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ABSTRACT 

An e v a l u a t i o n i s p r e s e n t e d o f some of t h e p h o t o c o n d u c t i v e a n d 

l u m i n e s c e n t p r o p e r t i e s of C d S c r y s t a l s g r o wn by s u b l i m a t i o n i n 

s e a l e d t u b e s u n d e r e x c e s s p r e s s u r e s of c admium an d s u l p h u r . I t 

i s d e m o n s t r a t e d t h a t t h e u s e o f i m p u r e s t a r t i n g m a t e r i a l , f o r 

c r y s t a l g r o w t h , c a n l e a d t o a n o m a l o u s r e s u l t s . 

E i g h t d i s c r e t e s e t s o f e l e c t r o n t r a p s w e r e f o u n d i n t h e 

p r e s e n t s a m p l e s u s i n g t h e t h e r m a l l y s t i m u l a t e d c u r r e n t t e c h n i q u e . 

T h e t r a p p i n g p a r a m e t e r s a n d t h e v a r i a t i o n o f t r a p d e n s i t y w i t h 

g r o w t h c o n d i t i o n s a r e g i v e n i n t h e t e x t . I t i s s u g g e s t e d t h a t 

one o f t h e s e t r a p s , w h i c h h a d a t h e r m a l a c t i v a t i o n e n e r g y of 

0.15 eV, i s a s s o c i a t e d w i t h c a d m i u m i n t e r s t i t i a l s . T h e d e n s i t i e s 

o f two t r a p s , w i t h a c t i v a t i o n e n e r g i e s o f 0.53 eV a n d 0.60 eV, 

c h a n g e d i n m a g n i t u d e when d i f f e r i n g c o n d i t i o n s o f i l l u m i n a t i o n 

w e r e u s e d p r i o r t o m e a s u r e m e n t . S u c h c h a n g e s a r e shown t o be 

c o m m e n s u r a t e w i t h t r a p s o f a - p h o t o c h e m i c a l n a t u r e . T h r e e a n d 

f o u r p r o b e m e a s u r e m e n t s a r e a l s o d e s c r i b e d , w h i c h w e r e made t o 

d e t e r m i n e how t h e c r y s t a l s u r f a c e a n d t h e i n d i u m c o n t a c t s m o d i f y 

t h e t h e r m a l l y s t i m u l a t e d c u r r e n t , , 

C o n s i d e r a b l e d i f f e r e n c e s w e r e f o u n d i n t h e s p e c t r a l r e s p o n s e 

a n d i n f r a r e d q u e n c h i n g of p h o t o c u r r e n t m e a s u r e d on c a d m i u m a n d 

s u l p h u r r i c h s a m p l e s . A d i s p a r i t y was f o u n d b e t w e e n t h e t h e r m a l 

a n d o p t i c a l s e p a r a t i o n s of t h e s e n s i t i s i n g C l a s s 11 c e n t r e s f r o m 

t h e v a l e n c e b a n d , w h i c h i n d i c a t e s t h a t t h e s e c e n t r e s a r e s i n g l y 

n e g a t i v e l y c h a r g e d when o c c u p i e d by e l e c t r o n s . 

T h e s t r u c t u r e d l u m i n e s c e n c e , i n t h e r e g i o n 1.6 urn t o 2.0 urn, 

h a s b e e n a t t r i b u t e d t o r a d i a t i v e r e c o m b i n a t i o n o f e l e c t r o n s f r o m 

t h e s e n s i t i s i n g C l a s s 11 c e n t r e s w i t h h o l e s i n t h e u p p e r b r a n c h e s 

o f t h e v a l e n c e b a n d . 
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CHAPTER 1 

D E V I C E A P P L I C A T I O N S AND BAND STRUCTURE OF C d S 

1.1.' I n t r o d u c t i o n 

C d S i s a member of t h e 11-V1 f a m i l y o f compound s e m i ­

c o n d u c t o r s , o c c u r r i n g n a t u r a l l y i n t h e f o r m o f G r e e n o c k i t e . 

G r o w t h of C d S f r o m t h e m e l t r e q u i r e s h i g h t e m p e r a t u r e s a n d 

p r e s s u r e s ( o f t h e o r d e r of 1500°C a n d 50 a t m o s p h e r e s r e s p e c t i v e l y 

( F a h r i g 1 9 6 3 ) ) , s o t h a t e a r l y w o r k was c a r r i e d o u t on p o w d e r s o r 

on t h e s c a r c e a n d i m p u r e n a t u r a l o r e . A l t h o u g h L o r e n t z ( 1 8 9 1 ) 

r e p o r t e d t h a t ' r e l a t i v e l y l a r g e 1 C d S c r y s t a l s c o u l d e a s i l y be 

g r o w n by r e a c t i n g c a d m i u m v a p o u r a n d h y d r o g e n s u l p h i d e , i t was n o t 

u n t i l F r e r i c h s ( 1 9 4 7 ) m o d i f i e d t h i s m e t h o d t h a t s a t i s f a c t o r y 

e l e c t r i c a l a n d o p t i c a l m e a s u r e m e n t s w e r e made on l a r g e n u m b e r s o f 

s y n t h e t i c C d S c r y s t a l s . 

I n r e c e n t y e a r s t h e m a j o r i t y of s y n t h e t i c C d S c r y s t a l s h a v e 

b e e n grown by v a p o u r p h a s e t e c h n i q u e s , e i t h e r by s u b l i m a t i o n of 

C d S u s i n g a c a r r i e r g a s o r by p u l l i n g a s e a l e d t u b e c o n t a i n i n g 

C d S p owder t h r o u g h a t e m p e r a t u r e g r a d i e n t . B u l k C d S c r y s t a l s 

g r o w n i n t h i s m a n n e r a r e n - t y p e a n d grow w i t h t h e h e x a g o n a l 

w u r t z i t e s t r u c t u r e . 

I n t h i s c h a p t e r some of t h e p o s s i b l e d e v i c e a p p l i c a t i o n s o f 

C d S w i l l be d i s c u s s e d t o g e t h e r w i t h some o f t h e b a s i c p h y s i c a l 

p r o p e r t i e s s u c h a s t h e b a n d s t r u c t u r e , a n d t h e e f f e c t i v e m a s s a n d 

m o b i l i t y o f t h e c h a r g e c a r r i e r s . 

1.2. D e v i c e A p p l i c a t i o n s of C d S 

T h e d e v i c e s d e s c r i b e d i n t h i s s e c t i o n d e p e n d t o a g r e a t e r o r 

l e s s e r e x t e n t on t h e c r y s t a l q u a l i t y a n d t h e c o n c e n t r a t i o n s of 

\\5i 
DDIS 1 

T S,PCTI97J I. 



2 

d e f e c t s i n t h e C d S u s e d . T h e m a j o r l i m i t a t i o n s t o t h e p e r f o r m ­

a n c e of t h e s e d e v i c e s a r e t h e l a c k of r e p r o d u c i b i l i t y f r o m d e v i c e 

t o d e v i c e , t h e t i m e d e p e n d e n t v a r i a t i o n of d e v i c e c h a r a c t e r i s t i c s 

w h i c h i s s o m e t i m e s o b s e r v e d , a n d i n some c a s e s t h e low d e v i c e 

e f f i c i e n c y . T h e g r o w t h of CdS i n a r e p r o d u c i b l e m a n n e r , w i t h 

c o n t r o l l e d e l e c t r i c a l a n d o p t i c a l p r o p e r t i e s , i s of m a j o r i m p o r ­

t a n c e when c o n s i d e r i n g t h e m a n u f a c t u r e o f u s e f u l d e v i c e s . 

To a c h i e v e t h i s e n d t h e p r o c e s s e s i n v o l v e d i n e a c h d e v i c e 

must be u n d e r s t o o d a n d t h e p h y s i c a l p r o p e r t i e s of t h e d e f e c t s 

p r e s e n t u n d e r t h e p a r t i c u l a r c o n d i t i o n s of m a n u f a c t u r e s h o u l d be 

known. D e f e c t c e n t r e s may b o t h e n h a n c e o r d e c r e a s e d e v i c e 

e f f i c i e n c y . A b e t t e r u n d e r s t a n d i n g of t h e c h e m i c a l a n d p h y s i c a l 

n a t u r e of t h e d e f e c t s p r e s e n t i n C d S s h o u l d l e a d t o t h e d e t e r m i n a ­

t i o n of t h e optimum c o n d i t i o n s f o r d e v i c e p r o d u c t i o n . 

T h e p r e s e n t work i s c o n c e r n e d w i t h t h e i n v e s t i g a t i o n of t h e 

d e f e c t s t r u c t u r e i n C d S c r y s t a l s , grown by t h e s u b l i m a t i o n of C d S 

p o wder i n s e a l e d t u b e s a s d e s c r i b e d i n C h a p t e r 4. A l t h o u g h some 

of t h e d e v i c e s d i s c u s s e d i n t h i s s e c t i o n a r e b a s e d on e v a p o r a t e d 

f i l m s , w h i c h h a v e n o t b e e n s t u d i e d i n t h e p r e s e n t work, a f u l l e r 

u n d e r s t a n d i n g of t h e d e f e c t s t r u c t u r e of s i n g l e c r y s t a l s i s 

e s s e n t i a l t o t h e p r o d u c t i o n of m a t e r i a l , w i t h t h e r e q u i r e d 

p r o p e r t i e s , m a n u f a c t u r e d i n d i f f e r e n t w a y s . 

1 . 2 . ( a ) . C d S a s a P h o t o c o n d u c t o r 

S u i t a b l y p r e p a r e d C d S i s a s e n s i t i v e p h o t o c o n d u c t o r . I t s 

r e s i s t i v i t y may a l s o be d e c r e a s e d by i r r a d i a t i o n w i t h a l p h a and 

b e t a p a r t i c l e s , X - r a y s a n d gamma r a y s . T h e a p p l i c a t i o n s of C d S 

a s a l i g h t d e t e c t o r eire n u m e r o u s . I t h a s b e e n u s e d a s a l i g h t 

m e t e r i n c a m e r a s , a n d a l s o i n b u r g l a r a l a r m s y s t e m s w h e r e a 

c o n s t a n t beam o f l i g h t w o u l d be i n t e r r u p t e d by an i n t r u d e r . 
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C d S may a l s o be u s e d f o r c h a r t r e c o r d i n g d e n s i t o m e t e r t r a c e s , 

s u c h a s t h o s e o b t a i n e d f r o m a s p e c t r o g r a p h o r e l e c t r o n m i c r o g r a p h . 

One o f t h e m a i n l i m i t a t i o n s t o t h e u s e of C d S a s a p h o t o c o n d u e t o r 

i s t h a t more s e n s i t i v e m a t e r i a l h a s a s l o w e r r e s p o n s e t i m e , a s i s 

d e m o n s t r a t e d i n C h a p t e r 2. 

1 , 2 . ( b ) . T h e C d S S o l a r C e l l 

T h e f a c t t h a t C d S s a m p l e s a r e a l w a y s n - t y p e i n d i c a t e s t h a t 

t h e o b s e r v a t i o n of a p h o t o v o l t a i c e f f e c t r e q u i r e s e i t h e r a 

h e t e r o j u n c t i o n o r a s u r f a c e b a r r i e r c o n t a c t t o s e p a r a t e f r e e 

c a r r i e r s . A s u i t a b l e h e t e r o j u n c t i o n c a n be p r e p a r e d by d i p p i n g 

a n e v a p o r a t e d f i l m of C d S , on i t s s u b s t r a t e , i n t o a s o l u t i o n o f 

c u p r o u s i o n s f o r a few s e c o n d s . T h e f i l m i s t h e n w a s h e d a n d 

d r i e d a t t e m p e r a t u r e s o f a p p r o x i m a t e l y 250°C f o r a few m i n u t e s . 

T h e r e s u l t o f t h e s e o p e r a t i o n s - i s t h e p r o d u c t i o n of a t h i n f i l m 

o f CU2S on t h e C d S . C o n t a c t i s t h e n made t o t h e C u ^ S a n d C d S 

l a y e r s , a n d i n d i r e c t s u n l i g h t c o n v e r s i o n e f f i c i e n c i e s of 6% may 

be r e a l i s e d . T h e m a n u f a c t u r e of r e p r o d u c i b l e c e l l s i s , a t 

p r e s e n t , n o t p o s s i b l e . S h i r l a n d ( 1 9 6 6 ) h a s g i v e n a c o m p r e h e n ­

s i v e r e v i e w o f C d S s o l a r c e l l s d e s c r i b i n g t h e i r h i s t o r y , 

m a n u f a c t u r e a n d p e r f o r m a n c e . 

Where r e p r o d u c i b l e c e l l s a r e o b t a i n e d , t h e y w o u l d h a v e t h e 

a d v a n t a g e of c h e a p n e s s , p l u s t h e p o s s i b i l i t y t h a t l a r g e a r e a 

d e v i c e s c o u l d be f a b r i c a t e d . T h e s p a c e a p p l i c a t i o n i s p e r h a p s 

o b v i o u s , w h e r e l a r g e a r e a c e l l s may be made on a t h i n p l a s t i c 

s h e e t , w h i c h c o u l d t h e n be u n f u r l e d a f t e r t h e s a t e l l i t e c l e a r e d 

t h e E a r t h ' s a t m o s p h e r e . I t i s a l s o p o s s i b l e t h a t t h e s o l a r c e l l 

m i g h t p r o v e a n e c o n o m i c a l p r o p o s i t i o n i n d e s e r t l a n d , w h e r e 

c o n v e n t i o n a l p r o d u c t i o n o f p o w e r i s e x p e n s i v e a n d w h e r e t h e l o s s 

o f power due t o c l o u d c o v e r w o u l d be e x p e c t e d t o be m i n i m a l . 
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1 . 2 . ( c ) . T h e T h i n F i l m T r a n s i s t o r 

T h e C d S t h i n f i l m t r a n s i s t o r , F i g u r e 1.2.1, i s s i m i l a r i n 

o p e r a t i o n t o a M.O.S.T. Weimer ( 1 9 6 2 ) g a v e a d e t a i l e d a c c o u n t 

o f t h e d e s i g n c o n s i d e r a t i o n s a n d p o t e n t i a l of s u c h d e v i c e s . 

T h i n f i l m t r a n s i s t o r s h a v e b e e n m a n u f a c t u r e d by de G r a a f f a n d 

K o e l m a n s ( 1 9 6 6 ) by t h e e v a p o r a t i o n of a 1O^m w i d e s t r i p o f C d S 

o n t o a g l a s s s u b s t r a t e . S o u r c e a n d d r a i n c o n t a c t s w e r e 

e v a p o r a t e d on t o e i t h e r s i d e o f t h e C d S s t r i p a n d a g a t e 

e l e c t r o d e was s e p a r a t e d f r o m t h e C d S by a s i l i c o n m o n o x i d e f i l m . 

De G r a a f f a n d K o e l m a n s p r o d u c e d d e v i c e s w i t h imput i m p e d a n c e s o f 
4 

10 MS, a n d po w e r a m p l i f i c a t i o n was o b t a i n e d up t o 200 M c / s e c . 

Two u n f o r t u n a t e d i s a d v a n t a g e s w e r e f o u n d w i t h t h e s e t r a n s i s t o r s , 

i . e . t h e d e v i c e c h a r a c t e r i s t i c s w e r e n o t r e p r o d u c i b l e , a n d 

h y s t e r e s i s e f f e c t s w e r e o b t a i n e d . 

T h e - e l e c t r o d e c o n f i g u r a t i o n o f t h e t h i n f i l m t r a n s i s t o r h a s 

p r o v e d , h o w e v e r , t o be a u s e f u l t o o l f o r s t u d y i n g s u r f a c e e f f e c t s 

( s e e f o r e x a m p l e Waxman e t a l . ( 1 9 6 5 ) ) . 

1 . 2 . ( d ) . T h e A c o u s t o - e l e c t r i c A m p l i f i e r 

T h e p r i n c i p l e o f t h e a c o u s t o - e l e c t r i c a m p l i f i e r d e p e n d s on 

t h e i n t e r a c t i o n of a c o u s t i c w a v e s t r a v e l l i n g t h r o u g h a p i e z o ­

e l e c t r i c m a t e r i a l w i t h e l e c t r o n s d r i v e n by a n e x t e r n a l e l e c t r i c 

f i e l d . C e r t a i n a c o u s t i c w a v e s c r e a t e s t r o n g l o n g i t u d i n a l 

e l e c t r i c f i e l d s , o f p i e z o e l e c t r i c o r i g i n , i n C d S a n d t h e e l e c t r o n s 

i n t e r a c t w i t h t h e a c o u s t i c w a v e s v i a t h e s e f i e l d s . H u t s o n e t a l . 

( 1 9 6 1 ) f i r s t d e m o n s t r a t e d t h e e f f e c t u s i n g s h e a r w a v e s t r a v e l l i n g 

p e r p e n d i c u l a r t o t h e c a x i s o f C d S . T h e y s h o w e d t h a t f o r 

e l e c t r o n d r i f t v e l o c i t i e s l e s s t h a n t h e v e l o c i t y o f s o u n d t h e 

a c o u s t i c wave was a t t e n u a t e d , a n d f o r d r i f t v e l o c i t i e s g r e a t e r 

t h a n t h e v e l o c i t y o f s o u n d a c o u s t i c g a i n was a c h i e v e d . 
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A l t h o u g h a c o u s t i c g a i n h a s b e e n o b s e r v e d by many w o r k e r s , 
t h e m a i n p r o b l e m ( a p a r t f r o m m a t e r i a l c o n t r o l ) i s t h e l o s s i n c u r r e d 
i n t h e c o u p l i n g b e t w e e n t h e t r a n s d u c e r s a n d t h e C d S s a m p l e . T h e 
b e s t c o u p l i n g h a s b e e n o b t a i n e d by u s i n g e v a p o r a t e d h i g h 
r e s i s t i v i t y C d S l a y e r s t o f o r m t h e t r a n s d u c e r s . 

May ( 1 9 6 5 ) h a s d e s c r i b e d t h e d e s i g n c o n s i d e r a t i o n s f o r a C d S 

a c o u s t o - e l e c t r i c a m p l i f i e r . A t y p i c a l d e v i c e i s shown i n 

F i g u r e 1 . 2 . 2 . T h e e l e c t r o d e s a r e f o r m e d by e v a p o r a t i o n o f 

i n d i u m on t o t h e e n d s of a s u i t a b l e C d S b a r . T h e t r a n s d u c e r s a r e 

f o r m e d by e v a p o r a t i o n of h i g h r e s i s t i v i t y CdS on t o t h e e l e c t r o d e s , 

w h i c h a l s o a c t a s t h e i n n e r c o n t a c t s t o t h e t r a n s d u c e r s . I t i s 

a l s o p o s s i b l e t h a t s u c h a d e v i c e m i g h t be made by f i r s t d i f f u s i n g 

i n d i u m i n t o t h e b a r t o f o r m a l o w r e s i s t i v i t y c o n t a c t z o n e , 

f o l l o w e d by t h e c a r e f u l d i f f u s i o n o f c o p p e r t o f o r m a h i g h 

r e s i s t i v i t y t r a n s d u c e r z o n e . T h i s s e c o n d m e t h o d h a s t h e a d v a n ­

t a g e t h a t t h e t r a n s d u c e r o r i e n t a t i o n i s b e t t e r , a n d w i t h t h e 

d i f f u s i o n t e c h n i q u e d e v e l o p e d on o t h e r s e m i c o n d u c t o r s t h i s m i g h t 

w e l l p r o v e a v i a b l e p r o p o s i t i o n . 

1 . 2 . ( e ) . T h e A c o u s t o - e l e c t r i c O s c i l l a t o r 

M a i n e s a n d P a i g e ( 1 9 6 9 ) d i s c u s s c u r r e n t o s c i l l a t i o n s i n t h i n 

C d S p l a t e s , f r o m w h i c h a n e x t r e m e l y s i m p l e a c o u s t o - e l e c t r i c 

o s c i l l a t o r may be f a b r i c a t e d . T h i s d e v i c e i s i l l u s t r a t e d i n 

F i g u r e 1 . 2 . 3 . T h e 0.2 mm. C d S p l a t e l e t o s c i l l a t e d a t a f r e q u e n c y 

of 100 MHz. T h e s i g n a l was f r e q u e n c y m o d u l a t e d u s i n g t r a n s f o r m e r 

c o u p l i n g , a n d t h e C d S p l a t e l e t was i l l u m i n a t e d t o o b t a i n t h e 
3 

r e q u i r e d r e s i s t i v i t y of 10 fflcm. P r o p e r c o n t r o l of t h e m a t e r i a l 

w o u l d mean t h a t t h e s a m p l e c o u l d be s u i t a b l y t r e a t e d t o o b t a i n t h e 

optimum r e s i s t i v i t y . To d a t e , t h e o u t p u t power of t h e s e d e v i c e s 

h a s b e e n o n l y a few m i c r o w a t t s . 
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] .2 . ( f ) . T h e C d S L a s e r 

L a s e r a c t i o n o f C d S u n d e r e l e c t r o n bombardment w i t h c u r r e n t 
2 

d e n s i t i e s i n t h e o r d e r o f amps/cm , a n d a c c e l e r a t i n g v o l t a g e s of 

t e n s o r h u n d r e d s o f k i l o v o l t s was f i r s t o b s e r v e d i n 1 9 6 5 . 

B a s o v e t a l . ( 1 9 6 5 ) f o u n d t h r e e s h a r p p e a k s a t 5035 A ° , 4 9 6 6 A ° 

a n d 4891 A ° a t h e l i u m t e m p e r a t u r e s u s i n g a n a c c e l e r a t i n g v o l t a g e 
2 

of 200 KV a n d e l e c t r o n beam d e n s i t i e s of a b o u t 1 amp/cm . T h e y 

o b t a i n e d a s u p e r l i n e a r v a r i a t i o n o f e m i s s i o n i n t e n s i t y a n d l i n e 

n a r r o w i n g w i t h i n c r e a s i n g beam i n t e n s i t y . I n c r e a s e d d i r e c t i o n ­

a l i t y of t h e e m i t t e d l i g h t was a l s o o b s e r v e d , a l t h o u g h t h e F a b r y -

P e r o t c a v i t y modes e x p e c t e d f r o m a l a s e r w e r e n o t r e s o l v e d . 

B e n o i t a n d D e v e r b e r ( 1 9 6 5 ) w o r k i n g a t h e l i u m t e m p e r a t u r e s o b s e r v e d 

t h e f o u r c r i t e r i a f o r l a s i n g , n a m e l y t h o s e r e c o r d e d by B a s o v e t a l . , 

t o g e t h e r w i t h t h e r e s o l u t i o n of t h e F a b r y - P e r o t modes. T h e 

maximum e m i s s i o n was f o u n d i n t h e r e g i o n of 4 9 1 0 A ° , w i t h c u r r e n t 
2 

d e n s i t i e s of a b o u t 5 amps/cm , a n d a c c e l e r a t i n g v o l t a g e s of 20 KV. 

N i c o l l ( 1 9 6 7 ) h a s p r o d u c e d l a s e r e m i s s i o n f r o m C d S a t room 

t e m p e r a t u r e s w i t h a w a v e l e n g t h of 5 28 0 A ° . T h e e l e c t r o n beam 

a c c e l e r a t i n g v o l t a g e a n d c u r r e n t w e r e s i m i l a r t o t h o s e u s e d by 

B e n o i t a n d D e v e r b e r , a n d t h e e f f i c i e n c y was f o u n d t o be 0 . 1 % f o r 
2 

a beam c u r r e n t o f 5 amp/cm a t 24 KV. B a s o v e t a l . ( 1 9 6 6 ) 

r e p o r t e d o p t i c a l l y s t i m u l a t e d l a s e r e m i s s i o n f r o m C d S a t l i q u i d 

n i t r o g e n t e m p e r a t u r e s u s i n g r u b y l a s e r e x c i t a t i o n . 

1 . 2 . ( g ) . A n t i - S t o k e s E m i s s i o n f r o m C d S 

The e x c i t a t i o n o f g r e e n edge e m i s s i o n f r o m C d S a t n i t r o g e n 

t e m p e r a t u r e s w i t h p h o t o n s o f l e s s t h a n b a n d gap e n e r g y was f i r s t 

r e p o r t e d by H a l s t e d e t a l . ( 1 9 5 9 ) . T h e y o b t a i n e d a n e f f i c i e n c y 

o f 0 . 5 % f o r c o n v e r s i on of l i g h t wi t l i w a v e l e n g t h s g r e a t e r t h a n 

7 0 0 0 A ° t o edge e m i s s i o n , t h o u g h c o r r e c t i o n f o r r e f l e c t i o n g a v e 
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a n i n t e r n a l e f f i c i e n c y of 5%. S u c h a n t i - S t o k e s l u m i n e s c e n c e h a s 

b e e n i n v e s t i g a t e d by a number o f w o r k e r s a n d i s u s u a l l y i n t e r ­

p r e t e d i n t e r m s of a two s t e p p r o c e s s v i a an a c c e p t o r l e v e l l y i n g 

c l o s e t o t h e m i d d l e of t h e f o r b i d d e n gap ( H a l s t e d e t a l . 1 9 6 1 , 

a n d B r o s e r - W a r m i n s k y 1 9 6 2 ) . T h e i n t r o d u c t i o n of c o p p e r i m p u r i t i e s 

h a s b e e n rhown t o e n h a n c e t h e a n t i - S t o k e s l u m i n e s c e n c e , t h o u g h t h e 

o b s e r v a t i o n of t h e p r o c e s s i n u n d o p e d c r y s t a l s i n d i c a t e s t h a t 

e i t h e r c o p p e r i s n o t n e c e s s a r y f o r a n t i - S t o k e s e m i s s i o n o r a l l C d S 

s a m p l e s s o f a r i n v e s t i g a t e d c o n t a i n c o p p e r a s a n i m p u r i t y . 

B r a u n s t e i n a n d Ockman ( 1 9 6 4 ) u s e d a r u b y l a s e r t o e x c i t e e d ge 

e m i s s i o n a n d c o n c l u d e d t h a t t h e e x c i t a t i o n was due t o t h e s i m u l ­

t a n e o u s a b s o r p t i o n of two p h o t o n s , a s t h e s a m p l e s t h e y i n v e s t i g a t e d 

w e r e n o t i n t e n t i o n a l l y d o p e d . 

T h e r e a r e two p o s s i b l e a p p l i c a t i o n s of a n t i - S t o k e s e m i s s i o n 

i n C d S . T h e u s e of C d S a s a r e d o r n e a r i n f r a r e d image c o n v e r t e r 

w o u l d be p o s s i b l e i f t h e c o n v e r s i o n e f f i c i e n c y c o u l d be i n c r e a s e d , 

- t h o u g h t h e e f f i c i e n c y i s i n h e r e n t l y l i m i t e d by t h e l o w a b s o r p t i o n 

by C d S o f l o n g w a v e l e n g t h r a d i a t i o n . 

A n o t h e r p o s s i b l e a p p l i c a t i o n i s t h e quantum c o u n t e r d i s c u s s e d 

by H a l s t e d e t a l . ( 1 9 6 1 ) . F i g u r e 1.2.4 shows t h e e n e r g y l e v e l 

d i a g r a m , p r o p o s e d by t h e s e w o r k e r s , f o r p h o t o n a m p l i f i c a t i o n i n 

b o t h C d S a n d Z n S . T h e y f o u n d t h a t t h e r a t e of r e c o m b i n a t i o n ^ 

f r o m t h e i n t e r m e d i a t e l e v e l s t o t h e s h a l l o w a c c e p t o r s i s g r e a t e r 

t h a n t h e r a t e R.^ a t w h i c h e l e c t r o n s r e t u r n f r o m t h e c o n d u c t i o n 

b a n d t o t h e i n t e r m e d i a t e l e v e l s . T h u s , w h e r e t h e i n t e r m e d i a t e 

l e v e l s a r e f i l l e d by c o n t i n u o u s e x c i t a t i o n of e n e r g y E ^ » a s i g n a l 

p h o t o n of e n e r g y E ^ ^ w i l l a l l o w a number of E^., p h o t o n s t o be 

a b s o r b e d . 

H a l s t e d e t a l . f o u n d p h o t o n a m p l i f i c a t i o n f a c t o r s of 3 and 

10 f o r c o p p e r d o p e d C d S , w h e r e t h e optimum d o p i n g was of t h e o r d e r 
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of 10 p.p.m. They c o n f i r m e d t h a t the analogous process occurs 

i n ZnS, w i t h h i g h e r a m p l i f i c a t i o n f a c t o r s . They i r r a d i a t e d the 

ZnS w i t h a c o n t i n u o u s source of photons of energy E, where 

^2 3 < ^ <^'12' a n c* ^ o u n c ^ t h a t t h e i n c i d e n c e of one photon of energy 

g r e a t e r t h a n -j c orresponded t o the e m i s s i o n of 160 ^ photons. 

Th i s o u t p u t s i g n a l of 160 ^ photons was measured w i t h a back-
4 

ground 'n o i s e ' of 1.7.10 photons g e n e r a t e d by the pumping l i g h t 

of energy The r i s e time of a s s o c i a t e d w i t h t h e 

i n c r e a s e of the i n p u t s i g n a l was of the o r d e r of seconds and 

was a t t r i b u t e d t o the i n f l u e n c e of t r a p p i n g . 

1.3. The Band S t r u c t u r e of CdS 

I t was p o i n t e d out i n S e c t i o n 1.1 t h a t s y n t h e t i c c r y s t a l s of 

CdS grow w i t h a w u r t z i t e s t r u c t u r e . The c o n d u c t i o n band of 11-VI 

compounds w i t h t h i s c r y s t a l s t r u c t u r e i s formed from the s o r b i t a l s 

of the c a t i o n s , and the v a l e n c e band from the p o r b i t a l s of the 

a n i o n s . An i d e a l w u r t z i te l a t t i c e has n e a r e s t neighbour atoms i n 

the same r e l a t i v e p o s i t i o n s as the s i m p l e r z i n c blende l a t t i c e . 

The next n e a r e s t neighbour c o n f i g u r a t i o n i s v e r y s i m i l a r f o r the 

two s t r u c t u r e s . D i f f e r e n c e s a r i s e f o r atoms at g r e a t e r t h a n next 

neighbour - d i s t a n c e s . 

Birman (1959) o b t a i n e d a q u a l i t a t i v e p i c t u r e of the conduc­

t i o n and valence bands at k = 0 (T) from c o n s i d e r a t i o n s of the 

symmetry p r o p e r t i e s of these bands and the s i m i l a r i t y between the 

w u r t z i t e and z i n c blende s t r u c t u r e s . He a p p l i e d a p e r t u r b a t i o n 

t o the z i n c blende band s t r u c t u r e , by c o n s i d e r i n g a small non-

c u b i c f i e l d due t o atoms at d i s t a n c e s g r e a t e r than next n e a r e s t 

neighbour. F i g u r e 1.3.1(a) shows the band s t r u c t u r e i n the 

absence of c r y s t a l f i e l d and s p i n o r b i t i n t e r a c t i o n s . I n 

F i g u r e 1.3.1(b) the c r y s t a l f i e l d i s i n t r o d u c e d , and i n 



F i g u r e 1.3.1(c) b o t h s p i n o r b i t and c r y s t a l f i e l d s p l i t t i n g are 

c o n s i d e r e d . Birman a l s o showed t h a t the t r a n s i t i o n P̂  -s> Pg i s 

a l l o w e d o n l y f o r l i g h t p o l a r i s e d w i t h i t s e l e c t r i c v e c t o r 

p e r p e n d i c u l a r t o the c a x i s , though the py -> Py t r a n s i t i o n s are 

a l l o w e d f o r b o t h t h e e l e c t r i c v i c t o r p a r a l l e l and p e r p e n d i c u l a r 

t o t h e c a x i s . 

V e r i f i c a t i o n of t h i s model has been o b t a i n e d from the 

e x c i t o n s t r u c t u r e of 'edge 1 e m i s s i o n and r e f l e c t i o n i n CdS by 

Thomas and H o p f i e l d ( 1 9 5 9 ) . These workers observed t h r e e 

e x c i t o n a b s o r p t i o n peaks at l i q u i d n i t r o g e n and l i q u i d h e l i u m 

t e m p e r a t u r e s , which they a s s o c i a t e d w i t h the ground s t a t e s of 

e x c i t o n s formed from t he c o n d u c t i o n band e l e c t r o n s and h o l e s f r o m 

the t h r e e v a l e n c e bands. At h e l i u m t e m p e r a t u r e they observed 

two f u r t h e r a b s o r p t i o n peaks due t o the f i r s t e x c i t e d s t a t e s of 

two of the e x c i t o n s . The lowest energy e x c i t o n a b s o r p t i o n 

o c c u r r e d o n l y f o r E _L t o the c a x i s and was a s s i g n e d t o the 

Py —> Pg t r a n s i t i o n . U s i n g Thomas and H o p f i e l d ' s d a t a , the band 

s t r u c t u r e of CdS at h e l i u m t e m p e r a t u r e s i s shown i n F i g u r e 1.3.2. 

B a l k a n s k i and des C l o i z e a u x (1960) p o s t u l a t e d a more complex 

band s t r u c t u r e f o r w u r t z i t e c r y s t a l s . From group t h e o r e t i c a l 

arguments they deduced t h a t the c o n d u c t i o n band would have s i x 

minima near k = 0. They c a l c u l a t e d the energy d i f f e r e n c e between 

the c o n d u c t i o n band minima and the c o n d u c t i o n band a t k = 0 and 
_ 3 

found t h i s t o be 10 eV. The r e s u l t s o b t a i n e d by Thomas and 

H o p f i e l d and the ga1vomagnetic measurements of Zook and Dexter 

(1963) are b o t h c o n s i s t e n t w i t h Birman's s i n g l e v a l l e y e d model of 

the c o n d u c t i o n band, though the m u l t i - v a l 1 eyed model c o u l d e q u a l l y 

w e l l be a p p l i e d . The e x p e r i m e n t a l r e s o l u t i o n necessary t o 

d i s t i n g u i s h these models has not yet been a c h i e v e d . 
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The band gap of CdS decreases w i t h i n c r e a s i n g t emperature and 
i n c r e a s e s w i t l i i n c r e a s i n g p r e s s u r e . The t e m p e r a t u r e v a r i a t i o n of 
the band gap i s g i v e n by Bube (1960) as 

E,. = G„ - XT (where X = 5 . 2 . 1 0"4'eV/°K) 1.3.1 

Hohler (1949) showed t h a t , f o r CdS, the t e m p e r a t u r e v a r i a t i o n of 

the band gap due t o t h e r m a l d i l a t i o n of the l a t t i c e i s about one 

f i f t h of the t o t a l v a r i a t i o n , 

CdS undergoes a phase change t o the r o c k s a l t s t r u c t u r e a t 
4 

about 2.4.10 atmospheres ( C o r l l 1964), Below t h i s t r a n s i t i o n 

p r e s s u r e the band gap, at c o n s t a n t t e m p e r a t u r e , i s r e l a t e d t o the 

p r e s s u r e by 

E G = E G ( P = 0) + pP 1.3.2 

where p = 3.3.10 ^eV/atoms (Edwards et a l . 1959). 

1.4. E f f e c t i v e Masses of the Charge C a r r i e r s i n CdS 

The e f f e c t i v e mass of e l e c t r o n s , m' i n CdS has been measured 
e • 

by Baer and Dexter (1964) and Sawamoto (1964) u s i n g c y c l o t r o n 

resonance t e c h n i q u e s at l i q u i d h e l i u m t e m p e r a t u r e s . Baer and 
r 1 D e x t e r o b t a i n e d v a l u e s of m' _L and || t o the c a x i s of 0.171 m e e 

and 0.153 m e r e s p e c t i v e l y . These are i n reasonable agreement 

w i t h the mean v a l u e of 0.17 m e found by Sawamoto. 

The e f f e c t i v e mass may a l s o be e s t i m a t e d from o t h e r e x p e r i ­

ments where i t i s c o n t a i n e d i n the e q u a t i o n s g o v e r n i n g the 

e x p e r i m e n t a l l y measured q u a n t i t i e s . As w i l l be shown i n the next 

s e c t i o n , the e f f e c t i v e mass may be used as an a d j u s t a b l e parameter 

t o f i t t h e o r e t i c a l v a r i a t i o n s of m o b i l i t y t o those o b t a i n e d 

e x p e r i m e n t a l l y . P i p e r and H a l s t e d (1961) f i t t e d the t h e o r e t i c a l 
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v a l u e s f o r p i e z o e l e c t r i c and p o l a r o p t i c a l mode s c a t t e r i n g t o 
t h e i r M a l l e f f e c t measurements u s i n g in' = 0:16 m . They a l s o 

43 e e ' 
o b t a i n e d an e f f e c t i v e mass from a set of s h a l l o w donors, which 

had a thermal a c t i v a t i o n energy of 0.032 eV„ Assuming these 

c e n t r e s t o be hydr o g e n i c i n n a t u r e , t h e y e s t i m a t e d an e f f e c t i v e 

mass of 0.20 me. 

Pi p e r and Marple (1961) s t u d i e d the c o n t r i b u t i o n of f r e e 

e l e c t r o n s t o the i n f r a r e d a b s o r p t i o n of g a l l i u m doped CdS„ 

T h e i r r e s u l t s y i e l d e d a v a l u e of m^ - 0.22 me, which was s l i g h t l y 

a n i s o t r o p i c , though the a n i s o t r o p y was of the same o r d e r as t h e i r 

e x p e r i m e n t a l e r r o r . H o p f i e l d and Thomas (1961) o b t a i n e d a v a l u e 
of m' = 0.205 m , from t h e i r s t u d i e s of the e x c i t o n s t r u c t u r e of e e 
CdS, which was a n i s o t r o p i c by about 5%. 

Thus, the e f f e c t i v e mass of a f r e e e l e c t r o n i n CdS i s 

approximate1y 0,2 m g and i s a l s o s l i g h t l y a n i s o t r o p i c . 

L i t t l e i n f o r m a t i o n i s a v a i l a b l e on the e f f e c t i v e mass, , 

of h o l e s i n CdS„ Sawamoto found an a b s o r p t i o n i n h i s c y c l o t r o n 

resonance data c o n s i s t e n t w i t h an e l : e c t i v e mass of 0.81 m . 
e 

He as s i g n e d t h i s t o a heavy h o l e . H o p f i e l d and Thomas e s t i m a t e d 

c o n s i d e r a b l e a n i s o t r o p y of h o l e e f f e c t i v e masses, i n the upper 

(fj) v a l e n c e band, from t h e i r e x c i t o n measurements y i e l d i n g v a l u e s 
1 r of m.(|| t o c) = 5 m and m. ( I t o c) = 0.7 m . The average h e h e 

e f f e c t i v e mass f o r a h o l e from these v a l u e s i s 1.87 me, which i s 

i n c o n s i d e r a b l e disagreement w i t h Sawamoto 1s r e s u l t . From t h i s 

l i m i t e d i n f o r m a t i o n i t may be concluded t h a t the h o l e e f f e c t i v e 

mass i s l a r g e r than t h a t f o r the e l e c t r o n , and i s a l s o q u i t e aniso­

t r o p i c . However, as CdS grows as an n-type m a t e r i a l , the h o l e 

e f f e c t i v e mass i s not r e q u i r e d t o un d e r s t a n d the m a j o r i t y of 

t r a n s p o r t processes. 
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1.5. C a r r i e r M o b i l i t i e s i n CdS 

The m o b i l i t y of a f r e e c a r r i e r i s d e f i n e d as i t s d r i f t 

v e l o c i t y per u n i t a p p l i e d f i e l d . As a c a r r i e r moves th r o u g h a 

m a t e r i a l under t he i n f l u e n c e of an e x t e r n a l f i e l d i t w i l l be 

s c a t t e r e d by any r e g i o n where d e v i a t i o n s from the i d e a l l a t t i c e 

o ccur. Such d e v i a t i o n s can be caused by i m p u r i t i e s , v a c a n c i e s 

and i n t e r s t i t i a l s i n the host l a t t i c e , d i s l o c a t i o n s and inhomo-

g e n e i t i e s due t o l a t t i c e v i b r a t i q n s . The c a r r i e r m o b i l i t y and 

i t s v a r i a t i o n w i t h t e m p e r a t u r e r e f l e c t s these d e v i a t i o n s from the 

i d e a l , and i t i s f o r t h i s reason t h a t the v a l u e of c a r r i e r m o b i l i 

i s sometimes used as a measure of c r y s t a l p e r f e c t i o n . 

The m o b i l i t y of f r e e e l e c t r o n s i n CdS has been i n v e s t i g a t e d 

by a number of workers u s i n g H a l l measurements. Most of the 

r e s u l t s are c o n s i s t e n t w i t h the f r e e e l e c t r o n m o b i l i t y b e i n g 

dominated by p o l a r o p t i c a l mode s c a t t e r i n g at tempe r a t u r e s above 

about 150°K, and p i e z o e l e c t r i c and i o n i s e d i m p u r i t y s c a t t e r i n g 

below t h i s t e m p e r a t u r e . 

P o l a r o p t i c a l mode s c a t t e r i n g occurs i n the p a r t i a l l y i r , n i c 

CdS when the e l e c t r o n s i n t e r a c t w i t h the d i p o l e s produced where 

l o n g i t u d i n a l o p t i c a l phonons d i s t u r b the c r y s t a l l a t t i c e . The 

m o b i l i t y , ^ Qp» ^ n t h i s case may be expressed as 

Q - l / 2 , , ,.3/2. 0/T . u Q p cc 9 (me/m^) (e - 1) 1.5.1 

where 9 i s the Debye temp e r a t u r e (Zook and Dexte r 1963). 

A c o u s t i c phonons i n CdS would be expected t o c r e a t e a 

d e f o r m a t i o n p o t e n t i a l which would s c a t t e r e l e c t r o n s . Bardeen 

and Shockley (1950) showed t h a t the m o b i l i t y , u^, l i m i t e d by 

d e f o r m a t i o n p o t e n t i a l s c a t t e r i n g i s g i v e n by 

( Jd " m e" 5/ 2
T- 3/ 2 1.5.2 
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These workers were c o n s i d e r i n g monatomic, c o v a l e n t , semiconductors 
where the e f f e c t of a d e f o r m a t i o n p o t e n t i a l would be dominant. 
I n p i e z o e l e c t r i c m£iterials, the a c o u s t i c phonons can a l s o induce a 
p o t e n t i a l of p i e z o e l e c t r i c o r i g i n which w i l l s c a t t e r e l e c t r o n s . 
A c c o r d i n g t o Hutson (1960) p i e z o e l e c t r i c s c a t t e r i n g l e ads t o a 
m o b i l i t y v a r i a t i o n of the form 

u oc (m /m' ) 3 / 2
T - 1 / 2 1.5.3 *p e e 

I m p u r i t y s c a t t e r i n g by i o n i s e d c e n t r e s has been c o n s i d e r e d 

by Brooks (1955) and i s g i v e n by 

T3/2 AT 2m e/m e 

u. = (m /m') - l o g 1.5.4 
6 6 I ^ Z 2 n 

where i s the number of i o n i s e d i m p u r i t y s c a t t e r i n g c e n t r e s w i t h 

charge Z, n i s the f r e e e l e c t r o n d e n s i t y , and A i s a c o n s t a n t . 

The weaker u n i o n i s e d i m p u r i t y s c a t t e r i n g was i n v e s t i g a t e d by 

E r g i n s o y (1950) who found i t t o be almost t e m p e r a t u r e independent. 

F i g u r e 1.5.1 shows a t y p i c a l p l o t of H a l l m o b i l i t y versus 

t e m p e r a t u r e measured by Subhan (1969) on a CdS sample c u t from a 

b o u l e c r y s t a l grown i n t h i s department. I t was p o s s i b l e t o f i t 

t h e t h e o r e t i c a l v a l u e s f o r p o l a r o p t i c a l mode, p i e z o e l e c t r i c , and 

• i o n i s e d i m p u r i t y s c a t t e r i n g t o these r e s u l t s u s i n g a v a l u e of 

0.19 m f o r the e f f e c t i v e mass of the e l e c t r o n . No c o n t r i b u t i o n e 
from u n i o n i s e d i m p u r i t y or d e f o r m a t i o n p o t e n t i a l s c a t t e r i n g c o u l d 

be e s t i m a t e d from t h e H a l l d a t a , so t h a t i t may be concluded t h a t 

sucli e f f e c t s are small i n comparison w i t h the o t h e r s c a t t e r i n g 

median i sms. 

A v a l u e f o r the m o b i l i t y of h o l e s i n CdS i s d i f f i c u l t t o 

o b t a i n d i r e c t l y , because f o r most t r a n s p o r t phenomena c o n d u c t i o n 
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i s p r e d o m i n a n t l y v i a f r e e e l e c t r o n s . Spear and Mort (1963) 
2 

measured a mean v a l u e of 15 cm / v o l t - s e c . f o r the room temperature 

d r i f t m o b i l i t y of h o l e s i n CdS u s i n g p u l s e d e l e c t r o n beam e x c i t a ­

t i o n and a p u l s e d e l e c t r i c f i e l d . They found t h a t the d r i f t 

m o b i l i t y at near l i q u i d n i t r o g e n t emperatures i n c r e a s e d exponen­

t i a l l y w i t h t e m p e r a t u r e y i e l d i n g an a c t i v a t i o n energy of 0.019 i 

0.002 eV. They i n t e r p r e t e d t h i s i n terms of h o l e m o b i l i t y 

governed by h o l e s i n t h e upper two v a l e n c e bands ( Tg and I " ^ ) , a n c» 

the v a r i a t i o n i n m o b i l i t y as due t o the change i n occupancy of 

these l e v e l s w i t h t e m p e r a t u r e . T h e i r v a l u e of 0.019 eV i s c l o s e 

t o t h a t found by Thomas and H o p f i e l d (see F i g u r e 1.3.1) f o r the 

s e p a r a t i o n of the upper two valence bands. 

Onuki and Hase (1965) measured the a.c. p h o t o - H a l l m o b i l i t y 

at d i f f e r e n t e x c i t a t i o n e n e r g i e s and found t h a t the H a l l m o b i l i t y 

decreased a t wavelengths l e s s t h a n 5300 A°. Assuming t h i s 

decrease t o be due t o a c o n t r i b u t i o n from h o l e m o b i l i t y , they 

deduced a v a l u e of 48 c m ^ / v o l t - s e c , f o r the h o l e m o b i l i t y . 
2 

Lecomber et a l . (1966) measured a d r i f t m o b i l i t y of 23 cm / v o l t -

sec, on one of t h e i r CdS samples, when they were s t u d y i n g the 

a c o u s t o - e 1 e c t r i c i n t e r a c t i o n of c a r r i e r s w i t h a c o u s t i c waves. 

R e c e n t l y , I s l a m and Woods (1969) observed a second c u r r e n t 

s a t u r a t i o n i n measurements of a c o u s t i c w a v e - c a r r i e r i n t e r a c t i o n , 

when t h e sample was i l l u m i n a t e d w i t h i n f r a r e d quenching r a d i a t i o n . 

Assuming t h i s s a t u r a t i o n t o be due onset of a c o u s t o - e 1 e c t r i c 

i n t e r a c t i o n w i t h h o l e s , they c a l c u l a t e d the room t e m p e r a t u r e h o l e 
2 

m o b i l i t y t o be 48 cm / v o l t - s e c . 
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CHAPTER 2 

PHOTOCONDUCTIVITY PHENOMENA IN CdS 

2.1 , I n t r o d u c t i o n 

When p h o t o s e n s i t i v e CdS i s i l l u m i n a t e d w i t h r a d i a t i o n which 

c r e a t e s e l e c t r o n - h o l e p a i r s , the f r e e h o l e s are r a p i d l y c a p t u r e d 

at r e c o m b i n a t i o n c e n t r e s and the c u r r e n t i s c a r r i e d m a i n l y by 

the f r e e e l e c t r o n s . Where u n i f o r m i r r a d i a t i o n c r e a t e s F f r e e 

e l e c t r o n s per second i n the whole c r y s t a l , the t o t a l number of 

f r e e e l e c t r o n s , n, under steady s t a t e c o n d i t i o n s i s g i v e n by 

n = F T 2.1.1 
n 

where T i s the f r e e e l e c t r o n l i f e t i m e , n 

I f ohmic c o n t a c t i s now made t o the m a t e r i a l and a v o l t a g e , 

V, a p p l i e d the p h o t o c u r r e n t , I , w i l l be 

I = ne/T 2.1.2 r 

where T i s the t r a n s i t time of an e l e c t r o n between the r 
e l e c t r o d e s and e i s the e l e c t r o n i c charge, 

From E q u a t i o n s 2.1.1 and 2.1,2, 

I = Fe r IT = GeF 2,1.3 n r 

where G i s the p h o t o c o n d u c t i v e g a i n f a c t o r , 
t 

The t r a n s i t time i s det e r m i n e d by the f r e e e l e c t r o n m o b i l i t y 

u , the e l e c t r o d e s p a c i n g L and the a p p l i e d v o l t a g e , such t h a t n 

T = L 2/Vu 2.1.4 r r n 
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so t h a t the p h o t o c u r r e n t may be expressed as 

F T eu V 
I = " n 2.1.5 

IT 

2.2. The Free E l e c t r o n L i f e t i m e 

From Equa t i o n s 2.1.3 and 2.1.5 i t can be seen t h a t the 

p h o t o c o n d u c t i v e g a i n i s governed by the two m a t e r i a l parameters 

and r n« The v a r i a t i o n of t h e . e l e c t r o n m o b i l i t y from sample 

t o sample of CdS does not u s u a l l y exceed an o r d e r of magnitude 

at room t e m p e r a t u r e . The v a r i a t i o n of u.̂  w i t h t e m p e r a t u r e , i n 

t h e range 100 K t o 400 K, i s a g a i n about one o r d e r of magnitude. 

The f r e e e l e c t r o n l i f e t i m e can, however, v a r y by as much as e i g h t 

o r d e r s of magnitude depending on the method of growth and sample 

p r e p a r a t i o n . Under c e r t a i n c o n d i t i o n s r n can change 

c o n s i d e r a b l y w i t h t e m p e r a t u r e and the i n t e n s i t y of i l l u m i n a t i o n . 

The f r e e e l e c t r o n l i f e t i m e i s thus a key parameter f o r 

d e t e r m i n i n g p h o t o c o n d u c t i v e g a i n . 

I f the l i f e t i m e of a f r e e e l e c t r o n i s t e r m i n a t e d by 

r e c o m b i n a t i o n w i t h a f r e e h o l e t r a p p e d i n a set of r e c o m b i n a t i o n 

c e n t r e s w i t h d e n s i t y N D and c a p t u r e c r o s s - s e c t i o n S D 

T n = ( N R S R V ) _ 1 2 ' 2 ' 1 

where v i s the v e l o c i t y of a f r e e e l e c t r o n . 

For a t r a p f r e e m a t e r i a l w i t h a d e n s i t y of n f r e e e l e c t r o n s 

under i l l u m i n a t i o n 

T = (nS-.v)" 1 and I oc F 1 / 2 2.2.2 n K 

because the number of f r e e e l e c t r o n s i s equal t o the number of 
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empty r e c o m b i n a t i o n c e n t r e s . 

