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 – . -

. -

, , -

, . ,  

, 

. -

-

 (Ca3Si4) .  

. -

. -

, , 

Si/Ca3Si4/Si(111),  

. , -

-

 (Ca3Si4)  –  ( -

) , -

, , -

, , 

 

. 

 

-

 

-

 in situ -

, . 

  -

 (Ca2Si  Ca3Si4)  Si(111) -

,  Si/Ca Si/Si  

-
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.  

  

 Mg -

 

,  

. , Ca  Mg , -

. 

: 

1. ,  

 Ca3Si4, -

 Ca3Si4 -

. 

2.  Ca2Si  Si(111) -

 Mg2Si  Si(111). 

3. , ,  

 Ca3Si4  Ca2Si. 

4.  ( ) Si/Ca3Si4/Si(111)  

Si/Ca2Si/Si (111) , -

. 

 

1.  Ca2Si  

3Si4  Si(111)  130  

500 , .  

2.  Ca3Si4 ,  

 Eg = 0.63 , -

,  

,  (50-80 ), 

 388  416 -1  344 -1 -

 ( ), -

 500 .  

3.   Ca3Si4  
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0.89  0.912 ,  

 Si/Ca3Si4/Si (111)  = 5 

. 

4.  Ca2Si, ,  

: Eg=0.68-

0.70  130 . 

5.  

Si/Ca3Si4/Si(111)  Si/Ca2Si/Si(111)  

 Ca3Si4  Ca2Si. 

 

3Si4 Ca2Si  

- -

. -

-

 Ca-Si . 

 

1.  Ca3Si4,  

 Si(111)7x7  500 ,  

 

 0.63 ,  0.89  0.912 

 50-80 

. 

2.  Ca2Si,  

 Si(111)7x7  130 ,  

: 

Eg=0.68-0.70 . 

3.  ( ) Si/ 3Si4/Si(111),  

 500 °C  Si(111) 7×7,   

 Ca3Si4  
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,  Ca3Si4 -

 Ca3Si4. 

4.  Si/ 2Si/Si(111) -

 130 °C  Si(111)  Mg2Si/Si(111)  

 (48 )  100  

 Ca2Si (14-16 )  20 ,  

 Mg2Si - -

 1.5 -

 240 .  

.  

: «Asian School-Conference on 

Physics and Technology of Nanostructured Materials» (ASCO-Nanomat)  2011  

2013  ( . , ); «APAC-SILICIDE 2013» ( , -

, 2013); International Conference “Nanomeeting-2013”( , , 

2013), «E-MRS 2012 FALL MEETING» ( . , , 2012); XIII -

 «  XXI : » ( . -

, , 2012); 10, 11  12  « -

: , » ( . -

, , ,  2011-2013); XX  XXI -

 « » ( . , , 2011-2012 .).  

.  5  

 5 -

. 

. -

, , ,  

. 

.  

, , . -

 126 ,  55 , 10 

 77 . 
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 1. :  
  

 
 

, -

. -

 (Be),  (Mg),  (Ca),  (Sr),  (Ba)  (Ra). 

. -

 – .  

:  ( ,  

 Ca2Si, Mg2Si .)  (  

).  

,  

.   -

 (  2000 °C). 

 ( , -

), , -

 ( , .),  

 

. -

. Mg2Si -

, .  Ca  

-

, . 

 

, -

, .   

,  

.  

 

. [19, 21, 75] 
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1.1.  

-

 

 

 Mg2Si -

 60- . ,  Mg2Si  

, , -

, . -

 0.37–1.3 

 1.8–2.84 , -

 0.6–0.74  2.17 .  

[51] ,  Mg2Si –  

 0.2261 . -

-

 0.65-0.78 . , -

, -

, -

. [25, 64, 73] 

,  

, ,  Ca3Si4. 

,  Ca3Si4 -

 0.375 .  Ca3Si4, -

,  Si 3p  3s.  

, ,  3d. , 

,  3d  Ca  3s  Si. 

 Ca2Si  

 0.3-0.35  [68],  

 [77]  0.56 . 

,  (GW- )  

 Ca2Si ,  
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 (1.02 )  (1.16 ) . [63]  

 

2Si  1.02 . [53] 

In situ ,  

 Ca2Si,  Si (111)  120-130 °  

 1.02 . [52]  

 Ca2Si. [63]  

 Ca3Si4,  Si(111) 7x7  500° -

 0.63 . [53]  

 -  

.  

 Ca5Si3 .  

 0.56 . -

 p- . [77] 

 

1.2 : , 

 

 

 

 Mg2Si, -

. ,  

Mg  

. -

 Mg  Si,  Mg  

. 

 Mg2Si  

Si .  Mg  4-

10 . ,  Si  

. -

 Mg2Si .  
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 200 °C, -

 Mg2Si. [73] 

 Mg2Si  n , -

 ( )  0.08-0.2 , -

 200-550 2  1017-1018 -3. -

 Mg2Si -

.  0.2-0.7 , -

1017 -3  55-70 2 . [46, 64, 73] 

 

Mg2Si  Si(111) . -

 Mg  Si  

 Mg-Si,  Si(111) -

 Mg2Si. :  

 -  Mg(10 )  

Si(5 )  (0,5-1 )  5-10 -

 (13-80 ); 

 - -

 Mg-Si , -

 50  110 ,  Mg-Si  5  26. -

 Mg  Si. -

 Si  Mg-Si . 

 Mg2Si,  

, -

.  ( ) -

 380°C  (1.8 ),  

 Si(111) .  210 °C  

,  300°C -

 Mg ,  400 

,  Mg . 

 (0.5-1.8 )  



15 
 

 380°C.  dMg=1.0 -

 t = 2 .  Mg2Si  

30 , -

, 1-3  3 109 -2. 

 500 ° , -

 

),  Mg2Si -

.  ( )  Mg2Si -

,  

Mg2Si  Mg-Si  

. -

 

. , -

.  

 400 °C. 

 Mg2Si -

 Mg-Si.  

 Mg2Si  Si(111) . -

 Mg-Si(50 )  

 (20 )  (380-550°C). -

 550°C  

Mg-Si (60-110 )  (20-90 ). 

 Mg2Si  

, -

.  (10-17 )  

 (250-500 ) , -

 550°C.  

. ,  

. -

.  (5 ) ,  550 
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,  (100-

150 ).  

 

 550 °C  Si(111).  

 Mg2Si  

, -

. 

, 

 550 °C,  Mg2Si -

 (111)  (110)  Si(111). , -

. , -

 450 °C,  Mg2Si  (110) -

 Si(111),  

 1.3 % . -

 [110]. , -

 Mg-Si -

 Mg2Si (450-500 °C), 

 

Mg2Si(111)/Si(111) (550 °C). 

 550 °C -

. -

, -

.  

 120-280 . -

 80  (  60 ),  

.  (  110 ,  90 )  

, -

 (19 ).  60  

 20 ) ,  

.  
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,  

Mg2Si  (200), (400)  (331).  

 (200)  2.5 %,  

 (331)  0.7 %  Mg2Si. [6] 

. 

-

 Mg2Si  Si(111).  

 ( )  

 Mg  Si(111)  40 – 380 °C.  

Mg  Si(111) 7×7  12.6 . -

 40  380 °C.  

dR/R , . 1.1, , -

.  

,  

Mg. [14] ,  – .  

