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 , GaN, -     ё   

3,4   300 ,        

    .    

         

 ,        

    . -   

( )    ,  ,    

,            

,         

 ,   ,    

.   ,      

       . [1-4] 

  ,   [5-9] ,   (   

 )      a-   

–    ,      

    (  ).  

         

  ,     ,  

 . ,     [5-7]    

   a-  .    

           

    .  ,  

        

 ,       

 . 

       

 ( )      a-  , 

    . 

 : 

1.         

          ,    

   . 
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2.         

(« »)    (plane-view)    

3.         

   

4.       ,   
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 1.  :     

1.1. К    

          

     1 

   (  ) P63mc [2].     

    ,     ,   

     (  A),    (  

 )         

(  B),    ( . 1).     

    : ,      

      ,  

   .       

      ,      

 : …ABABA… .       

    . 

 

 1.    ( )   ( )  .  

 –  ,  – .     . 

         . 

        

(  ).       

  ( .1),          

   ,       C,  

  : …ABCABCA… .      , 

       . , 

         

     . 

                                                 
1         [10-13] 
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1.2.  

1.2.1   

       

,     [14].  –  

    (    )  

   .    ,   

  (  ⃗ ,     ,    

 .        

     (  ⃗).     ⃗ ||  ⃗   ( . 2),    ⃗ ┴  ⃗  –  (  

    , . 2).    ,  

 -  ,     . 

 
 2.  -  ;  -   -  . 

1.2.2   

    :  

1)        

2)   :      , 

       

       , 

        

,    . ,     

,   ( .3)       : 

      . ,   (0001) 

        : [̅ ] + [ ̅ ] =  [̅ ̅ ] 
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      (  1.3),   

    . 

 
 3.  -    ;  -     

    ,       

   (kink),     -  (jog).  

     ( ,     

    , .3),      -    

  ,     .   

    (  1.4),     

  . [14] 

    :    ё 

     ,     

   .       

  [14-16]. 

       .  

     ,    : 

  .    [17-20]    

, ,          

  2   ,    

 .     

     ,     

   ,      
                                                 
2   , M. Kittler  W. Seifert   [57] ,      Si, 

     ,        
. 
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   3,      ( .4). 

,   (  2.1)  ,   

 (  ),     (  )  

. 

 

 4.    c   ,  

 [21]  

1.3      

        (   c  

 ~1,93 Å [24,25]),    {0001}, , {̅2̅0}  {1̅00}, 

 ( .5).     –     

(    ~2,5 Å [24,25]),       

. ,      

   ,     . 

     ,     . 

       . 

                                                 
3  - ,   ,   , 

       .  ,   ,    

,   .     ,   

          -  

 – ,    ,      .  

       :    , 

      ,     

,        [22,23] 
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 ,      -    ̅ ̅ , 

 -  a- .       

       .    

  ̅    : ̅ = ̅ + ̅̅ +  

 ,     :    

      ̅ ̅ ,     -  60°-  

 ̅ ̅          ,   

 60°   . 

          

       [26,27]. 

1.4   

1.4.1     

      ( ) 

        ,   

 .  ,      

     ,    

,    ( .6) [14].    

  ,       

( .6):          

 5.     : (a) – c-      - 

 ; (b) – a-      ̅ ̅  (c) – m- ,    

 ̅  
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 ,   .      

: ,   ( ),   ,  

    (  1.4.2),  , ,    

  , - .  

 
 6.      [14] 

1.4.2      

         

      ,  

     .    

  ,         : 

 (extrinsic),    ,   (intrinsic),   

  .     E  I    

(  )       . 

          

   .    B   A   

   ̅ ,    I1:  … | …                ↓ ↓ ↓ ↓                  

      I2:  … …              ↓ ↓ ↓ ↓… | … 

,        E:     |… …    |  
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     I3    ,   

 [28-31].   I3    A  B    ,   

     : |  

        

    , stair-rod,  (  Drum et al 

[31]).       ,    

,    ,  .   

   - ,     – 

  ( .7).   ,  Blank et al 

[29]     , –   .  

    ,     ,    

    ,    Drum et al 

        ( .7). 

 a-  (     ̅ ̅ )   

  30°      I2  : 

 7.  –   stair-rod  [14],   , 

   ;  –     

 ( )    ( ) [28] 
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[̅ ̅ ] = [̅ ] + [ ̅ ] 
      :  

1)     :     , 

  –  

2)   I2     ,   

 GaN    ~3,2  ,    

ё  (3,4 ) [2,32,33].      

