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 2. 

 GaAs/AlAs  InGaAs/AlAs/InP

§2.1 

 GaAs/AlAs  InGaAs/AlAs/InP

 GaAs/AlAs  In0.53Ga0.47As/AlAs,

 GaAs  InP, . 

.

 –  GaAs/AlAs 

In0.53Ga0.47As/AlAs  GaAs  InP.  – 

, 

. .

2.1.1 .

 ( ) 

. 

 [75]. 

, , 

,  (

)  " " , , 

, . 

, 

, 

, -

.  (

) 

, 
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 1 . , 

,  in situ , 

 ( ),  ( ),

 ( ) .

 GaAs/AlAs  In0.53Ga0.47As/AlAs 

, -25 [76]. 

 EpiRAS IR TT  LayTec, 

 ( ), 

. 

 (

, , ,

) 

, , , 

, . , , 

 [ 3] 

GaAs/AlAs  1 .

,  InGaAs/InAlAs 

 InP , ,

,  GaAs.

 InGaAs/InAlAs 

 III  (Al, Ga  In), 

. 

, 

, .

 GaAs/AlAs,  GaAs (a = 5.6533Å), 

 In0.53Ga0.47As,  InP (a =

5.8687Å)   AlAs  (a = 5.6611Å).  [77, 78, 79],

, , 

 ( ), 

.  In0.53Ga0.47As/AlAs 
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25-35Å [80], . 

 (

 GaAs ) 

» (  X  AlAs) [12, 39-41].

 1  2. .

 GaAs  550º ,

 1.9 Å/c  1.8 Å/c  GaAs  AlAs, .

 InP  450º ,

 1.8 Å/c  0.9 Å/c  In0.53Ga0.47As  AlAs, .

 1. .

, Å
n+ – GaAs 1·1018 -3 5000

GaAs - 400
AlAs - 20
GaAs - 45
AlAs - 23
GaAs - 100

n+ –  GaAs 1·1018 -3 10000
GaAs

 2. .

, Å
n+ – InGaAs . 1·1019 -3 300
n – InGaAs 1·1018 -3 250

InGaAs - 200
AlAs - 12

InGaAs - 90
AlAs - 20

InGaAs - 120
AlAs - 12

InGaAs - 20
n –  InGaAs 1·1018 -3 250
n+ – InGaAs . 1·1019 -3 4000

InP
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2.1.2 .

 «

» ( ). 

 [81].  – 

;  n+- ;

; , 

).  –  n+-  (

;  n+- ; 

; , ;

).  – 

 ( ; 

 5%- ; 

; ; 

, ).  – 

 SiO2  (  SiO2; 

SiO2;   SiO2; ; ,

).  – 

;  5%-

; ;

; ).

. 6. .
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 GaAs/AlAs , 

 “ ” AuGe-Ni 

,  InGaAs/AlAs 

 “ ”,

 V-Au.

. 7. .

. 7 .

 GaAs/AlAs  6 6 2  6 10 2,  InGaAs/AlAs/InP 

– 2.5 8 2.   “ ”,  

,  n+-

. 

 100 100 2.
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§2.2 

. 

) 

 [82]. 

. 

, , 

.

2.2.1 .

 ( ) 

 ( ), .

, , 

. 

, , 

,

 [83]. 

 « », 

,  [84, 85].

 (0.3 ), 

 4.2 300 K ( . 8). 

 He-Ne  (1)  = 632,8 

 = 1,96 )  25 . 

 (2) 

 FieldMaxII . 

 SP-2356i c 

,  (8). 

.
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. 8. .

 (4). 

 (3) 

 ( . 9). , 

.

. 9. .

, 

 (5),  2f-2f , 

. 
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, 

-19 (6).

 GaAs/Al0.2Ga0.8As 

 100Å, . 10.  T = 4.2

.  [86,

87, 88, 89, 90]. , 

.  1.49 

 (e-A0).  1.51-

1.52  (A0X,  D+X,  D0X) 

.  1.555 

). . 10  (1.555

)  (1.5562 ) . 

 2 .

. 10. )  GaAs/Al0.2Ga0.8As  c

 100Å  200Å  1000Å 

 T = 4.2 . ) 

, .
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. 10

, 

, 

.

2.2.2 .

, 

 ( . 11). 

. 

300, , 

 R , . 

 R :

, 

 (  200 ).

. 11. .

 I  U  ( . 12).

.  I  U

.
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. 12. .

 I  I ,

, – 

 J ,  I

 S .

, 

 N- . 

 „ “  3.3  GaAs/AlAs 

 6·104 2.  InGaAs/AlAs/InP  c

 „ “  7-10  2·104 2.

§2.3 

 1.2 2.4 2

0.8 1.6 2 ( . 13). 

, 

 Au  15 . 

 SMD  =

470 . 

 SMD R  = 15 .
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. 13. .

 C . 14. 

 GPS-4303 300, 

, , 

R  = 1 , . 

