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1    

 

      ,   

o ,   ,   -

    -    ,  

       -

,       . 

 

1.1   

 

 –  o e  oe  e a o  o e o   

     – .  -

     , ,   

 ,   . 

     ,  -

  ,        

.  ,       

     .    

      . ,   -

    [1]. 

         -

  .    , -

     .     

        -

    ,    -

           

      [2]. 

       .  

      : 
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–        

       ; 

–         -

     ; 

–           

     -

,       ; 

–       -

 ,        

         -

  .      -

    ,    ,   

  ( ),      -

        -

   [2]. 

       -

   ,   -

 ,  -    , 

     .    

   ,       

         

  .  ,     -

    . ,     

     ,    

       

  . 

      ,  -

  .        

 .  ,       -
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  . ,    -

          [3]. 

 

1.2   

 

     (29,8 ° ),  -

 ,       -

   (Sn, In, Cd, Zn, Pb, Al),  . 

 , ,      -

,     ,    

       . 

         -

,         -

  [4]. 

         

   ,   -

 , ,    -

,      -    -

 ,   .  –  -

  ,     -

 . 

      -

   ,   . 

 ,       -

,     . 

    -   ( -

)         -

    . 

    -  -

 (        
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  ),     -

,     ,   -

     ( ) [5]. 

 

1.3     

 

    (  1)   Cu–

Ga       -

    .   -

        -

  [6]. 

       Cu–Ga  -

 37 °    CuGa2    

 .       

 .    CuGa2   -

  10 .   .   -

  48 .         

   .     -

 CuGa2.  ,    ,    

.           

      ,    -

     .     -

        ,  

   ,     

  ,     [6]. 

        

         -

 CuGa2   10 .       -

  ,      

     [6].  
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 1 –    Cu–Ga 

 

       -

   Cu9Ga4      CuGa2,  

 .    Cu9Ga4   -

   CuGa2.     -

      Cu9Ga4  -

 ,        

.     ,   20  -

        . . . 

    Cu9Ga4. 

 ,         -

,      (Cu + 20 . % 

Ga),   CuGa2    

.        
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 : Cu + 20 . % Ga → CuGa2 + Cu → Cu9Ga4 + Cu → 

Cu(Ga) –   [6]. 

 

1.4     

 

  GaP (  2),   -  -

   ;  . 

 

 
 2 – -     GaP 

 

        700 ° ,  

  ,        -

,  .      -

 ,  ,     -

   3 [7]. 

    GaP   Ga    -

  ,     –  3   Ga. -

        -

 -   2 3  ,  -  

 GaP   Ga.  GaP  -

 GaPO4     800–1 000 ° .   GaP 

    .   -

   GaP   , Se, S, Sn, Zn, Cd, Ge. 
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GaP –    ,  -

,  ,    . [7]. 

     . 

 

1.5    

 

 –     -

          . 

        

   .        

,    ,       

,     .  -

      

       . 

        .  

       -

  –   𝜕 /𝜕х [8]. 

  .      

,  ,     , 

  ,      ,   

, . ,       

     ( )  [8]. 

    dq,     

dτ   S  : 

 𝑑 = − 𝜕С𝜕 𝑑𝑆 𝑑τ, (1.1) 
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 𝑑  –      -

    𝑑𝜏    𝑑𝑆,  -

   𝜕 /𝜕х    D ( 2/ ).  

 « »   ,        

      . 

 (1.1)    .  « » , 

            

.     [L2/τ],   

  [ 2/ ]. 

   ,  D .    

  ,    ,  -

,      ,   -

    :  

  𝜕C/𝜕𝜏 = D (∂2 C/∂ x2), (1.2) 

 

  D ( 2/ ),     -

 ,   ,    -

   ,    (  , 

      -

 ),        -

.       -

  [8]:           D = D0 exp ( −  Q/RT), (1.3) 

 Q –    ( / ); 

D0 –   ( 2/ ),     

    ;  

R –    (  / · ); 
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T –   ( ). 

   (1.3)  

           ln D = ln D0 – Q/RT.  (1.4) 

 

    D0  Q   -

    ,    . 

