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 )     (  1 Å)   

    ,     

       .     
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 ,      . 

          

     .    

   JEOL 6390 LA. 

     -  . 

          , 

      100 μ 2,    

  .        

   ,   . -  

   ,       

      ,  

            

   .     

  Nanoeducator II. 

           

( Smh / ). ,       

  ( 3/5,3 ).     

  KERN ABT220-5DM.    0,01 ,   

  25     5 .  

  ,       

  0,05 .         

  . 

     

       

.       «  L,C,R  

7-12».         

   2,5    1    . 

 
4.3.     

     
 

    ,       

     - -  ,  
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,  ,       [10, 20, 21, 36]. 

           

 CVD ,  2.       

          

.       (  

,    , )   . 

  ,      

 ,    . 

       

  - -   .    

      ,   .   

 25         

.    ,   

 ,         

   SONOREX SUPER RK 100 H.    

     :   

  ,     ,   , 

  ,    . 

 H2/Ar     0,03  0,5.    

      1%.     150-

400 .         

    600°C  1000°C.     

    2-12 . 

 

4.3.1.       

 
 

       

  – .    ,       

        

  .  ,      

            

 .         

        . 
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4.3.1.1.            

 

           

         

    (   50 ).    

  ,     ,    

    4.1.  ,    

  , ,     

      : 50-100 , 60-120 , 90-150 

, 200-300 , –   1, 2, 3  4 .   

 ,  -  ,    15-25 

.    ,        

   .   ,    ,  

    .   4.4  

      4,  ,  

  ,    . 

 

 4.1.       . 

 Ar/ H2 / CH4 % p,  <P>,  Ts, °C ,  
1 96/3/1 200 2.3 800 150 
2 90/9/1 200 2 750 300 
3 80/19/1 200 2.5 800 150 
4 49.5/49.5/1 150 6 900 150 
 

    ,     

    ,   

      (1332 -1)  G-  

(1550 -1)          , 

 4.5.     ,    4, 

       .    

       ,    

           [25, 43]. 

           

   ,    4.  ,     4.5, 

   [CH4]/([H2]+[CH4])  2%  5%    

      . 
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 4.4.       " "  

 (a).   (b), ,    (c),  
   (d),       

 25 . 
 

0 5 10 15 20 25
[CH4]/([H2]+[CH4]), %

0

0.2

0.4

0.6

0.8

1
Imax(sp3)/Imax(sp2)

 
 4.5.      (1332 -1)  G-  

(1550 -1)          
    .  

 
          

      .    

         . 

      ,   

.       ,    

       .    
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    . 

            

     25 ,    

   (   5 ).   

   ,      

   .   ,      

 ( ,    ),      

 . ,      . 

 ,          

.  ,    5      

.    ,  .  

  ,      ,   

      .       

  [20]. 

  4.6     ,    

        2,  

4.1.        

.       (1332 -1)    

      100 .   

 230 . 

 

 
(a) ( ) ( ) 

 4.6.     ,   
  ( ).   ,   

   ( ).    ( ). 
 

      

     (  90%, [10]).    

      1,  4.1.   

        4-5  
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 .      100 .   

   ,   

,     ,   

     4.7. 

 

 
( ) ( ) 

1100 1200 1300 1400 1500 1600 1700 180

3ACEBN7_:  peak at 1333.98, FWHM 36.04

( ) 
 4.7.     ,    ( ). 

  ,     
 ( ).    ( ). 

 
 ,          

     (   

    CH3)   .   

          

( , ),       

  ,   ,    sp2 

    ,        

   [20].    

,   - -        

       . 

      ,    

  ,      , 

     .      

   , - ,    

  , - ,    , . .   

.            

.  ,         

   .  ,   

           90%. 

       (   

 )    .   
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,          -   

     (   ) [33]. 

         

      (   75 )   

      25  [14 ].   

       . 

          4.8. 

 
 4.8.      ,  

  ,      75 : 
 2 (a) and  3 (b), . 

 
 ,       

          

   .       