, 

 2 . 

.

. 14. .

 C  ( )  

 111  90 . 
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. C

, 

. 

, 

,  10 , . 

, ,  10 . 

,  222 

 40 . 

 (128 ) 

 (lock-in) SR830.

 2- .

1. 

, in situ (

) , 

.

 GaAs/AlAs  InGaAs/AlAs/InP

.

2. 

.
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 3. 

 « » 

 [A1, A2].

,

 [26, 27], 

.  [26] Jc( , )   

:

,
))((

),(~4,
2222

2

0 envaeE
JJ C

C (1)

),(~
CJ – , aeE0  – 

 (a – ), 

(t) = 0·cos( t), env  – 

, = 0 – R – 

,  –  ( . 15).

Jc( , )  ( ) 

,  [91]:

,),(~4),(
0aE

J
c

C (2)

c  – ,  - .

,   (1),   [26],  

,  [92] 

, 

. ,  [26] 

, 

,  ( .  5).
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 [92]  

, 

 [A12].

. 15. 

. 0 – ,

 – 

R,  – ,  – , a –

.

Jc( , ) 

,  [92]:

.
)(2

,
2

,

,111
2
1

1
4
11

1

2

2
2

2

Rbb
b

Rw
w

bw

wb

b
Rb

R
bb

Rb

b

bw
b

R

Vm
k

m
k

km
km

bkth
V

bkbthk
V

V

bkthak
bkch

(3)

a b – , Vb – , mw  mb – 

, kw  kb – .

 (3)  GaAs/AlAs  (mw = 0.067m0, mb
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= 0.15m0, a = 45Å, b = 18Å, Vb = 0,9 ) 

: R = 121 ,  = 0.25 .

 « » 

 [A6].

,

 [29], 

. 

. 

 [29] , 

. , , 

, ,

, . 

 ( ), 

. ,

, 

, 

 ( . . 16). 

 V0, , 

, , 

.

 3.1 

, 

 (

).  3.2  3.3 

, 

 ( ) 
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0 . 

: 1/2)/( 1
*

Rb mbV  (  " "

) 121 RRR  (

 [29].

. 16. 

. 0 – ,

 – ,  – , a – 

, V0 – 

.

 4, 

.  4 

, 

.
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§3.1 

 [26],  

-

.  (1) Jc( , ) 

, 0

R (  = 0 – R = 0), 

.

 > , . , 

. 

 « » [26]. 

, 

R,  1/ , 

 (~ 1/ 4). , 

,

.

, ,

, 

. 

,

 ( . 17).

. 17. 

.
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,

, 

. , , ,

,  (

), , , , 

.

, 

) 

. . 18 

Jc( , ) 

.  [26] 

Jc( , ) /

, 

.

. 18. 

 = 0.05÷1.25 .  = 0.25 .

.  (  <  ),  . –

»  (  > ).
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Jc( , )  0  < , 

0

. 

, 

 ~1/ 4 ( . 18 ). 

Jc( , )   > , 0

R , 

.  « » , 

» 0 = R +  

R.  « » 

22 , -

, 

 ( . 18b).

. 19 Jc( , )  

 ( ) , , 

 ( )  

. . 19, 

Jc( , ) 

. Jc( , ) , 

. , 

. 

J ) , 

, , . 

» J ) ,  

, 

, , 

. J ( )

:

3
2 422422

max . (4)



43

. 19. 

)  ( ) .

 = 0.25  ,   (3)  

. , 

. 

. 19, :

 Jc ( , ) , , , 

 « » .
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§3.2 

 3.1 

, 

0 R

. 

 (  < ) , 

 (  >  )  

.

0

 [A6]. . 20  Jc

 ( ) 0

:  2.5  (  = 0.01 ) 

0.5  (  = 2 ). 

0 =  R1 0 =  R2.  ,  

. 20, , 

1, 2, 4, 7, 9

 ( ) 3, 5, 6, 8, 10

). 7, 8 9, 10, 

R1 R2, , . 1, 3 4, 6,

 = 2 ,

. , 

, , 

 ( ) 

 ( ). 

»  « », ,

 [93] 

, 

 [94].
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. 20.  Jc

0 0.01= 2 ,  : 7== ba

, 0.9=bV , 00.067=* mm . .

2 5 0 =  R1 0 =  R2

, , 

R1 R2, . ,  [93].

2 5 .

 V0, 

, , 

. 

0 = R1,R2

, 

. 

 = R1 -

R2.  ( . 21 ),  V0 = 0 

, .

 J1  J2, , , 

 « »  « » 

, . 

, 
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.

. 21.  Jc 21= RR

)  ( )  V0 .

.

,   V0 = 4  ( . 21 )  J1( 0 = R1) 

 J2( 0 = R2) – . 

, . 22,  J2

,  J1 , , 

.

. 22.  J1( 0 = R1)  J2( 0 = R2) 

21= RR  V0.
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, . 

