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A study is m a d e of the i m p o r t a n c e of the r a n d o m field w h e n t h e c o n d u c -
t i v i t y of a d i s o r d e r e d s e m i c o n d u c t o r is d e t e r m i n e d by the d e r e a l i z a -
t i o n of some of the b o u n d c a r r i e r s . The r a n d o m field w e a k e n s the v o l t -
age d e p e n d e n c e of the c u r r e n t . 

1. I N T R O D U C T I O N 

It h a s r e p e a t e d l y b e e n p o i n t e d out t h a t it is v i r t u a l l y i m p o s s i b l e to p r o -
duce o r d i n a r y h e a t i n g of the f r e e - c a r r i e r gas in a d i s o r d e r e d s e m i c o n d u c t o b e -
c a u s e of the short m e a n - f r e e p a t h . T h e r e a r e t h e n the t h r e e p o s s i b l e m e c h a n i s m s 
r e s p o n s i b l e for the d e v i a t i o n from O h m ' s law in such a m a t e r i a l : 

1 . D e r e a l i z a t i o n of some of the c a r r i e r s , w h i c h lie in not very d e e p d i s -
c r e t e l e v e l s in the a b s e n c e of the v o l t a g e . (By d e l o c a l i z a t i o n h e r e and s u b s e -
q u e n t l y is m e a n t the p a s s a g e of a c a r r i e r to a s t a t e l y i n g a b o v e the b o t t o m 
of the c o n d u c t i o n b a n d , w h i c h d o e s not n e c e s s a r i l y c o i n c i d e w i t h the c l a s s i c a l 

o n e ) . 

2 . D i r e c t a c t i o n of e l e c t r i c field on the jump p r o b a b i l i t y . 

3 . E l e c t r o n r e d i s t r i b u t i o n over the l o c a l levels in r e s p o n s e to the field 
(this is s o m e t i m e s c a l l e d h e a t i n g of the l o c a l i z e d c a r r i e r s ) . 

H e r e w e c o n s i d e r the first of t h e s e m e c h a n i s m s , a l t h o u g h the g e n e r a l a r g u -
m e n t s on the r a n d o m field a p p l y also to the s e c o n d . 

It is u s u a l to c a l c u l a t e the d e l o c a l i z a t i o n p r o b a b i l i t y in i n t e r p r e t i n g the 
d a t a , as this is r e s p o n s i b l e for the c h a n g e in shape of the f l u c t u a t i o n p o t e n t i a l 
w e l l in a h o m o g e n e o u s f i e l d , w h e n the field s t r e n g t h is t h e n e q u a t e d w i t h 

(i) 

w h e r e V is the p o t e n t i a l d i f f e r e n c e a c r o s s the s p e c i m e n , L is t h e l e n g t h in the 
c u r r e n t d i r e c t i o n , and v is t h e u n i t v e c t o r in that d i r e c t i o n . 

S u c h a p r o c e d u r e is j u s t i f i e d in a p p l i c a t i o n to a s u f f i c i e n t l y large s p e c i -
m e n w i t h o u t a r a n d o m f i e l d , since the p o s s i b l e i n h o m o g e n e i t y of the field in such 
a s p e c i m e n is r e l a t e d o n l y to b o u n d a r y e f f e c t s . H o w e v e r , r a n d o m b a n d c u r v a t u r e 
m a y o c c u r if t h e r e is r a n d o m field in the m a t e r i a l , i . e . , the s p e c i m e n m a y be 
•internally i n h o m o g e n e o u s [5]. The s p a t i a l scale of this i n h o m o g e n e i t y is large 
by c o m p a r i s o n w i t h t h e c h a r a c t e r i s t i c l o c a l i z a t i o n r a d i u s (which j u s t i f i e s the 
t e c h n i q u e used in s o l v i n g the q u a n t u m - m e c h a n i c a l p a r t of the p r o b l e m ) , but it is 
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s m a l l by c o m p a r i s o n w i t h t h e d i m e n s i o n s of the s p e c i m e n (the s p e c i m e n is m a c r o -
s c o p i c a l l y h o m o g e n e o u s ) . A l s o , the r a n d o m field of itself d o e s n o t of c o u r s e 
p r o d u c e the r e s u l t a n t c u r r e n t (whose d e n s i t y is p r o p o r t i o n a l to the e l e c t r i c p o -
t e n t i a l g r a d i e n t V F ) , but a l l the same it a p p e a r s in the H a m i l t o n i a n , w h i c h m e a n s j 
that the d e l o c a l i z a t i o n p r o b a b i l i t y m u s t be c a l c u l a t e d on the e f f e c t i v e f i e l d : 

