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 3 
 

   
 

3.1.   
 

3.1.1.   
 

     .  
                 U   

     U 1 ( . 3.1, ),   
U 2 ( . 3.1, ).   

 
 
 
 
 
 
 
 
 
 
 

  U ,  ,    
:  (+)   (–) .   

   U      :   
U 1 ( . 3.1, )   U 2 ( . 3.1, ).                   

       ,  
   . 3.2.  

 

      VD      
  R   .    . 3.2,   

  ,     
VD. 
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U
UK

RR
R

VD
,                                (3.1) 

 RVD –    VD;  
          R  –   .               

  (3.1) ,   , ,  
         

                                                                       
                                                        = 1                                                   (3.2) 

   t1 < t < t2  
                                                        = 0                                                   (3.3) 
 

   t2 < t < t3  ( . . 3.1, ). 
   (3.2)     RVD          

(RVD << R ),    (3.3)  –    (RVD  >> R ). 
 ,    ( )   

   ,    . 3.3. 
    +UVD  

 I           
    +U ,   

 (–U )  –   .   
  . 3.3   

     ,   
,      -

  .    -
 .    ,    

      –   . 
 

3.1.2.             
 

     ,   
       ,    – 

,     . 
   ,   

   -   (p-n- ).    
      p-n- .      

 . 3.4   p-n-     
 (–  )    .    ,    

  p-  n-    
  ,      n-    d  

p- .    ,  n- ,  
     +,    –   

  –  . 
  ,     p-  n-  -

    +      �.      p-n-   L ’  
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    -
  , 

    
   

.     
    

      
.  

 ,  -
    L p-n-

   
’        

,     n- 
   - .     

  p-n-     Ge = 0,35      Si =        
= 0,7 . (    

  ,   
    ). 

  p-  n-   
 ,   -

  ( . 3.5). -
 “ - ”     

n     ,  
.     

         
       . 

        -
. 

    VD   . 3.6, .   
’      R.   R –   
 ,    ,     

  . 
.    R    

 ,     . 
  U        VD 

  R:     
                                           U  = U  + UR.                 (3.4)  

 
   . 3.6, ,  U       

     .     
     “ U ” .    U     

( . 3.6, )     ’    L p-n-     
   (  –  U ).        p-n- - 
,       ( . 3.6, ). 
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    (   n-           

p- )  ,               
. 

      U ,           
   = 0,7 .   ,    
    p-n-      ( - 
    ),             U  

    -     0,7 ,  
   .  
  (3.4) ,        

R   
                                                  UR = U  – U ,                 (3.5) 
 
    U    U  = 0,7 .  

        ,  
 VD     ( . 3.7).   U  

         ( . 3.7, ) 
    ’    L p-n-              

  + U .      .    
  = 0.  
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        p-n-   
     (   p-    n- -

).         .  
    ,       

 .          
  ,                     

p-n-    ,    p-n-    
          

 .  
 ,        , 

   –    :  >> ,     - 
 .        

     
       

( . 3.8),      

         ,1exp0
T

UII                 (3.6) 

 I –    (   ); 
      U –     (  U  > 0   “ +” ,  U  < 0  

  “ –“ ) ;  
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I0 –          
(U  >>  T); 

 T –    (     = 300  
   T = 25 ).  

       U  >  2  T       (3.6)     

  
T

Uexp .    (U  > 0)   . 

   I              U ,  
     0,7  (U   0,7 ).  

       U  > 2 T   
T

Uexp   

    .    U  > 2  T   
    I  = – I0. 

  (3.6)     ,    
.  

,    - - ,      
,     - -  L,      
 

                                 L = 
a

11)(2
NN

U ,                                (3.7) 

  –   ; 
 –   ; 

Na  N  –      .  
  (3.7) U = – U ,  

 

                                L = 
a

11)(2
NN

U ,                             (3.8) 

 
 ,     U = – U   - -  

.    ,  ,   . 
,  - -       

        - - . 
 
3.1.2.1.      

 
        

    .       
  ,   . ,   

       ,   
-       . 
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   . 3.9,       
 0,    . 

  0  ,   
   -

     
   . 

  ,    
    

 .    -
 ’     ,  

    .. 
  ( )  - -   

   
                                                        0( ) = 0( 0) ,                                       (3.9) 
 

  0( )  –     -   ; 
          0( 0)  –       0 = 300 ; 
           =  � 0 –   ; 
          –  ,     

.    Ge = 0,13 1 ,     
Si = 0,09 1 . 

   ,    
         , 

  .        
 ,       . 

 ,     (3.6)  (3.9),   ,  
      10   . 
     ,   

. 
 

3.1.2.2.   
 

    
.     

   U  ( . 3.10), 
     

.     
. 

    
.     

       
 .   

 . 
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    :   . 
   .   ,     

    .  
         

 - -   .  
,    - -    

 
                                                  -  = U  .                                         (3.10) 
 

 . 3.10       ,  
,         .  

 . 
 (3.10) ,      U ,   

   - -      . 
         

 ,      .  
  - ,      - -   . .  

  ,      - ,  ,   
  . ,        . 

   ,    .  
         

. 
 ,   ,    

. ,    ,    ,  
         . 

    :   . 
    . 

   ,     (U  < U ), -
         - - . 
      - -   ,   
  ( . 3.11). 

     
   - - .  

                
(U   U ),     - -

   ,   
   . ’ -

    ,   
  .     

       . . 
     
 ,   -

   . 
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  - -  (  200 / ).      

        (  ).  
 - -   ,     

.   - -    ,   
   ,      

.     .    
    ,     ( . 3.11). 
   ,   . 3.11 ,  
        

 U ,         
 .       

 . 
 

3.1.3.       
 

       . 3.12.  

       
  .        

.      U ,   , 
   VD    R : 

 
                                                          U  = U  + R ,                                       (3.11) 
 

 U  –     VD;          
 =  –    (   ). 

  (3.11)  R                                                     

                                                    = 
R

U
R

U .                                     (3.12) 

 (3.12)    .  
  U       ,         

  „  ” .    „ 1–2”  ( . 
3.13)       1   2       

 .  
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 1:   (3.12)     = 0,  
 U   =  U     U   =  Um ,   Um   –      

. 
 2:   (3.12)    U  = 0,  

  
R

UI ,    U  = Um .  

  1  2  ,    . 
        ,   

 ,        . , 
  1  2     Um .    

      U     R ,   
 Um . 

    ( . 3.13)    . 
,    . 

  U ,   ,    
VD   R  ,  U  = U  + U  . 
            ,      ,   

     Um << Um       R  -
   Um  : 

                                      
                                     Um  = U  – Um  Um .                                                     (3.13) 
 

  Um  = Um         
   ,    .    
   : 

                                              Um   = Um   – Um   0.                                      (3.14) 
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,  VD    R     - 
,   .  

  ,      
  R       U .   

 ,   ,    , 
 ,    . 

          I      
 U .    

                                                            =   = 
R

U .                                       (3.14) 

   (3.14)  I     
   I   : 

                                                                  
                                                             I   I .                                                  (3.15) 
 

    U       
R   ,       

 
                                                      U   = U   + U  ,                                         (3.16) 
 

 U    0,7  –      . 
   U       

  U  ,       .  
  20%          

 
                                             1,2 Um   U  ,                                      (3.17) 
 

 Um  –    . 
                   

