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 16, 19, 21  29 .%.     

 800  1250 °  1      -Si. 

          ,   

      .   

800 °         ,   



 40

  1100 °       

     -Si.    

     1250 ° ,    

     - . ,  

  1100  °    -Si  

     . 

 ,     SiOx 

    ,   —  

 .   -Si      29 .% 

  20% (    ).  

  1250 °     :  

     16  19 .%  -Si 

 90%,   21–29 .% —  40% (60%    

 ).   ,    

    SiOx  16  29 .%,  

 -Si     1250 °    2,6  3,4 . 

             

 -Si. ,     

21 .%   -Si    1100 °   

2,7 ,     1250  °  — 3,1 .  ,  

      -Si (    

)    -Si.      

 .   Si (100)  PECVD  [36]  

 SiOx   SiH4  N2O.  

  500 ,  100 .  

 N2O/SiH4     

  SiO2    52 .%  . -   



 41

N2O   1–2 .% .  -Si   

    1000  1100 C      

    SiO2. 

            

   SiO2:    -Si   

,      ,    

   -Si ,      

,    ,   

   . ,  

       -

Si/SiO2       (200 )    

 (50 ),         

 .     -Si/SiO2  

     SiOx    . 

  Si3N4    -Si/SiO2  

   .   

        

  (λ . = 360  488 ). 

         ( ),    

 Si/SiO2 (  Si/SiO2)    [37].   

       

.     

  HF   20    

    .    SiO2 

    PECVD. SiH4   

 5 3 ·  −1     ,  

       20 3 ·  −1 

  .     



 42

250  ° .   10   Si/SiO2    

  3   SiO2 — 2,5 .   

Si/SiO2   450 °    1   

   :   1000 °    50   

   ,    1100 °    

1       -Si (  -Si/SiO2) 

 3 .    -Si/SiO2   p–i–n 

 ,  :     

    -Si/SiO2   

   50     

(      5 ·  10−5  ·  −1),  

     -Si/SiO2   

   50     

(  ,     3 

·  10−3  ·  −1).      

   .  

,        -

Si/SiO2 (  50-    )  

    ,   

8 ,   12       6 .   

    —  520  650 .   ,  

 ,  -    , 

    .  

    SiO2,     

   520 .   520  

     ,  

  650 ,    



 43

     ,   

    -Si,       

  -Si/SiO2.      

 SiO2. 

         [38]  PECVD. 

 (  )   300 °   

   SiOx.     SiH4  

N2O   ,    SiOx  46 .% 

.      80 .  

,     SiO2   . SiH4 

   1 3 ·  −1,  N2O — 30 3 · −1  

  3,5 ·  10−2   30   . 

      

SiH4   20 3 ·  −1   1,5 ·  10−2   25  

  .   SiO2  

7 ,  — 3 .    SiO2    

.      

 900–1250 °   0,5  16      

 .    

 DFTEM  EFTEM ,    900 °   

  SiO2      2   

.     SiO2   

 1100 C   ( ,    SiOx 

 46 .%  ).   1250 °  

   —    

   .    1250 C 



 44

   .     

     SiOx. 

          :  

 -Si .    -Si  

      . 

    -Si    

 .      

 .   (13,56 )  

    ,    

 (  SiH4),   -  (  

).      3–5  (30–

50 . ),      . -  

        

  ,   -Si    

   .    

   ,  

 -Si [39]. 

       [40]     

    Ar+SiH4    : 

  (2–3 )    SiH4,   

,       

    .    

   (  , 

,  ,   . .).   

 ,    -Si   

. ,     -Si  

 5       45 ,    

  100 2 ·  −1.  -Si   



 45

 : 4–20       AFM 

[41] .       [42]  

       20  

 1 ,      .  

    .  

  : SiH4 (1 3 ·  −1) + He (100 3 ·  −1)  SiH4 (5 
3 ·  −1) + Ar (50 3 ·  −1) + H2 (50 3 ·  −1).  

  150 C,   1,4      

2,8   ,     20 

.    -Si      1   

    5    .  -Si  

 12 ± 1   .    -Si   

10  ,    H2,   ,   

  — .   4    

,       (  

,   )    5   

.       ,   

,        . 

   TEM.    

    -Si     ; 

,      .  

-Si  ,    .   

Si  .   [43],     

    ,    

,    -Si,   — a-Si,  

     40%,   —   

2%,   .      

  . Si (100)  p-   



 46

    ,      

   3       

    [44].     

   10   PECVD  400 °   

 SiH4 4,2     1,82 / .  

        

    800  1000 C   15   .  

       —  1000 C  

 1 .     KrF-  

.       NH4OH:H2O2 

:H2O = 1 : 2 : 5     -Si  

   . -Si    

   .   -Si  

   .  -Si    

2–5 . ,   ,    

,     .   

   ,     

 ,   . 

       .      

: 670  (1,9 )  710  (1,7 ). 

       -Si,    ,  

       . 

   40–60    [45]   

      .  

   ,     

     .  

    .    

30 ·  −1    (770 ° )  



 47

  Si1O0,28H0,39,    817 °  — , 

  ,     Si1O0,113H0,53, . 

.    ,     

,   ,   .   

     1–2 .% -  

 .    HRTEM  

  .  

      

  .   ,     

      ,  

     “ ”   

  .      

,    .  

      [46]. -Si  

  SiH4   .    

.     0,1 / .   

 -   ,  

   -  (365 )  

 SiO2  -Si  1      , 

  .   -Si    

     650 .    

    — -(9- ).  

  10 / .    

  .  

 ( ).      640 

  -Si  415   .   

,    , ,  



 48

 -Si       

,    . 

       -Si    [47].  -Si/H 

     . -

  .      — 0,5 

.% SiH4  ,    : 5–

10 3 ·  −1    400 3 ·  −1 . 

     18–20 .  

  -Si   6 . ,  — -Si/H  

 —      

   -Si/H  .     

  ,        

 ,      ,   

         

.     O2 :N2  0,004 : 0.996  

0,86 : 0.14        

 400–500 °      6,0   5,8÷5,9 

,      600  800 °     

 ,       900–1100 

° .       6,6÷7,0  (   

   ,   ). FTIR -Si/H, 

  ,     

Si−H, Si=(H)2  Si (H)3   ,   

  400  ° ,     Si−H  

  500–700 °  .  700 °     Si−H 

 . 



 49

FTIR -Si/H,   2,5 .%-10,0 .%    

,    -Si/H    

23–400 C.    500 °   -Si/H  ,   

   ,   Si−OH. 

 FTIR  ,     -Si  

  SiO2.     -Si 

  0,5 . -    

     ,     

  SiHx ,   O−Si−H .  

    H (m/z = 1)  O (m/z = 

16),    OH, Si, SiHx  OSiH .   

O  OH     ,  H  

   .   800 °
  

-Si/H     O2Si, O2SiH, O3Si  O3SiH. 

     

  ,      

 . ,   , 

  ,   400–500 °    

 Si−H     ,     

       , 

          

   ,  .   

    . 

         -Si   -Si 

         [48].   

   SiH4/He (5%/95%  )  .  

       CF4.  



 50

 SiH4/He  9–12 3 ·  −1, Ar  CF4 — 45  1,5–6 3 · 
−1 .       

 .       

. TEM ,  -Si . -Si   

    - .  [48],    

 3 .  FTIR  ,    -

Si   ,    

 -Si.       

         , 

     -Si,   

 , . .    Pb-   

 -Si.  100   -Si   

   -Si .   

   -Si.  -Si 

 ,  ,      

 :    -Si  7   

   . 

     Pb-   

  -Si.     [49] , 

  -Si     -Si ,  

  ,       800 

 530 .       -Si  579   553 

,       15   12  -  

  -Si  .  

  ,   10-     

,      2–3 

.       

-Si,      . 



 51

    -Si  16%,  — 2%,  

 — 1%.  ,    

  [5],       

  . 

              

 -Si     . -Si  

   SiH4      [50]. 

       

     .  

       

.  49%-      

     -Si   30 . 

       

.    FTIR   ) 

   ; )  12   

    ; )  30   

  HF; )  3     HF. 

,   -Si    

 2    .      830, 746 

 656   -Si  5,0, 4,1  3,3   

(    TEM).  5,0  -Si    

  ,  12   — 4,1 ,  ,  

  HF     — 3,3 . 

        

,   —   12   ,   

,   HF,     

; ,   3     

  HF   ,     



 52

,   .  -Si,  

FTIR,   ,     

     SiH2  SiH3.  12 

      ,    

  (Si−O−Si).   HF 

  ,    

.  3     ,  

      . 

 ,     HF   

 Pb- ,     

   . ,  3   

    HF,     

O3SiH,       (Si−Si),  

  SiH.   ,    3 

    HF,   SiO1..9. 

