindieck, etc. and integrated into the en-
vironment of the custom electron and ion microscopes [33-39].
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Figure 13.4. Ti;NiCu/Pt shape memory composite Figure 13.5. Ti,NiCu/Pt shape memory composite

nanotweezers produced by FIB-CVD: a tungsten nanotweezers produced by FIB-CVD: manipulation of

microwire, connected to Omniprobe micromanipulator,  individual CNTs by using the nanotweezers with SME

is used as a carrier of the microtool with SME, controlled by the radiation of the semiconductor laser

connected to its tip by CVD. in the vacuum chamber of the scanning electron
microscope.

13.4 Results and discussions

The solution to a task that can hardly be resolved by other methods
but is successfully solved using composite nanotweezers with SME is
illustrated in Figs. 13.4 and 13.5 (Gratowski et al., 2017; Irzhak et al., 2017;
Koledov et al., 2014). Modern bionics considers the brain and sensor
system of insects to be a model for future nanosensoric technology
with attomolar sensitivity to chemicals and unique universality. A set of
photographs in Figs. 13.4 and 13.5 demonstrates the different stages of
the experiment relating to the manipulation of CNTs. The next example
is the preparation of the submicron-sized fibers on the body of the
insect (Culex pipiens). These fibers are, in fact, submicron chitinous
tubules (sensilla), in which the nerve endings are located. The highly
sensitive biosensors are located on the tips of the sensilla (Figs. 13.6
to 13.8). Figs. 13.9 to 13.14 illustrate an example of the 3D nanoma-
nipulation of InP semiconductor NWs (Amiri et al., 2012). These NWs
are produced in large quantities by using the standard technology and
provide a unique model for nanophotonics and nanosensorics (Figs.
13.9 and 13.12). Both field-effect transistors and biological sensors
can be designed on the basis of their applications in different fields,
such as nanosensorics. Unfortunately, the selection, manipulation,
and integration of individual NWs still remain a challenge. Figs. 13.9 to
13.14 illustrate the experimental study of the selected individual InP
NWs, which involve grabbing them from the forest using composite
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Figure 13.6. Manipulation of the biological Figure 13.7. Manipulation of biological microobjects by
micro-objects by Ti;NiCu/Pt composite nanotweezers using Ti;NiCu/Pt composite nanotweezers with SME in
with SME in the vacuum chamber of the scanning the vacuum chamber of the scanning electron

electron microscope: comparison of the size of the microscope: selection of the individual submicron
composite nanotweezers with the leg-size of the insect  bioobject (sensilla).

(Culex pipiens).

Figure 13.8. Manipulation of the biological Figure 13.9. Manipulation and integration of the
microobjects by using Ti;NiCu/Pt composite individual InP NWs using composite nanotweezers with
nanotweezers with SME in the vacuum chamber of the ~ SME and FIB-CVD: “forest” of InP.

scanning electron microscope: processing of the

selected submicron bioobject by FIB.

nanotweezers (Fig. 13.10 ) and connecting to TEM copper contacts
(Fig. 13.13), followed by a study of their electrical properties (Figs. 13.11
and 13.14).

Summary

The new SME-based technology of nanomanipulation presents a
robust solution to large-scale (macroscale) and submicrometer-scale



Chapter 13 Mechanical bottom-up nanoassembling and nanomanipulation using shape memory alloy nanogripper 309

50 pm

Figure 13.10. Manipulation and integration of the Figure 13.11. Manipulation and integration of the
individual InP NWs using composite nanotweezers with individual InP NWs using composite nanotweezers with
SME and FIB-CVD: selection of the individual nanowire SME and FIB-CVD: transportation and positioning of
from the “forest.” NW.

20 pm

Figure 13.12. Manipulation and integration of the Figure 13.13. Manipulation and integration of the

individual InP NWs using composite nanotweezers with individual InP NWs using composite nanotweezers with

SME and FIB-CVD: “forest” of InP nanowire. SME and FIB-CVD: grabbing the nanoobject by using
nanotweezers.

(nanoscale) easy-to-use nanoinstrument, consisting of a nanoposi-
tioning system and micron-size end-effectors controlled by semicon-
ductor laser radiation or electric current for frontier nanomanipulation
in a vacuum chamber or liquid environment in different microscopes.
Further efforts are needed, particularly for the automation of the pro-
cess of nanotweezer-assisted nanomanipulation, in order to achieve
high output, low cost, and reliability of the new bottom-up nanointe-
gration technology.
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Figure 13.14. Manipulation and
integration of the individual InP
NWs using composite
nanotweezers with SME and
FIB-CVD: transportation and
positioning of the NW on
contacts.