E . (/ - • ( 2 ) 

H e r e e is the a b s o l u t e e l e c t r o n i c c h a r g e , w h i c h in f u t u r e is t a k e n as 1 , U(x) 
is the p o t e n t i a l e n e r g y of an e l e c t r o n in the r a n d o m field ( n o r m a l i z e d in s u c h 
a way that the m e a n is z e r o ) , and 8cp(x) is the c h a n g e in p o t e n t i a l a s s o c i a t e d 
w i t h the v o l t a g e V . The f u n c t i o n U(x) m a y also h a v e a n o n e l e c t r o s t a t i c p a r t 
f/j(x) due for e x a m p l e to the d e f o r m a t i o n i n t e r a c t i o n b e t w e e n the c a r r i e r s and 
the r a n d o m d e n s i t y v a r i a t i o n s (in w h a t f o l l o w s it is a s s u m e d t h a t U ^ is i n d e p e n - ; 

dent of V ; in p r i n c i p l e , we could i n c o r p o r a t e this d e p e n d e n c e w i t h i n the f r a m e -
w o r k of the a p p r o a c h , b u t it only r e s u l t s in some c o m p l i c a t i o n in the s y m b o l s ) : 

U(x) . - ^ ( x ) ; Ux (x). (3) 

H e r e фо(х) is the r a n d o m e l e c t r i c a l p o t e n t i a l in the s p e c i m e n for V = 0 , and : 
the t o t a l p o t e n t i a l is-

ф <F„ : О ) 

W h e n we use (2) we m u s t b e a r in m i n d two c i r c u m s t a n c e s . 

F i r s t l y , by U{x) is m e a n t only the s m o o t h p a r t of the r a n d o m field (in the j 
above s e n s e ) , w h i c h does not p r o d u c e f l u c t u a t i o n l e v e l s of the r e l e v a n t t y p e . | 

S e c o n d l y , the s m o o t h f l u c t u a t i o n s in the r a n d o m f i e l d c a n n o t of t h e m s e l v e s I 
c a u s e c a r r i e r d e l o c a l i z a t i o n in the a b s e n c e of the e x t e r n a l f i e l d . We i n c o r p o - i 
r a t e this via the c o r r e s p o n d i n g n o r m a l i z a t i o n factor N in the e x p r e s s i o n for j 
the o b s e r v e d c u r r e n t d e n s i t y . We h a v e in m i n d e x p e r i m e n t s in w h i c h d i r e c t m e a - i 
s u r e m e n t s a r e m a d e of the p o t e n t i a l d i f f e r e n c e a c r o s s the s p e c i m e n and the cur- i 
r e n t , a n d the c u r r e n t d e n s i t y can be w r i t t e n as , 

} = N(e(F U, V8<p — vl/)VF>. (5) 

Here the <> d e n o t e a v e r a g i n g w i t h r e s p e c t to the r a n d o m f i e l d , w h i l e a is the loical 
c o n d u c t i v i t y ; the m e a n v a l u e of о w o u l d d e t e r m i n e the o b s e r v e d c o n d u c t i v i t y in the ab-f 
s e n c e of t h e r a n d o m p a r t VF. The d e p e n d e n c e of a on the f i r s t and s e c o n d a r g u m e n t s is ; 
r e l a t e d to the c o r r e s p o n d i n g s t a t i s t i c a l and d y n a m i c f a c t o r s . The e x p l i c i t f o r m 
of N m a y b e g i v e n s u b s e q u e n t l y . 