 V0

. 

. 

, 

 = R1 - R2. 

R1 R2 .

§3.3 

. . 23 

Jc , 

,  = 90÷125 ,

R1 R2.

. 23 , 

res = R1 - R2. 

, 

.

, 

0 R1- R1+

. 

. , 

, 

, , 
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, 

» 

.

. 23. ( ) cJ ,

12590= 2=0eV  (

); ( ) 

res

 V0.

V0 . . 23 , 

res  Jc

 V0. .,  V0

, . .  V0 > 1

. 

 V0 = 2÷15  2÷4 .
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.

, , , 

, ,

, , 

. 

 ( ). 

, 

.

§3.4 

. 

 [A5] , 

.

, , 

Ic ( , ),  

= 0·cos( t),  [28]:

dttgttaeEJegI gt
c 2

cos2sin
2

sin),(
1010

0

0
1 (5)

 – , g = 10-3 /h  –  

, J1 – 

,  – ,  – 

,  – ,  – .

Ic ( , ) 

,  ( S = 3x3 2),  

 eEa/2, , 

2

8
EcS

 (  1.3·10-8·SE2, 

,  E ,  S 2).
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. 24. 

,  0 - 10-11

:  = 1 , = 4 , = 1 , = 104 ,  = 1  ( = /2

- .

 (  = 4 , 

 = 1 ). 

Ic ( , ) , 

 10-10. 

 ( . 24), , 

, gt

.

. 25 

 (5) Ic ( , ) 

 = 0.2 – 5 : 1 , 5  10 . .

25 , 

,  [26]. , 

,  (5) ( .

25 ), , 

. 25 ).  ( . 25  25 ) 

,

 ( ,   <  ),  

, 

 « »  ( ,  > ).



51

)

)

)

)

. 25. Ic ( , ) 

 1  ( ), 5  ( ), 10  ( ) : 1 –

0.2 , 2 – 0.5 , 3 – 1 , 4 – 2 , 5 – 3 , 6 – 4.14 , 7 – 5 .
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, . 

, , 

, 

. , , . 26, 6

. 25  1/  .

. 26. 

.

  = 10  ,  1 .

. 26 , 

 = 0.25 , .

, , 

  .

, 

Ic ( , ) , 

, 

. 

Ic ( , )  50 

 0.2 )  « »  1  (  4.14 ),

. 27. , 

Ic ( , ) . , 

,  « » . 
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, ,    3-5

.  « » 

 30-50  .    = 10  (105

2  3 3 2) Ic ( , )  

» ,  50% ,

.

. 27. Ic ( , )

 50 

1 ,  « » .

 1  50  (4.14 / 0.2  20, , ,

, 

).

 3- .

1. 

, 

.
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2. , 

.

R0= , 

 ( )  ( ) 

. , 

, , 

.

3. , 

,  « » , 

 « » . 

 « » 

 105 2.

4. . 

, -

, , ,

.

5. , 

, 

, 

.

6. 

.
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 4. 

, 

, 

, 

 ( )  ( ) 

, . 

 In0.53Ga0.47As/AlAs/InP, 

 1 .

§4.1 

, 

, ) ). 

 ( , ) 

. 

.  

, . , 

. 

.  ( ) 

, 

, .
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. 28. 

.

, 

, Vac(x, t), 

, 

),(),()()(
)(

1
2

2

trtxeVxeVxU
xmt

i acdcs , (6)

m -  ( , ), Us(x) –

,
L
xVxV dcdc )(  – 

Vdc , L –  ( . 28). 

Vac .

t
L
xVtxV acac sin),( .

x , ),( tr

)exp(),(),( yikziktxtr yz . (7)

),( tx  (6) 

),(),()()(
)(

1
2

),( 2

txtxeVxeVxU
xxmxt

txi acdcs . (8)
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.  (8) 

, . 

Vac(t)

, k, 

.

, :

tiAerAetx ikxikx exp),( ,    x  0;

tiAettx ikx exp),( ,    x L.

(9)

x = 0 x = L :

0),(1),(

exp2),0(1),0(

x
tL

ik
tL

ti
x

t
ik

t

C

E
, (10)

2
2 E

E
mk

2

)(2 eVm
k C

C  –  

 ( )sin( teVeVeV acdc ), mE mC , ,

,  – ,

. 

, x L .

, , :

teVi
x

tL
ik

tL

x
t

ik
t

C

E

)(exp2),(1),(

0),0(1),0(

. (11)

 (10), (11) , 

 [26].

 (8) 

Vac = 0.



58

. 

. .  (8)

. 

. 

, 

, , . 

 1/50 – 1/100 

 = /2  = 1010÷1013 .

),,( tx , I(t) ,

:

)()()( tItItI CE , dqtDetI CECECE
0

,,, )(),(
2

)( , (12)

dx
x

txtx
x

txtx
Lk

tD
L

CE
CE

0

*
*

,
,

),(),(),(),(11),( , (13)

)(,CEq  – , 

. 