Where n̂ . t r a p p i n g l e v e l s are i n t r o d u c e d i n t o the m a t e r i a l 

and are f i l l e d w i t h e l e c t r o n s , and where n̂ . >> n, the f r e e 

e l e c t r o n l i f e t i m e becomes 

T = ( n . S D v ) _ 1 a n d I oc F 2.2.3 
n t K 

and the s e n s i t i v i t y of the m a t e r i a l i s reduced by a f a c t o r n/n^ 

2.3. The Response Time 

The response time t i s the time- f o r the p h o t o c u r r e n t t o 

decay t o l / e of i t s v a l u e under steady s t a t e c o n d i t i o n s f o l l o w i n g 

the removal of the i l l u m i n a t i o n . I n a t r a p f r e e m a t e r i a l , or a t 

h i g h l i g h t i n t e n s i t i e s , the response time i s equal t o the f r e e 

e l e c t r o n l i f e t i m e . Where t h e r e are t r a p p i n g c e n t r e s p r e s e n t , 

t h e observed decay i s m o d i f i e d by the t h e r m a l emptying of these 

t r a p s . The t h e o r e t i c a l form of the i s o t h e r m a l decay of a s i n g l e 

set of d i s c r e t e t r a p s i s d i s c u s s e d i n S e c t i o n 3.9, and 

e x p e r i m e n t a l r e s u l t s showing such a decay can be seen i n F i g u r e 

5.6.6. The response time i s t y p i c a l l y of the o r d e r of m i n u t e s . 

For a continuum of t r a p s , w i t h d e n s i t y ( n ^ ^ T ' w i t h i n a KT 

band near the steady s t a t e Fermi l e v e l f o r e l e c t r o n s , and where 

( n t ) k T >> n, t h e n 

t = t kT n 
o n 

2.4. Space Charge L i m i t e d C u r r e n t s 

I t would appear t h a t the p h o t o c o n d u c t i v e g a i n , a c c o r d i n g t o 

Equa t i on*"2 . 1 . 5 , can be i n c r e a s e d i n d e f i n i t e l y by i n c r e a s i n g the 

a p p l i e d v o l t a g e or d e c r e a s i n g the e l e c t r o d e s p a c i n g . However, 
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at s u f f i c i e n t l y h i g h f i e l d s ( b u t below those at which d i e l e c t r i c 

breakdown or impact i o n i s a t i o n would occur) a space charge i s 

i n j e c t e d from the cathode i n t o the b u l k of the m a t e r i a l . Thus, 

th e p h o t o c u r r e n t i s obscured by the r e s u l t i n g space charge 

l i m i t e d c u r r e n t (S.C.L.C.). The S.C.L.C. v a r i e s w i t h a power of 

v o l t a g e of the o r d e r of two or g r e a t e r , and when f i e l d s 

s u f f i c i e n t l y g r e a t t o i n j e c t a space charge are reached, an 

in c r e a s e i n f i e l d w i l l produce a S.C.L.C. which r a p i d l y swamps 

the p h o t o c u r r e n t , 

The l i m i t i s reached when the S.C.L.C. i s of the same o r d e r 

as the p h o t o c u r r e n t , or u s i n g the analogy w i t h c o n v e n t i o n a l 

a m p l i f i c a t i o n , when the s i g n a l ( p h o t o c u r r e n t ) t o n o i s e (S.C.L.C.) 

i s equal t o u n i t y . Under S.C.L.C.' c o n d i t i o n s the t r a n s i t time 

T' of i n j e c t e d charge p a s s i n g t h r o u g h the m a t e r i a l i s equal t o r 
t h e d i e l e c t r i c r e l a x a t i o n t i m e , w h i c h i s e f f e c t i v e l y the 

r e s i s t a n c e - c a p a c i t a n c e p r o d u c t f o r a p a r t i c u l a r sample. The 

space charge occurs because the m a t e r i a l cannot d i s s i p a t e the 

i n j e c t e d , charge. 

The t r a n s i t time T^ i s governed by the d r i f t m o b i l i t y , u^, 

and 

For a t r a p f r e e p h o t o c o n d u c t o r , the d r i f t m o b i l i t y and f r e e 

e l e c t r o n m o b i l i t y are e q u a l , so t h a t 

2.4.1 

T r 
= T r 2.4.2 

where T i s the d i e l e c t r i c r e l a x a t i o n t i m e , r 

The g a i n G o b t a i n e d when the S.C.L.C. i s equal t o the ° max M 

p h o t o c u r r e n t can be d e r i v e d from E q u a t i o n s 2.1.5, 2.4.1 and 2,4,2 
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and i s 

G = T AT' 2.4.3 max n r 

The p h o t o c o n d u c t i v e g a i n w i l l be l a r g e r at f i e l d s f o r which 

the i n j e c t e d space charge i s g r e a t e r than the p h o t o c u r r e n t , 

because T i s i n v e r s e l y p r o p o r t i o n a l t o the c o n d u c t i v i t y . 

However, i n the above e q u a t i o n T ' i s the d i e l e c t r i c r e l a x a t i o n 
r 

t i m e found f o r the s i t u a t i o n where the p h o t o c u r r e n t and S.C.L.C. 

are e q u a l . T h i s i s the approximate l i m i t f o r p r a c t i c a l 

measurement. 

When ( n ^ ^ j s h a l l o w t r a p s are i n t r o d u c e d i n t o t h e photo-

c o n d u c t o r , and ( n ) _, >> n, the d r i f t m o b i l i t y of f r e e e l e c t r o n s 
t k l 

i s r e l a t e d t o the f r e e e l e c t r o n m o b i l i t y , so t h a t 
u n n 2.4.4 

Thus 

T = , - 2 4 5 r ( n t \ T ~ ( n t ) k T 

and 

n t k l , G = : 2,4.6 max r ' n r 

Hence from Equations 2.3.1 and 2.4.6 

G = t /T« 2.4.7 
max o r 

T h e r e f o r e , the i n t r o d u c t i o n of s h a l l o w t r a p s i n t o CdS 

decreases t h e e f f e c t i v e maximum g a i n . 

I n p r a c t i c e , maximum ga i n s i n CdS have been observed where 

G a ( t /T«)M 
max o r 

2.4.8 
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and M i s of the o r d e r of hundreds. I f ( n
t ^ deep t r a p p i n g l e v e l 

a r e p r e s e n t t o g e t h e r w i t h ( n ),_ , s h a l l o w t r a p s , and where the 
t K X 

d e n s i t y of b o t h these s e t s of t r a p s i s g r e a t e r than n, becomes 

H n 
Pa = T \— r- 2.4.9 

d l n
t

J k T + U t J d 

so t h a t the f r e e e l e c t r o n t r a n s i t time i s g i v e n by 

T ^ = m — h r n — r - 2.4.10 
r ( n T I K T + ( n t ) d 

The e x p r e s s i o n f o r G i n t h i s case i s 
max 

< r n I ( n t ) k T + ( n t } J G = ; 2.4,11 max f n r 

The response time i s s t i l l dependent on the t r a p s i n t h e r m a l 

e q u i l i b r i u m w i t h the c o n d u c t i o n band, i . e . 

T _ ( n . ) , T * n t kT _ . . t = 2.4,12 o n 

hence, the maximum p h o t o c o n d u c t i v e g a i n can be w r i t t e n 

G = ( t / T ' ) M 2 . 4 . 1 3 max o r 

where 

M = 1 + ( n t ) d / ( n t ) k T 2.4.14 

2 . 5 . Demarcation L e v e l s 

The p r e c e d i n g d i s c u s s i o n has shown t h a t the p h o t o c o n d u c t i v e 

p r o p e r t i e s of a m a t e r i a l are d e t e r m i n e d by the t r a p p i n g l e v e l s 

and r e c o m b i n a t i o n c e n t r e s p r e s e n t . Whether a c e n t r e a c t s as a 

t r a p or r e c o m b i n a t i o n c e n t r e can be d e t e r m i n e d by u s i n g the 

concept of d e m a r c a t i o n l e v e l s . 
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F i g u r e 2.5.1 shows the s t e a d y s t a t e F e r m i l e v e l s and demarc­

a t i o n l e v e l s f o r e l e c t r o n s and h o l e s i n an i n s u l a t o r . At the 

d e m a r c a t i o n l e v e l f o r e l e c t r o n s ( h o l e s ) , the e l e c t r o n ( h o l e ) has 

an e q u a l p r o b a b i l i t y of b e i n g t h e r m a l l y e x c i t e d t o the c o n d u c t i o n 

band ( v a l e n c e band) or of a c t i n g as a r e c o m b i n a t i o n c e n t r e f o r a 

c a r r i e r of the o p p o s i t e c h a r g e . Above the e l e c t r o n d e m a r c a t i o n 

l e v e l the c e n t r e s a r e p r e d o m i n a n t l y e l e c t r o n t r a p s , and below the 

h o l e d e m a r c a t i o n l e v e l the c e n t r e s a r e p r e d o m i n a n t l y h o l e t r a p s . 

The r e g i o n between the d e m a r c a t i o n l e v e l s c o n t a i n s r e c o m b i n a t i o n 

c e n t r e s . T r a p p i n g c e n t r e s l y i n g above the e l e c t r o n d e m a r c a t i o n 

l e v e l but below the e l e c t r o n Fermi l e v e l w i l l be s u b s t a n t i a l l y 

f i l l e d w i t h e l e c t r o n s . A l t h o u g h t h e s e c e n t r e s have a g r e a t e r 

p r o b a b i l i t y of a c t i n g as t r a p p i n g c e n t r e s than r e c o m b i n a t i o n 

c e n t r e s , the r e l a t i v e l y l a r g e p e r c e n t a g e occupancy by e l e c t r o n s 

w i l l a l l o w some r e c o m b i n a t i o n of h o l e s . 

The p r o b a b i l i t y , q, of t h e r m a l r e l e a s e of an e l e c t r o n from a 

t r a p w i t h a c t i v a t i o n energy, , and c a p t u r e c r o s s - s e c t i o n , S^, 

f o r e l e c t r o n s i s 

q = vexp(«E t/kT) 2.5.1 

where v i s the a t tempt t o e s c a p e f r e q u e n c y . From c o n s i d e r a t i o n s 

of d e t a i l e d b a l a n c e i t c a n be shown t h a t 

V = S V N 2.5.2 
n c 

where v i s the t h e r m a l v e l o c i t y of a f r e e e l e c t r o n and N i s the 
' c 

d e n s i t y of s t a t e s i n the c o n d u c t i o n band. 

I f the c o n c e n t r a t i o n of f r e e h o l e s i s p, and S i s the h o l e 
P 

c a p t u r e c r o s s - s e c t i o n f o r h o l e s by c e n t r e s , c o n t a i n i n g e l e c t r o n s , 

w h i c h l i e at the e l e c t r o n d e m a r c a t i o n l e v e l , D . t h e n 
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S vN exp(-D /kT) = pvS 2.5.3 n c r n P 

The c o n c e n t r a t i o n s of f r e e e l e c t r o n s and h o l e s c a n be found from 

e x p r e s s i o n s s i m i l a r to E q u a t i o n s 2.1.1 and 2.2.3. Thus 

n = F/vS p 2.5.4 n 1 r 

where i s t h e c a p t u r e c r o s s - s e c t i o n f o r e l e c t r o n s b£j empty 

r e c o m b i n a t i o n c e n t r e s w i t h a d e n s i t y p r > A l s o 

p = F/vS n 2.5.5 p r 

where S i s the c a p t u r e c r o s s - s e c t i o n f o r h o l e s of f i l l e d 
P 

r e c o m b i n a t i o n c e n t r e s w i t h a d e n s i t y and where the v e l o c i t y 

of the e l e c t r o n s a n d , h o l e s a r e e q u a l . I t f o l l o w s t h a t 

p/n = S p /S n„ 2.5.6 n ^ r p r 

From E q u a t i o n s 2.^.3 and 2.£.6 the e l e c t r o n d e m a r c a t i o n l e v e l 

c a n be r e w r i t t e n 

D = k T l o g ( N n /np ) 2.5.7 n & c r * r 

Now the F e r m i l e v e l f o r e l e c t r o n s , ^£ n> i s d e f i n e d by 

n = N e x p ( - E f /kT) 2.5.8 c i n 

t h e r e f o r e 

D = E . + k T l o g ( n /p ) 2.5.9 n I n r r 

By a s i m i l a r argument 
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D p = E £ p - k T l o g ( n r / p r ) 2.6.10 

Here D and E , a r e the h o l e d e m a r c a t i o n l e v e l and F e r m i l e v e l P * P 
r e s p e c t i v e l y . 

2.6. S e n s i t i s a t i o n 

P u r e , s t o i c h i o m e t r i c c r y s t a l s of CdS a r e u s u a l l y poor photo-

c o n d u c t o r s . The p h o t o s e n s i t i v i t y may o f t e n be i n c r e a s e d m a r k e d l y 

by i n c o r p o r a t i n g donors such as the h a l o g e n s or the Group 11 I B 

m e t a l s . The i n t r o d u c t i o n of t h e s e donors would be e x p e c t e d to be 

accompanied by an e q u a l c o n c e n t r a t i o n of cadmium v a c a n c i e s f o r 

c h a rge c o m p e n s a t i o n . 

The p r o c e s s of s e n s i t i s a t i o n c a n be e x p l a i n e d as f o l l o w s . 

The l i f e t i m e of both f r e e e l e c t r o n s and h o l e s i s of the o r d e r of 

10 ^ seconds i n i n s e n s i t i v e CdS. The i n t r o d u c t i o n of compensated 

a c c e p t o r s i n the form of cadmium v a c a n c i e s , as d e s c r i b e d above or 

by s u i t a b l e i m p u r i t y doping, l e a d s t o r e c o m b i n a t i o n c e n t r e s 
-2 

y i e l d i n g f r e e e l e c t r o n l i f e t i m e s and f r e e h o l e l i f e t i m e s of 10 
-8 

and 10 r e s p e c t i v e l y . The r e c o m b i n a t i o n c e n t r e s found i n 

i n s e n s i t i v e p h o t o c o n d u c t o r s a r e termed C l a s s 1 c e n t r e s , the 

s e n s i t i s i n g c e n t r e s a r e c a l l e d C l a s s 11 c e n t r e s . 

F i g u r e 2.6..1(a) shows the r e c o m b i n a t i o n p r o c e s s e s i n an 

i n s e n s i t i v e m a t e r i a l . The r e c o m b i n a t i o n c e n t r e s have a l a r g e 

c a p t u r e c r o s s - s e c t i o n f o r both e l e c t r o n s and h o l e s , l e a d i n g to a 

s m a l l f r e e e l e c t r o n l i f e t i m e and hence an i n s e n s i t i v e m a t e r i a l . 

When C l a s s 11 c e n t r e s a r e i n t r o d u c e d i n t o the sample, t h e i r 

e f f e c t i v e n e s s i n i n c r e a s i n g the f r e e e l e c t r o n l i f e t i m e w i l l depend 

on whether or not they l i e above or below the hole d e m a r c a t i o n 

l e v e l . In F i g u r e 2 . 6 . 1 ( b ) the C l a s s 11 c e n t r e s l i e below the h o l e 
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d e m a r c a t i o n l e v e l where they a c t as t r a p p i n g l e v e l s and so do not 

a f f e c t the r e c o m b i n a t i o n t r a f f i c s i g n i f i c a n t l y . 

At lower t e m p e r a t u r e s and/or h i g h e r l i g h t i n t e n s i t i e s the 

h o l e d e m a r c a t i o n l e v e l w i l l move towards the v a l e n c e band. When 

the h o l e d e m a r c a t i o n l e v e l f a l l s below the C l a s s 11 c e n t r e s , t hey 

may now f u n c t i o n as r e c o m b i n a t i o n c e n t r e s . As the c a p t u r e c r o s s -

s e c t i o n f o r f r e e e l e c t r o n s b f j the C l a s s 1 c e n t r e s i s much g r e a t e r 

than the c a p t u r e c r o s s - s e c t i o n f o r e l e c t r o n s of the C l a s s 11 

c e n t r e s , the C l a s s 1 c e n t r e s w i l l be p r e d o m i n a n t l y f i l l e d w i t h 

e l e c t r o n s . Under t h e s e c o n d i t i o n s the r e c o m b i n a t i o n of f r e e 

e l e c t r o n s i s governed by the C l a s s 11 c e n t r e s , as shown i n F i g u r e 

2 . 6 . 1 ( c ) , l e a d i n g to an i n c r e a s e i n f r e e e l e c t r o n l i f e t i m e and a 

more p h o t o s e n s i t i v e m a t e r i a l . 

2.7. S u p e r l i n e a r i t y 

Under c e r t a i n c o n d i t i o n s a s u p e r l i n e a r v a r i a t i o n of photo-

c u r r e n t w i t h l i g h t i n t e n s i t y may be o b s e r v e d i n CdS. B o t h above 

and below the l e v e l s of l i g h t i n t e n s i t y y i e l d i n g t h i s s u p e r l i n e a r 

b e h a v i o u r , the p h o t o c u r r e n t dependence on l i g h t i n t e n s i t y i s found 

i n p r a c t i c e to b e _ a p p r o x i m a t e l y l i n e a r . 

A s i m p l e model t o e x p l a i n the phenomenon of s u p e r l i n e a r i t y c a n 

be o b t a i n e d by c o n s i d e r i n g a t r a p f r e e p h o t o c o n d u c t o r c o n t a i n i n g 

C l a s s 1 and C l a s s 11 c e n t r e s as shown i n F i g u r e s 2 . 6 . 1 ( b ) and ( c ) . 

At low l i g h t i n t e n s i t i e s the C l a s s 1 c e n t r e s l i e betv/een the 

d e m a r c a t i o n l e v e l s f o r e l e c t r o n s and h o l e s and a c t as r ecombin­

a t i o n c e n t r e s . The C l a s s 11 c e n t r e s l i e w e l l below the h o l e 

d e m a r c a t i o n l e v e l , a s shown i n F i g u r e 2 . 6 . 1 ( b ) , and behave as h o l e 

t r a p s . When the i l l u m i n a t i o n i n t e n s i t y i s i n c r e a s e d , the h o l e 

d e m a r c a t i o n l e v e l moves towards the v a l e n c e band, and the photo-

c u r r e n t w i l l v a r y as the one h a l f power of l i g h t i n t e n s i t y ( f o r 
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t h i s s i m p l e model) as w i l l be d e m o n s t r a t e d l a t e r i n t h i s s e c t i o n . 

When the h o l e d e m a r c a t i o n l e v e l p a s s e s through the C l a s s 11 

c e n t r e s they w i l l be c o n v e r t e d from t h e i r r o l e as h o l e t r a p s t o 

r e c o m b i n a t i o n c e n t r e s . D u r i n g t h i s s e n s i t i s a t i o n p r o c e s s the 

f r e e e l e c t r o n l i f e t i m e w i l l i n c r e a s e r a p i d l y w i t h i n c r e a s i n g 

l i g h t i n t e n s i t y , and the r e s u l t a n t p h o t o c u r r e n t w i l l be s u p e r -

1 i n e a r . 

A f t e r the sens i t i "sat i on has been completed., the v a r i a t i o n of 

' p h o t o c u r r e n t w i t h l i g h t i n t e n s i t y w i l l a g a i n be s u b l i n e a r and the 

f r e e e l e c t r o n l i f e t i m e i s d e t e r m i n e d by r e c o m b i n a t i o n at the 

C l a s s 11 c e n t r e s as shown i n F i g u r e 2 . 6 . 1 ( c ) . 

I n the above d i s c u s s i o n i t was s t a t e d t h a t a v a r i a t i o n of 

p h o t o c u r r e n t w i t h a one h a l f power of l i g h t i n t e n s i t y would be 

e x p e c t e d from t h i s s i m p l e model o u t s i d e the r e g i o n of s u p e r -

l i n e a r i t y . E q u a t i n g E q u a t i o n s 2.1.1 and 2.2.2, f o r a photo-

c o n d u c t o r w i t h a s i n g l e s e t of r e c o m b i n a t i o n c e n t r e s , g i v e s 

F = n 2 S R v 2.8.1 

f o r the s i t u a t i o n where t h e d e n s i t y of empty r e c o m b i n a t i o n c e n t r e s 

i s e q u a l t o the f r e e e l e c t r o n d e n s i t y . Thus 

I oc F X 2.8.2 

where x = 1/2. I n p r a c t i c e t h e r e w i l l a l s o be t r a p p i n g l e v e l s 

p r e s e n t w h i c h can change the v a l u e of x so t h a t 1 > x > 1/2. 

The v a l u e of x depends on the number and d i s t r i b u t i o n of the 

t r a p s as shown by Rose ( 1 9 5 1 ) . 

S u p e r 1 i n e a r i t y depends e s s e n t i a l l y on the s e n s i t i s a t i o n 

p r o c e s s though the lower and upper b r e a k p o i n t s , as shown i n 
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F i g u r e 2.7.1, w i l l be m o d i f i e d by the a d d i t i o n of t r a p p i n g l e v e l s . 

D u s s e l and Bube (1966) have c o n s i d e r e d a f o u r c e n t r e model w h i c h 

c o n t a i n s C l a s s 1 and C l a s s 11 c e n t r e s t o g e t h e r w i t h a s e t of deep 

t r a p s and a s e t of s h a l l o w t r a p s , and g i v e the c r i t e r i a f o r the 

two b r e a k p o i n t s under t h e s e c o n d i t i o n s . From the v a r i a t i o n of 

the b r e a k p o i n t s w i t h i l l u m i n a t i o n i n t e n s i t y and t e m p e r a t u r e i t i s 

p o s s i b l e t o e s t i m a t e the t h e r m a l i o n i s a t i o n energy and the r a t i o 

S /S f o r the C l a s s 11 c e n t r e s and a l s o the r a t i o of the d e n s i t y p n 1 

of the C l a s s 1 c e n t r e s t o the d e n s i t y of the C l a s s 1 c e n t r e s . 

2.8. Thermal Quenching 

The p h o t o c u r r e n t of CdS c r y s t a l s i s o f t e n independent of 

t e m p e r a t u r e i n the range up to 300°K. A c h a r a c t e r i s t i c d e c r e a s e 

i n p h o t o c u r r e n t i s u s u a l l y o b s e r v e d a t t e m p e r a t u r e s i n the r e g i o n 

of room t e m p e r a t u r e . T h i s phenomenon i s c a l l e d t h e r m a l q u e n c h i n g . 

The mechanism of t h e r m a l q u e nching c a n be r e g a r d e d as the 

t h e r m a l d e s e n s i t i s a t i o n of a s e n s i t i s e d p h o t o c o n d u c t o r c o n t a i n i n g 

C l a s s 1 and C l a s s 11 c e n t r e s . As the t e m p e r a t u r e i s r a i s e d , a t 

c o n s t a n t l i g h t i n t e n s i t y , the h o l e d e m a r c a t i o n l e v e l w i l l move 

away from the v a l e n c e band. I n p a s s i n g through the C l a s s 11 

c e n t r e s t h e r e w i l l be a d e c r e a s e i n the f r e e e l e c t r o n l i f e t i m e and 

a q u e n c h i n g of the p h o t o c u r r e n t . At h i g h e r l i g h t i n t e n s i t i e s the 

q u e n c h i n g d e s c r i b e d above would o c c u r at h i g h e r t e m p e r a t u r e s a s i s 

found i n p r a c t i c e . 

The measurement of s u p e r l i n e a r i t y , d e s c r i b e d i n the l a s t 

s e c t i o n , i s u s u a l l y d e r i v e d from p o i n t t o p o i n t measurement of 

p h o t o c u r r e n t w i t h t e m p e r a t u r e where a number of d i f f e r e n t l i g h t 

i n t e n s i t i e s i s u s e d . The s u p e r l i n e a r v a r i a t i o n of p h o t o c u r r e n t 

w i t h l i g h t i n t e n s i t y o c c u r s i n the r e g i o n of t h e r m a l q u e n c h i n g . 
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2.9. I n f r a r e d Quenching 

I n f r a r e d q u e n ching o c c u r s when the p h o t o c u r r e n t of a s e n s i t ­

i s e d CdS c r y s t a l , i r r a d i a t e d w i t h v i s i b l e l i g h t , i s r e d u c e d by 

i n f r a r e d i l l u m i n a t i o n from a second s o u r c e . F i g u r e 2,9.1 shows 

the model w h i c h w i l l a c c o u n t f o r t h i s phenomenon. Under v i s i b l e 

i r r a d i a t i o n a l o n e , e l e c t r o n r e c o m b i n a t i o n p r o c e e d s v i a the C l a s s 

11 c e n t r e s and the C l a s s 1 c e n t r e s a r e f i l l e d and i n o p e r a t i v e 

( F i g u r e 2 . 9 . 1 ( a ) ) . I r r a d i a t i o n w i t h i n f r a r e d photons of s u i t a b l e 

energy l i f t s e l e c t r o n s from t h e v a l e n c e band to the C l a s s 11 

c e n t r e s . The r e s u l t i n g f r e e h o l e s a r e c a p t u r e d by the C l a s s 1 

c e n t r e s w h i c h now become a c t i v e i n r e c o m b i n a t i o n w i t h a subsequent 

d e c r e a s e i n the p h o t o c u r r e n t ( F i g u r e 2 . 9 , 1 ( b ) ) . I n f r a r e d 

q u e n c hing i s e s s e n t i a l l y an o p t i c a l s w i t c h i n g of the r e c o m b i n a t i o n 

p a t h f o r f r e e e l e c t r o n s from C l a s s 11. to C l a s s 1 c e n t r e s i n a 

s e n s i t i s e d p h o t o c o n d u c t o r . 

By s t u d y i n g the s p e c t r a l d i s t r i b u t i o n of p h o t o c u r r e n t w i t h 

d i f f e r i n g i n f r a r e d w a v e l e n g t h s from the s e c o n d a r y s o u r c e , i t i s 

p o s s i b l e t o e s t i m a t e the e n e r g e t i c s e p a r a t i o n of the C l a s s 11 

c e n t r e s from, the v a l e n c e band. F i g u r e s 9.3.1 to 9*3.5 show the 

t y p i c a l q u e n c h i n g s p e c t r a f o r samples i n v e s t i g a t e d d u r i n g the 

c o u r s e of the p r e s e n t work. The energy t h r e s h o l d f o r the o n s e t 

of i n f r a r e d q u e n c h i n g i s the h e i g h t of the C l a s s 11 c e n t r e s above 

the v a l e n c e band. 

2.10. T h e r m o e l e c t r i c Power Measurements 

I t was s t a t e d , i n the i n t r o d u c t i o n to the p r e s e n t c h a p t e r , 

t h a t c u r r e n t i s c a r r i e d m a i n l y by f r e e e l e c t r o n s i n CdS when the 

c r y s t a l i s i l l u m i n a t e d w i t h r a d i a t i o n w h i c h c r e a t e s e l e c t r o n - h o l e 

p a i r s . Where the c r y s t a l i s t h e r m a l l y or o p t i c a l l y quenched, and 

a l s o when i t i s i r r a d i a t e d w i t h i n f r a r e d r a d i a t i o n a l o n e , 
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a g r e a t e r c o n t r i b u t i o n to the c u r r e n t i s e x p e c t e d from the f r e e d 

h o l e s . 

R e c e n t l y , Lawrance and Bube ( 1 9 6 8 ) have measured the thermo­

e l e c t r i c power, on b a r shaped CdS s a m p l e s . o r i e n t e d w i t h the c a x i s 

l y i n g p a r a l l e l to the l o n g e s t d i m e n s i o n of the b a r , under the same 

c o n d i t i o n s of i l l u m i n a t i o n and t e m p e r a t u r e as a r e u s u a l f o r 

s p e c t r a l r e s p o n s e , i n f r a r e d q u e n c h i n g and t h e r m a l l y s t i m u l a t e d 

c u r r e n t measurements. They showed t h a t the s p e c t r a l r e s p o n s e of 

t h e r m o e l e c t r i c power ( T . E . P . ) changes from p o s i t i v e t o n e g a t i v e 

w i t h i n c r e a s i n g photon energy i n the range 1.0 to 1.5eV i n d i c a t i n g 

a s i g n i f i c a n t c o n t r i b u t i o n from f r e e h o l e s when the s a m p l e s were 

i l l u m i n a t e d w i t h i n f r a r e d photons. The s p e c t r a l r e s p o n s e of 

T.E.P. a l s o showed f i n e s t r u c t u r e w h i c h was i n t e r p r e t e d i n terms 

of a m u l t i - l e v e l r e c o m b i n a t i o n c e n t r e . 

The o p t i c a l q u e n c h i n g T.E.P. measurements were c h a r a c t e r i s e d 

by two b r o a d bands at room t e m p e r a t u r e , w h i c h were s i m i l a r i n 

b a s i c s t r u c t u r e to the i n f r a r e d q u e n c h i n g of p h o t o c u r r e n t , though 

the T.E.P. q u e n c h i n g bands showed an i n c r e a s e i n n e g a t i v e T.E.P. 

(compared w i t h the e x p e c t e d more p o s i t i v e c o n t r i b u t i o n from f r e e d 

h o l e s ) . T h e r e was a l s o c o n s i d e r a b l e f i n e s t r u c t u r e i n the 

T.E.P. q u e n c h i n g 'maxima 1. To e x p l a i n the f i n e s t r u c t u r e and 

the l a r g e n e g a t i v e v a l u e s of the 'maxima', Lawrance and Bube 

t e n t a t i v e l y proposed t h a t the s e n s i t i s i n g c e n t r e s were a s s o c i a t e d 

p a i r s of i n t r i n s i c d e f e c t s w h i c h c o u l d e x i s t i n v a r i o u s c h a r g e 

s t a t e s . Such c e n t r e s were assumed to be d i p o l e s h a v i n g a 

p r e f e r r e d c r y s t a l l o g r a p h i c o r i e n t a t i o n . E x c i t a t i o n w i t h i n f r a r e d 

q uenching r a d i a t i o n c a u s e s a change i n the s t a t e of p o l a r i s a t i o n 

of the d i p o l e s which r e s u l t s i n an i n c r e a s e i n the n e g a t i v e T.E.P. 

The f i n e s t r u c t u r e was a s s o c i a t e d w i t h the v i b r a t i o n a l modes of 

the d i p o l e s . 
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Where the T.E.P. was m o n i t o r e d under s i m i l a r c o n d i t i o n s ' as 

those u s e d f o r t h e r m a l l y s t i m u l a t e d c u r r e n t measurement p o s i t i v e 

T:E.P. maxima were o b s e r v e d at t e m p e r a t u r e s of a p p r o x i m a t e l y 150°K 

150°K, 280°K, and 360°K. The h i g h e s t t e m p e r a t u r e maximum was 

assumed to be c a u s e d by p o l a r d e f e c t s . 

The T.E.P. measurements made by Lawrance and Bube i n d i c a t e 

t h a t both the o p t i c a l and th e r m a l q u e n c h i n g of p h o t o c u r r e n t a r e 

more complex than would be e x p e c t e d from a s i m p l e model, and a l s o 

t h a t h o l e t r a p s may c o n t r i b u t e s i g n i f i c a n t l y to t h e r m a l l y 

s t i m u l a t e d c u r r e n t measurements. The p o l a r i s a t i o n and s p a c e 

c h a r g e e f f e c t s which t h e y r e p o r t e d , however, suggest t h a t a more 

d e t a i l e d program of work i s r e q u i r e d b e f o r e an unambiguous 

i n t e r p r e t a t i o n can be made from T.E.P. d a t a . 
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CHAPTER 3 

THERMALLY STIMULATED CONDUCTIVITY 

3.1; I nt roduc t i on 

When a p h o t o c o n d u c t i n g m a t e r i a l c o n t a i n i n g t r a p p e d e l e c t r o n s 

or h o l e s i s h e a t e d i n the d a r k , the c o n d u c t i v i t y shows s t r u c t u r e 

w h i c h i s dependent on the t h e r m a l r e l e a s e of t h e t r a p p e d c a r r i e r s 

T h i s v a r i a t i o n of c o n d u c t i v i t y w i t h t e m p e r a t u r e i s c a l l e d t h e r m a l 

s t i m u l a t e d c o n d u c t i v i t y . The s t u d y of t h e r m a l l y s t i m u l a t e d 

c o n d u c t i v i t y has been w i d e l y u s e d t o d e t e r m i n e thermal a c t i v a t i o n 

e n e r g i e s , c a p t u r e c r o s s - s e c t i o n s , and d e n s i t i e s of t r a p p i n g 

c e n t r e s i n p h o t o c o n d u c t o r s . 

I n t h i s c h a p t e r an e l e m e n t a r y model f o r d e s c r i b i n g e l e c t r o n 

t r a p p i n g phenomena i s p r e s e n t e d t o g e t h e r w i t h some of the 

a n a l y t i c a l t e c h n i q u e s d e r i v e d from i t , w h i c h a r e a p p l i c a b l e to 

t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y . A l t h o u g h the f o l l o w i n g t r e a t 

ment i s l i m i t e d t o e l e c t r o n t r a p p i n g i n n-type p h o t o c o n d u c t o r s , 

i t c o u l d e q u a l l y w e l l be a p p l i e d to the t r a p p i n g of h o l e s i n 

p - t y p e m a t e r i a l s . The t h e r m a l r e l e a s e of c h a r g e c a r r i e r s i n 

b o t h c a s e s i s c h a r a c t e r i s e d by an i n c r e a s e i n f r e e c a r r i e r 

d e n s i t y . (The t h e r m a l r e l e a s e of h o l e s i n a n-type c r y s t a l 

y i e l d s a d e c r e a s e i n f r e e e l e c t r o n d e n s i t y , b e c a u s e when the h o l e 

i s removed at the cathode an e l e c t r o n must a l s o be removed from 

the c o n d u c t i o n band f o r c h a r g e c o n s e r v a t i o n . ) 

3.2. An E l e m e n t a r y Model f o r D e s c r i b i n g E l e c t r o n T r a p p i n g 

. Phenomena 

The model c o n s i s t s of a s i n g l e s e t of d i s c r e t e t r a p p i n g 

l e v e l s , w i t h t h e r m a l a c t i v a t i o n energy, E , and a s i n g l e s e t of 
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r e c o m b i n a t i o n c e n t r e s . Ŝ . and S r a r e the c a p t u r e c r o s s - s e c t i o n s 

f o r e l e c t r o n s by the t r a p p i n g and r e c o m b i n a t i o n c e n t r e s 

r e s p e c t i v e l y 0 

The p r o b a b i l i t y , q, of an e l e c t r o n e s c a p i n g from a t r a p at 

t e m p e r a t u r e T i s 

q = v e x p ( - E / k T ) 3.2.1 

where v i s the attempt to e s c a p e f r q u e n c y and k i s B o l t z m a n n ' s 

c o n s t a n t . 

The r a t e of change of t r a p p e d e l e c t r o n d e n s i t y , n t , i s 

dn^/dt = -n, vexp( -E/kT) + n (N. - n J S v 3.2.2 t t c t t t 

where n c i s the f r e e e l e c t r o n d e n s i t y , v i s the t h e r m a l v e l o c i t y 

of f r e e e l e c t r o n s and i s the t o t a l d e n s i t y of t r a p s . 

The r a t e of change of n c i s g i v e n by 

d n c / d t = - d n t / d t - n

c ^ n 3.2.3 

where T i s the f r e e e l e c t r o n l i f e t i m e . I t i s found i n p r a c t i c e n 
t h a t n IT » dn / d t , so t h a t E q u a t i o n 3.2.3 may be e x p r e s s e d as c n c 

n = -T dnjdt 3.2.4 c n t 

The h e a t i n g r a t e , j3, i s u s u a l l y a r r a n g e d to be l i n e a r so t h a t 

3 = dT/dt 3.2.5 

The c o n d u c t i v i t y , cr, c a n be found from the r e l a t i o n s h i p 

or = n eu 3.2.6 c *n 
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where e and u a r e the e l e c t r o n i c c h a r g e and the f r e e e l e c t r o n *n 
m o b i l i t y r e s p e c t i v e l y . 

S o l u t i o n s to the above e q u a t i o n s , w h i c h g i v e the c o n d u c t i v i t y 

as a f u n c t i o n of t e m p e r a t u r e f o r the t h e r m a l l y s t i m u l a t e d emptying 

of t r a p s , a r e found i n the t h r e e l i m i t i n g c a s e s : * 

( a ) Monomolecular R e c o m b i n a t i o n or No R e t r a p p i n g , where Ŝ . << S^ 

(b) F a s t R e t r a p p i n g , where S t >> 

( c ) B i m o l e c u l a r R e c o m b i n a t i o n , where S. = S 
t r 

3 . 2 ( a ) . No R e t r a p p i n g 

Under t h e s e c o n d i t i o n s , E q u a t i o n 3.2.2 may be s i m p l i f i e d t o 

n̂ . i s found by i n t e g r a t i o n of E q u a t i o n 3.2.7 between the l i m i t s T Q 

and T, where T q i s the t e m p e r a t u r e a t the b e g i n n i n g of the 

t h e r m a l l y s t i m u l a t e d c u r r e n t r u n . S u b s t i t u t i o n of n^ i n E q u a t i o n 

3.2.7 g i v e s dn^/dt w h i c h i s i n s e r t e d i n t o E q u a t i o n 3.2.4 and l e a d s 

t o the conduct i v i t y , . o", where 

dn /dt = - n v e x p ( - E / k T ) 3.2.7 

o" = n T eu v e x p f - E / k T o n n 1 o n n 

T • 
( v / / 3 ) e x p ( - E / k T ) d T ] 

T J 

3.2.8 

Here n Q i s the i n i t i a l d e n s i t y of t r a p p e d e l e c t r o n s . I 

a n a l y s i s i t i s assumed t h a t |i , T and v a r e t e m p e r a t u r e 
n n 

i n d e p e n d e n t . 

t e m p e r a t u r e 

I n t h i s 

3 . 2 ( b ) . F a s t R e t r a p p i n g 

I n t h i s c a s e i t i s u s u a l to assume t h a t the t r a p s a r e i n 

t h e r m a l e q u i l i b r i u m w i t h the c o n d u c t i o n band, thus 
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n c/N c = ( n t / N t ) e x p ( - E / k T ) 3.2.9 

where N i s the e f f e c t i v e d e n s i t y of s t a t e s i n the c o n d u c t i o n c ' 

band. I f the v a l u e of n c , from E q u a t i o n 3.2.9, i s s u b s t i t u t e d 

i n E q u a t i o n 3.2.4 then 

dn /dt = - (N n^/N^T ) e x p ( - E / k T ) 3.2.10 t c t t n 

From E q u a t i o n s 3.2.4 and 3.2.10 the v a r i a t i o n of c o n d u c t i v i t y w i t h 

t e m p e r a t u r e i s g i v e n by 

o- = (N eu n /N. ) exp [-E/kT c n o t l 

T 
- ( e / N t j 8 T n ) J N c exp (-E/kT) dTl 3.2.11 

w h i c h h o l d s when u n and 7"n a r e independent of t e m p e r a t u r e . 

The e x p r e s s i o n s f o r no r e t r a p p i n g and f a s t r e t r a p p i n g may 

both be w r i t t e n i n the form 

T f 
or s A e x p[-E/kT - B exp( -E/kT) dT] 3.2.12 

rp J 
O 

where A and B a r e o f t e n t r e a t e d as c o n s t a n t s . The o n l y d i f f e r ­

ence between E q u a t i o n s 3.2.8 and 3.2.11 e x p r e s s e d i n the above 

manner i s t h a t f o r f a s t r e t r a p p i n g the terms A and B c a r r y the 

t e m p e r a t u r e dependence of N . T h i s may be r e g a r d e d as n e g l i g i b l e 
c 

compared w i t h the i n t e g r a l , w h i c h i s a r a p i d l y v a r y i n g f u n c t i o n of 

t e m p e r a t u r e . 

The r e a s o n f o r the s i m i l a r i t y of no r e t r a p p i n g and f a s t 

r e t r a p p i n g t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y c u r v e s i s the assump­

t i o n t h a t t r a p p i n g i s a dominant p r o c e s s throughout the emptying 

of f a s t r e t r a p p i n g c e n t r e s . F o r t h i s , to be t r u e , the c e n t r e s 

would have to be o n l y p a r t i a l l y f i l l e d . S i n c e the p r o b a b i l i t y of 
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t h e r m a l r e l e a s e ( w h i c h c o n t a i n s an i m p l i c i t dependence on c a p t u r e 

c r o s s - s e c t i o n ) i s g r e a t e r f o r f a s t r e t r a p p i n g t h a n f o r slow, mono-

m o l e c u l a r r e c o m b i n a t i o n , t h e n f a s t t r a p s would be e x p e c t e d t o g i v e 

a m e a s u r a b l e t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y a t lower temper­

a t u r e s t h a n f o r monomolecular r e c o m b i n a t i o n . Where f a s t t r a p s 

a r e i n i t i a l l y f u l l , t h e e f f e c t of r e t r a p p i n g i s at f i r s t r.mall. 

As the t r a p s empty r e t r a p p i n g w i l l c a u s e an e f f e c t i v e l e s s e n i n g of 

the p r o b a b i l i t y of t h e r m a l r e l e a s e and so the t h e r m a l l y s t i m u l a t e d 

c o n d u c t i v i t y c u r v e w i l l b roaden out at h i g h e r t e m p e r a t u r e s . 

Where r e t r a p p i n g i s predominant thoughout the emptying p r o c e s s , 

t h e n no b r o a d e n i n g e n s u e s and the v a r i a t i o n of c o n d u c t i v i t y i s 

s i m i l a r to t h a t o b s e r v e d under monomolecular r e c o m b i n a t i o n . 

3 . 2 ( c ) . B i m o l e c u l a r R e c o m b i n a t i o n 

G a r l i c k and G i b s o n ( 1 9 4 8 ) f i r s t p r o p o s e d a s o l u t i o n t o the 

a l l i e d problem of t h e r m o l u m i n e s c e n c e as a f u n c t i o n of t e m p e r a t u r e 

under b i m o l e c u l a r c o n d i t i o n s . They assumed t h a t the d e n s i t y of 

f i l l e d t r a p p i n g c e n t r e s was e q u a l to the d e n s i t y of empty recom­

b i n a t i o n c e n t r e s ( i . e . n c << n ^ ) . The p r o b a b i l i t y of a r e l e a s e d 

e l e c t r o n r e c o m b i n i n g a t an empty r e c o m b i n a t i o n c e n t r e i s t h u s 

n t / [ ( N t . - n t ) + n j = 3.2.13 

T h i s m o d i f i e s E q u a t i o n 3.2.2 g i v i n g 

d n t / d t = - ( n ^ / N t ) v e x p ( - E / k T ) 3.2. 14 

Thus the c o n d u c t i v i t y under b i m o l e c u l a r r e c o m b i n a t i o n may be 

e x p r e s s e d as 

0" = 
n T H v e x p ( - E / k T ) o n n r 

3.2. 15 T 
N [1 + ( n v/N 0) f e x p ( - E / k T ) ] 

2 

T J o 
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A l t h o u g h and v a r e assumed to be t e m p e r a t u r e i n d e p e n d e n t , 

T~n w i l l depend s t r o n g l y on t e m p e r a t u r e . As p o i n t e d out by 

Sau n d e r s ( 1 9 6 7 ) , the d e n s i t y of r e c o m b i n a t i o n c e n t r e s v a r i e s 

d u r i n g the emptying of the t r a p p i n g c e n t r e s . B e c a u s e S f c = S r 

f o r b i m o l e c u l a r r e c o m b i n a t i o n , the f r e e e l e c t r o n l i f e t i m e i s 

T n = C S t n t v ) ~ 1 3.2.16 

S u b s t i t u t i o n of t h i s v a l u e of i n t o E q u a t i o n 3.2.15 y i e l d s 

n eu N e x p ( - E / k T ) 
cr = o__n_c 3.2.17 

i p 
N . [ l + ( n v/N.fl) e x p ( - E / k T ) ] o 1 ̂  <p J 

o 

3.3. Methods of E v a l u a t i n g T r a p p i n g P a r a m e t e r s 

E q u a t i o n s 3.2.8, 3.2.11 and 3.2.17 r e p r e s e n t the v a r i a t i o n of 

c o n d u c t i v i t y w i t h t e m p e r a t u r e t o be e x p e c t e d i n p r a c t i c e under the 

c o n d i t i o n s s t a t e d . O b t a i n i n g a 'best f i t ' between p r a c t i c a l and 

t h e o r e t i c a l c u r v e s , a s d e s c r i b e d i n S e c t i o n 3.7, would seem to be 

the most a c c u r a t e method of u s i n g t h e s e e q u a t i o n s . However, the 

c a l c u l a t i o n s i n v o l v e d a r e t e d i o u s so t h a t o t h e r a p p r o x i m a t e 

e x p r e s s i o n s have been u s e d i n the p a s t . N i c h o l a s and Woods ( 1 9 6 4 ) 

r e v i e w e d t h e s e a p p r o x i m a t i o n s , which f a l l i n t o t h r e e groups, 

3 . 3 ( a ) . Methods U t i l i s i n g the Curv e Geometry 

T h e s e methods u s e the h a l f h e i g h t s and t he t e m p e r a t u r e maximum 

of the c u r v e t o g e t h e r w i t h e m p i r i c a l l y d e t e r m i n e d c o n s t a n t s to 

o b t a i n the therm a l a c t i v a t i o n energy and i n some c a s e s the c a p t u r e 

c r o s s - s e c t i o n . 

G r o s s w e i n e r ' s Method f o r monomolecu 1ar r e c o m b i n a t i o n p r o v i d e s 

a t y p i c a l example. I f T' and T a r e the t e m p e r a t u r e s of the low 
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t e m p e r a t u r e h a l f h e i g h t and the maximum of< the c u r v e r e s p e c t i v e l y , 
i t . 

the G r o s s w e i n e r thermal a c t i v a t i o n energy i s 

E_ = 1.51kT*T»/(T* - T') 3 . 3.1 
Lr 

7 
P r o v i d e d t h a t E~/kT > 20 and N vS , > 10 then E„ i s a c c u r a t e to 

G c t G 
b e t t e r than 10%. 

G r o s s w e i n e r a l s o gave an e x p r e s s i o n f o r c a p t u r e c r o s s - s e c t i o n ' 

name1y 

S 3 T ' / 3 e x p ( E / k T ^ ) 3 ^ 

2N v T * ( T * - T' ) • c 

3. 3 ( b ) . V a r i a t i o n of H e a t i n g R a t e Methods 

T h e s e methods r e l y on the f a c t t h a t the t e m p e r a t u r e , T*, of 

the maximum changes w i t h d i f f e r e n t h e a t i n g r a t e s . I f E q u a t i o n 

3.2.8 i s d i f f e r e n t i a t e d w i t h r e s p e c t to t e m p e r a t u r e , t h e n i t i s 

found t h a t 

e x p ( E / k T * j = N c v S t T * 2 / E 3.3.3 

Booth ( 1 9 5 4 ) c o n s i d e r e d two h e a t i n g r a t e s w i t h maxima at T* and 

and o b t a i n e d the e x p r e s s i o n 

E = [ k T * T j / ( T j - T * ) ] l o g ( T * 2 / T * 2 ) 3.3.4 

H o o g e n s t r a a t e n ( 1 9 5 8 ) used a number of h e a t i n g r a t e s and p l o t t e d 

l o g ( T * 2 / j 3 ) a g a i n s t 1/T? The s l o p e of t h i s l i n e g i v e s the therm a l 

a c t i v a t i o n e n e r g y . 

3 . 3 ( c ) . G a r l i c k and G i b s o n ' s Method 

G a r l i c k and G i b s o n (1948) c o n s i d e r e d the i n i t i a l r i s e of the 

c o n d u c t i v i t y c u r v e . Under t h e s e c o n d i t i o n s the i n t e g r a l s i n 
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E q u a t i o n s 3.2.8, 3.2.11 and 3.2.17 a r e assumed t o be n e g l i g i b l e so 

t h a t the c o n d u c t i v i t y may be e x p r e s s e d as 

cr oc exp( -E/kT) 3.3.5 

The i n t e g r a l s , i n the e x p r e s s i o n s f o r c o n d u c t i v i t y w i t h temper­

a t u r e , a r e s i g n i f i c a n t f o r v a l u e s of c o n d u c t i v i t y g r e a t e r t h a n 10% 

of the peak maximum v a l u e . ( L a n d 1 9 6 9 ) . 

3.4. K e a t i n g ' s Method 

A p a r t from t h e a s s u m p t i o n t h a t the f r e e e l e c t r o n l i f e t i m e and 

e l e c t r o n m o b i l i t y a r e t e m p e r a t u r e independent, E q u a t i o n s 3,2.8 and 

3.2.17 a l s o assume t h a t the attempt t o e s c a p e f r e q u e n c y , v, does 

not v a r y w i t h t e m p e r a t u r e . I m p l i c i t i n t h i s a s s u m p t i o n i s t h a t 

the c a p t u r e c r o s s - s e c t i o n Ŝ . « T . L a x ( 1960) r e v i e w e d the 

measured t e m p e r a t u r e dependences of c a p t u r e c r o s s - s e c t i o n , S, f o r 

a number of i m p u r i t y d e f e c t s i n s i l i c o n and found v a r i a t i o n s of 

the form 

S oc T ' n 3.4. 1 

w i t h the v a l u e of n i n the range 0 t o 4. 

K e a t i n g ( 1 9 6 1 ) i n t r o d u c e d the t e m p e r a t u r e dependence of by 

s u b s t i t u t i n g E q u a t i o n 3.4.1 i n t o the e x p r e s s i o n f o r monomolecular 

r e c o m b i n a t i o n . He o b t a i n e d the f o l l o w i n g s o l u t i o n f o r t h e r m a l 

a c t i v a t i o n energy 

kT*/E = l ( T " - T« ) / T * ) ( 1.2-y - 0.54) 

+ 5.5.10" 3 - (7/2 - 0 . 7 5 / 2 ) 2 3.4.2 

where T' 1 i s the t e m p e r a t u r e a t h a l f h e i g h t on the h i g h 
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t e m p e r a t u r e s i d e of the maximum, and 

y = ( T " - T * ) / ( T * - T' ) 3 . 4 . 3 

K e a t i n g a l s o found t h a t the r e l a t i o n s h i p h e l d i n the c a s e of f a s t 

r e t r a p p i n g where the d e t e r m i n a t i o n of ther m a l a c t i v a t i o n e n e r g i e s 

was a c c u r a t e t o 3 . 5 % or b e t t e r . 