        

(         -

 )      -

     . 

  ,    ,  

     [8]: 

           D = x2

2t
, (1.5) 

 

 x –     (     

  ) ( ); 

t –    ( ). 

    .   

       [9]. 

     : 

  j = – DS
∂C(x)

∂x
, (1.6) 

 

 j –       S. 

 « » ,       -

       . 
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 (1.8)    -

 ,       -

 .      -

    –   D.  

      [9]: 

 

∂C(x,t)
∂t

 = D
∂2C(x,t)

∂x2 . (1.7) 

 

 (1.7)      

 ,   .    

  .  

     -

      ,  ,  -

  . 

    ,  -

    .     -

    ,  -

   . 

    –    -

  ( )   -

,       -

  [9]: 

 ` = , 𝜏 ` + , 𝜏 ` = 𝑁 ` + 𝑁 `, (1.8) 

 

 `–   ; , 𝜏   , 𝜏  –        ;  𝑁𝑖 –  ( )  . 
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   : 

 𝑉 = ` − ` · 𝑑𝑁 , 𝜏𝑑 . 
 

(1.9) 

 (1.8)  (1.9),    ,  

       

.  ,  `  𝑉  ,  `   `     [9].  

 .    -

        

, . .    -    -

,     .    

      -

  ,      ,   

 .          -

,        .  

,         -

    ,    

    [10].  

 

1.6      ,   
   

 

       

,    .     -

 .       ,  

       -

 .      
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     .    

   [11].  

        

 . 

    ,   -

,   ,    ,  -

        

    .   ,   

       : 

–      -

 ;       -

  ,         

  ; 

–        -

;     ; 

–      -

,         

  (  ,  ,  ),   

      [11].  

        -

   ,        .  

          

 ,       -

      , . .   -

     . 

     -

    . 

He    ,      -

 – ,     –  
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   –  . 

        -

   .       -

  . .  [12].    -

      : 

1)      . -

         

,   (001)   -

.       

    .    

   .  

2)  ,     ,  

 - .  ,  lg D  I/   

 ;       

        . 

3)        -

     .   

      

,      ,  –  

,     . 

4)      ( ) -

,     -  . 

         

     ,      

    –   . -

    ,   . 3. , -

 ,         « -

 »     :  
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       ,   

   [13].  

        

 ,        

 .     -

  ,     . 

. .          

 .  ,     ,  -

,    [12]: 

 

 y2=2pτ  , (1.12) 

 

 y –   ( ); 𝜏 –   ( ); 

2  –   (   ,  

 ) ( 2/ ). 

     ,  -

     : 

 

 2p ≅ D = D0
-Q/RT, (1.13) 

 

 Q –    ( / ); 

D –   ( 2/ ); 

D0 –  ; 

R –    ( / · ); 

T –   ( ). 

 

 D0  Q       

 ,      ,   

 . 
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1.7     

 

 –  -    ё  

 ,      -

 ( )     ( ), ё   -

  ,        -

   [14].  

       

  .     

      -

     ( ),      

      ( ). 

 –   ,       -

          -

  ,   .    -

      [14].  

 : 

–      ; 

–         

,   ; 

–     ; 

–     ; 

–       ,   -

   ; 

–       -

   ; 

–       . 

      : 

–    ; 
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–     ё     -

   ; 

–        -

  ; 

–         ; 

     ; 

–    ,   -

 . 

        -

.   (  450 ° )    

    .    

        -

  [15].  

 

1.8        

 

     (29,8 ° ),  -

  ,      – -

, , , , , ,   

      ,  -

   [16].  

       , 

          -

 .     , ,   -

     30 °       

 . 

-       20–30 °    

      - . -

         -

 ,     ,  , 
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      . -

 -         

     . 

 -       

  .     , , -

   20 ° ,        -

  [16].  

          

    ,     

,       

 .        

  ,    .  

         

-       ,   

  ,   , -

    1 000 °     . -

 -     ,   -

    [16].  