  (      ,    

   ). 

1.4.3       

         

  ( .1). ,      (0001)  

     ,   , 

 Rebane et al [32]  Rieger et al [33]       

 .       ,   

 . Lähnemann et al [2]  ,      

         

 ,  -         

           .   

     ,  

   ( .8). 

 
 8.            

(WZ – ; ZB – , Eex –  ,   ) [2]  
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1.4.4 У    

 ,    , ,   , 

  ,    « » (  ) .  

    (  ) ,    

      [15,16, 34-38],    

,    [39,40].       

     (     2.2) 

    : K  P ,      

[34,40].    (    ) ,   K 

    ,   P    ,   

     K-     ,   .9 ,  

    .9 .      

 [41,42]      ,    

           [14]. 

    
 9.  K ( )  P ( )  [34,40].  ,  P ,   

   - ,      ,   - .  

  . 

1.5       щ  

  

      ,  

  GaN   1990 ,     , 

    ( .10).     

      ,     

    .     
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 (     2.2)    , 

   (0001)  ,   [1,43,44].  

   (0001)     

.        3,5-100 ,  

«pinholes»     ,      

          

   ( .10). 

    1     

   ,      

(r –   .10). 

    ( )  GaN   , 

 -      (~16%) ,   

      («misfit 

dislocations»).    GaN     

   (0001)sap//(0001)GaN  [11-20]sap//[10-10]GaN. 

,       :   

60°  [11-20],          

GaN,      [43,44].   

         

  .     

     ,   

 [43].  

 
 10.  –      DF Э  [1];  –   

;  –  (r)     

Ponce et al [45]      (  

 GaN     GaN).     

(WBDF)   g.b,    ,   
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 ,       , 

   I1.      

   - ,   g.b = m + 1,  m –   

  WBDF.  ,      

   g.b  GaN   :   

    c-        ⃗ 
(  )   a-       (  ⃗ ×  ⃗ = , 

       . 

Liu et al [46]         GaN, 

  r-     a (  

 ).      

    I1,      

 ,  ~3,41 .   ,     

       ,      

 « » (edge-on)        .   

 ,    ,   

 : ~3,29 ,      -   

   3,33 ,      . 

 ,        

,       (HRTEM)  [28,47].  [47] 

         

   ,     

  1 .   . [28]     

  ,     SiC    

  AlN      

(            

).         

    GaN     I1, I2, I3,  

 [ ̅ ],        (  

, stair-rod, )   .   

     [ ̅ ]   30°   

HRTEM  5,5 .    I2,   

,     :  
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= 𝜋  

    ,   [14,48],     

,    ,   –    / 2, 

a –    ,  –    ,  –    .  

        

 ,     ,    

(  , ,    )   : 

   24,1  105 . 

        

   (    1.6)   [8,49,50].    

    ,     

   a-  .    ,  

         

  .    (  )  

    a-  .    

        («quarter 

loop»),       ( . 11 ).   

Ratschinski I. et al [49]       

 ( .11 ).      (1  ),  

  (2  )  ,  60° .   

 –   ,          

 (  1.4.1). 

 
 11. ,  -        

;  -     (   )  [49] 
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1.6        

 [49-52]   (     

2.1)  ,   ё   ,  -

  ,      . 

 60°    (0001)      2,9 , 

          

,    .   

      [3,50].   

       . 

Albrecht et al [8]      -   

  .        

      p-  (       

 ),     ,    

 s-    .   

   a-     

    3,346 ,   ~ 0, 15    

 (     ),    

         . 

  ё ,  Farvacque J. L., Francois Ph. [53],  

          

     .  

       , 

           

  GaN   p- ,     , 

  s  p .      

 ,      .     

   0,2      . 

   Huang et al [9]  ,  

.      

  3,12 ,   ~ 0,28    .  

         

,        – , 

 . 

        

 [5-7,54]       
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   (DRL  .12),      (IRL  

  IRL-LO  .12).     3,15-3,18  

 3,31   70 ,        

,    (DRL-LO, .12).   

   3,47   70K (FE   11, NBE, near band edge 

emission,   13).     FE  DRL –  

    70  – 300 ,     DRL 

   FE      .  [54] 

,        ,   

,  . 

 

 
 12.     Э  ( )   (  ). 