           
. 

,      : 
–       Um ; 
–    (   R ): Um  = Um  � Um . 

        Im . 
  ,    Um    Um  

    ,       R    .   
     ,  

  . 3.14,  UVD –    .  
    ,       -

   R .   R      
 (R   R ),         R     

R ,       ,     R   
  .  
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3.1.4.     

 
 . 3.13  . 3.14 ,     

Um       Um         Um     .   
,      U     

0,5   U . 
     ,   

    ( ).    , 
   . ,  U  = 10      

93%,   U  = 5    86%.      
   ,      

.       ,  
      . 

,        .  
       . 

     ,    
  :  U  = 0.        ,    

  . ,    
   *        

( . 3.15),     „ -
”  (  ).   

     ,   
      0,3 .  ,    
      .   

        
 ,       . 

_______________ 
*  –   (Schottky)  ,    1914 .  , 

       “ - ” ,    
’  . 
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3.1.5.   
 
  ,    . 

3.14, ,    
   

  :   -
.   ,    

  , -
 .  

   -
 ,   

    ( . 3.16). 
  , 

   . 3.17,  .   

 
   .  
    “ +”  ( . 3.17, )   VD3, R ,  

VD2   “ –“ ,      U   
.    U    (   

).      “ (+)”   VD4, R , VD1  
 “ (–)“ ,  ,  R     ,  U    

. 
   . 

 
3.1.6.      

 
      ,   

   . ,    
  .   ,    

    ( . . 3.9).  
      0,7 ,    

    0,1 .   ,    
       ,   

. 
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 3.2.    
 

    :    
 .   

      
   . 3.18.  

 
 
 
 
 
 
 
 
    . 
      (U  < U )   

U   U   -  ,    (U  > U )  
        U  . 

      (U  < U )   
U  ,    (U  > U )   . 

  ,     
 ,  ,      

.  
        

. 3.19. 
 
 
 
 
 
 
 
 
 
 
 
   ,    U       

+U   –U  ,     ,    
 U .  

 . 3.20      
 ,   ,      , 

    U . 
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   .   
     ,   ,  

       
     ,   

   ,    . 
 . 3.21 ,      .  

 
 
 
 
 
 
 
 
 

   -     U ,   
   U      U .     

   ,   U    U ,   
      .    

U    .  
    . ,  -  , 

  ,     
. 

   ,      
,   , ,  , -
      ( . 

. 3.20). 
     

   R      
VD –    ( . 3.22).   

 ,     
.      

   VD. 
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      ,  
  . 3.23.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   ,      ( . . 
3.13).     ,       

 R,   .       , 
   VD ,       U .  

    .        
       ,    

VD ,       ,    . 
 
 
 
 
 
 
 
 
 
 

 
     

      
 ( . 3.24). 

  , 
     . 3.25. 

 VD1   -
,  VD2 –  .    
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U      ,    
   -    ( . 3.26).  

 

 ,     . 3.22  3.25,  
 U    ,     ,  

  0,7 . 
 ,    U ,  , 

   ’    ( . 3.27, )  
-  ’    ( . 3.27, ),  

  ( . 3.27, ).  
 

 
       ( . 3.27, )              U  = nU ,    

U  = 0,7   –     ,   –     VD1  –  VD2 . 
  ( . 3.27, )   ,   -   

      VD1, VD2 ,     
  U .      , 

     U  = U  + 0,7 . 
,     . 3.27, ,   , 

      VD: U  = U  .  
        

 :     ,     
.     . 



 50 

 . 3.28    
     

 ,   U  = U  + U . 
   U ,  -

     -  
. 

   .  
   ,      

U  < U  + U ,   VD   
U ,  R ,     ,   

       -  . 
    ,  U  > U  + U ,   VD 

, ’   ,         
U  –  (U  + U )   ,           

U + U . 
 ( . 3.28)  

    
  ( )   

 ( . 3.29). 
     

   R –  VD. 
  VD   -

   .        
U     ,     + U . 

  ,      . 3.25, . 
3.27  ,       R ( . 3.30). 

 
    .     

U  < nU  ( . 3.30, )  VD ,      
     t1 ( . 3.31)  U  = 0.  

   t1 …  t2     
 U  > nU ,        VD.  

  ’   U  = U  –   nU .    
       . 



 51 

 
 
 
 
 
 
 
 
 
 

               
( . 3.30, )  ( . 3.30, )    ,    

 U  = U  –  U . 
 

3.3.    
 

      
     ,     

  . 
 . 3.32   -

 U  =  (U )  -
 .    ,  

    U  = U0 ,  
      

 U ,   .  
    -

  . 3.18, -
  ,       
.     

   ,    . 
3.33,     U     R   

    VD  . 
 
 
 
 
 
 
 
 

  ,     (U  – U )  
    R . 
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   ,    << ,   
   R ,       

         
                                          
                                           U  = U  –  R  .                                       (3.18) 
 

 (3.18) ,      
 (U  = const)         
 U   > U0 . 

   VD    . 3.34,  :   
    (U  < U0 )    . 

,    (3.18), U  = U ,   . 
 

 
 
 
 
 
 
 
 
 

                   
(U  > U0 ),  ’     ,    

   R    R ,     U    
 . 

,      . 3.35,   
( . 3.36),    .  

     , 
        

  -n- ,   
     

     
 ( . . 3.1.2.2).        

 . 3.36 ,     
  max –  min   -
   (U  max – U  min), 

  .    
   . 
        <<  min,    

R   >> R  .                                         
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3.3.1.      
 

        
.      U    
 VD  R  ( . . 3.33): 

                                                        
                                                        U  = U   +  R ,                                    (3.19)  

 

                                                                  = 
R
U

R
U ,                 (3.20) 

 U  –    ,    . 
 (3.20)    .   U  

 (3.20)  ,     ,   
   U  = U 1     1  2 ( . 3.37).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 1:  = 0    U   = U 1.    

 2: U  = 0     I   = 1

R
U . 

   . 
      .   

   U 1  U 2.     
    (  3; 4).  . 3.37 ,   

  U       ( U << U ), 
    .  

    . 
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                                          U  = U   –  R  .                                 (3.21) 
 

    U
RR

RU  VD  -

       (  = 0).  ,    
(3.21),     (U   = U ),   .  

     U
RR

RU ,   VD 

.     > 0:  

                                                         = c

R
UU ,                                 (3.22)  

    R     R .  
  ,     ,  ,   

  R .     (U   – U )   R , 
   U  ,  . 

     , 
        : 

                                            

U
U
U
U

K .                                 (3.23) 

   > 1   ,    . 
      U ,     R . 

,      ,    

                                           
RR

RUU                                 (3.24) 

  R    .    
     R    U  ( .    

. 3.33),       .   
    R       

  (3.18)   ,  . 
 ,  ,     . 3.33, 

 ,      U . 
      . 

       , 
     U       

   U . ,  191   
  9,1    156    

 5,6 . 
    ,       - 
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  ’   VD1  VD2 ( . 3.38, )  
 VD3   VD4 ( . 3.38, ). 

  ( . 3.38, )       
 ,    ( . 3.38, )  –     -
 VD3     VD4.    

      ’   
   . 