R e c e n t l y Chen ( 1 9 6 9 ) has c o n s i d e r e d the t e m p e r a t u r e depend-
- 2 2 ence of S f c by s u b s t i t u t i n g v = v'T and v = v'T i n t o the 

2 

e q u a t i o n f o r monomolecular r e c o m b i n a t i o n , and v = v'T i n t o the 

e q u a t i o n f o r b i m o l e c u l a r r e c o m b i n a t i o n . He e s t i m a t e d t h a t the 

e r r o r i n the v a l u e of th e r m a l a c t i v a t i o n e n e r g y , by as s u m i n g v t o 

be be t e m p e r a t u r e independent, was 10% or l e s s i n t h e s e extreme 

c a s e s , 

3 . 5 . Bube's F e r m i L e v e l A n a l y s i s 

Bube ( 1 9 5 5 ) assumed t h a t q u a s i F e r m i l e v e l a t t h e maximum of 

the c o n d u c t i v i t y c u r v e c o r r e s p o n d s to the therm a l a c t i v a t i o n 

e n ergy. Thus 

n c / N c = e x p ( - E / k T ) ) 3 . 5 . 1 

T h i s r e l a t i o n s h i p h o l d s o n l y when the t r a p s a r e i n q u a s i t h e r m a l 

e q u i l i b r i u m w i t h the c o n d u c t i o n band ( i . e . under f a s t r e t r a p p i n g 

c o n d i t i o n s ) , 

3 . 6 . Haine and C a r l e y - R e a d A n a l y s i s 

U s i n g somewhat d i f f e r e n t n o t a t i o n f o r E q u a t i o n s 3 . 2 . 2 and 

3 . 2 . 3 , Ha i n e and C a r l e y - R e a d ( 1 9 6 8 ) e x p r e s s e d the r a t e of change 

of the f r e e e l e c t r o n d e n s i t y as 
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dn c/dT = n tQ/T t - n c ( 1 - n ^ ) / ^ 

- n / T 3.6.1 
c n 

where 

9 = N c./N texp(-E/kT) 3.6.2 

and the t r a p p i n g time, r^, i s g i v e n by 

T t = ( N t S t v ) _ 1 3.6.3 

Haine and C a r l e y - R e a d assumed, as i n S e c t i o n 2.2, t h a t 

dn /dt << n IT so t h a t E q u a t i o n 3.6.1 may be r e w r i t t e n a s c- c n 

n = n . 9 / ( l + T / T - n./N.) 3.6.4 c t t n t t 

3 . 6 ( a ) . S l o p e and Peak Maximum E x p r e s s i o n s 

I f E q u a t i o n 3.6.4 i s d i f f e r e n t i a t e d w i t h r e s p e c t t o 

t e m p e r a t u r e , then 

n t ( d 9 / d T ) + ( d n t / d T ) 9 
d n c / d T • (1 + T t / r n - n t/N t, 

n t 9 ( d n t / d T ) 

N t ( l + T t / T n - n t / N t ) 2 

3.6.5 

From Equat i o n s 3.2.4 and 3.2.5 i t f o l l o w s t h a t 

dn t/dT = - n c / ( T n ^ ) 3.6.6 

and 

d9/dT = 9 ( E / k T + 3/2)/T 3.6.7 

I n p r a c t i c e i t i s found t h a t E >> kT, so the t e m p e r a t u r e depend­

ence of N £ may be n e g l e c t e d and E q u a t i o n 3.6.7 a p p r o x i m a t e s t o 
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d9/dT = 9 E / k T 2 3.6.8 

S u b s t i t u t i n g E q u a t i o n s 3.6.6 and 3.6.8 i n t o E q u a t i o n 3.6.5, and 

u s i n g the v a l u e of n f c from E q u a t i o n 3.6.4 we o b t a i n t h e 

r e l a t i o n s h i p 

dn c /dT = n / ( T + T . ) [ E ( T + r , ) / k T ^ c n t 1 n t 

- ( n c + N t 0 ) 2 / ( / 3 N t
2 9 ) ] 3.6.9 

When 9 from E q u a t i o n 3.6.2 i s s u b s t i t u t e d i n the above e q u a t i o n 

( l / n J d n c / d T = E / k T 2 

U c + N c e x p ( - E / k T ) ) 2 

" / 3 N t l T n + T t ) N c e x p ( - E / k T ) 

Rearrangement of E q u a t i o n 3.6.10 g i v e s 

3.6.10 

t n t 

( n + N e x p ( - E / k T ) ) 2 

^ £ 3.6.11 
ftNjE/kT* - ( l / n c ) d n c / d T ] e x p ( - E / k T ) 

As dn /dT = 0 a t the peak maximum, then 

N.(T + T ) = t n t 

( k T * 2 N /Eft) e x p ( - E / k T * ) [ 1 + ( n /N )exp( E / k T * ) ] 2 3.6.12 c » c c 

I n p r i n c i p l e , s o l u t i o n s t o E q u a t i o n 3.6.11 may be o b t a i n e d 

by c o n s i d e r i n g two p o i n t s on a s i n g l e t h e r m a l l y s t i m u l a t e d 

c o n d u c t i v i t y c u r v e . However, Haine and C a r l e y - R e a d found t h a t 

the most c o n v e n i e n t method of e v a l u a t i o n was to u s e two h e a t i n g 
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r a t e s . The f a c t o r N ^ ( T N + ) c a n be e l i m i n a t e d when p o i n t s on 

the two c u r v e s w i t h the same t e m p e r a t u r e a r e u s e d . Thus 

[ n c l + N c e x p ( - E / k T ) ] 

/ ^ [ E / k T 2 - ( l / n c l ) d n c l / d T ] 

[ n c 2 + N c e x p ( - E / k T ) ] 2 

/ 3 2 [ E / k T 2 - ( l / n c 2 ) d n c 2 / d T ] 
3.6.13 

from w h i c h the ther m a l a c t i v a t i o n energy c a n be c a l c u l a t e d . 

E q u a t i o n 3.6.13 may be s i m p l i f i e d when the p a r a m e t e r s of the peak 

maxinsum a r e u s e d f o r one of the h e a t i n g r a t e s , 

3 . 6 ( b ) . I n t e g r a l E x p r e s s i o n 

Haine and C a r l e y - R e a d a l s o proposed an i n t e g r a l e x p r e s s i o n 

f o r d e t e r m i n i n g t h e r m a l a c t i v a t i o n e n e r g i e s . The d e n s i t y of 

t r a p p e d e l e c t r o n s c a n be w t i t t e n a s 

n. = n t o o<> 
( n / T )dt c n 3.6.14 

S u b s t i t u t i n g n̂ . from e q u a t i o n 3.6.14 and 9 from E q u a t i o n 3.6.2 

i n t o E q u a t i o n 3.6.4 
tp 

n 
n = c 

o d 

( n IT )dt N e x p ( - E / k T ) c n c ' 
t 9 

N . ( l + T / T ) - n + t t n o ( n / r )dt c n 

3.6. 15 

T h i s l a s t e q u a t i o n may be r e w r i t t e n as 

N . ( l + r IT) - n = t t n o o ( n IT )dt c n 

(N In ) e x p ( - E / k T ) c c ( n /T ) d t c n 3.6.16 

A g a i n , i n p r i n c i p l e , E q u a t i o n 3.6.16 can be u s e d to o b t a i n 
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a c t i v a t i o n e n e r g i e s by e m p l o y i n g two i n t e g r a t i o n l i m i t s . Where 

the l e f t hand s i d e s of the r e s u l t i n g two e q u a t i o n s a r e e l i m i n a t e d 

e x p ( - E / k T ) 

r t l P 

n , n -J c l c 2 l 

o 

t1 
( n /T )dt -

C n o< 

9 ( n / r ) d t ] c n ' 

' ( n c / r n ) d t ] i r n _ f n - ( n IT ) d t l - n , f n c21 o c n 1 c 1 1 

o o 

fc2 
3.6.17 

o 
o o 

Haine and C a r l e y - R e a d s u g g e s t t h a t a s i m p l e r method i s to u s e two 

h e a t i n g r a t e s . 

3 . 6 ( c ) . C a p t u r e C r o s s - s e c t i ons 

Assuming t h a t the i n i t i a l t r a p occupancy i s governed by a 

F e r m i d i s t r i b u t i o n , then a f t e r e q u i l i b r i u m h a s been r e a c h e d i n 

the p r e s e n c e of e x c i t i n g r a d i a t i o n a t the l o w e s t t e m p e r a t u r e 

a t t a i n e d d u r i n g a t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y measurement 

n /N. = [1 + (N / n ) e x p ( - E / k T ) ] " 1 3.6.18 o t c c o 

Thus f o r a l l but the s h a l l o w e s t t r a p s the p r o b a b i l i t y of occupancy 

w i l l be u n i t y . 

The c a p t u r e c r o s s - s e c t i o n c a n be o b t a i n e d from the v a l u e of 

T f c i n the f a c t o r N t l T
n + T f c) from E q u a t i o n s 3.6.11 and 3.6.12 or 

from the v a l u e of r . i n t he f a c t o r N,(1 + T.fr ) from E q u a t i o n 
t t t n 

3.6.16, The f r e e e l e c t r o n l i f e t i m e i s found from p h o t o c o n d u c t i v e 

measurement, and i s o b t a i n e d from E q u a t i o n 3.6.18, where n Q i s 

d e t e r m i n e d by the method d e s c r i b e d i n S e c t i o n 3.8. A v a l u e of 

c a p t u r e c r o s s - s e c t i o n cannot be found f o r f a s t t r a p s , a s i n t h i s 

c a s e the r a t i o T./T i s s m a l l , 
t n 

3.7. Curve F i t t i n g T e c h n i q u e 

T h i s t e c h n i q u e was proposed by C o w e l l and Woods ( 1 9 6 7 ) . 
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The t h e o r e t i c a l e x p r e s s i o n s f o r t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y 
d e r i v e d i n S e c t i o n 3.2 a r e n o r m a l i s e d to the e x p e r i m e n t a l c u r v e s . 
The v a l u e of ther m a l a c t i v a t i o n energy i s then v a r i e d u n t i l a 
'best f i t ' i s found b e t e e e n t h e o r y and p r a c t i c e . 

3 . 7 ( a ) . Monomolecular R e c o m b i n a t i o n 

F o l l o w i n g the argument of C o w e l l and Woods, the c o n d u c t i v i t y 

i n the c a s e of monomolecular r e c o m b i n a t i o n may be e x p r e s s e d a s 

t e 
o" = Aexp( - t + B 

t * o 
e x p ( - t ) t " 2 d t ) 3.7.1 

where t = E / k T f and A and B a r e c o n s t a n t s s u c h t h a t 

A = n t T n e u n v 3.7.2 

and 

B = vE/j8k 3.7.3 

An e x a c t s o l u t i o n of the i n t e g r a l i n E q u a t i o n 3.7.1 cannot be 

o b t a i n e d , but by s u c c e s s i v e i n t e g r a t i o n by p a r t s a c o n v e r g e n t 

s e r i e s i s found and E q u a t i o n 3.7.1 may be r e w r i t t e n as 

a = A e x p [ - t - B e x p ( - t ) t " 2 ( 1 - 2 t _ 1 + 6 t " 2 

•\
 1 

- 24t"- 5 )] 3.7.4 
4 0 

The lower l i m i t of i n t e g r a t i o n may be i g n o r e d , as i n p r a c t i c e i t s 

c o n t r i b u t i o n t o the t h e r m a l l y s t i m u l a t e d c u r v e i s l e s s t h a n 1% 

p r o v i d e d t h a t t < 1.5t . 

The v a l u e s of the c o n s t a n t s , A arid B, may be d e t e r m i n e d by 

c o n s i d e r i n g the peak maximum e x p r e s s i o n f o r c o n d u c t i v i t y . By 
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d i f f e r e n t i a t i n g the peak maximum e x p r e s s i o n f o r E q u a t i o n 3.7.1 and 
e q u a t i n g i t t o z e r o , the c o n s t a n t B i s g i v e n by 

B = exp( t * ) t * 2 3.7.5 

The n o r m a l i s a t i o n c o n s t a n t , A, may be found from E q u a t i o n 3.7.3 

where 

= c r * / [ e x p ( - t * ) - B e x p ( - t * ) t * ~ 2 ( 1 - 2t* -1 

+ 6 t * ~ 2 - 2 4 t * " 3 )] 3.7.6 

3.7(b) . F a s t R e t r a p p i n g 

The t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y i n the c a s e of f a s t 

r e t r a p p i n g was e x p r e s s e d by C o w e l l and Woods as 

cr = C e x p [ - t - D e x p ( - t ) t " 3 , 5 ( 1 - 3 . 5 t _ 1 

+ 1 5 . 7 5 t ' 2 - 8 6 . 6 2 5 t " 3 )] 3.7.7 

where D i s found from the peak maximum r e l a t i o n s h i p t o be g i v e n by 

N * E 5 / 2 

D = M ^ , 3 / 2 , 5 / 2 , = e x p ( t * ) t * 7 / 2 3.7.8 
N t J 8 T n 

The n o r m a l i s a t i o n c o n s t a n t , C, i s 

C = N eu n /N "3.7.9 c n o t 

and may a l s o be found from E q u a t i o n 3.7,7 at the peak maximum. 

I n the e x p r e s s i o n f o r f a s t r e t r a p p i n g , C o w e l l and Woods 

c o n s i d e r t h a t the t e m p e r a t u r e dependence of i s s i g n i f i c a n t i n 

the c o n s t a n t D, but n e g l i g i b l e i n the c o n s t a n t C. I f i t may be 
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r e g a r d e d as n e g l i g i b l e i n both c a s e s then, as d e m o n s t r a t e d i n 

S e c t i o n 3 . 2 ( b ) , the e q u a t i o n s f o r monomolecular r e c o m b i n a t i o n and 

f a s t r e t r a p p i n g a r e i d e n t i c a l . The a s s u m p t i o n t h a t N c i s c o n s t a n t 

i s r e a s o n a b l e , as i s assumed a l s o to be t e m p e r a t u r e independent 
-3/2 

though i s known to v a r y i n the form « T . 

I f the t e m p e r a t u r e dependence of N c i s i n c l u d e d f o r both 

c o n s t a n t s , the e q u a t i o n f o r f a s t r e t r a p p i n g becomes 

rr = X t ~ 3 / 2 e x p [ - t - Y e x p ( - t ) t " 2 ( 1 - 3 . 5 t _ 1 

+ 1 5 . 7 5 t - 2 - 8 6 . 6 2 5 t " 3 )] 3.7.10 

where the n o r m a l i s a t i o n c o n s t a n t i s 

K e i L n n o 3/2 X = ° ( E / k ) 3 / 2 3.7.11 
T * 3 / 2 N t 

and 

Y = 3 + 2 t * ( e x p ( t * ) t * 2 ) 3.7.12 
2 t * 

I n p r a c t i c e t > 10, so t h a t to a f i r s t a p p r o x i m a t i o n 

Y = e x p ( t * ) t * 2 = B 3.7.13 

and the e x p r e s s i o n s f o r f a s t and no r e t r a p p i n g a r e a g a i n i d e n t i c a l . 

3 . 7 ( c ) . B i m o l e c u l a r R e c o m b i n a t i o n 

I n t h i s c a s e , which C o w e l l and Woods d i d not c o n s i d e r , the 

c o n d u c t i v i t y ( f r o m E q u a t i o n 3. 2 . 17 ) may be r e w r i t t e n as 

<r = A 1 t " 3 / 2 e x p ( - t )/[ 1 + B j e x p t - t ) t " 2 ( 1 - 2 t - 1 

+ 6 t " 2 - 2 4 t " 3 )] 3.7. 14 
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where the n o r m a l i s a t i o n c o n s t a n t , , i s g i v e n by 

n e(i. N* o . 0 

A, = ° g y P t E / k ) 3 ^ 3.7.15 
N T ' t 

and.can a l s o be d e t e r m i n e d from E q u a t i o n 3.7.14 a t the peak maximum 

where 

n vE 0 , 
B l = N ^ k = fc* e x P ( t * ) [ - 3 / < 2 t * + 3) + 2 t * " J 

6 t * ~ 2 + 2 4 t * - 3 ] - 1 3.7.16 

3 . 7 ( d ) . C a p t u r e C r o s s - s e c t i o n s 

The c a p t u r e c r o s s - s e c t i o n cannot be d e t e r m i n e d from the 

e q u a t i o n f o r f a s t r e t r a p p i n g b e c a u s e i t does not c o n t a i n t h e para­

meter v. F o r monomolecular and b i m o l e c u l a r r e c o m b i n a t i o n , the 

v a l u e of v may be o b t a i n e d from the c o n s t a n t s B and B^ r e s p e c t i v e ­

l y . The c a p t u r e c r o s s - s e c t i o n i s then c a l c u l a t e d u s i n g the 

r e l a t i o n s h i p 

v = N S..V 3.7.17 c t 

wh i c h i s found by c o n s i d e r a t i o n of d e t a i l e d b a l a n c e . 

3.8. T r a p D e n s i t i e s 

The c h a r g e , Q, p a s s i n g through' a sample as a s e t of t r a p s 

empty may be found by i n t e g r a t i n g the t o t a l t h e r m a l l y s t i m u l a t e d 

c o n d u c t i v i t y c u r v e w i t h r e s p e c t to time. Where the photoconduct 

i v e g a i n , G, i s d e t e r m i n e d from E q u a t i o n 2.1.3 and V q i s the 

volume of the sample, then 

n Q = Q/eV QG 3.8.1 
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3.9. C o n s t a n t T emperature Method of T h e r m a l l y S t i m u l a t e d 

Conduc t i v i ty 

I f a p h o t o c o n d u c t o r i s h e l d at c o n s t a n t t e m p e r a t u r e i n the 

t e m p e r a t u r e range of the thermal e mptying f o r a p a r t i c u l a r t r a p , 

but below i t s peak maximum t e m p e r a t u r e , then a decay i n c o n d u c t i v ­

i t y w i l l be o b s e r v e d . From t h i s v a r i a t i o n of c o n d u c t i v i t y w i t h 

time i t i s p o s s i b l e to e v a l u a t e the p a r a m e t e r s of the t r a p w h i c h 

i s e mptying. To d e s c r i b e t h i s v a r i a t i o n , Maine and C a r l e y - R e a d 

( 1 9 6 8 ) r e w r o t e E q u a t i o n 3.6.4 as 

n = n. 0 T IT. 3.9.1 c t n. t 

where <sr N^. Now 

dn./dt = - n IT 3.9.2 t c n 

and s o 

n = n 9 ( T / T ) e x p ( - t 9 / T . ) 3.9.3 

o n L t 

Where n̂ . << N^, E q u a t i o n 3.6.2 may be e x p r e s s e d a s 

n c = n t 0 T n / ( r n + r t ) 3.9.4 

and from E q u a t i o n s 3.7.2 and 3.7.4 
n 9 r 

n c = T ° + " exp -tO/(T + T ) 3.9.5 
n t 

Where l o g ( n c ) i s p l o t t e d a g a i n s t time f o r a t r a p o b e y i n g mono-

m o l e c u l a r r e c o m b i n a t i o n k i n e t i c s ( r >> ?" ) , t h e n a s i n g l e s t r a i g h t 

l i n e of s l o p e 9/T^ i s o b t a i n e d r e g a r d l e s s of occupancy. F o r f a s t 

r e t r a p p i n g ( T ^ << T^) and h i g h i n i t i a l occupancy, a p l o t of l o g ( n ) 
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v e r s u s time y i e l d s a t f i r s t a l i n e of s l o p e O/T^. ( E q u a t i o n 3.9.3) 

whic h changes v i a a c u r v e of v a r i a b l e s l o p e to a s t r a i g h t l i n e of 

s l o p e 0 / r n ( E q u a t i o n 3 . 9 . 5 ) . 

F i g u r e 5.6.6 shows a double e x p o n e n t i a l decay of c u r r e n t w i t h 

time f o r a s e t of t r a p s which emptied w i t h a t h e r m a l l y s t i m u l a t e d 

c u r r e n t maximum at a p p r o x i m a t e l y 115°K. ( A l t h o u g h the c a p t u r e 
-20 2 

c r o s s - s e c t i o n f o r t h i s s e t of t r a p s was about 10 cm , t h e i r 
15 3 

r e l a t i v e l y h i g h d e n s i t y (~10 /cm ) y i e l d e d a v a l u e of 40 f o r the 
r a t i o T IT. and so they s a t i s f i e d the c r i t e r i o n f o r f a s t n t ' 
r e t r a p p i n g . T^ was found from E q u a t i o n 3.6.3 and T^ from photo­

c o n d u c t i v i t y m e a s u r e m e n t s ) . 

When a s i n g l e e x p o n e n t i a l decay i s o b s e r v e d i t i s not p o s s i b l e 

t o d i f f e r e n t i a t e between monomolecular r e c o m b i n a t i o n and f a s t 

r e t r a p p i n g w i t h i n i t i a l low occupancy u n l e s s the r a t i o T / T T i s 

known. However the t h e r m a l a c t i v a t i o n energy and c a p t u r e c r o s s -

s e c t i o n may e a s i l y be d e t e r m i n e d from a double e x p o n e n t i a l d e c a y . 
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CHAPTER 4 

CRYSTAL GROWTH AND EXPERIMENTAL APPARATUS 

4.1. I n t r o d u c t i o n 

I n t h i s c h a p t e r the growth of CdS bo u l e c r y s t a l s i s d e s c r i b e d 

t o g e t h e r w i t h the p r e p a r a t i o n of samples f o r e l e c t r i c a l and o p t i c a l 

measurement and the a p p a r a t u s u s e d . The method of growth i s 

p a r t i c u l a r l y r e l e v a n t b e c a u s e one of the main o b j e c t s of the 

p r e s e n t work was to compare the p r o p e r t i e s of samples grown i n 

p a r t i a l p r e s s u r e s of cadmium w i t h t h o s e grown i n p a r t i a l p r e s s u r e s 

of s u l p h u r . 

F o r b o u l e c r y s t a l s grown i n t h i s manner, measurements were 

made of t h e r m a l l y s t i m u l a t e d c u r r e n t , p h o t o c u r r e n t w i t h temper­

a t u r e , s p e c t r a l r e s p o n s e of p h o t o c u r r e n t , i n f r a r e d q u e n c h i n g , and 

e l e c t r o n bombardment i n d u c e d p h o t o c u r r e n t u s i n g a two probe c o n f i g ­

u r a t i o n of e l e c t r o d e s . T h e r m a l l y s i m u l a t e d c u r r e n t , p h o t o c u r r e n t 

w i t h t e m p e r a t u r e and s p e c t r a l r e s p o n s e were a l s o m o n i t o r e d f o r 

s e l e c t e d samples both f o r t h r e e probe and f o u r probe e l e c t r o d e 

a rrangements so t h a t the e f f e c t s of the c r y s t a l s u r f a c e s and t h e 

c o n t a c t s might a l s o be s t u d i e d . I n f r a r e d l u m i n e s c e n c e from b o u l e 

c r y s t a l s was i n v e s t i g a t e d by i r r a d i a t i n g c l e a v e d c r y s t a l f a c e s . 

4.2. Growth of CdS B o u l e C r y s t a l s 

B o u l e c r y s t a l s of CdS were grown i n t h i s department u s i n g the 

method d e s c r i b e d by C l a r k and Woods ( 1 9 6 8 ) . The undoped s a m p l e s 

were grown from ' O p t r a n 1 Grade powder s u p p l i e d by B.D.H. C h e m i c a l s 

L t d . Two b o u l e c r y s t a l s were grown from ' E l e c t r o n i c 1 Grade powder 

s u p p l i e d by Derby L u m i n e s c e n t s L t d . One of t h e s e b o u l e s was 

i n t e n t i o n a l l y doped w i t h sodium and the o t h e r , a l t h o u g h n o m i n a l l y 

pure, showed s i m i l a r p r o p e r t i e s to t h a t w h i c h was sodium doped. 
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I n the m a j o r i t y of c a s e s the powder s u p p l i e d was u s e d as the 

c h a r g e from which b o u l e s were grown. However, f o r the two 

•Derby 1 c r y s t a l s and f o r two of the 'Optran' c r y s t a l s t h e powder 

was u s e d t o grow s m a l l CdS c r y s t a l s u s i n g an argon f l o w p r o c e s s . 

(The purpose of t h i s t r e a t m e n t was to p u r i f y the s t a r t i n g m a t e r i a l 

by removing v o l a t i l e i m p u r i t i e s w i t h the gas s t r e a m . ) The f l o w 

c r y s t a l s were t h e n c r u s h e d and u s e d as the ch a r g e from w h i c h the 

l a r g e r b o u l e c r y s t a l s were grown. 

Mass s p e c t r o g r a p h i c a n a l y s i s of the 'Optran' powder showed 

t h a t most i m p u r i t i e s were p r e s e n t i n c o n c e n t r a t i o n s of < 0 o l p.p.m. 

R e c r y s t a l 1 i s a t i o n of t h i s powder, u s i n g the argon f l o w p r o c e s s , 

d i d not appear to s i g n i f i c a n t l y d e c r e a s e the i m p u r i t y c o n c e n t r a t ­

i o n s e x c e p t f o r a d e c r e a s e i n t h e copper c o n c e n t r a t i o n by a f a c t o r 

of two. 

'Derby' s t a r t i n g m a t e r i a l was found t o be c o n t a m i n a t e d w i t h 

z i n c , phosphorus, s i l i c o n , a l u m i n i u m and manganese i n c o n c e n t r a t ­

i o n s of 30 - 90 p.p.m. C h l o r i n e was a l s o shown to be p r e s e n t i n 

c o n c e n t r a t i o n s of 150 p.p.m., though p r i o r to the mass s p e c t r o ­

g r a p h s a n a l y s i s the samples had been e t c h e d i n a s o l u t i o n of 

h y d r o c h l o r i c a c i d . R e c r y s t a l 1 i s a t i o n d i d e f f e c t a r e d u c t i o n i n 

the c o n c e n t r a t i o n s of i m p u r i t i e s , though they were s t i l l p r e s e n t a t 

l e v e l s of 1 - 10 p.p.m. 

F i g u r e 4.2.1 shows the f u r n a c e arrangement and the growth tube 

u s e d to grow the bo u l e c r y s t a l s . The upper and low e r f u r n a c e s 

were of c o n v e n t i o n a l d e s i g n and r e s i s t a n c e h e a t e d . The temper­

a t u r e of ea c h f u r n a c e was r e c o r d e d and c o n t r o l l e d by a P t - P t R h 

t h e r mocouple. A s p a c e r was p l a c e d between the f u r n a c e s t o p r e v e n t 

e x c e s s i v e heat t r a n s f e r . The growth tube was c o n s t r u c t e d from 

q u a r t z g l a s s and c o m p r i s e d a 4.0 mm d i a m e t e r tube j o i n e d c o a x i a l l y 

to a 1.5 cm d i a m e t e r growth chamber whic h was a p p r o x i m a t e l y 15 cm 
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FIGURE 4.2.1. FURNACE ARRANGEMENT SHOWN WITH: 

GROWTH TUBE IN INITIAL POSITION. 
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l o n g . 

The p r o c e d u r e u s e d f o r the c r y s t a l growth was a s f o l l o w s . 

0.1 gm of s u l p h u r (cadmium) was p l a c e d i n the growth chamber, 

w h i c h had p r e v i o u s l y been e v a c u a t e d and baked. The s u l p h u r 

(cadmium) was then m e l t e d under vacuum t o remove v o l a t i l e 

i m p u r i t i e s . On c o o l i n g , a p p r o x i m a t e l y 30 gm of CdS was added to 

the growth chamber. The growth tube was e v a c u a t e d f o r a few 

ho u r s and s e a l e d . The growth tube was p l a c e d i n the f u r n a c e 

system, as shown i n F i g u r e 4.2.1, and both f u r n a c e s were brought 

t o t h e i r o p e r a t i n g t e m p e r a t u r e s of 1150°C f o r the upper f u r n a c e 

and 50"C to 775 C f o r the 1 ower ( r e s e r v o i r ) f u r n a c e . The growth 

tube was p u l l e d v e r t i c a l l y a t a r a t e of e i t h e r 0,6 mm/hr or 

1.2 mm/hr, and t h e e x c e s s s u l p h u r (cadmium) " d i s t i 1 l e d i n t o t h e 

' t a i l ' of the growth tube w h i c h was s i t u a t e d i n the r e s e r v o i r 

f u r n a c e . The p a r t i a l p r e s s u r e of s u l p h u r (cadmium) c o u l d be 

c o n t r o l l e d , d u r i n g the growth of the CdS b o u l e , by a d j u s t i n g the 

te m p e r a t u r e of the r e s e r v o i r f u r n a c e . 

The b o u l e grew from the apex a t the top of the growth tube. 

To a v o i d p o l y c r y s t a l 1 i n i t y the s e m i - a n g l e of the c o n i c a l apex had 

to be about 30°. Wit h a g r e a t e r o r l e s s e r a n g l e , m u l t i p l e 

n u c l e a t i o n o c c u r r e d . A bo u l e took between 3 t o 6 days t o grow. 

A f t e r growth i t was s l o w l y brought to room t e m p e r a t u r e o v e r a 

p e r i o d of t h r e e d a y s . 

I n the f o l l o w i n g c h a p t e r s the n o t a t i o n = X°C ( T C d = X°C) 

w i l l be u s e d t o denote a boule c r y s t a l grown i n a p a r t i a l p r e s s u r e 

of s u l p h u r (cadmium), where t h e r e s e r v o i r f u r n a c e was h e l d a t a 

te m p e r a t u r e of X°C. 
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4 0 3 . E l e c t r i c a l C o n t a c t s 

Samples u s e d f o r the e l e c t r i c a l measurements were u s u a l l y c u t 

from the b o u l e s u s i n g a diamond impregnated wheel on a Meyer and 

Bu r g e r L t d . c u t t i n g machine Type T.S3, a l t h o u g h i n some c a s e s the 

samples were c l e a v e d from the b o u l e s and ground to the s i z e 

r e q u i r e d w i t h carborundum powder ( g r i t s i z e 6 0 0 ) . I n both c a s e s 

the samples were s u b s e q u e n t l y e t c h e d i n chr o m i c a c i d and washed i n 

d i s t i l l e d w a t e r . The chr o m i c a c i d e t c h was made by d i s s o l v i n g 

70 gm of c h r o m i c o x i d e i n 200 c c of d i s t i l l e d w a t e r . 10 c c of 

c o n c e n t r a t e d s u l p h u r i c a c i d was then added, and a f t e r the r e s u l t ­

i n g s o l u t i o n had c o o l e d i t was d i l u t e d by the a d d i t i o n of t h r e e 

p a r t s of w a t e r to one p a r t of chr o m i c a c i d . 

E l e c t r i c a l c o n t a c t to the samples was made u s i n g indium m e t a l 

w h i c h forms an ohmic c o n t a c t t o CdS ( S m i t h 1 9 5 5 ) . T h r e e t y p e s of 

c o n t a c t a r r a n g e m e n t s were used, w h i c h i n v o l v e d two, t h r e e and f o u r 

probe c o n t a c t to the sample as d e s c r i b e d i n S e c t i o n s 4 . 3 ( a ) , 

4 .3(b) and 4 . 3 ( c ) r e s p e c t i v e l y . The m a j o r i t y of samples were 

s t u d i e d u s i n g the two probe c o n f i g u r a t i o n of e l e c t r o d e s and 

s e l e c t e d samples were i n v e s t i g a t e d w i t h the t h r e e and f o u r probe 

a r r a n g e m e n t s . With a t h r e e e l e c t r o d e c o n f i g u r a t i o n , where a-

guard r i n g i s u s e d as the t h i r d c o n t a c t , i t i s p o s s i b l e to m o n i t o r 

the c u r r e n t f l o w i n g i n the s u r f a c e r e g i o n of the sample and com­

pare t h i s w i t h the c u r r e n t t r a v e l l i n g through the b u l k m a t e r i a l . 

The f o u r probe e l e c t r o d e c o n f i g u r a t i o n a l l o w s the p o t e n t i a l 

between two c e n t r a l e l e c t r o d e s on a b a r of CdS ( F i g u r e 4.3.3) to 

be m o n i t o r e d w h i l s t the c u r r e n t t h r o u g h the two end c o n t a c t s i s 

measured. I n t h i s way the c o n d u c t i v i t y of the sample can be 

compared w i t h the c u r r e n t f l o w i n g t h r o u g h i t , and hence, the 

c o n t a c t r e s i s t a n c e may be i n v e s t i g a t e d . 

I n a l l c a s e s , the c o n t a c t s were nrnde by the e v a p o r a t i o n of 
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1 - 2 urn t h i c k indium l a y e r s on t o the samples i n a c o n v e n t i o n a l 

e v a p o r a t o r u n i t e v a c u a t e d by a w a t e r c o o l e d mercury d i f f u s i o n pump 

wh i c h was backed by an o i l r o t a r y pump. A l i q u i d n i t r o g e n ' c o l d 

t r a p ' was i n t e r p o s e d between the e v a p o r a t i n g chamber and the 

d i f f u s i o n pump. The indium was e v a p o r a t e d from a molybdenum boat 

h e l d a t 850°C when the e v a p o r a t i n g chamber had r e a c h e d a p r e s s u r e 
-5 

of about 10 t o r r . 

4 . 3 ( a ) . Two Probe C o n f i g u r a t i o n of E l e c t r o d e s 

Samples f o r two probe measurement had d i m e n s i o n s w h i c h were 
3 

t y p i c a l l y Ix2x5'rnm ( F i g u r e 4 . 3 . 1 ( a ) ) . Indium was e v a p o r a t e d 

onto t h e f o u r s i d e s of the CdS b a r n e a r to i t s ends ( F i g u r e 4.3.1 

( b ) ) u s i n g a mask to m a i n t a i n the c e n t r e p o r t i o n of the bar f r e e 

from e v a p o r a n t . The c r y s t a l was p l a c e d on a g l a s s c o v e r s l i p , 

w h i c h had two copper w i r e s f i x e d to i t by means of s i l v e r f i l l e d 

epoxy r e s i n ( F i g u r e 4 . 3 . 1 ( c ) ) . Two s m a l l p i e c e s of indium s h e e t 

had a l s o been p l a c e d i n t h e r e s i n . A s t r i p of indium s h e e t was 

l a i d between each of the e v a p o r a t e d l a y e r s on t h e sample and the 

indium f i x e d to the s l i d e ( F i g u r e 4 . 3 . 1 ( d ) ) . 

The s l i d e was p l a c e d on a h e a t e r s t r i p mounted under a s m a l l 

b e l l j a r . A c h r o m e l - a l u m e l thermocouple was h e l d i n c o n t a c t w i t h 

the h e a t e r s t r i p so t h a t i t s t e m p e r a t u r e c o u l d be m o n i t o r e d . A 

p o s i t i v e p r e s s u r e of oxygen f r e e n i t r o g e n gas was m a i n t a i n e d i n 

the b e l l j a r to p r e v e n t o x i d a t i o n of the indium and the CdS. The 

b e l l j a r was f l u s h e d out w i t h n i t r o g e n f o r f i v e m i n u t e s and then 

the h e a t e r s t r i p was r a i s e d to a t e m p e r a t u r e of 200°C and m a i n t a i n ­

ed a t t h i s t e m p e r a t u r e u n t i l the mo l t e n indium s h e e t w e t t e d the 

e v a p o r a t e d l a y e r s 0 A f t e r c o o l i n g to room t e m p e r a t u r e , the c o v e r 

s l i p was removed from the h e a t e r and a r o b u s t sample was a v a i l a b l e 

f o r measurement. 
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FIGURE 4.3.1. TWO PROBE CONFIGURATION OF ELECTRODES 
a] INITIAL SAMPLE 

bl SAMPLE WITH EVAPORATED INDIUM CONTACTS 

cl SAMPLE ON GLASS SL IDE TOGETHER TWO COPPER WIRES AMD TWO PIECES OF 

INDIUM SHEET FIXED WITH SILVER FILLED EPOXY RESIN 

d! FINAL ARRANGEMENT BEFORE MELTING INDIUM 
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4 . 3 ( b ) . T h r e e Probe C o n f i g u r a t i o n of E l e c t r o d e s 

I r r e g u l a r shaped CdS p l a t e s , as shown i n F i g u r e 4 , 3 . 2 ( a ) , 

were u s e d f o r t h i s e l e c t r o d e c o n f i g u r a t i o n . The p l a t e s were 

t a k e n from boule c r y s t a l s b o t h by sawing and by g r i n d i n g c l e a v e d 

p i e c e s . The samples were a g a i n e t c h e d i n chromic a c i d and washed 

i n d i s t i l l e d w a t e r p r i o r to the e v a p o r a t i o n of indium. The 

t h i c k n e s s of the p l a t e s v a r i e d from 0.5 t o 1.0 mm. The s u r f a c e 
2 

a r e a (about 25 mm ) was s u f f i c i e n t to a l l o w a guard r i n g , w h i c h 

was 0.6 mm wide and had an o u t s i d e d i a m e t e r of 3.5 mm, t o be 

e v a p o r a t e d on to one s u r f a c e . At the c e n t r e of t h i s r i n g a spot 

of indium, 1.2 mm i n d i a m e t e r , was a l s o e v a p o r a t e d ( F i g u r e 4.3.2 

( b ) ) . An indium d i s c of d i a m e t e r 3.5 mm (bottom c o n t a c t ) was 

e v a p o r a t e d onto the f a c e of t he c r y s t a l o p p o s i t e to t h a t on whic h 

the guard r i n g had been deposited,, 

A d i s c of indium s h e e t of the same s i z e a s t h e bottom c o n t a c t 

was cemented to a c o v e r s l i p , u s i n g s i l v e r f i l l e d epoxy r e s i n , 

t o g e t h e r w i t h two copper w i r e s w h i c h were u s e d a s c o n n e c t i o n s to 

the guard r i n g and c e n t r e s p o t . A f u r t h e r d i s c of indium s h e e t 

the same s i z e as the bottom c o n t a c t was g e n t l y p r e s s e d a g a i n s t t h e 

e v a p o r a t e d bottom c o n t a c t , and two s m a l l p i e c e s of indium were 

p r e s s e d onto the guard r i n g and the c e n t r e s p o t . The r e s u l t i n g 

sample, w i t h the a t t a c h e d indium, was p l a c e d on the c o v e r s l i p so 

t h a t the indium d i s c on the sample and t h a t on the c o v e r s l i p were 

c o m p l e t e l y i n c o n t a c t . The c o v e r s l i p was h e a t e d i n an oxygen 

f r e e n i t r o g e n gas f l o w u n t i l the indium m e l t e d . On c o o l i n g , t h e 

samp l e s c o n n e c t i o n s were co m p l e t e d by a t t a c h i n g t h e two f r e e 

c o p p e r w i r e s on the c o v e r s l i p to the d o t s of indium on the guard 

r i n g and c e n t r e spot ( F i g u r e 4 . 3 . 2 ( c ) and ( d ) ) . 

A guard r i n g arrangement was a l s o u s e d on bar shaped samples 
2 

a p p r o x i m a t e l y 6 mm l o n g and 1 mm i n c r o s s - s e c t i o n a l a r e a . Two 
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FIGURE 4.3.2. THREE PROBE CONFIGURATION OF ELECTRODES. 

a) I N I T I A L SAMPLE. . 

b] S A M P L E WITH E V A P O R A T E D INDIUM CONTACTS, 

cj S I D E E L E V A T I O N B E F O R E MELTINC INDIUM. 

d) P E R S P E C T I V E VIEW O F C O M P L E T E D S P E C I M E N . 
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end c o n t a c t s were e v a p o r a t e d i n a s i m i l a r manner to t h a t employed 

f o r e l e c t r i c a l c o n t a c t to two probe s a m p l e s . I n a d d i t i o n , a r i n g 

of indium ( 0.5 mm wide) was d e p o s i t e d n e a r to one of the end con­

t a c t s by p e r f o r m i n g f o u r s e p a r a t e e v a p o r a t i o n s through a m e t a l 

mask. 

4 . 3 ( c ) . Four Probe C o n f i g u r a t i o n of E l e c t r o d e s 

Some of the t e c h n i q u e s d e v e l o p e d f o r the two and t h r e e probe 

samples were u s e d i n a t t a c h i n g f o u r probes to a CdS b a r . T y p i c a l 
3 

d i m e n s i o n s of the samples were 1x2x8 mm . The end c o n t a c t s were 

formed i n e x a c t l y the same manner as t h o s e f o r a two probe sample. 

The w i r e s t o the two e v a p o r a t e d s p o t s between the end c o n t a c t s 

were f i x e d i n the same way as the w i r e s to the guard r i n g and 

c e n t r e spot of a t h r e e probe specimen. 

F i g u r e 4.3.3 shows t h e s t e p s i n the m a n u f a c t u r e of a f o u r 

probe sample. I n F i g u r e 4 . 3 . 3 ( a ) the i n i t i a l sample i s shown, 

and i n F i g u r e 4 .3.3(b) the e v a p o r a t e d indium l a y e r s c a n be s e e n . 

F i g u r e 4 . 3 . 3 ( c ) and ( d ) shows the s i d e e l e v a t i o n and p e r s p e c t i v e 

v i e w of the f i n i s h e d specimen, 

4.4. D.C. C u r r e n t Measurement 

The c u r r e n t s measured d u r i n g the s t u d y of t h e r m a l l y s t i m u l a t ­

ed c u r r e n t , s p e c t r a l r e s p o n s e and i n f r a r e d q u e n c h i n g l a y i n the 

-3 -13 

range 10 to 10 amperes. F i g u r e 4 . 4 . 1 ( a ) shows the c i r c u i t 

d i a g r a m of the v o l t a g e s u p p l y t o g e t h e r w i t h a b l o c k d iagram of t he 

a m p l i f i e r s and the c h a r t r e c o r d e r s . Non-microphonic c a b l e and 

B.N.C. p l u g s and s o c k e t s were u s e d f o r a l l e x t e r n a l e l e c t r i c a l 

c o u p l i n g on the low c u r r e n t s i d e of the d.c. a m p l i f i e r . The 

v o l t a g e s u p p l y was powered by a 120- v o l t 'Winner' b a t t e r y , w h i c h 

was c o n t a i n e d i n an e a r t h e d m e t a l box. The p o s i t i v e s i d e of t h e 
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FIGURE 4.3.3. FOUR PROBE CONFIGURATION OF ELECTRODES 

a) IN IT IAL SAMPLE. 

b) . S A M P L E WITH E V A P O R A T E D C O N T A C T S . 

c] S I D E E L E V A T I O N OF C O M P L E T E D S P E C I M E N . 

d] P E R S P E C T I V E VIEW O F C O M P L E T E D SPECIMEN. 
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v o l t a g e s u p p l y was m a i n t a i n e d a t e a r t h p o t e n t i a l . 

F o r t h r e e probe measurement a c o a x i a l l e a d from the d.c. 

a m p l i f i e r , shown as A-A' i n F i g u r e 4 . 4 . 1 ( a ) , c o u l d e i t h e r be 

p lugged i n t o the c u r r e n t l e a d from the guard r i n g ( B - B 1 ) or i n t o 

the c u r r e n t lead, from the c e n t r e spot ( C - C 1 ) . A p l u g was u s e d to 

s h o r t out C-C' ( B - B 1 ) when i t was r e q u i r e d to m o n i t o r the c e n t r e 

spot ( g u a r d r i n g ) c u r r e n t w h i l e the guard r i n g ( c e n t r e s p o t ) was 

h e l d at s u b s t a n t i a l l y the same p o t e n t i a l . 

F o r two and f o u r probe measurements the l e a d s marked ' s p o t ' 

and 'bottom' i n F i g u r e 4 . 4 . 1 ( a ) were c o n n e c t e d to the ends of the 

sample and the c u r r e n t measured by j o i n i n g A-A' t o B-B'. 

The d.c. a m p l i f i e r was a Type NE 503B model m a n u f a c t u r e d by 

Rank N u c l e o n i c s and C o n t r o l L t d . w h i c h was d e s i g n e d to measure 
-6 -1 3 

c u r r e n t i n the range 10 t o 10 amperes. Where c o n t i n u o u s 
- 3 -6 

m o n i t o r i n g of h i g h e r c u r r e n t s i n the range 10 to 10 amperes 

was r e q u i r e d s w i t c h a b l e r e s i s t o r s ( F i g u r e 4 . 4 . 1 ( b ) ) were p l a c e d 

i n s e r i e s w i t h the c u r r e n t l e a d and the v o l t a g e a c r o s s t h e s e 

r e s i s t o r s measured on the 0 - 1 v o l t range of the d.c. a m p l i f i e r . 

A c c u r a t e p o i n t to p o i n t measurement i n the h i g h e r c u r r e n t range 

was made u s i n g a Sangamo and Weston d.c. microammeter Model S82. 

The output of the d.c. a m p l i f i e r was from 0 - 1 mi 1 1 i a m p e r e s . 

The output was f e d to a 5 m i l l i a m p e r e f u l l s c a l e d e f l e c t i o n R e c o r d 

c h a r t r e c o r d e r (Type M/A DC MC) v i a a 1:5 a m p l i f i e r the g a i n of 

w h i c h was l i n e a r i n the r e q u i r e d range. The c h a r t r e c o r d e r i n p u t 

l e a d s c o u l d be s h o r t e d out u s i n g a push b u t t o n s w i t c h . T h i s 

e n a b l e d c a l i b r a t i o n marks to be p l a c e d on the r e c o r d e r t r a c e a t 

c o n v e n i e n t t e m p e r a t u r e s a s the c u r r e n t was b e i n g measured as a 

f u n c t i o n of t e m p e r a t u r e , 
A Sweeney E.S.T.V. Model 1170 was u s e d to measure the 
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p o t e n t i a l between e l e c t r o d e s d u r i n g f o u r probe s t u d i e s . The 
1 3 

inpu t impedance of t h i s i n s t r u m e n t was g r e a t e r t h a n 10 ohms. 

4.5. C r y o s t a t D e s i g n and Specimen Mounting 

Two c r y o s t a t s were u s e d d u r i n g the c o u r s e of the measurements 

to be d e s c r i b e d i n C h a p t e r s 5 to 9. These were s i m i l a r a s may be 

se e n from F i g u r e s 4.5.1 and 4.5.2, whi c h show t h e c r y o s t a t s u s e d 

f o r the measurement of ( 1 ) t h e r m a l l y s t i m u l a t e d c u r r e n t and i n f r a ­

r e d l u m i n e s c e n c e and ( 2 ) s p e c t r a l r e s p o n s e and i n f r a r e d q u e n c h i n g . 

I n both c a s e s , the sample was mounted on a copper b l o c k a t the end 

of the n i t r o g e n ' t a n k 1 . The copper b l o c k was c o o l e d by p o u r i n g 

l i q u i d n i t r o g e n i n t o the c e n t r a l t u b e . H e a t i n g was a c h i e v e d by 

p l a c i n g a r e s i s t a n c e h e a t e r i n s i d e t h i s tube. The c r y o s t a t u s e d 

f o r the s p e c t r a l r e s p o n s e and i n f r a r e d q u e n ching had a 0,7 l i t r e 

c a p a c i t y tank above the specim e n b l o c k . I t was t h e r e f o r e 

p o s s i b l e to m a i n t a i n l i q u i d n i t r o g e n t e m p e r a t u r e s f o r some t h r e e 

h o u r s from a s i n g l e f i l l i n g . 

D u r i n g the m a j o r i t y of measurements, t h e c r y o s t a t i n n e r was 

s u r r o u n d e d by a vacuum j a c k e t w h i c h had 'O' r i n g s e a l e d q u a r t z 

windows p l a c e d i n p o s i t i o n s a p p r o p r i a t e to t h e measurement 

r e q u i r e d . The vacuum i n t e r s p a c e c o u l d be m a i n t a i n e d a t e i t h e r 

r o t a r y o i l pump p r e s s u r e s , or at d i f f u s i o n pump p r e s s u r e s by means 

of a c o n v e n t i o n a l w ater c o o l e d o i l d i f f u s i o n pump ba c k e d by a 

r o t a r y pump. A l i q u i d n i t r o g e n ' c o l d t r a p 1 was s i t u a t e d between 

the d i f f u s i o n pump and the c r y o s t a t so t h a t c o n d e n s i b l e v a p o u r s 

c o u l d be removed when r e q u i r e d . 

The specimens were mounted on the copper b l o c k of the c r y o ­

s t a t i n the f o l l o w i n g manner, A s m a l l q u a n t i t y of Edwards h i g h 
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FIGURE 4.5.1. CRYOSTAT FOR THERMALLY STIMULATED 

CURRENT AND INFRARED LUMINESCENCE MEASUREMENT'S 

a ] P E R S P E C T I V E VIEW WITH SAMPLE MOUNTED FOR INFRARED L U M I N E S C E N C E . 

blSIDE ELEVATION WITH SAMPLE MOUNTED FOR THERMALLY STIMULATED 

CURRENT MEASU RE MEN T. 

c) ARRANGEMENT O F SAMPLE ON THE COPPER BLOCK FOR TWO PROBE 

THERMALLY STIMULATED CURRENT MEASUREMENT. 



£1 

n 

=3 

FIGURE 4 . 5 . 2 . CRYOSTAT FOR SPECTRAL RESPONSE 

AND INFRARED QUENCHING MEASUREMENTS. 

a) P E R S P E C T I V E VIEW. 

b] SIDE E L E V A T I O N . 

.:] P E R S P E C T I V E VIEW OF CRYOSTAT I N N E R . 
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vacuum s i l i c o n e grease was smeared under the cover s l i p t o ensure 

reasonable t h e r m a l c o n t a c t t o the b l o c k . The cover s l i p was 

secured r i g i d l y t o the b l o c k by two phosphor bronze straps,, 

These s t r a p s were e i t h e r h e l d a g a i n s t the b l o c k by two s m a l l 'U' 

b o l t s ( F i g u r e 4 . 5 . 1 ( b ) ) or b o l t e d t o i t ( F i g u r e 4 . 5 . 2 ( c ) ) . 

E l e c t r i c a l c o n n e c t i o n s from t he mounted sample t o the 

e x t e r i o r of the c r y o s t a t were made by means of a g l a s s t o m e t a l s e a l 

s o f t s o l d e r e d t o the o u t s i d e w a l l of the c r y o s t a t . The leads 

e n t e r i n g the body of the c r y o s t a t were e l e c t r i c a l l y screened by a 

me t a l cap b o l t e d over t he g l a s s t o m e t a l s e a l . B.N.C. soc k e t s 

mounted on t h e cap were used f o r c o a x i a l w i r e c o n n e c t i o n t o the 

power supply and t h e a m p l i f i e r . 

A c o p p e r / c o n s t a n t a n thermocouple was s o l d e r e d t o t h e cover 

s l i p w i t h i n d i u m . The w i r e s a l s o passed t o the c r y o s t a t e x t e r i o r 

v i a t h e g l a s s t o m e t a l s e a l . The r e f e r e n c e j u n c t i o n of t h e 

thermocouple was p l a c e d i n a beaker of water at room t e m p e r a t u r e , 

and t he thermocouple p o t e n t i a l was measured u s i n g a p o r t a b l e 

p o t e n t i o m e t e r ( C a t . No. 7569P) m a n u f a c t u r e d by W.G. Pye and Co. 

L t d . 

The samples f o r i n f r a r e d luminescence measurement were 

a t t a c h e d t o the copper b l o c k w i t h i n d i u m . The t e m p e r a t u r e was 

a g a i n measured by a c o p p e r / c o n s t a n t a n thermocouple s o l d e r e d t o the 

b l o c k , 

4.6. T h e r m a l l y S t i m u l a t e d C u r r e n t Measurements 

T h e r m a l l y s t i m u l a t e d c u r r e n t measurements were made u s i n g the 

c r y o s t a t shown i n F i g u r e 4.5.1, w i t h the sample a t t a c h e d as shown 

i n F i g u r e 4.5..1(b) and ( c ) . The l a r g e r opening was c l o s e d by 

means of a f l a t p l a t e and an '0' r i n g s e a l . The sample c o u l d be 
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i l l u m i n a t e d t h r o u g h the s m a l l e r window u s i n g a 750 w a t t t u n g s t e n 
lamp, which was f i l t e r e d w i t h a one c e n t i m e t r e p a t h l e n g t h of 10% 
copper s u l p h a t e s o l u t i o n and two Chance HA1 f i l t e r s where t h i s 
was r e q u i r e d . For measurements i n the d a r k , a l i g h t - t i g h t cap 
was p l a c e d over the s m a l l e r window. 