2 . BASIC E Q U A T I O N S : A P P A R E N T - N E U T R A L I T Y A P P R O X I M A T I O N ! 

We w r i t e s t a n d a r d e q u a t i o n s to d e t e r m i n e the forms of <p(x) and F ( x ) : ; 

(6) i 

(7) ; 

div j = 0 ; 

v 2 <p0 = — К — n (Fo -f ф0 — ̂ i)]; 
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4 п 
V 2 ср = К — л (F -j- «р _ J/J J . (8) 

Here е is the d i e l e c t r i c c o n s t a n t of the s p e c i m e n , w h i l e F Q is t h e e l e c t r o c h e m i -

c a l p o t e n t i a l (constant in s p a c e ) for V = 0 , and n 0 = </г(/г0 + ф0—t/j)>; n Q is i n d e -

p e n d e n t of the c o o r d i n a t e s by v i r t u e of the m a c r o s c o p i c h o m o g e n e i t y . The b o u n d -

ary c o n d i t i o n s to ( 6 ) - ( 8 ) a r e s t a n d a r d and are t h e r e f o r e not w r i t t e n out h e r e . 

We c o m b i n e (7) and (8) and use (4) to get 

V 2 6ф = — [n0 (F0 -;- ф0 — b\) — n (F f ф — U J]. ( 9 ) 

E q u a t i o n s ( 6 ) - ( 9 ) s i m p l i f y c o n s i d e r a b l y for a h o m o g e n e o u s s p e c i m e n ( ф 0 = 0 ) , 
w h o s e d i m e n s i o n s a r e large by c o m p a r i s o n w i t h the s c r e e n i n g l e n g t h . T h e n the 
c o n d i t i o n for l o c a l n e u t r a l i t y n = n Q is m e t in n e a r l y a l l of the s p e c i m e n and 

(1) f o l l o w s f r o m t h i s . The a u t h o r is i n d e b t e d to M . I . K a g a n o v for d i s c u s s i o n of t h i s 
p o i n t ) . In the m a t e r i a l s c o n s i d e r e d h e r e , l o c a l n e u t r a l i t y d o e s not a p p l y (even 
for V = 0 ) . H o w e v e r , we can a s s u m e that h e r e a l s o t h e r e w i l l be no s u b s t a n t i a l 
c h a r g e r e d i s t r i b u t i o n in the b u l k of the s p e c i m e n on a p p l y i n g the f i e l d . This 
is t e r m e d the a p p a r e n t - n e u t r a l i t y a p p r o x i m a t i o n . In fact ( 9 ) h a s a s o l u t i o n t h a t 
s a t i s f i e s the n e c e s s a r y b o u n d a r y c o n d i t i o n s : 

6q> = ~ 6 F = lj-x (10) 

(the x axis is t a k e n in t h e c u r r e n t d i r e c t i o n ) . 

E q u a t i o n (6) is a l s o s a t i s f i e d , b e c a u s e < a > = c o n s t in a m a c r o s c o p i c a l l y h o -
m o g e n e o u s s p e c i m e n ; h o w e v e r , it is n o t in g e n e r a l g u a r a n t e e d t h a t the m o r e g e n -
e r a l e q u a l i t y of (6) is o b e y e d , w h i c h c o n t a i n s an u n a v e r a g e d e x p r e s s i o n for the 
c u r r e n t d e n s i t y at e a c h p o i n t in the s p e c i m e n . For this r e a s o n we s p e a k of an 
a p p r o x i m a t i o n , n o t of an exact s o l u t i o n . 

U n d e r the c o n d i t i o n s of (10) we h a v e from (2) for e = 1 that 

E = - X v + V£/. ( I D 

It is not n e c e s s a r y to c a l c u l a t e the last t e r m on the r i g h t in ( 1 1 ) , b e c a u s e 
the above f o r m u l a t i o n implies that t h i s is a r a n d o m f u n c t i o n , w h o s e s t a t i s t i c a l 
c h a r a c t e r i s t i c s a r e a s s u m e d to be k n o w n . 