        

         . 

         

,       Ar–H2–CH4   

(   CH4/H2)     .  

          

.        

      .   
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    ,    

 .      [20],     

   ,          

  . 

 
4.3.1.2.             

      .     

     .    

       ,      

.   [14]       

   2,45 .        

       . 

  CVD       

     .  

,        

     75   :  150 

,     850-900° ,     93% 

, 5%   2 % ,       10  

12 .           

  .        

    5%, 10%, 15%, 20%, 25%,   . 

         , 

   .       

       . 

      40     

      3 .    

        4.2. 

 

 4.2.      . 

 Ø,  , % 
H2 / CH4 / Ar/N2 

p, Torr <P>,  T , °C 

-1 75 5/2/88/5 150 10,5 850 
-2 75 5/2/83/10 150 11 860 
-3 75 5/2/78/15 150 11,6 880 
-4 75 5/2/73/20 150 11,6 900 
-5 75 5/2/68/25 150 11,6 900 
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    .        

   (   50 ).    

     .  

   ,    

,    4.9.      

        10 %    

   15%.       

(  4.3),            

.    ,      

    ,      . 

 

 ( ) ( )  ( ) 

 
( ) 

 
( ) 

 4.9.     -1 ( ), -2 
( ), -3 ( ), -4 ( ), -5 ( ),    . 

 
       

   .     

  1  10  (  4.3).     

,    .       

 ,    ,    

  .     

       ,    

 ,    [14].  ,    
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   ,       , , -

,     ,    . 

 
 4.3.      . 

 G, /  h,  d,  R,  
-1 3,6 2,4 120-200 9,7 
-2 3,8 2,5 80-150 8,1 
-3 3,8 2,5 50-150 2,8 
-4 3,6 2,4 100-300 2,8 
-5 3,5 2,3 150-350 1,2 

 

       

    .   

       

,     ,  4.10.   

  ,      

  D- (1350 -1)  G-  (1550 -1)  

.   (  4.10 ,   )    -  

  .        

   «  »g,    

[98].    [94]       , 

   ,      

(~1 / 2).  ,        

        

,       .  

          

   .    (   

     )    

       .    

    (R~10 )     

  .          

  ,     .  

 

 

                                                 
g      [98].        

 .       :  
         .   

,  ,    . 
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( ) ( ) ( ) 

  
( ) 

 
( ) 

 4.10.      ( ) -
1, ( ) -2, ( ) -3, ( ) -4, ( ) -5. 
 
4.3.2.       

 

        

     .    

     .       

    : ,  

        (     

 ).         

 ,     .     

        

    . 

    4.6  4.8    ,   , 

  ,      .   

         

      .     

  .   ,       

    5 . 

       

        200    

 800°C.          3,7 
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,        ,  

4.11 ( ).  

         

,         

 .        

         

  ,        

         .   

    ,    

.   ,    

      .    

         

  ,   « »  –  , 

 4.11 ( ). 

 

 
( ) 

 
( ) 

 4.11.          
 (a).          

    ( ). 
 

   ,   , 

      800-850 °C,   25% 

      800  900 .      

    (   150 )  

    700-720 °C,    

   2%.         -

  .        

       4.12.  ,  

        

   . 
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( ) 

 
( ) ( ) 

 4.12.        
  ( ),   ,   

        . 
 

 ,        

,  .  [15].     

         

 ,    CVD . 

 

4.4.       

       
 

       

          

 .         

   .  ,   

    ,   ,    

    .  

           

 ,    ,    

    [84, 90–98].   

            

   .           

         

.    [3, 13, 99–104, 149–151, 2 , 3 ],  

          100 ,  

         

  . ,   [3, 99]     
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    100    0,7–1,6 M .  

   115 A/c 2     

   160 A/c 2       

.         

.   [2 ]      

           

  .      

         

      . 

 

4.4.1.       

  
 

  ( )     

 10    9        .  

,        10   

 50 .         

 CVD ,  2 [17, 2 ].  ,     CVD 

         

     .     