 

=140-210 °C 

 dR/R  

, 

, 

, 

  

 Mg2Si. -

 

 ( =260-290 °C)  

 dR/R,  

-

.  

 Mg2Si  Mg. =300 °C  

. ,  

.1.1   dR/R  Mg  
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,  Mg ,  

. 

,  

-

, , ,  

. , -

, -

. 

-

. -

,  

, ,  

.  

Mg2Si  95 % -

. -

, -

, . 

-

, -

, . [25] 

 

1.3 : , 

 

 

 

 1.2.  Ca-Si.  

 Ca-Si -

 – Ca3Si4, . -

 (  

 P63/m) : = 0.8541  c = 1.4906 . -
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. [65] 

,  Ca3Si4 – , -

-

, . 

 
.1.2 –  Ca-Si [65] 

 

-

 0.35 .   GW- , -

 

. , 

.  

,  0.6 . -

,  
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 k. -

,  

, .  

.  

-

. [69] 

 [48] . 

 1.1. 

 1.1.  

 298Hf ,  

a2Si -56.1 3.1 

Ca5Si3 55.3 3.5 

CaSi 49.6 2.2 

Ca3Si4 40.6 1.5 

Ca14Si19 44.4 2.3 

CaSi2 -37.8 1.6 

 

 [58] -

 Ca3Si4, , -

. , 

 Ca3Si4 – , -

 – 0.375 .  Ca3Si4 -

 3s  3p  Si.  

 3d  Ca.  

 20, : 1.7×105 -1. 

, -

 Ca14Si19  Ca3Si4 -

 Si  57 % -

 10 °C. : 
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T=910 °C, : CaSi + Ca14Si19  Ca3Si4 

T=900 °C, : Ca14Si19  Ca3Si4 + CaSi2 

 Ca14Si19 .  

, -

-Si , 

a3Si4.  981 °C 

a14Si19,  Ca3Si4.  

 Ca14Si19 -

 1085 °  1085 °C  900 °C.  

 Ca  Si -

.  

, ,  

, .  [45] 

,  

. 

 

.  Ca2Si  Si,  Ca,  

 3 .  Si, 3s -

 s-p . ,  

 (s-p-d)  Si.  

 Si-Ca  Si -

 d  Ca  

 Ca2Si  CaSi2. -

. -

 Ca2Si  Si  CaSi2, , -

, .  

, -

. , -

, , -

.  
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.  1.2. -

 CaSi, CaSi2  Ca2Si. 
 1.2.  [45] 

 Ca2Si CaSi CaSi2 

 -

 

-

-

-

 

-

 

 Pnma (62 nd) Cmcm (63 rd) R 3 m (166 th) 

 330,871 Å3 96,844 Å3 132,249 Å3 

  « » 7,667 Å 4,590 Å 10,4 Å 

 «b» 4,799 Å 10,795 Å - 

 «c» 9,002 Å 3,910 Å - 

 4 2 2 
 

,  Ca2Si  

 a=7.149 Å. [63] -

 Ca2Si  1.9 

 [49],  – . [63]  

 Ca-Si  

 [66]. ,  

 Ca2Si -

. ,  Ca  

.  

. -

 Ca  Si. ,  

 Ca. -

 Ca2Si, CaSi  CaSi2 

. 

 Ca2Si  
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Mg2Si/Si. ,  Mg ,  

, -

.  Mg2Si  

Ca2Si g  Ca  

 Mg2Si/Si .  Ca g -

 Mg2Si,  Ca2Si. -

-

, , -

, . [66] 

-

.  Ca  Mg2Si  Si(111) =135 

.  

-

 Mg2Si  

 10 -

=215 °  

 Mg, 

 

Si(111) 7×7. -

-

,  

Ca2Si -

     Mg2Si.  1.3.  E = 2.11, 2.23 

 2.34  Ca2Si, -

 Ca2Si. 

 ( . 1.4) (1.289, 2.162  2.854 ) 

 dR/R(t), .1.4,  

 Ca2Si.  1-  (0-

2.08 )  Mg2Si  

. 

. 1.3. ,  Ca 

 Mg2Si,  Si(111) 
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 2- -

 (2.08-5 ) 

 

 dR/R  

>2.6 ,  

 

-

-

 Mg2Si.  3-  

 (5-7.5 ) . 

 Ca  Si(111) 7×7  

.  (135 

),  Ca2Si  

 Si(111), -

. 

-

 Si  -

, -

 1.5. ,  

-

 

 Si  

 Ca. 

 

, -

 

Ca,  

 (CaSi, 

CaSi2).  Ca2Si  135° . 

 Ca2Si -

.1.4. R/R(t) 

 1.5.  

 Ca  Si   Ca 

(ICa/ISi), ,  Si  

Ca  

 Si(111)7×7 (ISi/ISi(0)) 
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 Mg2Si  Si(111),  10 -

 Mg  4- , Ca  

0.3 .  

Ca2Si ( . 1.6 ( ))  (EV)  (ES) .  

 
 1.6. ) – R/R  Ca (  125 °C)  2D  

Mg; ( ) – . 
 

,  Ca2Si. -

 ES  Ca2Si,  

Mg2Si, ,  ES , -

 Si(111)7×7, , . -

, ,  Ca2Si,  

Si(111)7×7. 

. 1.6 ( )  

 dR/R ,  dR/R(t) . , 

 Ca  

   Ca2Si. 

,  (Ca2Si)  

Mg2Si  Si(111)  125-135 ° -

: 1) 0 – 2.08  –  Ca2Si  Mg -

 Ca  Mg2Si; 2) 2.08 – 5  –  

Ca2Si ; 3) 5-7.5  –  

 Ca2Si  Mg2Si. 

,  Ca  Mg2Si  

125 °  Ca -
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 Ca2Si -

 0.9±0.06  1.02±0.06 , , -

. 

 Ca2Si,  Mg2Si, 

 

 1.68-2.8 . 

 Ca2Si  

 2-  (1.68 )  

 Ca2Si,  Mg2Si  Si(111). ,  

, 

 Ca2Si -

. 

 

1.4   

, -

 

 

, -

 

Si/CrSi2/Si(111). -

.  100  

 7.5  = 

700 °C, -

,  

 Si(111).  

 Si/CrSi2/Si(111) -

-

 ( ). , , -

,  

,  (111). -
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, . -

, -

. -

 Si/CrSi2/Si(111)  CrSi2. 

 Si, , -

, ,  

. -

 CrSi2 -

. 

-

 

 

(1.4 1.7  2.2 2.4 ) -

. [10] 

 Si/ -FeSi2/Si  

, -

 ( ) .  

, , -

, , -

. -

 -FeSi2 -

:  

 2.2–3.0  

 2.7 ,  -

FeSi2. [47] 

-

 (111)  (100)  

 700  750 ° . ,  

 1,8 -

 1×1016 -2. -
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,  3- -

.  

, , -

 Fe+,  

 Si/ -FeSi2/Si. -

 ( ),  Si/ -FeSi2/Si 

, ,  

 0.8 ,  -FeSi2  

. , -

-

.  

1= 41  2= 12 . 

 (  

. [40] 

. .  [3]  

 -FeSi2/Si  p-n  

 

.  -

FeSi2/Si  p+-Si/ -FeSi2/n-Si/n+-Si,  

,  

 ( ) 

. 

 p-n -

 -FeSi2/n-Si  (B+, E=15 , =1015 2). -

 n-Si -

 (P+, E=20 , =1015 2).  

-

 ( =800° , t=20 ). 