The d e t a i l s of the i l l u m i n a t i o n s c h e d u l e , h e a t i n g r a t e and 

a p p l i e d v o l t a g e used d u r i n g the course of t h e r m a l l y s t i m u l a t e d 

c u r r e n t measurement are g i v e n i n S e c t i o n 2 of the f o l l o w i n g 

c h a p t e r , 

4.7. I n f r a r e d Luminescence 

The samples f o r i n f r a r e d luminescence were mounted on the 

copper b l o c k of the c r y o s t a t as shown i n F i g u r e 4 . 5 . 1 ( a ) . A 

schematic diagram of the e x p e r i m e n t a l arrangement can be seen i n 

F i g u r e 4.7.1. R a d i a t i o n from a 250 w a t t mercury lamp was 

f i l t e r e d w i t h a one c e n t i m e t r e p a t h l e n g t h of .10% copper s u l p h a t e 

s o l u t i o n and two Chance HA1 i n f r a r e d a b s o r b i n g f i l t e r s . The 

f i l t e r e d l i g h t was f o c u s s e d o n t o the sample by a l e n s . The 

luminescence e m i s s i o n from the sample, which was chopped at 800 

c y c l e s per second, was c o l l e c t e d o n t o the i n p u t s l i t s of a B a r r 

and S t r o u d monochromator Type VL2 u s i n g two f r o n t s i l v e r e d concave 

m i r r o r s , The o u t p u t of the monochromator wac measured w i t h a PbS 

c e l l , w hich was connected t o a B a r r and S t r o u d a m p l i f i e r Type 7909 

tuned t o the chopping f r e q u e n c y . The o u t p u t s i g n a l from the 

a m p l i f i e r was r e c o r d e d on a Honeywell E l e c t r o n i k 15* s t r i p c h a r t 

r e c o r d e r . 

The monochromator wavelen g t h c o n t r o l was d r i v e n by a syn-

chonous motor v i a a seven speed gear box ( B a r r and S t r o u d Type 

SQ20). The c o n t r o l o p e r a t e d a s w i t c h which c l o s e d at i n t e r v a l s 

of f o u r m i n u t e s t o r e c o r d the r o t a t i o n of the q u a r t z p r i s m s . 
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T h i s s w i t c h was used t o a c t i v a t e a s o l e n o i d i n the chart: r e c o r d e r 
which caused a s u b s i d u a r y pen t o t r a c e out a s h o r t l i n e perpen­
d i c u l a r t o the edge of the chart« 

The PbS c e l l was c a l i b r a t e d a g a i n s t a t h e r m o p i l e u s i n g a 

t u n g s t e n lamp. The o u t p u t of the t h e r m o p i l e was a g a i n a m p l i f i e d 

u s i n g the Barr and S t r o u d a m l i f i e r . The chopping f r e q u e n c y i n 

t h i s case was 10 c y c l e s per second. 

Measurements of i n f r a r e d luminescence, w h i c h are d i s c u s s e d i n 

Chapter 9, were made i n t h e s p e c t r a l range 0.6 - 2.5 um. T h i s 

range r e p r e s e n t e d the e f f e c t i v e l i m i t s of the above system. The 

i n f r a r e d f i l t e r s passed l i g h t of wavel e n g t h l e s s than 0.6 um, and 

r a d i a t i o n p a s s i n g t h r o u g h the monochromator was 'cut o f f 1 at 

2.5 um. 

4.8. S p e c t r a l Response and I n f r a r e d Quenching of P h o t o c u r r e n t 

S p e c t r a l response and i n f r a r e d quenching measurements were 

made u s i n g the c r y o s t a t shown i n F i g u r e 4.5.2. The l e f t hand 

window ( F i g u r e 4 . 5 . 2 ( a ) ) of the c r y o s t a t was clamped a g a i n s t t h e 

o u t p u t s l i t s of the monochromator w i t h a s p e c i a l a d a p t o r . T h i s 

a d a p t o r a l l o w e d f o r v e r t i c a l movement of the c r y o s t a t r e l a t i v e t o 

t h e o u t p u t s l i t s . A 250 w a t t t u n g s t e n lamp was focussed on the 

i n p u t s l i t s of the monochromator u s i n g the two f r o n t s i l v e r e d 

m i r r o r s . The sample was set a t 45° t o t h e two windows by r o t a t ­

i n g t h e i n n e r s e c t i o n of the c r y o s t a t ( F i g u r e 4 . 5 . 2 ( c ) ) . The 

c r y o s t a t was then l i f t e d v e r t i c a l l y u s i n g a screw type ' j a c k ' 

u n t i l the maximum response of t h e sample was o b t a i n e d w i t h l i g h t 

coming from the o u t p u t s l i t s of the monochromator. 

For s p e c t r a l response measurements, the r i g h t hand window 

shown i n F i g u r e 4.5.2(a) was c l o s e d by means of a brass cap, so 

t h a t the o n l y e x c i t i n g r a d i a t i o n came from the o u t p u t s l i t s of the 
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monochromat o r . 

When i n f r a r e d quenching was t o be s t u d i e d i l l u m i n a t i o n from a 

750 w a t t t u n g s t e n lamp, f i l t e r e d w i t h copper s u l p h a t e s o l u t i o n and 

two Chance MA 1 f i l t e r s , was a l s o i n c i d e n t on the sample v i a the 

r i g h t hand window. The quenching r a d i a t i o n was the n s u p p l i e d 

from t he ou t p u t s l i t s of the monochromator. 

The s p e c t r a l response and i n f r a r e d quenching r a d i a t i o n s were 

arranged so t h a t t h e i r energy d e n s i t y , i n the r e g i o n of the 

sample, were c o n s t a n t f o r a l l the wavelengths examined. T h i s was 

achi e v e d by measuring t h e o u t p u t of the monochromator w i t h a 

t h e r m o p i l e , as d e s c r i b e d i n S e c t i o n 4.7, and a d j u s t i n g the c u r r e n t 

p a s s i n g t h r o u g h t h e t u n g s t e n lamp t o g i v e c o n s t a n t energy o u t p u t 

at the wavelength band w i d t h s used. 

S p e c t r a l response and i n f r a r e d quenching w i l l be d i s c u s s e d i n 

Chapter 8. Response measurements were made i n the s p e c t r a l range 

0.44 um t o 2.50 urn a t 90°K, room t e m p e r a t u r e and 388°K. I n f r a r e d 

quenching was measured a t 90°K and at room t e m p e r a t u r e , f o r 

wavelengths from 0.7 jam t o 2.0 um. 
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CHAPTER 5 

TWO PROBE THERMALLY STIMULATED CURRENT MEASUREMENT 

5.1p I n t r o d u c t i o n . 

A t h e o r e t i c a l d i s c u s s i o n of t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y 

was p r e s e n t e d i n Chapter 3. I n p r a c t i c e the q u a n t i t y measured i s 

the t h e r m a l l y s t i m u l a t e d c u r r e n t (T.S.C.) which i s m o n i t o r e d w h i l e 

the t r a p p i n g c e n t r e s are emptying. The form of an i s o l a t e d T.S.C. 

curve i s the same as t h a t f o r t h e r m a l l y s t i m u l a t e d c o n d u c t i v i t y , 

though the n o r m a l i s a t i o n c o n s t a n t f o r the p a r t i c u l a r t y pe of 

r e c o m b i n a t i o n k i n e t i c s c o n s i d e r e d must be m o d i f i e d u s i n g t h e 

r e l a t i o n s h i p 

o" = IL/VA r 5.1.1 

where V i s the v o l t a g e a p p l i e d t o a sample of l e n g t h L and c r o s s -

s e c t i o n a l area A^t (A computor programme i s g i v e n i n Appendix 1, 

which was used t o generate t h e o r e t i c a l T.S.C. curves f o r mono-

m o l e c u l a r r e c o m b i n a t i o n , f a s t r e t r a p p i n g and b i m o l e c u l a r recombin­

a t i o n . The e q u a t i o n s f o r c o n d u c t i v i t y as a f u n c t i o n of temper­

a t u r e i n these t h r e e cases, E q u a t i o n s 3.7.4, 3.7.7 and 3.7.14 

r e s p e c t i v e l y , were m o d i f i e d u s i n g E q u a t i o n 5.1.1 t o g i v e the 

e x p r e s s i o n s f o r T.S.C.) 

Samples cut from 'Optran' b o u l e c r y s t a l s , grown w i t h v a r y i n g 

cadmium and s u l p h u r r e s e r v o i r t e m p e r a t u r e s as d e s c r i b e d i n Chapter 

4, showed e i g h t T.S.C. peaks i n the temperature range 95°K t o 388°K, 

I n t h i s c h a p t e r the v a l u e s of the t r a p p i n g parameters of these 

e i g h t t r a p s w i l l be d i s m i s s e d t o g e t h e r w i t h the v a r i a t i o n of t r a p 

d e n s i t y w i t h growth c o n d i t i o n s . The T.S.C. curves f o r two samples 

o b t a i n e d from boule c r y s t a l s grown from Derby Luminescent m a t e r i a l 

are p r e s e n t e d i n S e c t i o n 5.11. 
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I n some samples the magnitude of the T.S.C. a s s o c i a t e d w i t h 
some of the peaks was seen t o v a r y w i t h the te m p e r a t u r e of i l l u m i n ­
a t i o n p r i o r t o measurement. However, these phenomena w i l l be 
d i s c u s s e d i n the f o l l o w i n g c h a p t e r . 

5.2. E x p e r i m e n t a l Procedure 

Each sample i n v e s t i g a t e d was mounted on a pyrex s l i d e as 

d e s c r i b e d i n Chapter 4. The s l i d e was a t t a c h e d t o the t a i l of a 

l i q u i d n i t r o g e n c r y o s t a t , t o g e t h e r w i t h a copper c o n s t a n t a n thermo­

c o u p l e . " I n o r d e r t h a t r e p r o d u c i b l e measurements c o u l d be o b t a i n e d 

a s t r i c t h e a t i n g and c o o l i n g c y c l e was f o l l o w e d . The sample was 

f i r s t h e a ted i n the dark t o a temper a t u r e of 388°K and on c o o l i n g 

was i l l u m i n a t e d from any d e s i r e d i n t e r m e d i a t e t e m p e r a t u r e T^. 

When the lowest t e m p e r a t u r e , a p p r o x i m a t e l y 95°K, was a t t a i n e d the 

i l l u m i n a t i o n was c o n t i n u e d f o r a f u r t h e r f i v e m i n u t e s . Where 

T.S.C. measurement was r e q u i r e d the i l l u m i n a t i o n was removed. A 

f i x e d v o l t a g e of 100 v o l t s was t h e n a p p l i e d t o the sample, and the 

T.S.C. was m o n i t o r e d w h i l e the sample was hea t e d from l i q u i d 

n i t r o g e n t e m p e r a t u r e s t o 388°K. To r e c o r d the p h o t c c u r r e n t as a 

f u n c t i o n of t e m p e r a t u r e , t h e i l l u m i n a t i o n was m a i n t a i n e d d u r i n g the 

h e a t i n g from low t e m p e r a t u r e . 

I l l u m i n a t i o n was c a r r i e d out u s i n g a 750 w a t t t u n g s t e n lamp, 

which was f i l t e r e d u s i n g two Chance HA 1 i n f r a r e d f i l t e r s and a 

one c e n t i m e t e r p a t h l e n g t h of 10% copper s u l p h a t e s o l u t i o n con­

t a i n e d i n a p y r e x c e l l . 

I t was not found p o s s i b l e t o m a i n t a i n a h e a t i n g r a t e w h i c h was 

c o n s t a n t over the range 95°K t o 388°K, but w i t h i n t h e tem p e r a t u r e 

r e g i o n of a p a r t i c u l a r peak the d e v i a t i o n from l i n e a r i t y was s m a l l . 

F i g u r e 5.2.1 shows a t y p i c a l p l o t of temperature v e r s u s time d u r i n g 

a T.S.C. r u n . The h e a t i n g r a t e i n t h i s case v a r i e d between an 

i n i t i a l r a t e of 0.53°K/sec and a f i n a l r a t e o f 0.31°K/sec. 
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5.3. Measurement of P h o t o c u r r e n t 

The v a r i a t i o n of the p h o t o c u r r e n t w i t h t emperature was 

measured on a l l samples examined u s i n g the T.S.C. t e c h n i q u e , i n 

o r d e r t h a t the v a r i a t i o n of the f r e e e l e c t r o n l i f e t i m e , T , might 

be e s t i m a t e d . The t h e o r e t i c a l e x p r e s s i o n s f o r T.S.C. are v a l i d 

o n l y when the f r e e e l e c t r o n l i f e t i m e i s independent of t e m p e r a t u r e . 

I f v a r i e s w i t h t e m p e r a t u r e e i t h e r a c o r r e c t i o n must be a p p l i e d 

or the T.S.C. data must be d i s r e g a r d e d . A knowledge of th e va l u e 

of t h e f r e e e l e c t r o n l i f e t i m e i s a l s o e s s e n t i a l f o r the d e t e r m i n ­

a t i o n o f the p h o t o c o n d u c t i v e g a i n , which must be known i f the 

d e n s i t y of t r a p p i n g c e n t r e s i s t o be c a l c u l a t e d from the T.S.C. 

d a t a . 

The f r e e e l e c t r o n l i f e t i m e cannot be ob'tained from p h o t o ­

c u r r e n t measurements made under the same c o n d i t i o n s as those which 

p r e v a i l d u r i n g a T.S.C. r u n . I f the p h o t o c u r r e n t i s measured, 

w i t h t h e tempe r a t u r e v a r y i n g , at the same c u r r e n t l e v e l as the 

T.S.C. t h e n t h e ther m a l emptying of the t r a p s w i l l m o d i f y the 

p h o t o c u r r e n t observed. S i m i l a r l y , measurement o f the p h o t o c u r r e n t 

at a number of f i x e d t e m p e r a t u r e s over the temperatur' span of a 

T.S.C. r u n can o n l y be used i f i t i s assumed t h a t the l i f e t i m e 

under e q u i l i b r i u m c o n d i t i o n s i s e q u i v a l e n t t o t h a t where t h e 

te m p e r a t u r e i s v a r y i n g . 

I n f a c t , the tempe r a t u r e v a r i a t i o n of the p h o t o c u r r e n t was 

measured u s i n g the same i n t e n s i t y of i l l u m i n a t i o n as t h a t used t o 

e x c i t e the sample. Measurements of p h o t o c u r r e n t v e r s u s l i g h t 

i n t e n s i t y , a t b o t h l i q u i d n i t r o g e n and room t e m p e r a t u r e s , were 

found t o be reas o n a b l y l i n e a r down t o c u r r e n t l e v e l s some two 

o r d e r s of magnitude g r e a t e r t h a n the T.S.C. ( T y p i c a l r e s u l t s . o f 

p h o t o c u r r e n t versus l i g h t i n t e n s i t y are shown i n F i g u r e 5.3.1 f o r 

a sample grown w i t h T r , = 550°C). I t was t h e r e f o r e assumed t h a t 
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the p h o t o c u r r e n t at h i g h l i g h t i n t e n s i t y r e f l e c t s the v a r i a t i o n of 

l i f e t i m e a t a c u r r e n t l e v e l s i m i l a r t o t h a t e x p e r i e n c e d d u r i n g a 

T.S.C. r u n , at l e a s t f o r t e m p e r a t u r e s between l i q u i d n i t r o g e n and 

room t e m p e r a t u r e s . 

I n t h i s c h a p t e r the T.S.C. r e s u l t s r e p o r t e d are those o b t a i n e d 

when the temperature v a r i a t i o n of l i f e t i m e was s m a l l , 

5.4. Thermal C l e a n i n g 

Where a T.S.C. measurement y i e l d s two or more o v e r l a p p i n g 

peaks, t he a n a l y s i s of each peak i s s i m p l i f i e d by emptying the 

t r a p s l y i n g on the low tempe r a t u r e s i d e of the peak c o n s i d e r e d . 

F i g u r e 5.4.1 curve ( a ) i s a complete T.S.C. curve c o n t a i n i n g two 

such o v e r l a p p i n g peaks. By h e a t i n g the sample t o a t e m p e r a t u r e 

Tj. the low temperature t r a p i s emptied, and on c o o l i n g and sub­

sequent r e h e a t i n g curve ( b ) i s o b t a i n e d , w h i c h . i s the T.S.C. 

c o n t r i b u t i o n due t o t h e h i g h e r t e m p e r a t u r e t r a p . I t s h o u l d be 

no t e d t h a t the magnitude of t h e T.S.C. of the h i g h e r t e m p e r a t u r e 

t r a p i s decreased by t h i s c l e a n i n g p r o c e s s . 

5.5. V a r i a t i o n of the T.S.C. Spectrum w i t h Growth C o n d i t i o n s 

The v a r i a t i o n of T.S.C. w i t h t e m p e r a t u r e y i e l d s a s t r u c t u r e d 

c u rve which i s analagous t o o p t i c a l a b s o r p t i o n s p e c t r a . As the 

a b s o r p t i o n v e r s u s wavelength shows a number of a b s o r p t i o n bands, 

so the T.S.C. ver s u s t e m p e r a t u r e curve shows b a n d - l i k e s t r u c t u r e 

due t o t h e t h e r m a l emptying of d i f f e r e n t t r a p s . The term 'T.S.C. 

s p e c t r a ' w i l l be used t o denote T.S.C. versus t e m p e r a t u r e c u r v e s . 

Two b a s i c forms o f T.S.C. s p e c t r a were found i n undoped 

'Optran' samples grown w i t h v a r i o u s over p r e s s u r e s o f cadmium and 

s u l p h u r . F i g u r e 5.5.1 shows the T.S.C. s p e c t r a as samples grown 
w i t h TCd = 3 5 0 ° c ( t w o samples), T g = 50°C and T g = 150°C. The 
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s p e c t r a i n F i g u r e 5.5.2 were found i n samples grown w i t h T g = 300°C 
(two samples) and T g = 450°C. I n b o t h F i g u r e s 5.5.1 and 5.5.2 
the dark c u r r e n t has been s u b t r a c t e d from the s p e c t r a . To 
s i m p l i f y d e s c r i p t i o n of t h e v a r i o u s samples i n v e s t i g a t e d , the term 
'cadmium r i c h ' w i l l be used when r e f e r r i n g t o samples showing 
T.S.C. s p e c t r a s i m i l a r t o those shown i n F i g u r e 5.5.1 and the term 
• s u l p h u r r i c h ' when the T.S.C. i s s i m i l a r t o t h a t shown i n F i g u r e 
5.5.2. 

I n most cases the T.S.C. s p e c t r a measured on samples cut from 

the same boule were s i m i l a r . F i g u r e s 5.5.3 and 5.5.4 show the 

T.S.C. s p e c t r a of samples c u t from b o u l e c r y s t a l s grown w i t h 

T c d = 350°C and T g = 300°C r e s p e c t i v e l y . The magnitude of the 

T.S.C. i n b o t h f i g u r e s i n d i c a t e s a maximum v a r i a t i o n i n t r a p 

d e n s i t y of a p p r o x i m a t e l y one o r d e r of magnitude f o r samples t a k e n 

from the same b o u l e . ( T h i s o b s e r v a t i o n i s made d i r e c t l y from the 

T.S.C. l e v e l s i n F i g u r e s 5.5.3 and 5.5.4 as a l l f o u r samples were 
3 

of s i m i l a r dimensions (about 1x1x4 mm ) and the f r e e e l e c t r o n l i f e ­

t i me was s i m i l a r when the samples were o b t a i n e d from the same 

b o u l e ) . 

When the T.S.C. spectrum was remeasured on a sample, which had • 

been etch e d i n o r t h o p h o s p h o r i c a c i d at 150°C, i t was found t o be 

s i m i l a r t o t h a t measured p r e v i o u s l y . T h i s may appear t o be a 

t r i v i a l o b s e r v a t i o n , but i t does i n d i c a t e d e f e c t s t a b i l i t y a t 150°C 

and a l s o r e p r o d u c i b i l i t y of c o n t a c t phenomena. 

5.6. The Thermal A c t i v a t i o n E n e r g i e s and Capture C r o s s - s e c t i o n s 

of the Low Temperature Traps 

F i v e t r a p p i n g c e n t r e s were found which y i e l d e d peak maxima i n 

the t e m p e r a t u r e range 95°K t o 230°K. These t r a p s w i l l be denoted 

by the l e t t e r s A, B, C, D and E. T h e i r peak maximum te m p e r a t u r e s 
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were a p p r o x i m a t e l y 115°K, 138°K, 158°K, 190°K and 212°K r e s p e c t i v e ­
l y , u s i n g h e a t i n g r a t e s i n the range 0.1°K/sec t o 0.5°K/sec. As 
can be seen i n F i g u r e 5.5.1, t r a p s A, B, and C are predominant i n 
c r y s t a l s grown e i t h e r i n excess p r e s s u r e s of cadmium or i n low 
p r e s s u r e s of s u l p h u r . W i t h c r y s t a l s p r e p a r e d under h i g h e r 
s u l p h u r p r e s s u r e s , the f o u r t h lowest maximum (w h i c h i n one sample 
comprised two peaks due t o t r a p s D and E) was more prominent as 
may be seen i n F i g u r e 5.5.2. 

The v a l u e s of t h e r m a l a c t i v a t i o n energy, Ê . , and c a p t u r e 

c r o s s - s e c t i o n , Ŝ ., f o r t r a p s A, B, and C were, i n most cases, 

found from samples grown i n cadmium r i c h c o n d i t i o n s , where 

thermal c l e a n i n g gave reasonable c u r v e s . The t r a p p i n g parameters 

of t r a p s D and E were o b t a i n e d from samples grown i n s u l p h u r r i c h 

c o n d i t i o n s . I t was found t h a t a good f i t was o b t a i n e d u s i n g the 

t h e o r . e t i c a l slow r e t r a p p i n g f o r m u l a a p p l i e d t o each of the f i v e 

lowest T.S.C. peaks. F i g u r e s 5.6.1 t o 5.6.3 show t y p i c a l c l e a n e d 

peaks f o r t r a p s A, B, and C, t o g e t h e r w i t h the p o i n t s of the theo­

r e t i c a l c u rves w h i c h g i v e the b e s t f i t . 

The f o u r t h lowest maxima, f o u n d i n a sample grown w i t h T_. = 

450°C, c o u l d be f i t t e d t o a t h e o r e t i c a l slow r e t r a p p i n g curve w i t h , 

an a c t i v a t i o n energy of 0.27 eV. However, c a r e f u l t h e r m a l c l e a n ­

i n g of t h i s peak l e d t o a t r a p d e p t h of 0.43 eV, i n d i c a t i n g t h a t 

the i n i t i a l ' t r a p ' was i n f a c t a d o u b l e t c o m p r i s i n g t r a p s D and E. 

F i g u r e 5.6.4 shows the d o u b l e t and the t h e o r e t i c a l slow r e t r a p p i n g 

curves the sum of which forms the envelope of the d o u b l e t , 

E t = 0.31 eV f o r t r a p D and Efc = 0.44 eV f o r t r a p E. 

Trap E, found i n a sample grown w i t h T = 300°C, i s shown i n 
o 

F i g u r e 5.6.5. A good f i t was o b t a i n e d w i t h a t h e o r e t i c a l slow 

r e t r a p p i n g c u r v e , where Efc = 0.44 eV, though t r a p D c o u l d not be 

d e t e c t e d . 



x THEORETICAL MONOMOLECULAR * THEORETICAL MONOMOLECULAR 
POINTS FOR E , = 0 17 eV. POINTS FOR E t = OI6eV. 2 

IO 
10 
UJ LU 

LU 8 

T-_ 6 0 3 
O 

U2-
u LO 
LO 

2-c 

IOO IOO no 120 NO 20 130 130 140 150 
TEMPERATURE IN °K TEMPERATURE IN °K 

FIGURE 5.6.1 T.S.C. CURVE FOR TRAP FIGURE 5.6.2 T.S.C. CURVE FOR TRAP 
A t FROM A T S = I 50°C SAMPLE). B [ FROM A T S = I 5 0 ° C SAMPLE) . 

x THEORETICAL MONOMOLECULAR 
POINTS FOR E t=OI9eV. 

- THEORETICAL MONOMOLECULAR 
CURVES. 

2 5-i 

L02O 

/Et=044eV 

0-3I eV. 

l 1 r 
180 200 220 
TEMPERATURE IN °K. 

1 T 
120 130 140 150 160 170 

TEMPERATURE IN °K. 

FIGURE 5.6.3 T.S.C. CURVE FOR TRAP 
C [FROM A T c = l 5 0 ° C SAMPLE). 

2 30 

FIGURE 5.6.4 T.S.C. CURVE FOR 
DOUBLET COMPRISING TRAPS D AND 
F [FROM A T 5 .4 50°C SAMPLE). 



° THEORETICAL MONOMOLECULAR 
POINTS FOR E t = 0 - 4 4 e V . 

CORRECTED CURVE ALLOWING 
FOR THE CONTRIBUTION FROM 

TRAP B. 

ISO- 190 200 210 
TEMPERATURE IN °K. 220 

1 1 r 
5 IO 15 
TIME IN MINUTES. 

FIGURE 5.6.5 T . S . C CURVE FOR 
TRAP A [FROM A T S = 3 0 0 ° C 
SAMPLE) . 

o THEORETICAL MONOMOLECULAR 
POINTS FOR E t = O I 4 e V . 

FIGURE 5.6.6 ISOTHERMAL DECAY OF 
T.S.C. FOR TRAP A [FROM A 
T c d = 3 5 O 0 C SAMPLE! . 

IOO 

E t =0-44eV 

cn o 

E , = 0-60eV 
< -IO 

i 1 1 r 
HO | 2 0 . 

TEMPERATURE IN °K 
1 
5 6 

l / T IN l /o K x IOO 

FIGURE 5.6.7 T .S .C. FOR TRAP A 
[ T s = 4 S O ° C S A M P L E ] . 

F IGURE 5.6.8 INITIAL R ISE OF T.S.C. 
I N A T c d 3 5 0 ° C SAMPLE, 
a WITH SHOULDER AT 2IO°K 

PRESENT. 
b WITH SHOULDER REMOVED BY 

THERMAL CLEANING. 



73 

Table 5.6.1 shows the mean v a l u e s of t e m p e r a t u r e maximum, 

th e r m a l a c t i v a t i o n energy and c a p t u r e c r o s s - s e c t i o n o b t a i n e d from 

the best f i t monomolecular curves u s i n g the curve f i t t i n g method 

d e s c r i b e d i n Chapter 3. The t a b l e a l s o c o n t a i n s the mean v a l u e s 

of t h e r m a l a c t i v a t i o n e n e r g i e s c a l c u l a t e d u s i n g Bube 1s method 

( 1 9 5 5 ) , which i s the v a l u e t o be expected i n the case of f a s t 

r e t r a p p i n g . ( I t was p o i n t e d out i n S e c t i o n 3.2(b) t h a t the 

e x p r e s s i o n used i n curve f i t t i n g f o r f a s t r e t r a p p i n g i s s i m i l a r t o 

t h a t f o r slow r e t r a p p i n g , p r o v i d e d t h a t the f a s t t r a p s are o n l y 

p a r t i a l l y f i l l e d at the b e g i n n i n g of the T.S.C. r u n . As the 

c l e a n i n g of the f i v e low t e m p e r a t u r e peaks meant t h a t they must 

s a t i s f y t h i s c r i t e r i o n t h e n one would expect t h a t were they f a s t 

t r a p s t h e r e would be agreement between t h e i r t h e r m a l a c t i v a t i o n 

e n e r g i e s d e r i v e d by Bube 1s method and those o b t a i n e d from the mono-

m o l e c u l a r curve f i t t i n g t e c h n i q u e . ) 

I t can be seen, f r o m Table 5.6.1, t h a t the Bube v a l u e of 

d i f f e r s from t h a t found f r o m monomolecu 1ar curve f i t t i n g f o r t r a p s 

A, B, C and D and thus i t may be assumed t h a t these t r a p s empty 

w i t h n e g l i g i b l e r e t r a p p i n g . The s i m i l a r i t y of the monomolecular 

and Bube t h e r m a l a c t i v a t i o n e n e r g i e s f o r t r a p E suggests t h a t i t -
-17 2 

i s a f a s t t r a p . A v a l u e of = 10 cm was found from the b e s t 

f i t t i n g monomolecular c u r v e . T h i s v a l u e i s c e r t a i n l y i n e r r o r , 

i f t r a p E i s a f a s t t r a p , because the t h e o r e t i c a l e x p r e s s i o n f o r 

f a s t r e t r a p p i n g does not c o n t a i n the i m p l i c i t dependence on c a p t u r e 

c r o s s - s e c t i o n which occurs i n the e x p r e s s i o n f o r monomolecular 

recomb i na t i on. 

I s o t h e r m a l c u r r e n t decays of t r a p A i n cadmium r i c h samples 

were a n a l y s e d u s i n g Haine and Gar1ey-Read 1s method, whic h i s 

d e s c r i b e d i n S e c t i o n 3.9. Using t h i s method, l o g ( c u r r e n t ) i s 

p l o t t e d a g a i n s t t i m e . For slow, r e t r a p p i n g (r^ >> T^, where T = 

(N S v) * and T i s the f r e e e l e c t r o n l i f e t i m e ) a s i n g l e s t r a i g h t 



TABLE 5.6.1 

T r a p p i n g Parameters of the Low Temperature Traps 

Trap A B C D E 

T* i n °K 115 138 158 190 212 

E t i n eV 0.15 0.16 0.18 0.31 0.44 

Bube E t 

i n eV 0.22 0.26 0.29 0.46 0.48 

c 2 Sj. i n cm 
as suming 
slow 
r e t r a p p i n g 

i o - 2 0 -22 10 " -22 
10 z z i o - 2 0 

* 
i o - 1 7 

* f a s t r e t r a p p i n g c e n t r e 

TABLE 5.6.2 

Comparison of I s o t h e r m a l Decay and T.S.C. Values 

f o r the T r a p p i n g Parameters of Trap A 

E t i n eV Q 2 Sj. i n cm N: i n o 
no./cm 

I s o t h e r m a l 
Decay 0.125 6 . 4 x l 0 " 2 0 1 5 

2.9x10 

T.S.C. 0.15 i o - 2 0 15 
2x10 
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l i n e i s o b t a i n e d whose s l o p e depends on T . Fast r e t r a p p i n g 
( T << T ) , where the i n i t i a l t r a p occupancy i s h i g h , y i e l d s at 
f i r s t a s t r a i g h t l i n e dependent on whic h changes v i a . a v a r i a b l e 
slope t o a second s t r a i g h t l i n e governed by T . 

F i g u r e 5.6.6 shows a t y p i c a l p l o t of the i s o t h e r m a l of t r a p A 

i n a sample grown w i t h = 350°C. A n a l y s i s of such c u r v e s l e d 

t o v a l u e s of th e r m a l a c t i v a t i o n energy of 0.125 eV and a c a p t u r e 
-20 2 

c r o s s - s e c t i o n of 6.10 cm , which are i n s u b s t a n t i a l agreement 

w i t h those found from the curve f i t t i n g t e c h n i q u e assuming 

c o n d i t i o n s of slow r e t r a p p i n g . The v a l u e s of thermal a c t i v a t i o n 

energy, c a p t u r e c r o s s - s e c t i o n and t r a p d e n s i t y o b t a i n e d from t h e 

decay are i n c l u d e d i n Table 5.6.2. For comparison, Table 5.6.2 

a l s o g i v e s the t r a p p i n g parameters of t r a p A o b t a i n e d from slow 

r e t r a p p i n g curve f i t t i n g . 

I t can be seen i n F i g u r e 5.6.6 t h a t the i s o t h e r m a l decay leads 

t o a double e x p o n e n t i a l v a r i a t i o n w i t h t e m p e r a t u r e . T h i s may seem 

somewhat s u r p r i s i n g a t f i r s t s i g h t , as the c a p t u r e cross - s e c t i o n 

of the t r a p i s s m a l l and a double decay i n d i c a t e s some r e t r a p p i n g . 

However, f o r the double decay shown i n F i g u r e 5.6.6 T / = 40, 

which s a t i s f i e s t he c r i t e r i o n f o r f a s t r e t r a p p i n g t h a t << T . 

A c o r r e c t i o n was made t o the lower c u r r e n t r e g i o n of the i s o ­

t h e r m a l decay of t r a p A, and i s shown as a d o t t e d l i n e i n F i g u r e 

5.6.6. T h i s a l l o w e d f o r the i n f l u e n c e on the decay due t o t r a p B. 

I n the p r e s e n t case the a c t i v a t i o n energy was o n l y changed from 

0.125 eV t o 0.12eV. (The i n t e r f e r e n c e of one t r a p on the i s o ­

t h e r m a l decay of an o t h e r w i l l be d i s c u s s e d i n S e c t i o n 5.12, where 

the c o r r e c t i o n d e s c r i b e d above i s used as an example.) 

The assumption t h a t t r a p s A, B and C found i n cadmium r i c h 

c o n d i t i o n s are i d e n t i c a l w i t h those seen i n s u l p h u r r i c h samples 

i s , i n p a r t , j u s t i f i e d by the s i m i l a r i t y of peak p o s i t i o n w i t h 
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r e s p e c t t o t e m p e r a t u r e . I t was found p o s s i b l e t o i s o l a t e t r a p A 
i n one of the s u l p h u r r i c h c r y s t a l s s u f f i c i e n t l y w e l l t o a p p l y the 
curve f i t t i n g t e c h n i g u e . F i g u r e 5.6.7 shows the T.S.C. curve f o r 
t r a p A i n a sample grown w i t h Tg = 450°C, and the p o i n t s f o r the 
best f i t t i n g t h e o r e t i c a l slow r e t r a p p i n g c u r v e . The v a l u e of 
0.14 eV i s i n reasonable agreement w i t h the t r a p d e p t h of 0.15 eV 
found i n cadmium r i c h samples, e s p e c i a l l y as the T.S.C. from t r a p 

A i s o n l y a sh o u l d e r on th e T.S.C. curve under s u l p h u r r i c h 
c ondi t i ons. 

I t has a l s o been assumed t h a t the s h o u l d e r on the T.S.C. curve 

found at about 210°K i n cadmium r i c h samples i s due t o t r a p E, 

which empties i n t h i s t e m p e r a t u r e r e g i o n i n s u l p h u r r i c h samples. 

I t was not p o s s i b l e t o i s o l a t e a peak at 212°K i n cadmium r i c h 

samples, but p l o t s of l o g ( T . S . C ) versus 1/T ( G a r l i c k and Gibson's 

method, see S e c t i o n 3 . 3 ( c ) ) were o b t a i n e d w i t h the s h o u l d e r p r e s e n t 

and a l s o w i t h the s h o u l d e r removed u s i n g the th e r m a l c l e a n i n g 

t e c h n i q u e . F i g u r e 5.6.8 shows these p l o t s f o r a sample grown w i t h 

T ^ = 350°C.- Where the s h o u l d e r was pre s e n t a v a l u e of a c t i v a t i o n 

energy of 0.44 eV was fo u n d , and when the s h o u l d e r was removed" by 

th e r m a l c l e a n i n g an a c t i v a t i o n energy pf 0.60 eV was .obtained. 

The v a l u e of 0.44 eV i s i n agreement w i t h t h e slow r e t r a p p i n g v a l u e 

of 0.44 eV found f o r the 212°K peak ( t r a p E) i n s u l p h u r r i c h 

samples. The l a r g e d i f f e r e n c e i n a c t i v a t i o n energy b e f o r e and 

a f t e r c l e a n i n g i n d i c a t e s t h a t t h e shoulder i s due t o a t r a p empty­

i n g i n the r e g i o n of 210°K. 

5.7. Trap D e n s i t i e s of th e Low Temperature Traps 

The t r a p d e n s i t y of a s i n g l e set of t r a p s , which y i e l d s an 

i s o l a t e d T.S.C. c u r v e , can be c a l c u l a t e d from E q u a t i o n 3.8.1. 

The t o t a l charge p a s s i n g through, the sample, d u r i n g the emptying 
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of the t r a p s , i s o b t a i n e d from the area under the T.S.C. c u r v e . 
Because of the o v e r l a p p i n g n a t u r e of the f i v e lowest t e m p e r a t u r e 
maxima t h i s s imple method c o u l d not always be used. When peak 
o v e r l a p o c c u r r e d , the e f f e c t i v e area under each T.S.C. maximum was 
e s t i m a t e d u s i n g the best f i t t i n g monomolecular c u r v e , n o r m a l i s e d 
t o the uncleaned v a l u e of T.S.C. a t the te m p e r a t u r e maximum. 
Such monomolecular curves were computed f r o m the v a l u e s of t h e r m a l 
a c t i v a t i o n energy and tem p e r a t u r e maximum p r e s e n t e d i n Table 5.6.1 

The v a l u e s o f t r a p d e n s i t i e s a re g i v e n i n T a b l e 5.7.1 f o r 

samples grown i n b o t h cadmium r i c h and s u l p h u r r i c h c o n d i t i o n s . 

The t a b l e a l s o c o n t a i n s the r e s e r v o i r t e m p e r a t u r e s and s a t u r a t e d 

vapour p r e s s u r e s of cadmium and s u l p h u r used d u r i n g the growth of 

the c r y s t a l s . More exact v a l u e s of d e n s i t y were c a l c u l a t e d f o r 

t r a p E, where an i s o l a t e d , c l e a n e d T.S.C. curve c o u l d be o b t a i n e d 

i n s u l p h u r r i c h samples. Trap D, which was found i n one of the 

samples grown w i t h Tg = 450°C, c o u l d not be d e t e c t e d i n samples 

t a k e n from o t h e r b o u l e c r y s t a l s . 

From Table 5.7.1 the marked decrease i n the d e n s i t y o f t r a p A 
16) 2 12 2 from .10 /cm t o 10 cm , w i t h i n c r e a s i n g s u l p h u r p r e s s u r e d u r i n g 

growth i n d i c a t e s t h a t t h i s t r a p i s a s s o c i a t e d w i t h cadmium r i c h 

c o n d i t i o n s . I f i t were a simp l e n a t i v e d e f e c t , i t would be 

supposed t h a t i t was a cadmium i n t e r s t i t i a l o r a s u l p h u r vacancy. 

Boyn (1968) has s t u d i e d the o p t i c a l a b s o r p t i o n of CdS heat t r e a t e d 

i n cadmium and s u l p h u r , and concluded t h a t cadmium i n t e r s t i t i a l s 

and v.acancies are the dominant n a t i v e d e f e c t s . He observed two 

a b s o r p t i o n bands a t 0.32 eV and 0.4 eV i n samples heat t r e a t e d i n 

cadmium, and a s s o c i a t e d these w i t h s i n g l y i o n i s e d cadmium i n t e r -

s t i t i a l s because the bands were not seen i n samples heat t r e a t e d 

i n s u l p h u r . I t seems reasonable t o a s s o c i a t e t r a p A w i t h cadmium 

i n t e r s t i t i a l s . F u r t h e r support f o r t h i s h y p o t h e s i s may be found 

i n the work of Arkad'eva ( 1 9 6 4 ) , who observed an o p t i c a l t h r e s h o l d 



TABLE 5.7.1 

The D e n s i t i e s of the Low Temperature Traps (number/cm ) 

Growth 
Condi t i ons 

S a t u r a t e d 
Vapour 
Pre s sure 
i n t o r r 

B ou 1 e 
Number 

Trap 
A 

Trap 
B 

Trap 
C 

Trap 
D 

Trap 
E 

T„ . = 35 0°C Cd 4.0X10" 1 78 i o 1 5 i o 1 3 i o 1 3 — i o 1 3 

Tn. = 35 0°C 4.OxlO' 1 79 i o 1 6 i o 1 5 i o 1 3 — 1 0 1 3 

Tg = 5 0°C 4.OxlO" 5 70 i o 1 5 i o 1 4 i o 1 3 — i o 1 3 

T g = 150°C 1 . 5 x l 0 _ 1 76 i o 1 5 i o 1 4 i o 1 4 — i o 1 4 

Tg = 300°C 5.OxlO 1 190 I O 1 1 I O 1 1 i o 1 2 — i o 1 4 

Tg = 45 0°C 7 . 6 x l 0 2 94 i o 1 2 1 0 1 3 1 0 1 4 i o 1 4 1 0 1 4 

Tg = 450°C 7 . 6 x l 0 2 100 i o 1 2 I O 1 1 i o 1 2 — i o 1 2 
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of 0.32 eV f o r the emptying of a t r a p which had a ther m a l a c t i v ­
a t i o n energy of 0.18 eV, c a l c u l a t e d from T.S.C. measurements. The 
o p t i c a l t r a p depth of 0.32 eV, found by Arkad'eva, i s the same as 
the lower energy a b s o r p t i o n band which Boyn r e p o r t e d . The thermal 
a c t i v a t i o n energy of 0.18 eV i s c l o s e t o the v a l u e of 0.15 eV found 
f o r t r a p A d u r i n g the course of the p r e s e n t work. 

No d i s t i c t v a r i a t i o n w i t h growth c o n d i t i o n s was i n d i c a t e d f o r 

the o t h e r low te m p e r a t u r e t r a p s . From t h i s i t may be i n f e r r e d 

t h a t these t r a p s are e i t h e r due t o i m p u r i t i e s , or t o complexes o f 

n a t i v e d e f e c t s not s t r o n g l y a f f e c t e d by v a r i a t i o n s i n the growth 

c o n d i t i o n s s u f f e r e d , a t l e a s t over the range of samples i n v e s t i ­

g a t e d . 

5.8. Anomalous Low Temperature Traps 

The t h r e e lowest t e m p e r a t u r e t r a p s were w e l l d e f i n e d i n 

samples c u t from a b o u l e c r y s t a l grown w i t h = 550°C. F i g u r e 

5.8.1 shows t he T.S.C. spectrum o b t a i n e d from one of these samples, 

a f t e r c o n t i n u o u s i l l u m i n a t i o n f r o m 388 K. The T.S.C. curves f o r 

t r a p s A, B,and C were e x t r e m e l y narrow. Consequently, mono-

m p l e c u l a r curve f i t t i n g y i e l d e d v a l u e s o f Efc , of 0.35 eV, 0.38 eV 

and 0.40 eV r e s p e c t i v e l y , w h i c h were l a r g e r t h a n those p r e v i o u s l y 

encountered f o r these t r a p s . (The reason f o r a l a r g e v a l u e of E t 

f o r a narrow T.S.C. curve i s demonstrated most e a s i l y by r e f e r e n c e 

t o Grossweiner's method f o r monomolecular r e c o m b i n a t i o n ( S e c t i o n 

3 . 3 ( a ) ) . The Grossweiner th e r m a l a c t i v a t i o n energy i s g i v e n i n 

E q u a t i o n 3.3.1, where the d i f f e r e n c e between the peak maximum 

te m p e r a t u r e , T*, and the low temper a t u r e h a l f h e i g h t , T 1, i s con­

t a i n e d i n the denominator. T* - T 1 w i l l be s m a l l f o r a narrow 

T.S.C. c u r v e , and hence leads t o a l a r g e v a l u e of E ^ ) 

The sample shown i n F i g u r e 5.8.1 was a l s o e x c i t e d w i t h mono­

ch r o m a t i c l i g h t c e n t r e d on 4335 A° and 7700 A° , u s i n g B a r r and 
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S t r o u d i n t e r f e r e n c e f i l t e r s , t o d e t e r m i n e whether o r not the us u a l 
broader peaks c o u l d be o b t a i n e d . I n both- cases the sharp s t r u c t ­
u re was observed. A s i m i l a r spectrum was a l s o o b t a i n e d when the 
indiu m c o n t a c t s were renewed. 

5.9. The High Temperature Traps 

Three maxima were observed i n the T.S.C. curves i n the 

tem p e r a t u r e r e g i o n from 250°K t o 388°K, w i t h v a l u e s of T* of 

a p p r o x i m a t e l y 270°K, 300°K and 350°K, u s i n g h e a t i n g r a t e s i n t h e 

range 0.1°K/sec t o 0.5°K/sec. These t r a p s a re denoted by the 

l e t t e r s F, G and H r e s p e c t i v e l y . The c a l c u l a t i o n of the t r a p p i n g 

parameters of these t r a p s was d i f f i c u l t f o r t h r e e reasons. 

(a) Because of the o v e r l a p of the peaks, c a r e f u l t h e r m a l 

c l e a n i n g was r e q u i r e d i n o r d e r t o o b t a i n m e a n i n g f u l r e s u l t s . 

( b ) The onset of th e r m a l quenching occurs i n t h i s temper­

a t u r e r e g i o n . A l t h o u g h the h i g h i n t e n s i t y p h o t o c u r r e n t showed 

l i t t l e decrease w i t h i n c r e a s i n g temperature below 350°K, i n most 

samples, the quenching at p h o t o c u r r e n t l e v e l s of the same o r d e r as 

the T.S.C. was c o n s i d e r a b l e (see F i g u r e 5.9.4) , f o r t r a p ' H . 

( c ) Under c o n d i t i o n s where t r a p s F and G v a r i e d w i t h t h e 

tem p e r a t u r e of i l l u m i n a t i o n , T^, p r i o r t o the T.S.C. r u n , t h e i r 

T.S.C. cur v e s were sharpened, l e a d i n g t o erroneous v a l u e s of Ê . i n 

some cases as h i g h as 1.10 eV. 

I n a l l cases a t h e o r e t i c a l slow r e t r a p p i n g curve c o u l d be 

f i t t e d t o the e x p e r i m e n t a l d a t a . 

Trap F gave v a l u e s of i n the range 0.7 eV t o 0.8 eV where 

i t s u f f e r e d m i n i m a l i n t e r f e r e n c e from t r a p G, and where t h e r e was 

no apparent change i n d e n s i t y w i t h change i n T^. The mean v a l u e 

of E t was 0.75 eV, w i t h a c a p t u r e c r o s s - s e c t i o n of 6.10~*^cm^. A 

t y p i c a l c u r v e , t o g e t h e r w i t h the p o i n t s f o r the best f i t t i n g 
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t h e o r e t i c a l curve w i t h E t = 0.72 eV, i s shown i n F i g u r e 5.9.1. 

Trap G gave v a l u e s of E t i n the range 0.47 eV t o 0.57 eV, w i t h 
-19 2 

a mean v a l u e of E t = 0.53 eV and Sfc = 1 0 cm , where t h e r e was no 

v a r i a t i o n of peak h e i g h t w i t h change i n T^» 

Trap H, i n many cases, y i e l d e d a narrow T.S.C. curve which 

gave a h i g h v a l u e of E t (see S e c t i o n 5.8) c a l c u l a t e d by c u r v e 

f i t t i n g on the assumption of slow r e t r a p p i n g . The narrowness of 

the T.S.C. curve can be e x p l a i n e d i n terms of ther m a l quenching, 

w h i c h causes a r a p i d change i n l i f e t i m e d u r i n g the emptying of t r a p 

H. F i g u r e 5.9.2 shows a c l e a n e d T.S.C. curve f o r t r a p H, i n a 

sample grown w i t h = 350°C. The sample was c o o l e d a f t e r pass­

i n g t h e peak maximum t e m p e r a t u r e . On r e h e a t i n g , the cu r v e i n 

F i g u r e 5.9.3 was o b t a i n e d . The b e s t f i t t o the f i r s t c u r v e 

y i e l d e d a v a l u e of Ê . = 0.60 eV. From the second curve Efc = 1.06 

eV. 

I n o r d e r t h a t the v a r i a t i o n of the f r e e e l e c t r o n l i f e t i m e 

might be e s t i m a t e d i n the t e m p e r a t u r e r e g i o n i n which t r a p H 

emptied, t h e p h o t o c u r r e n t f o r t h e above sample was measured a t 

f i x e d t e m p e r a t u r e f o r a number of d i f f e r e n t l i g h t i n t e n s i t i e s 

( F i g u r e 5.9.4). The p h o t o c u r r e n t measurements were made i n the 

temperature range from 329°K t o 388°K. I t was found t h a t a t low 

l i g h t i n t e n s i t i e s e q u i l i b r i u m was reached o n l y a f t e r 30 t o 60 

mi n u t e s . The thermal quenching at a c u r r e n t l e v e l c o r r e s p o n d i n g 

t o t h a t of the T.S.C. maximum i n F i g u r e 5.9.2 was c o m p a r a t i v e l y 

s m a l l . At a c u r r e n t l e v e l c o r r e s p o n d i n g t o the T.S.C. maximum i n 

F i g u r e 5.9.3, the quenching caused a change of t h r e e o r d e r s of 

magnitude i n the p h o t o c u r r e n t . T h i s l a r g e change i n p h o t o c u r r e n t 

demonstrates t h a t a s i g n i f i c a n t v a r i a t i o n i n the f r e e e l e c t r o n l i f e ­

t ime would be expected f o r the c o r r e s p o n d i n g T.S.C. c u r v e ( F i g u r e 

5.9.3). As the sample responded s l o w l y t o ther m a l quenching 
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i t i s i n c o r r e c t t o m o d i f y the T.S.C. curve shown i n F i g u r e 5.9.3 

u s i n g the v a r i a t i o n i n l i f e t i m e deduced from p h o t o c u r r e n t 

measurements. However, t he l a r g e v a l u e of Ê . o b t a i n e d from the 

T.S.C. curve shown i n F i g u r e 5.9.3 i s c e r t a i n l y e x p l i c a b l e i n 

terms of thermal quenching. 

F i g u r e 5.9.5 shows t h e t h e r m a l l y c l e a n e d T.S.C. curve f o r 

t r a p H, found i n a n o t h e r sample grown w i t h T ^ = 350°C. A good 

f i t was o b t a i n e d f o r t h e f i r s t p a r t of t h i s c u rve w i t h a slow 

r e t r a p p i n g thermal a c t i v a t i o n energy of 0.59 eV. The d i s a g r e e ­

ment w i t h t h i s t h e o r e t i c a l v a l u e f o r the h i g h t e m p e r a t u r e wing of 

the curve was almost c e r t a i n l y due t o the t h e r m a l quenching e f f e c t 

d i s c u s s e d above. From these r e s u l t s a v a l u e of 0.60 eV was 

as s i g n e d t o t r a p H, the c o r r e s p o n d i n g c a p t u r e c r o s s - s e c t i o n i s 
_ . i n - 2 0 2 2.0x10 cm a 

Table 5.9.1 g i v e s the t h e r m a l a c t i v a t i o n e n e r g i e s , Bube 

th e r m a l a c t i v a t i o n e n e r g i e s and the c a p t u r e c r o s s - s e c t i.ons, on t h e 

assumption of slow r e t r a p p i n g , f o r t r a p s F, G and H. W i t h t r a p F 

the disagreement between t h e slow r e t r a p p i n g v a l u e o f Ê . and t h a t 

o b t a i n e d u s i n g Bube's method i n d i c a t e s t h a t a l t h o u g h t r a p F has a 

l a r g e c a p t u r e c r o s s - s e c t i o n i t empties under slow r e t r a p p i n g 

c o n d i t i o n s . Trap G shows good agreement between the a c t i v a t i o n 

e n e r g i e s c a l c u l a t e d by b o t h methods, though t h e v a r i a t i o n of T* 

w i t h the T.S.C. l e v e l , w h i c h i s expected f o r a f a s t t r a p , was not 

found (see F i g u r e s 6.3.1 and 6.3.2). 