-   ( )     , -

    (   , -

  .)       , -

  ,      -

     .   

       

.        -

     [16]. 

           

 .   (   )     

  .      -

     ,  
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   ,       

 .   ,  -

 ,     -

, ,  ,       

       [15]. 

 

1.9 «   Cu9Ga4-       
    » [17] 

 

     :  

a,   ,  ,  ,  , - -

 -  ,   

  ,   [17]. 

         

      Sn–Ag–Cu–Ga.    

  ,      ,     

        

, ,   Cu9Ga4. 

  3 e a e  o e      

   1.5 . % Ga, o o   180 °C   6, 12, 18 

 24 .  , o  o    6  ( . 3a), o o 

o e o e    :   –  Cu6Sn5   

e o o  –  Cu9Ga4. e   Cu6Sn5   Cu  

   ,   Cu3Sn- . , 

 ,  Sn ,    

/    Cu9Ga4  Cu6Sn5- .   -

   ,   ,  

Cu9Ga4-     . 
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 3 –     Cu–    

Sn–3.0Ag–0.5Cu–1.5Ga-   ,  

 180°C  : 6 (a), 12 ( ), 18 ( )  24 ( ) ,    

 

   . 3 ,   (Cu9Ga4, Cu6Sn5, Cu3Sn) -  -

  12  . ,  Sn    Cu9Ga4 

 Cu6Sn5,     Cu6Sn5,    -

   Cu9Ga4   Sn–3.0Ag–0.5Cu–1.5Ga.   3  -

     ,    18 

;      Cu3Sn, Cu9Ga4  Cu6Sn5-    -

    Cu6Sn5.   -

  24 ,     3 ,     -

   Cu6Sn5  Cu9Ga4,  -    

Cu3Sn .  

  ,    Cu  Ga    Cu9Ga4,  

  Sn    ,     Cu6Sn5  Cu3Sn.  

 5         

1.0 . % Ga,   180 °C.  ,   Cu- -

   Sn- ,    Cu3Sn, Cu9Ga4  Cu6Sn5 

 ( . . 4, –     6, 12, 18  24  -

).  ,    Cu9Ga4   

24  ,         Cu6Sn5. 
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 4 –     Cu–    

Sn–3.0Ag–0.5Cu–1.0Ga-   ,  

 180 °C  : 6 (a), 12 ( ), 18 ( )  24 ( ) ,    

 

  Cu6Sn5       

  Cu- / .    Cu6Sn5  -

   Ga    .   1.5 . % 

Ga     Ga,    -

,      Cu9Ga4      

      Cu6Sn5.   ,   

 1.0 . % Ga  Cu6Sn5  ,   -

   Cu9Ga4,     

 .   Cu9Ga4   

  Ga    / .   ,  

  Cu6Sn5      1.5 . % Ga,   

 Ga       Cu9Ga4 

   ,    .  ,   

 1.0 . % Ga   Cu9Ga4    -

    Cu6Sn5  ~2.5 ,   

 Cu9Ga4    . 

     Sn–3.0Ag–0.5Cu–

1.5Ga – Cu-  ( . 4 a),    180 °C -

 6 ,    ,   Sn.  

 Sn     Cu6Sn5     
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 Cu6Sn5 + Ga → Cu9Ga4 + Sn.    Sn     

     ,    

    Cu6Sn5     

 Cu   Cu- .   Cu6Sn5   

     Cu9Ga4  ,  , 

     ,    

4 ,       ,   

  Ga. ,  ,  Cu   Sn  -

  Cu6Sn5.     Ga,  

      ,   -

  Cu9Ga4,        

Cu6Sn5 ( . . 4 ). 

     Cu–    Sn–

Ag–Cu–Ga.       : 

– Cu9Ga4: Cu + Ga → Cu9Ga4 –     

– Cu6Sn5 + Ga → Cu9Ga4 + Sn –    Cu6Sn5.  

   Cu9Ga4      Cu6Sn5,    

 Ga       / .  -

 ,    Cu9Ga4   -

  [17]. 
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2   

 

        -

       . 

 ,    . 