,  -FeSi2/n-Si  
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 -FeSi2  

 p-n  ~ 0.15 ,  

 Fe . 

 Mg2Si  Sip-n 

,  

.  Mg2Si  

. 13 20 -

 Mg2Si . 

 13  

 p-n .  

 20  

1.05-1.25 .  2.0  

 ( ), -

 Mg2Si  0.7-0.9 .  80% 

 1.2-2.0  

. ,   

Mg2Si/Si  -n . -

 

(VD  0.42 ),  EV=0.48 , ,  

 Mg2Si (0,78 ), 

 EC= 0,12 . [6] 
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 2. ,  
  

 
 
2.1  

 

,  

 

 ( )  

. -

, -

 

 ( ), -

. -

,  - -

. -

. 

2.1.1  

 - -

, -

.  1960-  

, -

 1920- . 

-

: -

 , -

-

, -

,  

 ( -

. 2.1).  

. 2.1. -
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,  

-

 1 (  1  2.1). -

,  

1. :  

  ,  

,  2.  

,  2,  -

 (  2 . 2.1).  

, -

. 

, , -

-

. ,    

,  

, . 

-

, , 2, -

 E(KL1L2)  

E(KL1L2)=E(K)-E(L1)-E(L2)                                     (2.1) 

 E(K), E(L1)  E(L2)–  K, L1, L2. 

 E, 

, . -

 E.  

,  

.  

 

,  

. , -
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. [16] 

2.1.2  

-

.  

,  

 ( -

).  

,  

. -

-

. 

,  

,  

. -

 10-3  104  

, : 

-  (100 –104 ); 

-  (1 – 100 ); 

-  (10-3 1 ). 

 

. , , -

-

 ( ). ,  

. 

, -

.  

 (  100 -

). , -

. 
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(Ep  20 ) ,  

.  

. 

, -

,  

 « » .  

, -

,  

, -

. [31] 

2.1.3  

 ( )    

  ( )  1980- .,  

 

.   -

 (EELS – Electron Energy Loss Spectrometry) -

. 

 

 (  

, ) -

,  

 (  1 ) , , -

 U  0.5  

 10-20  ( , 

, 150 ).  

   

. [12, 42] 
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, . -

 

 

,  

 

 ( . 

2.2). 

, -

,  

 ( 2-3 

)  

 

. 

 – , -

. -

. 

-

, : -

 100-1000 Å -

 50-200  Å  

 3 .  

: ,  

, , . 

-

 2.2: 

=0.5 /sin                                                   (2.2) 

 – , , -

-

.  

. 2.2. -

,  
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 100  ( =0.037Å),  20  

 2 2Å.  

, . 

-

.  

.  

. -

, -

. 

.  

. 

 ( -

),  

. -

-

 - -

. [42] 

 

. -

-

,  

.  

, -

, . -

 

 ( ) 

, , -

 (  

0.1 ). -

 ( -
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) , , , -

. [7, 20, 55] 

 

2.1.4  

, -

, 

 -

 . . -

-

, -

 

 

-

. 

. 

.  90-  

 4 , -

. -

.  –  

 ( -

),  

,  p/n- ), 

 (  

)  

. [72] 

.  

-

.  

-

. -
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-

-

. 

 

, 

. -

, -

,  

 

. -

 

 . -

, -

-

. 

 3 : -

 ( ) -

; ; -

, . -

-

. [22] 

2.1.5  

-

, -

 ( ) -

. -

 

. [8] 

-

: -
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, , -

. [38] 

-

.  

,  

. [23, 39] 

-

 

.  ( ), -

, – .  

.  

 – -

. -

.  

, 

.  - -

,  

, .  

 

. 

 

,  

.  

. 

 

-

, -

. -

, -

,  
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, , -

. [38] 

2.1.6  

  

-

, -

. 

-

,  

. -

, -

 

S-1 , -

, , -

 

 2 . [59] -

,  

, 

 1.84 -

 5 , -

 2.54  1 .  

-

.   -

 100 - 500 ,  -

-

.  

-

. -

-
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, . -

 

, ,  

. ,  

 17°, -

,  45° -

 ( -

). 

,  ( , -

) -

, -

.  

,  

,  

 ( ), , -

. 

 30 ,  Si -

.  

,  

: 18,4  (TA); 56,2  (TO); 58,0  (LO). 

[59] 

-

 2.3: 

kT
EE

eEEEI
)(

21
0

0

)()(                                          (2.3) 

 E0 - , (E-E0)1/2– ,  

, -

  .  

 

 2.4: 
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W=1.795·kT                                                    (2.4) 

,  

, ,  

.  ( -

,  60 )  

. [60]  

, -

. -

 

. -

-

. ,  

, 

 20 , -

 

 Si. 

 
 

 

.2.3. ,  

 4,2 . 
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 3 2 -

-

. , -

 

 (3×1018 
-3). -

 (  

 150  60  

), -

. 

 

.  2.3  

, -

. , -

 D1-D4, ,  

-

.  D1-D4,  

. [15]  

2.1.7  

 1986  

, .  

, -

, -

 ( . 2.4). 

,  

, -

.  

,  

. 
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-

-

. -

. -

, -

, -

. -

-

.  

 - -

. 

,  

 

 Z = f (x,y).  

-

, .  

, -

. [27, 30] 

 

: , , 

-

, ,  

. [30] 

2.1.8  

-

,  ( , ).  

,  ( ) 

, . -

. 2.4.  
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-

. 

-

,  

.  

 

, -

. [32] 

 

: , -

.  

. 

,  

: -

,  

. , , -

,  (h =E2-E1)  

, 1 2.  

2 1 . 

, -

 (  1÷102 -1, -

). -

 (102–104 -1, ), -

-

 104–106 -1 (  ( ) ). -

, -

 

. -

 

.  
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. -

, -

, ,  ( + i  ( - i),  i – 

 (  2.5). ,  

. 

 
 2.5. ,  

 

-

.  

 : 

=E0·cos2 ·t                                                  (2.5) 

 E0 –  t – . -

 

P= ·E = ·E0·cos2 ·t                                            (2.6) 

. -

 1  

q=q0cos2 1·t                                                  (2.7) 

 q0– . 
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qq 0
0

                                              
(2.8) 

 0  ( / q)0 – -

. -

,  

tEqq

tEqqtE

ttEqqtEP

)(2cos
2
1

)(2cos
2
1)2cos(

)2cos()2cos()2cos(

100
0

100
0

00

100
0

00

(2.9) 

, 

  ( ),  

 + 1 ( )  - 1 ( -

). 

 ( - 1)  =0 

 =1,  =1  =0.  

 =0 

,  =1, , -

, . 

, ,  

 

 Ei.  ( 0- i)4 

 0<<  (  - ),  0= -

 ( C). [10] 

2.1.9  

 

,  

.  

-

: 
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0

0)()(
R

RhRh
R
R

                                              
(2.10) 

 R(h) R0 –  h  (  

 7×7), .  

)
1

Im(8 *

b

hQ
R
R

                                          
(2.11) 

 Q=S(h)/Smax – ,  S(h), -

 Smax,  h*-  

 Smax,  - , b b’-i ’’ -  

 (Si).   = ’ - i ’’  

 

.  

,  3D  

,  

. 

R/R  Q=100% -

. R/R(Q) . 

R/R ~ Q, . .  (1),  

R/R(Q) . -

 (  

3D ),  S(h) ~ h. R/R(Q) , 

R/R(h). 