 ,      -   
 R .   R   ,     R   R  

    ,       
(U   < U ),      . 

   Rmin     
 

                                      
min

min U
RR

R
U ,                                 (3.25) 

 
2

minmax UU
U  –    . 

 (3.25) , -
,     : 

                                      min R
UU

U
R .                                 (3.26) 

   R   . 
   ,       

        , 
      ( . 3.39). 

 
 
 
 
 
 
 
 



 56 

   -   (  ) 
  -  ’     

( . 3.40, )    ( . 3.40, ).    
 
 
 
 
 
 
 
 

    . 
   U    ,    U .  

-     U     VD1, VD2  
  ,   –   .     

          
: 

                                         U  = U  + U .                                              (3.27) 
 

     ( . 
3.41).         

  ( . . 3.40, ). 
      

  1 ... 2 .     . 
     

 3,3  ( ,  133 ). 
     .    

     - - .   
     ,        

,     
 VD    ( . 

3.42).  
    

  0,7 ,    -
,   0,7 ,   

 ’   . 
  ,    

       R .  
 (3.15)  

                                                   R   = 
I

UU .                                         (3.28) 
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3.3.2.       
 

      . 
      :   
  .   
 . 3.43        
 ( .)   ( .) .    ,  

        
   –   . 
  ,    

   -
    ,   

    -
,        

 .     
    ,  

  ,   
    . 

,    
  ,      . 

  ,      
 .   ,     

 - - ,       . 
        

. 
 ,      
,       . 

      
     ,  

  ’      : 
 VD1   VD2 ( . 3.44).                                         

   
,    

’       
    ( . . 3.38, ). 

    -
    VD1 

     VD2,  
    

. 
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3.4.       
 

        
.    ,     ( . 3.45) 
   -

 L.  
   -

   
 : 

           U = L
dt
dI .          (3.29) 

   , 
 dt ,0    .U  , 

  .  
          ,    
       ( .3.45, ).    R  

     IRU .    
    ,    . 

    ,      ,   
 –   ,    IRU   

      .  ,  
    . 

    VD,     
  L    ( . 3.45, ).     

   L,   ,   .      
  ,    VD,      , 

   0,7 .        
 .  

 
  

 
3.1.          . 
3.2.          

. 
3.3.         . 
3.4.        . 
3.5.      . 
3.6.         . 
3.7.         

 . 
3.8.       

 . 
3.9.         . 3.7  3.8. 
3.10.        . 
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3.11.         
. 

3.12.        . 
3.13.    . 
3.14.      . 
3.15.     . 
3.16.     . 
3.17.       

 . 
3.18.       
  . 
3.19.       . 
3.20.       . 
3.21.     . 
3.22.        
. 
3.23.    . 
3.24. ,    . 
3.25.     . 
3.26.       . 
3.27. ,      . 
3.28.    . 
3.29.     . 
3.30.       . 
 

  
 
3.1.  . .  :  2-  .:  

 / .  , . .  –  :  . . . , 
2004, .1.  – .  31 – 42.  

3.2.  . .  : [   ] /  
 . .  –  .:  ,  1980. –   .  71 – 82. 

3.3.  .  : .  
/ . , . .  –  .: ,  1982. –  .  253 – 256. 

3.4.  .   / . , .  –  .: 
,  1983. –  .1. –  .  67 – 78.   

3.5.  : [   ] /  . ,          
 . .,  . .  .:  . . . .  –  .: 

,  1989.  –  .  121 – 125.  
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 . 4.20 ,      ,   -
,     

                                                       
iRR

RUU
A

A .                       (4.42) 

    (4.42)  U ,     
   

                                      
i

U RR
R

U
UK

A

A

A
1

R
R i

.                       (4.43)

    ,    KU    
          

 R .     5A

iR
R ,     

 R     . 
 

4.3.7.      
 

 ,      - 
   :  

–      ,  
,  ,  ; 

–             
    . 

    ,      , 
    :    

  . 
 

4.4.     
 

4.4.1.       
 

   “ ”    .  
      ,  

  . 4.2.      
 .  “ ”  ,    

 ( )     :  ,  
. 

,      . 4.21,  -
         

:  ,     .  
   ,   ,   

 .  
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,  ,   ,  ,   ,  
  .    :      

(p-n-p) ( . 4.21, , 4.22, )    (n-p-n) ( . 4.21 ,  
4.22, ).   

 
     ,    

     .    
     .    , 

 . 
   -  :   

  .       . 
     : 

–    ( ); 
–    ( ); 
–    ( ). 

      :    ,  
        ’ . 

         
( . 4.23).  

 
 
 
 
 
 
 
 
 
 

 
VT –    ; 

 –      ; 
U  –      ;   
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 –      ; 
U  –      ; 

, ,  –    ,   ; 
R  –      ; 
R  –     . 

       
    ( . 4.24). 

 
 
 
 
 
 
 
 
 
 
 
 

,      ,     
 ,    ,   .   

  U      R     
.  R       R         

’ ,       . 
   ,   . 4.23  4.24 ,  

   p-n-p  n-p-n   
     ,          

.     ,      ,   p-n-p   n-p-n,   
 .         

p-n-p      ( . . 4.23, )    
(       ). 

   ,       
 ,   –    ( . 4.25).  
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,       ( . . 4.23, ).   

    ( . . 4.25)    ,  
 –   .  ’    , 
     .  
  ,             

( )  ,     ( ).     
  . 

    .  
   U     (+)      

 (– )  –  .      .  
           

,   ,  .      
  .  
    ,   

 ,        
  U .        

     ,      
 K. 

          
     U   .     
,     ,     
    ,      
 U .    U     ,   

   . 
       . 
   : 

                                                            PE  = IEU .                                 (4.44) 
: 

                                                            P   = I U .                                 (4.45) 
 

        
 
                                                                  .                                  (4.46) 
 

  U ,  ,   0,7 : 
                                                                  
                                                             U   0,7 .                                          (4.47) 
 

   U ,         
:  

                                                            |U | >>|U |.                                 (4.48) 
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  (4.46)  (4.48)   (4.44)  
(4.45),  

                                                         P  >> P ,                                  (4.49) 
 
, ,     ,      

 .         
   .      . 

 
4.4.2.      

 
        

  . 
    ( . 4.25),    

: 
                                                     =   + .                                            (4.50) 
 

,     .  
    

   
   ( . 4.26).  

     
    

( . 4.27).   -
        –  . 

 

        ,  
   (  p-n-p- )     

   n,   (  >> n). 
      

  

                                                      
E

E

I
I p .                         (4.51) 
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  < 1,   =  + n .      

  n   -n-p-       
,     . (   

n-p-n :    ,   � ). 
     :  -

  n,  ( ),      
  ,     0  

.        .  
   ,       

.  
   ,    

. 
         

                                                     
pI

I
E

K .                         (4.52) 

  > ,    < 1.  
  (4.51)  (4.52),  

                                                           
E

K

I
I  =  .                                          (4.53) 

    ,   –  ,   (4.53)  
        

                                                       
E

K

I
I .                                           (4.54) 

          
 (  < 1),     ,     

.   
 
4.4.3.          
 

    .  
    