 Ar–H2–CH4  Ar–H2–CH4–N2    .  

          700°C  

1000°C,     200 .    

       

    1-2 .  ,     

       ,     

 ,     .   

     ,   

 CVD-          

 . 

            

   -      

       sp2  

 sp3  .      5  15 . 

      .  
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,           

 15 μ    .      

     ,    

      .     

           

   . ,      

,    4.4.   4.13   

   ,      

   . 

 

 
( ) 

 
( ) ( ) 

 4.13.        
 ( )        ( )   ( ) 

    . 
 

 4.4.       

 
 

  
Ar/H2/CH4/N2, sccm 

 
p, Torr 

 
<P>,  

 
Ts, °C 

, 
 

1    
2 106/50/2/0 200 4,5 900 30 
3 106/50/10/0 200 4.5 900 10  
4 106/50/5/3 200 4.5 850 30 

 

 ,  ,       

  ( 2,  4.13 ( )),    

  2-5 μ .        

      1332 c -1,    sp3 

       1550 -1     

sp2 .           

. ,         (  

3)    “  ” (  4.13 ( ))    

 . ,      1 , . . 
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  ,     .   

     ,     

    1150, 1350, 1550 -1    

 [25, 43]. 

          

       .  

          4.13 ( ). 

         

         

.           

( ),      .      

        

.           

 1350 cm-1  1550 cm-1,   ,    

     sp2-  .  

          

 [3 ]. 

        

     [2 ].    

 ,     ,  , 

       ,  4.14.  

         

     100    50 . 

    ,   ,   

 .      .   

    3  8 .     1 

,    ,     .  

        

,   . 

  4.15      

   (     ),     

  .     ,   ,  

    8 .   4.15 ( )    

 ,     ,   

 .    ,    (  4.15 
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( ))     .    

,         . 

     ,     

    .       

   200 / 2 [2 ]. 

 

 
 4.14.       : 1 

–   , 2, 9 – , 3 –  , 
4 – , 5 –    ( ), 6 –  , 
7 – , 8 – , 10 –    , 11 – , 
12 –  . 

 

 
( ) 

 
( ) 

0 2E-008 4E-008 6E-008
time (s)

0

50

100

150

200

I (
A

)

1

2

 
( ) 

 4.15       ( ) 
    ( )          

 100 ,  50 ,   1 . 1–  , 2 – 
- .      8 . ( )    , 

    (1)     (2). 
 

      

          



 140

   .     

        , 

     ,   , 

     . 

 
4.4.2.         

 
 

  (  4.3.1.2)     

,     .  ,    

        ,  

        . 

,        [152].  

       

.       [3 ], 

           

 . 

      ,  

   ,  Ar–H2–CH4–N2    

 CVD ,  2.      

    [H2]/[Ar+H2]=0,35      

  .          200 

.       ,   

    .    

 800º   900º .        4.5.   

        5  12 . 

 
 4.5.        -   

 ([H2]/[Ar+H2]=0,35)      . 

 CH4/H2 N2/H2  <P>,  p,  Ts, C 
N1 0,02 0,0001 5 200 900 
N2 0,08 0,0003 5 200 900 
N3 0,06 0,015 6 200 800 
N4 0,06 0,06 6 200 900 
N5 0,06 0,12 6 200 800 
N6 0,06 1 7.5 200 900 
N7 0,12 1 7.5 200 850 
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(  0,03%    ,  N1  N2)       

         ,  

   .       

    (  N7)      

        N6.     

     ,     

    (6%   )    

 (  N3-N6). 

  ,    

       .   

       (     

)     .   ,    

     .  ,   

        1    

    ,   ,  

 ,   « »      

  .      

         4.16. 

 

 
( ) 

 
( ) 

 4.16.      N3  N5, 
    . 

 
     ,   

             

.       D-  (1350 -1)  G-

 (1550 -1), . .   sp2 .      

 1150 -1,        
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 .  ,    ,   

    .     

  ,     

,   ,      100 

.       ,  

    . 