   -Si     

1,5 ,      543 ,    

  2 .   ,  

 ,     -Si,   

  Pb-    -Si  7 ± 1 . 

     - . 

        -Si      

     .   [51] 

-Si        H2   

SiCl4  -  Ar.   Ar 200 3 ·  −1, 

  SiCl4 — 100 ppm.     

 0–5 .%.  -Si/H,   

     -Si/H  



 53

  Si−H,    

.  ,      

 0–0,5 .%,   ,     0,7 

.%       670 .  

     >2 .%   

  520 .   -Si/H,   

TEM   0,7 .% H2,  2,8   . -

Si/H,   520 ,      

 24     ,   

450 .  ,   ,   

   -Si/H.   ,    

[49]        

-Si,      ,  

        ,   

    [5],   . 

        [52]     SiBr4   

SiBr4    .     

   .   50 

° .     -Si   

    2–4 . , -Si    

   3 . -Si   . 

  18%. -Si       

 .     ,  

   340     (470 ). SiO2 

    -Si  .    

2,3 . EDS      Si  O.  

  ,  -Si  

 .  FTIR   



 54

,    (Si−O−Si)  (Si−OH),   

Si−H   .  ,    -Si  

   .  ,  

      ,    

  .     20% 

  14 ,     200 . 

  -Si       

   10-   HF  ,    

-Si   SiO2.      

    .    

-Si      6 .    

HF -Si    3,4 . HRTEM  

  3,1 A°,   

  (111) .  ,  

    .                             

 2  —     FTIR-  — 

   .    (Si−O−Si) 

 .   HF    

,    EDS. FTIR    

 Si−H  Si−F, . .  -Si    

 SiO2  Si−F  Si−H.  -Si    

∼4 .%   -Si.     -Si 

    — 470      

  340 ,       

 30%.   ,     -Si,    

 ,      [51]    

  -Si,    [49].   

    2     [52]  



 55

-Si,   ,    2,2  -Si 

 -  ,    3,5  

— . TEM ,  -Si  -    

  3,9 ,    — 3,4 , . .   

      .  

  -Si      . 

    -Si   

   , , , 

    Pb-   

. 

           Ar, H2  SiH4   

1,4    -Si/H [53].   

    . 

   ,      

  789 ,   62 ± 11%,   765  — 46 ± 11%,   

693  — 1,8%.  8       

.        ,  

  .     

   -Si/H    . 

  ,  [49],      , 

   [5],      

 . 

        [54]    -Si/H   . 

     (Ar+SiH4)   25 . 

  -Si/H   12,2  —    

  .      

 TEM.   Ar  -Si/H   , 

    1-   1- . 



 56

         

 ,      250–

500 ° .         4 .  

         

(1-   1- ),     -

Si/H    ,   

  ,   ,  

   -Si/H     1,5  

,   ,      

        

 .      

  -Si  ,   -Si 

  (Si−N)    . 

             Ar, SiH4  

H2 [55-56].      

     (  ),   

 .        

 .  -Si   .  

    ,  

.   ,    

   .  -Si/H  5–10 

         . 

  . FTIR ,    -

Si/H      SiH3  SiH2. 

       

.   2086 −1      

(Si−H).   -Si  SiH3    

. ,       



 57

 -Si 4,07   ∼ 70%     800 

,     λ = 700 . TEM   

 .     ∼ 5 . -

      4,07   

  1,55 .  

             

 ,    .   

     . 

        [57]. 

        ,  

 -Si,  .    -Si 

   ,     

,    ( -1, -1, -

1, , -1, ).     

 ,  -Si.    

   860       

 390 .   -Si   

   .  TEM   

   -Si    

  -Si — 4,1     

0,87 .    -Si   

  10%,       

     60–70%. FTIR   

SiH3, SiH2  SiH,   —   Pb- .  

       ∼50%, 

     -Si, 

  Pb- . 



 58

              

-Si  ,     

  [58].     (1–5 ppm SiH4)  

   1    .   

 -Si    1,6 ,   

-  .     6 .  

  360       420 , 

      . 

       405   

   511     ,    

       405    

    465 .      

 -Si        

 .       457,9  

   ,    τ  = 30 . 

 ,   ,    

-     (τ < 1 ),  , 

      

(10–100 ).       9,10- -

  .    30%. 

             

   :   -Si. 

      

,    

        

  200 °     

    .    



 59

       

    -Si:H    

 (250–300 ° ),      SiH4, 

 -  — .    150 °   

 ,    ,  

  .   -   

     

  ,      165–

200 ° ,        

. 

         [59]  -Si     

      165 ° , 

  0,9 ,    15   

  4,5 .  SiH4   

   1%,    -  

(Ar+H2)  , 100 3 ·  −1,   Ar:H2 

.      ∼ 200 .  

    200 ° .  n-  

-Si     7 ·  10−3 3 ·  −1 AsH3  . 

   50%   (Ar+H2)    

-Si/H  :    2,6   

  -Si/H    .  

   (50% Ar)     

,        25  36 

. ,      25   

  .      

    150     



 60

    70%,    (Ar+H2)  

-Si/H  73%    50 ,     

150  — 77%   360  — 79%,     

      (  ,   

  ). 

          -Si   [60]  

          

 2,45     50–500    

 1000–2000 . -      

,   — SiH4  B2H6  PH3.    

 10000–20000 3 ·  −1.   -Si  

    -Si,   

    1,3–1,5   

    .  -Si  P-

-Si (  )     

    4,3–45 ,  - -Si (  

) — 20 . ,    , 

 4    ,     

 6 .% -Si  .   

       

   ,     700 

 -Si.    -Si    10% 

 HF  20      

.        

.  P– -Si       

     (40 · 
−2)   60–70%,      

 60 ·  −2  -Si ,  



 61

   .     100 

.      (80  100 ·  −2) 

   400 ,     

      -Si   

 .      - -

Si. ,    0,2–2,5 ,   

 ,     20–50 

. ,     B- -Si, 5 ·  1020 −3, 

     B- -Si (1021 −3),  

  (3 · 1019 −3)  P– -Si    

  (5 ·  1020 −3).  

     -Si    

 -Si       

.       

100 · −2    10−10  ·  −1  5 · 

10−8  ·  −1,  —  10  ·  −1. ,  90% 

,    ,   

  P- -Si,       SiO2.  

  B- -Si  . 

       ,   , 

   ,  

       

 .      

  300 ° .   [61]      

        

    24%-   

.       — -

, - , , , —  



 62

 ,    

 .     

 42     16%.   

       

  0,8 ,      

 EELS.  

          [62]     

SiH4     .    

      3,9    

   SiOx  1–2 .   

    .    

 740 .    ,  

    ,   4 .  

,        

,   ,    

  ,   -   

 . 

        ,   SiO2.   

-Si,   SiO2,     

 1  (“  ”),     

  .  ,   

 ,     ,  

     . 

         PECVD  SiH4  NH3   

 [63]  300 °    6 .   SiH4 

 6 3 · −1, NH3 — 2 3 ·  −1.   

    Si (100).   

     60 .    



 63

   600–900 °    10   

 .      , 

  600  ° .     ∼ 750–800   5 

,   ,    500  400 .  

       

      ,    

 — 600 °  —     

   .    750–800  

 -Si   SiNx. 

          -Si  

SiNx,      ,   

[64]     ,   SiNx   

 Pb- ,    Si−H   

      .  

        

  . 

          -Si  -  

.   N2O      

 -Si  SiO2    SiOx  

 ,   ,     

      ,     

   .   SiOx  

  1250 °     -Si,  

         

  , ,     -Si. 

        SiOxNy    PECVD 

[65]   SiH4  N2O.     Si (100)  



 64

 200–1000 .   10% .  

     39, 42, 44  46 .%, 

 1    500–1250 ° .  

      

 .     Si−N  Si−Si 

  SiO2.      

   .  (Si−N)     

1000 °  . FTIR     SiOxNy  

 Si−H  N−H  Si−O−Si  Si−N,     

1000 °        ,   

 Si−O−Si .    

     

  650–1000 ° ,     

     . 

        [66],    Si   

  SiNx    ,   

        (  

     - ). 

      PECVD       

   .    [67]  

    5% SiH4  95% Ar.    

 (  )   TEM,  

        

 —    .   

,    ,   

       

∼3,5 ,         



 65

0,9   1,4 ,     —  58%  84%. 

    34   51    

    3,5   4,5 ,    

     1,4   0,9 ,   

  —  84%  69%. 

         -   

.      

  -   [68-69].   

     

  .   

       

       

- .   

      [70]     

 CO2-     -Si  

,     

 ,      

.   ( ) 

      

,  . ,   , 

  , ,    , 

       

. 

           , 

      -Si.    

      

    [71].     

,   ,  -



 66

Si       c    

 -Si [72, 73]. 

           -Si, 

 ,  ,  

,     -Si 

    . , -

Si   [74]    Si (100) n-  

    48%-  HF     

 .    