For t r a p H t h e r e was a g a i n agreement between the two methods 

of e v a l u a t i n g E t. Reference t o F i g u r e s 6.3.1 and 6.3.2 shows 

t h a t t h e r e i s a v a r i a t i o n of T * w i t h the magnitude of the T.S.C. 

f o r t h i s t r a p , which a l s o i n d i c a t e s t h a t i t i s a f a s t r e t r a p p i n g 
-2 0 2 

c e n t r e . The small v a l u e o f S. (~10 cm ) , o b t a i n e d from curve 



TABLE 5.9.1 

T r a p p i n g Parameters of the High Temperature Traps 

Trap T ̂  
i n °K • E t v i n eV 

Bube E t 

i n eV 
c 2 Sj. i n cm 
as suming 
s 1 ow 
r e t r a p p i n g 

F 270 0.75 0.49 i o - 1 3 

G 300 0.53 0.56 i o - 1 9 * 
H 350 0.60 0.61 i o " 2 0 * 

* f a s t r e t r a p p i n g c e n t r e s 

TABLE 5.10.1 

Trap D e n s i t i e s of the High Temperature Traps (number/cm ) 

Growth 
Condi t i ons 

Boule 
Numbe r 

Trap 
F 

Trap 
G 

Trap 
H 

T„ = 35 0°C Cd 78 i o 1 4 i o 1 4 i o 1 4 

T„ , = 35 0°C Cd 79 i o 1 4 1 0 1 4 . i o 1 4 

T g = 50°C 70 i o 1 4 . 1 0 1 3 i o 1 2 

Tg = 15 0°C 76 i o 1 4 i o 1 4 i o 1 3 

Tg = 300°C 190 1 0 1 6 i o 1 6 

Tg = 450°C 94 i o 1 4 i o 1 5 -— 
Tg = 450°C 100 1 0 1 5 1 0 1 3 — 

•* A l a r g e v a r i a t i o n i n N f o r t r a p H 

was found i n samples t a k e n from t h i s b o u l e . 
16 3 

The maximum v a l u e was N = 10 /cm'. 
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f i t t i n g on t h e a s s u m p t i o n o f s l o w r e t r a p p i n g , i s c e r t a i n l y -
e r r o n e o u s i f t r a p H i s a f a s t t r a p . T h e .change i n t h e m a g n i t u d e 
of t h e T . S . C . w i t h T\ w i l l be f u r t h e r d i s c u s s e d i n t h e f o l l o w i n g 
c h a p t e r . 

5 . 1 0 . T he D e n s i t i e s of t h e H i g h T e m p e r a t u r e T r a p s 

B e c a u s e o f t h e v a r i a t i o n o f t h e d e n s i t i e s o f t h e s e t r a p p i n g 

c e n t r e s w i t h T., t h e v a l u e s o f t r a p d e n s i t y g i v e n i n t h i s s e c t i o n 

a r e t h e maximum f o u n d . T h e a p p r o x i m a t e m e t h o d , d e s c r i b e d a t t h e 

b e g i n n i n g o f S e c t i o n 5.7, was u s e d t o e s t i m a t e t h e t r a p d e n s i t i e s . 

T a b l e 5.10,1 g i v e s t h e d e n s i t i e s f o u n d t o g e t h e r w i t h t h e t e m p e r ­

a t u r e o f t h e cadmium o r s u l p h u r r e s e r v o i r u s e d i n t h e g r o w t h o f 

t h e s a m p l e s i n v e s t i g a t e d . 

T r a p H was p r e s e n t i n a l l s a m p l e s grown u n d e r c a d m i u m r i c h 

c o n d i t i o n s . I t was a l s o f o u n d i n two s a m p l e s t a k e n f r o m a b o u l e 

c r y s t a l g r o wn w i t h T g = 3 0 0 ° C , a l t h o u g h i t was n o t o b s e r v e d i n 

f o u r o t h e r s a m p l e s f r o m t h i s b o u l e , T r a p H c o u l d n o t be d e t e c t e d 

i n s a m p l e s grown w i t h T g = 4 5 0 ° C J h o w e v e r t h e d a r k c u r r e n t w a s 

h i g h i n t h e s e s a m p l e s a n d may h a v e o b s c u r e d i t i f i t s d e n s i t y was 

l o w . 

T h e r e i s a g e n e r a l t r e n d o f t h e d e n s i t y o f t r a p H t o d e c r e a s e 

w i t h i n c r e a s i n g s u l p h u r r i c h n e s s , a l t h o u g h i t s o c c u r r e n c e i n t h e 

two s a m p l e s grown w i t h T g = 300°C i s a n o m a l o u s i n t h i s r e s p e c t . 

Woods a n d N i c h o l a s ( 1 9 6 4 ) s t u d i e d a n u m b e r o f C d S s a m p l e s , g r own 

by v a p o u r p h a s e r e c r y s t a l 1 i s a t i o n i n a n a r g o n g a s f l o w , a n d f o u n d 

t h a t t r a p H o c c u r r e d o n l y i n s a m p l e s a n n e a l e d i n s u l p h u r , ( T h e 

t r a p p i n g p a r a m e t e r s o f Woods a n d N i c h o l a s ' ' t r a p H', w h i c h h a d 

T * = 3 3 0 ° K a n d E f c = 0.63 eV, a r e s u f f i c i e n t j u s t i f i c a t i o n f o r 

a s s o c i a t i n g i t w i t h t r a p H f o u n d i n t h e p r e s e n t w o r k . Woods 
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a n d N i c h o l a s a l s o f o u n d t h a t t h e i r t r a p H v a r i e d w i t h T\ i n a 
s i m i l a r m a n n e r t o t h e p r e s e n t t r a p H.) T h u s i t w o u l d a p p e a r t h a t 
t r a p H c a n e x i s t u n d e r b o t h c a d m i u m ^ r i c h c o n d i t i o n s , a n d h e n c e i t 
seems r e a s o n a b l e t o p r o p o s e t h a t i t i s more l i k e l y t o be due t o a 
c o m p l e x o f n a t i v e d e f e c t s a n d / o r i m p u r i t i e s r a t h e r t h a n a s i m p l e 
n a t i v e d e f e c t . 

The r e l a t i v e l y c o n s t a n t v a l u e s o f t h e d e n s i t i e s o f t r a p s F 

a n d G i n d i c a t e t h a t t h e s e a l s o may be due c o m p l e x n a t i v e d e f e c t s 

o r i m p u r i t e s , n o t s u b s t a n t i a l l y a f f e c t e d by t h e c h a n g e s i n t h e 

c o n d i t i o n s o f g r o w t h o f t h e p r e s e n t s a m p l e s . 

5 . 1 1 . T . S . C . f r o m two D e r b y L u m i n e s c e n t S a m p l e s 

T h e T . S . C . s p e c t r a o f two s a m p l e s g r own f r o m D e r b y L u m i n e s c - . 

e n t p o w d e r w e r e i n v e s t i g a t e d . I n b o t h c a s e s , t h e T . S . C . c u r v e s 

w e r e n o t s u b s t a n t i a l l y a f f e c t e d by t h e t e m p e r a t u r e o f i l l u m i n a t i o n 

p r i o r t o m e a s u r e m e n t . F i g u r e 5 . 1 1 . 1 , c u r v e s ( a ) a n d ( b ) , shows 

t h e s p e c t r a f o r t h e s e s a m p l e s , g r o w n w i t h = 3 0 0 ° C a n d T g = 

350°C, f o l l o w i n g i l l u m i n a t i o n f r o m 388°K. T h e T g = 3 5 0 ° C s a m p l e 

( c u r v e ( b ) ) d i d show a w e l l d e f i n e d T . S . C . c u r v e a t l o w t e m p e r ­

a t u r e ( T * = 1 3 0 ° K ) , w h i c h y i e l d e d a v a l u e o f E f c = 0.09 eV b y t h e 

s l o w r e t r a p p i n g c u r v e f i t t i n g t e c h n i q u e . A l t h o u g h t h e T ^ = 

3 0 0 ° C s a m p l e showed some s t r u c t u r e a t l o w t e m p e r a t u r e s , i t was n o t 

p o s s i b l e t o i s o l a t e a T . S . C . c u r v e . 

A t t e m p t s w e r e made t o t h e r m a l l y c l e a n t h e b r o a d s t r u c t u r e i n 

b o t h s a m p l e s , w h i c h o c c u r r e d a b o v e 150°K. I t was f o u n d t h a t 

c l e a n i n g y i e l d e d t h e same s t r u c t u r e a t a l o w e r T . S . C . l e v e l , 

s u g g e s t i n g t h a t t h e h i g h t e m p e r a t u r e T . S . C . was due t o a c o n t i n u u m 

o f t r a p s . ( F r o m t h e a n a l y s i s o f O p t r a n s a m p l e s one w o u l d e x p e c t 

•to f i n d a n u m b e r o f t r a p s i n t h e t e m p e r a t u r e r e g i o n 150°K t o 388°K. ) 

T h e D e r b y s t a r t i n g p o w d e r was f o u n d , by m a s s s p e c t r o g r a p h i c 
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S A M P L E S CROWN FROM DERBY L U M I N E S C E N T M A T E R I A L . 

T A B L E 5.12.1 

C o m p a r i s o n o f E ^ a n d T * f o r t h e Low T e m p e r a t u r e T r a p s 

a n d t h e t r a p s f o u n d by C o w e l l a n d Woods ( 1 9 6 7 ) 

P r e s e n t 

Work 

T* i n 
°K 115 138 158 190 212 P r e s e n t 

Work E i n 
eV 0.15 0.16 0. 18 0.31 0.44 

C o w e l 1 
a n d 
Woods 

T * i n 
°K 103 130 162 2 0 5 240 C o w e l 1 

a n d 
Woods E i n 

eV 0.20 0.16 0.25 0. 38 0.42 
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a n a l y s i s , t o c o n t a i n i m p u r i t i e s w h o s e d e n s i t i e s w e r e one t o two 

o r d e r s o f m a g n i t u d e g r e a t e r t h a n t h o s e f o u n d i n O p t r a n m a t e r i a l 

( s e e S e c t i o n 4 . 2 ) . T h e a n o m a l o u s T . S . C . s p e c t r a o f t h e Derby-

s a m p l e s , c o m p a r e d w i t h O p t r a n s a m p l e s , may w e l l be due t o c o m p l e x ­

e s f o r m e d by t h e s e i m p u r i t i e s . 

5 . 1 2 . P i s c u s s i on 

E i g h t d i s c r e t e t r a p p i n g l e v e l s ( d e n o t e d by t h e l e t t e r s A t o H) 

h a v e b e e n f o u n d i n O p t r a n b o u l e c r y s t a l s grown i n ca d m i u m a n d 

s u l p h u r o v e r p r e s s u r e s . T h e t r a p p i n g p a r a m e t e r s o f t h e s e c e n t r e s 

a r e p r e s e n t e d i n T a b l e s 5.6.1 a n d 5 . 9 . 1 . T h e t r a p d e n s i t i e s , f o r 

s a m p l e s grown u n d e r b o t h cadmium a n d s u l p h u r r i c h c o n d i t i o n s , c a n 

be f o u n d i n T a b l e s 5.7.1 a n d 5 . 1 0 . 1 . 

T r a p A, w h i c h d e c r e a s e d i n d e n s i t y by f o u r o r d e r s o f m a g n i t u d e 

w i t h i n c r e a s i n g s u l p h u r p r e s s u r e s d u r i n g g r o w t h , h a s b e e n a s s o c i ­

a t e d w i t h a s i n g l y i o n i s e d c admium i n t e r s t i t i a l . T r a p D was o n l y 

d e t e c t e d i n one b o u l e c r y s t a l g r o wn w i t h T g = 450 C, a n d o c c u r r e d 

a s a d o u b l e t w i t h t r a p E . T r a p H d e c r e a s e d i n d e n s i t y f r o m 

1 0 1 4 / c m ^ t o 1 0 1 2 / c m ^ f o r s a m p l e s grown w i t h T _ , = 350°C t o T c = 
O ' 15.0 C. H o w e v e r , t r a p H was f o u n d i n d e n s i t i e s o f t h e o r d e r o f 

16 3 

10 /cm i n two s a m p l e s t a k e n f r o m a b o u l e g r own w i t h T c = 30 0 ° C , 

w h i c h i n d i c a t e s t h a t i t c a n o c c u r u n d e r b o t h c a d m i u m a n d s u l p h u r 

r i c h c o n d i t i o n s . 

T h e r e l a t i v e l y c o n s t a n t v a l u e s o f d e n s i t i e s f o r t h e o t h e r 

t r a p s s u g g e s t s t h a t , a s t h e y w e r e u n a f f e c t e d by t h e c o n d i t i o n s of 

g r o w t h s u f f e r e d d u r i n g t h e p r e s e n t i n v e s t i g a t i o n s , t h e y a r e l i k e l y 

t o be due t o i m p u r i t i e s o r n a t i v e d e f e c t c o m p l e x e s . 

C o w e l l a n d Woods ( 1 9 6 7 ) d i s c u s s e d t h e e v a l u a t i o n o f a T . S . C . 

s p e c t r u m i n a s a m p l e g r o w n by t h e m o d i f i e d P i p e r a n d P o l i c h m e t h o d 

d e s c r i b e d by C l a r k a n d Woods ( 1 9 6 6 ) . T h e y u s e d t h e c u r v e f i t t i n g 
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t e c h n i q u e t o e s t i m a t e t r a p p i n g p a r a m e t e r s . T h e r e s u l t s i n t h i s 

t h e s i s a r e i n r e a s o n a b l e a g r e e m e n t w i t h , t h e i r w o r k . ( T a b l e 

5.12.1 s h o w s , f o r c o m p a r i s o n , t h e v a l u e s o f a n d T * d e t e r m i n e d 

f o r t r a p s A t o E a n d t h e v a l u e s of E f c a n d T*" f o u n d by C o w e l l a n d 

Woods.) C o w e l l a n d Woods f o u n d f o u r T . S . C . maxima a t 103°K, 

130°K, 1 6 2 ° K a n d 2 3 0 ° K . T h e t h e r m a l a c t i v a t i o n e n e r g i e s o f t h e 

t h r e e l o w e s t t e m p e r a t u r e t r a p s w e r e 0.20 eV, 0.16 eV a n d 0.25 eV 

r e s p e c t i v e l y , t h o u g h i n some c a s e s t h e l o w e s t maximum y i e l d e d a 

v a l u e o f 0.16 eV. 

D u r i n g t h e c o u r s e o f t h e p r e s e n t w o r k , t r a p D was f o u n d a s a 

d o u b l e t w i t h t r a p E . C o w e l l a n d Woods ( 1 9 6 7 ) a l s o d i s c o v e r e d a 

d o u b l e t , w i t h a maximum a t a p p r o x i m a t e l y 230°K, w h i c h g a v e t h e r m a l 

a c t i v a t i o n e n e r g i e s o f 0.38 eV a n d 0.42 eV f o r t h e two c o m p o n e n t s . 

T h e r e i s s u f f i c i e n t e v i d e n c e f r o m t h e work d e s c r i b e d h e r e t o 

a s s i g n a v a l u e o f 0.44 e V t o t h e h i g h t e m p e r a t u r e c o m p o n e n t ( t r a p 

E ) . Had t h i s v a l u e b e e n a p p l i e d t o t h e i r d o u b l e t , t h e n t h e 

l o w e r c omponent w o u l d h a v e b e e n b r o a d e r . T h i s w o u l d h a v e l e d t o 

a v a l u e l o w e r t h a n 0.38 e V f o r t h e a c t i v a t i o n e n e r g y . 

C o w e l l a n d Woods ( 1 9 6 9 ) a l s o d i s c u s s e d two t r a p s , w h i c h 

e m p t i e d w i t h T* = 2 7 5 ° K a n d 325°K r e s p e c t i v e l y , found' i n r o d s . w h i c h 

h a d b e e n grown by t h e f l o w p r o c e s s a n d s u b s e q u e n t l y a n n e a l e d i n 

s u l p h u r v a p o u r . T h e t h e r m a l a c t i v a t i o n e n e r g i e s o f t h e s e t r a p s 

w e r e 0.85 eV a n d 0.63 eV r e s p e c t i v e l y . T h e a g r e e m e n t b e t w e e n t h e 

v a l u e o f E t = 0.60 eV f o r t r a p H a n d t h e v a l u e o f E t = 0.63 eV, 

r e p o r t e d by C o w e l l a n d Woods, i s good. T r a p F ( E f c = 0.75 eV a n d 

T = 2 7 0 K ) a n d C o w e l l a n d Woods* l o w e r t e m p e r a t u r e t r a p do n o t 

c o m p a r e s o f a v o u r a b l y . H o w e v e r , t r a p F was f o u n d t o y i e l d h i g h e r 

v a l u e s o t E ^ when t h e T . S . C . l e v e l v a r i e d w i t h t h e t e m p e r a t u r e , T^, 

o f i l l u m i n a t i o n p r i o r t o m e a s u r e m e n t . T h e t r a p ' F ' d i s c u s s e d by 

C o w e l l a n d Woods c h a n g e d c o n s i d e r a b l y i n d e n s i t y w i t h c h a n g e i n T., 
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a n d may t h e r e f o r e h a v e g i v e n a l a r g e v a l u e of f o r t h i s r e a s o n . 

N i c h o l a s ( 1 9 6 3 ) p r e s e n t e d a number o f T . S . C . s p e c t r a , measur-r 

ed on f l o w c r y s t a l s , w h i c h showed s e v e n maxima w h i c h w e r e s i m i l a r 

t o t h o s e f o u n d i n t h i s w o r k , N i c h o l a s ' a n a l y s i s o f t h e d a t a 

o b t a i n e d f r o m t h e s e s p e c t r a was somewhat d u b i o u s , a s he a s s u m e d 

t h a t a t r a p c o u l d e m p ty a n d l e a d t o a v a l u e of T * w h i c h v a r i e d by 

a s much a s 100°K. N i c h o l a s f o u n d t r a p s w i t h t h e r m a l a c t i v a t i o n 

e n e r g i e s o f 0.05 eV a t l o w t e m p e r a t u r e s , a n d 0.25 eV a t a p p r o x ­

i m a t e l y 3 00°K. T h e s e w e r e n o t f o u n d i n t h e p r e s e n t w o r k , 

a l t h o u g h o v e r l a p p i n g c u r v e s i n t h e same t e m p e r a t u r e r e g i o n s d i d 

y i e l d s i m i l a r v a l u e s . 

The g e n e r a l s h a p e o f t h e T . S . C . s p e c t r a f o u n d b o t h by C o w e l l 

a n d Woods a n d by N i c h o l a s , f r o m i n v e s t i g a t i o n s o f f l o w c r y s t a l s , 

i n d i c a t e s t h a t t h e i r s a m p l e s w e r e grown u n d e r cadmium r i c h c o n ­

d i t i o n s . T h i s i s n o t s u r p r i s i n g , a s no a t t e m p t was made t o m a i n ­

t a i n s t o i c h i o m e t r y d u r i n g t h e g r o w t h o f t h e f l o w c r y s t a l s . 

T h e m e t h o d of H a i n e a n d C a r l e y - R e a d ( 1 9 6 8 ) was n o t u s e d t o 

a n a l y s e t h e T . S . C . c u r v e s b e c a u s e o f t h e o v e r l a p p i n g n a t u r e o f t h e 

c o n t r i b u t i o n s f r o m e a c h t r a p . T h e t h e r m a l c l e a n i n g p r o c e s s d e ­

c r e a s e s t h e o c c u p a n c y of t h e t r a p i n v e s t i g a t e d , a s d e s c r i b e d i n 

S e c t i o n 5 . 4 , I n o r d e r t o a p p l y t h e H a i n e a n d C a r l e y - R e a d T . S . C . 

t e c h n i q u e i t w o u l d be n e c e s s a r y t o o b t a i n c l e a n e d c u r v e s a t d i f f e r 

e n t h e a t i n g r a t e s w i t h t h e same d e n s i t y o f f i l l e d t r a p s . T h i s 

w o u l d h a v e b e e n v e r y d i f f i c u l t t o a t t a i n . 

T h e t r a p d e p t h s o b t a i n e d by H a i n e a n d C a r l e y - R e a d f r o m t h e i r 

T . S . C . a n a l y s i s a r e a l m o s t c e r t a i n l y i n e r r o r , s i n c e n o n e o f t h e i r 

c u r v e s was t h e r m a l l y c l e a n e d . I n b o t h t h e s p e c t r a p r e s e n t e d i n 

t h e i r p a p e r , t h e y a s s u m e o n l y two t r a p s i n t h e t e m p e r a t u r e r a n g e 

8 0 °K t o 360°K w h e r e a s e i g h t h a v e b e e n d e t e c t e d i n t h e p r e s e n t w o r k 

C o m p a r i s o n o f t h e i r T . S . C . s p e c t r a w i t h t h o s e shown i n F i g u r e s 
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5 . 5 . 1 a n d 5 . 5 . 2 i n d i c a t e s t h a t t h e i r s a m p l e s w e r e a l s o grown u n d e r 
cadmium r i c h c o n d i t i o n s . 

The c o n s t a n t t e m p e r a t u r e d e c a y m e t h o d a d v o c a t e d by H a i n e and 

C a r l e y - R e a d a l s o r e q u i r e s c a r e f u l a p p l i c a t i o n . F r o m E q u a t i o n 

3 . 9 . 3 , t h e d e c a y a t c o n s t a n t t e m p e r a t u r e f o r a t r a p e m p t y i n g u n d e r 

s l o w r e t r a p p i n g c o n d i t i o n s may be w r i t t e n i n t h e f o r m 

n = n N T S . v f e x p ( - E . / k T ) c o c n t 1 ^ t 

e x p ( - t N c v S f c e x p ( - E / k T ) )] 5 . 1 2 . 1 

w h e r e t h e c o n t r i b u t i o n t o t h e f r e e e l e c t r o n d e n s i t y a t t = 0 i s 

n = n N T S ^ v f e x p t - E / k T ) J 5 . 1 2 . 2 c o c n t L J r 1 

T h u s t h e i n i t i a l f r e e e l e c t r o n d e n s i t y f r o m e a c h of t h e f u l l o r 

p a r t i a l l y f u l l t r a p s p r e s e n t i n t h e s a m p l e i s g o v e r n e d by t h e 

f a c t o r n S . e x p ( - E / k T ) . A s i m i l a r f a c t o r i s f o u n d i n t h e c a s e of o t 
f a s t r e t r a p p i n g . 

Where t r a p p i n g c e n t r e s o f s i m i l a r d e n s i t y , c a p t u r e c r o s s -

s e c t i o n a n d t h e r m a l a c t i v a t i o n e n e r g y o c c u r , a s was t h e c a s e w i t h 

t h e low t e m p e r a t u r e t r a p s f o u n d i n t h e p r e s e n t w o r k , i t i s n o t 

s a f e t o a s s u m e t h a t t h e i n t e r f e r e n c e f r o m o t h e r t r a p s i s n e g l i g r 

i b l e . A l s o , t h e d e c a y o f one s e t of t r a p s may be m o d i f i e d by a 

c o n t r i b u t i o n f r o m a s e c o n d s e t o f t r a p s whose d e n s i t y i s g r e a t e r 

t h a n t h e f i r s t . 

I n t h e p r e s e n t work t h e d e c a y m e t h o d was u s e d t o a n a l y s e t r a p 

A ( E f c = 0 . 1 5 eV a n d T * = 1.15°K), w h i c h was two o r d e r s o f m a g n i t u d e 

g r e a t e r i n d e n s i t y - t h a n t r a p B. The e x p e c t e d c o n t r i b u t i o n f r o m 

t r a p B ( E = 0 . 1 6 eV a n d T * = 138°) t o t h e d e c a y a t 1 0 0 ° K w o u l d be 
_ Q 

5 . 0 x 1 0 a m p e r e s a t t = 0 , u s i n g E q u a t i o n 5..L2.2 an d a s s u m i n g t h e 
3 

t r a p p i n g p a r a m e t e r s f o u n d f r o m T . S . C . c u r v e s . A f t e r 1 0 s e c o n d s 
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t h e c o n t r i b u t i o n f r o m t r a p B w o u l d h a v e d e c r e a s e d by l e s s t h a n 

0.1%, s o t h e c o n t r i b u t i o n t o t h e d e c a y i s . e s s e n t i a l l y a c o n s t a n t 
- 8 

5 . 0 x 1 0 a m p e r e s . T h e i s o t h e r m a l d e c a y o f t r a p A i s shown i n 

F i g u r e 5 . 6 . 6 , w h e r e t h e a b o v e c o r r e c t i o n f o r t r a p B i s m a r k e d w i t h 

a d o t t e d l i n e . The c u r v e shown i n F i g u r e 5.6.6 y i e l d e d a v a l u e 

of E f c = 0.125 eV, w h i c h was d e c r e a s e d t o 0.12 eV when t r a p B was 

c o n s i d e r e d . T h e c o r r e c t i o n i s s m a l l i n t h i s c a s e b e c a u s e t r a p A 

was o f much g r e a t e r d e n s i t y t h a n t r a p B, Had t r a p s A a n d B b e e n 

of e q u a l d e n s i t y , t h e u n c o r r e c t e d d e c a y w o u l d h a v e y i e l d e d a v a l u e 

of E ^ w h i c h was c o n s i d e r a b l y l a r g e r , 

H a i n e a n d C a r l e y - R e a d f o u n d v a l u e s o f E ^ = 0.18 eV a n d E ^ = 

0.24 eV f o r i s o t h e r m a l d e c a y s m e a s u r e d a t 104°K a n d 103°K r e s p e c t ­

i v e l y , i n two d i f f e r e n t C d S s a m p l e s . T h e l a r g e d i s p a r i t y b e t w e e n 

t h e s e two r e s u l t s a n d a l s o t h e v a l u e of E ^ = 0.12 eV f r o m t h e 

p r e s e n t w o r k may w e l l be e x p l a i n e d i n t e r m s o f i n t e r f e r e n c e f r o m 

o t h e r t r a p s . ( A s H a i n e a n d C a r l e y - R e a d d i d n o t t h e r m a l l y c l e a n 

t h e i r T . S . C . s p e c t r a i t i s n o t p o s s i b l e t o a p p l y a c o r r e c t i o n t o 

t h e i r v a l u e s . H o w e v e r , c o r n p a r i s o n o f t h e T . S . C . s p e c t r a shown i n 

F i g u r e 5.5.1 w i t h t h e i r s p e c t r a i n d i c a t e s t h a t t r a p B may w e l l h a v e 

b e e n p r e s e n t ; ) 

T h e m e t h o d o f a n a l y s i s a d v o c a t e d by Bube ( 1 9 5 5 ) d o e s l e a d t o 

f a i r l y r e p r o d u c i b l e v a l u e s o f E ^ f o r a g i v e n t r a p i n d i f f e r e n t 

s a m p l e s . T h e r e i s , h o w e v e r , no r e a s o n t o s u p p o s e t h a t t h e s e a r e 

t h e t r u e v a l u e s . E q u a t i o n 3,5.1 may be r e w r i t t e n t o y i e l d a B u b e 

t h e r m a l a c t i v a t i o n e n e r g y g i v e n by 

E . = k T * l o g ( N / n * ) -5.12.3 t c c 

I n t h e T . S . C . c u r v e s r e p o r t e d h e r e .the v a l u e o f l o g ( N c / n * ) v a r i e d 

f r o m 18 t o 2 6 , d e p e n d i n g on t h e d e n s i t y o f f i l l e d t r a p p i n g c e n t r e s . 

T h i s l e a d s t o a mean v a l u e B ube t h e r m a l a c t i v a t i o n e n e r g y , s u c h 

t h a t 
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E t = 2 2 k T * 5 . 1 2.4 

w i t h a n e r r o r o f a b o u t 2 0%. T h i s e r r o r i s c o n s i d e r a b l y s m a l l e r 

t h a n t h a t i n c u r r e d by c u r v e f i t t i n g o r a l l i e d t e c h n i q u e s , w h e r e 

l i f e t i m e v a r i a t i o n i s d i s r e g a r d e d o r i n s u f f i c i e n t t h e r m a l c l e a n i n g 

i s c a r r i e d o u t . T h u s t h e B u b e v a l u e g i v e s a t h e r m a l a c t i v a t i o n 

f a c t o r w h i c h may be u s e d t o d e s c r i b e a T . S . C . c u r v e i n a s i m i l a r 

m a n n e r t o t h e a p p r o x i m a t i o n E^. = 2 5 k T * u s e d by e a r l y w o r k e r s on 

t h e r m o l u m i n e s c e n c e . 

The i n i t i a l r i s e m e t h o d f i r s t p r o p o s e d by G a r l i c k a n d G i b s o n 

( 1 9 4 8 ) , a l t h o u g h b a s i c a l l y s o u n d , was n o t o f t e n u s e d i n t h e p r e s e n t 

w o r k b e c a u s e of t h e o v e r l a p of t h e p e a k s i n v e s t i g a t e d . When t h e 

s e c o n d of t h r e e o v e r l a p p i n g p e a k s i s t h e r m a l l y c l e a n e d , g r e a t c a r e 

i s r e q u i r e d t o e n s u r e t h a t t h i s t r a p i s n o t e m p t i e d t o t h e e x t e n t 

t h a t i t b e c o m e s o n l y a s h o u l d e r on t h e n e x t h i g h e s t p e a k . 

I n h e r e n t l y , t h e r e may be a s m a l l c o n t r i b u t i o n l e f t f r o m t h e l o w e s t 

p e a k , w h i c h w o u l d a f f e c t t h e s e c o n d m a i n l y i n t h e i n i t i a l r i s e 

r e g i o n . 
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CHAPTER 6 

V A R I A T I O N OF THERMALLY STIMULATED CURRENT L E V E L WITH 

CONDITIONS OF I L L U M I N A T I O N 

6 . 1 . I n t r o d u c t i o n 

I n t h e l a s t c h a p t e r , t h e v a l u e s o f t h e r m a l a c t i v a t i o n e n e r g y , 

c a p t u r e c r o s s - s e c t i o n a n d t r a p d e n s i t y w e r e d e t e r m i n e d u n d e r c o n ­

d i t i o n s w h i c h y i e l d e d a maximum i n t r a p d e n s i t y a n d a minimum i n 

t h e v a r i a t i o n of t h e f r e e e l e c t r o n l i f e t i m e w i t h t e m p e r a t u r e . 

F o r t h e m a j o r i t y o f s a m p l e s i n v e s t i g a t e d , a c h a n g e i n t h e mag­

n i t u d e o f t h e T . S . C . was f o u n d w i t h t h e t e m p e r a t u r e a t w h i c h t h e 

i l l u m i n a t i o n was s w i t c h e d on d u r i n g c o o l i n g , p r i o r t o t h e T . S . C . 

m e a s u r e m e n t . 

Th e r e s u l t s p r e s e n t e d i n t h i s c h a p t e r a r e f o r m e a s u r e m e n t s 

made u s i n g a two p r o b e e l e c t r o d e c o n f i g u r a t i o n a s d e s c r i b e d i n 

S e c t i o n 4 . 3 ( a ) , s o t h a t t h e o b s e r v e d c h a n g e s i n t h e m a g n i t u d e , o f . 

t h e T . S . C . m i g h t be c a u s e d by c o n t a c t e f f e c t s , o r by t r a p p i n g 

c e n t r e s l y i n g n e a r t o t h e s u r f a c e o f t h e C d S s a m p l e s . A more 

d e t a i l e d i n v e s t i g a t i o n o f c o n t a c t a n d s u r f a c e e f f e c t s i s g i v e n i n 

C h a p t e r 7. The phenomena r e p o r t e d h e r e a r e c o n f i n e d t o t h o s e 

w h i c h h a v e no a p p a r e n t a s s o c i a t i o n w i t h e f f e c t s due t o s u r f a c e 

t r a p s o r t h e c o n t a c t s . 

A v a r i a t i o n o f t h e T . S . C . due t o b u l k e f f e c t s c a n be e x p l a i n ­

ed i n t e r m s o f a c h a n g e i n t h e f r e e e l e c t r o n l i f e t i m e . T h e mag­

n i t u d e o f t h e T . S . C . c a n a l s o v a r y due t o a c h a n g e i n t h e d e n s i t y 

o f p h o t o c h e m i c a l c e n t r e s , o r due t o t h e c h a n g e i n t h e o c c u p a n c y o f 

t r a p s s u r r o u n d e d by a p o t e n t i a l b a r r i e r . 
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6.2. V a r i a t i o n o f t h e F r e e E l e c t r o n L i f e t i m e 

As d e s c r i b e d i n C h a p t e r 5, a n e s t i m a t e o f t h e v a r i a t i o n of 

t h e f r e e e l e c t r o n l i f e t i m e w i t h t e m p e r a t u r e was o b t a i n e d by-

m e a s u r i n g t h e p h o t o c u r r e n t a s a f u n c t i o n o f t e m p e r a t u r e , a t a 

c u r r e n t l e v e l a p p r o x i m a t e l y two o r d e r s o f m a g n i t u d e g r e a t e r t h a n 

t h a t o f t h e T . S . C . F r o m E q u a t i o n 2.1.5 i t c a n be s e e n t h a t t h e 

v a l u e o f p h o t o c u r r e n t i s a d i r e c t m e a s u r e o f t h e p r o d u c t o f t h e 

f r e e e l e c t r o n l i f e t i m e a n d m o b i l i t y . T h i s p r o d u c t i s o f p a r a ­

mount i m p o r t a n c e i n d e t e r m i n i n g t h e s h a p e o f t h e T . S . C . c u r v e f o r 

a n i s o l a t e d t r a p p i n g c e n t r e , a n d h e n c e t h e s p e c t r u m w h i c h i s t h e 

sum o f s u c h c u r v e s . 

F o r s a m p l e s i n v e s t i g a t e d i n t h i s t h e s i s , t h e i l l u m i n a t i o n 

c o u l d be s w i t c h e d on a t a n y d e s i r e d t e m p e r a t u r e , T^, d u r i n g c o o l ­

i n g t o l i q u i d n i t r o g e n t e m p e r a t u r e s p r i o r t o t h e m e a s u r e m e n t o f 

e i t h e r t h e T . S . C . o r t h e p h o t . o c u r r e n t a s a f u n c t i o n of t e m p e r a t u r e . 

By c o m p a r i n g t h e m e a s u r e m e n t s o f t h e p h o t o c u r r e n t a n d t h e T . S . C . , 

made u n d e r t h e same c o n d i t i o n s o f p r e - i 1 l u m i n a t i o n , i t i s p o s s i b l e 

t o d i f f e r e n t i a t e b e t w e e n v a r i a t i o n s o f t h e T . S . C . due t o t h e 

l i f e t i m e - m o b i l i t y p r o d u c t a n d t h o s e due t o a r e a l v a r i a t i o n of 

t r a p d e n s i t y o r o c c u p a n c y . The f r e e e l e c t r o n m o b i l i t y w o u l d n o t 

be e x p e c t e d t o v a r y g r e a t l y f o r d i f f e r e n t i l l u m i n a t i o n t r e a t m e n t s 

t o t h e s a m p l e i n t h e t e m p e r a t u r e r a n g e of t h e T . S . C . m e a s u r e m e n t s , 

a n d i n c o n s e q u e n c e c h a n g e s i n t h e p h o t o c u r r e n t l e v e l w i t h i l l u m i n ­

a t i o n s c h e d u l e c a n be a t t r i b u t e d m a i n l y t o l i f e t i m e e f f e c t s . 

W i t h most s a m p l e s , t h e m a g n i t u d e s o f t h e T . S . C . a n d p h o t o ­

c u r r e n t w e r e l a r g e r when t h e i l l u m i n a t i o n was s w i t c h e d on a t 

h i g h e r t e m p e r a t u r e s , t h o u g h i n t h e m a j o r i t y o f c a s e s t h e maximum 

c h a n g e was by a f a c t o r two o r l e s s . T h e s e c h a n g e s c a n be -

e x p l a i n e d i n t e r m s o f a n i n c r e a s e i n f r e e e l e c t r o n l i f e t i m e . 

T h r e e s a m p l e s i n v e s t i g a t e d s h o w e d v a r i a t i o n s o f p h o t o c u r r e n t o f a 
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few o r d e r s o f m a g n i t u d e , d e p e n d i n g on t h e v a l u e o f T\ u s e d . 

F i g u r e 6.2.1 shows t h e T . S . C . s p e c t r a ' f o r s a m p l e grown w i t h 

T c = 5 0 ° C . T h e s a m p l e was c o o l e d a n d i l l u m i n a t e d w i t h a t u n g s t e n 

lamp f r o m 388°K, 200°K a n d 90°K. T h e p h o t o c u r r e n t v e r s u s t e m p e r ­

a t u r e c u r v e s , shown i n F i g u r e 6.2.2, w e r e o b t a i n e d f o r t h e same 

s a m p l e u s i n g a number o f v a l u e s o f T^ b e t w e e n 388°K a n d 90°K. 

The l a r g e v a r i a t i o n o f f r e e e l e c t r o n l i f e t i m e i s r e f l e c t e d i n b o t h 

s e t s of c u r v e s . S i m i l a r c h a n g e s i n t h e f r e e e l e c t r o n l i f e t i m e 

w e r e o b s e r v e d i n s a m p l e s grown w i t h = 5 5 0 ° C a n d T g = 4 5 0 ° C , s o 

t h a t no c o r r e l a t i o n c a n be made b e t w e e n t h e g r o w t h c o n d i t i o n s a n d 

t h e o b s e r v a t i o n o f t h i s phenomenon. 

The t h e r m a l s e n s i t i s a t i o n c a n be s e e n t o be a s s o c i a t e d w i t h a 

c o m p a r a t i v e l y s m a l l , t e m p e r a t u r e r e g i o n . F r o m F i g u r e 6 . 2 . 2 , i t i s 

c l e a r t h a t t h e p h o t o c u r r e n t , a n d h e n c e t h e l i f e t i m e , i s v e r y 

s e n s i t i v e t o i l l u m i n a t i o n f o r v a l u e s o f T. b e t w e e n 168 K a n d 202 K. 
I 

F o r t h e s a m p l e s grown w i t h T C d = 5 5 0 ° C a n d T g = 4 5 0 ° C t h e r a p i d 

i n c r e a s e i n p h o t o c u r r e n t w i t h i n c r e a s i n g t e m p e r a t u r e a l s o o c c u r r e d 

a t a t e m p e r a t u r e o f a b o u t 2 0 0 ° K . T h i s s u g g e s t s t h a t t h e s e n s i t -

i s a t i o n p r o c e s s i s a s s o c i a t e d w i t h a d e f i n i t e t h e r m a l s t e p . A s 

t h e f r e e e l e c t r o n l i f e t i m e i s i n v e r s e l y p r o p o r t i o n a l t o t h e 

d e n s i t y o f C l a s s 11 c e n t r e s f i l l e d w i t h h o l e s ( E q u a t i o n 2 . 2 . 1 ) , 

t h e s e n s i t i v e s t a t e o c c u r s when t h e C l a s s 11 c e n t r e s a r e o c c u p i e d 

i n l e s s e r d e n s i t y by h o l e s t h a n when t h e s a m p l e i s i n s e n s i t i v e . 

The s e n s i t i s a t i o n o f s a m p l e s d i s c u s s e d i n t h i s s e c t i o n may be 

e x p l a i n e d i n t e r m s o f h o l e t r a p s , e a c h o f w h i c h i s s u r r o u n d e d by 

a p o t e n t i a l b a r r i e r . When t h e s a m p l e i s i l l u m i n a t e d w h i l s t c o o l ­

i n g f r o m h i g h t e m p e r a t u r e s ( F i g u r e 6.2.2 c u r v e ( a ) ) , t h e f r e e 

h o l e s s o c r e a t e d may be c a p t u r e d by t h e h o l e t r a p s . T h e o c c u p ­

a n c y of t h e C l a s s 11 c e n t r e s by h o l e s i s r e d u c e d , b e c a u s e some o f 

t h e h o l e s a r e c a p t u r e d a t t h e t r a p p i n g c e n t r e s , a n d t h e s a m p l e i s 

i n i t s s e n s i t i v e s t a t e . E x c i t a t i o n a t l o w t e m p e r a t u r e s a f t e r 
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c o o l i n g i n t h e d a r k c r e a t e s f r e e h o l e s , t h o u g h t h e y c o n n o t s u r ­
mount t h e b a r r i e r s s u r r o u n d i n g t h e t r a p s . A s t h e t e m p e r a t u r e i s 
r a i s e d u n d e r i l l u m i n a t i o n ( F i g u r e 6 . 2 . 2 c u r v e ( b ) ) , t h e t h e r m a l 
e n e r g y of h o l e s i n t h e v a l e n c e b a n d b e c o m e s s u f f i c i e n t t o s u r m o u n t 
t h e b a r r i e r s a n d t h e t r a p s a r e f i l l e d w i t h h o l e s . The o c c u p a n c y 
of t h e C l a s s 1 1 c e n t r e s by h o l e s i s r e d u c e d , b e c a u s e some o f t h e 
h o l e s a r e c a p t u r e d a t t h e t r a p s , a n d t h i s l e a d s t o a h i g h e r f r e e 
e l e c t r o n l i f e t i m e . 

F o u r C h a n c e c o l o u r e d f i l t e r s p e a k i n g i n t h e b l u e , g r e e n , 

y e l l o w a n d o r a n g e r e g i o n s o f t h e s p e c t r u m ( f i l t e r s OB 1 0 , OY 1 2 , 

OY 18 a n d OY 1 r e s p e c t i v e l y ) w e r e i n d i v i d u a l l y i n t e r p o s e d b e t w e e n 

t h e t u n g s t e n l a m p a n d t h e T g = 5 0 ° C s a m p l e d u r i n g i l l u m i n a t i o n , 

t o g e t h e r w i t h two C h a n c e HA 1 f i l t e r s a n d a one c e n t i m e t r e p a t h 

l e n g t h o f 1 0 % c o p p e r s u l p h a t e s o l u t i o n . T h e p h o t o c u r r e n t was 

a l s o m o n i t o r e d u s i n g a t u n g s t e n l a m p f r o m w h i c h t h e i n f r a r e d h a d 

b e e n r e m o v e d . No s i g n i f i c a n t c h a n g e i n t h e g e n e r a l s h a p e o f t h e 

p h o t o c u r r e n t v e r s u s t e m p e r a t u r e c u r v e s was f o u n d u n d e r t h e s e 

c o n d i t i o n s , 

The l a r g e c h a n g e i n t h e f r e e e l e c t r o n l i f e t i m e w i l l be d i s ­

c u s s e d i n t h e l a t e r c h a p t e r s d e a l i n g w i t h i n f r a r e d q u e n c h i n g a n d 

s p e c t r a l r e s p o n s e , a n d i n f r a r e d l u m i n e s c e n c e . P a r t i c u l a r . 

e m p h a s i s s h o u l d be p l a c e d on t h e o b s e r v a t i o n o f l u m i n e s c e n c e 

c h a n g e s w h i c h o c c u r i n t h e same t e m p e r a t u r e r e g i o n a s t h a t f o r t h e 

p h o t o c u r r e n t r i s e , t h u s i n d i c a t i n g t h a t t h e e f f e c t c a n n o t be 

a t t r i b u t e d t o c o n t a c t s . T h i s was f u r t h e r c o n f i r m e d i n t h e c o n ­

t a c t m e a s u r e m e n t s w h i c h a r e d e s c r i b e d i n t h e f o l l o w i n g c h a p t e r . 

V a r i a t i o n s i n t h e l e v e l o f t h e p h o t o c u r r e n t w i t h t i m e u n d e r 

c o n s t a n t i l l u m i n a t i o n a n d t e m p e r a t u r e h a v e b e e n r e p o r t e d by a 

number o f w o r k e r s ( e . g . Zomov a n d S e r d y u k 1 9 6 9 ) . I n o n l y two 

c a s e s w e r e s u c h e f f e c t s o b s e r v e d i n t h e p r e s e n t w o r k . T h e f i r s t 



94 

i s d i s c u s s e d i n c o n n e c t i o n w i t h t h e t r a p s w h i c h empty a t a p p r o x ­
i m a t e l y 2 70°K a n d 3 0 0 ° K i n a s a m p l e grown w i t h T g = 3 0 0 ° C ( S e c t i o n 
6 . 3 ( b ) ) . T h e o t h e r was o b s e r v e d d u r i n g f o u r p r o b e m e a s u r e m e n t s . 
T h i s i s d e s c r i b e d i n S e c t i o n 7 . 3 ( c ) , 

6 .3. P h o t o c h e m i c a l a n d P o t e n t i a l B a r r i e r T r a p p i n g C e n t r e s 

T h e l a s t s e c t i o n d e m o n s t r a t e d t h a t some o f t h e v a r i a t i o n s o f 

t h e T . S . C . s p e c t r u m c a n be e x p l a i n e d i n t e r m s o f a c h a n g e i n t h e 

f r e e e l e c t r o n l i f e t i m e . W h e r e a v a r i a t i o n o f T . S . C . o c c u r s , w i t h 

no c o r r e s p o n d i n g c h a n g e i n t h e p h o t o c u r r e n t , i t must be a s s u m e d 

t h a t t h e d e n s i t y o r o c c u p a n c y o f t h e t r a p s v a r i e s w i t h t h e t e m p e r ­

a t u r e o f i l l u m i n a t i o n . Two p o s s i b l e m o d e l s may be u s e d t o 

e x p l a i n s u c h phenomena. 

T r a p p i n g c e n t r e s w h i c h a r e o b s e r v e d o n l y f o l l o w i n g i l l u m i n ­

a t i o n a t h i g h t e m p e r a t u r e s may be c r e a t e d u n d e r t h e s e c o n d i t i o n s , 

a n d may n o t e x i s t f o l l o w i n g i l l u m i n a t i o n a t l o w e r t e m p e r a t u r e s . 

W here n a t i v e d e f e c t s , s u c h a s v a c a n c i e s o r i n t e r s t i t i a l a t o m s , 

o c c u r c l o s e t o one a n o t h e r i n t h e h o s t l a t t i c e , t h e n a t s u f f i c i e n t ­

l y h i g h t e m p e r a t u r e s t h e s e may a s s o c i a t e o r d i s s o c i a t e t o f o r m a 

t r a p p i n g c e n t r e . T h u s , t h e y w i l l o n l y be o b s e r v e d when t h e r e i s 

s u f f i c i e n t l a t t i c e t h e r m a l e n e r g y t o c r e a t e t h e c e n t r e s . T r a p s 

o f t h i s n a t u r e a r e c a l l e d p h o t o c h e m i c a l t r a p s , a n d t h e c h a n g e i n 

m a g n i t u d e o f t h e T . S . C . w i t h t e m p e r a t u r e o f i l l u m i n a t i o n c o r r e s ­

p o n d s t o a c h a n g e i n t h e d e n s i t y o f t h e s e c e n t r e s . 

A n o t h e r p o s s i b l e e x p l a n a t i o n of t h e o b s e r v a t i o n o f p a r t i c u l a r 

t r a p p i n g c e n t r e s f o l l o w i n g h i g h t e m p e r a t u r e t r e a t m e n t . , i s t h a t 

e a c h c e n t r e i s s u r r o u n d e d by a p o t e n t i a l b a r r i e r . A t e l e v a t e d 

t e m p e r a t u r e s , t h e f r e e e l e c t r o n s i n t h e c o n d u c t i o n b a n d h a v e 

s u f f i c i e n t t h e r m a l e n e r g y t o s u r m o u n t t h e b a r r i e r s s u r r o u n d i n g s u c h 

c e n t r e s , s o t h a t t h e i r o c c u p a n c y i n c r e a s e s w i t h i n c r e a s i n g 
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t e m p e r a t u r e of i l l u m i n a t i o n . 

I n both c a s e s , the peak h e i g h t of the T.S.C. would be 

e x p e c t e d to i n c r e a s e e x p o n e n t i a l l y w i t h i n c r e a s i n g t e m p e r a t u r e of 

i l l u m i n a t i o n . F o r the p h o t o c h e m i c a l c e n t r e t h i s exponent i s 

a s s o c i a t e d w i t h the a c t i v a t i o n energy r e q u i r e d to c r e a t e the t r a p , 

and f o r the p o t e n t i a l b a r r i e r t r a p the exponent i s d e t e r m i n e d by 

the b a r r i e r h e i g h t . 

Two v a r i a t i o n s i n the d e n s i t y of t r a p p e d e l e c t r o n s were 

o b s e r v e d d u r i n g the c o u r s e of the p r e s e n t work. These v a r i a t i o n s 

were a s s o c i a t e d w i t h 

( a ) t r a p H ( T * = 350°C and E t = 0.60 eV) and 

( b ) t r a p F ( T * = 270°K and E t = 0.75 eV) and t r a p G 

( T * = 300°K and E t = 0.53 e V ) . 

6 . 3 ( a ) . T r a p H 

The t r a p p i n g p a r a m e t e r s f o r t h i s c e n t r e a r e g i v e n i n T a b l e 

5.9.1. The agreement between the Bube thermal a c t i v a t i o n energy 

and t h a t found from monomolecular c u r v e f i t t i n g , and a l s o the 

change i n T* w i t h the magnitude of the T.S.C. ( s e e F i g u r e s 6.3.1 

and 6 . 3 . 2 ) , i n d i c a t e s t h a t t r a p H i s a f a s t t r a p . The c a p t u r e 
-20 2 

c r o s s - s e c t i o n of 2.0x10 cm , w h i c h was c a l c u l a t e d on the 

a s s u m p t i o n of monomolecular r e c o m b i n a t i o n i s t h e r e f o r e open to 

ques t i o n . 

A l t h o u g h t r a p H was o b s e r v e d i n two samples grown w i t h Tg = 

300°C, i t was not d e t e c t e d i n any o t h e r s u l p h u r r i c h sample 

(Tg > 300°C). I n a l l but one cadmium r i c h sample i n v e s t i g a t e d , 

the d e n s i t y of t h e s e t r a p s d e c r e a s e d w i t h d e c r e a s i n g T\ , F i g u r e s 

6.3.1 and 6.3.2 show the T.S.C. of t r a p s F, G and H i n a sample 

grown w i t h T C d = 350°C, f o r d i f f e r e n t v a l u e s of under i l l u m i n ­

a t i o n by i n f r a r e d f i l t e r e d and u n f i l t e r e d t u n g s t e n r a d i a t i o n 
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re spec t i ve1y. T r a p H can be seen on the r i g h t hand s i d e of t h e s e 

f i gure s. 

I f i t i s assumed t h a t the v a r i a t i o n i n the h e i g h t of the 

T.S.C. c u r v e i s a s s o c i a t e d w i t h the c r e a t i o n of t r a p p i n g c e n t r e s 

of d e n s i t y N , then 

where E i s the a c t i v a t i o n energy f o r the p h o t o c h e m i c a l c r e a t i o n 

of the t r a p p i n g c e n t r e s , and T\ i s the t e m p e r a t u r e a t w h i c h the 

i l l u m i n a t i o n of the sample was begun d u r i n g the c o o l i n g c y c l e of 

the T.S.C. s c h e d u l e . A s i m i l a r r e l a t i o n s h i p i s o b t a i n e d f o r a 

t r a p s u r r o u n d e d by a p o t e n t i a l b a r r i e r , where E r e p r e s e n t s the 

b a r r i e r h e i g h t . A more d e t a i l e d a p p r a i s a l of the two models w i l l 

be g i v e n i n the d i s c u s s i o n at the end of t h i s c h a p t e r , where the 

r e s u l t s of o t h e r w o r k e r s w i l l be c o n s i d e r e d . 

F i g u r e 6.3.3 shows a p l o t of I * ( w h i c h i s p r o p o r t i o n a l t o 

t r a p d e n s i t y ) v e r s u s the r e c i p r o c a l of T^, f o r i l l u m i n a t i o n w i t h 

an i n f r a r e d f i l t e r e d t u n g s t e n lamp. An a c t i v a t i o n energy of 

Q.27 eV was o b t a i n e d . S i m i l a r v a l u e s were found f o r f o u r o t h e r 

samples showing the e f f e c t . 

I n a d d i t i o n to the change i n I * w i t h T^ , a v a r i a t i o n of T* 

was o b s e r v e d w i t h the T.S.C. l e v e l . . Such an o b s e r v a t i o n i s 

c o n s i s t e n t w i t h t h a t e x p e c t e d from a f a s t r e t r a p p i n g c e n t r e . 