— 20 ym —
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14.1 Introduction

Diamond is always a fascinating material for scientists because ofits
exceptional and extreme physical properties. Considering any physical
property, diamond always comes out on top when compared to other
materials. These exceptional physical properties can be utilized to fab-
ricate outstanding devices for various engineering applications, and
hence diamond is referred to as the “ultimate engineering material.”
The scarcity and high costs of natural diamond have led scientists to
find alternative routes to make diamonds in the laboratory. It took
more than a century to develop a technique to synthesize diamond ar-
tificially from carbon-containing compounds using the high-pressure,
high-temperature technique (Bundy et al., 1955). Subsequently, the
chemical vapor deposition (CVD) technique was developed, which
facilitates the growth of diamond in the form of thin films on a wide
variety of substrates at subatmospheric pressure and a temperature
below 1000°C (Fedoseev et al., 1978; Kamo et al., 1983; Matsumoto et al.,
1982). Recent developments have led to much higher growth rates with
the ability to cover deposition areas of up to several square inches,
which has generated an enormous interest in CVD diamond research.
In this chapter the deposition of diamond films on tungsten carbide
(WC-Co) substrates for various engineering applications is discussed.
Rather than referring to other works, the research activities of the au-
thor (previously unpublished) are illustrated in this chapter. Further,
this chapter is not meant to be an exhaustive review; hence the readers
are referred to follow the references provided.

14.1.1  Crystal structure of diamond

Diamond is most frequently found in cubic form. The crystal struc-
ture of diamond can be considered two interpenetrating face-centered
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cubic lattices shifted along the body diagonally by (1/4, 1/4, 1/4) a,
where a is the lattice constant. The lattice constant of the diamond is
3.56 A at room temperature. In the diamond lattice each carbon atom is
linked to four other carbon atoms by sigma (sp®) bonds in a tetrahedral
array. The density of diamond is 3.52 g cm™ at room temperature.
Diamond also exists in a minor hexagonal form, generally known as
lonsdaleite. The density of lonsdaleite is the same as that of the cu-
bic diamond. Diamond is kinetically stable but thermodynamically
unstable at standard temperature and pressure. However, diamond
still exists at normal temperature and pressure in its metastable state
due to the very large activation energy barrier between diamond and
graphite phases. This large activation barrier (0.4 eV per atom) inhibits
the phase transformation (Asmussen & Reinhard, 2002; Sung & Lin,
2009).

14.1.2 Physical properties of diamond

Some of the remarkable physical properties of diamond are listed
in Table 14.1 (Chandran & Hoffman, 2016). Apart from the listed phys-
ical properties, diamond is also highly resistant to chemical corrosion,
which makes it suitable for electrochemistry applications. In addition,
diamond is resistant to all kinds of radiation, including UV light, X-rays,
y-rays, and nuclear radiation. Moreover, diamond is biocompatible.
All these exceptional properties of diamond arise from two basic facts:
(1) carbon atoms are relatively small and light and (2) carbon atoms
form very strong short-range covalent bonds in the diamond structure
(Gracio et al., 2010).

The most renowned physical property of diamond is its extreme
hardness. It is the hardest material found in nature. Diamond also
has the highest elastic modulus and the lowest compressibility of any
known material. The fundamental reason for the hardness is related
to the high strength of the covalent bond (347 k] mol™!). This ensures
that a large amount of energy is needed to remove a carbon atom from
the diamond lattice, which makes the diamond very hard. In general,
hard materials are wear resistant. It is impossible to scratch a diamond
with any other materials. Or in other words, a diamond can only be
scratched using another diamond. This makes diamond an ultimate
wear-resistant material. The fundamental reason for the high elastic
modulus (1050-1210 GPa) is associated with the chemical bonds of the
diamond. The sigma bonds in a diamond are very stiff and have com-
ponents in all spatial directions. Therefore a diamond crystal is very
stiff in all directions. Single-crystal diamond possesses a hardness of
100 to 170 GPa. Microcrystalline diamond (MCD) films have hardness
values of 60 to 100 GPa (Novikov & Dub, 1996). A diamond film having
a grain size in the range of 10 to 100 nm is termed a nanocrystalline
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Table 14.1 Physical properties of diamond.