,  

’’.  

-

.  ( -

) ,  

. , ’’ 

, -

 ( ),  
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’’ – . [13] 

 

 

 

2.2  

 

2.2.1  VARIAN,  

,  

, , 

 “VARIAN” c -

 2×10-10 . -

 VARIAN . 2.6 

 
.2.6.  Varian 

1 – ; 2 – ; 3 – ; 4 – -

; 5 – ; 6 – -

; 7 –  
 

-

 (1),  

 (2) -

 (5),  
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, . -

 

. 

 (  (6)  (7)) 

 (  17°) .  (6) 

, . -

 (7) -

, ,  

 60°  

,  Si (Ge) ,  

. (1.1 (0.7)-3.5 ) -

 (0.1-10 .).  

 2.5  

 2.8 . -

 (3)  

, -

.  

 (4). 

 

. -

-

. -

-

.  (  Si) -

. 

-

 PFEIFFERD-35614 Asslar, -

 10-5 .  

. -

 2×10-10  250°  
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16-20 . 

2.2.2 ,  insitu  

 

 Si 

(111) , -

, , 

, -

 ( . 2.7).  (2×10-

10 ),  [26] -

,  “VARIAN”  

 
. 2.7. -1 

1 – ; 2 – ; 3 – ; 4 – 

; 5 – ; 6 – ; 7 - -

; 8 –  6- . 

 

 (3) ,  

 (2), -

.  (2) 
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 (8),  6- , -

 (4). -

 

(1). ,  (6), 

 (5). -

 

-1- -3.3 -

47 . 

2.2.3 -

 

MSDD-1000 

-

. -

, , -

, , , 

. -

-

. 

,  

,  

) . -

,  

,  

.  

    -

, -

.  

, -

, -

. 
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 ( -

 MSDD1000) . 

 MSDD-1000  

 ( )  ( ).  

, , -

.  

 (  

). 

2.2.4 : HitachiU-3010  Bruker Vertex 80v 

-

-

. -

, , -

, . -

, -

,  

. -

.  

     

, -

 ( ). 

 

. , 

, -

 -  (  

).  

, . ,  

 40 % -

,  
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. [76]  

 HitachiU-3010  

.  

 190 – 900 .  

, ,  

. 

 Hitachi U-3010 , 

-

 190-900 .  T 

(%)  R (%) -

  ( -1)  ( ). 

 Hitachi U-3010  

,  

, . 

. -

 

. 

 Bruker Vertex 80v  

. -

-

: 

- ; 

- ; 

- -

-

. 

-

 700  ÷ 250  (1,77 ÷ 0,5 ) , -

, -

: 
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r

r RR
,

,                                          (2.12) 

t

t R
,

,                                          (2.13) 

 – ,  R – . 

 100 

% - .  

. -

 Si  InGaAs. , -

, -

. 

 

2.3  

 

2.3.1 , , -

 

 

 n  –  (111).  

 15×5×0.35 3. 

-

, ,  

 

. -

: 

– -

; 

–  6-8 -

 600-700 ° ; 

– -

 (  3-5 -
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=1250 °  t=1-3 .). 

 (  

)  ( -

 “VARIAN”).  

 

Si(111) 7×7.  

. [24, 70] 

 

.  

 

. -

.  Si -

 T=1250 ° , t=3  

. 

 (  99 %),  

, -

.  

 

. 

 

. -

, -

. -

,  

 – . 

-

 [33]. 

2.3.2 -
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,  

,  – . -

,  

,  

, . -

  

,  , 

 ( ). -

 ( ) R/R : 

)
1)(

)(Im(cos)(4)(
bIII

I
a cR

R                               (2.14) 

 - ,  – ,  - , b - -

, II I -  

, ,  

 . -

’ -

’’. 

b’’=0. ,  

 k II, : 

cos4
)1)(( ,

,,,,,, ck bIIIII
IIIII                               (2.15) 

cos4
)1( ,,,

,, ck bII

III

II
II                                      (2.16) 

 – -

 ( ) II’’. ,  

, -

 (  1 )  

. -

 ( )  7×7 -

 (2.17) 
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’’= II’’+ I’’                                            (2.17) 

I’’= I’’- 7×7’’                                              (2.18) 

-

 ( ), -

, . 

 

2.3.3 -

 

-

 

 – -

 (R),  (n),  (k), -

 ( 1)  ( 2) ,  

(-Im -1)  (-Im[1+ ]-1) , , 

, 2E2,  

, ,  

 neff, -

 eff . 

 

,  – 1,  2, -Im -1. -

-

 

. [35] 

,  R , 1 2, n  k .  

.  

. ,  

 – . [4]  

 

: 

)()()( 21 i                                             (2.19) 
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dx
x

xpv )(..11)( 2
1

                                        
(2.20) 

dx
x

xpv 1)(..1)( 1
2

                                      
(2.21) 

 v.p.  (  

) - ,  

 ( -

), -

. , -

-

 

.  x -

. 

 

 

) . ,  

, ,  

 

,  

.  

,  

, ,  

. [1] 

-

-

. -

-

. 
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0
22
)(ln)( dx

x
xR

                                          
(2.22) 

-

-

. ,  

, -

 R( ), ,  

 ( . 

 

(2.22) ,  

 a  b: 
b

a b

a

dx
x

xRdx
x

xRdx
x

xR
2222

0
22

)(ln)(ln)(ln)(                     (2.23) 

,  

 0< <a  b< < , -

 R1
mod  R3

mod ),  

 R .  

,  

. 

,  R )  30 -

 

Rmod )=C -k                                                (2.24) 

 C ,  k  3 <k < 4. 

 

,  

 ( , -

) . -

,  

, -

. , 
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-

. 

 

. 

,  (2.23), -

 R ) -

 (2.25)  (2.26): 

)(cos)(2)(1
)(1)(

RR
Rn                                   (2.25) 

)(cos)(2)(1
)(sin)(2

)(
RR

R
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-

. -

, , -

-

, -

, -

. -

 (  

, ) -

. [67] 

2.3.4 -

 

-

.  

-

,  

. ,  

. , -

 200-400 ,  0.15-0.19 , -



61 
 

,  

. [43] -

 

.  ( ) -

, -

. ,  

. -

, -

,  

    , -

.  

 0.1 .  

, , 

-

. [34] -
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-

-

 ( .2.8). 
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-

 000 . 

, , -

 –  (2.27): 

rr
1

*

; 
L
rr *                                              (2.27) 

 *r – ; r – -

; L –  ( )  ( ); 

L=C – . 

 

. -

 HKL, 2(HKL), 3(HKL), 4(HKL)… 

, , , , -

, -

.  2.9  

 ( ,  

). 

 
                          ( )                                                             ( ) 

. 2.9. ) – ; ( ) – -
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, 

 (HKL) .  

, , ; 

,  

. 

 

 ( , HK1, HK0 . .),  

[uvw] ,  

. 

-

.  

 [uvw]. [11] 

2.3.5 -

 

 

 –  

.  

-

.  

 Eg ,  –  

,  (h Eg)n,  n -

.  Eg  

. 

,  ( . Si, Ge)  

:  

, ;  

,  103 -1,  – -
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, .  

,  
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 Eg.  

-

, – , . , -

,  ( -

). 

 (  CdS)  

,  

. . 

) –  

R( ). -

, -

 I(  I0 : 

dR
I
IT )(exp)(1

)(
)()( 2

0
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: 

0

0

0
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I

II
I
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. -

). 