 –  ,    1-3,    

  ;  – ,     

 [7].  
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  12   ,   

   .  ,   

  ,   3,18  (DRL),   

 ,   3,31  (IRL) –   . 

       

 (  420 ,  13 .),        

 720  ( .13 ). 

   
 13.  - –    300 ;  –   

    (   )    420  (b,c)  

     1000 (d,e) [54] 

    ,   

   a-      

 14.  -        

 (    ),    ;  -  

 a-        [54]. 



21 
 

,   - ,   , 

  (      .14  ) – 

     ,     

   .     

 –   -      .14  .  

     ,   .14 ,  

 ,   [49]    .11 ,   

         

,           

   . 

 ,    a-  

         [5-9,54], 

      . Albrecht et al. [8]  

    FE     , 

    ,        

     (  ,   

  ).       

        

  a-  ,    IRL    

       I2 [2],    

 (  1.4.2). 

        

      a-    

,      .  
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 2.   :  
   

2.1 К 4
 

 –  ,    

 –         

 ( , .15),       

 ,   .      

          ,   

     (     2,5   

 , )      . 

   ,      

    (     

   1  30 ),        

  (SE),    .   

    ,   . 

        

-  (    ,   

   , )    , 

        ,  

       . 

 
 15. C  ,    ,    

  Э  

                                                 
4          http://www.gatan.com 

̅ 
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  ,      

 ,     ( -  , 

     . .)     , 

     ( ),   

 ,      .  

          

  .        

 ,      .  

     (     )  -  (  ). 

          

   . 

2.2 щ   5
 

2.2.1   Э     

       ( <200 )  

      -  ( .16  17). 

      ( ,   

 ),  « » ,    

 .     :  -   ( .16), 

     ,  –   

( .17),     . 

 
 16.     Э   :  -  ,  

[55] 

                                                 
5      4.1-4.4    [55, 56],    

( . . )     ( . . , http://danp.sinp.msu.ru/dist_obraz.htm)    
http://ism-data.misis.ru/index.php/lections/pem. 
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       . -   

   -   ;   

    ,     

  ,   ,     

   (   ,  

, ,   . .)..      

   (      

): 𝜎 𝜃 = 𝜋 Ω[ 𝑖𝑛 𝜃 + 𝜃 ]  

 Z –  ,  –       ,  – 

 , Ω –  , 𝜃 –  . 

 
 17.     Э    :  –  ,  – 

 . 

  ,     , 

bright field – BF,   ,     

    ,  , dark field – DF,  

 ( .18).     ( .17, ),  

        , 
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   (   ),     

( ,  2.2.4),           

 .       

   HAADF (high angle annular dark field detector,  

  ). 

 
 18.  –    BF  DF ,  –  Э   Э  

      : ,    

-   ,   [55].     

   ,   ,      

      .   

      (   ),  

HRTEM,    ,        

 -       .    

     (    ,  

       )    

HRTEM          

 .      HRTEM,  

   . 

       ,  

        

  .      

   (  5°),       

      ,     

  BF    DF.         
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  Z,         

  (     )  HAADF . 

      [55]. 

         , 

     .       

,     ,         

  ,     

 . ,       ⃗𝑖    ⃗  ,   (  )  ,    

     ,     

 ( .15).       

      , ,   

( ) ,      ,  

       

(  ).        ,    

   ,          
       ,   

  .          

[55]:       ,   

     Fcell       

      ,   �⃗⃗� =  +  : 𝐹 𝑙𝑙 = ∑ 𝑖 𝜃𝐵 𝜋𝑖�⃗⃗� 𝑖⃗⃗⃗  𝑁
𝑖=  

 fi –    i-  , 𝑖⃗⃗  – -  i-  , 𝜃𝐵 –  

;        .  

    Fcell.   

    ,   

,   ,     ,  

     (≤  Å).     

«  »       

   .     ,   �⃗⃗� 𝑖⃗⃗  = hxi + kyi +lzi,  hkl –  ,  xiyizi –  i-  .  

   0,   – ,     

. 
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 19.    

        

« »  ( .19),     

       [56].  

   :   ,    

       ,     

 ,  – .      

 ,      

(    z),          

,          (10-2 ). 