 

2.1     

 

   Cu–Ga    1.  

  [18–19],   Cu–Ga   , ξ, 0, 1, 2, 

3, ξ' (Cu0.778Ga0.222)   CuGa2 ( ).   0, 1, 2, 3  -

      .  1, 2, 3 – 

    0  Cu9Ga4.  ξ'   

  .  ξ' –   Mg3Cd.  ξ -

    ( u) +  ↔ ξ   620 °   -

  .    , ξ', ξ   -

  Cu3Ga. 

      CuGa2.  -

  ,     Cu–Ga , -

      ,    

   (   CuGa2) [20]. 

            

Cu3Ga, CuGa2, Cu9Ga4  – . 

 ξ' –   Mg3Cd    

   = 6,26 ,  = 5,07 A, /  = 0,81.     

 ,     ,      

     ,     [21]. 

  5     Cu–Sn, -

     .    -

  ,     ,  
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     .  α, , , ,    

 ,     –   .  ,    

      798, 755  415 ° . 

  α-    0,3672  0,3707 .     -

     . 

      Cu3Sn    

. -    Cu6Sn5 [45,45 % ( .)  60,89 % 

(  ) Sn].    189–186 ° .    -

    Cu20Sn6 [23,08 % ( .)  35,92 % 

(  ) Sn]. –    – ,    

    Cu31Sn8  20,6 % ( .) Sn. 

   ,    , 

, % ( .) Sn [% (  ) –   ]: 6,7 (11,9); 6,5 (11,4); 

5,7 (10,10)   350; 250; 150 °  .  

          

0,01% ( .) [0,006% (  )] (     .) [22]. 

 

 

 

 5 –   Cu–Sn 



31 
 

     -

 .    : α –   

Sn  Cu; Sn –    (  Cu  Sn  0,01 %);  – 

       Cu5Sn,   

    ;  –   

Cu31Sn8;  –       Cu  Sn;  – -

  Cu3Sn;  –   Cu6Sn5  [23]. 

        – ,  -

  Cu–Sn. 

 

 
 

 6 –   Ga–Sn 

 

  Ga–Sn,    6, -

     : 20,5 ° .   

  8,5 % ( .) Sn. 

 Sn  Ga  0,017 % ( .)   20,5 

° ,  Ga  (Sn) – 7,1 % ( .) (   (Sn)   

:   0,5830  0,5780 ,   0.3182  0,3168 ) [19]. 



32 
 

  –     -

       (   

).        .  

       

 ,      . 

        

     . 

       -

.      ,    -

    . 

 

2.2   

 

         -

   -    -

      ,  -

,   ,       

      -

  -        – -

     10  140    140, 

200  270 ° ,     ,   

     .   

         

    ( 6,5-0,15).   

    Ga.    : 

  +   →  + ? ;                                                        (2.1) 

  –   ; B – Ga. 
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2.3      

 

     -

 ,    1. 

 

 1 –   

  

  -0  12797-77 

 1  859-2014 

6,5-0,15  5017-2006  613-79 

 

      

-  ( 6,5-0,15)–Ga    -

     6,5-0,15  10 ., 

 15 .,    14 .   5 . 

       

      .  -

     . 

   ,    , 

  -   .  -

       10 

 140 ,   140, 200, 270 ° . 

     -

 ,      . -

       . -

        -

 .  

      

 : , . 
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  –       -

 ,     -

,  .     -

   . 

        -

      ,   

 ,    ё   800  2500 -

.       ,  -

    .  

         

 ,       -

 3TON,      

 . 

    :  -

    ,    , -

        

  3TON     

  3000  5000 ,   -

      . 

 

2.4   

 

  7    -17 . 

    -17  –  -

, ё        -

. ,  -17     -

 ,      -

  -17      .  -

         

     ,    
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, ,    ,   

  . -17   -

   1150 °      ,  

 5 000 .  -17     -

 ,       -

  ё      ,  -

  3443.008.24662585-04 [24]. 

 

 

 

 7 –   -17  

 

       

-17 .       -

  .     -

 ,        

.       c -

 , a      . 