    ( . 4.28) 
     

     
U     

 U  = const,   
                                                                   
 constE )( UUfI .     (4.55) 

 
 . 4.28 ,  U         

 (4.55)       p-n- ,  
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 .  U  = 0      
 ( . 4.29).  

     
U  < 0,     ,   

 ,      
.     

 U  < 0   ,  
. ,     U  < 0 

   L  ( . . 4.28) 
. 

   L  . 
    

     ,     
   n  ( . . 4.27)       . 

         
 ,    ,    U :   

                                          10KEK
T

U

eIII ,                      (4.56) 

  = 25  –   ;  
0 –       -  U . 

 U  >> ,   ,  (4.56)   
 
                                              =   + 0.                         (4.57) 
 

 (4.57)      
     .      

U    ,         
    (   ),    

  ,         U . 
,     , 

   U   
.    IE, -

       ( . 4.30). 
  : 

–      
     U ,    

          ,  
,   

   ;   
–   U   = 0,     > 0;     

    ( . 4.28),     
 ,         

 .  
 



 81 

4.4.4.          
 

       . 4.31.  
   p-n-p     ,    

 ( . . 4.24, ).    ,   –   . 
            

  U      UKE ,     
            
                                           = f (U ) .constKE  U                                       (4.58) 
 . 4.31 ,  U       .  

 
 
 
 
 
 
 
 
 
 
 
 
 

         - -
,   ,   U  = 0    

 ( . 4.32).   
     U  < 0,    

 .    ,  .   
 U  < 0    L  ( . . 4.28), 
    L .     

          
( ) ( . . 4.27)     . 

           
  I     U ,    

 (4.50)  (4.57)  '    
 IK: 

                                              IK = I  + (  + 1)I 0.                                                      (4.59) 
           

                                                        
1

 –                                                 (4.60)  
–          . 
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       < 1,   >> 1. ,             
 = 0,99.   = 99.        ,    

 : I  >> I .   
 (4.60)  

                                                  
1

,                                                          (4.61) 

   < 1,     1,    
 .    I ,    

(4.59) '    ( . 4.33). 
 : 

–    ,   
   „ ”   

 ,    |UKE| > |U |; 
–   (  + 1) 0  

  (  + 1) ,     . 
–      ,     

    
   UKE.   ,  

      
’     UKE  

   ,       , ,  
 .      UKE  

    ,     ;   
  
4.4.5.    

 
,  ’      ,  

  .  
     ,  -

   ,       U1   
I1,    –    U2   I2 ( . 4.34).    

 

 

 

 

 

 

 

 
 
 

   .  
      

    .   -
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       : h- -
, Y-   Z- .  

      h- . 
    h-   

:                                                                  
                                                   dU1 = h11 dI1 + h12 dU2 ;                                     (4.62) 
 
                                                   dI2 = h21 dI1 + h22 dU2 .                        (4.63) 

 
   h- ,      

  (4.62)  (4.63),       , 
      .  

,   dU2 = 0,    U2 = const   
          �  : 

                                                        ,const
1

1
11 2UdI

dUh                                   (4.64) 

–   :  

                                                        .const
1

2
21 2UdI

dIh                          (4.65) 

  dI1 = 0,   I1 = const  
          –   ' : 

                                                          h12 = ,const
2

1
1IdU

dU                                   (4.66) 

–  : 

                                                .const
2

1
22 1IdU

dIh                        (4.67) 

   . 4. 34   (4.64)  –  (4.67) ,  h-   -
    .   4.1  4.2  

 h-        .  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                                                              4.1  
h-     

 

       ( ) 
 

h11    U  = const     h11  = 
U

   

h12  IE = const 12 U
U

h
 

  
'  

h21   U  = const h11  =    
  

h22  IE = const h22  = 
U
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     d   (4.64)  …      
…  (4.67)     .    

  h11  h12,     h21  h22.   
  ,  h-      -

 ,       .     
  . 

  ,                   
U  = const ( . 4.35)    U   U  ,     

  .  
 
 
 
 
 
 
 
 
 
 

     

                                  h11  = '"

'"

constKE I
UU

I
U

U                            (4.68) 

  '     -
     UKE     I  = const ( . 

4.36).        '
KEU   "'

KEU  
  U .     

                                        h12  = const
KE

IU
U = '

KE
'''

KE

''''

UU
UU .                      (4.69) 

 

                                                                                                                       4.2  
h-     

 

      ( ) 
 

h11   U  = const h11  = 
I

U    

h12   I  = const h12  = 
U
U    

'  

h21   U  = const h21  = 
I
I    

  

h22  I  = const h22  = 
U
I    
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    h21E    
   U  = const ( . 4.37).  

 
 
 
 
 
 
 
 
 
 
 
 

    I   I ,     

                                   h21  = ''"

'
K

'"
K

const II
II

U .                         (4.70) 

      -
       = const ( . 4.38). 

    '
KU   "

KU    , 
  

                                    h22  = const UU
I

U
I .                         (4.71) 

     
4.4.6.   h-        
 

   =  +       
 
                                                               =  –  .              (4.72) 

 
 (4.72)  (4.68),  

 

                                             h11  = 
I

U .                       (4.73) 

     (4.73)    
       : 

                                                       h11  = 
11

11

21

11 h
h

h .                                    (4.74) 

 
                 

h21  =  < 1,    1,       
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       : 
                                                        
                                                 h11  >> h11 .                      (4.75)  
 

  (4.75)     ,  : , 
   ,    ,   

 ,      . 
  ,  (4.72)  (4.70),   

     : 

                                                       h21  = 
11 21

21

h
h ,                         (4.76) 

    

                                                                                      = 
1

.                                             (4.77) 

   (4.76)   (4.77) ,  
 

                                                            h21 >> h21 ,                         (4.78) 
 

   ,    ,  .     
   . 
        . 

 
4.4.7.     

 
     ’    

    .  
          

( ,  , ,  ).  
 . 4.39       

.       .  

 
 r  –   ; r  –   ; r  –   . 
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       ( . 4.39, )         

 ( . 4.39, ).  r , r   r     .   
     h-  : 

                                    r  = h11  –  
22

12

h
h (1+ h21 );                                    (4.79) 

                                    r  = 
22

12

h
h ;                                                            (4.80)                  

                                    r  = 
22

121
h

h .                                                        (4.81) 

                 
: r  = 20 …  40 ; r  = 200 …  300 ; r  = 100 …  1000 .                                 

,    . 4.39,     
  ,          

    ,     
   

 .   -
  ,    

. 4.40. 
  -

  ,  -
    

. 
  -

    ,  
  ,   

         
,   : 

                                    ( ) = 
j1

0 j ,                          (4.82) 

  –   ,     ; 
          –  ,   ,     

 ( )  ; 
          0 –         << . 

 
4.4.8.      

 
       ( . 4.41): 

–  ; 
          –   ; 

–  .  
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    -

,   –   . 
    U  > 0  

 U  < 0.   ,    
,   KE UU .  

    
,      
   ,   = .  

    
.    -

  .  
    ,     

   ( . 4.42).     U  > 0  
 U  > 0.  ,    . 4.41  4.42,    , 

  KE UU .     ,  
  .       

     .    
 
 
 
 
 
 
 
 
 
 
 
 

    ,     
   (  4.43).           