-

.  ( ), )  100 -

1 Eg.  

 10%  . 0, 
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0
1240hchEg ,  0 , 

Eg .  

, -

,  Eg.  
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Eg ,  

. 

, -

, ,  

. -

 I0,  –  I0-I. ,  

 I0-I 0 , 

 h << Eg,  I0-I 0.  

 

-

, -

,  

, , -

, .  

-

.  

. -

 

, . 

,  

 ( -

),  

. ,  

, , ,  
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 3.  
 Ca2Si  

Ca3Si4,  Si(111)-(7×7)  Mg2Si/Si(111) 
 
 

2Si 3Si4 -

 Ca-Si, -

,  

. , -

.  

-

,  

, . -

-

 3.1,  3.2  3.4 

. 

 

3.1 , -

,  

 130 °C  500 °C  

 

 

 

, . 

, 

 Si (111) 7×7.  

3.1 .  

 3.1,  

,  

 Mg2Si. 
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 3.1. , -

 

 -
 

 
-

 

-
-

,  

 
 Si 

), 
 

dCa, 
 

1 - 7.5  Mg2Si  130 8 7.5 

4 - 45  –  500 89.7 34.1 

5 - 45  –  130 16.5 63.5 

6 - 45  Mg2Si  130 – 142 
 

, 1,  Si(111) n  

 7.5  Mg  

Si (111) 7×7,  130-210 

 20 ° . -

 vCa= 0.25  (  dCa=7.5 

)  130 ° ,  

,  dSi=8  (vSi=1.74 ). 

5  

2Si. -

 Si (111)  130 ° . -

 Si,  

.  Si -

. -

 63,5 .  

, -

 Si  dSi=16,5  (vSi=5.5 ). 

4 6 -

 Mg2Si. -

 Si(111) 7×7  45 . -

4 ,  Ca -
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 500 ° .  

 34.1 ,  

dSi=89.7 . 6 -

 130 ° . , . 

-

 3.1.  

.  3-5  

=1250 °  t=1-3 . -

, -

 Si. ,  

, 6  

 Mg (  dMg=13 )  

,  100 ° . -

 Si. 

 
.3.1.  

 

 

.  
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6 ( . 3.2). -

. 3.2 . 

 
. 3.2.  ( )  ( ) 6 

 

 

 Mg2Si/Si(111).  

Mg. 

 ( . 3.2 ( ))  

. 

 

Mg2Si  (dCa=18.9 

 

 

 Mg. 

 3.55 

 

 

.  

 

 13.6 ,  

 Mg2Si.  

) 
) 

. 3.3.  

 1050-1250 -

 

6 
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,  

 Si  

 Mg ( . 3.3) . 

 

5.  

 Si,  

 130 ° .  

vCa=0.38 . 

, , ,  

 Ca  Si. 5 

.  Ca  70 , 

Si – 60 .  dCa/dSi  

.  

 

. . 3.4  5.  

. 3.4.  ( )  ( ) 5. 

 (1-6) 

 

 (Si+Ca)  Ca (dCa = 14 )  130 °C  

 Si  dSi = 16.5 

.  ( .3.4 ( ))  13  

 8.5 .  

) ) 
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 ISi/ICa = 1.78  Ca 

. 3.4 ( )). 

 2.0  

, -

 Ca2Si . [54]  

-

, , -

.  22  26.8 -

, , , -

 

 Ca2Si. 

 ( )  Si , -

  ,  

 –  -  

 ( . 3.4 ( )).  

 Si  

 Ca2Si.  Si  17.2  

 16.5  ( . 3.4 ( )) -

 Si  Ca. 

 

.  3.5 

6,  

. 

 

rms=17.9 . (220-250 )  

 (75-80 ) .  

(30-35 ).  6×108 -2,  

 -  9×109 -2. 
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. 3.5. 6  ( )  

 ( )  

 

5 ( . 3.6)  

rms=10.5 .  

 
. 3.6. 5  ( )  

 ( )  

 

: 

(120-130 )  (75-80 ).  

 3×109 -2,  - 4×1010 -2.  

, -

.  
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 ( . 3.6( )). -

, ,  

(130 °C), -

, -

 Si  

. 3.4( )). 

 

3.2  ,   Ca3Si4,  

 Si (111) 7×7 

 

 

 (500 ° ) , 

,  

3Si4.  ( 2, 3, 7 - 10)  

 Si (111) 7×7 p-  45 

.  

 3.2. 
 3.2. , -

 Si (111) 7×7 

-
 

  
-

 

 
-

 dCa, 
 

vCa,  
-
-

) 

dSi, 
 

vSi,  
-
-

) 

-
-

 
 Si, 
  

2 
 

-45 172 0.64 (500 ° ) 32 1.59 (20 ° ) 32  

3  -45 75.6 0.42 (500 ° ) – – – 

7  -45 102.6 1.14(500 ° ) 247.5 5.5 (500 ° )  82.5  

8  -45 76 2.06(500 ° ) – – – 

9  -45 30 0.92 (500 ° ) – – – 

10  -45 3 0.3 (500 ° ) – – – 
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2:  

 Si,  

 

. , ,  

 500 °  30 .  

 Si (dSi = 30 ) 

 500 °  10 . 

8, 9 10  

,  dCa = 76, 30, 3 

7  Ca 

(34 )  500 °  Si(111)7×7 ( )  500 

 82 .  Ca 

 102 . 7, -

, . 

7.  

 Si(111)7×7  500 °C  

 Ca, .  

 Si.  

 14.8  ( . 3.7 ( )) -

 Ca  ( . 3.7 ( )),  

 Ca3Si4. 

 

) ) 
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. 3.7.  ( )  ( ) 7. 

 

 Si,  

,  

.  ( .3.7( ))  

 Si . -

,  Si,  

.  Ca  

,  Ca -

. 

8, 9  

10  

. 3.8.  3  

,  

 ( . 3.8( ))  299  

,  Si-

Ca. 

. 3.8.  ( )  ( )  Si(111) 7×7  

 3, 30  76  ( 10, 9 8 

) 

 

) 

) 
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.  ( . 3.8( )).  

 17.2 ,  

 (10.2 )  

,  

.  

 17.1 ,  

 (16.0 ) ,  

, ,  

 14.6-14.8 ,  

 6.2 ,  

 Ca3Si4. [53]  

 Ca3Si4.  

 30  

. , , 

 ( . 3.8( )), : 

 11.2  14.8 ,  

 6.2 ,  

 Ca3Si4. [53]  

,  

 Ca3Si4.  76  

 500 °C  

 Ca3Si4, . [53]  

 

 2 ,  5  

0.42  [53].  

 

.  

 ( . 3.8( )).  

,  



77 
 

 1-1.5 ,  

.  ( . 

3.8( ))  6.2 ,  

Ca3Si4. [53]  (9.8 )  (12.6 ) 

 Ca3Si4. [53] 

,  

 

. ,  

, .  

 

 

.  

 Ca3Si4  500 °C 

 0.4 – 0.5 ,  

 

 Ca3Si4. 

-

. -

7,  500 °C, -

. 3.9.  

. 3.9 7  ( )  

 ( )  
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 (40-60  100-150 ),  

,  

 Si.  Ca ,  

 Ca ( . 3.7 ( )).  

rms = 8.56 . -

1×1010 c -2 ,  - 2×1010 c -2. 

, , -

 Si.  