Physical properties Diamond
Hardness (GPa) 150
Young's modulus (GPa) 1150

Bulk modulus (N m~2) 1.2 x 10"
Thermal conductivity (W cm™ K" 20
Thermal expansion coefficient (K™ 1.2 x 1078
Thermal diffusivity (cm? s) 12
Electrical resistivity (€2 cm) 1 x 10
Electron mobility (cm? V' s71) 2500

Hole mobility (cm? V=" s71) 2100
Electric breakdown field (V cm™) 2 x 10’
Acoustic wave velocity (m s™') 18,000

No Permission Required

diamond (NCD), which possesses lower hardness compared to single-
crystal or MCDs. However, the coefficient of friction is very low for NCD
films (0.1), which makes NCD films attractive for various engineering
applications. Doping could significantly influence the hardness of di-
amond. For instance, nitrogen doping was found to increase hardness
by subjecting the lattice to compressive stress, thereby hindering the
movement of lattice dislocations (Catledge & Vohra, 1999; Hess, 2012).

14.2 WC-Co substrates

Despite the fact that single-crystal diamond is the most wear-
resistant material, it is not suitable for fabricating machining tools
since it is difficult to fabricate with the desired geometry. In addition,
single-crystal diamond tools have relatively poor chip resistance, lead-
ing to catastrophic failure under operation. On the other hand, ce-
mented carbide (WC-Co) possesses relatively high fracture toughness.
The trade-off between the wear resistance and fracture toughness of
some common materials is shown in Fig. 14.1A. By depositing dia-
mond films on WC-Co substrates, the hardness of diamond can be
combined with the toughness of cemented carbide, resulting in excel-
lent wear-resistant material. This would be ideal for various industrial
applications. This possibility has directed great attention toward the
growth of diamond films on WC-Co substrates using the CVD tech-
nique. Pertaining to this, alarge number of papers have been published
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Figure 14.1. (A) Trade-offs
between abrasive wear
resistance and fracture

toughness of common materials.

(B) Schematic drawing of
diamond thin films deposited on
WC—Co substrates.

CVD Diamond

WC-6% Co

Figure 14.2. Thermal stress in
diamond films increases with an
increase in cobalt content. The
red line represents the thermal
stress generated at the
diamond-tungsten carbide
interface.
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in this field due to their potential industrial ap-
plications (Cabral et al., 2008; Chandran et al.,
2013; Perle et al., 2006). A schematic drawing of
diamond films deposited on WC-Co substrates
is shown in Fig. 14.1B.

One of the continuing challenges associated
with the diamond coatings on WC-Co substrates
is the lack of proper adhesion between the diamond film and the
substrate. This leads to a shorter lifetime for diamond-coated tools
than expected. The prime reason for the lack of proper adhesion is the
presence of a cobalt binder, which promotes the preferential formation
of a graphitic layer at the interface, thereby reducing the adhesion
strength (Polini, 2006). This problem becomes much more severe if the
cobalt content exceeds more than 6% (Hojman et al., 2012). In addition,
interfacial residual stresses due to the difference in coefficient of ther-
mal expansion (CTE) between the diamond coating and the substrate
limits the adhesion. The CTE of the WC-Co substrate also increases
with an increase in the cobalt content, which in turn increases the
thermal stress in diamond coatings (schematically shown in Fig. 14.2).
Alarge thermal stress at the film-substrate interface reduces the adhe-
sion strength. Hence realizing adherent diamond coating on the WC-
Co substrate is a great challenge, which requires the suppression, if
possible complete elimination, of carbon-cobalt interactions, in addi-
tion to high nucleation density.

CVD Diamond

WC-10%Co

14.2.1 Chemical etching

The most commonly used method to remove the cobaltbinder from
the substrate surface is chemical etching (Oakes et al., 1991). Generally,
a two-step chemical etching procedure is performed to remove the
cobalt binder from the WC-Co substrate surface. The WC-Co sub-
strates are initially dipped in Murakami'’s reagent (10 g K3[Fe(CN)g] + 10
g KOH + 100 mL H,0) for 30 min in an ultrasonicator, followed by a
rinse with distilled water. Murakami’s reagent attacks the WC grains
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Figure 14.3. SEM images (A) of
the as-received WC-Co
substrate, (B) after etching with
Murakami's reagent, and (C)
after etching with Caro’s acid.

and roughens the substrate surface. In fact, this process would help
in improving the mechanical adhesion between the diamond coatings
and the substrate through “mechanical interlocking.” The second etch-
ing step is performed using Caro’s acid (3 mL of 96 wt% H,SO, + 88
mL of 30% w/v H,0,) for 15 s, followed by a rinse with ethanol. Caro’s
acid oxidizes the binder to a soluble Co?* compound, thereby reducing
the surface cobalt concentration (Kamiya et al., 2000). The chemical
etching method is simple and cost-effective and performs well for the
substrates with low cobalt (<6 wt%) content. Fig. 14.3A-C shows the
SEM micrographs of the as-received WC-Co substrate after etching
with Murakami’s reagent and after etching with Caro’s acid, respec-
tively.