U s i n g the n o t a t i o n d e f i n e d i n C h a p t e r 3, the e x p r e s s i o n 

i s o b t a i n e d from E q u a t i o n 3.7.8 f o r a f a s t t r a p , where T = T*. 

E q u a t i n g E q u a t i o n s 6.3.1 and 6.3.2, and e l i m i n a t i n g N , l e a d s to 

N = N Qexp( - E a / k T j L ) 6.3.1 

t* exp( t ~ = N E 4/N, A T k 
C t t n 

6.3.2 

N c E t / i 8 r n k t e x p ( f - ) = N c x p ( - E /kT. ) 6.3.3 

(? 
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T h i s s i m p l i f i e s to 

l o g l f l t * 2 ) + t * + c o n s t = E a / k T i 6.3.4 

A p l o t of log ( j3t ) + t v e r s u s l/TV i s drawn i n F i g u r e 

6.3.4, y i e l d i n g an a c t i v a t i o n energy of 0.20 eV, The d i f f e r e n c e 

between t h i s v a l u e of E and t h a t found above (0.27 eV) may be 

e x p l a i n e d i n terms of the c o n s i d e r a b l e s c a t t e r of e x p e r i m e n t a l 

p o i n t s f o r the two methods of e v a l u a t i n g E^. 

T r a p H was a l s o s t u d i e d u s i n g f i l t e r e d l i g h t i n the b l u e , 

green and r e d r e g i o n s of the v i s i b l e s p e c t r u m . B a r r and S t r o u d 

i n t e r f e r e n c e f i l t e r s c e n t r e d on 4380 A , 5460 A and 7700 A" were 

i n d i v i d u a l l y i n t e r p o s e d between the t u n g s t e n lamp and the sample; 

the two s h o r t e r w a v e l e n g t h f i l t e r s were accompanied by a one c e n t i ­

metre p a t h l e n g t h of 10% c o p p e r s u l p h a t e s o l u t i o n and two Chance 

HA 1 f i l t e r s . Where the 4380 A ° and 7700 A° f i l t e r s were u s e d 

f o r t r a p f i l l i n g , o n l y a s m a l l v a r i a t i o n of T.S.C. l e v e l was 

o b s e r v e d f o l l o w i n g i l l u m i n a t i o n at t e m p e r a t u r e s of 388°K, 270°K 
o * o 

and 95 K. The green 5460 A r a d i a t i o n c a u s e d an o r d e r of mag­
n i t u d e v a r i a t i o n , s i m i l a r to t h a t o b s e r v e d under b r o a d band 

i 

i 1 l u m i n a t i o n * 

6 . 3 ( b ) . T r a p s F and G 

The t r a p p i n g p a r a m e t e r s f o r t h e s e t r a p s a r e g i v e n i n T a b l e 

5.9.1. The T.S.C. a s s o c i a t e d w i t h t h e s e t r a p s were o b s e r v e d to 

v a r y w i t h T^ i n both cadmium and s u l p h u r r i c h s a m p l e s , though the 

change w i t h T^ was not as s i m p l e as t h a t f o r t r a p H. I n cadmium 

r i c h samples the changes i n the T.S.C. c u r v e s f o r t r a p s F, G and H 

o c c u r r e d s i m u l t a n e o u s l y . 

Only two cadmium r i c h samples showed a s i g n i f i c a n t v a r i a t i o n 
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of t r a p s F and G w i t h a change i n T\ . F i g u r e 6.3.1 shows the 

T.S.C. c u r v e s f o r a T „ , = 350°C sample i l l u m i n a t e d wi t h T. = 388°K, 
Cd 1 

350°K, 270°K and 90°K, where the i l l u m i n a t i o n was an i n f r a r e d 

f i l t e r e d t u n g s t e n lamp. The c u r v e s i n F i g u r e 6.3.2 were o b t a i n e d 

u s i n g t h e same v a l u e s of T.. and an u n f i l t e r e d t u n g s t e n lamp. 

With b o t h t y p e s of i l l u m i n a t i o n , a d e c r e a s e i n the w i d t h at h a l f 

h e i g h t of the T.S.C. c u r v e f o r t r a p G ( F i g u r e 6.3.1) and t r a p F 

( F i g u r e 6.3.2) was o b s e r v e d , as compared w i t h t h e T.S.C. of t r a p s 

F and G i n o t h e r samples where t h e r e was l i t t l e v a r i a t i o n of peak 

h e i g h t w i t h T^. As e x p l a i n e d i n S e c t i o n 5.9, the s h a r p e n i n g of 

the T.S.C. c u r v e s means t h a t a n a l y s i s y i e l d s a h i g h v a l u e of E^.. 

Thus v a l u e s of E t = 1.0 eV wore o b t a i n e d f o r t r a p G ( E f c = 0.53 eV) 

i n F i g u r e 6.3.1 and f o r t r a p F ( E t = 0.75 eV) i n F i g u r e 6.3.2, 

u s i n g t h e c u r v e f i t t i n g t e c h n i q u e d e s c r i b e d i n C h a p t e r s 3 and 5. 

The peak h e i g h t of t r a p G, f o l l o w i n g i n f r a r e d f i l t e r e d 

i l l u m i n a t i o n , i s p l o t t e d a g a i n s t 1/T^ i n F i g u r e 6.3.5, and an 

a c t i v a t i o n energy of 0.16 eV i s d e r i v e d from the l i n e of p o s i t i v e 

s l o p e . A l i n e of n e g a t i v e s l o p e has been drawn through the two 

l o w e s t t e m p e r a t u r e p o i n t s i n F i g u r e 6.3.5, y i e l d i n g an a c t i v a t i o n 

e n e r g y of 0.32 eV. T h i s l a s t v a l u e i s o n l y a p p r o x i m a t e , but i t 

i n d i c a t e s the o r d e r of magnitude of the n e g a t i v e a c t i v a t i o n 

e n e r g y . A . s i m i l a r v a r i a t i o n w i t h T^ was o b s e r v e d f o r t r a p G a f t e r 

t h e sample was i r r a d i a t e d w i t h u n f i l t e r e d t u n g s t e n l i g h t . The 

l i n e of p o s i t i v e s l o p e gave an a c t i v a t i o n energy of 0.14 eV and 

t h a t of n e g a t i v e s l o p e an a c t i v a t i o n energy of 0.21 eV. The l i n e 

of p o s i t i v e s l o p e may be c o n s i d e r e d to y i e l d the a c t i v a t i o n energy 

t o d e s t r o y t h e s e c e n t r e s , and the l i n e of n e g a t i v e s l o p e the 

a c t i v a t i o n energy t o c r e a t e or f i l l the t r a p s . 

F i g u r e 6.3.6 shows the v a r i a t i o n of the peak maximum c u r r e n t , 

I * , of t r a p F v e r s u s 1/T., where p o i n t s a r e g i v e n both f o r 
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f i l t e r e d and u n f i l t e r e d t u n g s t e n i r r a d i a t i o n . I * f o r t r a p F c a n 

be seen t o be r e l a t i v e l y c o n s t a n t , e x c e p t f o r = 388°K w i t h 

u n f i l t e r e d t u n g s t e n r a d i a t i o n . The p h o t o c u r r e n t was a l s o 

m o n i t o r e d f o r the same v a l u e s of T. as the T.S.C., and an 

i n c r e a s e i n p h o t o c u r r e n t was o b s e r v e d f o r u n f i l t e r e d t u n g s t e n 

i l l u m i n a t i o n at T^ = 388°K. T h i s c o r r e s p o n d s w i t h the i n c r e a s e 

i n the g e n e r a l l e v e l of the T.S.C. The d e n s i t y of t r a p F may 

t h e r e f o r e be c o n s i d e r e d to r e m a i n unchanged w i t h v a r i a t i o n of T^. 

A s i m i l a r change of t r a p s F and G was o b s e r v e d i n a n o t h e r 

T_, =.350°C sample. The main d i f f e r e n c e i n the T.S.C. of the Od 
two samples was t h a t i n the f i r s t sample d e s c r i b e d the maximum 

T.S.C. f o r t r a p s F , G and H were s i m i l a r i n magnitude. The 

second sample showed a maximum v a l u e of T.S.C. f o r t r a p s F and G 

which was two o r d e r s of magnitude g r e a t e r t h a n t h a t o b s e r v e d f o r 

t r a p H, 

A number of samples were t a k e n from a Tg = 300°C b o u l e , w h i c h 

showed c o n s i d e r a b l e changes i n the T.S.C. l e v e l s of t r a p s F and 

G w i t h T^, a l t h o u g h t r a p H was not d e t e c t e d . The changes i n the 

T.S.C. l e v e l were i n q u a l i t a t i v e agreement w i t h t h a t o b s e r v e d i n 

the two cadmium r i c h s a m p l e s . F i g u r e 6.3.7 shows the T.S.C. 

from F and G f o r one sample c u t from t h i s b o u l e , u s i n g a number 

of v a l u e s of T.. 

l 

D i f f i c u l t y was e x p e r i e n c e d i n f i n d i n g a c o n s i s t e n t v a r i a t i o n 

of t r a p F and G i n the Tg = 300°C samples f o r a number of r e a s o n s , 

( a ) The r e s o l u t i o n of t r a p s F and G was much b e t t e r f o r 

cadmium r i c h samples than s u l p h u r r i c h s a m p l e s . I n F i g u r e s ^ . J . l 

and 6.3.2, the maxima of t r a p F and t r a p G c a n be c l e a r l y s e e n . 

F i g u r e 6.3.7 shows the T.S.C. i n the t e m p e r a t u r e r e g i o n a t which 

t r a p s F and G empty, i n a T g = 300°C sample. A l t h o u g h the two 

t r a p s cannot be r e s o l v e d , t h e r m a l c l e a n i n g i n d i c a t e d t h a t both 
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t r a p s were p r e s e n t . 

( b ) T h e r e were c o n s i d e r a b l e d i f f e r e n c e s , from sample to 

sample, i n the v a r i a t i o n w i t h T^. F i g u r e 6.3.8 shows the 

maximum c u r r e n t f o r the d o u b l e t , c o m p r i s i n g t r a p s F and G, f o r 

the sample shown i n F i g u r e 6.3.7, and f o r t r a p G i n a n o t h e r sample 

t a k e n from the same b o u l e . I n b o t h c a s e s an i n f r a r e d f i l t e r e d 

t u n g s t e n lamp was u s e d to f i l l the t r a p s . 

( c ) I n s u l p h u r r i c h samples the dark c u r r e n t i n the r e g i o n 

of t r a p s F and G i s i n some c a s e s comparable i n magnitude to the 

T.S.C. 

( d ) V a r i a t i o n of l i f e t i m e o c c u r r e d i n some sampl e s , w h i c h 

was not a l w a y s r e p r o d u c i b l e . I n one sample a d e c r e a s e i n l i f e ­

time was o b s e r v e d , a s measured by the c u r r e n t l e v e l of the T.S.C., 

from one T.S.C. run t o the n e x t . I n a n o t h e r sample c o n t i n u o u s 

i l l u m i n a t i o n a t 388°K l e d t o a r i s e i n p h o t o c u r r e n t w i t h time, as 

shown i n F i g u r e 6.3 . 9 . 

Under t h e s e c o n d i t i o n s w i d e l y d i f f e r i n g v a l u e s of a c t i v a t i o n 

e n e r g i e s were o b t a i n e d , from sample to sample, by p l o t t i n g I 

a g a i n s t l / T ^ , A q u a l i t a t i v e agreement w i t h the v a r i a t i o n 

o b s e r v e d i n cadmium r i c h samples c a n be s e e n i n F i g u r e 6.3.8, 

where a maximum i n I * was o b t a i n e d f o r v a l u e s of T^ i n the r e g i o n 

200°K t o 300°K. 

6.4. D i s c u s s i o n 

I n t h i s c h a p t e r i t has been d e m o n s t r a t e d t h a t v a r i a t i o n of 

l i f e t i m e c a n have a v e r y s i g n i f i c a n t e f f e c t on the o b s e r v e d T.S.C. 

measured a f t e r d i f f e r i n g c o n d i t i o n s of i l l u m i n a t i o n . Measure­

ments of p h o t o c u r r e n t under the same c o n d i t i o n s of p r e - i l l u m i n -

a t i o n c a n be u s e d t o show where s u c h l i f e t i m e e f f e c t s o c c u r . The 



a u t h o r knows of no r e p o r t of a r a p i d i n c r e a s e i n p h o t o c u r r e n t w i t h 

i n c r e a s i n g t e m p e r a t u r e , s i m i l a r to t h a t o b s e r v e d ( s e e F i g u r e 6.2.2) 

d u r i n g the c o u r s e of the p r e s e n t work. 

The v a r i a t i o n i n the magnitude of the T.S.C. f o r t r a p s F , G 

and H has been d e s c r i b e d i n t h i s c h a p t e r . T r a p H was o b s e r v e d 

m a i n l y i n cadmium r i c h samples, and i n c r e a s e d e x p o n e n t i a l l y w i t h 

i n c r e a s i n g T^. T r a p G was o b s e r v e d t o have a maximum i n T.S.C. 

f o r T^ i n the range 200°K t o 300°K, f o r both cadmium and s u l p h u r 

r i c h samples, where a change i n the T.S.C. l e v e l was found. 

T r a p F v a r i e d w i t h T^ i n s u l p h u r r i c h s amples, a l t h o u g h i t was 

r e l a t i v e l y c o n s t a n t i n cadmium r i c h s amples f o r T^ < 388°K. 

Woods and N i c h o l a s ( 1 9 6 4 ) , and C o w e l l and Woods ( 1 9 6 9 ) have 

o b s e r v e d v a r i a t i o n s of the h i g h t e m p e r a t u r e t r a p s which a r e v e r y 

s i m i l a r to those o b s e r v e d h e r e . I n bo t h p a p e r s i t was n o t e d t h a t 

the d e n s i t y of t r a p H r e a c h e d a maximum under i l l u m i n a t i o n a t h i g h 

t e m p e r a t u r e , C o w e l l and Woods a l s o found an e x p o n e n t i a l i n c r e a s e 

of t r a p H w i t h T^, a l t h o u g h t h e i r v a l u e of a c t i v a t i o n e n e r g y 

(0.07 eV) does not agree w i t h the v a l u e s of between 0.20 eV and 

0.27 eV o b t a i n e d from t h e p r e s e n t r e s u l t s , 

C o w e l l and Woods a l s o r e p o r t e d a v a r i a t i o n of I*" f o r a t r a p 
y Q 

w i t h T = 275 K, and a therm a l a c t i v a t i o n energy of 0.85 eV, 

T h i s v a r i a t i o n w i t h T. i s almost i d e n t i c a l t o t h a t o b s e r v e d f o r 
i 

t r a p G ( E ^ = 0.53 eV) i n cadmium r i c h s a m p l e s . They found a 

maximum i n d e n s i t y f o r T^ = 200°K, and a p l o t of I * v e r s u s 1/T i 

gave a c t i v a t i o n e n e r g i e s of 0.18 eV and 0.32 eV f o r the l i n e s of 

n e g a t i v e and p o s i t i v e s l o p e r e p e c t i v e l y . T h e s e v a l u e s a g r e e w e l l 

w i t h the v a l u e s of 0.16 eV and 0.32 eV, found i n the p r e s e n t work 

f o r i l l u m i n a t i o n of a T ^ = 350°C sample w i t h an i n f r a r e d f i l t e r e d 

t u n g s t e n lamp. 

A l a r g e d i s p a r i t y c a n be se e n between the v a l u e s of E found 
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f o r t r a p G (0.53 eV) and t h a t r e p o r t e d by C o w e l l and Woods (0.85 
e V ) . T h i s may w e l l be due to the s h a r p e n i n g of the T.S.C. c u r v e 
( y i e l d i n g a h i g h v a l u e of Ê _ ) w h i c h o c c u r s when t h e r e i s a v a r ­
i a t i o n of t h e T.S.C. w i t h T^. T r a p G gave v a l u e s w h i c h were a s 
l a r g e as 1.0 eV under t h e s e c o n d i t i o n s . When no s i g n i f i c a n t 
change i n the T.S.C. l e v e l was o b s e r v e d , the r m a l a c t i v a t i o n 
e n e r g i e s between 0.47 eV and 0.57 eV were o b t a i n e d . 

T r a p F y i e l d e d v a l u e s of E t = 0.75 eV and T* = 270°K, w h i c h 

a r e comparable to the p a r a m e t e r s found by C o w e l l and Woods. I n 

most c a s e s t r a p F gave h i g h v a l u e s of E f c ( 1 , 0 eV) where t h e T.S.C. 

spectrum changed w i t h T^ . As d e s c r i b e d e a r l i e r ( s e e F i g u r e 

6 . 3 . 6 ) , the magnitude of t r a p F remained r e l a t i v e l y c o n s t a n t f o r 

v a l u e s of T^ < 388°K, and so does not behave s i m i l a r l y to C o w e l l 

and Woods' ' t r a p F ' . 

Bube e t a l . ( 1 9 6 6 ) o b s e r v e d a T.S.C. c u r v e w i t h T* = 289°K 

i n mixed CdS:Se c r y s t a l s . The t r a p r e s p o n s i b l e f o r t h i s c u r v e 

had a t h e r m a l a c t i v a t i o n energy of 0,73 eV, u s i n g a b e s t f i t mono-

m o l e c u l a r c u r v e . The magnitude of the T.S.C. v a r i e d w i t h T i such 

t h a t i t was e s s e n t i a l l y c o n s t a n t f o r v a l u e s of T^ below 180°K and 

above 210°K. Bube et a l , i n t e r p r e t e d the change i n the l e v e l of 

the T.S.C. i n terms of a t r a p s u r r o u n d e d by a p o t e n t i a l b a r r i e r . 

Where t u n n e 1 1 i n g through the b a r r i e r i s c o n s i d e r e d n e g l i g i b l e , the 

c r o s s - s e c t i o n f o r c a p t u r e of c a r r i e r s , S t c , i s r e l a t e d to t h e 

e f f e c t i v e c r o s s - s e c t i o n f o r e s c a p e of c a r r i e r s , S ^ e , by the 

r e l a t i o n s h i p 

S t e = S t c e x p ( E b / k T ) " 6 . 4 . 1 

where E ^ i s the b a r r i e r h e i g h t . The r e s u l t s of Bube e t a l . were 

c o n s i s t e n t w i t h a b a r r i e r h e i g h t of a p p r o x i m a t e l y 0.3 eV, and 

v a l u e s of S and S of a p p r o x i m a t e l y 1 0 ~ 1 4 c m 2 and 1 0 ~ 1 9 c m 2 
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re spec t i v e l y . 

The v a l u e of 0.32 eV, found i n t he p r e s e n t work f o r the 

e x p o n e n t i a l i n c r e a s e i n I * f o r t r a p G w i t h T^ , i s i n good a g r e e ­

ment w i t h the v a l u e of Bube et a l , a l t h o u g h the v a l u e s of E f c were 

c o m p l e t e l y d i f f e r e n t . Another s i g n i f i c a n t d i f f e r e n c e i s t h a t 

Bube et a l . d i d not o b s e r v e a maximum f o r I * w i t h T^ , but r e p o r t e d 

a s a t u r a t i o n of t r a p f i l l i n g f o r T^ > 210°K. 

C o w e l l and Woods p o s t u l a t e d t h a t t h e i r t r a p s , w h i c h compare 

i n T * and E^ w i t h t r a p s F and H, v a r i e d i n a p h o t o c h e m i c a l 

manner. They a l s o p r o p o s e d t h a t t h e i r t r a p s were a s s o c i a t e d . 

I n the p r e s e n t work, t r a p s G and H behaved i n a s i m i l a r manner t o 

the t r a p s r e p o r t e d by C o w e l l and Woods. T r a p s G and H do not 

appear to be a s s o c i a t e d f o r t h r e e r e a s o n s . 

( a ) I n most cadmium r i c h samples the v a r i a t i o n of t r a p H 

was not accompanied by a change of t r a p G. 

(b ) T r a p H was not o b s e r v e d i n most of the s u l p h u r r i c h 

s a m p l e s , a l t h o u g h a v a r i a t i o n i n t r a p G was o b s e r v e d . 

( c ) I n the two cadmium r i c h samples i n v e s t i g a t e d , t h e 

r a t i o s of the maximum v a l u e of I * f o r t r a p s G and H was two o r d e r s 

of magnitude, (The p h o t o c u r r e n t v e r s u s t e m p e r a t u r e measurements 

made on t h e s e samples i n d i c a t e d t h a t t h e d i f f e r e n c e s i n the 

T.S.C. c o u l d not be e x p l a i n e d i n terms of the f r e e e l e c t r o n l i f e ­

t i m e . ) 

Woods and N i c h o l a s , and C o w e l l and Woods o b s e r v e d v a r i a t i o n s 

of the h i g h t e m p e r a t u r e t r a p s i n f l o w c r y s t a l s a n n e a l e d i n s u l p h u r 

vapour, which were s i m i l a r to those o b s e r v e d i n the two cadmium 

r i c h s a m p l e s . N i c h o l a s and Woods a l s o found t h a t t r a p G o c c u r r e d 

o n l y i n s u l p h u r a n n e a l e d f l o w c r y s t a l s . I n t h i s t h e s i s t r a p H 

was d e t e c t e d m a i n l y i n cadmium r i c h c r y s t a l s , but was a l s o found 
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i n two s u l p h u r r i c h s a m p l e s . T r a p s F and G were o b s e r v e d i n the 
m a j o r i t y of samples i n v e s t i g a t e d . Thus i t would appear t h a t the 
h i g h t e m p e r a t u r e t r a p s can e x i s t under both cadmium and s u l p h u r 
r i c h c o n d i t i o n s . I t seems r e a s o n a b l e to propose t h a t they a r e 
l i k e l y to be due t o complex a s s o c a t i o n s of n a t i v e d e f e c t s and/or 
i m p u r i t i e s than to s i m p l e n a t i v e d e f e c t s . 

E q u a t i o n 6.3.2, f o r a f a s t t r a p a t T*, shows t h a t T* depends 

on the two m a t e r i a l p a r a m e t e r s T and N. ( t h e t r a p d e n s i t y ) . 

B e c a u s e Tr was found from p h o t o c u r r e n t measurement to be r e l a t i v e ­

l y c o n s t a n t f o r the cadmium r i c h sample d e s c r i b e d i n S e c t i o n 

6 . 3 ( a ) , the v a r i a t i o n i n T* f o r t r a p H s u g g e s t s t h a t i t i s c a u s e d 

by a change i n N̂ ., Such a change i n d e n s i t y of a s e t of t r a p s 

i s commensurate w i t h c e n t r e s of a p h o t o c h e m i c a l n a t u r e . The 

r e l a t i v e l y good agreement between v a l u e s . o f E f o r t r a p H of 
3. 

0.20 eV and 0.27 eV, deduced from the v a r i a t i o n s of I * and 

r e s p e c t i v e l y , a l s o f a v o u r a v a r i a t i o n i n d e n s i t y r a t h e r t h a n 

occupancy. As t r a p H behaves a s a f a s t t r a p i t i s d i f f i c u l t to 

equate a l a r g e c a p t u r e c r o s s - s e c t i o n w i t h a c e n t r e s u r r o u n d e d by 

a p o t e n t i a l b a r r i e r . The b e h a v i o u r of t r a p H t h e r e f o r e s t r o n g l y 

s u g g e s t s t h a t i t i s a p h o t o c h e m i c a l c e n t r e , whose a c t i v a t i o n 

energy f o r c r e a t i o n i s a p p r o x i m a t e l y 0.24 eV e 

T r a p G gave v a l u e s of E^. w h i c h were s i m i l a r f o r both mono-

m o l e c u l a r c u r v e f i t t i n g and B u b e 1 s method. T h i s i n d i c a t e s t h a t 

t r a p G i s a l s o a f a s t r e t r a p p i n g c e n t r e . A g a i n the l a r g e c a p t u r e 

c r o s s - s e c t i o n i s not c o m p a t i b l e w i t h a p o t e n t i a l b a r r i e r c e n t r e . 

The more complex v a r i a t i o n of t r a p G w i t h T^, y i e l d i n g both an 

a c t i v a t i o n energy f o r c r e a t i o n and d e s t r u c t i o n does not f i t the 

model p r o p s e d by Bube et a l . Thus, the v a r i a t i o n of t r a p G w i t h 

T. f a v o u r s a p h o t o c h e m i c a l c e n t r e . 
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CHAPTER 7 

CONTACTS AND SURFACE EFFECTS 

7.1. I nt roduc t i on 

The T.S.C. measurements d e s c r i b e d i n C h a p t e r s 5 and 6 were 

made on rod shaped samples w i t h indium c o n t a c t s made to each end, 

as d e s c r i b e d i n S e c t i o n 4 . 3 ( a ) . With such a c o n f i g u r a t i o n of 

e l e c t r o d e s i t i s not p o s s i b l e to d e t e r m i n e how the T.S.C. i s 

m o d i f i e d by c o n t a c t e f f e c t s or to d e t e r m i n e whether some of the 

t r a p p i n g c e n t r e s o b s e r v e d a r e a s s o c i a t e d w i t h the s u r f a c e s of the 

sa m p l e s , 

I n t h i s c h a p t e r e x p e r i m e n t s a r e d e s c r i b e d i n w h i c h a f o u r 

e l e c t r o d e arrangement was u s e d to i n v e s t i g a t e the u n i f o r m i t y of the 

p o t e n t i a l d i s t r i b u t i o n a l o n g a c r y s t a l . A t h r e e probe c o n f i g u r ­

a t i o n of e l e c t r o d e s was u s e d t o d e t e r m i n e whether t h e r e was a s i g ­

n i f i c a n t c o n t r i b u t i o n to the T.S.C. from s u r f a c e t r a p s . The 

e f f e c t s of ambient p r e s s u r e on the T.S.C. measurements, made on 

samples w i t h two p r o b e s , i s a l s o d i s c u s s e d , 

7.2. C o n t a c t s 

Indium and galliu-.n have been used e x t e n s i v e l y to make c o n t a c t s 

to CdS, and Smith ( 1 9 5 5 ) showed t h a t both were ohmic. The indium 

c o n t a c t s u s e d f o r the two probe measurements made d u r i n g the p r e s ­

ent work were t e s t e d a g a i n s t the f o l l o w i n g c r i t e r i a : -

( a ) L i n e a r i t y of c u r r e n t - v o l t a g e c u r v e s under i l l u m i n a t i o n . 

( b ) R e p r o d u c i b i l i t y of T.S.C. on r e v e r s i n g the c u r r e n t 

through the sample. 

( c ) The absence of n o i s e d u r i n g T.S.C. measurement,, 

A l l samples were e t c h e d b e f o r e c o n t a c t was made, so that the 
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the anomalous d a r k c u r r e n t e f f e c t s , r e p o r t e d by Verdyuk and Bube 
( 1 9 6 7 ) , were r a r e l y e n c o u n t e r e d . 

I t was c o n s i d e r a b l y more d i f f i c u l t to make ohmic c o n t a c t s to 

s u l p h u r r i c h than to cadmium r i c h s a m p l e s . T h i s o b s e r v a t i o n i s i n 

agreement w i t h the work of S t e w a r t and W i l s o n ( 1 9 6 7 ) who found a 

s i m i l a r d i f f i c u l t y . They found a c o r r e l a t i o n between the e a s e of 

making ohmic c o n t a c t s and the d e n s i t y of e t c h p i t s w h i c h c o u l d be 

produced. They c o n c l u d e d t h a t ohmic c o n t a c t was made by d i f f u s i o n 

of the c o n t a c t m a t e r i a l i n t o d i s l o c a t i o n s , 

7.3. F o u r Probe Measurements 

F o r t h i s mode of measurement, the samples were p r o v i d e d w i t h 

c o n t a c t s and mounted a s d e s c r i b e d i n S e c t i o n 4 . 3 ( c ) , The e x p e r i ­

m e ntal arrangement u s e d f o r the e l e c t r i c a l measurements has a l s o 

been d e s c r i b e d e a r l i e r i n S e c t i o n 4.4. A s i d e e l e v a t i o n of a 

t y p i c a l specimen w i t h f o u r e l e c t r o d e s (numbered 1 to 4) i s shown 

i n the i n s e r t on F i g u r e 7.3,1. 

A p o t e n t i a l of 100 v o l t s was a p p l i e d a c r o s s the two end con­

t a c t s (1 and 4) and the T.S.C. or p h o t o c u r r e n t was m o n i t o r e d w i t h 

the c u r r e n t f l o w v i a t h e s e c o n t a c t s . The p o t e n t i a l between the 

c e n t r a l e l e c t r o d e s (2 and 3) was a l s o r e c o r d e d d u r i n g the T.S.C. or 

p h o t o c u r r e n t r u n . Where a l a r g e v a r i a t i o n of p o t e n t i a l o c c u r r e d , 

f u r t h e r measurement was made between e i t h e r of the end e l e c t r o d e s 

and i t s n e a r e s t n e i g h b o u r e l e c t r o d e (1 and 2 or 3 and 4 ) . T h i s 

e l e c t r o d e number n o t a t i o n w i l l be f o l l o w e d i n t h e t e x t below, s i n c e 

i t s i m p l i f i e s t h e d e s c r i p t i o n of t h e p a i r s of e l e c t r o d e s u s e d f o r 

p o t e n t i a l or o t h e r measurement. 

F o u r s a m p l e s were i n v e s t i g a t e d i n t h e manner d e s c r i b e d a b o v e . 

T h r e e o f t h e s e (A, B and C) were grown u n d e r cadmium r i c h 

c o n d i t i o n s and t h e f o u r t h (D) was s u l p h u r r i c h . U s i n g t h e t h r e e 
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c r i t e r i a l i s t e d i n S e c t i o n 7.2, the c o n t a c t s to sample A were non-

ohmic whereas the c o n t a c t s to samples B, C and D were ohmic. 

7 . 3 ( a ) . Sample A 

T h i s sample was o b t a i n e d from a b oule grown w i t h Tg = 50°C. 

F i g u r e 7.3.1 shows the T.S.C. c u r v e s ( ( a ) and ( b ) ) f o r both d i r e c ­

t i o n s of c u r r e n t through the sample a f t e r i l l u m i n a t i o n w i t h an 

i n f r a r e d f i l t e r e d t u n g s t e n lamp d u r i n g c o o l i n g from 388°K to 95°K. 

F i g u r e 7.3,2 shows ( i ) the p o t e n t i a l d e v e l o p e d between e l e c t r o d e s 

2 and 3, and ( i i ) the p o t e n t i a l o c c u r r i n g between e l e c t r o d e 1 ( t h e 

c a t h o d e ) and e l e c t r o d e 2, d u r i n g the o b s e r v a t i o n of the T.S.C. 

c u r v e F i g u r e 7.3.1 ( a ) . F i g u r e 7.3.1 c u r v e ( c ) sho.vs the t h e r m a l ­

l y s t i m u l a t e d c o n d u c t a n c e d e r i v e d from F i g u r e 7,3.1 ( a ) and the 

p o t e n t i a l measurements i n F i g u r e 7.3.2 (ii)« (A t h e r m a l l y s t i m ­

u l a t e d c o n d u c t a n c e c u r v e c o r r e s p o n d i n g to the T.S.C. shown i n 

c u r v e ( b ) F i g u r e 7.3.1 has not been p r e s e n t e d , b e c a u se the T.S.C. 

measurement was e x t r e m e l y n o i s y and so c a s t s some doubt on the 

r e l i a b i l i t y of the c o n d u c t a n c e v a l u e s . ) 

From F i g u r e 7.3.1 i t i s q u i t e c l e a r t h a t the end c o n t a c t s c a n ­

not be r e g a r d e d as ohmic ( f r o m the second c r i t e r i o n i n S e c t i o n 7.2) 

s i n c e t h e r e i s a c o n s i d e r a b l e d i f f e r e n c e between the T.S.C. f o r • 

the two d i r e c t i o n s of c u r r e n t f l o w . F o r both d i r e c t i o n s of f l o w , 

the m a j o r i t y of the a p p l i e d p o t e n t i a l was dropped between the 

n e g a t i v e end e l e c t r o d e and i t s n e a r e s t n e i g h b o u r e l e c t r o d e . Such 

an o b s e r v a t i o n i s c o n s i s t e n t w i t h a r e c t i f y i n g or non-ohmic con­

t a c t . The d i s t o r t i o n of the T.S.C. c u r v e s , due to the i m p e r f e c t 

c o n t a c t s , can be c l e a r l y s een by comparing the T.S.C. and t h e r m a l ­

l y s t i m u l a t e d c o n d u c t a n c e v a l u e s g i v e n i n F i g u r e 7.3.1. 



7 h IO IO 
O 

.in 
in 

cr. a. u UJ 
CL n. 

8 UJ IO IO u 
s 

I d 
A ec 

A 
\ 
A u UJ 
•A UJ 
A i — 8 10 A o 

A 
A i n S I D E E L E V A T I O N O F 

A F O U R P R O B E 
•i 

S P E C I M E N 

UJ 
U 

I O * 
IO o 

IOO 2 0 0 3 0 0 
T E M P E R A T U R E IN K 

F I G U R E 7.3.1 T . S . C . A N D T H E R M A L L Y S T I M U L A T E D C O N D U C T A N C E 
F O R S A M P L E A 

a A N D b T . S . C . F O R B O T H D I R E C T I O N S O F C U R R E N T T H R O U G H S A M P L E 

c T H E R M A L L Y S T I M U L A T E D C O N D U C T A N C E C O R R E S P O N D I N G T O C U R V E . ( a ) 

lOO- i i n U 

io 

ui 
f-

2 0 0 3 Q O I O O 4 0 0 
T E M P E R A T U R E IN K 

F I G U R E 7.3.2 T H E P O T E N T I A L M E A S U R E D B E T W E E N E L E C T R O D E S 2 A N D 3 

( C U R V E [M) A N D I A M D 2 ( C U R V E l i i l ) D U R I N G T . S . C . C U R V E ( a ) A B O V E . 



109 

7 . 3 ( b ) . Sample B 

Sample B was ta k e n from a boule grown w i t h = 350°C. When 

the e l e c t r o d e s were a p p l i e d , a l l t h r e e c r i t e r i a f o r ohmic c o n t a c t 

were obeyed. F i g u r e 7.3.3 shows the T.S.C., curve ( a ) , measured 

a f t e r c o o l i n g from 388°K t o 95°K under i l l u m i n a t i o n , whereas curve 

( b ) was m o n i t o r e d a f t e r c o o l i n g i n the dark and i l l u m i n a t i n g at 

95°K f o r f i v e m i n u t e s . The e x c i t a t i o n r a d i a t i o n was p r o v i d e d by 

an i n f r a r e d f i l t e r e d t u n g s t e n lamp. The T.S.C. cur v e s were 

c h a r a c t e r i s t i c of cadmium r i c h samples, showing the v a r i a t i o n s 

a s s o c i a t e d w i t h the h i g h e s t t e m p e r a t u r e t r a p which were d i s c u s s e d 

i n Chapter 6. 

F i g u r e 7.3.4 shows the p o t e n t i a l dropped between e l e c t r o d e s 2 

and 3 d u r i n g t h e course of b o t h the T.S.C. runs i l l u s t r a t e d i n 

F i g u r e 7.3.3. The magnitude and te m p e r a t u r e v a r i a t i o n of the 

p o t e n t i a l dropped between e l e c t r o d e s 2 and 3 were the same when 

the c u r r e n t was r e v e r s e d i n d i r e c t i o n t h r o u g h the sample. The 

minimum i n p o t e n t i a l can be seen t o co r r e s p o n d t o the maximum of 

the t r a p emptying at 300°K. As d e s c r i b e d i n Chapter 6, t h i s 

c e n t r e can v a r y i n d e n s i t y w i t h d i f f e r i n g i l l u m i n a t i o n t r e a t m e n t , 

and i t would seem t h a t the emptying of t h i s t r a p i s a s s o c i a t e d 

w i t h a space charge b u i l t up at the end c o n t a c t s . The p o t e n t i a l 

between e l e c t r o d e s 2 and 3 remained p r a c t i c a l l y c o n s t a n t when the 

p h o t o c u r r e n t was m o n i t o r e d as a f u n c t i o n of temperature f o l l o w i n g 

e i t h e r of the two s t a n d a r d c o o l i n g schedules. 

For completeness, the t h e r m a l l y s t i m u l a t e d conductance curves 

are shown i n F i g u r e 7.3.3, f o r comparison w i t h the c o r r e s p o n d i n g 

T.S.C. curves a l s o shown i n t h i s f i g u r e . The T.S.C. and t h e r m a l ­

l y s t i m u l a t e d conductance s p e c t r a , made f o r the same i l l u m i n a t i o n 

schedule, can be seen t o be v e r y s i m i l a r . 
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7 . 3 ( c ) . Sample ,C 

T h i s sample was o b t a i n e d from a boule grown w i t h = 550°C, 

A c c o r d i n g t o the t h r e e c r i t e r i a , the indium c o n t a c t s were ohmic. 

Under c o n t i n u o u s i l l u m i n a t i o n a t room t e m p e r a t u r e a decay i n 

p h o t o c u r r e n t was observed. F i g u r e 7.3 .5 shows the p h o t o c u r r e n t 

as a f u n c t i o n of time d u r i n g i r r a d i a t i o n at 295°K, w i t h an i n f r a ­

r e d f i l t e r e d t u n g s t e n lamp. 

F i g u r e 7.3 .6 curve ( a ) shows the T.S.C. measured a f t e r a 

schedule of i l l u m i n a t i o n at room t e m p e r a t u r e f o r 25 m i n u t e s , 

f o l l o w e d by c o o l i n g t o 95°K under i l l u m i n a t i o n . Curve ( b ) shows 

the T.S.C. measured a f t e r a schedule of i l l u m i n a t i o n w h i l s t 

c o o l i n g f r o m room t e m p e r a t u r e as soon as the i l l u m i n a t i o n was 

s w i t c h e d on. Two main f e a t u r e s are e v i d e n t from these c u r v e s , 

i . e . the magnitude of the T.S.C. a s s o c i a t e d w i t h t h e low temper­

a t u r e t raps decreased w h i l e t h a t of the h i g h e s t t e m p e r a t u r e t r a p 

i n c r e a s e d , a f t e r i l l u m i n a t i o n f o r 25 minutes at room t e m p e r a t u r e . 

F i g u r e 7,3.7 shows t he p o t e n t i a l s , as measured between 

e l e c t r o d e s 2 and 3, which c o r r e s p o n d t o the T.S.C. curves ( a ) and 

(b ) i n F i g u r e 7.3 . 6 , U s i n g these v a l u e s of p o t e n t i a l as a 

f u n c t i o n of t e m p e r a t u r e , the the.rmally s t i m u l a t e d conductance 

c u r v e s , c o r r e s p o n d i n g t o the T.S.C. measurements, are a l s o 

p r e s e n t e d i n F i g u r e 7.3 , 6 . 

Where the sample was i l l u m i n a t e d d u r i n g c o o l i n g from 388°K, 

the r e s u l t a n t T.S.C. curve was e s s e n t i a l l y the same as t h a t 

observed, a f t e r 25 minutes i l l u m i n a t i o n at room temp e r a t u r e 

( F i g u r e 7.3 .6 curve (a))„ F i g u r e 7,3.8 curve ( i ) shows the 

p o t e n t i a l measured between e l e c t r o d e s 1 and 2 , curve ( i i ) shows 

the p o t e n t i a l measured between e l e c t r o d e s 2 and 3 and curve ( i i i ) 

shows the p o t e n t i a l measured between e l e c t r o d e s 3 and 4 d u r i n g a 

T.S.C. r u n made a f t e r i 1 l u m i n a t i o n w h i l e c o o l i n g f r o m 388°K, 
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The apparent decrease i n the d e n s i t y of the low tem p e r a t u r e 
t r a p s i s t h e r e f o r e a s s o c i a t e d w i t h a b u i l d up of p o t e n t i a l between 
e l e c t r o d e s 1 and 2. When the c u r r e n t t h r o u g h the sample was 
r e v e r s e d w h i l e the c r y s t a l was i l l u m i n a t e d , t h e r e was a decay i n 
the p h o t o c u r r e n t . Under the r e v e r s e p o t e n t i a l t h e r e was a l s o a 
decrease i n the apparent d e n s i t y of the low te m p e r a t u r e t r a p s and 
an i n c r e a s e i n the T.S.C. a s s o c i a t e d w i t h the h i g h e s t t e m p e r a t u r e 
t r a p , f o l l o w i n g the schedule which i n v o l v e d i l l u m i n a t i o n at room 
temperature f o r 25 m i n u t e s . The p o t e n t i a l s measured between 
e l e c t r o d e s 1 and 2, 2 and 3 and 3 and 4 were the same as those 
observed b e f o r e c u r r e n t r e v e r s a l , f o r T.S.C. curves r e c o r d e d u s i n g 
the same i l l u m i n a t i o n c o n d i t i o n s . 

Thus, the p o t e n t i a l b u i l d up was a s s o c i a t e d w i t h t h e same 

e l e c t r o d e s ( 1 and 2) f o r b o t h d i r e c t i o n s of c u r r e n t f l o w t h r o u g h 

the sample. Such an o b s e r v a t i o n i s not c o m p a t i b l e w i t h any 

t h e o r y , known t o the a u t h o r , which d e s c r i b e s a r e c t i f y i n g or non-

ohmic c o n t a c t . I t would seem most p r o b a b l e t h a t the sample was 

not homogeneous, and t h a t p a r t of the sample l y i n g i n the r e g i o n 

of the end c o n t a c t ( 1 ) c o u l d s u f f e r a l a r g e change i n r e s i s t i v i t y 

under c e r t a i n c o n d i t i o n s of i l l u m i n a t i o n . 

Two probe T.S.C. measurements were a l s o made between e l e c t ­

rodes 2 and 3, a f t e r I r r a d i a t i o n w h i l e c o o l i n g from 388°K 8 The 

magnitude of the T.S.C. of the low tem p e r a t u r e t r a p s was approx­

i m a t e l y a f a c t o r 4 s m a l l e r t h a n t h a t observed d u r i n g f o u r probe 

measurements a f t e r c o o l i n g from room t e m p e r a t u r e under i l l u m i n ­

a t i o n , a l t h o u g h the T.S-.C. curves at h i g h t e m p e r a t u r e were s i m i l a r 

i n b o t h cases. T h i s i n d i c a t e s t h a t p a r t of t h e inhomogeneous 

r e g i o n l a y between e l e c t r o d e s 2 and 3. Such an o b s e r v a t i o n i s 

c o n s i s t e n t w i t h the t h e r m a l l y s t i m u l a t e d conductance curves shown 

i n F i g u r e 7.3.6. Here the apparent d e n s i t y of the low 
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temperature t r a p s i s an o r d e r of magnitude s m a l l e r , f o l l o w i n g 

i l l u m i n a t i o n at room te m p e r a t u r e f o r 25 minutes ( c u r v e ( c ) ) , 

compared w i t h the conductance m o n i t o r e d a f t e r i l l u m i n a t i o n w h i l e 

c o o l i n g from room temperature ( c u r v e ( d ) ) . 

The d e n s i t y of the low tem p e r a t u r e t r a p s was a g a i n low 

a c c o r d i n g t o the T.S.C. m o n i t o r e d f o l l o w i n g f i v e m i nutes i r r a d i ­

a t i o n at 95°K. T h i s , however, was not unexpected as o t h e r 

samples cut from the T ^ = 550°C boule had p r e v i o u s l y shown the 

same phenomenon, see S e c t i o n 6,2, where t h e r e i s a decrease i n the 

apparent d e n s i t y of the low tempe r a t u r e t r a p s , f o l l o w i n g i r r a d i ­

a t i o n a t low t e m p e r a t u r e , due t o a decrease i n the f r e e e l e c t r o n 

l i f e t i m e . The p h o t o c u r r e n t was s i m i l a r l y decreased at low 

temp e r a t u r e s f o l l o w i n g a s i m i l a r i l l u m i n a t i o n schedule. 

F i g u r e 7.3.9 cur v e ( a ) shows t h e p h o t o c u r r e n t as a f u n c t i o n 

of t e m p e r a t u r e f o l l o w i n g f i v e m i n u t e s i l l u m i n a t i o n at 95"K. 

There i s the a n t i c i p a t e d r i s e i n p h o t o c u r r e n t at a p p r o x i m a t e l y 

200°K. I t s h o u l d be emphasised t h a t t h e i s o t h e r m a l decay i n 

p h o t o c u r r e n t and the sharp r i s e i n p h o t o c u r r e n t w i t h t e m p e r a t u r e 

appear t o be two se p a r a t e phenomena. No l a r g e change i n the 

p o t e n t i a l between e l e c t r o d e s 2 and 3 was d e t e c t e d d u r i n g t h e T.S.C. 

run f o l l o w i n g low te m p e r a t u r e i r r a d i a t i o n of the sample. F i g u r e 

7.3.9 a l s o shows the p h o t o c u r r e n t v e r s u s t e m p e r a t u r e f o r t h r e e 

o t h e r r e l e v a n t i l l u m i n a t i o n t r e a t m e n t s . I t can be seen t h a t 

i l l u m i n a t i o n d u r i n g c o o l i n g from 388°K ( c u r v e ( b ) ) and i l l u m i n ­

a t i o n f o r 25 minutes at room te m p e r a t u r e ( c u r v e ( c ) ) b o t h cause a 

decrease i n the p h o t o c u r r e n t l e v e l compared w i t h the s i t u a t i o n 

f o l l o w i n g i l l u m i n a t i o n w h i l s t c o o l i n g from room t e m p e r a t u r e ( c u r v e 

( d ) ) s The s t r u c t u r e of curve ( a ) i s d i f f e r e n t from t h a t of 

curves ( b ) , ( c ) and ( d ) , and i t should be rio t e d t h a t the sharp 

r i s e i n p h o t o c u r r e n t w i t h temperature i s a s s o c i a t e d w i t h the low 
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temperature i l l u m i n a t i o n t r e a t m e n t . 

The i s o t h e r m a l decay of p h o t o c u r r e n t i n the r e g i o n of room 

tem p e r a t u r e has been r e p o r t e d by a number of workers on CdS. 

R e c e n t l y , Zomov and Serdyuk ( 1 9 6 9 ) observed a v a r i a t i o n of photo-

i n terms of a model w i t h a s i n g l e set of t r a p s , of d e n s i t y and 

c a p t u r e cross - sec t i on Ŝ ., and a s i n g l e set of r e c o m b i n a t i o n 

c e n t r e s . They assumed t h a t the occupancy of the t r a p s i n c r e a s e d 

w i t h t i m e , and so decreased the d e n s i t y of r e c o m b i n a t i o n c e n t r e s 

o c c u p i e d by e l e c t r o n s . T h i s leads t o a r e d u c t i o n i n the f r e e 

e l e c t r o n l i f e t i m e w i t h t i m e , and hence an i s o t h e r m a l decay of 

p h o t o c u r r e n t . ( I t w i l l be shown l a t e r i n t h i s s e c t i o n t h a t t h e 

pr e s e n t i s o t h e r m a l decay i s commensurate w i t h a pho t o c h e m i c a l 

i n c r e a s e i n the d e n s i t y of t r a p s , and i s not due t o a change i n 

t h e i r occupancy. The arguments of Zomov and Serdyuk w i l l however 

be f o l l o w e d , as the decay observed here may be expressed i n a 

s i m i l a r form t o t h e i r s . ) 

I f i t i s assumed t h a t the t r a p s are i n i t i a l l y empty and t h a t 

the d e n s i t y , of r e c o m b i n a t i o n c e n t r e s o c c u p i e d by h o l e s i s N R, 

under i l l u m i n a t i o n which c r e a t e s F f r e e e l e c t r o n s per second, t h e n 

the f r e e e l e c t r o n d e n s i t y i s g i v e n by 

where S R i s the c a p t u r e c r o s s - s e c t i o n f o r e l e c t r o n s by recombin­

a t i o n c e n t r e s c o n t a i n i n g h o l e s , and v i s the ther m a l v e l o c i t y of 

the f r e e e l e c t r o n . When n f c t r a p s are f i l l e d w i t h e l e c t r o n s , the 

f r e e e l e c t r o n d e n s i t y becomes 

c u r r e n t s i m i l a r t o t h a t r e p o r t e d h e r e . They e x p l a i n e d the e f f e c t 

n c = F/N RS Rv 7.3.1 

n c = F/(M R + n t ) S R v 7.3.2 

For an o r d e r of magnitude change i n the f r e e e l e c t r o n 
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l i f e t i m e N_ << n , and the f r e e e l e c t r o n d e n s i t y can be expressed 
K t 

as 

n = F/n tS v 7.3.3 c t r 

The e q u a t i o n f o r the k i n e t i c s of t r a p occupancy, E q u a t i o n 3.2.2, 

may be r e w r i t t e n so t h a t 

d n 4./dt = S,vn NL - n^S.vN . 7.3.4 t t c t t t c t 

where the s u b s t i t u t i o n s v = N S.v and N exp(-E./kT) = N . are made, 
c t c t c t ' 

and where i t i s assumed t h a t >> n c . I n t e g r a t i o n of E q u a t i o n 

7.3.4 y i e l d s the r e l a t i o n s h i p 

n t = [ n c N t / N c t ] ( l - e x p ( - S t v N c t t ) ) 7.3.5 

and when t h i s v a l u e of n^ i s s u b s t i t u t e d i n E q u a t i o n 7.3.3 we 

o b t a i n the f o l l o w i n g e x p r e s s i o n 

1/n 2 - 1/n 2 = ( l / n 2 ) e x p ( - S . v N , t ) 7.3.6 
oo oo * t C t 

where the v a l u e of n c at t — > <x> i s g i v e n by 

n = (N .F/S.vN. ) 1 / 2 7.3.6 
co C t t t 

As the i s o t h e r m a l decay i s a t t r i b u t e d t o a change i n f r e e 

e l e c t r o n l i f e t i m e and not t o a change i n m o b i l i t y , a p l o t of 
2 2 

l o g l l / I ^ - 1/1 ) versus time s h o u l d y i e l d a s t r a i g h t l i n e . Here 

I i s the p h o t o c u r r e n t at time t . F i g u r e 7.3.10 shows the i s o ­

thermal decay of p h o t o c u r r e n t f o r sample C, measured at 303°K, 

308.5°K, 322°K and 334°K S p l o t t e d i n the form of l o g ( l / I 2 - l / I 2 ) 

v e rsus t i m e . The i n i t i a l p a r t of each of these curves conforms 

to a s t r a i g h t l i n e , a l t h o u g h they d e v i a t e from the i d e a l r e l a t i o n ­

s h i p a f t e r some 10 to 20 m i n u t e s . T h i s i n d i c a t e s t h a t the 



CM 
2 3 

3 2 2 K 

r\i 8 

308-5 K 0 

3 0 3 K 

21 

i 
4 0 3 0 2 0 I O 

T I M E I N M I N U T E S 

I S O T H E R M A L D E C A Y O F P H O T O C U R R E N T F O R F I G U R E 7 . 3 . I O 

S A M P L E C , P L O T T E D A S L O G [ l / l c o - l / I J V E R S U S T I M E 

1-3 

>- l-l 0 - l 7 e V 

UJ 

a 
DC 

_i 0-9 

3 0 3-1 

l / T IN 1/ K x i O 

F I G U R E 7 .3.11 G R A D I E N T S O F T H E C U R V E S S H O W N I N F I G U R E 7 . 3 . I O , 

P L O T T E D A S L O G [ G R A D I E M T J V E R S U S l / T 



115 

p h o t o c u r r e n t , and hence the f r e e e l e c t r o n l i f e t i m e , i s d e c r e a s i n g 

more r a p i d l y w i t h time than would be expected from the s i m p l e 

t h e o r y . The p h o t o c u r r e n t versus temperature c u r v e s , i l l u s t r a t e d 

i n F i g u r e 7.3.9, i n d i c a t e t h a t the onset of thermal quenching 

occurs at a p p r o x i m a t e l y 300°K. Under these c o n d i t i o n s , the f r e e 

e l e c t r o n l i f e t i m e i s v e r y s e n s i t i v e t o the p o s i t i o n of the Fermi 

l e v e l f o r e l e c t r o n s , ( I n Chapter 2 i t was demonstrated t h a t 

thermal quenching occurs when the h o l e d e m a r c a t i o n l e v e l f o r the 

s e n s i t i s i n g Class 11 c e n t r e s l i e s i n the r e g i o n of these c e n t r e s . 