    1-   

      .  

 ,      

  .   , 

    . , 

      

   -Si 2,20 ± 0,04 .     

     5,1–23   

 8–300 .  150       

:  (430 )   (600 ).   ,  

  (Si=O)  (Si−O−Si),   

 -Si.    ,     

   ,  8,7 , . .  

   ,    

SiO2.        -Si  

    ,     

 -Si, 2,2 . 

          [75]  

     (100)   



 67

48% HF :C2H5OH = 1 : 1 (  ).     

 15 ,     2   5  

 (  )   0,1  1- . 

   -Si  .    

 1-     .    

    5  CH2Cl2,    5  

    ,   

 , DMSO,   . .      

,       

-Si.  -Si   2,5 ,     

 — 5 .    ,  -Si 

,    ,    

.     1  HCl,      1  

NaOH.     -  . 

      

 -Si      . 

 ,    -Si, - ,  

  ,      

.  -Si  .   

    -Si    [76]. 

        [77]        

  -Si  . , 

    50–55%   

(111),        

       55%  C12 

 65%  C18, . .    , 

       

 (111)  . 



 68

         [78]   

 -Si/H,   ,   

       

 -Si,     (Si−Si):  

  -      (Si−Si) 

  -Si.        

  (Si−Si)    Si−H  Si−OR.  

       -Si/H    

   [79].  , -Si/H, 

     

 ,  .  -

Si/H       ,  

    ,    

,       ,    

  .    

,      -Si/H. 

         

   .   

   ,      

  4 .    

  25  ° .  -Si/    

 -Si/Br  3-( )  ( )   

  0°     6 .  -Si/  

   ,     

.    -Si/    

 10–50 ,      

—   300 . -      

,   (Si−O), Si−OH  SiHx, . .   



 69

     .   

  1H, 13C  29Si - . -Si  

       . 

 

1.3.    

1.3.1. ,    . 

  SiO     

 1000 ° .       

  -  .    

   SiO2   ,   1020 
−3  .  ,   

       

: 

2SiOx  SiO2 + Si  (x 1)                                                                              (5) 

                                                                                            

        

     SiO2, 

   SiOx.    

, -Si      

      HF.  

  SiO   .  

  300  ° .    400–800 °   

  ,    800–900 °   

 .     1000–1100 °  

  -Si.     

  SiO,   SiO2 [80].  



 70

       SiOx  500–900 °  [81]    

  SiO2,   1000 °  — -Si     

.  ,     

  SiO2,  ,   700 ° ,  5–10  , 

  ,   1000 °    -Si. 

      SiOx (x < 2) 

   [82]. 

            

-Si,    [83].   Si (100)  

  SiO  SiO2  2  4  :  

45 .     270 .   

  1100 °    ,    

 -Si   2      SiO2 

(   TEM). Pb   —   (Si3 

Si• )    (111)Si/SiO2,     (110)Si/SiO2. 

Pb0-  Pb1-   —    ,   Pb,   

  (100)Si/SiO2. D-   —    

 (Si3 Si• ),      ,  

    .  SiO2  

: E  —   (O3 Si• ),    SiO2,  

 —  ,     ,  

        ,   

    .    

 Pb  D . 

  ,  Si=O  Si−O   

  -Si/SiO2     

 ,      



 71

   ,       

   ,      

.   [84]   : 1) 50   

SiOx/SiO2    SiOx 4 ; 2)   SiOx, 

 4 .     Si (100)   

   Ar+.    SiOx   

   .  

  1100 °    .    

 1      650 °    Pb-

.   , -Si    3,79 ± 

0,95 .  -Si  3,5 ·  1012 −2.   

        

  x  SiOx, . .    -Si.  77 

   ( )  2  ∼1,66  (750 

)  2,18  (570 )  x = 1,0.   

 ( ),   —  ( ). 

        

/ ,     Pb- .  

     . 

        SiOx  x = 1,0  x = 1,8     

 :   2,18  2,64 ,    1,66  2,16    

    ,   .     

  ,      . 

       SiOx (x 

= 1,2)      ,      

.        

    x  1,0  1,8  



 72

  (    

      ).  

,     ,    -Si 

 ,        x,  

        

     x,     

-Si  .     300   .  

   2,70  (460 ),     

    x.     

    -Si/SiO2. 

       SiO [85]  Si  SiO2   

    -Si      

,    ,       

 325, 532  1064 .    5–10 , 

    ,     

     .  

       [86]      

  25 °    950 °     , 

   . ,   -Si 

      790   

900 .         10 

      

    1- . 

  -Si c  1-    

    220 ° .     

     25 , 

200  300 °       .  



 73

           

 .       

      12%    950 

° . 

        -  Si/SiOx ( -Si/SiOx), 

       

 ,   [87]    

     SiO. 

       

    (     SiO   

 Si/SiOx)  :  

  ,   , 

 ,   

.        

 -     SiO2 

      Pb    

 4,0 x 1018 / .     900 °   

       

 Pb .  SiO2    

  HF (  )   

 -  .   

       

 SiO2.    (  

)      -  

Si/SiOx        

 .    Si  

 4,7  11,1         



 74

350°   1100 ° .     T  = 350 

° ,       

.  T  = 1100 °     

  .  ,  

    

  Si     

   .     

        

Si  (2D),    SiO.   

       

     ( T  = 350 ° ).  

         -Si    

       

.    [88]    -Si   

SiO    25 °   950 °    

     ,  

 10 .  ,    

    ,   

  ,  ∼ 16%  . 

      

      . 

     

       

 220 ° .     ,    

    ,  

    5 .    

      



 75

   ,    

   950 ° .     

   -Si,    

   . 

  ( -Si)   [89]  

   SiO,    

  ∼100 .   SiO   

         

950 °       2–4 .   

    : 

2SiO  SiO2 + Si.                                                                            (6)               

  ,  ,  2 

.      20   

     (HF, 49 .%) 

 ,   SiO2,     

.        50  °  

    .    

     

        

 HF.        

   .   -Si 

,      

.           

,     2000g  

 5 . 

 -   

  ,   (Si−H), 



 76

  ,      

(      ) 

 Si−H  : Si−H  Si• +H• .  

     ,  

  .      

    1- .  

,   ,   

 ,    1-  (4 ). 

     1-  (315  ° )  

    5 .  1-  

    

 .     

       

-  .     

   2     

  .    

    SiO. 

     

.      

.  -Si  , 

       , , 

 ,   .      

    . 

        -Si   

   . 

,    [89],    

,    [90, 91]   

,    ,  



 77

   : 5   3  48 , 

.    [90]  [91]   

    

 ,       

   . , 

        

   ,    ,  , ,  

.  [90]        

          

  ,   ,      

    ,  .  

          60 . 

  [91]      

     

    . 

 

1.3.2.      

    [92]     

 ,    

  -   . 

       

, Mg2Si,      ∼ 

100 ,   -200.      

 ,       

 ~800 K      

-200    : 

Mg2Si + SiO2  2Si + 2MgO                                                                    (7)                        



 78

        

  .   

    ,    

   ,    , 

      

 .      

     -

.      

      

  ,    

      . 

     313 K   

    2    1  

.      

     ,  . 

   473 K    . 

 1-     

  ,      

        

 (~650 K).     30 c  

      . 

    5 .    

       

.    

     .  

    . 

      

         



 79

       . 

     7    

   -  ,  

      . 

  -Si    

  .  

 

1.3.3.     . 

        -Si,     

,   ,  .  -Si  

        -

Si [93]. ,   -Si,  . 

    ,  

 ,  ,   -Si:  

 

NaSi1−xMnx + NH4Br  Si1−xMn−H + NH3 + NaBr                           (8)                           

 

      ,  5% Mn    -Si.   

  30–500   [94]   

       

SiI4,   .    

 -     .    

     -Si    

[95]. , 100  N,N-  (DMF)  

  0,1  (2 ) Na4Si       

     .  

 0,2  (2 ) NH4Br    48 , 

  .  ,   



 80

,    40  0,072   H2PtCl6 

 2  .   12 ,   

   .     

,     -  

    — NaBr, H2PtCl6   NH4Br. 

  ,   

,  .     , 

 -   ,   , 

  .    -Si   

 3,9 ± 1,3 .       (   

)       (∼ 435 )  

  ,       

 ,   .      [96] 

      ,    

,      -Si. 

 ,    , 

    460–470 .  -Si  

      , 

  -Si  ,   ,  

  .   ,   

 Na4Si  NH4Br,    

       180 °  2 . 

  ,  10%   

  10     -Si 

.    50   . 

   .   

           SiCl4,  -Si. , 

[97]  100    200  Mg2Si, 1,2  SiCl4,  



 81

    2   ,   

   SiCl4   .   

  , 2,6   LiAlH4    0 ° .  