3. C U R R E N T DENSITY E X P R E S S I O N 

We c o n s i d e r the first of the m e c h a n i s m s stated in S e c t i o n 1 and a s s u m e that 

only free c a r r i e r s are i n v o l v e d in the c u r r e n t t r a n s p o r t that a r i s e by d e l o c a l - . 

i z a t i o n (the F q l e v e l lies s u f f i c i e n t l y far from t h e edge of the gap for m o b i l -

i t y ) . T h e n the e x p r e s s i o n for the l o c a l c o n d u c t i v i t y in (5) should be put as 

<* = nfr p0 = w(F0-U)W(\E\). ( 1 2 ) 

Here n^, and y^ are the c o n c e n t r a t i o n and m o b i l i t y of the free c a r r i e r s , n is 

the c o n c e n t r a t i o n of the l o c a l i z e d c a r r i e r s and W is the d e l o c a l i a t i o n p r o b a b i l -

3 



i t y . (One c a n r e p r e s e n t t h e l o c a l c o n d u c t i v i t y of a p o l y c r y s t a l l i n e s e m i c o n d u c - j 
t o r in a n a l o g o u s f o r m , w h e r e t h e c u r r e n t f l o w i n g is l i m i t e d for e x a m p l e b y r a n -
d o m b a r r i e r s a t t h e b o u n d a r i e s b e t w e e n t h e c r y s t a l l i t e s . T h e n t h e f u n c t i o n W 
w i l l d e t e r m i n e t h e p r o b a b i l i t y of p a s s a g e t h r o u g h t h e b a r r i e r s . ) F o r d e f i n i t e -
n e s s w e a s s u m e as f o l l o w s (the r e l a t i o n s h i p is d u e to t h e f o r m o f W ) : I 

a ~ « p { J f L } . (13) 

w h e r e E ^ is a c o n s t a n t . A r e l a t i o n s h i p of t h i s t y p e h a s b e e n u s e d in v a r i o u s 

s t u d i e s [1], and in [2] it is s a i d to b e o b t a i n e d f r o m t h e q u a n t u m m e c h a n i c a l 
s c a t t e r i n g f o r a n e l e c t r o n in a D e b e y e p o t e n t i a l w e l l in a c e r t a i n f i e l d r a n g e . 

H e r e E0 — — 77~l, w h e r e T is t h e t e m p e r a t u r e in e n e r g y u n i t s and r ^ is t h e s c r e e n -

i n g r a d i u s . H o w e v e r , for w h a t f o l l o w s it is u n i m p o r t a n t w h a t a r e t h e r e a s o n s ; 

for t h e o r i g i n of ( 1 3 ) , and t h i s is c o n s i d e r e d as i l l u s t r a t i v e . T h e q u a n t i t y E ^ j 

is s t r i c t l y s p e a k i n g a l s o r a n d o m . H o w e v e r , in o r d e r n o t to c o m p l i c a t e t h e p r o b - I 

lem by i n t r o d u c i n g a d d i t i o n a l a r b i t r a r y e l e m e n t s w e c o n s i d e r it s i m p l y as a p a - j 

r a m e t e r . F u r t h e r , t h e s y s t e m of l o c a l i z e d c a r r i e r s is d e g e n e r a t e u n d e r t h e abovej 

c o n d i t i o n s a n d t h e r e f o r e t h e d e p e n d e n c e of n on Fq - U is n o t e x p o n e n t i a l . T h e r e -

f o r e , w e o b t a i n w i t h e x p o n e n t i a l a c c u r a c y as f o l l o w s b y c o m b i n i n g (5) a n d (11)-

(13): 