  ( .19)         

  1    2.  1  2      

  3  4 .      dz  

 - : 𝜑𝑧 =  − 𝜋 𝜉𝑔𝜉′ 𝜑 + 𝜋 𝑖 − 𝜉𝑔𝜉𝑔′ 𝜑𝑔                   𝜑𝑔𝑧 = 𝜋 𝑖 − 𝜉𝑔𝜉𝑔′ 𝜑 + − 𝜋 𝜉𝑔𝜉′ + 𝜋𝑖𝜔 𝜑𝑔 

 𝜑   𝜑𝑔 –     , 𝜉𝑔 – 6 

,    , 𝜔=𝜉𝑔  –     

 (     ,     𝜔  

   ), 𝜉𝑔′   𝜉′  -   ,   

   ,    ё   

                                                 
6  –         ,  

  ,        [55].  
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 .     1  4 ,  – 

2  3.     -     𝜉𝑔. 

   ,     t (  

 𝜉𝑔)     0: 𝜑𝑧 =  𝜋𝑖𝜑𝑔                   𝜑𝑔𝑧 = 𝜋𝑖𝜑 + 𝜋𝑖𝜔𝜑𝑔 

   : |𝜑𝑔 | = − |𝜑 | = + 𝜔 𝑖𝑛 𝜋 √ + 𝜔  

  I0   Ig    

 ,    -  (   

    ).      BF 

  ,  DF – ,     

   .   𝜔   

 ,        , 

  .    t   

    ,     

    𝜉𝑔. 

2.2.2     Э  

         

( .20):          �⃗� , 
       [56].  -

  : 

 𝜑𝑧 =  − 𝜋 𝜉𝑔𝜉′ 𝜑 + 𝜋 𝑖 − 𝜉𝑔𝜉𝑔′ exp 𝜋𝑖 𝑅 𝜑𝑔                   𝜑𝑔𝑧 = 𝜋 𝑖 − 𝜉𝑔𝜉𝑔′ exp − 𝜋𝑖 𝑅 𝜑 + − 𝜋 𝜉𝑔𝜉′ + 𝜋𝑖𝜔 𝜑𝑔 

 

C ,  ,     ⃗.  

 �⃗�    ⃗     : xyz -   

  x’y’z’ –  .   -   
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�⃗�       ⃗    ⃗   ( )    ⃗  

( )   : 

               �⃗� ′ = −  ⃗𝑒𝜋 [ ′′ + −𝜗 ′ ′′ 2+ ′ 2]  
               �⃗� ′ =  ⃗𝑠𝜋 ′′  
               �⃗� ′ = −  ⃗𝑒𝜋 [ − 𝜗−𝜗 𝑛√ 𝑥′ + 𝑧′ + −𝜗 ′ 2− ′ 2′ 2+ ′ 2] 

 𝜗 –   [56].      ⃗ =  ⃗   �⃗� ′ = �⃗� ′ = 0, 

   -  ⃗ =  ⃗   �⃗� ′ = 0.  ,       

 ,         

 . 

    - ,     

  �⃗�  .      �⃗� , 
     g.b = n,    

,          

 (    ).    

         

.      ,   

   .          

 20.  –      ;  –  g.b 

      [55] 
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   (t, 𝜉𝑔, 𝜔, n)      

   [56]. 

    . 20     BF   . 

 DF   ,  ,    

   (𝜔 .    (𝜔 ≤   

« » DF ,    BF.   

 (𝜔 >   « » DF ,   

   BF.     DF (𝜔 ≈   

   ,     , weak beam dark 

field – WBDF,    . 

    .   ,  

       ,    

  . BF      

  ,  DF – .      

 t,      𝜉𝑔  ≤ 𝜔 ≤ , . 

        

  .          

,    ,     BF . 

   𝜔,    0 .  n=0 

    . 

  ,       

  . 20 ,       

  𝜔  ∙  ⃗    .      (  

  ).     n=2, 𝜔= 0;  

 ,        ;  

    n=1;   ,  n=0    (  ⃗ × ⃗ ≠ 0,   ⃗ –   ,    n=1  , 

 . 

     ,   : 𝑝 =    ⃗ 𝑔   ⃗  

 

        g.b ( .20) 

[55,56].        ,  
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      (  

  GaN).      

.         

     ⃗;       (  ⃗ ×  ⃗  = 0.   

        (  

) . ,     

     ё .   ,  

      ,   

,    .     

   .       

          

 g.b    . 

2.2.3      Э  

       ,   �⃗�  
  ,         

  [56].   ,     1.4.2,   

 . 

         

   αSF = 2π|�⃗� ||  |[56].      