     0 °      

  .   7,4  1,4   

CH3Li   .   1 ,  

 .      1  

 HCl  , -Si  .  

 10   .      

.    ,   

 -Si. FTIR ,   Si−H ,   

,   (Si−O−Si).  

        

280, 300, 320, 340 ,      

   : 330, 350, 365, 375  . 

  ,      

SiO2. 

          

   ,   -Si, 

    ,  

    -Si 

  —       

   .    

 -Si,   [98, 99],     [100], 

   SiCl4  LiAlH4,   

,  -Si,  ,  

 1,8–10 ,    ,   , 

  ,       -Si, 



 82

     ,  -Si    

. 

          

   ,    -Si, 

  -Si     .   

-     

  (TOAB).    [101,102]  

    SiCl4,       

1   LiAlH4     .  

 3 ,       

  .   .  

   — H2PtCl6 —     1-

,  .    3 .  

        -Si, 

 1- ,  ,   

  . -Si   

 .  ,  -Si  , 

    ,   

,   .    ,  

 -Si,   ,   

.    -Si, 

 1- ,   1,8 ± 0,2 .   

   335      

 .  

         -Si    

 [103]       -Si 1,8 ± 0,2 , . . 

   .   

[104, 105],    LiAlH4     5 



 83

    -Si/H (1–2 ),    

  ,    -Si/H (1–7   

       3 ),  

 TEM. HRTEM   

  -Si/H.    

   Si (0):     

 ,    —    

.   -Si  , 

 ,     460  470  

      300  400 , 

.  ,   -Si  

   -    ,  

,        (10−8–

10−9 )  -Si  1–2 .     

  4 . 

             [106-108]. TOAB 

       

.    SiCl4     

 .      LiAlH4   

   .    

 .   ,     

   ,   1-    

H2PtCl4  .  ,   

. -Si/C12H25  .  1-

  .     1-

, 1-   1- .  TEM,  

    1,57 ± 0,21 ,   

 -Si/CnH2n+1   . FTIR   -



 84

Si/CnH2n+1,  n = 10,    (Si−O),  

    n = 12, 14, 16.  

    .   

,       

∼50%. 

              

[107]     308–322    

    280 ,      

     .    

  23%  13%      ,  

    , 

  ,  ,    

  .      

   : 4,0 ± 0,1   0,75 ± 

0,15 .  ,    ,   

     -Si.   

          [106]      

, -5- -1-   -10- -1-  

 1-     ,  

.  TEM     — 

1,57 ± 0,24       .  

  .    

   .   

      

         

-Si,   .  ,     

      

   ,   ,  



 85

       

   .      

      

 .  60%     

   4–5 ,   40% —   3–3,75 .  

   ,     

 .       

350–600        280–460 . 

          ∼ 12% 

 pH=7,5.     

    5 , . .,   , 

    [106-108]   

  . 

         -Si     

 ( ),   -Si    

  ,     .    [109] 

1,5  - -      100   

   5 .     100  SiCl4  

  1 . 2    LiAlH4  

         3 

.    20  , 5  H2PtCl6   

  -    500    

 3 .    

      -

   . 

            -Si, 

     [110].   

   ,  . SiBr4  



 86

        

      C12E5 (   

).    

,     -Si    

.  -Si     

  — H2PtCl6 —   ,  1,5-

. -Si      

.   ,   

,      . 

     N-   

.     3 .  

 ,  -Si     

.       

 .  TEM   -Si  3,7 ± 

0,9  (   ), 3,6  (  )  3,4  (  

). FTIR      1080–

1125 −1,     (Si−O),   

      .   

,      (Si−O) 

  -Si   ,   

   .      

 ,    -Si. 

          Na4Si4, Rb7NaSi8  A12Si17 (A= 

K, Rb, Cs),   [111]     

   ( -Si).    

     -Si,   

Na4Si4, Rb7NaSi8  A12Si17 (A= K, Rb, Cs).    Na4Si4  

Rb7NaSi8     , 



 87

 . ,     

 A12Si17 ( = K, Rb, Cs),   [Si9]
 4-  [Si4] 

4- 

,    -    

 [Si9] 
4- ,     A4Si4 (  = Na, Rb, Cs), 

   [Si4] 
4- .    

  NH4Br   ( ),   

 .  -Si   

 , EDX,      

  (  - )   .  , 

 Si  -  -

  (ICP-MS),  ,      

,   [Si9]
4-,    -Si. 

  -Si      

       ,  

        

   .   Si  

        

    .    

      

 .       

  -Si, Na4Si4    

      . , 

       

      , 

      . 

        [112]  c   

    3  9   .      

    SiCl4   Na 



 88

    .  

     ,  

    ( ), 

     ( ),  EDX 

,   , -    

.      .  

 ,     

,       

  ,    

  .    

  -  .     

  ,   

      .  

           

 [113]   ,  

   .     

     -Si   

 :    ,  

 3-  ,   

 ,      

  SiO2.     

    414      

15  23%      .   

   ,  

,   ,    

  .     

      

      



 89

   .    

  ,  3- , 

       

   π-   

    .    

  ∼ 4       

 .       

SiO2          . 

       [114]    -Si, 

  Fe     

.      

      . 

     

 , Na4Si4  x % Fe (x = 1, 5, 10),  

     NH4Br.   

   -SixFe,  .  

      

  .    , 

    ∼ 3.0 ± 1.0 .  

 Si5Fe       (  

 ∼10%)     .   

  ,     

     +3.  

  HepG2   ,   

  . 

        [115]      

     NaSi0.99P0.01( )  NH4X (X = Br, I) 



 90

     (a-Si).  

  ,    

 ,    a-Si. 

        

        . 

    – 24 .    

,   ,  , 

        

,      . 

     P 

  .      
29Si  31P        

       ∼ 0.07 . %.   

       

,  .  

        (  ,   . .)  

       . -

    ,   

         

 .     [116]     , 

  ,    

 .  ,  

        680 , 

   (1100 ° ,   1 )  

  .  

,         

390 ,       . 
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     12 .  

 ,      

  .  , 

   ,    3.5 ± 0.4 nm. 

 ,    ,   6.0 ±2 nm.  

     

, ,   

,     , 

, ,    .    

   -Si,  

     ,   

  .      

       [94-116]         

    -Si.   [117] 

        

–  BC8.      

       

  . ,     

: , , ,   .    

    . 

     

,    Si (I).   

 - BC8  Si (III) ,    

        

  .   BC8 

      “ ”. 

 Si       

   to ∼11.7 a,   



 92

       

. ,   -Sn  Si (II) (  ∼ 11.7 a)  

   Si (V) (13−16 a).    

,     Si (II)  -Sn      Si 

(I),      .    

    - Si (III)/BC8.   -Si 

  :  1   SiI4    

  ( )     170 °C.  

  (3.75 ) -    

 (10 )  1-  (   

 1   ).     

  280 °C       72 

.       - . 

        

.      

.    22-25%.  

          

,      

  BC8 Si (2.23 Å)   (220) .  

     5.0 ± 0.9 .   

      

    . 

            [118-127],  

        

 .    

       

  [128-129].     
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  (3590 A⋅ ⋅
−1 ).  ,  

    -  ,  

    372 A⋅ ⋅
-1.  

 [130]    (  

,   )       

       

   .       

,  -Si.  

1.3.4.    .  

 -Si  [131]     

  (  = 385° ,  = 34,5 )   (  = 235 

° ,  = 30 )   500 °    345 . 

 -Si  .    

  .    

      

     ,    

        

;     .  

   2 .   -Si   

  .  ,   

 ,   

,       . 

  (  1,5   )   , 

        

/     1000:1.  
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1.4.     

 ,     

 : , -   

.       . 

  ,        

         

 -   .  

 ,        

      

,     . 

      

,       

     ,   , 

, ,    

     

    . 

      : 

   Pb-     

    .  

      

      . ,  

  [53]     -

Si     ,    [1]  

     Si=O   -Si. 

  [51]  (   )     

   -Si,      [52]  

   -Si,     .  

    ,   
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 :      

  . 

 2.  . 

2. 1.  . 

      

 : 

      1.      : SiBr4 (99%, 

Alfa Aesar), SiCl4, ( . ., Alfa Aesar),  (99%, Alfa 

Aesar).  SiBr4     

 [132].      

 MeSiHal3 ( . .), (Me)2SiHal2 ( . .), (Me)3SiHal ( . .)  

(Et)2SiHal2 ( . .). 

      2.      : 

1,3-  , 1- -3-  , 1-

-3-  , 1- -3-  , 

 (99.98%,  “S&M-Invest”); 

 (99.98%,  “S&M-Invest”),   ( . . .) 

   ( . . .). 

      3.       :  1,2-

 ( ) (> 99%, Sigma Aldrich),  2-  

 ( ) (> 99% Sigma Aldrich),   ( . . .).,  

( . .),   (99%, Alfa Aesar).   