U  < 0, U  < 0.    ,     = 0.   
  ,    ,    

  = 0.  
  (   ) ’   

„  ” .       
 :    ( )  

   ,    “ - ” ,   
  ( )      = 0,  

 “ - ”  .     
    ,       

        :  ,  
,     ,    . 
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4.4.9.     
 

        
- -   - -    . 4.44.    ,   

    .    - -  
   + ,    - -  –   
 –  . 

 U  –   ,  ; 
          U  –    ; 
          VT –  ; 
           –   ; 
          U  –      ; 
          U  –      ; 
           –   ; 
           –   ; 
           –   ; 
          R  –     ,     ; 
          R  –   ; 
          1  2 –   . 

    ( ),    
  . 4.44,     ,     

   R ,    –   VT. 
       

                                                    UKE = EKE 
VT

VT

RR
R

K

 ,                                    (4.83) 

 RVT  –         .  
  (4.83)  : 

–  UKE        
 ; 

–  UKE         
  ;      
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–   UKE       :     
      

                                                       UKE < .                                               (4.84) 
 
           ,    ,   

  U         .   . 
  U ,   ,    ,  

  RVT         
       : 

                                                         = 
VT

VT

RR
R

K
.                                        (4.85) 

  ,       ,  
          

 RK   RVT     ,    
U ,   ,      

.  
        

. 
          

 KRK    RK    UKE: 
 
                      = KRK + UKE.               (4.86) 
 

    
   

                      K  = 
K

KE

R
E  –  

K

KE

R
U .               (4.87) 

 (4.87)  UKE  
.      

(  )    
      -

 ( . 4.45).  
 1: K  = 0;   (4.87)  UKE = . 

 2: UKE  = 0;  (4.87)  K  = 
K

KE

R
E . 

  1 –  2   . 
       

 . , ,     = 
",  

   .       
,     .    

            U0     
 KRK     RK,   = U0  + KRK.  
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       . 
,         -

  . , ,     ,  
     = ,      

 –    U . 
      .  

        
( . 4.46).  

 U   –    ,  ;  
U   –     ; 

  –    ; 
 –    .   
   . 4.44  4.46,      

     :  
–     
                                                  U  = U0  U  ;                                  (4.88) 
–   
                                                  U  = U0  U  ;                                (4.89) 
–       
                                                    = 0   ;                                        (4.90) 
–    
                                                    = 0  .                                        (4.91) 
 

  ,    . 4.44,  .  
     :  „  + ,  R , , ,   

,  – ” .     ,  ’    - 
  = ,    :  „  + ,   RK, ,  

,  ,   –  ” .   



 92 

     t0,     
, U  = 0     .    

        
   (4.88) …  (4.91) .   : 

–   : U  = U0 ; 
–      : UKE = U0 ; 
–   :  = 0 ; 
–    :  = 0 .  

   ’    U .   
    ,       

U ,        ( .  
. 4.44  . 4.46).                      

 (4.86)     
 
                                              U  =  –  KRK.                                    (4.92) 
 

  t1      U   
,       :            

0max mUUU .      :                    
m  = 0  + .       m  = 0  + ,  
 = .   = m   (4.92)     

 t1: 
                                                       U min =  –  Km RK.                                (4.93) 

 
  t2      U   

,       :                   
U min = U0  – U .     : min = 0  – .  

     min = 0  –  ,   = . 
    t2    = min  

(4.92):                                                          
                                                    U m  =  –  KminRK.                                 (4.94) 

 
 (4.93) ,     Km   

   U min.   ,    
  Km      Km RK    

 RK. ,   Kmin  U m .  
,       ,   

 –  ,  ,     
    . 

 ,        
  .180  

  U min  U m     
     .    -

    U ,      U . 
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   ,     . 4.46,   
,     U m   U min.  ,   

U ,    (4.93)  (4.94),    
     RK. 

     ,       
     R     : 

 

                                                    R  = 
0

0U .                                           (4.95) 

 
4.4.9.1.        

 
    

                                                U  = 
m

m

U
U .                                            (4.96)         

     

                                                   = 
m

m .                                               (4.97)                  

     
 
                                                           = U  .                                              (4.98)                 
 

         

                                                         = 
2
1

2

R
U m .                                     (4.99)         

,    
 
                                                  0  = U0K I0K .                                      (4.100) 
 

,    
 
                                                      = EKE I0K                                      (4.101) 

   ( ) 

                                                                  = .                                        (4.102)       

  .  
   (4.99), (4.101)   (4.102)  

 

                                                        = 
2
1

K0

K

IE
U mm .                             (4.103) 

 . 4.46 ,  
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                                                      Um   
2
1   ;                                         (4.104) 

                                                       mK  0  .                                                  (4.105) 
 

    ,  

                                                         max = 
4
1 .                                                 (4.106)  

 ,      -
      25%. 

 ’ ,    75% ,  -
      .  75%  

     ,  ,  
.     m      

      :   
 

                                                        PK max  3P .                                           (4.107) 
 
4.4.9.2.      

 
    ,     U   ( . 

4.47)     ,       
.      

     
U     ,    -

 .  
     ,   

  Um  > 0,7    
       -

 U ,       
R  = 0.   ,   

    (Um  > 0,7 )  
  U    ,  

 .        
  R  ( . 4.47).                                       

                                                          = 
R
Um .                                            (4.108) 

              ,      -
  ,   :  = I .     

               
. 
      ( . 4.46),  :  

   U      U   ,   
    180 .  
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4.4.10.     
 

    ( ) ( . 4.48),     ,  
   ,      

  RK,    –  VT.  
 
 
 
 
 
 
 

        

                                           U   = 
VT

VT

RR
R

K
,                                                     (4.109) 

 RVT –          
. 

      ,     ,   
,        .   

      ,    
      . 

     ,      
,      > .     
 .      ,   

,           
  .        .  

      ,     
  . ,       

,    . 
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4.4.11.      
 

    
 -  -

 ( ),     
    f  ( . 4.49).  

   ,   -
     

  .   
   -

,        .  
 . 4.50    .  

  :   

r   = 
22

12

h
h –  ; 

r  = h11– (1+h21 )  –   ; 

r  = 
22

121
h

h  –   .  

     
      

  .    
 ,  -  

  ,   
 . 

    
    -
.     

   ,   
     

  ,      
  ( . 4.51).    -

 .   
   ( . 4.51, )  

 ,       
 .       

        (       ).  
   ( . 4.51, )      

    .       
  ,   ,     

 .   
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       ,  
   .          , 

   ,          
.        ,   

.         , 
     .         

 ,    ,      , 
   .          

,    . ,     , 

      :   

                                                       

f
fj1

0 ,                                             (4.110)  

 0 –           
,   = 0 ( . 4.51, ); 

           f  –       . 
                               

                                                        0

1
f
fj

,                                             (4.111)    

 0 –        ; 
          f  –       . 

 f    f ,     .    

  (4.110)  (4.111)    
f
fj1

f
fj1 , , 

   ,  

                                                         

2

2
0

1
f
f

;                                        (4.112)     

                                                         

2

2
0

1
f
f

.                                        (4.113) 

     ,       
 
                                                           ff ,                                                (4.114) 
                                      

                                                           ff .                                                 (4.115) 
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  (4.114)  (4.115)    (4.112)  (4.113), 
       

                                                            
2
0 ;                                            (4.116)          

                                                             
2
0 .                                            (4.117) 

        ,    ,     -
     

2  = 0,707  ( . 4.52). 
  ( . 4.52) -

,  f  << f ,    
   

   , 
   .  