,  Ca  Si  

500 °C  Si  Ca, -

 5. 

10 ( . 3.10 ( )) -

 40-80 ,  3-4  1×109 -2. 

 5% .  

 30  

 ( 9) rms=1.7  ( . 

3.10 ( )).  

8 (  3 ) -

rms=4.8  ( . 3.10 ( )), 

9  30  ( . 3.10 ( ))  

.  

 (0.4 )  

 ( rms=3.4 ) ( . 3.10( )). 
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. 3.10. 10 ( ), 9 ( ), 8 ( ) 3 ( ) 

 

2 -

 ( . 3.11 ( )). 

 
.3.11. 2 ( );  

 ( 2)  ( ). 
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rms=10.6 . 

 ( . 3.11 ( )) ,  

. 

 

. 

,  ( . 3.11 

)) , . 

  

.  

. 3.12. 

 Si (111)  

. 

.  

 

 (0.154, 0.131, 0.253, 0.313 ), 

 5 

 (Ca2Si, CaSi, Ca5Si3, Ca14Si19, CaSi2), -

. [74] -

.  

, , -

, -

 

. , 

, 

 

 

,  

 

 Ca3Si4, -

. 3.12.  

 

2 
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,  insitu  exsitu -

. 

 

3.3  Ca3Si4 

 Si(111)  

 

 

 Ca (  dCa=172 )  

2 .  

 Ca  vCa=0.64 . 

 Ca  Si =500 °C 

 ( . 3.11 ( ))  2.0  2.2 .  

 

. 3.11. (a) 2,  Ca  

=500 °C  30 . ( ) 6 -

 Ca =130 °C  30  

 

-

.  

.  3.11 

)  Ca2Si, -

6. ,  

 [52]. , -

2,  Ca2Si,  2.1 . 

) ) 
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. 3.11 (a) -

 Si,  Ca2Si. ,  

=500 °C  ( ) -

 Ca , 3Si4.  

=500 °C  30  

 ( . 3.11 (a)).  

 Ca ,  

 Ca . -

 Ca , ,  

. ,  

, ,  Ca.  

 500 °C . ,  

-

3Si4  Si . 

 Ca2Si ( 6) =130 °C  30  

,  

 ( .3.11( )).  

Ca  Ca2Si =130 °C.  

 Ca , -

, =500 °C  Ca  Ca2Si 

, -

 Ca. 

-

 Si (dSi=30 ) -

 500 °  10 . 
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3.4  

 

 

 

,  

Si (111) 7×7,  

.  ( ), 

1, 3 4, -

 Mg2Si, , -

 3.12. 1,  Mg2Si   Si  

(111)  Ca 

 130 

-

,  

 260 -1  349 
-1,  

Mg2Si [57] ( ,  

), 

 520 -1,  

. -

,  349 -1 -

  .  

2Si  Mg2Si,  

 Mg2Si. ,  

2Si  Mg2Si. , 1 -

, -

 (7.5 )  Mg (13 ).  

3  344, 390, 419  454 -1  

 Si.  (349 -1) 

1, 2Si. , , 

. 3.12.  Si,  Mg2Si  

1, 3 4 
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,  

 

 ( . 4.2). 

4 , -

, ,  

 ( . 3.12).  450-

480 -1 . [53]  

1, 3 4  

 ( )  (0.3 – 1.1 , . 3.13),  

 

. 

 

. 3.13 ( )) 1, 

3 4  

 (1.5, 1.9-2.0, 2.6-2.7, 

3.9  4.5 )  

 3.3, 5.6  6.15 , -

 

. 1 

 -  Ca2Si   Mg2Si. -

3 4,  

500 ° ,  

 ( . 3.13 ( )).  

 1.5 – 6.5  

4 , , ,  

 

.  Ca2Si  

. , -

 Ca-Si  Ca3Si4, 

. [58, 69] -

) 

) 

. 3.13.  ( ) -

 ( ) 1, 3 4 
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,  Si -

,  Ca3Si4    

. 

3  

: Eg=0.63 , ,  

 Eg=0.35 ,  

 

. [69] ,  

Ca3Si4  0.63 . 

 

 ( . 3.13( )) 3  0.02-

0.1  

. 

[37] ,  

 Ca3Si4, , ,  

. , ,  

 -FeSi2, CrSi2, MnSi1.73 -  

n-  

 CrSi2. [46] 

 ( . 3.14) 

5 6,  

 130 ° , -

-

 Si,  (6-

11) -1 -

 

7, -

 500 °  

 82.5  500 ° . -

 ( 5 6)  Si  (460-500) -1 -

. 3.14. 5- 7 
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 (40-80 )  

.  

, -

, -

. 

7  520 -1, 

.  

-

, -

 

332, 378  408 -1,  – Ca3Si4  

3, . -

 10-12 -1 -

 Ca3Si4 ,  

 

,  - . [53]  

 ( . 3.15) 5 6 

,  130 ° ,  Si  3.5 – 

6.5 ,  2 . 

 (0.4, 1.0  1.8 ) -

6 ( . 3.15( )), 5 -  

1.6-1.8  ( . 3.15( )).  
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. 3.15.  (R)  ( ) 5 ( ) 6 ( ) 

 

6  

200 ,  (  0.7 )  

, -

.  0.4  1.0  

, -

 Ca2Si.  

 ( . 3.15)  1.6-1.8 -

 Ca2Si. 

5  Ca2Si  120  

 ( )  (R)  

 ( . 3.15 ( )), -

,  

0.65 .  

 Ca2Si 6  

 0.6-1.0 . -

Eg=0.68 . 

) ) 
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7,  500 °  -

-

,  Si (3.4  

4.6 )  (2.5, 2.0, 1.5 

 1.0 ) ( . 3.16). -

 

 1.0-2.5 

.  1.5, 2.0  2.5 -

 

3: 1.5, 1.8  2.5  ( . 3.13 ( )) 

 Ca3Si4. 

 0.9-1.0 -

-

 (Eg=0.63 ), -

 

0.75 – 1.1 . 7 -

 400 -

 

, -

-

 

,  –  

.  -

 ( . 3.16)  

-

 

 0.05 - 0.7 , 

-

,  

. 3.17. -

7 

. 3.16.  (R) -

 ( ) 7 
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3 ( . 3.13( ))  

 [63]. , 7 -

 (0.1 – 1.5 )  

 Ca3Si4. 

 

 

 ( ) . [18, 38, 44] 

 Ca3Si4 ( 7)   

 ( . 3.17)  

 0.89  0.912  4-5 -

, .  Ca3Si4  

,  

. -

,  130 ° , -

 0.2  1.0 -

 Ca2Si 

  Ca3Si4, -

 (500 °  ). 
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3.18  

 Si .   

-

-

:  

520 -1 -

 302 -1.  
. 3.18.  Si  
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3Si4,  (0.42 )  

. -

 346, 388, 416  453 
-1 ,  

-

. 7 3 -

 – 3Si4, -

-

 ( =0.8541 , =1.4906 ) 

. [53] 

 3.19  

9 10. -

,  

 Ca  

 dCa=3  ( -

10)  

 Si  

 

.  

-

 (  

)  

-

-

 Ca 

(dCa=3 ) ,  

. 9  dCa=30 -

 

 Ca3Si4.  

 ( . 3.19)  346, 389  419 

. 3.19.  Si  

9 10 
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-1,  389 -1.  

,  Ca3Si4  

.  

,  

 4. 