 .      100 

       0,5  , 
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  . 

      4.    :   (99.5%, 

Sigma Aldrich),  (99.5%, Sigma Aldrich),  

 (99%, Alfa Aesar),    (LiAlH4, 

Sigma Aldrich),   (NaBH4, . . .), Mg ( ), Zn 

( ). 

      5.    : Br2 ( . .), Hg (99%, Alfa Aesar), 

Ar ( . . .), N2 ( . . .). 

 

2. 2.   ,        

 ,    

 

          2.2.1. -    -Si 

     

 TITAN 80 – 300 (FEI, )    

 .        

     300 .   

      

    (HAADF),  

  «Z- ».    

   -  

 (EDX, ).    

      

 DigitalMicrograph (Gatan)  TIA (FEI).   
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  -     

 .  

      

       

JEOL JEM 2100F/Cs (JEOL Co. Ltd.) (  ) c  

 (FEG),     

 CEOS GmbH (Germany)    

Tridiem       

 Gatan Inc. (USA).   

    200    

 90      

 .  

        

    0,2 %   

     « » (150 , 

22 )   20    ,   

100       , 

  . 

  Si      

 1,3-      

     FEI 

Tecnai G2 30    200 .   

   :  

   ,      

  0, 2 .      

       . 

2.2.2.       (  )  

 SOLAR TII     Hamamatsu. 



 98

    Ar-    

 364 .       

 ,       . 

      

 .  

            C       PerkinElmer LS55.  

       254, 320  365 . 

      

. 

                  Cary 

Eclipse Varian    :   

400 ;      200  1100   

    . 

                

 HORIBA FluoroLog 3 NanoLED   

,     344   

  200 . 

           2.2.3.        

 : Bruker IFS66v/s (  ),  

     

,    -   Tensor 27, Bruker. 

        

     1 -1,    32 

.  

           2.2.4.      -

Si     - . 

          2.2.5.        

.    -   
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  -Si,   

,       13C-  
29Si ( -      )   

 Bruker AVANCE II 500 NMR   

 4  .     

  99.38 M     12 .  

  2,81     B1   83  

   29Si    1H;    10  

1,13    29Si-  13C- , . 

        13C  

(  m0( 13C)•N( 29Si)/N( 13C) = m0( 29Si),  N( 13C) = 0.25145020, 

N( 29Si) = 0.19867187).      

-Si    40 oC.    

       

 13    29Si     :  

Brucker AVANCE-II 400    9,4 ,   

  ν(
1
Η) = 400,1, ν(

13C) = 100,4  ν
29Si = 79.5 M .  

    TopSpin 2.1  

Bruker.     29Si      

  (54,7°)   4    -

 7  ZrO2.      

  (90°-  – 6 ).  

   60 ,   -  1000  

2400.      13     

   (54,7°)   12    

-  4  ZrO2.     

        

 1      [133-134]   



 100 

 SW-TPPM (  = 8 s, = 15°)      

  [135].    2 ,  

  – 2 ,  90-    1  – 5 . 

  -  10000  20000. Si(CH3)4    

    13   29Si ( 0 . .) 

         2.2.6.     

     ( ) 

«STEREOSCAN MK IIA»    

GA-Group CCL3i      

  ( ) [136, 137]    

   ( ) [138].  

       

   , 

      450  — B, 540 

 — G  670  — R,     

   .     

      11 

    ~ 30 ,   

     420, 450, 481, 510, 540, 570, 600, 

640, 680, 720, 760 .       

    -   

   30 .    

      

    

   ,   

  -    

       . 



 101 

          2.2.7.     

 (XPS)     Kratos Axis 

Ultra DLD, AlKa   ,   C1s 

 (284.8 V).     

  160 eV,     

    20 eV. 

        2.2.8.    

(EDX)       

    

 ,    

     . 

           2.2.9.       

   -    Nanoprix 2000  

  .    

      . 

 

2.3.   . 

     2.3.1.     ,  

 . 

             

     (  

, ,     ; 

  –  1-9).  

 1. : SiBr4 – 0,5 ,  -12 ,  – 

0,464 ,  -   (mmimI) – 0,509 . 

  ,     

 ,     9    
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0,464  .     

  ( 98 οC)      

     (    

0,5 – 3 ).       0, 509  mmimI  

 0,5  SiBr4  3  .    

 ,   . 

    .     

  4 .    

,      . 

 2. : SiBr4 – 0,5 ,  -12 ,  

 – 0,751 ,  -   (mmimI) – 0,519 . 

         .  

     3,5   

 100 οC.      . 

     . 

  3.  : SiBr4 – 0,5 ,  -12 ,  

 – 0,276 ,  -   (mmimI) – 0,515 . 

         . 

    ,    

-  .      

 4     100 οC.    

.    -  .  

    . 

  4.  : Si l4 – 0,46 ,  -12 ,  

 – 0,749 ,   -   (mmimI) – 0,509 . 

        

 ,  ,   Si l4.   
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   .     

       

   100 οC.      

 -  .    

   3,5 .     

  . 

  5.   : SiBr4 – 0,5 ,  (CH3)2SiCl2 – 0,243 , 

H3SiCl3 – 0, 235 ,  -15 ,  – 0,65 ;  

  SiBr4 : (CH3)2SiCl2 : H3SiCl3 = 0,5: 0,25: 0,25. 

       0,65    10  

.        110 οC 

  .      

    0,5  SiBr4  5  , (CH3)2SiCl2 – 

0,243 , H3SiCl3 – 0, 235 .     

.       

        100 
οC.       -  

.       3,5 

.       

. 

 6. : SiBr4 – 0,5 ,  ( H3)3SiI –1,25 ,  -

15 ,  – 0,4 ;    SiBr4 : ( H3)3SiI = 0,3 

: 0,7.           

       0,4    10  . 

       110 οC  

 .        

 0,5  SiBr4  5    1,25  ( H3)3SiI.   



 104 

   .    

 .  15      

 - .     

 .  

 7. : SiBr4 – 0,5 ,  ( 2H5)2Si l2 –1,38 ,  

-15 ,  – 0,4 ;    SiBr4 : 

( H3)3SiI = 0,3 : 0,7.         

       0,4    10  . 

       110 οC  

 .        

 0,5  SiBr4  5    1,38  ( 2H5)2Si l2.   

   110 οC   48 .  

 c -       

 .  

 8.  : SiBr4 – 0,5 ,  – 0,480 ,  – 

15 , LiAlH4 - 0,170 , 1,3-   – 0,550 .      

   ,   

     15    0,480  Na.  

  1000    .    

  1 – 3   .      

 110 οC   0,550    (1,3-

 )   3   0,5  SiBr4. 

  – 2 . 

   35 οC     

          0,170  

LiAlH4.        
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   14 .     

 . 

 9.  : SiBr4 - 2,0 ,  – 30 , 

LiAlH4 - 0,670 . 

     ,  

        

 .   30    0,670  LiAlH4 (∼ 0,008 

 c  10% )   100    2,0  SiBr4. 

   100 οC  1,5 .   

     , 

  .     

    . 

 9-1.       0,5   

9      150       

Edwards       5x 10-2 . 

 .  

 9-2, 9-3, 9-4, 9-5.    

         300 , 

450 , 600   900  .  

      ,   

  ,       

  ,    

 EDX.      

      1  10     

 3 .  ,    

 ,     

   . ,  

    254 ,      -
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 .    , -

,        

       – 

 [139].    

                 

  ,   –   

   , ,   

,        

.      -

2-  ( -2- )   .  [140],  

    1,3- ( ) -2-

        

  .    –  

  ,     

  ,   . 

 

 -Si (  10-30).    

-Si c     :  

 

                                                      R1, R2 – -2-  

.1.       

  [141-142]. R1, R2 – -2-   
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( , , ).     

      

;        . 

   110 οC    . 

     . 

 

 -Si   -2-  (  10-20). 

 10-18.       

 –    (7-12 );    

 – 1,3-   (mmimI), 1- -3-

   1- -3-  , 

     [143] (2,3 – 8,7 ); Na (20,2)  Mg, 

Zn (9,2 ); SiBr4 (4,0 ).     110 οC  

     . 

 19.    ,  

 ,     (40 )  1,57  

.        

  85 οC.     1,3-

  (1,0 ).  -  

 .       1 

 SiBr4   10       4 .   

 - .      

       

 .    . 

 20.     ,  

 ,  45   , 
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 0,7          

  105 οC.        1,3-

  (1 )   1  SiBr4  5  . 

  ,     

  .   – 6 .  

 -       

,      .    

  200 οC    5 . . ..    

       

   . 

 -Si  (  20-30). 

      - , 

,     (8-15 );  

,  , SiBr4 (4-6,6 ); MeSiHal3, (Me)2SiHal  

(Et)2SiHal2 (9,2 – 16 );   10%  (8,8 )  

 ( )    ( , 

     , 

  ).    110 οC 1,5-2 ,  

 .        