       

        ,  

4.14.   4.17        

           .  

  ,         

           

(100 / 2).     ,     

  ,      . 

         

      .  

 

 
 4.17.          

 .  

 

       

         

 ,   ,   . 

,        

     , 

       .   
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     [153].     

    ,    

    .    

       ,  

             

    [154].    

           

   ,    

 .      

 ,      

.         

     .  , -  

         

 ,         

       . 

     [92, 155, 156]   4.3.1.2,  

         . , 

 N2      -   

 ,      [157, 158, 159, 3 ]. 

 ,            

     .   ,       

  ,         

sp2  , ,       ,    

 .   ,        

1.7     ,     

     [157]    

 -  [160].        

 ,    .   

         

      [152].    

   ,       

          

  [161].         
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.  ,  ,       

     ,    

 [162, 163],        

.          

    .     

 ,    ,    

. 

 ,    ,   

        

 .     , ,   

    . 

 

4.4.3.     
 

       

        . 

 ( )      ( ) 

.        

 .      ,  

         

      . 

  ,       

   CVD  [3 ].    

  .           

.    Ar/ 2/ 4/N2    

    200 .      3,7 . 

         

 700  750 °C.      4.3.1.2,     

          , 

   (sp2)   (sp3)  ,  

.          

   20%  .        

   5-10 . 

  4.18 ( )      

,     ,    
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 . ,       

 ,  ,    .    

   (10-100 ) , ,     

.      (    4.18 

( ))      1350  1550 cm-1,  ,   

    sp2-   [20].     

     ,       

   [92, 3 ]. 

           

     Ar/H2/CH4 (   106/50/3)   

.     850 °C,    

 4,5 ,     2-4 . -    

           

 4.18 ( ).    ,  ,      

  ,      1-2 

.         :  

   1332 cm-1,     ,   

   1550 cm-1,    sp2  . 

 

  
( ) ( ) 

 4.18.  ,    
,      :   

  ( ),     ( ). 
 

       

        

   ,      

.  ,      

  ,  4.18 ( ).       

 1550 cm-1      . ,    
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   ,     ,    

 . 

 ,         

        [149, 

150].      ,    

  Ar/CH4,        

   ( ) .    

        ,  

  ,      

  .        

    .       

   ,      .  

,        , 

          

    ,  4.19 ( ). 

          

: (I)   ; (II)    ,   

 ,  (III)     .  

        [164].   

         4.6. 

    4.6,         

    . ,    

 ,        ,  

   ,        

   .        

    .  

 

 4.6.      ,   

  

       ( / 2) 
  - 80-90 

    
,  N2 

Ar/H2/CH4/N2 123-137 

  
 

Ar/H2/CH4/N2 
Ar/H2/CH4 

210-230 
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      .  

         

.   ,   –   ,   

             

     ,    

. , ,     

    ,  , 

   [13, 100, 101, 102, 103]     

         

  .         

       -  

  . 

         

     4.19 ( ). -   

        4.19 

( ).        . 

 

 
 4.19. ( )         

      : 1 –    
, 2 –      , 3 –    

, 4 – ,  –   . ( ) -  
      . 

 

      U   , 

          

      .   

    -  ( - - ) 

        [161]. 

,        

      U / R,  U  ,  R 
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     .    R=d 50 .  

    ,     

    (D ~ 2 ).       

 ,         U / D   

.  ,   ,      

       

 (   5,7)   ,         d  

       (   U/ d  = 3,5*106 
-1).  ,       

,      ,      

           

.        [165].  

,         

  Le ~ 0.1-0.2  [166],       Ee 

= E Le = 35-70 .         

    = Ee / 2.5Eg = 2,5-5,   

   , Eg = 5,5  [167].  2,5    

,         

   .    ,   

          .  

  ,     , 

.          

     =ULe/2.5Eg d > 1.  ,   

     [165, 168]     

        (3-8)*106 -1.  

    [165, 168],       

        10     

 3*106 -1.       ,  

  1     .    