Despite some success, the chemical etching method did not allow
a total suppression of graphitic layer formation during the deposi-
tion of diamond films. At high temperatures (800-850°C), cobalt can
slowly diffuse through the etched layer and reach the substrate sur-
face, and then interact with the incoming carbon radicals and form
graphitic carbon. Moreover, the removal of cobalt binder from the
surface/subsurface region may lead to a decrease in the mechanical
strength of the subsurface region and it is against the present industrial
trend to increase the cobalt content (>8%) for improving the toughness
of the tools (Xu et al., 2013). For instance, for high-impact applications
and cutting tools WC-Co composites with high cobalt content are gen-
erally preferred to improve the toughness.

14.2.2 Use of an interlayer

A possible alternative is to deposit an interlayer material on WC-
Co substrates. The prime function of the interlayer is to act as a dif-
fusion barrier against cobalt diffusion during the diamond deposition
process. In addition, the interlayer should also be capable of relaxing
the interfacial residual stresses to some extent. Thus the criteria for
choosing interlayer are (1) low diffusion coefficients for carbon and
cobalt, (2) good adhesion to both diamond coating and WC-Co sub-
strate, and (3) intermediate CTE when compared to diamond and WC-
Co. Needless to say, the melting point of the interlayer material should
be higher than the typical diamond deposition temperature (~800°C).
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Since there is no single material which fullfills all these requirements,
numerous interlayer materials that may fullfills some of the foregoing
attributes have been proposed and tested by various authors (Cui et al.,
2015; Endler et al., 1996; Kupp et al., 1994; Polini & Barletta, 2008; Polini
et al., 2006; W.D. et al., 1994). Despite this diversity, the performance
comparison of different interlayer materials deposited on the WC-Co
substrate is still missing in the literature. In fact, the performance of
an interlayer as a diffusion barrier strongly depends on the chemical
composition and microstructure of the interlayer material. In most
of the studies different research groups have independently carried
out diamond depositions on WC-Co substrates using the aforesaid
interlayer materials under different conditions (Cui et al., 2015; Endler
etal., 1996; Kupp et al., 1994; Manaud et al., 2007; O. et al., 1998; Polini
& Barletta, 2008; Polini et al., 2006; W.D. et al., 1994). Hence a compar-
ison study on the effect of the interlayer or multilayer on the growth
of diamond films deposited under the same environment on WC-Co
substrates is missing in the literature, which is the focus of the present
chapter. Among various interlayer materials, diamond films deposited
on WC-8 wt% Co substrates with (1) TiAIN and (2) TiCN interlayers
and a multilayer of (3) TiN/Al,O3/TiCN are discussed in the present
chapter.

14.3 Diamond deposition

In this section the preparation of interlayer/multilayer materials
and subsequent diamond deposition using the hot filament CVD
(HFCVD) technique are discussed. In general, the deposition of inter-
layer materials on the WC-Co substrate is carried out either by physical
vapor deposition (PVD) or CVD techniques. In the present chapter
both the interlayers, TiAIN, and TiCN, were deposited on WC-Co sub-
strates using the PVD technique. The multilayer (TiN/Al,O3/TiCN) was
deposited using the CVD technique. Details of the aforesaid experi-
ments can be found elsewhere (H.G. et al., 1997; Santhanam et al.,
1996). The thickness of both interlayers was 5 um, whereas the thick-
ness of each layer in the multilayer coatings, viz., TiN, Al,O3, and TiCN
were 2 um, 5 um, and 15 um, respectively. Our initial studies showed
that diamond films deposited on the TiN multilayer were peeled off
upon cooling down to room temperature. Thus TiN-coated WC-Co
substrates were chemically pretreated, prior to diamond deposition, to
improve the adhesion. TiN-coated WC-Co substrates were chemically
pretreated with a solution of 0.5 mL sulfuric acid (H,SO,), 2 mL hy-
drofluoric acid (HF), 3 mL hydrogen peroxide (H,0,), 75 mL ethylene
glycol, and 18 mL water at 250°C for 15 min. This modifies the TiN sub-
strate surface, which leads to a better “mechanical interlocking” be-
tween the diamond film and the TiN layer. For the sake of comparison
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studies, diamond films were deposited directly on a WC-Co substrate
without any interlayer or multilayer. To ensure better adhesion, prior to
diamond deposition, a two-step chemical etching procedure was per-
formed to remove the cobalt binder from the WC-Co substrate surface.
The WC-Co substrates were pretreated with Murakami’s reagent (10 g
K3[Fe(CN)s] + 10 g KOH + 100 ml H,0) for 30 min and then etched with
Caro’s acid (3 mL 96 wt% H,SO, + 88 mL of 30% w/v H,O,) for 15 s and
were cleaned with ethanol (Kamiya et al., 2000).