 24 - 48 .  -Si    

  .  

 

2.3.2.  ,    

( ). 

       

      1  10  

    .    
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,      

     

.  

      

      ,  

   (   ),  

   ,   

   .  ,   

 ,      [144],  

  ( ),  ,  

 1,3-   (mmimI)    

 .       

   ,  mmimI    

 (  83 º ).        

,    mmimI      

   ,      

  .     

  –  , –    

     (  )  

 mmimI       (  

 110 º ),     (  ), 

  ,    

 . 

  (  31). 

  ( )  1,3-   

(mmimI)    2,3    NaBH4   2,1   
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  20    90ο C. (     

,        NaBH4 – 24   

100    25ο ).     

 ( )    1,0  1,5 . 

         

       1,5 – 3 . 

      ,   

     ,  

-  .      

NaBH4.      

   .    

   .    

      2,2 - 8,4 . 

  (  32). 

 ( )   20    

4  Na        

       1-3 .  

100 ο     mmimI    1,8 .  

         

      2 – 3 .   

       

,       ,  

      . 

        

 2-6 . 
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2.3.3.    ,   

  . 

2.3.3.1.  ,    

. 

  ,  

 ,      

 : 

   

 

. 2.     (  ) -Si,  

 .   

      ,   « »   « » 

  ,     , 

      

   . 

 -Si      

(FBu- Si)     [145] (  33). 

  -Si     

       . 

        1,2-

   .    85°   

 .      1 – 3 

  .       SiBr4  1,2-

.   .  1  
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   ,    - 

2 . 

 -    -Si  

    0,04   

.     –  – 

  4F9I  20%-     

     -Si     

   10%-       4F9I. 

        

       

.   ,      

,        200° .   

        

      . 

       

,      .  

      (   NaCl)  

 -17° ,     

        50 .  

     -Si  

       

  -17° .     -Si  

   ,    . 

     1 .   

–  - . 

  -Si     

        

    .   
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   -Si   

. 

 -Si c   (Bu- Si)   

  (  34).     

      

      

 ,      -Si  

      ,  

       . 

 

2.3.3.2.  ,    

. 

          ( -Si)   

   (FPh- Si)    

 (  35) [146-148]. 

  -Si      

    .     

   50   1,2-   2,62  (68 

)  .    85° .  

    1 – 3   .   

    5,43  (15 ) SiBr4  10  

.  1    -

 ,    - 2 . 

 -    -Si  

  1    0,04  

 .  - ,   

 -Si,  0,2 / .  

6F5Br  20%-        
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  -Si        10%-

      6F5Br   

   – . 

      .  

 ,    31,13  (155 )   

0,092  (13 ) ,      200° .  

          

    . 

       

,      ,  

 -17° :  5    0,74  (1,65 

) -      

    50 .  

     

  -17°      .  

  25   -Si     

,    .    

  1 .   –  

- . 

  -Si    

       

      

.      

-Si   .  

   SiCl4      

(  36).  

     (  37)  

  . 
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2.3.4.       

 

       38. : 1,2-  ( ) – 60 ,  

– 0,070 ;   - 0,016 .  

       

       50  1,2-

   0,070  .    85 
°  

  ,       

 1 – 3   .        

0,016  SiBr4  10  1,2- .   

,          

  .   - 3 .  

  ,     . 

    -    .  

      

 ,     [145-147]. 

       39.     38   

,    1,2-    

    35 . 

       40. :  – 35 ,  Na – 0.07  (  10% 

 )  SiBr4 – 0.016 .  

            , 

 30    0,07  ,  

       

 1 – 1,5 .      
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 85 º .   0,016  SiBr4  5     

   .    2 .  

     41. : SiBr4 – 0.016 ; K –  0.08  (  15% 

 ); mmimI – 0,009    – 50 . 

            , 

 40    0,08  .    

   85 º     mmimI.  -

  .     90 º    

   0.016  SiBr4  10 ml .  

   - .   

 5 . 

  42.  : SiBr4 – 0.008 ; Na – 0.04 ; 

mmimI – 0.004    50 ml. 

            , 

 40    0,03  .    

   100 º     mmimI.  -

  .     0.008 

 SiBr4  10  .     

.      .   

 6 .       

  ,   – -   

. 

 43.  : SiBr4 – 0.008 ; K – 0.04 ; mmimI 

–0.004    35 . 

            , 

 30    0,04  .    

   90 º     mmimI.   
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  0.008  SiBr4  5  .  

   .   60     

.    5 .   

      ,   –  

 .  .   

  10       HCl   15 

     .   10 

     90 º    90 .     

  .  ,   

      . 

 

2.4.   -   

. 

2.4.1.    (2D  

). 

  -       

   [149-151].  

 [152],        

 ,  , . .  2D  

    .   

 -    

   ( .  )  

35,  6  ,  35-1, 35-2,…, 35-6. 

        

   ,     

 ,      

 .    ( , 



 118 

, , , ) 

    . 

   35     

: 

 
 

.3.   ,  

  [147]. 

 

          ,  , 

   [153]    , 

   .      

     ,  

     :    

.      4,0 (±0,5) 

 ( .4.).   ,    

 :    - , 

   .  
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.4.        (a)   

   ( )    

[147] (  35). 

 

 

 

 

      

    .      (BF TEM 
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)       (STEM, “Z-contrast”) - 

.5.  ,     

 (BF TEM )  .    

     300    2-3  

(    ). 

 

 

.5.  ,         

(STEM, HAADF, “Z-contrast”)   . : 

      [147]. 
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.6.   ,   [101] Si 

  (a), EDX      Si (b), 

  ,    

       (c), 

      

[010]    9  (d)  10  (e),  

[147]. 

        

  ( .6 ),   ,   

     

.     

    .   

,    ,  

   ( .7-8).  ,  

     25     

 .      
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 (  )/(   

)   ,    

  (2D ).  -  

     .  

     3,3 .  

 ( .6b) ,      

 ,      . 

  , - ,       

 . 

 

 

 

.7.     2D-  , 

   (  35-1) 

[146]. 
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. 8.     . 

:     (a)  (b), 

    [101]  [112]  ,  (  35-

2).    ( )   

 :  65.5     6.9  (a’); 

 64.5      9.3  (b’) [147] (  

35). 
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2.4.2.  . 

       

    .  

2.4.2.1.    ,   

 . 

 

 

 

220 

.9.        –

NaBH4– –  (I)      (  

).   ,    

  (  31),   , 

   .  
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                         ) 

 
 

                        ) 

 
 

 
. 10.        )  ), 

    –NaBH4– –  (I). 

  -Si  2,3   8,4  (  31). 



 126 

 

 

 
 
 

. 11.      (  32) , 

         II ( –

N – – ).   2,61 Å   

 BC8  ,      

    [117]. 
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2.4.2.2.    , 

  . 

 

1. ,   

. 

 

 

 

.12.     , 

   (  33).  

 –   .  
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. 13.      FBu- -Si (  33). 

 
 

. 14.    ,  

  (  33). 
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. 15.     (  33). 
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2.  ,   . 

 

 

.16.     , 

    (  34). 

 

 

.17.    Bu- -Si (  34).   – 

  . 
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. 18.    Bu- Si (  34). 

1,0 1,5 2,0 2,5 3,0 3,5

0
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 (
. %

)

 ( )

 

. 19.      Bu- -Si (  34). 
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3. ,    

. 

 

 

. 20.     FPh- Si (  36). 
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)
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. 21.      FPh- -Si (  36). 
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4.  ,   

. 

 

 

. 22.     , 

  .   – 

    (  37)  
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í
ö
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í.
 %

)

Ä  (í )

 

. 23.      Ph- -Si (  37). 
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5.  ,   

 . 

 

 

 

. 24.      (   ), 

 ,     

1,3-    SiBr4   (  19).  

 –   19. 
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. 25.    NHC- -Si (  19). 
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. 26.      NHC- -Si (  19). 
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                 D                                                       E 

               .   

 

. 27.  )   , )  , C) 
     , 

  [145] –  10 ( , 
, SiBr4, 1,3-mmimI, 110οC); D)   41, E)  

( 42).



 137 

2.5.     

 . 

 

2.5.1.        13    29Si. 

         

      

   . ,  

     (    

 )      

   [154-158].   

        
29Si  13C    , 

 ,     

-    .   [159],    

      

 ,     , 

      

. 

      

        

   -    . 

    .  

     ,  

      

,     .  

     29Si    

   Q4 (Si-O)4Si, Q3 (Si-O)3Si(OH), Q2 (Si-O)2Si(OH)2 
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(    ,    

 ). 

       

 ,        

        

    ,     

     .   

    ,     

     .  

,       

 ,       

        

  ,     , 

     . 