 

3.5 -

 50-300   

 

,  

. ,  

 20 - 40 K, 5 6 ( . 3.20) 

 Ca2Si , -

 – ,  

. [41]  

60 – 300 5 6 -

 ( . . 3.21), 

 

, -

-

 

. -

-

 

, -

 

 

 200 . -

-

6 , -

.  3.20.  
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.  80  40  
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5 6.  
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,  

 

, . -
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. -
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3 8 -
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-

 

 ( . 3.21). 

 

 

 ( , . 3.13  

3  3.16 7,  500 ),  

. 3.21.  

 Si -45 
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,  

 500 -

.  

 ( 8) -

 ( . 3.18). -

, 3 8  

, 4 – . , 3 8  

 Ca3Si4 -

 n-  

 300-530 K. 

1 ( . 3.21)  60-220 -

, -

 –  

.  

-

,  

, -

. [41]  

 220-450  ( . 3.22),  

. -

-
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)ln(ln2
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RRk
Ea  

-

 =  79,5  .   

-

 

. 3.22.  

1 -

 200-450  
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3.6  

 

1. 2Si  

a3Si4  Mg2Si/Si (111)  Si (111) 7×7 -

. 

2.  Si (111) 

7×7  500 °  Ca Si  

500  

 – Ca3Si4  (Eg=0.63 ),  

2Si . 

3.  Ca2Si,  

 Ca  130 oC  Si, -

 0.68-

0.7 . 

4. , -

 (Ca2Si  Ca3Si4) -

.  

, -

-

. 

5. ,  500 , 

,  

 (Ca2Si, CaSi, Ca5Si3, Ca14Si19, CaSi2)  

 – Ca3Si4, ,  

,  -  Ca2Si. 

6. , 3Si4 -
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 2.0  2.2  insitu  

 500 °C (30 ), -

: 0.9-1.0, 1.5, 1.8-2.0  2.5  

. 

7. -

,  Ca3Si4 -

 346, 388  416 -1 -

, -

.  

8. -

, Ca3Si4 , -

 – ,  

 

. 

9.  Ca3Si4  

 0.89  0.912 , 

 0.23 – 0.28 . 
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 4.  
 

 Ca3Si4  Ca2Si 
 

 
Ca2Si  

3Si4,  3. -

 

, : Ca3Si4  

 346, 388  416 -1  

, -

 389  416 -1 .  

,  

,  

3Si4, -

 Ca2Si. 

-

 – 

-

. -

,  

-

.  

. 

 

4.1  ( ) 

Si/Ca3Si4/Si  

 

 

 

3Si4, ,  
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 4.1. 
 4.1.  

   
 

dCa, 
 vCa,  vSi,   

Si,  
11  76 2.053 4.92 100 

12  30 0.515 4.92 100 

13  3 0.965 4.92 100 

14  76 1.06 4.687 100 

15  30 0.512 4.687 100 

16  3 0.47 4.687 100 

 

11- 13   

 500 °C,  

 500 °C. ,  

-

.  4.1  

.  

 
. 4.1. - ( ) - ( )  Si(111) 7×7  

 Si/Ca3Si4/Si(111),  Ca  

 Si(111) 

 

 ( . 4.1 ( )) ,  

 

) 

) 
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.  

,  

 

.  ( . 4.1 ( ))  

 8.5 ,  

,  

,  

 Ca3Si4 . 3.8)  

.  30  

 ( . 4.1 ( )) 

 6.2  

 12.0 ,  -  

,  

 Ca3Si4  14.6-14.8 . [53]  

 76  

,  6.2 , 

 Ca3Si4  (11.3 )  

(16.8 ) ,  

Ca3Si4  14.6-14.8 . [53] ,  

 (  76 ),  ( . 3.8( )), 

 Ca3Si4 . 

 ( 14- 16), ,  

 ( )  

 500 °C.  

 Ca3Si4 (3 )  

 

. 4.2 ( )). ,  ( . 4.2 ( ))  

 (6.2 ),  Ca3Si4  

 (11.0 )  

 Si. [53] 
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. 4.2. - ( ) - ( )  Si(111) 7×7  

 Si/Ca3Si4/Si(111),  Ca  

 Si(111). 
 

 

 Ca3Si4.  30 -

 

. 4.2 ( )).  ( . 4.2 ( )) 

 

 6.2 .  

30 , , -

 76  

 500 °C.  

13 -

 

100-200 ,  

. 12  

 dCa=30 , -

,  

 200-300 13.  

 76  

-

) ) 



100 
 

, .  76  

 1×108 -2,  300-500  

 20-30  ( rms=8.85 ) ( . 4.3 ( )). 

 
. 4.3.  Si/Ca3Si4/Si(111)  dCa=76 , 

 500 °C : ( ) – , 

11  ( ) – 14 

 

 

76  

 ( . 4.2 ( )),  

,  

 

.  (1.3×108 -2),  

(300-1000 ) ( . 4.3 ( ))  ( rms=12.3 

)  76  Si  500 

°C.  

 

 (500 °C). 

 

 100-200 . , -

-
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 – . -

,  500 °C. 

 

4.2  

 Ca3Si4  10-300 

 

 

-

.  

 Ca , -

 Ca,  

 ( ) . 

 4.4  

 Ca. 

, 11- 13 

8- 10. -

 

11- 13. 

-

-

. -

 dCa=30 -

 Ca3Si4 -

 

. , 

 Si -

 Ca3Si4,  

(346, 389  419 -1) , 

: 334  416 -1 . 

,  dCa=3  ( 13) -

. 4.4. 11-

13 
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 (375 -1) -

 389 -1 12 -

 30 .  (14 -1  

 ( ) , -

,  

,  (344, 390  419 -1)  ( . 

3.12) 3,  

 500 °C.  ( . 4.4)  

 389  416 -1 (  344 -1 -

:  3%  389 
-1),  

, -

 

11 (dCa = 76 

) -

 ( . 4.5). 

, -

-

-

11 (dCa = 76 ) ( . 4.16 ( )).  (  – 

) .  

,  

, , , -

 389 -1  416 -1,  90-95 % ( . 

4.6( )). , ,  

 (346 -1)  ( a3Si4)  

: Ca3Si4, -

 Ca3Si4. 

. 4.5.  

 350-440 -1 
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. 4.6. ,  

 389 -1 ( )  416 -1   11  

 

 ( 14-

16) , . -

 Ca 3, 30  76 -

 4.7. , ,  

 
. 4.7.  ( )  ( ) 14– 16 

 

 Si  100 ,  

 (0.9-1.0, 1.5,  2.0  2.5-2.6 ),  

) ) 

) ) 
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 Ca3Si4   Si/Ca3Si4/Si(111), -

 ( . 4.7),  

. 

 (0.87, 1.5  2.5 ) -

 ( 14, dCa = 76 )  ( . 4.7 ( )),  

 

7( . 3.16),  500 °C -

. 14, 7, -

 ( . 4.7 ( ))  

 

(0.05-0.25 ). -

 ( ) , -

. [71] . .  

,  

. , -

 

Ca3Si4,  

. -

Ca3Si4 3)  

8 - -

 ( . 3.20).  

 Ca3Si4 ,  

 Ca3Si4.  ( . 4.7 ( ))  

 ( . 4.7 ( ))  

 Ca3Si4 . 4.8), , , -

 Ca3Si4,  

. 

, ,  

 Ca3Si4,  

,  
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 (  0.1 , . 4.8)  

-

 

 Ca3Si4 -

-

-

.  