14.3.1 Seeding

Prior to diamond deposition, all the substrates were seeded with
diamond nanoparticles, dispersed in dimethyl sulfoxide (DMSO), us-
ing a low-power ultrasonic bath for 10 min. The seeding process is
inevitable in diamond deposition to realize a continuous film since
diamond has very high surface energy (5.24 ] m™2), and hence nu-
cleation from the gas phase is often difficult. The seeded substrates
were again cleaned with ethanol using an ultrasonicator for 40 seconds
to remove loosely bound diamond nanoparticles from the substrate
surface. Typically, a seed density of ~10'° cm™2 can be achieved on the
substrate surface after the seeding process. The substrates were dried
thoroughly using dry nitrogen and placed inside an HFCVD reactor for
diamond deposition.

14.3.2 Hot filament CVD

In the present chapter diamond films were deposited using an
HFCVD reactor since this technique has several advantages like adapt-
ability to product geometries, uniformity over a large area, relatively
simple setup, and ease of operation (Herlinger, 2006). A tungsten fil-
ament assembly, consisting of fine (0.12 mm diameter) tungsten fila-
ments, with 12-mm wire-to-wire spacing, was placed above the sam-
ples. A rotary pump was used to evacuate the CVD chamber and the
chamber pressure during deposition was carefully maintained using
a throttle valve connected to the rotary pump. Methane (CH,) and
hydrogen (H,) were used as precursor gases at a flow rate of 60 sccm
and 3000 sccm, respectively. Diamond films were deposited at two
different chamber pressures (10 and 50 Torr) in order to vary the grain
size of the diamond from nanocrystalline to microcrystalline. The fila-
ment assembly was electrically heated using a DC power supply, which
generated a uniform thermal energy distribution that ensures uniform
diamond film deposition over the entire substrates. The filament tem-
perature was measured using a two-color optical pyrometer (Electro-
Optical Systems Inc., USA), which indicated 2200°C. The substrates
were placed 15 mm away from the filament assembly and the thermo-
couples (Omega Inc., USA) located beneath the substrates indicated
a temperature of ~800°C. The growth process was performed for 4 h
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Figure 14.4. Schematic of
diamond thin films deposited
with a multilayer
(TiN/AI,Q3/TiCN), with
interlayers (TiIAIN and TiCN), and
directly on WC—Co substrates
using HFCVD. The thickness of
each layer is mentioned in the
bracket.

Figure 14.5. (A) Schematic of
chemical reactions and physical
processes occurring during the
diamond CVD process and (B)
the photograph of a hot filament
CVD reactor.
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and the thickness of the deposited film for the same growth duration
was estimated to be ~3 pum. The schematics of the deposited film with
interlayer or multilayer are shown in Fig. 14.4.

As mentioned, the growth of CVD diamond requires CH, diluted in
excess of Hy, typically at a ratio of 1-2% CH, in H,. The process gases
mix in the chamber and pass through the activation region (i.e., hot
filament assembly), which dissociates H, molecule to atomic H, as well
as CH, in fragments. These reactive fragments undergo a complex set
of chemical reactions and physical processes, as schematically shown
in Fig. 14.5A. For a detailed description of the growth chemistry of
diamond, the readers are referred to follow the references provided:
Butler & Woodin (1993) and May (2000). In general, the process of
diamond film deposition involves (1) adsorption of arriving particles,
(2) surface diffusion of adsorbed adatoms, (3) formation of nuclei, and
(4) the growth of nuclei and their coalescence. But, the exact growth
mechanism of CVD is dependent upon the reactor used, the gas-phase
chemistry, process parameters, and the nature of the substrate sur-
face (Holleck, 1986). A photograph of a HF CVD reactor is shown in
Fig. 14.5B.
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14.4 Characterizations and analyses

In this section some of the most relevant analytical techniques
that are used for characterizing diamond coatings are discussed. Lit-
erature reports indicate that the failure of diamond coatings arises
mainly due to interfacial failure, owing to the residual stresses in the
coating. Hence understanding the origin of residual stress is an im-
portant aspect since it strongly influences the adhesion property of
diamond coatings. The basic characterization techniques, such as X-
ray diffraction (XRD) and Raman spectroscopy, are essential to assess
the residual stresses in diamond coatings.