 . 28.   29Si   

.      -109.1 . ., -100.6 

. .  -91.6 . .     Q4, Q3  Q2, 

    ,    

   -77.1 . .    (Si)4Si. 

    ,   

       

 (Si)4Si.         

    ,     

       [160]. 

         29Si 

       

   .  
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    -69.6 . .  -63.0 . . 

  3 (Si-O)3SiR  2 (Si-O)2(OH)SiR,  R – 

 .     1, 

     .   

   ,       

-16.0 . .      D2 (Si-O)2SiR2  D1 (Si-

O)(OH)SiR2,  R,    ,    

 -CH3  -CH2CH2OCH3,     

  .  

 

 

 

. 28.      29Si    

(  38).         13   29Si ( 0 . .) 

  Si(CH3)4. 
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. 29      13C   

 (  38). 

 

 1.      

  29Si     . 

T3 T2 D2 D1  
-64.9 -56.0        161 
-63.9 -55.0   161 

-64.8 -56.0   161 

-64.8 -56.0   161 

-64.6 -55.8   161 

-64.8 -54.9   161 

-65.1 -57.3   162 

-64 -55   163 

-67 -58   164 

-64    165 

  -19  166 

  -17.5  167 

  -16 -6 168 
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 ,    29Si    

:     (  Qn),   

  (Si)4Si,    ,   

        

(  n  Dn).       

       13  ( .29 ). 

 13       -3.0 . . 

2.4 . .,    Si3SiCH3  (SiO)3SiCH3 

, . . ,    

   .      

   .   

  ,    , 

   9.1 . . [169], 10.37 [170], 11 [171], 12.4 

[172], 13.8 [173], 14.6 [174], 18 [175].    

    ,  

  , SiOCH3,  51 . . [173, 176]  52 . . [172], 

    , SiOCH2CH3, – 58.4 

[169]  60 . . [172]      

  12.7 [169]  18 . . [172].  , 

   ,   , 

        

   .     

       

    13 ,     , 

      (SiO)3SiCH3, 

          

,      

(Si)3SiCH3.  
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     61.8 . .  74.3 . .  

      

[177].        

  52.3 . .  SiOCH3 [172, 173, 176]   14.9 . .  

SiCH2CH2OCH3 [161-163, 1],     

      

.  

    ,    

       

    , 

    ,   

 -    . ,  

       , 

    .  ,  

     

      

 ,    

 .      

  13C  29Si   “ ”   

  .   

     

   1,2 –    

.    

     

    39-43.     
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 ,     1,3-

 (mmimI),    : 

 39,   SiBr4  

    mmimI;  

 40,   SiBr4  

    mmimI; 

 41,   SiBr4  

     mmimI (  [141-142]); 

 42,   SiBr4  

     mmimI; 

 43,   SiBr4  

     mmimI     

 .     39-43  

  2.3.  39, 41, 42    

    13C  29Si MAS NMR, TEM, 

 EDX  XPS,      

   .  TEM   EDX 

 XPS  39, 41, 42     

 .    . 27, 50, 59, 

60.  40  43        

  13C  29Si MAS NMR. 

     «  

  »:  ,   

         

    ,   

    , 

  SiBr4      

  NHC.  
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 29Si  MAS NMR 

 

         29Si   4  

 ,      , 

  c  (+20 to + 5 ppm),  (-10 to -30 

ppm),  (-60 to -80 ppm)      

 (-85 to -115 ppm).    

    (  2).  

 

Ta  2.  29Si     -  

 [178],  [179] and   [180]. 

    29Si 

 , 

ppm 

 

Si-Si(CH3)3 +1 to -20 178 

Si2Si(CH3)2 -28 to -50 178 

Si3Si(CH3) -65 to -95 178 

O-Si(CH3)3  (M- )  10 to 5 179 

O2Si(CH3)2 
 (D- ) -10 to -25 179 

O3Si(CH3)   (T- ) -55 to -70 179 

O4Si            (Q- ) -74 to -120 180 

   ,      

   .    

,       –81 . ., 

    –     (    –

73  –82  . .),       

    .    
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      40-55 . ..  , 

         

X3Si-R. 

   39 ( . 30)  

     Q3 (-100,9 . .)  Q4 (-106,7 

. .)   -68,8 . .,     

  : Si4Si (-78,5 . .), X3-SiR (  T3)  (-68.8 

. .)  X2–Si(OH)R (  T2)  (-59.0 . .).    

   (Si)4Si  ,   

       

 (Si)4Si.  ,    ,    

    ,    

  [160].     

        .  

  -27.1 . . (    -14.7 . .)  . 30.  

     2  D2  D1 (Si-( )2) 

 ,       (Si)3Si( )  

  ,    

.       

. 

   ( . 31)    

 ( . 32)  39,   ,  

   0 . .     39 

   -3.2 . . 1.4 . .,    

 –     4.9, –0.9 . .   

 –6,2 . . 
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. 30.     29Si    
(  39). 
 

 
 

. 31.     13C   

 (  39). 
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. 32.     13C     

  (  39). 

,      

 [-Si(CH3)2-O-]n    1.1 . . [181],  

    –  –3.3 . . [182].  

    ,  

   ,   

,        -

CH2-,         9  18 . .: 9.1 

. . [169], 10.37 [170], 11 [171], 12.4 [172], 13.8 [173], 14.6 [174], 18 

[175].           0 

. .    39   ,   

 .      ( . 

31)     ,      ( . 

32)     ,     

    ,    

        

   .    



 148 

, ,       , 

    ,    

  [(SiO)3Si-CH3],      (1.4 

.      4.9 . .    

 39)        

(Si)3Si-CH3 (-3.2 . .     –0.9  –6.2 . .  

   39).  ,    

    ,    

,          

 CH3K  CH3OCH2CH2OK  CH3OK  CH3OCH2CH2K  

   (   

 )   Si-Br   

  .   

   .  

,     43 ( . 33), 

  ,     

 ,    0 . .  ,   

    -Si    -  

   :      

  . 

 64.1 . . ( . 31)      

SiOCH2CH2OCH3,     

    .     

     51.8 . .  SiOCH3 [172, 

73, 176],    14.8 . .  16.4 . .  ( .32),    

SiCH2CH2OCH3 [169, 172].  ,     

     , 

 -      



 149 

 

 
 

. 33.     13C    

  c      

(  43). 

       

     . 

     13C CP/MAS NMR 

      

:    

  ( . 31)    ,  

  (10-5   )   2    450 º  

( . 32). ,      

  59.5 – 73.9 . .   

( . 31)       ( . 

32),   59.5  72.1 . .      

 ,  [183].   

       

  .    
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      41  

   42. 

 

    NHC 
 

 
 

. 34.  29Si  MAS NMR  13C CP/MAS NMR  -Si, 

 NHC [142] -  10 ( , , SiBr4, 

1,3-mmimI, 110 οC). 
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C  ,    [142]   
      29Si  MAS 

NMR  13C CP/MAS NMR  ,   
   SiBr4    1,3-

  ( . 34). 
     

   ,  
  ,      

(  ).  
 
 

 29Si  MAS NMR 
 

 

 
. 35.     29Si    

(  41). 

 . 35   29Si MAS NMR  41.   

-110.9  -107.1 . .    Q4,  -102.7  -98.6 . . – 

 Q3.   , - ,   

 -    .  -65.2 



 152 

. .        -70. . . 

  T3     -65.2 . .  -19.2 . .  

8.5 . .     (Si)3Si-   (Si)3Si-

,    -Si.  

 

 
. 36.     29Si     

(  42). 

 29Si    42, 

   ( .36),   Si4Si (-76.5 . .)  

 T3 (-67,5 . .),   Si,   , 

   Si3SiC    ,   

        

,     , -    

  .      

      XPS ( .60). 
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 13C CP/MAS NMR 
 

 

. 37.     13C  , 

   (  41). 

 

 Si-CH3     

        

   .  

       

    .  .37.  

 13C CP/MAS NMR  41,   

      .  -2.8 

. .    ,    

,   1.1 . . –  ,     

 .  38.5  37.2 . .   

   [142, 184]. 

 50.3 . .  59.4, 62.5, 72.6  74.7 . .  

 ,        39  
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 2.  124.8 . .       [142] –  

 4  5  ,      

 138.7 . . –     2  , 

          

 .   167.6 . .  

  2      

 .      

    2 ,    

,  ,    [185] ,    

 2 ,    ,  

  175 . .    220 . .   

  136 . .   ,    

[186].   [187] ,     

  2 ,    ,  

167.71 . .     140.5 . .  .     

[184] ,     2 ,   

 ,       138.1 

 180.58 . .       2 

,    ,     

 : 187.4, 187.7 . . [184]  180.0, 178.6 [186].  

    2 ,    

,  187.7 . . [188].  

    NHC  

     

    -    , 

   ,      

   ,      

  ,    ,   
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   , ,   – . 