The e l e c t r o n Fermi l e v e l and h o l e d e m a r c a t i o n l e v e l are i n t i m a t e l y 

r e l a t e d , as may be seen by r e f e r e n c e t o E q u a t i o n 8,3.1.) Thus 

the decay i n p h o t o c u r r e n t causes an a d d i t i o n a l decrease i n the 

f r e e e l e c t r o n l i f e t i m e due t o the e f f e c t of thermal quenching. 

The dependence of the magnitude of t h e r m a l quenching on the f r e e 

e l e c t r o n d e n s i t y can be c l e a r l y seen i n F i g u r e 5,9,4, 

F o l l o w i n g the argument of Zomov and Serdyuk, the t e m p e r a t u r e 

dependence of the decay can be found from the g r a d i e n t , S^vN^, of 

the curves shown i n F i g u r e 7 . 3. 10 p i o t t e d i n the form of l o g ( g r a d ­

i e n t ) as a f u n c t i o n of 1/T. Here T i s the t e m p e r a t u r e at which 

the decay was measured. Such a p l o t s h o u l d y i e l d t he t h e r m a l 

a c t i v a t i o n energy of the t r a p s which are f i l l e d d u r i n g the decay, 

as N = N c e x p ( - E t / k T ) , 

F i g u r e 7.3.11 shows 1 o g ( g r a d i e n t ) , from F i g u r e 7.3.10 

1/T y i e l d i n g an a c t i v a t i o n energy of 0.17 eV. From e a r l i e r 

T.S.C. measurements, i l l u s t r a t e d i n F i g u r e 7.3.6, i t can be seen 

t h a t the i s o t h e r m a l decay i s a s s o c i a t e d w i t h an i n c r e a s e i n the 

d e n s i t y of the h i g h e s t t e m p e r a t u r e t r a p ( t r a p H), w h i c h has a 

t h e r m a l a c t i v a t i o n energy of 0.60 eV. There i s a c o n s i d e r a b l e 

d i f f e r e n c e between the v a l u e of f o r t r a p H and the v a l u e of 

0.17 eV, found from the temperature dependence of the decay. 

However, i t has been shown i n Chapter 6, t h a t t r a p II i s c r e a t e d 
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p h o t o c h e m i c a l l y w i t h an a c t i v a t i o n energy of between 0.20 eV and 
0.27 eV, The s i m i l a r i t y between the a c t i v a t i o n energy found here 
and the v a l u e found f o r t r a p H p r e v i o u s l y suggests t h a t t r a p H i s 
a g a i n produced p h o t o c h e m i c a l l y , so t h a t the d e n s i t y of t r a p s , n^, 
c r e a t e d under i l l u m i n a t i o n at time t i s g i v e n by 

n. = An N . ( l - exp(-Bexp(-E / k T ) t ) ) 7.3.7 
C C t 3. 

where A and B are c o n s t a n t s , N̂ . i s th e maximum d e n s i t y of photo-

c h e m i c a l l y produced t r a p s at te m p e r a t u r e T, and E a (=0.17 eV) i s 

the a c t i v a t i o n energy f o r c r e a t i o n of the traps,, (There i s some 

e r r o r i n the decay c u r v e s , and hence the v a l u e of E , due t o the 

e f f e c t of t h e r m a l quenching d e s c r i b e d above. I t i s not p o s s i b l e 

t o c o r r e c t f o r t h e quenching of p h o t o c u r r e n t , by r e c o r d i n g the 

p h o t o c u r r e n t as a f u n c t i o n of l i g h t i n t e n s i t y at f i x e d t e m p e r a t u r e , 

because the decay i t s e l f would i n t e r f e r e w i t h such measurements.) 

7.3(d) Sample D 

T h i s sample was cut from a boule grown under s u l p h u r r i c h 

c o n d i t i o n s w i t h Tg. = 300°C. F i g u r e 7.3.12 shows the v a r i a t i o n of 

p o t e n t i a l , measured between e l e c t r o d e s 2 and 3, d u r i n g t h e course 

of a T.S.C. r u n , F i g u r e 7.3.13, made a f t e r i l l u m i n a t i n g the sample 

d u r i n g c o o l i n g from 388°K w i t h an i n f r a r e d f i l t e r e d t u n g s t e n lamp. 

The p o t e n t i a l can be seen t o be e s s e n t i a l l y c o n s t a n t , a l t h o u g h a 

minimum occurs a t a p p r o x i m a t e l y 200°K c o r r e s p o n d i n g t o t r a p E 

(Ej. = 0 . 4 4 eV) which i s more prominent i n s u l p h u r r i c h samples. 

The p o t e n t i a l between e l e c t r o d e s 2 and 3 decreases at h i g h temper­

a t u r e s , where the dark c u r r e n t i s r e l a t i v e l y h i g h . A. t h e r m a l .ly 

s t i m u l a t e d conductance curve i s a l s o p r e s e n t e d i n F i g u r e 7.3.13, 

which corresponds t o the T.S.C. s p e c t r a . The two curves can be 

seen t o be s i m i l a r . 
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7.4. Three Probe Measurements 

Three probe measurements were made on samples which had 

a l r e a d y been used f o r the i n v e s t i g a t i o n s d e s c r i b e d i n Chapters 5 

and 6 . A guard r i n g arrangement of e l e c t r o d e s was used i n an 

at t e m p t t o show whether s u r f a c e t r a p p i n g c e n t r e s a f f e c t t h e T.S.C. 

The p r e p a r a t i o n of t h r e e probe specimens i s p r e s e n t e d i n Chapter 

4, where two types of e l e c t r o d e c o n f i g u r a t i o n are d e s c r i b e d . 

E s s e n t i a l l y , samples of the type shown i n F i g u r e 4.3.2 were 

p l a t e l e t s a p p r o x i m a t e l y 1 nun t h i c k , w i t h an i r r e g u l a r shaped 
2 

c r o s s - s e c t i o n , the area of which was of the o r d e r of 25 mm . On 

one s i d e of the p l a t e l e t an evaporated i n d i u m d i s c , 1.2 mm i n 

d i a m e t e r , was surrounded by an evaporated i n d i u m guard r i n g w i t h 

an i n t e r n a l d i a m e t e r of 2.3 mm and an o u t s i d e d i a m e t e r of 3.5 mm. 

A t h i r d i n d i u m c o n t a c t , a g a i n d i s c shaped, was eva p o r a t e d on t o 

the s i d e of the p l a t e l e t o p p o s i t e t h a t o f the guard r i n g . T h i s 

c o n t a c t was a p p r o x i m a t e l y 3.5 mm i n d i a m e t e r . 
The second arrangement of t h r e e e l e c t r o d e s i s shown i n the 

i n s e r t i n F i g u r e 7.4.5. I n t h i s case t he samples were bar-shaped 

some 6 mm l o n g , w i t h a r e c t a n g u l a r c r o s s - s e c t i o n of a p p r o x i m a t e l y 
2 

1 mm . Indium c o n t a c t s were e v a p o r a t e d on t o b o t h ends, and a 

r i n g c o n t a c t 1 mm i n t h i c k n e s s was d e p o s i t e d some 1 mm d i s t a n c e 

from one of the end c o n t a c t s . 

E l e c t r i c a l measurements were c a r r i e d out by h o l d i n g the anode 

and guard r i n g a t a s i m i l a r p o t e n t i a l w i t h r e s p e c t t o the cathode. 

Because the d.c. a m p l i f i e r had t o be i n t e r p o s e d i n t h e r e q u i r e d 

channel t o make c u r r e n t measurements ( e i t h e r guard r i n g t o cathode 

or anode t o c a t h o d e ) , the p o t e n t i a l s of the guard r i n g and anode 

were not e x a c t l y e q u a l . The v o l t a g e drop across the d.c. amp­

l i f i e r was 1 v o l t f o r a maximum meter d e f l e c t i o n . The i n f l u e n c e 

of t h i s d i s p a r i t y of p o t e n t i a l between t h e guard r i n g and anode 
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was i n v e s t i g a t e d i n two ways, 

(a) Three probe T.S.C. measurements were made u s i n g 

p o t e n t i a l s of 10 v o l t s , 50 v o l t s and 100 v o l t s across the sample 

f o r the same i l l u m i n a t i o n schedule. A p a r t from the expected 

changes i n the magnitude, the T.S.C. curves were e s s e n t i a l l y the 

same. 

( b ) A known v o l t a g e was a p p l i e d t o one of the c h a n n e l s , 

u s i n g a T i n s l e y P o t e n t i o m e t e r , w h i l s t the c u r r e n t was m o n i t o r e d 

t h r o u g h the o t h e r c h a n n e l . I n a d d i t i o n , d u r i n g these measure­

ments, made at room te m p e r a t u r e under i l l u m i n a t i o n , 100 v o l t s was 

a p p l i e d across the sample, For a v a r i a t i o n i n p o t e n t i a l of + 1 

v o l t a p p l i e d t o the anode, the c u r r e n t i n the guard r i n g t o 

cathode c i r c u i t showed n e g l i g i b l e v a r i a t i o n , though the same 

change i n p o t e n t i a l a p p l i e d t o the guard r i n g caused a v a r i a t i o n 

of a p p r o x i m a t e l y + 20% i n the c u r r e n t f l o w i n g between the anode 

and the cathode. 

T h i s l a s t o b s e r v a t i o n i n d i c a t e s t h a t the t h r e e probe measure­

ments, made f o r c u r r e n t f l o w t h r o u g h the anode, are i n e r r o r by a 

maximum of 20% due t o the d i s p a r i t y between the anode and guard 

r i n g p o t e n t i a l s , A number of the e x p e r i m e n t a l r e s u l t s p r e s e n t e d 

i n t h i s s e c t i o n show t h a t the c u r r e n t f l o w i n g t h r o u g h the anode 

c i r c u i t i s at l e a s t a f a c t o r 2 l a r g e r when the guard r i n g i s 

f l o a t i n g , than when the measurements are made u s i n g t h r e e 

e l e c t r o d e s . Such e f f e c t s cannot, t h e r e f o r e , be a t t r i b u t e d t o t h e 

anode-guard r i n g p o t e n t i a l d i f f e r e n c e . (The e r r o r i n the anode 

c u r r e n t , under t h r e e probe c o n d i t i o n s , , i s however a source of 

e r r o r i n the a n a l y s i s of a T.S.C. curve when t r a p p i n g parameters 

are r e q u i r e d . The samples used here had a l r e a d y been s t u d i e d i n 

depth as d e s c r i b e d i n Chapters 5 and 6. The s i m i l a r i t y of the. 

T.S.C. s p e c t r a made u s i n g b o t h two and t h r e e probe e l e c t r o d e 
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arrangements shows t h a t the same t r a p p i n g c e n t r e s a re p r e s e n t . 

Thus, d e t a i l e d a n a l y s i s of the T.S.C. curves i s not r e q u i r e d . ) 

D u r i n g the t h r e e probe measurements, d e s c r i b e d below, e i t h e r 50 or 

100 v o l t s were a p p l i e d t o the sample. 

To study s u r f a c e t r a p s , i t would appear i n s t r u c t i v e t o com­

pare t he c u r r e n t m o n i t o r e d t h r o u g h the guard r i n g c i r c u i t w i t h 

t h a t f l o w i n g t h r o u g h the anode, u s i n g t h r e e probe measurements 

mads f o l l o w i n g the same i l l u m i n a t i o n schedule. However, the 

d i f f e r e n c e s i n the e l e c t r o d e geometry f o r the two measurements 

makes a n a l y s i s d i f f i c u l t . F i g u r e 7.4.1 shows the T.S.C. s p e c t r a 

f o r a T̂ .y = 350°C p l a t e l e t sample, m o n i t o r e d a f t e r c o o l i n g under 

i l l u m i n a t i o n from 388°K w i t h an i n f r a r e d f i l t e r e d t u n g s t e n lamp. 

Curves ( a ) and ( b ) are the anode and guard r i n g c u rves r e s p e c t i v e ­

l y , u s i n g t h r e e probes and w i t h 100 v o l t s a p p l i e d t o the sample. 

Curve ( c ) shows the two probe measurement made between t he anode 

and cathode, a g a i n w i t h 100 v o l t s a p p l i e d t o the sample. Curves 

(b ) and ( c ) are e s s e n t i a l l y the same i n b a s i c s t r u c t u r e , a l t h o u g h 

t h e i r magnitudes are c o n s i d e r a b l y d i f f e r e n t . T h i s i n d i c a t e s t h a t 

the T.S.C. m o n i t o r e d i n the guard r i n g c i r c u i t i s s t r u c t u r a l l y 

s i m i l a r t o two probe measurements made between the anode and 

cathode. For t h i s reason, and a l s o because of the l a r g e d i f f e r ­

ence i n th e magnitudes of the anode ( c u r v e ( a ) ) and guard r i n g 

( c u r v e ( b ) ) T.S.C., due t o e l e c t r o d e geometry, the r e s u l t s which 

f o l l o w w i l l show comparison of the c u r r e n t f l o w i n g v i a the anode, 

w i t h and w i t h o u t the guard r i n g h e l d at a s i m i l a r p o t e n t i a l ( e . g . 

curves ( a ) and ( c ) r e s p e c t i v e l y ) . 

F i g u r e 7.4.2 shows the s p e c t r a i l response of p h o t o c u r r e n t of a 

T̂ .̂  = 350°C p l a t e l e t sample. These measurements were made a t 

95°K, a f t e r c o o l i n g t h e sample i n t h e dark from 388°K. Curve ( a) 

shows t h e p h o t o c u r r e n t measured between t h e cathode and anode w i t h 
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the guard r i n g f l o a t i n g , and curve ( b ) shows the response when the 

guard r i n g was h e l d at 100 v o l t s ( i . e . a p p r o x i m a t e l y anode 

p o t e n t i a l ) . The s p e c t r a l response has not been c o r r e c t e d f o r the 

s p e c t r a l d i s t r i b u t i o n of the t u n g s t e n lamp, however the same s l i t 

s e t t i n g s and lamp i n t e n s i t y were used i n b o t h cases. A more 

d e t a i l e d study of the s p e c t r a l response of a v a r i e t y of samples i s 

r e p o r t e d i n Chapter 8. I n these e x p e r i m e n t s , the lamp c u r r e n t was 

a d j u s t e d f o r each monochromator s e t t i n g t o p r o v i d e c o n s t a n t l i g h t 

energy i n c i d e n t upon the samples. 

The most i m p o r t a n t c o n c l u s i o n t o be drawn from the r e s u l t s 

shown i n F i g u r e 7.4.2 i s t h a t f o r wavelengths l e s s than about 

O.J urn, the m a j o r i t y of the f r e e c a r r i e r s are generated c l o s e t o 

the s u r f a c e . The r e s u l t s i n d i c a t e , t h e r e f o r e , t h a t the e f f e c t s 

of f l u o r e s c e n t - induced b u l k p h o t o c u r r e n t and e x c i t o n ^ f r o m the 

s u r f a c e are small i n the p r e s e n t sample. The o b s e r v a t i o n of the 

l a r g e decrease i n the b u l k p h o t o c u r r e n t ( F i g u r e 7.4.2 curve ( b ) ) 

f o r wavelengths s h o r t e r t h a n 0.5 urn, a l s o shows t h a t the guard 

r i n g c o n f i g u r a t i o n conforms t o i t s e x p e c t e d r o l e , i . e . measure­

ments made between the anode and cathode, w i t h the guard r i n g h e l d 

at near anode p o t e n t i a l , are a measure of the b u l k c o n d u c t i o n . 

The two T..S.C. curves o b t a i n e d a f t e r i l l u m i n a t i n g the above 

TQ^ = 350°C sample d u r i n g c o o l i n g , w i t h a narrow band of l i g h t 

c e n t r e d on 0,65 urn, are shown i n F i g u r e 7.4.3. Curve (a) was 

measured w i t h t h e guard r i n g f l o a t i n g , and curve ( b ) w i t h the 

guard r i n g h e l d at 100 v o l t s . The s t r u c t u r e of the two cur v e s 

can be seen to be e s s e n t i a l l y the same, though the magnitude of 

the T.S.C. i s d i f f e r e n t . 

The T.S.C. was a l s o m o n i t o r e d f o l l o w i n g i l l u m i n a t i o n w i t h 

l i g h t c e n t r e d on 0.48 um d u r i n g c o o l i n g from 388°K. Curve ( a ) , 

F i g u r e 7.4.4 shows the T.S.C. measured i n the anode l e a d w i t h the 
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guard r i n g f l o a t i n g . Curves ( b ) and ( c ) are f o r c o n s e c u t i v e runs 
w i t h the guard r i n g h e l d at 100 v o l t s , and show t h a t the T.S.C. 
l e v e l of the h i g h t e m p e r a t u r e t r a p s i s l e s s than t h a t observed 
d u r i n g two probe measurements. The s i g n i f i c a n c e of t h i s observ­
a t i o n w i l l be d i s c u s s e d t o g e t h e r w i t h the f o l l o w i n g t h r e e probe 
measurements made on a bar-shaped sample. 

1 o 

The T.S.C. of a bar-shaped T ^ = 350 C sample, w i t h t h r e e 

e l e c t r o d e s , was a l s o measured and i s shown i n F i g u r e 7.4.5. 

Curves ( a ) and ( b ) were o b t a i n e d when the guard r i n g was f l o a t i n g , 

and curves ( c ) and ( d ) when the guard r i n g was h e l d at a s i m i l a r 

p o t e n t i a l t o t h a t of the anode. I n a l l f o u r sets of measurements 

the anode was h e l d a t a p o t e n t i a l of 100 v o l t s w i t h r e s p e c t t o the 

cathode, and i l l u m i n a t i o n was s w i t c h e d on at 388°K d u r i n g c o o l i n g . 

Curves ( a ) and ( c ) were o b t a i n e d f o l l o w i n g e x c i t a t i o n w i t h a 750 

wa t t t u n g s t e n lamp f i l t e r e d by two Chance HA 1 f i l t e r s and a one 

c e n t i m e t r e p a t h l e n g t h of 10 % copper s u l p h a t e s o l u t i o n , t o g e t h e r 

w i t h a B a r r and S t r o u d i n t e r f e r e n c e f i l t e r c e n t r e d on 0.4358 [im, 

Curves ( b ) and ( d ) were measured u s i n g t h e same copper s u l p h a t e 

and Chance f i l t e r s and a B a r r and S t r o u d i n t e r f e r e n c e f i l t e r 

c e n t r e d on 0.5460 urn. The T.S.C. m o n i t o r e d a f t e r i r r a d i a t i o n 

w i t h t h i s l a t t e r 'green' l i g h t showed a much more pronounced 

s t r u c t u r e of the t h r e e h i g h e s t t e m p e r a t u r e t r a p s . The T.S.C. 

l e v e l of the h i g h t e m p e r a t u r e t r a p s , d u r i n g the t h r e e probe 

measurements shown i n F i g u r e 7.4.5, can be seen t o be g r e a t e r by 

two o r d e r s of magnitude when green l i g h t was used t o f i l l t h e 

t r a p s , t h a n when b l u e l i g h t was used. 

Some of the d i f f e r e n c e s i n t h e c u r r e n t l e v e l , and T.S.C. 

s p e c t r a , i n Figures 7.4.4 and 7.4.5 are due t o the d i f f e r e n c e s i n 

c o n t a c t c o n f i g u r a t i o n s . The e s s e n t i a l s i m i l a r i t y i s t h a t , 

f o l l o w i n g i l l u m i n a t i o n w i t h b l u e l i g h t , the T.S.C. l e v e l of the 
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h i g h temperature t r a p s i s r e l a t i v e l y low d u r i n g b u l k measurements. 

The r e s u l t s f o r the s p e c t r a l response of p h o t o c u r r e n t , F i g u r e 

7.4.2, show t h a t b l u e l i g h t i s s t r o n g l y absorbed at the c r y s t a l 

s u r f a c e . Hence one would expected t h a t m a i n l y s u r f a c e t r a p s 

would be f i l l e d under b l u e i r r a d i a t i o n . T h i s i s s u b s t a n t i a t e d by 

the t h r e e probe measurements i n F i g u r e 7.4.5, where green i l l u m i n ­

a t i o n causes a g r e a t e r number of t r a p s t o be f i l l e d t h a n b l u e 

i r r a d i a t i o n . Comparison of the curves shown i n F i g u r e 7.4.5 

i n d i c a t e s t h a t the r a t i o of the h i g h t o low te m p e r a t u r e t r a p s , 

from c u r v e s ( c ) and ( d ) , i s g r e a t e r f o r the b u l k than f o r the two 

probe measurements. T h i s i m p l i e s t h a t t h e s h a l l o w t r a p s , which 

are observed at low t e m p e r a t u r e , a re p r e s e n t a t the s u r f a c e i n 

g r e a t e r c o n c e n t r a t i o n t h a n t h e deep, h i g h temperature c e n t r e s . 

I l l u m i n a t i o n w i t h broad band v i s i b l e r a d i a t i o n from a 750 

wa t t t u n g s t e n lamp, f i l t e r e d w i t h two Chance HA 1 f i l t e r s and a 

one c e n t i m e t r e p a t h l e n g t h of 10% copper s u l p h a t e s o l u t i o n t o 

remove i n f r a r e d quenching r a d i a t i o n , y i e l d e d T.S.C. s p e c t r a v e r y 

s i m i l a r t o those observed u s i n g narrow band green l i g h t . 

Two s u l p h u r r i c h p l a t e l e t s (Tg = 300°C) were i n v e s t i g a t e d 

u s i n g the i n f r a r e d f i l t e r e d , wide band r a d i a t i o n as d e f i n e d above. 

F i g u r e 7.4.6 shows t h e T.S.C. o b t a i n e d a f t e r c o o l i n g under i l l u m i n 

a t i o n from 388°K. Curve ( a ) was m o n i t o r e d w i t h the guard r i n g 

f l o a t i n g and curve ( b ) w i t h the guard r i n g h e l d at anode p o t e n t i a l 

F o l l o w i n g these measurements, the sample was s u b j e c t e d t o bombard­

ment by 2 KV hydrogen ions f o r 165 m i n u t e s . From the area of the 

d i s c h a r g e glow and the i o n c u r r e n t , an e s t i m a t e d i o n f l u x d e n s i t y 
J 6 — 2 — 1 

of 10 cm sec was used. The T.S.C. measurements made a f t e r 

t h i s t r e a t m e n t are shown i n F i g u r e 7.4.7, where curves ( a ) and ( b ) 

were measured under the same c o n d i t i o n s as cur v e s (a) and ( b ) - in. 

F i g u r e 7.4.6. 
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I n F i g u r e 7.4.7 (as i n F i g u r e 7.4.6) the two and t h r e e probe 
measurements are s i m i l a r and so demonstrate t h a t the bombardment 
d i d not a f f e c t the c o n d u c t i v i t y of the s u r f a c e . Comparison of 
F i g u r e s 7.4.6 and 7.4.7 shows, however t h a t i o n bombardment d i d 
decrease the T.S.C. i n the r e g i o n of the maximum at a p p r o x i m a t e l y 
200°K, The two and t h r e e probe measurements i n F i g u r e 7.4.7 
i n d i c a t e t h a t the t r a p a s s o c i a t e d wi t h t h e 200 K maximum i s a b u l k 
e n t i t y . Hence the change i n the apparent magnitude of t h i s t r a p 
c o u l d be due t o bombardment - induced s u r f a c e s t a t e s which a f f e c t 
the l i f e t i m e . (The hydrogen i o n would be expected t o a f f e c t the 
c r y s t a l o n l y i n the s u r f a c e r e g i o n . ) 

The second s u l p h u r r i c h p l a t e l e t was cut from the same (Tg = 

300°C) bo u l e as the sample d i s c u s s e d above. Both of the f l a t 

s u r f a c e s were ground u s i n g 600 L.C. carborundum powder i n w a t e r . 

The sample was th e n washed i n d i s t i l l e d w a t e r , but no a t t e m p t was 

made t o e t c h t h e s u r f a c e s . The T.S.C. measured a f t e r i r r a d i a t i o n 

w h i l e c o o l i n g from 388°K i s shown i n F i g u r e 7.4.8. Curve ( a ) was 

o b t a i n e d w i t h the guard r i n g f l o a t i n g , and curve ( b ) w i t h t h e 

guard r i n g h e l d at 100 v o l t s . 

I t was thought t h a t the s u r f a c e g r i n d i n g might w e l l c r e a t e 

t r a p p i n g c e n t r e s which would show up under t h r e e probe T.S.C. 

measurement. T h i s was c l e a r l y not t h e case as the curves i n 

F i g u r e 7.4.8 demonstrate. The s t r u c t u r e of the T.S.C. s p e c t r a 

are s i m i l a r f o r b o t h two and t h r e e probe measurement, and are 

t y p i c a l o f o t h e r samples taken from t h i s b o u l e . However, the 

d i f f e r e n c e i n the c u r r e n t l e v e l between the two and t h r e e probe 

c u r v e s suggests t h a t the s u r f a c e t r e a t m e n t c r e a t e d a more h i g h l y 

c o n d u c t i n g s u r f a c e . 

7 . 5 . E f f e c t o f A m b i e n t P r e s s u r e on t h e T . S . C . S p e c t r a 

D u r i n g t h e c o u r s e o f t h e p r e s e n t w o r k a n u m b e r o f s a m p l e s 
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were s t u d i e d u s i n g the same i r r a d i a t i o n c o n d i t i o n s , i n a i r 
-5 -2 

pr e s s u r e s of a p p r o x i m a t e l y 5x10 t o r r and 10 t o r r . The e f f e c t 

on the T.S.C. was found t o be n e g l i g i b l e f o r a l l samples. 

A number of workers have observed marked changes i n the T.S.C. 

and s p e c t r a l response of p h o t o c u r r e n t a s s o c i a t e d w i t h the s o r p t i o n 

of oxygen and water vapour by CdS samples, u s i n g ambient p r e s s u r e s 

s i m i l a r t o those r e p o r t e d h e r e . Bube (1953) has s t u d i e d the 

e f f e c t s of water vapour on the s p e c t r a l response of CdS samples, 

and Reed and S c o t t (1964) and Mark (1965 ( a ) and ( b ) ) c o n s i d e r e d 

the e f f e c t s of oxygen a b s o r p t i o n . I n a l l cases, h i g h e r p r e s s u r e s 

of these anfcients decreased t h e s u r f a c e l i f e t i m e . 

I n the f o l l o w i n g c h a p t e r i t w i l l be demonstrated t h a t the 

s p e c t r a l response of p h o t o c u r r e n t f o r a cadmium r i c h sample = 

350"C) was s l i g h t l y s e n s i t i v e t o ambient p r e s s u r e , when a range of 

pr e s s u r e was used which was l a r g e r t h a n t h a t f o r T.S.C. measure­

ment . When the response measurements were made at 388°K, a 
-5 

change i n a i r p r e s s u r e from atmospheric* p r e s s u r e t o 5x10 t o r r 

caused l e s s than a f a c t o r 2 i n c r e a s e i n the p h o t o c u r r e n t l e v e l . 

Thus, an e f f e c t due t o ambient may have been seen i n the T.S.C. 

measurements had they been made on the pr e s e n t samples under u l t r a 

h i g h vacuum c o n d i t i o n s . 

7.6. D i s c u s s i o n 

Three main f e a t u r e s of the work p r e s e n t e d i n t h i s c h a p t e r are 

of d i i ' e c t r e l e v a n c e t o the two probe T.S.C. measurements which 

were d i s c u s s e d i n Chapters 5 and 6. 

(a) The f o u r probe measurements i n d i c a t e t h a t the use of 

the t h r e e c r i t e r i a f o r ohmic c o n t a c t s g i v e adequate p r o t e c t i o n 

a g a i n s t the i n a d v e r t e n t use of non-ohmic c o n t a c t s . However, i n 

a l l the samples examined, some v a r i a t i o n i n the p o t e n t i a l dropped 
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between the c e n t r a l e l e c t r o d e s (2 and 3) o c c u r r e d d u r i n g the f o u r 
probe T.S.C. s t u d i e s , so t h a t measurement of t h e r m a l l y s t i m u l a t e d 
conductance s h o u l d y i e l d more a c c u r a t e r e s u l t s . 

The use of the f o u r probe c o n f i g u r a t i o n of e l e c t r o d e s a l s o 

demonstrated the e x i s t e n c e of c r y s t a l inhomogeneity, which has 

a l s o been observed by I s l a m and Woods (1970) i n samples grown i n a 

s i m i l a r manner t o those measured h e r e . I n o n l y one case was an 

i s o t h e r m a l v a r i a t i o n of p h o t o c u r r e n t w i t h time observed d u r i n g t h e 

course of two probe measurements. Thus, i t may be assumed t h a t 

i n h o m o g e n e i t i e s , of the type found i n sample C ( S e c t i o n 7 . 3 ( c ) ) , 

d i d not p l a y a s i g n i f i c a n t d e t r i m e n t a l r o l e i n the pr e s e n t two 

probe s t u d i e s . 

( b ) W i t h t h e CdS samples i n v e s t i g a t e d h e r e , e x c i t a t i o n w i t h 

broad band v i s i b l e l i g h t , w i t h the i n f r a r e d quenching element 

removed, y i e l d s T.S.C. s p e c t r a . w h i c h are not g r e a t l y i n f l u e n c e d i n 

s t r u c t u r e by s u r f a c e s t a t e s , a l t h o u g h t h e c a r r i e r l i f e t i m e i s 

almost c e r t a i n l y governed i n p a r t by t h e c r y s t a l s u r f a c e . Even 

when a d e l i b e r a t e a t t e m p t was made (by i o n bombardment and by 

measuring a lapped and une t c h e d sample) t o induce s u r f a c e s t a t e s , 

the t h r e e probe t e c h n i q u e r e v e a l e d no s i g n i f i c a n t change i n t h e 

s t r u c t u r e of the T.S.C. s p e c t r a . 

( c ) No l a r g e change i n c a r r i e r l i f e t i m e was observed when 

the ambient p r e s s u r e was changed by t h r e e o r d e r s of magnitude,, 

Thus the two probe T.S.C. measurements appear t o be r e p r e s e n t ­

a t i v e of t h e b u l k m a t e r i a l . However, the t h r e e probe measurements 

made u s i n g narrow band v i s i b l e i l l u m i n a t i o n seem t o i n d i c a t e t h a t 

the s h a l l o w t r a p s occur i n g r e a t e r d e n s i t y at the c r y s t a l s u r f a c e . 

Three probe measurements on cadmium and s u l p h u r r i c h p l a t e l e t s 

show t h a t the s u r f a c e s t a t e s have a s i g n i f i c a n t e f f e c t on the 
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s u r f a c e c o n d u c t i o n f o r cadmium r i c h samples, where t h e r e i s a 
l a r g e d i f f e r e n c e i n the T.S.C. l e v e l s f o r two and t h r e e probe 
measurement. The s u l p h u r r i c h samples, when e t c h e d , do not show 
such l a r g e changes. T h i s s u p p o r t s the s p e c t r a l response measure­
ments t o be r e p o r t e d i n the f o l l o w i n g c h a p t e r , where a cadmium 
r i c h sample was found t o be more s e n s i t i v e t o ambient p r e s s u r e 
t h a n a s u l p h u r r i c h sample. 
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CHAPTER 8 

SPECTRAL RESPONSE AND INFRARED QUENCHING OF PHQTOCURRENT 

8.1, I n t r o d u c t i o n 

The s p e c t r a l response and i n f r a r e d quenching was measured 

f o r r e p r e s e n t a t i v e samples taken from among those on which T.S.C. 

measurements had been made (see Chapter 5 ) . S i g n i f i c a n t d i f f e r ­

ences were found between samples grown i n a cadmium r i c h atmos­

phere and those grown under s u l p h u r r i c h c o n d i t i o n s . Where 

impure s t a r t i n g m a t e r i a l was used t o grow the boule c r y s t a l s 

anomalous r e s u l t s were o b t a i n e d . 

The s p e c t r a l response and i n f r a r e d quenching measurements 

w i l l be i n t e r p r e t e d i n terms of a model, shown i n F i g u r e 8.1.1, 

which c o n t a i n s two s e t s of Class 11 c e n t r e s ( H a
 a n d 11^) t o g e t h e r 

w i t h a set of Class 1 c e n t r e s . I n f r a r e d quenching r e s u l t s from 

the o p t i c a l e x c i t a t i o n of e l e c t r o n s t o the Class 11 c e n t r e s 
a 

e i t h e r from the valen c e band ( T r a n s i t i o n 1) or from t h e Class 11, 
b 

c e n t r e s ( T r a n s i t i o n 2 ) . - T r a n s i t i o n 2 a l s o i n v o l v e s a ther m a l 

s t e p so t h a t h o l e s are f r e e d t o the valen c e band. The ph o t o -

c u r r e n t i s quenched when the r e s u l t i n g f r e e d h o l e s are c a p t u r e d 

at the Class 1 c e n t r e s . 

8.2. S p e c t r a l Response Measurements 

These measurements were made on bar-shaped samples h a v i n g an 

indiu m c o n t a c t at each end. The e x p e r i m e n t a l arrangement has 

been d e s c r i b e d i n Chapter 4. 

I t was found necessary t o p r o l o n g the i l l u m i n a t i o n at each 

wavelen g t h f o r some time (about 15 min u t e s ) t o enable the photo-

c u r r e n t t o reach e q u i l i b r i u m , so t h a t c o n t i n u o u s v a r i a t i o n of the 
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e x c i t i n g w a v e l e n g t h was not used. I n s t e a d , the p h o t o c u r r e n t was 

measured at a number of f i x e d wavelengths a f t e r e q u i l i b r i u m had 

been reached. By a d j u s t i n g the t u n g s t e n lamp c u r r e n t , the 

e x c i t i n g r a d i a t i o n from the monochromator was arranged t o g i v e the 

same response on a t h e r m o p i l e a t each w a v e l e n g t h . From the 

s e n s i t i v i t y of the t h e r m o p i l e and the g a i n of the B a r r and S t r o u d 

a m p l i f i e r , the energy d e n s i t y of the e x c i t i n g r a d i a t i o n i n the 
-9 -2 

r e g i o n of the sample was c a l c u l a t e d t o be 5.10 |j.Wcm . 

8.2.1. Dependence of the S p e c t r a l Response on the C o n d i t i o n s 

of C r y s t a l Growth 

F i g u r e 8.2.1 shows the s p e c t r a l response measured at 90°K, 

a f t e r c o o l i n g i n the dark from 388"K, f o r f i v e samples t a k e n from 

d i f f e r e n t b o ule c r y s t a l s grown from O p t r a n s t a r t i n g m a t e r i a l . 

Curves ( a ) and ( b ) were o b t a i n e d from two samples grown w i t h = 

350°C. Curves ( c ) , ( d ) and ( e ) were m o n i t o r e d f o r samples grown 

w i t h s u l p h u r r e s e r v o i r s h e l d at 50, 300 and 450°C r e s p e c t i v e l y . 
A l l the samples were of a p p r o x i m a t e l y the same dimensions, i . e . 

2 
w i t h a 1 mm c r o s s - s e c t i o n a l area and w i t h 2 mm t o 3 mm between 

c o n t a c t s. 
Three s i g n i f i c a n t o b s e r v a t i o n s can be made from these c u r v e s . 

( a ) The response at a p p r o x i m a t e l y 0.48 |j.m i s two o r d e r s of 

magnitude g r e a t e r w i t h cadmium r i c h samples than w i t h s u l p h u r r i c h 

s amp\e s. 

(b ) The response f o r cadmium r i c h samples i s markedly 

greater, i n the r e g i o n 0.5 0 urn t o 0.70 urn. 

( c ) The s h o r t wavelength response decreases r a p i d l y w i t h 

d e c r e a s i n g wavelengths f o r the more s e n s i t i v e cadmium r i c h samples 

Bube (1956) r e p o r t e d a s i m i l a r f a m i l y of s p e c t r a l response 
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curves f o r CdS which showed these t h r e e f e a t u r e s . He i n t e r p r e t e d 
the v a r i a t i o n i n s e n s i t i v i t y i n terms of changes i n s t o i c h i o m e t r y 
or i m p u r i t y c o n c e n t r a t i o n d u r i n g the growth of h i s c r y s t a l s . The 
p r e s e n t o b s e r v a t i o n s i n d i c a t e t h a t the i n c r e a s e i n s e n s i t i v i t y , 
w i t h i n c r e a s i n g cadmium c o n t e n t , i s due t o changes i n s t o i c h i o -
metry though i t i s by no means c e r t a i n t h a t the process i s 
governed by simple n a t i v e d e f e c t s . 

The t h r e s h o l d of p h o t o c o n d u c t i v i t y f o r the cadmium r i c h 

samples occurs at a p p r o x i m a t e l y 0.75 um, whereas t h a t f o r s u l p h u r 

r i c h samples occurs at a p p r o x i m a t e l y 0.60 um. Thus, i n the dark 

at 90°K the cadmium r i c h samples c o n t a i n c e n t r e s f i l l e d w i t h 

e l e c t r o n s up t o a p p r o x i m a t e l y 0.85 eV from the v a l e n c e band. I n 

s u l p h u r r i c h samples under the same c o n d i t i o n s , c e n t r e s are o n l y 

f i l l e d up t o an e n e r g e t i c s e p a r a t i o n of 0.43 eV from the v a l e n c e 

band. 

The response i n the s h o r t wavelength r e g i o n has been shown by 

Reed and S c o t t (1968) t o v a r y c o n s i d e r a b l y w i t h e l e c t r o d e c o n f i g ­

u r a t i o n . They found t h a t the response was g r e a t e s t where two 

c o n t a c t s were made t o t h e i r c r y s t a l p l a t e l e t s on t h e same s i d e as 

the i n c i d e n t i l l u m i n a t i o n . The p r e s e n t c o n t a c t arrangement i s 

v e r y s i m i l a r t o t h i s optimum c o n d i t i o n . Reed and S c o t t a l s o 

showed t h a t t h e i r s h o r t w a v e l e n g t h response c o u l d be f i t t e d t o 

t h e o r e t i c a l c o n t r i b u t i o n s from s u r f a c e p h o t o c u r r e n t and a b u l k 

p h o t o c u r r e n t e x c i t e d by f l u o r e s c e n c e from t h e s u r f a c e r e g i o n . 

The s p e c t r a l response of a cadmium r i c h sample w i t h t h r e e probes 

i s shown i n F i g u r e 7.4 . 2 . A l t h o u g h t h i s sample had a somewhat 

d i f f e r e n t e l e c t r o d e c o n f i g u r a t i o n , the l a r g e r a t i o between the 

s u r f a c e and b u l k response .for wavelengths s h o r t e r than the band 

gap suggests t h a t f l u o r e s c e n c e ~ i n d u c e d b u l k p h o t o c u r r e n t , and a l s o 

e x c i t o n d i f f u s i o n from the s u r f a c e , i s c o m p a r a t i v e l y small i n the 
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present samples. The decrease i n the s p e c t r a l response i s t h e r e ­

f o r e i n d i c a t i v e of the presence of s u r f a c e s t a t e s w i t h a s h o r t 

f r e e e l e c t r o n l i f e t i m e , 

8.2.2. E f f e c t of I l l u m i n a t i o n on the Low Temperature S p e c t r a l 

Response 

The s p e c t r a l response measurements d e s c r i b e d i n S e c t i o n 8.2.1 

were o b t a i n e d a f t e r each of the samples had been heated t o 388°K 

and c o o l e d i n the dark t o 90°K. Because changes i n the T.S.C. 

and p h o t o c u r r e n t w i t h t e m p e r a t u r e were observed i n some samples, 

f o l l o w i n g p r e v i o u s i l l u m i n a t i o n at d i f f e r e n t t e m p e r a t u r e s , the 

e f f e c t of i l l u m i n a t i n g the sample w i t h a 250 w a t t t u n g s t e n lamp 

( f i l t e r e d t o remove the i n f r a r e d quenching r a d i a t i o n ) p r i o r t o t h e 

response measurement was a l s o s t u d i e d . 

The two s u l p h u r r i c h samples, grown w i t h T g= 300°C and Tg = 

450°C, showed no s i g n i f i c a n t v a r i a t i o n i n the s p e c t r a l response 

a f t e r the i l l u m i n a t i o n t r e a t m e n t . The two cadmium r i c h samples 

showed a marked i n c r e a s e i n response a f t e r i l l u m i n a t i o n . F i g u r e 

8.2.2 shows the s p e c t r a l response of a cadmium r i c h sample m o n i t ­

ored i m m e d i a t e l y a f t e r c o o l i n g i n the dark t o 90°K ( c u r v e ( a ) ) and 

the response f o l l o w i n g f i v e m inutes i l l u m i n a t i o n at 9(TK ( curve 

( b ) ) . ( A f t e r i l l u m i n a t i n g cadmium r i c h samples at 90°K, i t was 

necessary t o heat the samples t o a p p r o x i m a t e l y 150°K and t h e n c o o l 

i n t he dark t o 90°K. W i t h o u t t h i s t r e a t m e n t , the i s o t h e r m a l 

emptying of the s h a l l o w e r t r a p s y i e l d e d a background c u r r e n t of 
-9 

the o r d e r of 10 amperes which obscured the l o n g wavelength 

t h r e s h o l d of p h o t o c u r r e n t . ) 

I n S e c t i o n 6.2, i t was shown t h a t a few samples e x h i b i t e d a 

l a r g e change i n p h o t o c u r r e n t w i t h temperature at about 200°K (see 
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F i g u r e 6.2.2) when they had been c o o l e d i n the dark b e f o r e e x c i t ­
a t i o n . F i g u r e 8.2.3 shows the s p e c t r a l response of such a sample 
(Tg = 50°C) at 90°K, where c u r v e ( a ) was m o n i t o r e d a f t e r the 
sample had been c o o l e d i n the dark from 388°K, and curve ( b ) 
o b t a i n e d a f t e r c o o l i n g from room temp e r a t u r e under i l l u m i n a t i o n . 
A g a i n , the i n c r e a s e i n s e n s i t i v i t y was a s s o c i a t e d w i t h an i n c r e a s e 
i n the c o n t r i b u t i o n t o the p h o t o c u r r e n t on the l o n g wavelength 
s i d e of the band edge, though f o r the sample t o which F i g u r e 8.2.3 
r e f e r s , t h i s has been a c h i e v e d s i m p l y by i l l u m i n a t i o n . 

The i n f r a r e d quenching of the sample grown w i t h Tg = 50°C 

a l s o showed c o n s i d e r a b l e changes when i t was m o n i t o r e d a t 90°K 

(see F i g u r e 8.3.3) f o l l o w i n g the two i l l u m i n a t i o n t r e a t m e n t s used 

i n F i g u r e 8.2.3. The s p e c t r a l response and i n f r a r e d quenching 

measurements w i l l be d i s c u s s e d i n S e c t i o n 8.5. 

8.2.3. The E f f e c t of the Ambient Pressure on the S p e c t r a l 

Re sponse 

-5 
A t t e m p t s t o measure the e f f e c t of a i r p r e s s u r e s of 10 t o r r 

and one atmosphere, on t h e s p e c t r a l response of one of the s u l p h u r 

r i c h samples and one of the cadmium r i c h samples, were made at 

room temp e r a t u r e and 388°K. P r e v i o u s measurements of the T.S.C. 
-2 -5 

i n a i r p r e s s u r e s of 10 and 10 t o r r showed n e g l i g i b l e d i f f e r ­

ences w i t h a l l the samples i n v e s t i g a t e d . S p e c t r a l response 

measurements at 90°K and room t e m p e r a t u r e , f o r the f i v e samples 

d i s c u s s e d i n S e c t i o n 8.2.1, were a l s o u n a f f e c t e d by changes i n 
-2 -5 

ambient p r e s s u r e between 10 and 10 t o r r . 
W i t h the s u l p h u r r i c h sample, no d i f f e r e n c e was observed 

-5 
between the p h o t o c u r r e n t s measured at p r e s s u r e s of 10 t o r r and 

one atmosphere e i t h e r at room temp e r a t u r e or 388°K. A l t h o u g h the 

cadmium r i c h sample was u n a f f e c t e d by changes i n ambient p r e s s u r e 
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at room t e m p e r a t u r e , t h e r e was an i n c r e a s e d response at 388°K f o r 
_5 

a p r e s s u r e of 10 t o r r compared w i t h atmospheric p r e s s u r e . The 

i n c r e a s e i n s e n s i t i v i t y at the lower p r e s s u r e was by l e s s t h a n a 

f a c t o r two. F i g u r e 8.2.4 curves ( a ) and ( b ) are t h e s p e c t r a l 
response curves f o r the cadmium r i c h sample measured at p r e s s u r e s 

-5 

of 10 t o r r and one atmosphere r e s p e c t i v e l y . The c u r r e n t at 

l o n g wavelengths i s a s s o c i a t e d w i t h the d a r k c u r r e n t , which 

becomes s i g n i f i c a n t at 388°K. 

I t has been shown i n S e c t i o n 8.2.1 t h a t cadmium r i c h samples 

are more s e n s i t i v e t h a n s u l p h u r r i c h samples, and i n Chapter 7 i t 

was a l s o demonstrated t h a t the s u r f a c e of a cadmium r i c h c r y s t a l 

c a r r i e d a s i g n i f i c a n t p r o p o i t i o n of the f r e e e l e c t r o n s . I n 

a d d i t i o n , samples grown i n cadmium r i c h c o n d i t i o n s s h o u l d have a 

g r e a t e r d e n s i t y of s u l p h u r v a c a n c i e s t h a n s u l p h u r r i c h ones. The 

s u l p h u r vacancy would be an i d e a l s i t e f o r s u b s t i t u t i o n of an i s o -

e l e c t r o n i c oxygen i o n , or o t h e r n e g a t i v e i o n s ( e . g . OH ) . The 

e f f e c t of s u r f a c e a d s o r p t i o n would t h e r e f o r e be expected t o be 

g r e a t e r i n cadmium r i c h samples. 

For completeness, i t should be n o t e d t h a t a g r e a t e r e f f e c t , 

due t o ambient p r e s s u r e , may have been r e c o r d e d had the p r e s e n t 

measurements been extended t o u l t r a h i g h vacuum c o n d i t i o n s . 

8.2.4. Anomalous S p e c t r a l Response 

I n S e c t i o n 5.11, the T.S.C. s p e c t r a of two samples grown from 

Derby Luminescent grade m a t e r i a l were shown t o be s i g n i f i c a n t l y 

d i f f e r e n t from those r e c o r d e d w i t h O p t r a n m a t e r i a l . F i g u r e 8.2.5 

shows the phot o c i i r r e n t as a f u n c t i o n of wavelength f o r the two 

Derby samples. The measurements were made at 90°K a f t e r c o o l i n g 

i n the dark from 388°K. Curve ( a ) was o b t a i n e d from a boule 

c r y s t a l , which was grown w i t h T„ . = 300°C. Curve ( b ) i s f o r a 



-4 
IO 

J 

T O R R a o IO 

b o ATMOSPHERIC 
< IO P R E S S U R E 

LU 

u O 

o 10 

10 -| 1 1 1 1 
0-4 O S 0 6 0-7 0 8 

W A V E L E N G T H IN MICRONS 

F IGURE 8.2.4. E F F E C T O F AMBIENT P R E S S U R E ON THE S P E C T R A L 
R E S P O N S E AT 3 8 8 °K FOR A S A M P L E GROWN WITH T r . = 350°C 

-5. 
IO 

a $ V d = 3 0 0 " C 

b ^ T s = 3 5 0 C in 
LU IO 
LU 

z io 

LU 
\ 8 

? IO 

u o 

o 
1 
A 

IO o OS 0-6 0-7 
WAVE L E N G T H IN MICRONS 

F I G U R E 8.2.5. S P E C T R A L R E S P O N S E O F TWO D E R B Y LUMINESCENT 
S A M P L E S AT 9 0 ° K 



134 

c r y s t a l grown w i t h T„ = 350°C. The l a r g e d i f f e r e n c e i n s e n s i t -
i v i t y , which was o b s e r v e d between Opt r a n samples grown i n cadmium 
and s u l p h u r a m b i e n t s , was not e v i d e n t i n the Derby c r y s t a l s . The 
s p e c t r a l r e s p o n s e s of the Derby samples a r e anomalous because the 
s u l p h u r r i c h Derby sample, w h i c h was more s e n s i t i v e than the 
cadmium r i c h sample, a l s o showed a g r e a t e r r e s p o n s e a t l o n g wave­
l e n g t h . With O p t r a n grown b o u l e s , cadmium r i c h samples were more 
s e n s i t i v e and t h e i r r e s p o n s e was g r e a t e r a t l o n g w a v e l e n g t h . 
The e f f e c t s of s t o i c h i o m e t r y were presumably swamped by i m p u r i t i e s 
i n t r o d u c e d w i t h the s t a r t i n g m a t e r i a l , 

8.3. I n f r a r e d Quenching 

The i n f r a r e d q u e n c h i n g of the p h o t o c u r r e n t was measured w i t h 

the samples i l l u m i n a t e d w i t h p r i m a r y e x c i t a t i o n s u p p l i e d by a 

t u n g s t e n lamp, f i l t e r e d by two Chance HA 1 i n f r a r e d a b s o r b i n g 

f i l t e r s and a one c e n t i m e t r e p a t h l e n g t h of 10% copper s u l p h a t e 

s o l u t i o n . The quenching r a d i a t i o n was d e r i v e d from the output 

s l i t s of a B a r r and S t r o u d double p r i s m monochromator. The 

quenching r a d i a t i o n was s u c h t h a t i t s energy d e n s i t y was h e l d 
-7 -2 

c o n s t a n t at 4.10 uWcm at each w a v e l e n g t h . 

F o r a l l the samples i n v e s t i g a t e d i t was n e c e s s a r y to r e d u c e 

the p r i m a r y l i g h t i n t e n s i t y , u s i n g a 1% B a r r and S t r o u d n e u t r a l 

d e n s i t y f i l t e r , so t h a t a p p r e c i a b l e q u e n c h i n g c o u l d be o b s e r v e d , 
2 2 T h i s r e p r e s e n t e d a f l u x of a p p r o x i m a t e l y 10 lumens/(metre) 

i n c i d e n t on the sample from the p r i m a r y e x c i t a t i o n . 

Quenching measurements were made at 90°K and at room temper­

a t u r e on the samples d i s c u s s e d i n S e c t i o n s 8.2.2 and 8.2.4. The 

measure of q u e n c h i n g used i s the p e r c e n t a g e d e c r e a s e i n the 

p r i m a r y e x c i t e d phot oc'urrent . 
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The i n f r a r e d quenching d a t a f o r the two samples grown w i t h 

T ^ = 350°C were s i m i l a r . F i g u r e 8.3.1. curve ( a ) shows the 

quenching spectrum o b t a i n e d a t 90 K, and curve ( b ) t h a t at room 

tempe r a t u r e f o r one of these samples. 