    -
 ,     
 ,  . , 

   -
   

     -
  0 = 0,99   = 0,98,    1%. 

           

99
99,01

99,0
0   49

98,01
98,0 ,   . ,    

 ,    .                                                    
 
4.4.12.     

 
        

 ( ,  ).      
,         

,        .  
,      U    U   

   ( . 4.53).  
  ,    U   -  

     Um (+)  Um (– ) ,  
 U 1     : Um (+) Um ( – ). 

     ,   
Um (+)      Um (+) = 1Um (+),  
Um (– ) –    Um (– )  = 2Um (– ). 

,     
 

                                                     U  = Um  cos t,                                        (4.118) 
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     ,    -
   : 

 
                  U  = U0 + Um1 cos t + Um2 cos 2 t + Um3 cos 3 t +…  ,          (4.119)   
 

 U0 –   ,    ; 
          Um1; Um2; Um3 …  –   , ,   . . 

. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

    
                                                  U  = Um1 cos t.                                (4.120) 
 

         
.       
. 

 . 4.53 ,    U 2 .  
     Um (+)   
 Um  ( – ).

   ,             
( . 4.54, ).  
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    U     -  
: 

                                                  = SU,                                                  (4.121) 

 S = 
dU
dI  –  .  

  ,  S = const  -   (1; ..., 2).  
  : m(+) = m( – ),   . 
      ,   ,       -

 ( . 4.54, ),  S     (S const),   
    

                                            m (+) = S2 Um ,                                          (4.122) 
 

                                                      m (– )  = S1Um ,                                           (4.123) 
 

 S1  S2 –       1  2.  
  (4.122)  (4.123) ,  m (+) m ( – ),    

. 
    ,   

        
,   ,       

: 

                                                k   = 
1

2
4

2
3

2
2 ...

m

mmm

U
UUU

                          (4.124) 

                                   

                                                  k   = 
1

2
4

2
3

2
2 ...

m

mmm

I
III

.                           (4.125) 

  
 ,        

 ,      ( . 4.55).  

           
Um    ( . 4.55, ),     U  

,    . 
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      2 < 1 ( . 4.55, ),  
          Um   

,         
  . 

  ,       -
  ,       

        .   -
   .     

     2,5%. 
 
4.4.13.      
 

      -
   .      

  . 
    

    
   . 
  . 4.56   

    
 .   

    
 1,   –   

 T2 > T1.    
,     1  

2      1  2. 
             

 .   ,      
       ,     

   ’ .   
   ,     

    1  2    ( . 
4.57)     1  

2  ,      
      
 ,   .  

 ,      
    

  ,      
      

   ,    
   . 

     
   ,  
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’  .   U      
,      , ,   

.   U      
    ,     

. 
 ,         

 ,     . 
  ,       

   ,     .  
,        

,    . 
 
4.4.14.      

 
      . -  

       - - .   
  ,      

   .       
.   

       ,      
. 

-    ,    -
 : KI  (      *   ). 

        
   .  

    .  
 UKEIK  UK IK  .    

      , 
          

   .   UKEIK   UK IK  
   . .    . 
        = UKIK  ,  

    (  < PKmax).      
          

. 
        

  ,       
   .      

     ,   
        

. 
        . 

    : 
                                                    EK II ,                                        (4.126)   
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 KI    –        
    . 

      : 
                                                     *

KI .                                           (4.127) 
 (4.127)   ,    

*.          
                                                             .                                             (4.128) 
 

   ,       
 

                                                               *= *  .                                          (4.129) 
  

 * –        . 
  (4.129)       ,  
   *: 

                                                          * = 
1

.                                   (4.130) 

   ,       ,    
                                                 1                                                 (4.131) 
 

  (4.128)  (4.131),   ,  
       ,    

 ,      .   
      -  

    R               
( . 4.58).   R    -

  ( +1) 0,    
,    ( +1) 0R ,  

  ,   
.      

( +1) 0     ( +1)R 0 
  .   

      
  ,   

  ( +1) 0     . . 
   ,   . 

 ,   R       
   .   R     

.    R  ,    . 
        

    .     
    .       ,     

   .  
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    p-n- ,     
 ,       

 ( . 4.59).      
      

( . 4.59, )    
      L .   

   -
     
 ,    

      
( . 4.59, ).   L    

,      
     

. 
,     -

,   . 
 
4.4.15.   

 
        -  

       . 
    ( . 4.60),     

.       
           

  . 
          ( . 4.60, ).   

    
    . 

 ,  -
  –   . (  

    -
 :  , 

,  ). 
  -

   
,    -
     

       : 

                                                            = 
P

,                                      (4.132)              

  –     .    
 ,    /    ,  -

   ,     ,   
,       (   ): 
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                                                            = P  .                                      (4.133) 
 

  (4.133)  (4.132),   ,  
    ,   ,  

:                           
                                                    = 1.                                              (4.134) 
 

        
 
                                        = (  + +  + ) + R.                 (4.135)           
 

  –     ; 
           –      .   

    ,    
     ;  

           –         .  
          .  

          ,     
 , ;  

            –       r    R                    
;    

          R –       .   
       

                                                      2U = 4KT(R  + r ) f,                                   (4.136)           
  –   ; 

           –   ; 
          ƒ –   ,    . 

 . 
   ,      (4.136),  
  ,    ,   

  R         ƒ.   
     ,   -   
 .  

 
4.5.     

 
4.5.1.        

 
  ( )   :   - -

,      . 4.61,   
,       . 4.62  . 4.63. 
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  ,         

 ’     .  
       , 

           : 
 ,     .  

     ,   ,  
  . ,  ,   ,  ,   

,    .    –   
,     .   

      , 
      ,   .  

              . 4.64.     
   U .    

 R1  R2   ,    
  ,       U .  

   . 
  -   ,      

 ,       
 R ,    –   RVT,    VT. 

     ,   , : 

                                                   U  = 
VT

VT
RR

R

C
.                                     (4.137) 
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  (4.137) ,       
 . 

 ,   ,    RVT  
     

                                                      = 
VT

VT
RR

R

C
                                             (4.138)    

  .  
 ,   U     .   

      ,    
. 
  (4.137) ,      ,  

  ,   U  = U              
(U  < ).   

       
     . 

 
4.5.2.      p-n-   

 
        p-n-

   .   
   -    . 4.65.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

   :  ,     .  -
   - ,    n- ,  

 n- .    p-n- .  
        ,    

p-n-    .   p-n-  
(  )  n- .             

   .  
   p-n-     .     

U  = 0   p-n-  ,   n-     
  RVT .     :   
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VTR

UI CB
C .                                          (4.139) 

 
     U   p-n- -

   ,   n-        RVT 
.    .    

,    U   
    .   

      
U   U  ( . . 4.66)   -

  p-n- ,   
    ( . 4.67),   
    .  

   ,   
   , 

   ,    -
 p-n-      

      -
    .  

        ,  
        .   

  ,    . 4.68, ,  
      

U ,   C     
   U .     