 .21.        : 

 (𝜑𝜑𝑔 ) = ( exp −𝑖 ) ( exp 𝑖 ) (𝜑𝜑𝑔 ) 

𝑧 = ( 𝑥𝑝 𝜋𝑖 𝑧 𝑥𝑝 𝜋𝑖 𝑧) −  

= ( cos , 𝜔 sin , 𝜔−sin , 𝜔 cos , 𝜔 ) 

, = − 𝜋 𝜉𝑔𝜉′ + 𝑖𝜋 [𝜔 ± √ + 𝜔 − 𝜉𝑔𝜉𝑔′ + 𝑖 𝜉𝑔𝜉𝑔′ ] 
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 21.       

   ,   �⃗�  – ,     

 ,         

     ,     

.      ,    

,     . 

2.2.4     

 
 22.    Э  ( )  Э ,    Э  

( ) 

       

 ,    .   
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       ( .22),   

    [55]. 

      ,   

 : 

1)          ( .17 

 22),      ,     

  ,       ( .16).   

         

  

2)          

 (      ),      

   

 

 
 23.  -     Э   Э ,  :   

Э    «  »;   Э    «  

»; ,   Э .  -   Э   Э . [55] 
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   ,     ( .23 ) [55].  

  ,      ,  

     . ,    .23,  

    ,   .  

          

.      «  »:   

              ,   

     –      ( .23 ): =  =  

         90°   

    ,     

    . 

2.3     . 

    (  450 ),   (0001), 

  HVPE (hydride vapour phase epitaxy,   

),        (   

 [5-7,54]),  ~ 10 μ ,      

–  (   )  .   

« »      <200 .    

    . 

          

    100 μ . 

  ,    (0001)     

 6x6    c  70 μ    ~600   

 (  , .24)   „Nanoindenter G200“.  

         

  .      Ratschinski et al [49]  

  ,       ,  

           

 (dimpling).      ,    

 . 
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 24.  :  ;     (  )  

 ;  (  )     Э    . 

,       Gatan PIPS   

 6-8°    5-6       

 ( .24 ),   .    

  ,       

 3  0,5     3°. 

  Philips CM200     200   

       .   

   Zeiss Libra 200FE    200   

     ( ).   

      Zeiss Supra 40 VP ( )   

    Gatan MonoCL3+. 
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 3.     

3.1     щ  a-   

         

   a-  ,   

   [5-7,54]. 

 Albrecht et al [8] (  1.6),      

  (DRL)  . 12  13    0,2  ( .26 ).  

 ,   a-     

,  ,   1.4.2  1.4.3,    I2,  

         ( .10).  

        , 

          –   

(   1.4.2; .26 ). 

     (IRL)     , 

   ,      I2  

  [2].       ,  

   1.4.2,   .      

 ,    ,     

 (~ 3  [54]), ,   ,    2D  (   

   I2 )  ,    

,    1D . 

   a-     

         ,  

  . 

 
 26.  ,     :  - a-    

 ;  -   a-    ,    1.4.3 

[54] 
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3.2      Э    

         

      .     

 25,  ,    ,   

,         

 .        

      ,    

    .   ,       

       (  

   3.3 – 3.4),     

   3.1. 

    

    
 25. A –   Э         

,        Э ; B –  

      400 ; C-    Э  BF  ; 

D – Э  BF      ,    

    . 

 

A B 

C D 
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3.3           Э  

        

        
 27. 1 –        Э ; 2 –        

  ; 3 –  B       ; 4– BF 

     ,    
   

  ( .27),      ,  

   ,     .   

 ( .27-1)        

  (    ),     - 

  ,      .  

   A  B ( .27-2  27-3 )  

    –    ,  

     .     

(     .27-3)     – . 

1 2 

3 4 
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 (    )     

    ( .17)   ,   

      .   

    -  –    ,  

        [55].  .27-4 

  :    ̅ ̅ , 

   3 . 

    ,   g.b  

   ,     

.     .28,      

 (      ),   

     , ,   2.2.2,  

 ,    –     , 

   ̅ ̅ ,    a- . 

 
 28. A-      DF c  = ̅ ; B -  

    DF c  = ̅ . 

   (       , 

   60°   ,   [49,54])  

  ,     ,     

,  ,     ( ,   

27-3  27-4). 

A B 
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     (     .27-4) 

   -     . 

   .29   ,     

.14,    ё  ,     

 (    ),     .11,   

   (    ,   

   2),          

 29. ,         

          11  14 (   ) 
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  (  2.2.3).       
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