Tk
ETmkq

B

FB
E exp1ln)( 2 ,

Tk
eVETmkq
B

dcFB
C exp1ln)( 2 (14)

T – , F – , 

 ( ). D( , t)

.

Ja, .

, Jr .  ( )

I(t), 

/2

0

sin)(),( ttdtIVJ aca , (15)

 (15) 

, . , I(t) . 
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Vac

.

( ) , 

:

aca VJ /)()(' . (16)

.

ja( , )  , 

:

.)(),()('
0

dqja . (17)

ja .

 0 ' ( ) 

.' 0
dcV
I

. (18)

 (18) 

.

 In0.53Ga0.47As/AlAs/InP .

 ( ) 

 ( )  In0.53Ga0.47As/AlAs/InP 

: mw = 0.041m0, 

Ec  In0.53Ga0.47As/AlAs,  1.2 .  GaAs/AlAs mw =

0.067m0, Ec  GaAs/AlAs  0.9 .

 (a/b/c)  (a/b/c/d/e), 

, . 

 1 ÷ 3 1018 -3

. mb . 
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 (14/45/14), 

 In0.53Ga0.47As/AlAs  106 2. 

 (mb =  0.15m0,) 

. 

 [95]. 

.

§4.2 

 In0.53Ga0.47As/AlAs

. . 29  30 

(14/45/14) , 

. EF = 0.1

,  300 

1.3·1018 -3.

. 29 I(Vdc)

dI/dVdc. . 

, ' , 

) .

. 29 r

Dmax(Vdc) , 

. 

Vdc: V1 =  0 ; V2 = 0.24

); V3 = 0.357

); V4 = 0.421  (

dI/dVdc); V  = 0.432  (

).



61

. 29. )  (  1) 

dI/dVdc, (  2), Vdc, 

 – . b) 

, rD

 1) rw

 (  2), 

 (  3). c) D

Vdc:

V1 = 0 ; V2 = 0.24 ; V3 = 0.357 ; V4 = 0.421 ; V5 = 0.46 , 

 14/45/14 

 (EF = 100 ).
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r

rD  (  1) 

rw  (  2).

. 29 , 

D( ) .

r, . 29b, 

Vdc. rD rw, 

, .

r rD rw . rw

 2) Vdc , , 

. rD (

1), , , rw

, Vdc.  

D(Vdc)  c

 Vdc, Vdc  0.54 D( )  ( ,

). ,  [96]

, 

 (

, ). 

, 

,  - 

. , 

, 

, 

rD - rw.

. 29,  ( )

Vdc =V3 r= 0.04 , . 

EF,  ~0.5 . 

V D( )

 (  ~  20  ),  

r  (14) ( T

= 0 q ~ EF- r) D(Vdc). Vdc > Vc D( ) 

, ,  ( .  5 . 29 ).
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. . 29 , 

, . 

 0.2, V4, 

,  0.43 ,

. 0rw  (  2 . 29b)

, , 

 > 0.

. 30 

)(' Vdc

. 

)(' , 

, 

, , 

. 

 (  20 ), 

, .

' (Vdc) 

dI/dVdc  ( . . 29a). 

)(' Vdc = 0.42 , dI/dVdc, 

7.9·106 2. , 

 (20 ) 

 c .

Vdc  0.44 '

. ,

. '

. 

. , 

.
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. 30.  - '

) 

Vdc: 1 – 0.36 ; 2 – 0.38 ; 3- 0.40 ; 4 – 0.42 ; 5 – 0.44 ; 6 – 0.46 ; 7 – 0.48

 14/45/14 

 (EF = 100 ).

: 

  ( 0' ) Vdc, V4 = 0.042 ,

dcdVdI /  (  1  .  30)  ( ),  

, V4 (  6  7 . 30). . 

)(

 ja( )

 ( . . 31b).  - 

 ja( ) 

 ( . 31d). )(

D( )

q( ).
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4.2.1 

.

)('

ja( )

 (17). . 31 

,  (14/45/14) 

Vdc .

, : Vdc = 0 ( . 31a)

ja( )  [26, A6]. 

, 

 (  20 ). 

, .

 ( ), 

 = |  - r|,

 (ja < 0)  (ja > 0) 

, .

q( ) , 

. 

V < V3 ( . ) 

  .

Vdc  0, Vdc

 [26, A6]. 

, 

ja( ). 

ja( r) , r (

) 

. 

. Vdc

 ( ) , 

 ( ). 
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' Vdc

Vdc=0.42 , 

 ( . . 29 ).

. 31. ja( ) ,

, :

1  –  0.01  ;  2  –  2  ;  3  –  4  ;  4  –  6  ;  5  –  8  ;  6  –  10  

Vdc:  a – 0 ; b – 0.38 , c – 0.42 ; d – 0.46 

 14/45/14.

. 

ja( ) 

, . 
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ja( ) ja ~ dD/dVdc. 