1441 X-ray diffraction

XRD is a very basic characterization technique to determine the
crystal structure as well as to identify different phases present in a
material. XRD technique has been widely used to determine the grain
size as well as the residual stresses in diamond films. In the present
chapter phase analyses of the deposited films were done using an
X'pert Pro (PANalytical) diffractometer with Cu K« radiation. XRD pat-
terns of the diamond films deposited at 10 Torr and 50 Torr cham-
ber pressures on WC-Co substrates with interlayers (D/TiAIN/WC-Co
and D/TiCN/WC-Co) and a multilayer (D/TiN/Al,O3/TiCN/WC-Co)
are shown in Fig. 14.6A and B, respectively. The XRD patterns exhibit
peaks at 43.9 degrees and 75.3 degrees, indexed to the diffraction from
(111) and (220) crystal planes of diamond, respectively. All the other
peaks originated from the interlayer or multilayer. In addition, peaks
obtained from the base WC-Co substrate can also be seen in the XRD
pattern. For an Face centered cubic (FCC) lattice, the conditions for
allowed Bragg diffraction are h,k,/ all odd or all even. However, for a
diamond lattice, if all are even and h + k + [ # 4n, then the correspond-
ing Bragg diffraction is absent. The grain size of the film as well as the
strain in the film can be evaluated from the full width at half maximum
(FWHM) of the diffraction peak using the Williamson-Hall method
(Bachmann et al., 1994). The Williamson-Hall formula considers both
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size-induced broadening and strain-induced broadening, which often
varies quite differently with respect to Bragg diffraction angle.

14.4.2 SEM analysis

Scanning electron microscopy (SEM) is widely used for observing
the microstructure, morphology, and topological features in the
submicrometer and nanometer range. In the present chapter the
microstructure of the deposited diamond films was observed
using a field emission SEM (Quanta 3D is the model, FE],
Netherlands is the manufacturer). Fig. 14.7A-D shows the SEM
images of diamond films deposited at 50 Torr on the TiN multilayer
(D/TiN/Al,O3/TiCN/WC-Co), TiAIN interlayer (D/TiAIN/WC-Co),
TiCN interlayer (D/TiCN/WC-Co), and WC-Co substrates (D/WC-
Co), respectively. Fig. 14.7E-H shows the corresponding SEM
images of diamond films deposited at 10 Torr on the TiN multilayer
(D/TiN/Al,O3/TiCN/WC-Co), TiAIN interlayer (D/TiAIN/WC-Co),
TiCN interlayer (D/TiCN/WC-Co), and WC-Co substrates (D/WC-
Co), respectively. Fig. 14.7E-H shows that diamond films deposited
at 10 Torr resulted in the formation of NCD films. The average grain
size of NCD films is estimated to be ~30 nm. On the other hand,
Fig. 14.7A-D shows that diamond films deposited at 50 Torr resulted
in the formation of well-faceted MCD films. The average grain size of
MCD film is estimated to be ~500 nm.

This result showed that the grain size of the diamond film strongly
depends on the chamber pressure. This is very significant as the phys-
ical properties of diamond films are strongly dependent on the grain
size (Abreu et al., 2005). For instance, NCD films possess a lower hard-
ness compared to MCD films. However, the surface roughness of NCD
films is extremely low, which is desirable for wear-resistant coatings
and other tribological applications (Fang et al., 2009). In the same
manner diamond films with a larger grain size possess high hardness
alongside high surface roughness, which are suitable for abrasive or
machining applications. Thus by controlling the chamber pressure
during deposition, grain size can be varied; thereby diamond films
with desired physical properties can be produced. The possible reasons
for the realization of NCD films at lower chamber pressure are ex-
plained in the subsequent section. It can also be noted that the surface
morphologies of diamond films deposited on different interlayers and
multilayers at the same chamber pressure (either 10 or 50 Torr) were
also found to be slightly different. This is attributed to the differences
in surface morphologies of the interlayer and/or multilayer. It is well
known that the surface roughness of the deposited diamond thin film
is strongly dependent on the initial roughness of the substrate surface
(Chandran et al., 2012). Besides, the surface energy of the interlayer or
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Figure 14.7. SEM images of
diamond thin films deposited at
50 Torr on WC—Co substrates
with (A) a TiN multilayer, (B) a
TiAIN interlayer, and (C) a TICN
interlayer and (D) directly on
WC-Co substrates. (E-H) The
corresponding SEM images of
diamond films deposited at

10 Torr.




322 Chapter 14 Diamond deposition on WC—Co substrates with interlayers for engineering applications

Figure 14.8. Raman spectra of
diamond thin films deposited on
WC—Co substrates with a
multilayer (TiN/AI,03/TiCN) and
interlayers (TiAIN and TiCN) at
(A) 10 Torr and (B) 50 Torr. The
upshift (~1339 cm~) in the
Raman spectrum was the result
of the compressive stress in the
diamond films.
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multilayer may also influence the initial nucleation, as several complex
surface reactions occur during the initial nucleation stage.