     ,     

      ,    

  , ,       

 ,      .  ,  

       . 
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 ,     

    ,     . 

        

   -  .     

          

[169].          

 ,     ,     

  ,    . 

 ,        

         

  .       , 

        

     . 

           

         

    .     

        . 

       ,  

     ,   

      (  ) 

  ,       

 .   ,    

    ,        

     ,     

        .   

   . 

 ,    ,    

,    ,     . , 

         ,   

  . ,      [13, 103], 

         

  .  ,       

          

        . 
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      [164, 170] 3-  

   .       

     (  )   

,   ,   

 .         

      . 

      

        

         

.  ,         

 :   – 11,4 ,    – 165 , 

   – 18-20,    – 20  [164]. 

 

,    4,    [1 ], [2 ] , [3 ], [4 ], 

[6 ], [8 ], [12 ], [13 ], [14 ], [15 ]. 
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    ,   

 : 

 

1.      

           

       30   Ar-H2-CH4  Ar-H2 

      50%      150  400 

.      -     

    ,   ,  

    - . 

 

2.   ,       Ar-H2-CH4  

,         

    ,      

. ,          

        . 

         ,   

       3000   3500 .  

         

    .    

          

   .      

        

1–2  ,     . 

 

3.    ,    

      ,     

       . ,  

           

,        30   Ar-H2-CH4 

  (Ar > 50%, CH4/H2=1%),       

  . 
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4.     , ,    Ar-H2-CH4  

   Ar > 50%,      H2-CH4   

    30    :  , 

 ,     ,   

      100 . 

 

5. ,     ,    

   ,    ,   

     . ,    , 

  H2-CH4  ,      10  

 60      22   9,8 . ,   

          

   10  . 

 

6.       , 

          

.         

    .      

     1010 -2     25  75 , 

       

  100 . 

 

7.   CVD     

   150   300      25  75  

   Ar-H2-CH4  .      

        . 

   ,     

   ,    

CVD ,    (  5%  25%)   . 

 

8.       , 

     CVD .  

         

    ,     

,       .  
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      (  )  

    . 
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       [59, . 445]: 

)(

11

108583.1]/[
,

2

2/3

32

Tp
mm

T
D

ABDAB

BA
AB  

 
 

( .1) 

 T  –    , Am , Bm  –      

    / , p  –   , AB  –  -   

, ABD,  –        .  

          

 : 

273
0 T

p
DDAB  

 
( .2) 

      0D    .  

 -  AB   ABD,      [59, 171].  

  [60, 61]      

         .1.   

        

      ,     

. 

 
 .1.        ( .2)  

   . 

   [60, 61]    ( .1) 
H2  H 84.10D , 728.1  8657.10D , 6695.1  
H2  Ar 697.00D , 7509.1  686.00D , 67.1  
H  Ar 12.10D , 597.1  142.10D , 6587.1  
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,       

    
 

  .1       .  

,       ,  

,      ,    

       .  

     [172]      ,  

  . 

 
 .1.      . 

 E ,  max, 10-16 2  
eHeH 22  0 18.25 [173] 

eJHeJH )2()0( 22  0.044 0.45 [173] 
eJHeJH )3()1( 22  0.073 0.825 [173] 
eVHeVH )1()0( 22  0.516 0.51 [173] 
eVHeVH )2()0( 22  1 0.038 [173] 
eVHeVH )3()0( 22  1.5 0.0041 [173] 

eBHeH u )( 3
22  8.9 0.33 [173] 

eBHeH u )( 1
22  11.3 0.48 [173] 

eCHeH u )( 3
22  11.75 0.2 [173] 

eAHeH g )( 3
22  11.8 0.122 [173] 

eCHeH u )( 1
22  12.4 0.4 [173] 

eGHeH u )( 1
22  13.86 0.0001 [173] 

eDHeH u )( 3
22  14 0.041 [173] 

enHnHeH )2()0(2  15 0.13 [173] 
eHeH 22

h 15.2 0.24 [173] 

eeHeH 22  15.43 0.967 [173] 
enHnHeH )3()0(2  16.6 0.0094 [173] 

eHeH  0 44.8 [172], [174] 
epHeH )2(  10.21 0.74 [172], [174] 
esHeH )2(  10.21 0.15 [172], [174] 

enHeH )3(  12.11 0.14 [172], [174] 
enHeH )4(  12.76 0.059 [172], [174] 
enHeH )5(  13.11 0.028 [172], [174] 

eeHeH  13.61 0.32 [172], [174] 