, r , )( dcVD

r  ( )(D Vac).

Vdc, ,

, ,

 - . 

ja( ): 

. Vdc=0,46 , 

 5 , 

)('  ( . . 30). 

ja( )  ,

.   (17),  ,  '

, ja( ) 

q( ), .

, , 

. 

, 

, . 

, , . 

, , 

 50  (  1 . 29b),

 (  5 . 29 ). 

V > V

, 

 (  1-6 . 31d), 

 (  4 . 31d), 

V < V4 ( . 31 a, b  c).

. 32 

ja( ) ( ext = + - ) 

 ( )(ext
aj  = j+ j- ) 

V =0.40  0.46 . 
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: ext(h )= r + h , .  « » .

r , 

. Vdc = 0.4 r = 17.3 

,  ( rD = 18.4 ).

.

. 32. ext

 |ja| , 

Vdc 0.40  (a)  0.46  (b)  14/45/14.
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Vdc = 0.46 r = -13.9 , . 

r,  (  2 

. 29b). r , 

, 

, 

 ( . . 29 ).

Vdc = 0.4 Vdc = 0.46 

ext( ) ( .  32),  

» . 

 10-20 . 

h , , 

ja . 

Vdc = 0.46   (  30 ) 

Vdc = 0.40  ( = 20 ) ( . . 29 ), 

Vdc = 0.46 . Vdc = 0.40   ( .  32a)

jext(h )

, 

)(' .  Vdc = 0.46  ( . 32b) jext(h )

 = 5.3 , D( )  =

9.75 . )('

 5 Vdc = 0.46 .

4.2.2 .

. 

, , , 

 ( ' ). ,

, , dI/dVdc , 

' . )('

,  14/45/14 . 30). 

'

,  « » 

.
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,  20Å  7 ,

 25Å –  2.5   (  14Å  20  ).  

 14/45/14Å

 20/45/20Å  9  25/45/25Å. '

 7.9·106, 4.5·106  2.2·106 2.

, , ,

D( ) , 

. 

,  ( ) 

. 

 25/45/25Å  20/45/30Å. 

 0.4, 

 20/45/30Å 

. 

 (2.5  1.7 ). 

 (0.6·105 2) ,  (1.2·105 2),

dI/dVdc  (2.5·106  7.6·106 2).

. 33 

 25/45/25Å  20/45/30Å. 4

, dI/dVdc .

. 

, 

,  – . , 

. . 30 . 33 , 

 20/45/30Å 

 14/45/14Å, .

, , 

, V4.  ,  ,  

, Vdc =V4 . 

.
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. 33. '

Vdc  a) 

 25/45/25   Vdc: 1 – 0.40 ; 2 – 0.42 ; 3- 0.43 ; 4 – 0.44 ; 5 – 0.45 ;

6 –  0.46 ; 7 – 0.48 ; b)  20/45/30   Vdc: 1 – 0.46 ;

2 – 0.47 ; 3- 0.48 ; 4 – 0.49 ; 5 – 0.50 ; 6 – 0.51 ; 7 – 0.52 . EF = 100 .
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, 

'( ). ,  14/45/14Å EF = 0.1

 0.2 , ,  (Vdc =  0.42  ),  

 (Vdc = 0.50 ) , ' . 

)(' .

, 

. 

dI/dVdc .

§4.3 

. ,  [29, A6], 

, .

r1,2, . 

, .

. 

, 

, . 

. 

: 

EF. EF = 50

 100Å. 

.

,  [A6], 

, 

, .
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,

. 

. 

12/120/20/90/12Å. EF = 50 .

r(Vdc).

 12/120/20/90/12Å . 34 ,  –

. 

D( ). 

D( )  ( 1 2) 

 ( 3). .34 , Vdc ~ 0.060 

, r2 – r1

 3.7  .   ~  1.0  .  

6 7) . 34 D( )

 - Dmax(Vdc). 6 , 7 – . Vdc = 0

.  (

), 

Vdc , 

, . 

.  ( 1 . 35) , 

, ,

.

r2 – r1, 

, , r2 – r1 . , .

 [96] 

, 

. . 34b  34c,

r(Vdc) Dmax(Vdc)  12/120/30/90/12Å  12/120/35/90/12Å,

, . , 

 D( ).
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. 34. max (  1,  2,  4)  min

 3, 5) D( ) Dmax

Vdc (  6, 7, 8) : ) 12/120/20/90/12Å, b)

12/120/30/90/12Å, ) 12/120/35/90/12Å. EF = 50 .
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, 

. 

, D( )  30Å  35Å,

 0.5 ,  ~ 2.5 .

. 34b,c, 

,  (  6 .

34b). Dmax(Vdc) , 

 (  6 

. 34 ). . 

, .

, 

. , 

. , 

 3.1·104 2, 1.9·104 2  1.0·104 2 . 35).