1443 Raman spectroscopy

Raman spectroscopy is very commonly used to determine the
phase analysis of carbon-based materials. This technique provides
maximum structural and electronic information without any compli-
cated sample preparation processes. The phase analysis of the de-
posited films was done using Raman spectroscopy (Alpha 300 is the
model, WITec, Germany is the manufacturer). An excitation radia-
tion of 532 nm of an Nd:YAG laser operated at <10 mW was used
to excite the samples. The Raman spectra of the diamond films de-
posited on the WC-Co substrates with interlayers (D/TiAIN/WC-Co
and D/TiCN/WC-Co) and multilayer (D/TiN/Al,O3/TiCN/WC-Co) at
10 Torr and 50 Torr chamber pressures are shown in Fig. 14.8A and B,
respectively. Diamond has only one active phonon mode (F), which
gives a triply degenerate single peak at 1332 cm™ (Knight & White,
1989). This phonon mode is due to the vibration of two interpenetrating
cubic sublattices of diamond in opposite phases (Raman, 1962). The
upshift in the Raman spectra (~1339 cm™!) was a result of compres-
sive thermal stress in the films. The thermal stress generated after
deposition, during cooling down to room temperature, arises from
the difference in the thermal expansion coefficients of diamond film
and the substrate. Typically, the residual stress in diamond films is
dominated by thermal stress, compared to epitaxial stress or intrinsic
stress, due to a large thermal mismatch between diamond coating and
the substrate. The broad peak near 1560 cm™ corresponds to a minor
amount of amorphous carbon present in the diamond film. However,
the intensity of the peak at 1560 cm™ cannot be taken into account
for quantitatively evaluating the graphitic content of the deposited film
because sp? hybridization has a large Raman scattering cross-section,
typically about 50 to 230 times, compared to sp® hybridization (Ferrari
& Robertson, 2000). It is interesting to note that diamond films grown
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at 10 Torr showed additional peaks at ~1140 cm™! and ~1480 cm™!.
These two peaks originate from the grain boundaries of NCD films and
are assigned to the v; and v3 modes of trans-polyacetylene (Ferrari &
Robertson, 2001). Since these two peaks are only visible for NCD films
and not for MCD films, it is widely used as a characteristic signature of
NCD films. Thus the films deposited at 50 and 10 Torr, respectively, lead
to the formation of MCD and NCD films, which is consistent with the
SEM results shown in the previous section.

The formation of NCD films at a lower chamber pressure (10 Torr) is
associated with the high rate of secondary nucleation of the diamond.
Secondary nucleation is a process in which new growth centers are
formed by inhibiting the continuous growth of diamond crystals before
they can grow larger. Hence if the secondary nucleation rate is high,
the “nucleation” process dominates over the “growth” process, which
results in small crystallite films. Typically, secondary nucleation rate
is enhanced by various techniques, viz., (1) incorporating an inert gas
(Ar) in lieu of Hy; (2) applying a continuous bias during deposition;
(3) increasing the ratio of CH,/H, precursor gases; or (4) reducing the
substrate temperature below 500°C (Chowdhury et al., 2006; Chu et al.,
2014; Huang & Hong, 2006; Thara et al., 1991; Kulisch et al., 2012; M.,
1999; Mortet et al., 2012; Sun et al., 2000). In fact, in all these condi-
tions we circumvent a narrow process parameter window for diamond
growth. Or in other words, the simple technique to obtain a smooth
NCD film is to leave the well-defined, narrow parameter window of
diamond growth by selecting one parameter outside from the ideal
growth conditions. Generally, diamond films are typically grown at a
pressure in the range of 20 to 50 Tort, which often results in MCD. In the
present chapter we reduced the pressure from 50 Torr to 10 Torr, which
led to the dilution of precursor gases in the chamber. This induced a
higher rate of secondary nucleation, leading to the formation of NCD
films (Meng et al., 2008). The mean free path of activated species will be
relatively high when diamond films are deposited at a lower chamber
pressure (10 Torr). Thus the collision of atomic H, with the growing
diamond faces was relatively at higher energy, which may produce
many defects and that could increase the renucleation rates. This result
showed that the reactant gas pressure has a very strong impact on the
morphology and structural properties of diamond films.