,        

 ,      

 ,         

   84 º ,      

     0.2%.      

     ,  

    ,  

NHC    ,   , 

     ,   

       

. 

    

  -        

.    

     (   

 ) ,    

        

  - . 

 

2.5.2.   –   . 

     , 

   ,  - . 

      

      

        Si-C  

 ,      

    .   
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   . 

 

. 38. -   ,  

  (  35-2) [146]. 

 

     

        

 . ,  

       

  -  ( . 38):  

 1459 -1  1243 -1    

 Si-C [109, 110].    3420 -1  2100 -1 

  O-H  Si-H   [189, 190]. 

   OH-    -  

   , 
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.    1635 -1   

         

    [190].  

 1077 -1       

Si-O [109, 189].    CH2-  2947 -1  

2838 -1    ,   

       

. -   ,  

 ,    

     33. 

 

 

. 39. -   FBu- -Si (  33).   Si-C  

    1420 -1  1348 -1 

[110, 189, 191].  
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. 40.   -  -Si,   ’    

 II (  32). 

FTIR ,    II ( . 40), 

   Si-C (1452, 1294 -1) [109, 189], 

  ,     

(1389 -1) [192]  ,     

  -  (3401, 986  -1 [193-195]  1649  -1 

[196-199]),        

   FTIR- .    1014 
-1     Si-O.    1102 
-1      [193-195]. 

 

            2.5.2.1.   -   . 

    ,   

« »      
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       - ,  

:     740 -780 -1 (     

   ),    

  Si-C,      1250-1270 -1  ~1450 
-1,     Si-CH3, Si-CH2

 [109, 200-202]. 

         -  

      -

    , 

     Gaussian 09 [203]. 

      

     Chemcraft [204]. 

       

       

  B3LYP [205], wB97XD [206, 207]  

M062X [208]     (6-31G*, 6-31+G**, 6-

311++G**  aug-cc-pVDZ [209]).  -

       , 

       

    [210]    

   [211-213]. 

  -     

     -

  .    

, ,  ,   C6F5Br 

,       

 wB97XD    6-31+G** ( . 41)  
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. 41.     C6F5Br:  –  

;    :  – wB97XD 6-

31+G**,  – wB97XD 6-311++G**;  – wB97XD aug-cc-pVDZ;  – HF 

6-311++G**. 

 

      3-6     

: C6F5Si(SiH3)3 (I), C4F9Si(SiH3)3 (II), C4H9Si(SiH3)3 (III)  

C6H5Si(SiH3)3 (IV),     

,  ,     .  

 

 3.    wB97XD/6-31+G**   

    ,     

     C6F5Si(SiH3)3. 

, -1 I, /  * . . ., %  

2067- 52.21-96.29 100(Si-H)  (Si-H) 
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1634- 7.55-45.81 100(C-C)  (C-C) 

1363- 24.14-394.68 50(C-F), 50(C-C)  (C-C) 

1252- 0.47-24.84 80(C-F), 20(C-C-C)  ( -F) 

1110 7.37 100(C-F)  ( -F) 

1064 201.81 70(C-F), 18(C-C-C), 12(Si-C)  ( -F) 

952 189.43 100(C-F)  ( -F) 

902-921 3.87-70.30 100(H-Si-H) s (SiH3)  

827-867 133.02- 55(H-Si-H), 45(Si-Si-H)  (SiH3) 

809 21.42 90(Si-C), 20(C-F)  (Si- ) 

730 4.31 100(C-C-F)  (C-F) 

 * . . . –   . 

 

 4.    wB97XD/6-31+G**   

    ,     

     C4F9Si(SiH3)3. 

Nu, -1 I, /  . . ., %  

2146-2178 16.57-151.58 100 (Si-H)  s (Si-H3) 

1305-1362 10.63-106.12 90 (C-C), 10(C-F)  (C-C) 

1253-1266 157.34-374.36 65 (C-F), 10(F-C-F), 25(C-C)  ( -F)  

1216-1229 154.15-100.05 80 (C-F), 20 (C-C)  ( -F)  

1181 49.62 90 (C-F),   ( -F)     

1144 190.25 100 (C-F)  ( -F)  

1124 41.76 50 (C-F), 40 (F-C-F), 10 (C-Si)  ( -F)  

1111 57.70 100 (C-F)  ( -F)  
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1017 58.22 70 (C-F), 20 (C-C), 10(C-Si)  ( -F)  

912-932 9.48-62.54 100 (H-Si-H) s (SiH3)  

833-875 60.42-475.26 90 (H-Si-H), 10(Si-Si-H) as (SiH3)  

782 38.17 65 (C-Si), 15 (C-C), 20 (C-F)  (Si- ) 

716 74.93 60 (C-F), 20 (C-C-F), 20 (C-Si)  (CF) 

 

 5.    wB97XD/6-31+G**   

    ,     

     C4H9Si(SiH3)3 

Nu, -1 I, /  . . ., %  

2895-2982 0.01-58.99 100 (C-H) 
s,as  -CH3  -

CH2- 

2121-2143 4.26-320.28 100 (Si-H) s (SiH3) 

1364-1454 0.5523-8.879 50(H-C-H), 50(C-C-H)  ( 3)  sc (CH2) 

1256-1337 0.60-2.64 100 (C-C-H) s ( - )  

1169-1182 0.44-2.58 50(C-C-H), (Si-C-H)  ( 3) 

1058 9.03 22(C-C-H), 16(C-C), 8(C-C-C)  (C- ) 

1015 1.37 100 (C-C)  (C- ) 

1003 1.63 50(Si-C-H), 50(C-C-H)  ( 3) 

971 5.18 100 (C-C)  (C-C) 

880-921 0.95-120.66 100 (H-Si-H)  (Si 3) 
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858-860 5.37-11.69 
69(C-C), 21(C-C-H),  

10(C-C-C) 
 (C-C) 

836-839 391.17-439.90 12(Si-Si-H), 12(H-Si-H)  (Si 3) 

680 10.74 66(C-Si), 6(C-C-C), 4(Si-C-C)  (Si- ) 

 

 6.    wB97XD/6-31+G**   

    ,     

     C6H5Si(SiH3)3. 

Nu, -1 I, /  . . ., %  

3046-3080 2.13-30.44 100 (C-H)  (C-H) 

2124-2144 2.51-264.36 100 (Si-H)  (Si-H) 

1405-1570 0.10-11.03 50 (C-C), 50 (C-C-H)  ( - ) 

1261-1308 2.00-3.28 50 (C-C), 50 (C-C-H)  ( - ) 

1140-1169 0.09-1.33 100 (C-C-H)  ( - )  

1068 16.53 50 (C-C), 25 (C-Si), 25(C-C-C)  (C-C) 

1006-1057 0.60-2.11 50 (C-C), 50 (C-C-H)  ( - ) 

971 1.77 50 (C-C-C), 50 (C-C)  ( -C-C) 

910-921 0.16-77.34 100 (H-Si-H)  (Si 3) 

839-879 169.21- 50 (H-Si-H), 50 (Si-Si-H)  (Si 3) 

673 1.85 54(C-Si), 20(C-C-C), 16(C-C-H)  (Si- ) 

 

   ,   Si-C  

    650 – 850 -1    

 (  1.85  38.17 / ),  , ,  
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    -SiH3  

,  ~ 450 / . 

     

    .   

     Si-O (~1100 -1), 

      (   

~3300  1640 -1),     

    .      

 ,        ( .42).  

 

.42.     -Si: ) C4F9- -Si , ) 

C4H9- -Si,  ) C6F5- -Si, ) C6H5- -Si. 
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. 43.   -   C6F5Br ( ), 

 C6F5- -Si  ( )      

C6F5Si(SiH3)3 ( ). 
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.44.   -   C4F9Br ( ), 

 C4F9- -Si ( )      

C4F9Si(SiH3)3 ( ). 
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.45.   -   C4H9I ( ), 

 C4H9- -Si ( )      

C4H9Si(SiH3)3 ( ). 
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.46.   -   C6H5I ( ), 

 C6H5- -Si ( )       

C6H5Si(SiH3)3 ( ). 

 

  42-46    

      -

     . 

 ,       

 Si-C,  .  
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 7. 

 

 7.       

  Si-C  . 

   

 , -1 I, /  . . ., % , -1  

1 809 21.41 70 (Si-C), 25 (C-F),  

5 (C-C) 

811  (Si-C) 

2 782 38,17 65 (C-Si), 15 (C-C),  

20 (C-F) 

785  (Si-C) 

3 680 10,72 66 (C-Si), 20 (C-C-C),  

14 (Si-C-C) 

685  (Si-C) 

4 673 1,85 54(C-Si), 20(C-C-C),  

16(C-C-H), 10(C-C) 

674  (Si-C) 

 

       

, ,      

(        ) 

   .  

 ,    -Si  

,    

.      .  

-      

.       
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