   . 
 U  U     

 U     (4.139)  
 C  . ,   U  

 p-n- ,   -
 ,    RVT . , 

   ,   
 (4.139),    C  . 

        ,    
  ,          

 ’ .         .  
 
4.5.3.      
 

     -   -
.     “ - - 

”        ,  : -
 ,     .  -

  ,     ,  
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  :  “ - - ” .  - -
       . 

 
4.5.3.1.  -     
 

-    ,    
  . 4.62,   :  ,  ,  ,  

 . 
    . 4.69.   -  

,         n+ 
(  “ +”    ).     ,  

 –    . 
 
 
 
 
 
 
 
 
 
 
 
 

            
 SiO2,  ,      . 

      .   
    ( . 4.69, )    

     ,        
  .           

      . 
     U       

,  n+-p-      p-n+-     -
 .   ’      n+-p-

,    (   = 0).  .  
        U  > 0 

( . 4.69, ),        ,  
   c      . 
   ( ) n- .    U ,  

          . , 
  U       ( . 4.70).  
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     U   n-   
’    .   

   =ƒ(U )  U  = const  - -
    ( . 4.71)  ,   

   p-n- . 
   U  > U       

    U .      
 . 

   . 4.72,   +     - -  
(   ).     U   

      : 

                                              = 
nR

U ,                                                 (4.140) 

 R  –    +. 
 
 
 
 
 
 
 
 
 
 
 
 

   U    p-n-     
 ,      +.  +     

  R  . ,     (4.140),    
 . 
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4.5.3.2. -     
 

-    ,    
  . 4.63, ,   :  ,  ,  , 

  .    
  ( . . 4.73)  ,   n 

     .  
      .  

    U  = 0     +   
    = 0  ( . 4.74).  U    + ,  

          ( . 
4.74, ). 

 
 
 
 
 
 
 
 
 
 
 

  U       . 
        . 
 , -      -

   ,       U .   
         ,   
 –   ,        .  

     U        
      (  = 0). 

   . 4.75,      
  ,       . 

 
4.5.4.       
 

  ,      . 4.76,  
  ,       
   R ,    –    VT.  

      

                                                  U  = E  
VT

VT

RR
R

C

 ,                                   (4.141) 

 
 RVT  –         . 
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  (4.141)  :  

–  U     ,     
   E ; 

–  U         RVT,  
    ,   ; 

–   U ,  U ,     
  E :          

                                                        U  < E .                                               (4.142) 
 
     VT,   R    

,   R1 – R2      
 1  ,        

 ,  2 –          
U .          

.  
   ,   –   .   

   U ,   ,     
  U  . 

    , ,     
U ,   ,    ,     

  RVT       
   E   : 

                                                         = 
VT

VT

RR
R

C
 .                                      (4.143)  

  ,       ,  
   E        

 R    RVT     ,    U , 
  ,      .  

         
.              

      (  –   –  ) : 
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                                                         = R  + U ,                                      (4.144) 
 

         :  
 R     R ,       

 U . ’  (4.144)  ,    
: 

                                                           = 
C

CB

C

CB

R
U

R
E .                                    (4.145) 

 
  U   (4.145)   ,   

  .      ( . 4.77) 
        ,   
  = 0  U  = 0   (4.145).  

  1  2 : 
 1:     = 0;   U   =  .  

 2:   U  = 0;     = C

R
E .       

      . 
   1 –  2   , 

 U  = U0 ,    .     
  (4.145),  :              

U  = U0 ,        0 ,    
 
                                    U0  =  –  0 R .                                                             (4.146) 

 

       ( . 4.77) 
    

                                                       U  = U0  + Um  sin t,                            (4.147) 
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                                                         = 0  + mC sin t,                                  (4.148) 
 

 Um  –    U ,   ; 
mC  –    ,   Um ;       

 –    U  . 
   (  )   t0 ,    
 Um  = 0,   (4.145)  …  (4.148)  ,   -

     ,  : 
–   U  = U0 ;               
–            = 0 ; 
–       U   = U0 .  

   Um  > 0    U0    t1 
  U ,       

                                                               
                                                             U Bmax  = U0  + Um .                            (4.149) 
 

    3.      mC, 
      

                                                              max = 0  + mC.                                  (4.150) 
 

   max   R    maxR , 
       

                                                     
                                                       U m n =   – max R .                                                (4.151) 

 
  t2       

 U0 ; 0 ; U0 ,    t3 (  4)     
 

                                                   U m n = U0   – Um                                                      (4.152) 
 
      

 
                                                   m n = 0  –  mc,                                        (4.153) 
 

      
 

                                                    U max =   – min R .                           (4.154) 
 

,   U ,   ,    
 U         . 

    ( . . 4.77)  : 
–    U         

,  ; 
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–          
180 ; 

–   U     U0  ,   
     2. 

 
 4.5.5.      

 
   ( . . 4.77)   ,   

     ,    Um   
     .     

,     (3 –  )  (  –  4)      
.  

   ,     U m n  
   U  ( . . 4.71): U m n > U ,  

 3 ( . . 4.77)       
“ ”  .      

  
                                                   U0   = U  + Um .                            (4.155) 
 

     

                                                              UK
m

m

U
U .                                      (4.156) 

  U  ’   . ,  
(  )       
                                             
                                             U  = 2Um  = U max – U m n;                                 (4.157)  
 
                                             U B = 2Um  = U max – U m n.                                     (4.158) 
 

 (4.157)  (4.158)  (4.156),   

                                                     CB

U
UKU .                                          (4.159) 

    U     . 
  2Um  = U max – U m n   ( . . 4.77),   

                                                         
                                                                                         U B  =  R ,                                                      (4.160) 
 

   = max – m n    U   = U max – U m n.                     

 (4.160)  (4.159),  
                                                                   KU  = SR ,                                               (4.161) 

                                          S  = C

U
I .                                            (4.162) 
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S –    .    -
  (4.162)   . 4.78. 

   -
 

                       = C
2

C2
1 RIm .                        (4.163) 

   (4.162)  

                      = Cm RUS 22

2
1 .                   (4.164) 

,   (4.161)  
  (4.164)  -  

                                         S. 
 
4.5.6.      

 
   

 -  -
 ( ) ( . 4.79),   

,     -
  .  -

  ,   -
  f   S     
   ,     ( . 4.80).                   

                

XC =
C

1
       

  .   
 f2    , -

     -
     

                          

S
j

SS
1

0 ,                     (4.165) 

  S –      ;     
S0 –     S ;    

S –    . 
 S .  S ,                                          

                                               
2
0SS ,                                               (4.166) 

   ,       2  . 
                 U (4.161).  
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4.5.7.    
 

       
,     . 

        ,  
 ,      A, B, C, D  E,  
   ,  . 
 
4.5.7.1.    
 

      (  )    
  1– 2   ( . 4.81),     

 :  ,  .  

      .    
            

  .  
      ,    , 

   : 
–    ,     -

    (  > 2Um ),    
; 

–    ,      
0   ,      ; 

               –     ( ),     
 25% ( . . 4.4.9.1) 
        

, ,  ,   . 
        0          

( . . 4.81),     ,   ,   , 
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   .    0    , 
     .     . 

    ,    ,   
. 

 
4.5.7.2.   
 

    -
   .    

  
2

 ( . 4.82).  