Raman spectroscopy has also been extensively used to estimate the
residual stresses in diamond coatings. Residual stress in diamond films
is estimated by analyzing the peak position and FWHM of the Raman
peak, located at 1332 cm™. The FWHM of the 1332 cm™ peak reveals
random stress present in the deposited film, whereas a shift or splitting
of the line represents directional stress present in the film. In general,
Raman peak shifts to a lower frequency when the film is under tensile
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stress, whereas Raman peak shifts to a higher frequency when the film
is under compressive stress. The stress o in the diamond film was esti-
mated from o = -0.348 (v, — vp) (GPa) for the unsplit Raman peak at
Vi, Where vy =1332 (Boppart et al., 1985). Thus the deposited diamond
films accommodate compressive residual stresses varying from 0.696
to 2.78 GPa. This variation in residual stress was due to the difference
in the thermal expansion coefficient of diamond film and the inter-
layer. The highest compressive residual stress (2.784 GPa) was found in
the film deposited on the TiN multilayer (D/TiN/Al,O3/TiCN/WC-Co)
coating, which is attributed to the high thermal expansion coefficient
(9 x 108 K!) of the TiN layer in comparison with diamond (2 x 10
K™!). The least compressive residual stress (0.696 GPa) was found in
the film deposited on the TiAlIN interlayer (D/TiAIN/WC-Co) due to
the minimum thermal mismatch between the TiAIN (7.3 x 1078 K!)
and diamond. This result is very significant as the residual stresses in
the coated surfaces are crucial for their performance in tribological
applications. For instance, compressive residual stress in the coatings
inhibits crack initiation and propagation, which is beneficial for im-
proving the wear resistance and hardness. However, a very high com-
pressive residual stress reduces the adhesion strength and may result
in interfacial failure (delamination) (Soroka et al., 2010). The present
chapter showed that TiAIN would be a better choice compared to
other interlayer materials or multilayer for diamond deposition. In fact,
TiAIN-coated WC-Co inserts are commercially available. So a thin layer
of the diamond coating on top of these commercially available TiAIN-
coated WC-Co inserts could ensure an extended lifetime, owing to the
excellent mechanical properties of diamond films.

14.5 Applications of CVD diamond

In this section some of the potential applications of diamond-
coated WC-Co substrates are discussed. Diamond-coated WC-Co
tools are used for machining fiber-reinforced composites (FRCs),
hypereutectic Al-Si alloys, and metal matrix composites (MMCs),
which are extensively used in aerospace and automobile industries
nowadays. These materials are difficult to machine using conventional
high-speed steel or WC-Co cutting tools (Oles et al., 1996; Polini et al.,
2002; R.R. et al., 2015). Diamond-coated mechanical seals are already
beginning to find their way into the marketplace since they are much
superior to conventional WC-Co seals (Cline, 1999). Diamond-coated
dental burrs have displayed superior performance over bare WC-Co
burrs (Sein et al., 2003, 2004). Diamond-coated WC-Co riveting inserts
showed improved performance and lifetime, which would be useful for
chain manufacturing industries (Chandran et al., 2013). NCD-coated
WC-Co drawing dies can be used for improving the working life of
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tube drawing dies (Chandran et al., 2014; Sun et al., 2009). In short,
CVD diamond is an ideal candidate for hard coatings and tribological
applications.

146 Summary

In this chapter the deposition of diamond films on high-cobalt-
content WC-Co substrates is discussed. Diamond thin films were de-
posited on WC-Co substrates with interlayers (TiAIN and TiCN) and
a multilayer (TiN/Al,O3/TiCN) using an HFCVD system under simi-
lar chemical environments. Both the MCD and NCD films were pre-
pared by changing the process parameters. The deposited films were
characterized using XRD, Raman spectroscopy, and SEM. Residual
stress in the deposited diamond thin films was estimated using Raman
spectroscopy. The least residual compressive stress was found for the
films deposited on TiAIN interlayer (D/TiAIN/WC-Co) and the highest
for the films deposited on TiN multilayer (D/TiN/Al,O3/TiCN/WC).
This showed that TiAIN would be a better choice compared to other
interlayer materials or multilayer for diamond deposition. It is hoped
that this chapter contributes to the progress of CVD diamond, in par-
ticular diamond coatings, on WC-Co substrates for various industrial
applications.
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