. 35. : 1

- 12/120/20/90/12Å, 2 - 12/120/30/90/12Å, 3 - 12/120/35/90/12Å.
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, )(' ,  

. . 36 

 12/120/20/90/12Å ( . 36 ) 

12/120/35/90/12Å ( . 36b), 

, 

. )('

.

)(' , 

. 36, 

. , 

, , ,

 (  0.7 – 3.0 ,  3

- 10 ). , 

. 

, 

, 

. 

, 

, 

  .

, , 

 [29, 6]. , 

. 36a,  0.7 – 3 

, , 

. , 

, .
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. 36. '

: a) 12/120/20/90/12Å, b) 12/120/35/90/12Å, 

Vdc :

a) 1 – 0.062 , 2 – 0.064 , 3 – 0.066 , 4 – 0.068 , 5 – 0.070 , 6 – 0.072 ,

7 – 0.074 , 8 – 0.076 , 9 – 0.078 , 10 – 0.080  b) 1 – 0.058 , 2 – 0.059 ,

3 – 0.060 , 4 – 0.061 , 5 – 0.062 , 6 – 0.063 , 7 – 0.064 , 8 – 0.066 , 9 – 0.068 ,

10 – 0.070 , 11 – 0.072 . EF = 50 .
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4.3.1 .

 12/120/20/90/12Å,  20Å. 

Vdc  « » ( . 36 ). 

'  (

) , 

. ' Vdc dI/dVdc. h ,

, r2 – r1. 

.

, 

. 

. 

.

)('

 12/120/35/90/12Å ( . 36b). 

0.058 – 0.061 ,  « » , 

 ( ). , 

' . Vdc

Vdc  0.062 , 

)(' ,  12/120/20/90/12Å. 

'

 12/120/20/90/12Å 

. , 

: 

.
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. 37. '

 20/120/20/90/20Å 

Vdc: 1 – 0.068 , 2 – 0.070 , 3 – 0.072 , 4 – 0.074 , 5 – 0.076 , 6 –

0.078 , 7 – 0.080 , 8 – 0.082 , 9 – 0.084 . EF = 50 .

.

, 

, . 

. , 

12/120/20/90/12Å  20/120/20/90/20Å 

, ,  3.4  4.0 ,  – ~1

 0.2  ,   3.1·104  5.5·103. . 37 

'

Vdc  20/120/20/90/20Å. 

 12/120/20/90/12Å  ( .  .  36a),  

: )('

), 

' . 

,  In0.53Ga0.47As/AlAs  20/120/20/90/20Å

f = 1÷5  ( f = 0.25 ) 

 Vdc = 0.07÷0.11 .
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. 

, . ,

 70Å  50Å '  2 . 

, , 

.

 50 , 

. 

. 

, . EF

r . 

EF, 

. EF eVp, Vp ,

.  12/120/20/90/12Å, 

EF = 100 , , 

, . , EF

. ' , EF , .

, '

' ) EF =  100  

, EF =50 . 

. 

)(' . , 

EF =  100  ,

 1.3·1018 -3.

4.3.2 

.

)(' , , 

ja . 

 [ 6], , 

.
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. 38 ja
 12/120/20/90/12Å 

Vdc: 0.062  0.072 . 

,  – , '

. 36a).

 (  1 . 38) 

, 

, , 

. 

ja( ) 

r h , , 

, , , 

r. =0.9·  (3.7 ) (  3 . 38 ) =1.6·  (6,6 )(  5 

. 38b) ja( ) 

.  |ja( r2)| . 

' 12 rrh , , 

.

 0.062  0.072 , . 38, 

. Vdc= 0.062 

, 

. 

Vdc = 0.072 . 

r1 , ,

r2, 

. 

, , Vdc= 0.072 , 

.

.
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. 38. 

ja( )  12/120/20/90/12Å c EF =  50  

: ) Vdc =  0.062  ,  b) Vdc =  0.072  ,  

 : a) 1- 0.01 ; 2 – 0.4 ; 3 – 0.9 ; 4 – 1.0  b) 1- 0.01 ; 2 – 0.4

; 3 – 0.8 ; 4 – 1.2 ; 5 – 1.6 .
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4.3.3 .

. , 

, 

, 

, . , 

, 

, 

. ,  , 

.

. 39a ext  (  1) 

max
 3), )(  ( . . 36a), 

Vdc  12/120/20/90/12Å. , 

, , 

.  | ' |max Vdc

 0.062 ,  ~5·106 2 Vdc =  0.072

. ext , 

, ,

 1 ,  3.5 Vdc = 0.090 . , 

 ( ) 

,  1÷3.5 .

 2 . 39 21 rrh . 

 1  2 , 

.

 20/120/20/90/20Å ( .

. 37) , , 

 (  1  12Å  0.2 

 20Å). 

, .
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. 39. ext  (

1, )  | ’|  (  3 – ) Vdc.

 2 – , 

: a) 12/120/20/90/12, b) 12/120/35/90/12.