( 1 4 ) | 

T h e l a s t c o f a c t o r on t h e r i g h t in (14) is s i m p l y t h e n o r m a l i z a t i o n f a c t o r N writ-f 
t e n for t h i s p a r t i c u l a r c a s e . F o r b r e v i t y w e w i l l n o t w r i t e t h i s o u t a n d u n d e r - j 
s t a n d its p r e s e n c e . j 

4 . R A N D O M - F I E L D A V E R A G I N G 

It is c o n v e n i e n t to p e r f o r m a L a p l a c e t r a n s f o r m a t i o n in o r d e r to c a r r y o u t j 

t h e a v e r a g i n g on t h e r i g h t of (14) on t h e b a s i s I 

( 1 5 ) j 

( 1 6 ) i 

w h e r e Re/?>(); t h e n 

f nP)ew(pV2IL*)B(p)dp, (17) 
0—ix I 

w h e r e > 

B(p)= ( e x p { - 2 ^ - | ^ + p(vt/) 2}). (18) ! 

T h e m e a n v a l u e of t h e e x p o n e n t i a l a p p e a r i n g h e r e is t h e r e l e v a n t c h a r a c t e r i s t i c j 
of t h e r a n d o m f i e l d . In o r d e r t o i l l u s t r a t e the e s s e n c e of t h e s i t u a t i o n it is: 
s u f f i c i e n t to c o n s i d e r a g a u s s i a n f i e l d ( w h i c h h o w e v e r is f r e q u e n t l y r e a l i z e d irfi 

exp 
j/V-ZL* - dU 

•2K/L — + (v Uf 
ox 

t ) - ( e x p i ^ I ) 

V*/L2 — 2 V/L — + (VUf = t; 
dx 

о 
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T a b l e 1 

V a l u e s of A ( & ) for с = 1 

p A(P) 
A(p) 
A(l> exp (P - 1) exp(P°.8 — 1) exp(p0-5 — I) 

1 , 0 0 7 , 0 0 1 , 0 0 1 , 0 0 1 , 0 0 1 , 0 0 
1 , 1 0 7 , 0 3 1 , 0 0 4 1 , 1 1 1 , 0 8 1 , 0 5 
1 , 2 5 7 , 2 0 1 , 0 3 1 , 2 8 1 , 2 2 1 , 1 3 
1 , 5 0 7 , 5 6 1 , 0 8 1 , 6 5 1 , 4 7 1 , 2 5 
1 , 7 5 9 , 4 4 1 , 3 5 2 , 1 2 1 , 7 6 1 , 3 8 
2 , 0 0 1 0 , 4 1 , 4 9 2 , 7 2 2 , 1 0 1 , 5 1 

T a b l e 2 

V a l u e s of A ( B ) for с = 0.5 

P A(P) 
A (P ) 

A O ) 
exp (P - 1 ) exp(P0-8 — 1) ехр(Р 0 - 5 — 1) 

1 , 0 0 4 , 6 4 1 , 0 0 1 , 0 0 1 , 0 0 1 , 0 0 
1 , 2 5 4 , 8 9 1 , 0 5 1 , 2 8 1 , 2 2 1 , 1 2 
1 , 5 0 5 , 3 8 1 , 1 6 1 , 6 5 1 , 4 7 1 , 2 5 
1 , 7 5 5 , 8 6 1 , 2 6 2 , 1 8 1 , 7 6 1 , 3 8 
2 , 0 0 6 , 5 6 1 , 4 1 2 , 7 2 2 , 1 0 1 , 5 1 
2 , 5 0 8 , 7 6 1 , 8 9 4 , 4 8 2 , 9 5 1 , 7 9 
3 , 0 0 1 1 , 2 2 , 4 1 7 , 3 9 4 , 0 9 2 , 0 8 

s i t u a t i o n s of e x p e r i m e n t a l i n t e r e s t ) . T h e n the d i s t r i b u t i o n &3 (VU) for the v e c -
t o r s VU is g i v e n by [31 

' ( E ) = ( -
3 \ 3 / 2 exp 3 ( y - t / ) ' 