 Ca (3 ) 

13 16), . .  

 Ca3Si4 -

.  

-

 

 ( . 4.9) 

 609 -1  

 1100 -1 (  

-

),  

 Ca3Si4  

 

-

. -

 0.5 – 1.1  

-

. 

 

 

 

 

. 4.9 -

14  

) 

. 4.8.  0.1 

 (3, 30, 76 
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4.3.  Ca3Si4 -

 5-300  

 

, -

7, -

 0.891  0.914 .  ab initio  [69]  

 Ca3Si4 -

 (  0.9 ) -

 (0.68 ) [69]  (0.63 ),  

 Ca3Si4 . . 3.4). -

-

 ( )  5  

Ca3Si4,  Si  30  500 °C 

2). -

 W=10 =632.8 . 

 Ca3Si4 2)  Ca2Si ( -

6),  5 -

 4.9. 

    
. 4.10. 2 ( ) 6 ( ) 
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 0.95 -

 Ca3Si4.  1.09  0.99  

 Si -

, ,  0.93  0.86 -

. [62]  

-

 0.95 ,  

3Si4  0.89-0.91 ,  

 [62, 69].  

, 3Si4 

[69]  

, 

.  

.  

 Ca2Si,  130 °C -

 ( .4.9). -

 0.78 , 0.86 , 0.93  0.99 , -

,  

 [62] ,  

 Ca3Si4,  Si. 

 

4.4.  Si/Ca3Si4/Si(111) 

 

3, 6 7 -

 ( )  330-

480 .  

 p- . 
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, -

-

,  

 

 432  

. 4.11). -

,  

3 -

 Ca3Si4 -

 

(dCa=76 ),  

 500 ,  330 ÷ 400 -

,  50 .  7, 

 

Si  (500 ) , -

 350 ÷ 

450  ( . 4.12).  

 Ca2Si,  (130 

)   Mg2Si/Si 6,  

-

 2-3  ,   

Ca3Si4 ( 3 7). 

 

-

, 

,  

 

 

Ca3Si4,  50 – 100  

. 4.12.  

 

3, 6 7 

. 4.11. -
-

 p-  
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 Ca2Si  2-3  

. 

, , -

 Ca3Si4  ( ),  

 [13], -

,  

-

. 

 

4.5. ,  

Si/Ca2Si/Si(111)  

 

 Si/Ca2Si/Si (111) -

, -

 Mg2Si. -

 Mg2Si  

 Mg (dMg=10,2 )  Si (111) .  

 20  130 °C, -

 [52].  Ca (dCa=11,4 ). -

 (dSi=48 ) -

 30-  Si (vSi=1.6 ) . 

,  

 C  Mg,  

 4.13 ( )  4.13 ( ) .  

 

,  C  

 20  ( . 4.13 ( )).  Ca -

 Mg2Si, -

 Mg  Ca [52]. 
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. 4.13.  Si/Ca2Si/Si(111): ( ) – -

, ; ( ) – ,  

 Mg  

 

 Mg ,  

 ( . 4.13 ( )).  Mg  

, . -

-

 130 °C.  

 Ca2Si. 

 4He+  ~1 , -

 

),  

-Mg-Si-O ( . 4.14).  

 

. , , 

, -

.  



111 
 

 1-  

 ( ) -

 20  30 , -

.  

:  – 

4%, Si – 71 %  O – 25 %.  

:  – 7 %, Mg – 6 % 

 Si – 87 %.  

 

Si.  

-

 4He+ -

.  

 Si/Ca2Si/Si(111), -

 Mg2Si, -

 Mg .  

, , -

Ca2Si  10 %.  

 Si/Ca2Si/Si -

 

-

). . 

  -

. , -

 Mg2Si, . 4.15( ).  

, . -

, ,  

. ,  

,  

, . 4.15( ).  

. 4.14  

Si/Ca2Si/Si(111) 
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. 4.15. ( ) – , , 

 Mg2Si; ( ) – ,  

,  
 

,  

, . 4.15( ), ,  

 Ca2Si,  Mg2Si.  

 77 K , , -

, , SiO2.  

,  Mg2Si, 

 ( .)  78  ( .),  

. 4.16 (a).  

, , -

.  78 K -

. ,  

 1.5 . -

,  

-

. , , 

-

, . 4.16 ( ). 

) 
) 
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. 4.16. ( ) – ,  Mg2Si, 

 ( .)  78  ( .), ( ) - ,  

,  

 

, , -

 n- ,  p-

. , -

 ( ) . -

, , 

,  

   1 -

.  

-

 

 ( ).  SEMI-

LAB DLS83  77-300 K.  ( -

 Mg2Si) -

:  (-1 ),  200  0 , -

 180 . ,  -1  

.  

. 4.17(a). 

) ) 



114 
 

. 4.17. ( ) – ,  Mg2Si; ( ) – -

 

 

,  

. ,  

Mg,  100  250 -

,  

. [50, 56, 61]  ( )  

. 4.17( ).  

7.3·1014 -2. ,  Si , -

 3.4·1014 -2. -

,  

, . 4.18(a). ,  

, . 4.18( ). 

 

) ) 
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. 4.18. ( ) – ,  

; ( ) – ,  

 

 

 240 .  

.  300 

 

 1015 -3. 

 

4.6.  

 

1.  Si/ /Si -

 500 °C  Si(111) 7×7,  

 

 500 °C. 

2. ,  

 Si/  Ca/Si (111) -

 Ca3Si4. 

3. , -

 500 °  

, , -

-

) 

) 
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 Si/Ca3Si4/Si(111) -

 (76 ). 

4. ,  389  416 -1  

 

.  Si  

,  

. 

5.  Si/Ca3Si4/Si(111)  5  

 0.95 , -

 0.89  0.912 . 

6.  

 Ca2Si , -

 20 

,  Mg2Si  

 1.5  

 240  7.3·1014 -2 . 
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1. : 2Si a3Si4  

 (4 – 240 )  Si (111) 7×7 -

. -

 Ca2Si  130  

,  

 Mg2Si.  Si (111) 

7×7  500 °  

, -

 (Ca2Si, CaSi, Ca5Si3, Ca14Si19, 

CaSi2)  Ca3Si4. 

2. ,  Ca2Si 

 Ca3Si4 : Eg=0.68 - 0.70  

 Eg=0.63 , .  

 

 0.89  0.912  

 Ca3Si4 -

 Ca2Si.  

3.  ( ) 

,  Ca3Si4 -

 346, 388  416 -1 ,  

. , 

 389 -1  416 -1  344 -1 

.  Ca2Si  

 352 -1, -

.  

4.  insitu  

-

. ,  

3Si4  500  30 , 
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 Ca2Si  30-  130 -

. 

5.  Ca3Si4  

 0.8 – 0.1 ,  

, -

. -

 Ca3Si4  20-530 , -

 (50-80 )  Ca3Si4. 

6.  ( ) Si/ /Si  

 500 °C  Si(111) 7×7,  

 

 500 °C. , -

 

Ca3Si4,  Ca3Si4 -

.  Si/Ca3Si4/Si(111)  5 -

 0.9 – 1.0 . 

7.  100  48  

Ca2Si -

 20 -

,         -

Si/Ca2Si/Si(111)    Ca2Si. 

8.  

 Ca2Si,  Mg2Si,   

 1.5  

 240  

7.3·1014 -2 . 
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