. 39b  12/120/35/90/12Å, 

. , , 

, ext .

Vdc = 0.058÷0.062  | ' ( )|  

. , Vdc = 0.062÷0.064

 | ' ( )| , )( dcext V .
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, 

, .

, .

, 

, 

.

 4- .

1. , , 

 (

) 

, 

, .

2.

. , 

R , R

 (

)  (

), 

.

3. , 

. 

. 

. 

, 

. , 

 ( ) 

 ( ). 
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. 

.

4. ,   In0.53Ga0.47As/AlAs  (12÷15Å) 

 40-50Å, 

, 

,  (  ~ 20 ).

, 

, , 

.

5. , 

, 

,

.

6. , 

, 

, ,

, 

, 

.

7. , 

.

8.

,  1 

, 

, , 

, .
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 5. 

§5.1 

 – 

. 

 ( , 

) . 

. 

), . 

.

I

0
0 )(1)( tdtIVJ ac , (19)

/2  - .

, 

, Vac

J0

Vdc [97]:

2
2
0

2

00 4
1)( ac

dc
ac V

dV
Jd

JVJ , (20)

 (20) J0(Vac) Vac

. 

 (20) 

.
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5.1.1 

.

. 40  (  – 20Å,

 – 45Å)  (  –

12Å  20Å,   –  120Å  90Å)  ,  ,  

 (20) 

 < ).  In0.53Ga0.47As/AlAs ( Vb = 1.2 ,

, , m* = 0.041m0). 

EF = 0.083 , 

 1018 -3.

. 40.  (  1) Vdc (  2) :

)  20/45/20, )  12/120/20/90/12. EF = 0.083 , T=300 .

)(/ 2
0

2
dcdc VdVJd . , 

2
0

2 / dcdVJd , 

, 

), .

. 41  42 

 c 

.  0.1  12  (  =

0.4÷50 ),  –  0.01  3  (  = 0.04÷12 ). 

 (  6  )  

 (  1 ).
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. 41.  20/45/20  Vac =

0.05 f : 0.1  – 1, 5  – 2, 10  – 3, 12  – 4.

 ( . 41) f  < 5 

,  ( )  (6).

 ( ), 

 = Er + . 

Vdc  0.43 , 
2

0
2 / dcdVJd .

. 42.  12/120/20/90/12 

Vac = 0.01 f : 0.01  – 1, 0.1  – 2, 1  – 3, 2  – 4,

3  – 5.

 ( . 42) 

. f  (
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) 

, 

. 

, 

, 

.

5.1.2 

.

J0(Vdc) . . 43 

J0(Vdc) f  = 111 

. 43 )  ( . 43 ) .

. 43. Vac  ( f  =

111 ) : ) Vac: 0  – 1, 0.02  – 2, 0.04

 – 3, 0.06  – 4, 0.08  – 5, 0.1  – 6; ) Vac: 0  –

1; 0.005  – 2; 0.01  – 3; 0.02  – 4; 0.03  – 5.

J(Vdc)

 (  (20)). 

Vac  (Vdc  0.3 Vdc  0.43 ), 
2

0
2 / dcdVJd , Vac.

J(Vdc)  (20) 
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Vac = 0.01 . Vac

, , 

Vdc. 

, . 

 5.2.3.

§5.2 

5.2.1 

.

. 44 

 12/120/20/90/12Å 

f  = 111 .

. 44.  InGaAs/AlAs 

(f  = 111 ):  ( )  ( ) .

, 

,  N-

.  ( Vdc  0.2  )   ( Vdc  0.35 )

, 

Vdc  0.22 ÷ 0.35 , 
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U  0.28 ÷ 0.35 . , 

P  = 0 ÷ 50 

,  (20). 

, P  ~ 100 , 

: , 

.

. 45.  GaAs/AlAs .

 GaAs/AlAs 

. 45). 

 ( V  < 0.1 ), 

 (  <  500  ).  

 « » , 

»  – , 

.

 ( . 46). . 46

» dcdc VdVId 2
0

2 / . 

 (20), 
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dcdc VdVId 2
0

2 / . , . 46 ,

 50 .

, 

, 

dcdc VdVId 2
0

2 / . 

 (20) , ,

.

 ( . 47).  GaAs/AlAs 

 Vdc

 ( . 47 ).  0 ÷ V

. 

. 47 :  0.05  (

),  0.05÷0.87  –  ( ),  0.87÷1  –

. , 

 –   Vdc  0.05   Vdc  0.87 . , 

.

. 46.  InGaAs/AlAs

 (f  = 111 ) 

Vdc. : ) 50 , ) 500 .
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, 

. 

, 

.

. 48

, .

, 

.  (P  < 50 )

, ,

. 

: 

» (Vdc  0.15 ÷ 0.25 B) , 

(Vdc  0.35 ÷ 0.5 B), , .

 Vdc  . 48 .