     1150 °  
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2.5   

 

  8   AXIO – Obserwer Zlm,    

9     HITACHI TM – 1 000. 

 

 

 

 8 –  AXIO – Obserwer Zlm 

 

 
 

 9 –  HITACHI TM –1 000 
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        -

     AXIO – Obserwer 

Zlm     HITACHI TM – 1 000. -

        

     ,    

 . 

 

 

 

 10 –   Carl Zeiss Jena 

 

       

 Carl Zeiss Jena,    10,   

 70  .       -

  . 
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2.6        

 

      

 ( ) JEOL JSM 7001F,    11,  -

  10  15 ,   . 

JSM-7001F –      -

 ,      ,   

 ,  ,     -

. 

 

 

 

 11 –    ( ) JEOL JSM 7001F 

 

   JSM-7001F  JEOL  

     . -

        -

  .    -

     ,  -

     .   
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 “Gentle Beam”,      -

        [25].  

       , 

        -

   .     -

 BRUKER D8 ADVANCE ( . 12),   -

.        -

     . 

   Bruker D8 ADVANCE -

    ,  -

 , ё , ё ,  -

  . .,    2     130  720 K.  -

      . 

       -

     [26]. 

 

 
 

 12 –   BRUKER D8 ADVANCE 

 



40 
 

     -

         

  .       -

       : 

–   ;  

–  ;  

– ;  

–  ;  

–  ;  

– . 

 ,    -

   ,       -

   ITO, WTREOR, TOPAS 4.2, DASH 3.3.  

      -

     (  /     

),    ё   ,  

         

.  ,   ,   

   ,   . 

       -

     [26]. 

 

2.7   

 

     –3, -

   13.  
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 13 –  –3 

 

  –3    -

      -   -

   2999-75. 

  -3    -

    -1-16      

   0,001 ,   130   500 , -

   ,     , -

  ,    [27]. 

       -

     20 .   -

    ,        

 .      

  ( )    (  ). 
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3     

 

        -

     -  -

      . 

 

3.1   

 

     14    -

       .  

,         -

     2. 

 

 2 –  -     

 
 

 
 

 

- , % 

 
, 

°
 

 
, 

  
  

-
, 

 

C
u 6.
5-

0.
15

, 

 
 

6.
5-

0.
15

, 

 
 

G
a 

1 
6.5-

0.15 
40 15 15 30 200 10 1,5 

2 
6.5-

0.15 
40 15 15 30 140 11 2 

3 
6.5-

0.15 
40 15 15 30 270 8 2 

4 
6.5-

0.15 
– 25 25 50 140 10 2 

5 
6.5-

0.15 
– 25 25 50 270 60 2 

6 
6.5-

0.15 
– 25 25 50 140 130 2 
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  2  

 
 

 
 

 

- , % 

 
, 

°
 

 
, 

  
  

-
, 

 

C
u 6.
5-

0.
15

, 

 
 

6.
5-

0.
15

, 

 
 

G
a 

7 
6.5-

0.15 
– 25 25 50 270 10 2 

8 
6.5-

0.15 
– 25 25 50 270 30 2 

9 
6.5-

0.15 
– 25 25 50 140 40 2 

10 
6.5-

0.15 
– 25 25 50 200 40 2 

11 
6.5-

0.15 
– 25 25 50 200 20 2 

12 
6.5-

0.15 
– 25 25 50 200 80 2 

13 
6.5-

0.15 
– – – 50 200 80 0,5 

14 1 – – – 50 200 80 0,5 

 

    ,     

     4  . -

     ,    

       -   -

 - .  
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3.2      -

 –Ga 

 

    ,   

          -

 ,       . -

    . 

,    14   50%  

  25%       . -

   140 ° .  №4     10 

,  №6 – 130    №9 – 40 .  

 

  

  

 

 

 

 14 –    50% Ga,  25%  6,5-0,15, 

  140 ° ,  

 : ) 10 ; ) 40 ; ) 130   
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      140 °   -

     ,    .  

      . -

     14 . 