 ,     
     

 . 
    ,      

,       . 
      ,    . 4.83 

,     ,       
 0   = 0. 

 

 

               .  ,     
: 

                                                        = .                                                  (4.167) 

   ,        , 
    ,  

                                                        = 
K

2

4
1

R
U m .                                         (4.168)               
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                                                        = 0 .                                                (4.169)  
         

  ,  

                                           0  = KmI ,                                                 (4.170) 

  ,  Um   EK ,    
 

                                                       
K

K
K R

EIm .                                               (4.171) 

   (4.167) …  (4.171) ,     -
    

                                                          = 75,0
4

,                                         (4.172) 

  ,    .  
      . 4.84.  

 VT1  VT2 – , 
     
   . 

 R1, R2  R4, R3 
   , 

U 1 = U0   U 2 = U0  ( . . 4.83), 
   ,  

  VT1  VT2 
   . 

   -
 R5  .  

    
 .   

  ,   
  (U  = 0)  
 VT1  VT2 . 

   , -
,  ,   . 
     ,     = 0   

 . 
     W1  W2 . , - 
,   W1 ,   VT1 ,  VT2 –  

.      t1 …  t2 ( . 4.85)   U 1 
 ,    U 2  . 
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.    W2     

 VT2,     W1   VT1. 
    t2 …  t3   U 2  ,    U 1 

 .   U 1  U 2    
 U  = U 1 –  U 2   -  . 

 
4.5.7.3.    
 

      ,    

  
2

 ( . 4.86).  

   ,   ,    . 4.83, 
  R1. 

    
   ( ...)3,2   

    
 .   

     
,   -

 .     
    

. 
 
4.5.7.4.   D 
 

 D   ,      
    ,            ,   
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      .  
          ,   
   .        

  ,    .    ,    
      D  ,  

      90%.  
 D  , 

   U  -
     

( . 4.87).  
   

  D . 
  D   

,     , 
        -

  .      . 
 
4.5.7.5.    
 

 ,    D,       
  ,   90 – 95% . 

   ,    U  -
     

( . 4.88),    -
    . 

    -
     -
    

,     
 8 …  13. 

 
  

 
4.1.         

. 
4.2.         

.   
4.3.       . 
4.4.       - -        

- - . 
4.5.      - -   - - . 
4.6.          

- -   - -     . 
4.7.   . 
4.8.           
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 6 
 

    
 

6.1.   
 

   ’ ,      - 
   . 

   ’  ( )   
  :   , 

  ,   . 
 . 6.1   

    
’ .    , 
     

 ,    –  
 .   (  2) 

   (  
 )    

 ’        (  1).    
 1   Uc   ’  U  .   

  Uc  U  ,       
    Uc.    . 

  Uc  U  ,      1  2. 
   � . 

      ’  .  
    .  ,  ’   -

   ,   –   . 
      ’ .  

 . 6.1 ,         Uc + U . 
     

                                            U  =  (Uc + U ).                                        (6.1) 
 

  –       ’ . 
      ,   

    
                                            U  = (Uc + U ).                                     (6.2) 

 
 (6.2)  U ,    

   ’ :  

                                           = 
cU

U  = 
BK

K
1

.                                      (6.3)   

 1–      � ,   – 
  . 

   ’ ,      < 0,   � .    (6.3) ,  
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  < ,  ’     .  -
   ,       . 

       ,   
 ’  .  , ’     

 . 
 ’ ,    > 0,  .   (3) ,   

 > ,          = + 1 
   .  ,   U  = 0   

U 0,       .   
           

.  
   ’     

  . 
  ,    : 

�     ; 
–     ; 
�       ; 
�       . 

 
6.2.          

 
6.2.1.        
 

                 
. 6.2.  

      ’    U  
   ,              

.        .  
  :  

U  – ,   ;  
R  –    U ;   
R  –  .  

  R    R       
    .      ,     

   ,   R  > 0  R  > 0.   
     ( . 6.2, )  
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                                             R   = U  ,                                                (6.4) 

  U   I  –     . 
  ’ ,     1,     1. 

     
                                               =  + 1.                                                (6.5) 
 

  (6.5)  (6.4),  

                                              R   = 
1

U ,                                         (6.6) 

  –       . 
      ( . 6.2, ): 

                                                        R  = U .                                                   (6.7) 

 (6.6)  (6.7   ,   
 

                                                        R   < R  ,                                                  (6.8) 
 

  ’  ’     . 
      : 

                                               R   =  U  = 
2

U .                                   (6.9) 

    ( . 6.2, )   

                                                   R  = U  = U .                                       (6.10) 

  (6.9)  (6.10) ,                
                         

                                                        R    < R  ,                                             (6.11) 
 

  ’  ’     .  
        

 ’  ’ . 

                                              R   = U .                                              (6.12) 

   –       ’ ,           
(1 + )        ,  

                              
                                             =  (1 + ).                                        (6.13) 
 

 (6.12)  (6.13),  
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                                        R   = 
)1(

U ,                                       (6.14) 

  

                                                           R
I

U                                                (6.15) 

    . 
 (6.15)  (6.14),                                        

                                                        R    = R
1

.                                         (6.16) 

   

                                                        R    = R
1

.                                       (6.17) 

 ,  ’       
    ’  (1+ )  . 

 
6.2.2.         

 
     ’     

   . 6.3.            
                    

        R   = U .                        (6.18) 

 
  ’ ,       

 ,   
 
                       =   � .                 (6.19) 

 
  (6.19)  (6.18),                            

                                                   R   = U .                                           (6.20) 

  (6.20) ,   ’   
’    ,      . 

  ,        
   :  =  .  ’      (6.19),     

,    R  . 
        

’   ’ . 

                                                 R   = U .                                           (6.21) 

   –       ’ ,      
(1 + )        ,  
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1

.                                           (6.22) 

 (6.22)  (6.21),  
 
                                              R  = R  (1+ ).                                    (6.23)  
                     

     
                      
                                              R  = R  (1+ ).                                   (6.24) 
 

 R   R  –         
. 

,  ’   ’     
      ’  (1 + )  . 

 
6.3.      ( ) 

 
  ( )     ,  

       ,   
,    . 

 

 
      1  2 ( . 6.4):  

                                         
                                                        = 1 2,                                         (6.25) 
 

 1 –      ; 
          2 –      . 

    ( . 6.4, )   U    
,   2 : 

                                                               U   = 2 U  .                                    (6.26)  
 

      ’   ( . 6.4, ),  
      ( 2;   1)    

 U       U  .      
 ’      
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                                                U    = 2 U   –  2  1U .                             (6.27) 
 

  (6.26)  (6.27),   ,  U   < U  , 
 ’   ’     . 

    U      
2

nU ,  

   ,   ,  

                                                 U  = 
2

nU .                                            (6.28) 

           

                                             U   = 2
2

nU .                                        (6.29) 

     ’   ’    
 U         ( . 6.4, ),    

    

                                  U    = 2 
2

nU –  2 1
2

nU .                       (6.30) 

 (6.30)  (6.29),   ,  U    < U  , 
 ’   ’    . 

 ,  ’       
(1+ ) : 

                                              k    = k
1

.                                           (6.31) 

 
6.4.      

 
6.4.1.    

      
: U = 1,      .  
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 . 6.5    
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