. 47.  GaAs/AlAs 

 (f  = 111 ) 

Vdc.
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. 48. a) 

. ) 

 Vdc : 0.11 , 0.18 , 0.41 .

, 

I0(P) 

 (Vdc = 0.18 . 48 ), 

. ,

 1 ,  Vac

,  « », 

, 

. 

,  (Vdc = 0.11 

. 48 ), 

. 

I0(P)  (Vdc = 0.41 .

48 ), , 

.

5.2.2 .

, .  (zero bias detection).

, ,



96

. 

. 

dcdc VdVId 2
0

2 / , 

, ,  Vdc = 0. 

, , , , , 

 [98, 99].

 (n+)  [100].

, 

, 

, 

 [101, 102], , 

 n+

. 

,  [103] 

.

, ) )  []. 

.   

. 

 Vdc = 0. 

, 

 Vac, 

 Vac, 

. 

 ( . §4.1).
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 3  4. .

49  50 

. 

 EF = 83  (  n 

1018 -3, T = 300K). 

, 

. , ,

, . , 

dcdVdI /0  Vdc = 0 , 

dcdVdI /0 ,

 106 /( 2 ).

 3. 

 In0.53Ga0.47As/AlAs .

R, , 

12Å/80Å/12Å 92 5.3
12Å/90Å/12Å 76 3.6

12Å/100Å/12Å 64 2.6

12Å/110Å/12Å 54 1.9
12Å/120Å/12Å 47 1.4

 4. 

 In0.53Ga0.47As/AlAs .

R1 R2, , 

12Å/70Å/12Å/70Å/12Å 102
126

3.4
4.8

12Å/80Å/12Å/80Å/12Å 84
101

2.3
3.3

12Å/90Å/12Å/90Å/12Å 70
83

1.6
2.2

12Å/100Å/12Å/100Å/12Å 59
69

1.1
1.5

12Å/110Å/12Å/110Å/12Å 50
58

0.8
1.0
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. 49.  In0.53Ga0.47As/AlAs 

.

. 50.  In0.53Ga0.47As/AlAs 

.

, . . 

)  ( ) 

 Vdc. . 51 

, 
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In0.53Ga0.47As/AlAs 

. , 

. , 

, . 

.

. 51. 

(b = 12, 15, 18  21Å)  (12Å) 

 (100Å). EF = 83 , T= 300 .

. 

, 

, .

,

. , 

, , 

. . 52 , 

 In0.53Ga0.47As/AlAs 

 T  =  300K   EF =  83  .  ,  

, . 

, 



100

. . 52 , 

 (100Å), 

,

. .,

, ,

, 

 (4-5 )  I0

.

. 52. 

 (a = 100, 97, 94, 91, 88 85Å)  (100Å)  

 (12Å). EF = 83 , T= 300 .

2
0

2 / dcdVId ,

. . 53 

 Vdc =  0   In0.53Ga0.47As/AlAs 

 80÷120Å 

 12Å. , 

, b  16-18Å  ( b =  4-6Å)  
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. 2
0

2 / dcdVId , , 

90-110Å  7·106 /( 2 2).

. 53. 2
0

2 / dcdVId b

.

dcdc VdVId 2
0

2 / .

. , 

 16-18Å , 

, 

, 

.
2

0
2 / dcdVId . 

, 
2

0
2 / dcdVId  80-100Å ,  100Å

. ,

.  – 

R  EF

 (

R ).  – 

, 
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, , ,

.

. 54. I0

 ( )  ( )  Vac.

I0

 Vac.  (Vdc = 0)  In0.53Ga0.47As/AlAs

. 54. , 

, . 53. . 55 
2

0
2 / dcdVId  Vdc = 0, . 56 –

 In0.53Ga0.47As/AlAs . 

 70÷110Å a – 

 (b = 12Å).

. 55, 

, 

a  6Å.  2
0

2 / dcdVId , 

, 100Å,  108 /( 2 2).

, . 53-56, 

.
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. 55. dcdc VdVId 2
0

2 /

a  (b = 12Å).

. 56. I0

a =  6Å  ( )   ( )

 Vac.

,  ( . 54

56 ) I0 ,  

 (20),  Vac. 

I0(Vac) 
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2
0

2 / dcdVId  Vdc = 0 ( . 53  55). 

I0  12Å/100Å/18Å  12Å/110Å/12Å/104Å/12Å ,

 ( .  ), 

 Vac : I0
1w  40  2, I0

2w  600
2  Vac = 0.005 .  . , 

 (  54  56 ) 

I0

, 

, 

, , 

.  Vac

, .  « ». 

, 

, , , 

, . , , 

,  Vac > 0.06 I0

 12Å/110Å/12Å/104Å/12Å 

,   12Å/90Å/18Å.  .  56  

. , , 

110Å 80Å

I0(Vac)  0.05-0.1

I0
max = 20 /( 2 ), 

 ( . . 54 ).

, 

, 

, 

.
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