  15     50%  

  25%       . -

   200 ° .  №10    40 

,  №11 – 20    №12 – 80 . 

 

  

  

 

 

 

 15 –    50% Ga,  25%  6.5-0,15, 

  200 ° , 

 : ) 20 ; ) 40 ; ) 80  

 

    ,     

  ,     ,   
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140 ° .   ,        , 

  .   ,  ,     -

    . 

  16     50%  

  25%       . -

   270 ° .  №5    60 

,  №7 – 10    №8 – 30 . 

 

  

  

 

 

 16 –    50% Ga,  25%  

6.5-0,15,   270 ° , 

 : ) 10 ; ) 30 ; ) 60  

 

   ,    -

  (  16).      -

   ,    –     -

 .        ,    
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     .   -

     . 

   17 ,    ,  -

    . 

        ( -

 ),       

  .      

     . 

 

  
 

 17 –         – Ga  

 140 º , 200 º   270 º  

 

      ,   -

      .  -

        , -

,    . 

0

20

40

60

80

100

120

140

160

180

0 20 40 60 80 100 120 140

y
,

τ, 

Б ОФ-Ga 140 °C

Б ОФ-Ga 200 °C 

Б ОФ-Ga 270 °C



48 
 

 

 

 18–           

   , t = 140 ° , 200 °   270 °  

 

     y2 – τ,  -

     ( . 18). 

    17  18,       -

 –Ga   140 ° , 200 °   270 °   -

 .   ,  -

      ,   

  ,    , , , -

     .  

         

     AXIO – Observer Zlm.   

        -

  .  

  3       -

 2p   . 

  

0

5000

10000

15000

20000

25000

30000

0 50 100 150

y2
, 

τ, 

Б ОФ-Ga 140 °C

Б ОФ-Ga 200 °C 

Б ОФ-Ga 270 °C
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 3 –        -

  
№

 
 

, 
°  

 , 
 

  , 
 

 -
 2p, 

2/  

4 
140 

10 14 
5.4∙10-15 9 40 28 

6 130 50  
11 

200 
20 37 

3,8 10-14 10 40 53 
12 80 74 
7 

270 
10 64 

1.13∙10-13 8 30 111 
5 70 157 

 

     ,  -

   ,     -

    . 

 

3.3     

 

     ( ) JEOL JSM 

7001F       . -
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4        

–  

 

         

 . .  [12].  ,      

(      ),  , -

  : 

 = 𝜏,                                                                                                        (4.1) 

 

 y –   ( ); 

τ –   ( ); 

2p–   (   ,  -

  ) ( 2/ ).  

   3,     

  : 

 

 °С =  2𝜏 =  −6 2 = . ∙ −  /с  

 °С =  2𝜏 =  −6 2 = . ∙ − /с  

 

      [14],  -

     : 

 ≅ = − / 𝑇,                                                                                                (4.2) 

 

 Q –    ( / );  

D –   ( 2/ );  

D0–  ;  

R –    ( / · );  
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T –   ( ).  

 D0  Q       

 ,      ,   

  [12].  

      ,  

    ,   

   : 

 𝑎  𝑔 = 𝑔  – , 𝑇  (  140 ° );                                                          (4.3)  𝑔 = 𝑔  – , 𝑇  (  270 ° ). 

 

      . 

  3       

  140 °   270 ° . : 

  °С = , ∙ − ; 𝑔  °С = , − = − , .    (4.4) 

 

 °С = , ∙ − ; 𝑔  °С = , − = − . . (4.5) 

 

     4.3 : 

 𝑎 − . = 𝑔 − . ∙ ∙ = 𝑔 − . ;                                          (4,6) − , = 𝑔 − . ∙ ∙ = 𝑔 − .  
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 ln D0   4.6 ( )    4.6 ( ): − , = − ,  + Q
,

− Q
4 ,

 ; , = 𝑄 , − ,  ; 𝑄 =  о ь . 

 

       -

 4.6 ( ): 

 − . =ln D0 − ,  ; = − . + , = − .  ; = − . = . ∙ −  2с  . 
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