4% 

w h e r e 

= JL <(v u ? ) 
(19) 

is one of the b a s i c p a r a m e t e r s c h a r a c t e r i z i n g the f i e l d (the d e f i n i t i o n of (19) 
d i f f e r s from t h a t of [3] by the f a c t o r 1 / 2 ) . T h e n 

B(p) = 

I 4i|j., V 2 \ 

( 4 N 3 / 2 
(20) 

We i n t r o d u c e the d i m e n s i o n l e s s p a r a m e t e r s 3, A , and с and the d i m e n s i o n l e s s v a r i -
a b l e s of i n t e g r a t i o n z and т by p u t t i n g 

P = V/LE0, k = 
3V2 - сГ2; 

(21) 
. V 2 , , V'2 

P - I Z + G, t — X 
L

2
 L

2 

We get 
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оо 

С dry (т) (22) 

w h e r e 

У(т) = — Г dz . « Р Г - ^ + fe 
2л J (1—i te ) 3 

—n 
(23) 

For A 0 (no r a n d o m f i e l d ) f o r m u l a s (22) and (23) g i v e as w o u l d be e x p e c t e d 
that 

On the other h a n d , for x » l (very w e a k e x t e r n a l f i e l d ) the e x p o n e n t i a l de-
p e n d e n c e v a n i s h e s and our f o r m u l a t i o n b e c o m e s of no i n t e r e s t . We d e l i b e r a t e l y 
r e s t r i c t c o n s i d e r a t i o n to the c a s e A^e 1 , and t h e n , in c o n t r a s t to the case л>1 , 
the s i n g u l a r p o i n t u n d e r the i n t e g r a l in (23) p l a y s no r o l e , and the f u n c t i o n 
(1— 1'лг)3/2 m a y be c o n s i d e r e d as c o m p a r a t i v e l y s l o w l y v a r y i n g , and w i t h e x p o n e n t i a l 
a c c u r a c y 

The i n t e g r a l on the r i g h t in (25) h a s to be c a l c u l a t e d n u m e r i c a l l y . H o w e v e r , 
w i t h o u t c a l c u l a t i o n it is clear t h a t the r a n d o m field w e a k e n s the field d e p e n -
d e n c e of the c u r r e n t d e n s i t y r e l a t i v e to (24). 

T a b l e s 1 and 2 give v a l u e s for A ( 3 ) d e r i v e d by n u m e r i c a l i n t e g r a t i o n for 
two v a l u e s of c , and c o m p a r i s o n is also m a d e of A ( g ) for v a r i o u s v a l u e s of 3 
w i t h the r e s u l t t h a t w o u l d be o b t a i n e d f r o m the e x p o n e n t i a l f o r m u l a ( 2 4 ) , and 
also from the e m p i r i c a l f o r m u l a s o m e t i m e s u s e d [4] j~exp[V/Vom)], F 0==const,0<m<i. 
We see that the field d e p e n d e n c e of In j g i v e n by (25) is c l o s e to the s q u a r e -
r o o t in type for and с = 1 or с = 0.5- It is l i k e l y t h a t a p p r o p r i a t e fit-
t i n g of с wo u l d g i v e a v a l u e of m c l o s e to 0.8 (in a c c o r d a n c e w i t h the r e s u l t s 
of [4]). H o w e v e r , as the a b o v e a s s u m p t i o n s are of m o d e l c h a r a c t e r we r e f r a i n 
from such a d j u s t m e n t a n d m e r e l y m a k e t h e a b o v e c o n c l u s i o n of n o n m o d a l c h a r a c t e r . 
A l s o , this s t i l l a p p l i e s for v a r i o u s n o n g a u s s i a n r a n d o m f i e l d s , e . g . , for the 
r e g u l a r r a n d o m field of g e n e r a l form [5]• 

The a u t h o r is i n d e b t e d to A . G . M i r o n o v and I . P . Z v y a g i n for r e a d i n g the 
m a n u s c r i p t and v a l u a b l e d i s c u s s i o n s . 
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