                                                 
h  2H     ,      

 ,        . 
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 E ,  max, 10-16 2  
eAreAr  0 16.57 [172], [175] 

esAreAr )51(  11.548 0.064 [172], [175] 
esAreAr )41(  11.624 0.08 [172], [175] 
esAreAr )31(  11.723 0.013 [172], [175] 
esAreAr )21(  11.828 0.25 [172], [175] 

epAreAr )102(  12.907 0.022 [172], [175] 
epAreAr )92(  13.076 0.03 [172], [175] 
epAreAr )82(  13.095 0.024 [172], [175] 
epAreAr )72(  13.153 0.018 [172], [175] 
epAreAr )62(  13.172 0.022 [172], [175] 
epAreAr )52(  13.273 0.013 [172], [175] 
epAreAr )42(  13.283 0.018 [172], [175] 
epAreAr )32(  13.302 0.018 [172], [175] 
epAreAr )22(  13.328 0.008 [172], [175] 
epAreAr )12(  13.480 0.042 [172], [175] 
edAreAr )63(  13.845 0.011 [172], [175] 
edAreAr )53(  13.864 0.055 [172], [175] 
edAreAr )33(  13.903 0.045 [172], [175] 
edAreAr )43(  13.979 0.041 [172], [175] 
esAreAr )52(  14.068 0.018 [172], [175] 
esAreAr )42(  14.09 0.022 [172], [175] 
edAreAr )13(  14.099 0.005 [172], [175] 
edAreAr )23(  14.153 0.062 [172], [175] 
esAreAr )32(  14.241 0.004 [172], [175] 
esAreAr )22(  14.255 0.009 [172], [175] 
esAreAr )13(  14.304 0.076 [172], [175] 
edAreAr )54(  14.711 0.001 [172], [175] 
esAreAr )43(  14.848 0.01 [172], [175] 
edAreAr )24(  14.859 0.037 [172], [175] 

esAreAr )14(  15.004 0.016 [172], [175] 
esAreAr )23(  15.022 0.016 [172], [175] 
edAreAr )55(  15.118 0.003 [172], [175] 
esAreAr )44(  15.186 0.031 [172], [175] 
edAreAr )25(  15.190 0.031 [172], [175] 
edAreAr )56(  15.308 0.0005 [172], [175] 

esAreAr )15(  15.351 0.0004 [172], [175] 
esAreAr )24(  15.360 0.0005 [172], [175] 
esAreAr )45(  15.366 0.009 [172], [175] 
edAreAr )26(  15.374 0.021 [172], [175] 

eAreAr i 15.66 0.093 [172], [175] 
eeAreAr  15.76 2.84 [172], [175] 

 
                                                 
i  Ar    ,       , 

       . 



 157

 E ,  max, 10-16 2  
eHCeHC 2222  0 25.4 [172], [176] 

eVHCeHC )1(2222  0.09 4.91 [172], [176] 
eVHCeHC )2(2222  0.255 1.24 [172], [176] 
eVHCeHC )3(2222  0.407 0.568 [172], [176] 

eHCeHC )1(2222  1.911 0.983 [172], [176] 

eHCeHC )2(2222  5.089 0.332 [172], [176] 

eHCeHC )3(2222  7.902 3.256 [172], [176] 

eeHCeHC 2222  11.43 4.403 [172], [176] 
 

          

      : 

))(()( 212121 gg  ( .1)

 )(12  –       , 

)(21  –   ,  –  ,    

   , 1g   2g  –   1  2 

. ,       

     ,       

   .     .  
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