The curves i n F i g u r e 8.3.2 i l l u s t r a t e the i n f r a r e d quenching 

at l i q u i d n i t r o g e n and room temperatures f o r the sample grown w i t h 

Tg = 45 0°C. The sample grown w i t h Tg = 300°C showed a s i m i l a r 

b a s i c s t r u c t u r e t o t h a t d e p i c t e d i n F i g u r e 8.3.2, though the two 

room temp e r a t u r e bands were not so w e l l d e f i n e d . 

By comparison of F i g u r e s 8.3.1 and 8.3.2, i t may be seen t h a t 

t he l o n g wavelength band, which was o n l y observed a t room temper­

a t u r e i n cadmium r i c h samples, a l s o o c c u r r e d at low t e m p e r a t u r e i n 

s u l p h u r r i c h samples. 

I n S e c t i o n 8.2.2 i t was demonstrated t h a t the s e n s i t i v i t y and 

l o n g wavelength s p e c t r a l response a t 90°K f o r the sample grown 

w i t h Tg =50°C c o u l d be i n c r e a s e d by i l l u m i n a t i o n from room temper­

a t u r e p r i o r t o the response measurement (see F i g u r e 8.2.3). 

F i g u r e 8.3.3 curve ( a ) shows t h e quenching spectrum, measured at 

90°K, a f t e r c o o l i n g the sample i n the dark from 388°K. Curve ( b ) 

shows the low t e m p e r a t u r e quenching a f t e r e x c i t a t i o n of the sample 

w i t h p r i m a r y i r r a d i a t i o n d u r i n g c o o l i n g from 388°K. Curve ( c ) i s 

the room temperature spectrum. 

Thus, i n t h e l e s s s e n s i t i v e s t a t e , curve ( a ) , the low temper­

a t u r e quenching i s s i m i l a r t o t h a t o b t a i n e d from the l e s s s e n s i t ­

i v e s u l p h u r r i c h samples, and i n the more s e n s i t i v e s t a t e , curve 

( b ) , the low temperature quenching resembles t h a t observed i n 

cadmium r i c h samples. 

T h e . e x p e r i m e n t a l r e s u l t s p r e s e n t e d i n t h i s s e c t i o n are 
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i n d i c a t i v e of two main quenching bands, which i s i n agreement w i t h 
o t h e r w o r k e r s . The s i m i l a r i t y of the room t e m p e r a t u r e bands 
suggests t h a t the same quenching mechanism occurs i n b o t h cadmium 
and s u l p h u r r i c h samples... The model which accounts f o r these two 
bands has been shown i n F i g u r e 8.1.1, where the l o n g wav e l e n g t h 
band i s caused by T r a n s i t i o n 1 and the s h o r t wavelength band by 
T r a n s i t i o n 2. From the quenching d a t a i n t h i s s e c t i o n t h e 
o p t i c a l T r a n s i t i o n 1 i s a p p r o x i m a t e l y 0.92 eV u s i n g the maximum of 
the l o n g wavelength band (1.35 urn). The t h r e s h o l d of the s h o r t 
w a v e l e n g t h band (1.05 urn) y i e l d s a v a l u e of 1.2 eV f o r T r a n s i t i o n 
2. These are s u b s t a n t i a l l y the same v a l u e s (0.89 eV and 1.1 eV) 
as g i v e n by Bube ( 1 9 6 0 ) , who d i s c u s s e d t h i s model i n d e t a i l . 
Bube i s of the o p i n i o n t h a t the l o n g w a v e l e n g t h band i s n o t seen 
at low t e m p e r a t u r e s , though both, bands are seen at room temper­
a t u r e (as i n F i g u r e 8.3.1). He assumed t h a t the th e r m a l i o n i s -
a t i o n of h o l e s from t h e Class 1 1 ^ c e n t r e s ( F i g u r e 8.1.1) o n l y 
becomes s i g n i f i c a n t a t e l e v a t e d t e m p e r a t u r e s . 

The h o l e d e m a r c a t i o n l e v e l (H.D.L.) f o r c e n t r e s 11, i s t h e 
b 

key parameter whic h determines v/hether o r not t h e r e i s a s i g n i f ­

i c a n t t h e r m a l i o n i s a t i o n of h o l e s t o t h e valenc e band. When t h e 

H.D.L. l i e s below t h e c e n t r e s , e l e c t r o n r e c o m b i n a t i o n i s more 

p r o b a b l e (see S e c t i o n 2 . 5 ) . The p r e s e n t r e s u l t s suggest t h a t , 

d u r i n g i n f r a r e d quenching a t 90°K, the H.D.L. f o r c e n t r e s 1 1 ^ l i e s 

above these c e n t r e s i n s u l p h u r r i c h samples and below them i n 

cadmium r i c h samples. 
4 

A v a l u e of the H.D.L., D^, ( f o r a c e n t r e w i t h a c a p t u r e c r o s s -
s e c t i o n S f o r h o l e s when f i l l e d w i t h e l e c t r o n s , and a ca.pture 

p 
c r o s s - s e c t i o n S f o r e l e c t r o n s when f i l l e d w i t h h o l e s ) has been 

n 

g i v e n i n S e c t i o n 2.5. The H.D.L. may a l s o be expressed i n the 

f o:rm 
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D = E, + k T l o g ( S /S ) p f n b p n 

To 

(3/2)kTlog(m h/m^) 8.3.1 

a f i r s t a p p r o x i m a t i o n m̂ /m̂  = 1 , so t h a t D depends on the 

e l e c t r o n Fermi l e v e l and the r a t i o S /S . 
P n 

Values of E r were c a l c u l a t e d f o r the samples d i s c u s s e d i n f n 
t h i s s e c t i o n from t h e i r p h o t o c o n d u c t i v i t y a t 90°K, when they were 

i l l u m i n a t e d w i t h the p r i m a r y e x c i t a t i o n used f o r the i n f r a r e d 

quenching measurements. ^ f n
 w a s e ^ *-or b°th of t h e more 

s e n s i t i v e cadmium r i c h samples. The l e s s s e n s i t i v e s u l p h u r r i c h 

samples y i e l d e d v a l u e s of E^ n of 0.17 eV and 0.19 eV. The sample 

grown w i t h Tg = 50°C gave v a l u e s of equal t o 0.16 eV and 0.2 

0.2 eV when i n i t s more and l e s s s e n s i t i v e s t a t e s r e s p e c t i v e l y . 

A c c o r d i n g t o the argument advanced above, the H.D.L. f o r 

c e n t r e s 1 1 ^ l i e s i n the r e g i o n of these c e n t r e s f o r v a l u e s of E ^ 

between 0.16 eV and 0.18 eV, under the above c o n d i t i o n s of 

measurement. Assuming t h a t S /S n f o r c e n t r e s 1 1 ^ i s between 1 
5 

and 10 , t h e n c e n t r e s 1 1 ^ are s e p a r a t e d f r o m the v a l e n c e band by 

0.16 eV t o 0.27 eV. From the o p t i c a l e n e r g i e s of T r a n s i t i o n s 1 

and 2, t h e c e n t r e s 1 1 ^ l i e 0.28 eV above t h e v a l e n c e band. Thus 

t h e r e i s q u a l i t a t i v e agreement between the t h e r m a l and o p t i c a l 

s e p a r a t i o n s of the c e n t r e s 11, from the v a l e n c e band. (The 
b 

thermal and o p t i c a l p o s i t i o n s of a c e n t r e are not n e c e s s a r i l y 

e q u a l , as w i l l be demonstrated i n S e c t i o n 8.4.) 
8.3.2. Derby Luminescent M a t e r i a l 

The i n f r a r e d quenching of samples grown from Derby powder 

a l s o gave anomalous r e s u l t s when compared w i t h the data r e c o r d e d 

f o r O ptran m a t e r i a l . As s t a t e d e a r l i e r ( S e c t i o n 8.2.4), the 
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s p e c t r a l response at 90°K f o r these two samples was anomalous, i n 
t h a t the cadmium ( s u l p h u r ) r i c h Derby sample resembled O p t r a n 
s u l p h u r (cadmium) r i c h samples. The low energy quenching band, a 
at low t e m p e r a t u r e s , a g a i n f o l l o w s t h i s p a t t e r n . 

F i g u r e s 8.3.4 and 8.3.5 show the low t e m p e r a t u r e and room 

temperature quenching f o r the samples grown w i t h Tg = 350°C and 

T ^ = 300°C r e s p e c t i v e l y . The low temperature quenching of the 

s u l p h u r (cadmium) r i c h Derby sample i s s i m i l a r t o t h a t shown f o r 

cadmium ( s u l p h u r ) r i c h O p t r a n samples. 

Values of E^ n were a g a i n c a l c u l a t e d f o r the Derby samples a t 

90°K under i r r a d i a t i o n f rom the i n f r a r e d quenching p r i m a r y source. 

The s u l p h u r r i c h sample y i e l d e d a v a l u e of 0.16 eV, and t h e 

cadmium r i c h sample an energy of 0.19 eV. These e n e r g i e s are 

s i m i l a r t o those found f o r O p t r a n samples when they showed the 

same low t e m p e r a t u r e quenching b e h a v i o u r . 

8.4. O p t i c a l Trap Emptying 

O p t i c a l t r a p emptying was s t u d i e d at 90°K u s i n g the same 

e x p e r i m e n t a l arrangement as t h a t employed t o d e t e r m i n e the 

s p e c t r a l response. The i l l u m i n a t i o n t o f i l l t he t r a p s was 

s u p p l i e d by a t u n g s t e n lamp, f i l t e r e d t o remove i n f r a r e d quenching 

r a d i a t i o n . 

A cadmium r i c h sample, grown w i t h T ^ = 350°C, was chosen f o r 

measurements of the o p t i c a l t r a p emptying of the t h r e e h i g h e s t 

t e m p e r a t u r e t r a p s , as t h i s sample showed most of the t r a p p i n g 

c e n t r e s d u r i n g the measurement of T.S.C. F i r s t i t was necessary 

t o empty the s h a l l o w t r a p s , as t h e i r t h e r m a l emptying c o n t r i b u t e d 

c o n s i d e r a b l y t o the measured c u r r e n t . 

A sample grown w i t h - 45 0°C was a l s o i n v e s t i g a t e d . The 
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l o w e r d e n s i t y o f t h e s h a l l o w t r a p s i n t h i s sample g r e a t l y r e d u c e d 

t h e i n t e r f e r e n c e a s s o c i a t e d w i t h t h e i r t h e r m a l e m p t y i n g . A f t e r 

a p e r i o d o f a p p r o x i m a t e l y 30 m i n u t e s i n t h e d a r k , t h e c u r r e n t 

a s s o c i a t e d w i t h t h e t h e r m a l e m p t y i n g o f t h e s h a l l o w t r a p s was o n l y 
-13 

3.10 amperes. The T.S.C. mea s u r e m e n t s o f s u c h samples showed 

a d o m i n a n t t r a p e m p t y i n g a t a p p r o x i m a t e l y 200°K, i t i s c o n c l u d e d 

t h e r e f o r e t h a t t h e t h r e s h o l d f o r o p t i c a l e m p t y i n g was a s s o c i a t e d 

w i t h t h i s c e n t r e . 

F i g u r e 8.4.1 c u r v e s ( a ) and ( b ) show t h e t y p i c a l v a r i a t i o n o f 

p h o t o c u r r e n t w i t h w a v e l e n g t h f o r o p t i c a l t r a p e m p t y i n g . P r e v i o u s 

m e a s u r e m e n t s o f t h e l o w t e m p e r a t u r e s p e c t r a l r e s p o n s e o f b o t h 

s a m p l e s y i e l d e d no d e t e c t a b - e c u r r e n t ( i . e . < 10 ^ a m p e r e s ) f o r 

w a v e l e n g t h s g r e a t e r t h a n t h e i m p u r i t y r e s p o n s e ( i . e . i n t h e r e g i o n 

0.5 um t o 0.8 um) when t h e sam p l e s were c o o l e d i n t h e d a r k f r o m 

388°K. I t f o l l o w s t h e r e f o r e t h a t t h e l o n g e r w a v e l e n g t h t h r e s ­

h o l d s d i s c u s s e d i n t h i s s e c t i o n a r e a s s o c i a t e d w i t h t r a p p e d 

e l e c t r o n s . I n t h e p r e s e n t w o r k , t h e o p t i c a l t r a p d e p t h was 
m e a s u r e d , somewhat a r b i t a r i l y , as t h e e n e r g y a t w h i c h t h e r e s p o n s e 

-13 
was 1.10 amperes above t h e b a c k g r o u n d c u r r e n t . 

The s p e c t r a l r e s p o n s e m e a s u r e m e n t s i l l u s t r a t e d i n F i g u r e 

8 . 4 . 1 ( a ) were o b t a i n e d a f t e r t h e cadmium r i c h sample h a d been 

i l l u m i n a t e d w h i l s t c o o l i n g f r o m 388°K, and t h e n h e a t e d i n t h e d a r k 

t o 246°K t o empty a l l b u t t h e t h r e e h i g h e s t t e m p e r a t u r e t r a p s . 

Two s e p a r a t e l y m e a s u r e d c u r v e s a r e shown i n F i g u r e 8 . 4 . . 1 ( a ) , w h i c h 

y i e l d e d a mean v a l u e o f 0.75 eV f o r t h e o p t i c a l t r a p d e p t h . The 

same t r a p d e p t h was f o u n d f r o m T.S.C. a n a l y s i s o f t h i s t r a p . 

The t h r e e s p e c t r a shown i n F i g u r e 8 . 4 . 1 ( b ) were m o n i t o r e d i n 

a s i m i l a r manner, e x c e p t i n g t h a t a l l b u t t h e two h i g h e s t t e m j j e r -

a t u r e t r a p s were e m p t i e d b e f o r e t h e r e s p o n s e was m e a s u r e d , by 

h e a t i n g t h e sample t o 268°K i n t h e d a r k . The p h o t o c u r r e n t a t 
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-13 1.10 amperes y i e l d e d a mean v a l u e o f 1.13 eV f o r t h e o p t i c a l 
t r a p d e p t h o f t h e c e n t r e f o r w h i c h t h e t h e r m a l a c t i v a t i o n e n e r g y 
was 0.5 3 eV. 

I n a f u r t h e r e x p e r i m e n t , t h e cadmium r i c h sample was h e a t e d 

t o 310°K, and t h e n c o o l e d t o 90°K, l e a v i n g o n l y t h e h i g h e s t 

t e m p e r a t u r e t r a p o c c u p i e d by e l e c t r o n s . From t h e mean v a l u e o f 
-1 3 

t h r e e s e p a r a t e d e t e r m i n a t i o n s o f t h e t h r e s h o l d a t 1.10 a m p e r e s , 

t h e o p t i c a l t r a p d e p t h o f t h i s c e n t r e was 1.21 eV compared w i t h a 

t h e r m a l t r a p d e p t h o f 0.60 eV. 

The s u l p h u r r i c h sample was i l l u m i n a t e d a t 90°K f o r f i v e 

m i n u t e s , and t h e n l e f t i n t h e d a r k f o r a f u r t h e r t h i r t y m i n u t e s 

p r i o r t o m easurement. A s s u m i n g t h e r e s p o n s e t o be a s s o c i a t e d 

w i t h t h e d o m i n a n t t r a p o b s e r v e d i n s u l p h u r r i c h s a m p l e s , w h i c h 

e m p t i e s a t a p p r o x i m a t e l y 200°K d u r i n g T.S.C. measurement, t h e 

o p t i c a l t r a p d e p t h was 0.60 eV. T h i s v a l u e was o b t a i n e d f r o m t h e 

mean o f t h r e e s e p a r a t e d e t e r m i n a t i o n s o f t h e r e s p o n s e t h r e s h o l d , 
-13 

a t a c u r r e n t l e v e l 1.10 amperes above t h e b a c k g r o u n d . The 

t h e r m a l a c t i v a t i o n e n e r g y o f t h i s c e n t r e was 0.44 eV. 

The r e s u l t s g i v e n i n t h i s s e c t i o n a r e shown i n T a b l e 8 . 4 . 1 , 

t o g e t h e r w i t h t h e v a l u e s f o u n d by A r k a d ' e v a ( 1 9 6 4 ) f o r a s h a l l o w 

t r a p . I t can be seen t h a t , e x c e p t f o r t h e t r a p y i e l d i n g a v a l u e 

o f 0.75 eV f o r b o t h o p t i c a l t r a p d e p t h ( ^ 0 p ) a n c l t h e r m a l t r a p 

d e p t h ( E j . n ) > t h e r a t i o ^ 0 p / ^ ^ - n
 1 S g r e a t e r t h a n u n i t y . Such a 

r e s u l t i s n o t u n e x p e c t e d f o r p o l a r c r y s t a l s c o n t a i n i n g e l e c t r o n 

t r a p s w h i c h a r e p o s i t i v e l y c h a r g e d when empty. Because t h e 

c h a r g e d t r a p d i s t o r t s t h e s u r r o u n d i n g l a t t i c e , t h e minimum o f t h e 

e l e c t r o n e n e r g y - c o o r d i n a t e s y s t e m o f t h e c e n t r e does n o t c o r r e s p o n d 

t o t h e p o s i t i o n o f t h e e l e c t r o n e n e r g y minimum i n t h e s u r r o u n d i n g 

l a t t i c e . F i g u r e 8 „ 4 „ 2 shows a q u a l i t a t i v e p i c t u r e o f t h e 
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TABLE 8.4.1 

The O p t i c a l and T h e r m a l T r a p D e p t h s o f f i v e E l e c t r o n T r a p s 

P r e s e n t Work A r k a d 1 e v a 
( 1964) 

Opt i c a l 
T r a p 
D e p t h 
i n eV 

0.60 0.75 1.13 1.21 0. 32 

T h e r m a l 
T r a p 
D e p t h 
i n eV 

0.44 0.75 0.53 0.60 0. 18 
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e n e r g y - c o o r d i n a t e a r r a n g e m e n t o f t h e c e n t r e and t h e c o n d u c t i o n 
band i n t h e s u r r o u n d i n g l a t t i c e , where A, B, C and D a r e c a r d i n a l 
p o i n t s . A and D a r e t h e e n e r g y m i n i m a o f t h e e l e c t r o n s i n t h e 
c o n d u c t i o n b a n d and t h e c e n t r e r e s p e c t i v e l y . B (C) i s t h e p o i n t 
on t h e e n e r g y - c o o r d i n a t e s y s t e m f o r t h e c o n d u c t i o n band ( c e n t r e ) 
w h i c h c o r r e s p o n d s t o t h e same c o o r d i n a t e p o i n t as t h e c e n t r e 
( c o n d u c t i o n b a n d ) e n e r g y minimum. T r a n s i t i o n s DA, DB and AC 
c o r r e s p o n d t o t h e e n e r g i e s f o r t h e r m a l e m p t y i n g ( E ^ ) , o p t i c a l 
e m p t y i n g ( E ^ ) and e m i s s i o n ( E e m ) r e s p e c t i v e l y . 

H o o g e n s t r a a t e n ( 1 9 5 8 ) has c o n s i d e r e d s u c h a m o d e l , and f r o m a 

s e m i - c l a s s i c a l a n a l y s i s o f t h e p o l a r i s a t i o n c a u s e d by a c h a r g e d 

c e n t r e i n p o l a r c r y s t a l s , d e r i v e d t h e f o l l o w i n g e x p r e s s i o n s :-

E t h = ( l / 2 ) m e [ z / c + 5 c / l 6 ] 2 8.4.1 

E Q p = ( l / 2 ) m ^ [ z / c + 1 5 / l 6 ] [ z / e + 5 c / l 6 ] 8.4.2 

E o m = ( 1/2 W [ z / e ] 2 8.4.3 em e 1 ' 

where m^ i s t h e e l e c t r o n e f f e c t i v e mass, z i s t h e c h a r g e on t h e 

c e n t r e , and c and € Q a r e t h e s t a t i c and o p t i c a l d i e l e c t r i c 

c o n s t a n t s r e s p e c t i v e l y s uch t h a t c i s g i v e n by 

c = 1/e + l/€ 8.4.4 o 

(The above e q u a t i o n s a r e e x p r e s s e d i n u n i t s w h i c h were o r i g i n a l l y 

p r o p o s e d by H a r t r e e ( 1 9 2 8 ) such t h a t e = m = h = 1, and where t h e 

u n i t o f l e n g t h , a Q , = 0.529 A° and t h e u n i t o f e n e r g y i s 17.2 eV.) 

From t h e above e q u a t i o n s E 0 p / E t n - R m a y D e w r i t t e n i n t h e 
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f o r m 

z/cc = ( 5 / 1 6 ) ( 3 - R ) / ( R - 1) 8.4.5 

A s s u m i n g t h a t € q = 5.85 a n d € = 11.6 f o r CdS, a p l o t o f z v e r s u s 

R i s shown i n F i g u r e 8.4,3. Thus f o r a c e n t r e w h i c h i s s i n g l y 

p o s i t i v e l y c h a r g e d , R = 1.45, E t h = 0.034 eV, E Q p = 0.049 eV and 

E = 0.02 0 eV ( w h e r e m 1 = 0.2 m ) . em e e 

F o r t h e t r a p s shown i n T a b l e 8 . 4 . 1 , z l i e s b e t w e e n 0.6 and 1 , 

e x c e p t i n g t h e c e n t r e w h i c h gave b o t h t h e r m a l and o p t i c a l e n e r g i e s 

o f 0.75 eV. However, t h i s c e n t r e has b e e n shown t o be u n u s u a l as 

i n some cases i t s d e n s i t y c a n v a r y w i t h i l l u m i n a t i o n t r e a t m e n t 

p r i o r t o T . S . C . measurement ( s e e S e c t i o n 6 . 3 ) , m o r e o v e r i t has a 

h i g h e r t h e r m a l a c t i v a t i o n e n e r g y ( f r o m T.S.C. m e a s u r e m e n t ) t h a n 

w o u l d be e x p e c t e d f r o m t h e t e m p e r a t u r e a t w h i c h t h e T.S.C. maximum 

o c c u r s . 

8.5. D i s c u s s i o n 

I t has b e e n d e m o n s t r a t e d i n t h i s c h a p t e r t h a t s a m p l e s grown 

i n cadmium r i c h c o n d i t i o n s a r e more p h o t o s e n s i t i v e t h a n t h o s e 

g r o w n i n s u l p h u r r i c h c o n d i t i o n s . The l o n g w a v e l e n g t h s p e c t r a l 

r e s p o n s e e x t e n d s t o l o n g e r w a v e l e n g t h s i n cadmium r i c h s a m p l e s . 

The i n f r a r e d q u e n c h i n g o f s u l p h u r r i c h s a m p l e s shows b o t h q u e n c h ­

i n g b ands a t l i q u i d n i t r o g e n t e m p e r a t u r e s , where cadmium r i c h 

s a m p l e s show o n l y t h e s h o r t w a v e l e n g t h b a n d . 

The s i m p l e model shown i n F i g u r e 8.1.1 i s s u f f i c i e n t t o 

e x p l a i n q u a l i t a t i v e l y t h e i n f r a r e d q u e n c h i n g phenomena. The 

s i m i l a r i t y o f t h e i n f r a r e d q u e n c h i n g d a t a a t room t e m p e r a t u r e , f o r 

a l l t h e sam p l e s i n v e s t i g a t e d , s u g g e s t s t h a t t h e q u e n c h i n g mechan­

i s m i s b a s i c a l l y the. same. The u p p e r l y i n g C l a s s 11 c e n t r e s l i e 
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o p t i c a l l y 1.2 eV above t h e v a l e n c e b a n d . O p t i c a l m e a s u r e m e n t s 

a l s o show t h a t t h e C l a s s 11, c e n t r e s l i e 0.28 eV above t h e v a l e n c e 
D 

b a n d . C a l c u l a t i o n s , w h i c h a r e d e s c r i b e d i n S e c t i o n 8 . 3 . 1 , 

s u g g e s t t h a t t h e t h e r m a l i o n i s a t i o n e n e r g y o f t h e C l a s s 1 1 ^ c e n t r e 

c e n t r e s l i e s i n t h e r e g i o n 0.16 eV t o 0.27 eV ( a s s u m i n g t h a t Sp/S^ 
5 

f o r t h e s e c e n t r e s i s b e t w e e n 1 and 10 and m, /m' = 1 ) . 

n e 

An e s t i m a t e o f t h e t h e r m a l p o s i t i o n o f t h e C l a s s l l a c e n t r e s 

above t h e v a l e n c e b a n d may be o b t a i n e d f r o m a k n o w l e d g e o f t h e 

p o s i t i o n o f t h e F e r m i l e v e l a t t h e o n s e t o f t h e r m a l q u e n c h i n g o f 

p h o t o c u r r e n t . ( U n d e r t h e s e c o n d i t i o n s , t h e H.D.L. f o r t h e C l a s s 
11 c e n t r e s w i l l l i e i n t h e r e g i o n o f t h e s e c e n t r e s . ) U s i n g a 
E q u a t i o n 8 . 3 . 1 , a n d a s s u m i n g t h a t S / f o r t h e Clasps 11& c e n t r e s 

7 
i s 10 , and m, /m' = 1. t h e H.D.L. was c a l c u l a t e d a t t h e o n s e t o f ' h e ' 
t h e r m a l q u e n c h i n g f o r a cadmium r i c h s a m p l e g r o w n w i t h = 350°C 

and f o r a s u l p h u r r i c h s ample g r o w n w i t h Tg = 450°C. I n b o t h 

c a s e s t h e c a l c u l a t i o n s y i e l d e d a v a l u e f o r t h e H.D.L. i n t h e 

r e g i o n o f 0.85 eV. ( I t has been r e p o r t e d b y D u s s e l and Bube 

( 1966) t h a t , f o r c e r t a i n t r a p d i s t r i b u t i ons , s u c h a c a l c u l a t i o n c a n 

be i n e r r o r . H owever, t h e e f f e c t o f t h e t r a p s c a u s e s a d e c r e a s e 

i n t h e e c t i m a t e d t h e r m a l a c t i v a t i o n e n e r g y o f t h e s e n s i t i s i n g 

c e n t r e s . I n t h e exa m p l e c i t e d by D u s s e l a n d Bube t h e d e c r e a s e 

was f r o m 0.74 eV, w h i c h i s s u b s t a n t i a l l y t h e v a l u e g i v e n a b o v e , t o 

a v a l u e o f 0.41 eV.) 

I t f o l l o w s t h a t t h e t h e r m a l and o p t i c a l p o s i t i o n o f t h e C l a s s 

l l a c e n t r e s a r e n o t t h e same. From F i g u r e 8.4.3, w h i c h shows t h e 

r a t i o o f ̂ ^ / E ^ f o r c e n t r e s i n CdS w i t h a c h a r g e z, t h e r a t i o 

1.41 i s commensurate w i t h a c e n t r e h a v i n g a p p r o x i m a t e l y a s i n g l e 

n e g a t i v e c h a r g e . ( A l t h o u g h t h e c u r v e d e p i c t e d i n F i g u r e 8.4.3 

was c a l c u l a t e d f o r t h e a n a l y s i s o f e l e c t r o n t r a p s , t h e e x p r e s s i o n s 

f r o m w h i c h i t v/as d e r i v e d c o n t a i n o n l y t h e o p t i c a l and s t a t i c 
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d i e l e c t r i c c o n s t a n t s , so t h a t i t i s e q u a l l y w e l l a p p l i c a b l e t o 

h o l e t r a p s . ) The d i f f e r e n c e b e t w e e n t h e o p t i c a l and t h e r m a l 

s e p a r a t i o n o f t h e C l a s s 1 1 & c e n t r e s f r o m t h e v a l e n c e b a n d i m p l i e s 

t h a t t h e i r p o s i t i o n when f i l l e d w i t h e l e c t r o n s w i l l a l s o be 

d i f f e r e n t f r o m t h a t when t h e y a r e empty. 

The l o n g w a v e l e n g t h t h r e s h o l d o f p h o t o c o n d u c t i v i t y i n d i c a t e s 

t h e e n e r g e t i c l e v e l t o w h i c h c e n t r e s a r e f i l l e d by e l e c t r o n s i n 

t h e d a r k . F o r cadmium r i c h s a m p l e s t h i s e n e r g y was a p p r o x i m a t e l y 

0.85 eV ( a b o v e t h e v a l e n c e b a n d ) a n d f o r s u l p h u r . r i c h s a mples t h e 

v a l u e was a p p r o x i m a t e l y 0.43 eV. Of p a r t i c u l a r i n t e r e s t i s t h e 

o c c u p a n c y o f t h e C l a s s 1 and C l a s s 11 c e n t r e s . F r o m t h e v a l u e s 

f o u n d f o r E., and E f o r t h e C l a s s 11 c e n t r e s i t i s c o n c l u d e d t h op a 
t h a t z = 1 , E q u a t i o n 8.4.3 was u s e d u s e d t o c a l c u l a t e E , t h e 

em 

e m i s s i o n e n e r g y f o r e l e c t r o n s f r o m t h e C l a s s l l a c e n t r e s t o t h e 

v a l e n c e b a n d , The h o l e e f f e c t i v e mass was o b t a i n e d f r o m E q u a t i o n 

8 . 4 . 1 , and y i e l d e d a v a l u e o f E g m o f a p p r o x i m a t e l y 0.6 eV. Where 

i t i s assumed t h a t t h e o p t i c a l e x c i t a t i o n o f e l e c t r o n s f r o m t h e 
C l a s s 11 c e n t r e s t o t h e c o n d u c t i o n b a n d c o r r e s p o n d s , t o an e n e r g y a 
o f E - E ( 1 . 9 e V ) . t h e n i t must be p r e s u m e d t h a t t h e C l a s s 11 g em v '' y a 
c e n t r e s a r e s u b s t a n t i a l l y f i l l e d w i t h e l e c t r o n s i n cadmium r i c h 

s a m p l e s , and s u b s t a n t i a l l y empty i n s u l p h u r r i c h s a m p l e s . Such a 

s i t u a t i o n w o u l d e x p l r . i n t h e g r e a t e r s e n s i t i v i t y o f t h e cadmium 

r i c h s a m p l e s . 

The i n c r e a s e i n s e n s i t i v i t y o f t h e two s a m p l e s d i s c u s s e d i n 

S e c t i o n 8.2.2 may a l s o be q u a l i t a t i v e l y e x p l a i n e d i n t e r m s o f t h e 

o c c u p a n c y o f t h e C l a s s 11 c e n t r e s . F o r t h e s a m p l e s g r o w n w i t h 

T Q = 50°C ( F i g u r e 8.2.3) t h e r e i s a m a r k e d i n c r e a s e i n t h e i m p u r 
a 

_ n n ° r f r-i « -> \ 

i t y r e s p o n s e ( c u r v e ( b ) ) f o l l o w i n g t h e i l l u m i n a t i o n t r e a t m e n t 

w h i c h c a u s e d t h e sens :i. t i s a t i o n . T h i s i n d i c a t e s t h a t t h e s e n s i t -

i s a t i o n was a c h i e v e d by d e c r e a s i n g t h e number o f a v a i l a b l e c e n t r e s 
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f o r t h e r e c o m b i n a t i o n o f e l e c t r o n s . (A p o s s i b l e e x p l a n a t i o n o f 

t h e s e n s i t i s a t i o n phenomenon o f t h e Tg = 50°C sample has b e e n 

g i v e n i n S e c t i o n 6.2, w h ere a s e t o f h o l e t r a p s v/as p o s t u l a t e d , 

s u c h t h a t each t r a p was s u r r o u n d e d by a p o t e n t i a l b a r r i e r . U n d e r 

i l l u m i n a t i o n a t l o w t e m p e r a t u r e s o n l y , t h e h o l e t r a p s c a n n o t 

c a p t u r e a s i g n i f i c a n t number o f h o l e s , b e c a u s e t h e y have t o 

s u r m o unt t h e b a r r i e r . F o l l o w i n g i l l u m i n a t i o n f r o m e l e v a t e d 

t e m p e r a t u r e s , t h e h o l e t r a p s w i l l be f i l l e d . Where h o l e s a r e 

d i s t r i b u t e d b e t w e e n t h e h o l e t r a p s and t h e C l a s s l l a c e n t r e s , 

i l l u m i n a t i o n a t h i g h t e m p e r a t u r e s w i l l d e c r e a s e t h e o c c u p a n c y o f 

t h e C l a s s 11 c e n t r e s by h o l e s and t h u s i n c r e a s e t h e f r e e e l e c t r o n a 1 

l i f e t i m e b y r e d u c i n g r e c o m b i n a t i o n v i a t h e C l a s s l l a c e n t r e s . ) 

The cadmium r i c h s a m p l e s g r o w n w i t h T = 350°C d i d n o t show 

s u c h a p r o n o u n c e d i n c r e a s e i n t h e l o n g w a v e l e n g t h r e s p o n s e a f t e r 

s e n s i t i s a t i o n . However, r e f e r e n c e t o F i g u r e 8.2.2 shows t h a t 

a f t e r s e n s i t i s a t i o n ( c u r v e ( b ) ) t h e r e i s a r e l a t i v e i n c r e a s e a t 

0.62 um ( m a r k e d A i n t h e f i g u r e ) c o m p a r e d w i t h t h e r e s p o n s e a t 

0.52 um ( B ) . Where t h e r e s p o n s e i n t h e r e g i o n A i s due t o 

o p t i c a l e x c i t a t i o n o f e l e c t r o n s f r o m t h e C l a s s l l a c e n t r e s , and 

t h e r e g i o n B due t o o p t i c a l e x c i t a t i o n o f e l e c t r o n s f r o m a s h a l l o w 

c e n t r e l y i n g n e a r t o t h e v a l e n c e b a n d , t h e s e n s i t i s a t i o n may be 

e x p l a i n e d i n t e r m s o f t h e r e d i s t r i b u t i o n o f e l e c t r o n s f r o m t h e 

s h a l l o w c e n t r e s t o t h e C l a s s 11 c e n t r e s . 

a 

The l o w t e m p e r a t u r e i n f r a r e d q u e n c h i n g o b s e r v e d i n s u l p h u r 

r i c h s a m p l e s ( s e e F i g u r e 8.3.2) does n o t show t h e two m a i n bands 

c l e a r l y . I t w o u l d a p p e a r t h a t a t h i r d b a n d i s p r e s e n t w i t h a 

maximum i n t h e r e g i o n o f 1.2 um, w h i c h c o r r e s p o n d s t o an o p t i c a l 

t r a n s i t i o n o f 1.05 eV. T h i s p l a c e s t h e c e n t r e f r o m w h i c h t h e 

e l e c t r o n i s e x c i t e d a t 0,15 eV above t h e v a l e n c e b a n d . Such a 
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c e n t r e may be t h a t w h i c h was u s e d t o e x p l a i n t h e s e n s i t i s a t i o n o f 

t h e cadmium r i c h s a mples a f t e r i l l u m i n a t i o n , d i s c u s s e d i n t h e 

p r e v i o u s p a r a g r a p h . 

The o b s e r v a t i o n o f o p t i c a l q u e n c h i n g i n v o l v i n g two m a i n 

c e n t r e s ( e . g . T r a n s i t i o n 1 i n F i g u r e 8.1.1) presumes t h a t t h e 

c e n t r e s a r e i n c l o s e p r o x i m i t y , b e c a u s e t h e t r a n s i t i o n does n o t 

i n v o l v e a c a r r i e r e n t e r i n g e i t h e r t h e c o n d u c t i o n o r v a l e n c e b a n d s * 

The two q u e n c h i n g bands h a v e b e e n i n t e r p r e t e d , by B o y n ( 1 9 6 8 ) and 

o t h e r w o r k e r s , i n t e r m s o f t h e C l a s s 1 1 ^ c e n t r e b e i n g an e x c i t e d 

s t a t e ( f o r a h o l e ) o f t h e C l a s s 11 c e n t r e . . . The p r e s e n t o b s e r v -

a t i o n s a r e c o n s i s t e n t w i t h s uch a m o d e l . ( I n t h i s c a s e , t h e 

o p t i c a l q u e n c h i n g r a d i a t i o n f o r t h e l o n g w a v e l e n g t h b a n d e x c i t e s 

h o l e s f r o m t h e C l a s s 11 c e n t r e s t o t h e C l a s s 11, c e n t r e s . 
a b 

Q u e n c h i n g i s o b s e r v e d when t h e o p t i c a l l y e x c i t e d h o l e s c a n be 

t h e r m a l l y s t i m u l a t e d t o t h e v a l e n c e b a n d . ) 

The p r e c i s e n a t u r e o f t h e C l a s s 11 c e n t r e s i * l CdS i s n o t 

known a t t h e p r e s e n t t i m e . B o y n ( 1 9 6 8 ) has s t u d i e d t h e o p t i c a l 

a b s o r p t i o n o f CdS h e a t t r e a t e d i n cadmium and s u l p h u r , a n d 

c o n c l u d e d t h a t cadmium i n t e r s t i t i a l s a n d v a c a n c i e s a r e t h e d o m i n ­

a n t n a t i v e d e f e c t s . He s u g g e s t e d t h a t t h e cadmium v a c a n c y 

c o n t a i n i n g a s i n g l e e l e c t r o n i s t h e s e n s i t i s i n g r e c o m b i n a t i o n 

c e n t r e . A b s o r p t i o n c o r r e s p o n d i n g t o t h e two i n f r a r e d q u e n c h i n g 

bands was o n l y f o u n d i n s u l p h u r r i c h s a m p l e s , w h i c h s u p p o r t s h i s 

a r g u m e n t t h a t t h e C l a s s 11 c e n t r e i s a cadmium v a c a n c y . I n t h i s 

c h a p t e r i t has b e e n shown t h a t t h e o c c u p a n c y o f t h e C l a s s 1 1 ^ 

c e n t r e s b y e l e c t r o n s i s g r e a t e r i n cadmium r i c h s a m p l e s . T h i s 

a g a i n i n d i c a t e s t h a t t h e o b s e r v a t i o n o f t h e q u e n c h i n g bands i n 

a b s o r p t i o n s h o u l d be more l i k e l y i n s u l p h u r r i c h s a m p l e s . 

Bube and C a r d o n ( 1 9 6 4 ) f o u n d t h a t t h e e l e c t r o n c a p t u r e c r o s s -
-21 2 

s e c t i o n f o r t h e s e n s i t i s i n g c e n t r e s i s o f t h e o r d e r o f 10 cm . 
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Because o f t h e weak t e m p e r a t u r e dependence o f t h e c a p t u r e c r o s s -

s e c t i o n , t h e y s u g g e s t e d t h a t t h e l i k e l y r e c o m b i n a t i o n m e c h a n i s m 

was r a d i a t i v e r e c o m b i n a t i o n a t a n e u t r a l c e n t r e . L a t e r w o r k b y 

H e m i l a and Bube ( 1 9 6 7 ) s u g g e s t s t h a t t h e C l a s s 11 c e n t r e s a r e 

c o m p l e x i n n a t u r e , and a l s o t h a t more t h a n one c e n t r e may be 

i n v o l v e d . 

The c a l c u l a t i o n s d e s c r i b e d e a r l i e r i n t h i s s e c t i o n , r e l a t i n g 

t o t h e r a t i o o f t h e o p t i c a l and t h e r m a l s e p a r a t i o n o f t h e C l a s s 

l l a c e n t r e s f r o m t h e v a l e n c e b a n d , a r e c o m p a t i b l e w i t h t h e C l a s s 

11 c e n t r e h a v i n g a s i n g l e n e g a t i v e c h a r g e when o c c u p i e d by an 

e l e c t r o n . When t h e C l a s s 11 c e n t r e i s b e h a v i n g . a s a r e c o m b i n -
a 

a t i o n c e n t r e f o r e l e c t r o n s , i t w i l l be a p p r o x i m a t e l y n e u t r a l i n 

c h a r g e , w h i c h a g r e e s w i t h t h e h y p o t h e s i s o f Bube a n d C a r d o n . I t 

i s n o t p o s s i b l e t o e x p l a i n t h e s m a l l c a p t u r e c r o s s - s e c t i o n f o r 

t h i s n e u t r a l c e n t r e , t h o u g h i t w o u l d a p p e a r u n l i k e l y t h a t t h e 

c e n t r e i s s i m p l e i n n a t u r e . 

The t h e r m o e l e c t r i c power m e a s u r e m e n t s made by L a w r a n c e and 

Bube ( 1 9 6 8 ) ( s e e S e c t i o n 2 . 1 0 ) , u n d e r c o n d i t i o n s o f i l l u m i n a t i o n 

c o r r e s p o n d i n g t o t h o s e u s e d f o r t h e i n f r a r e d q u e n c h i n g o f t h e 

p h o t o c u r r e n t , a r e a l s o e x p l i c a b l e i n t e r m s o f t h e p r e s e n t model 

f o r t h e C l a s s 11 c e n t r e s . T h e i r o b s e r v a t i o n o f an i n c r e a s e i n 
a 

t h e n e g a t i v e t h e r m o e l e c t r i c power w i t h o p t i c a l q u e n c h i n g r a d i a t i o n 

s u g g e s t s a p o l a r i s a t i o n e f f e c t , v /hich w o u l d o c c u r w i t h s e n s i t i s i n g 

c e n t r e s o f t h e t y p e d i s c u s s e d a b o v e . 

The anomalous s p e c t r a l r e s p o n s e and i n f r a r e d q u e n c h i n g o f t h e 

b o u l e c r y s t a l s g r o w n f r o m D e r b y m a t e r i a l c a n o n l y be i n t e r p r e t e d 

i n t e r m s o f t h e p r e s e n c e o f o t h e r r e c o m b i n a t i o n c e n t r e s and h o l e 

t r a p s a s s o c i a t e d v / i t h i m p u r i t i e s . Y o s h i z a w a ( 1968) f o u n d a 

f u r t h e r q u e n c h i n g band a t 0.575 um ( 2 . 1 5 eV) i n CdS doped w i t h 
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p h o s p h o r o u s . ( T h e o b s e r v a t i o n o f s u c h q u e n c h i n g d u r i n g t h e 

p r e s e n t w o r k w o u l d have b e e n o b s c u r e d by t h e i n c r e a s e i n t h e 

p h o t o c u r r e n t , due t o i m p u r i t y r e s p o n s e , a t such w a v e l e n g t h s . ) He 

s u g g e s t e d t h a t t h e p h o s p h o r o u s s u b s t i t u t e d f o r s u l p h u r . 

I n F i g u r e 8.3.5, a t h i r d q u e n c h i n g b a n d may be seen i n t h e 

s p e c t r a l r a n g e 1.60 um t o 2.00 urn. Because o f t h e number o f 

i m p u r i t i e s p r e s e n t , i t i s n o t p o s s i b l e t o a s s i g n t h i s t o any 

p a r t i c u l a r i m p u r i t y f r o m t h i s r e s u l t a l o n e . However, t h i s sample 

was i n t e n t i o n a l l y d oped w i t h s o d i u m t o a l e v e l o f 2 p.p.m. The 

s u l h p u r r i c h sample shown i n F i g u r e 8.3.2 a l s o shows t h i s b a n d , 

and mass s p e c t r o g r a p h i c a n a l y s i s i n d i c a t e d a s i m i l a r c o n c e n t r a t i o n 

o f s o d i u m . T h u s , t h e t h i r d q u e n c h i n g b a n d may be a s s o c i a t e d w i t h 

s o d i u m . 
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CHAPTER 9 

INFRA-RED LUMINESCENCE 

9 . 1 . I n t r o d u c t i o n 

The i n f r a r e d l u m i n e s c e n c e ( I . R . L . ) i n t h e s p e c t r a l r a n g e 

0.65 urn t o 2.50 urn was m e a s u r e d a t l i q u i d n i t r o g e n t e m p e r a t u r e s 

f o r a number o f samp l e s f o r w h i c h t h e T.S.C. and p h o t o c o n d u c t i v i t y 

h a d a l s o b e e n s t u d i e d . I n a d d i t i o n , a f e w s e m i - c o n d u c t i n g 

s a m p l e s a n d some l i g h t l y d o p e d s a m p l e s w e r e i n v e s t i g a t e d . I n a l l 

t h e s a m p l e s t h e change i n t h e i n t e n s i t y o f each o f t h e m a i n l u m i n ­

e s c e n t bands was m o n i t o r e d , as t h e t e m p e r a t u r e was i n c r e a s e d f r o m 

85°K t o 388°K. 

The e x p e r i m e n t a l a r r a n g e m e n t f o r t h e measurement o f I.R.L. i s 

d e s c r i b e d i n C h a p t e r 4. 

9.2. I.R.L. f r o m P h o t o c o n d u c t i n g O p t r a n Samples 

F i g u r e 9.2.1 c u r v e s ( a ) and ( b ) show t h e I.R.L. e m i s s i o n , 

o b s e r v e d a t 85°K, f r o m t w o cadmium r i c h s a mples g r o w n w i t h T ^ = 

350°C. F i g u r e s 9.2.2 a n d 9.2.3 show t h e I.R.L., a t 85°K, f r o m 

two s u l p h u r r i c h s a mples g r o w n w i t h s u l p h u r r e s e r v o i r s a t 300°C 

and 450°C r e s p e c t i v e l y . 

A l l t h e p h o t o c o n d u c t i n g s a m p l e s showed t h e band w i t h a 

maximum a t 1.02 urn, a n d t h e s t r u c t u r e d l u m i n e s c e n c e i n t h e r e g i o n 

1.60 um t o 2.00 |.im, w h i c h c o m p r i s e d two pea k s a t 1.60 um and 

1.83 um t o g e t h e r w i t h a s h o u l d e r a t a p p r o x i m a t e l y 2.00 um. The 

cadmium r i c h samples a l s o y i e l d e d an e m i s s i o n c e n t r e d on 0.70 um 

w h i c h was n o t o b s e r v e d w i t h s u l p h u r r i c h c r y s t a l s . The r e p l i c a 

o f t h e 1.60 |.im t o 2.00 urn e m i s s i o n , w h i c h was l o c a t e d a t 2.00 um 

t o 2.50 um ( F i g u r e 9 . 2 . 3 ) , was o u l y o b s e r v e d t o a m a r k e d e x t e n t i n 
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one undoped sample ( T g = 450°C) and i n one impure sample w h i c h i s 
d e s c r i b e d i n S e c t i o n 9.4. The r e p l i c a e m i s s i o n c o n t a i n e d two 
peaks c e n t r e d on 2.12 urn and 2.33 urn. S i m i l a r l o n g w a v e l e n g t h 
I . R . L . has been r e p o r t e d by B r y a n t and Cox ( 1 9 6 6 ) , and i s 
d i s c u s s e d a t the end of t h i s c h a p t e r . 

Two s i m p l e models to e x p l a i n the t e m p e r a t u r e q u e n c h i n g of 

l u m i n e s c e n c e a r e i l l u s t r a t e d i n F i g u r e 9.2.4 ( a ) and ( b ) . The 

quenching i n F i g u r e 9 . 2 . 4 ( a ) r e s u l t s from the t h e r m a l e x c i t a t i o n 

of an e l e c t r o n from t h e v a l e n c e band t o an empty l u m i n e s c e n t 

c e n t r e s i t u a t e d a t an e n e r g y E ^ above the v a l e n c e band. As a 

r e s u l t , r e c o m b i n a t i o n of c o n d u c t i o n e l e c t r o n s w i t h the c e n t r e i s 

r e d u c e d . I n the second model, the e m i s s i o n a s s o c i a t e d w i t h an 

e l e c t r o n t r a n s i t i o n from a l o c a l i s e d l e v e l t o a l u m i n e s c e n t c e n t r e 

may be quenched, as shown i n F i g u r e 9 . 2 . 4 ( b ) , when the e l e c t r o n 

i n the e x c i t e d s t a t e i s t h e r m a l l y i o n i s e d t o t h e c o n d u c t i o n band. 

F o r b o t h t r a n s i t i o n s , the dependence of the l u m i n e s c e n t e f f i c i e n c y 

T)j^, on t e m p e r a t u r e may be e x p r e s s e d as 

7)T = 1/(1 + C e x p ( E . / k T ) ) 9.2.1 

where E . = E . f o r the f i r s t model and E . = E . , the t r a p or e x c i t e d l A l t ' \ 
s t a t e i o n i s a t i o n energy i n t h e second. The v a r i a t i o n of T} ̂  v / ith 

t e m p e r a t u r e , a c c o r d i n g to E q u a t i o n 9.2.1, i s shown i n F i g u r e 

9 . 2 . 4 ( c ) . The i n t e n s i t y of l u m i n e s c e n t e m i s s i o n , I , w i l l 

o b v i o u s l y v a r y i n a s i m i l a r 1 manner. 

C u r v e s ( a ) to ( d ) i n F i g u r e 9.2.5 a r e the i n t e n s i t i e s of the 

0.7 0 urn, l-02um, 1.60 jam and 1.8 3 urn e m i s s i o n s r e s p e c t i v e l y 

p l o t t e d a g a i n s t t e m p e r a t u r e f o r one of the cadmium r i c h = 350 

350°C) s a m p l e s . The thermal quenching of the 0.70 urn e m i s s i o n i n 

the cadmium r i c h samples above 300°K a p p r o x i m a t e s to the s i m p l e 
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r e l a t i o n s h i p , E q u a t i o n 9.2.1, so t h a t a p l o t of l o g [ ( I - I™)/^] 
v e r s u s the r e c i p r o c a l of t e m p e r a t u r e s h o u l d y i e l d a s t r a i g h t l i n e , 
from w h i c h the a c t i v a t i o n energy of the q u e nching p r o c e s s c a n be 
o b t a i n e d . F i g u r e 9.2.6 c u r v e s ( a ) and ( b ) a r e two s u c h p l o t s f o r 
the 0.70 |im e m i s s i o n from d i f f e r e n t cadmium r i c h b o u l e s . The 
s l o p e s of the l i n e s y i e l d a c t i v a t i o n e n e r g i e s of 0.56 eV and 
0.58 eV. • 

I n c o n t r a s t , the 1.02 urn e m i s s i o n was found t o i n c r e a s e i n 

i n t e n s i t y , w i t h i n c r e a s i n g t e m p e r a t u r e , i n the range where the 

0.70 um e m i s s i o n was quenched i n cadmium r i c h samples ( F i g u r e 

9 . 2 . 5 ) . 

The s i m i l a r i t y of t he t h e r m a l q u e n c h i n g of the I . R . L . bands 

c e n t r e d on 1.60 um and 1.83 urn c a n be s e e n i n F i g u r e 9.2.5. 

T h e i r i n t e n s i t y d e c r e a s e d a s the t e m p e r a t u r e was r a i s e d from 85"K, 

so t h a t a t r u e v a l u e of I c o u l d not be measured. However, 
max 

from E q u a t i o n 9.2.1, when 1 + C e x p ( - E ^ / k T ) >> 1, then the l u m i n ­

e s c e n t e m i s s i o n i n t e n s i t y a t t e m p e r a t u r e T c a n be e x p r e s s e d a s 

I T « e x p ( E . / k T ) 8.2.2 

Thus a p l o t of l o g ( I , p ) v e r s u s 1/T s h o u l d y i e l d an a c t i v a t i o n 

e n e r g y f o r the q u e n c h i n g p r o c e s s . 

F i g u r e 9.2.7 shows t h i s p l o t f o r the 1.60 urn e m i s s i o n from 

two cadmium r i c h samples ( T ^ = 350°C). I n the f i r s t c a s e , 

c u r v e ( a ) , ' a s i n g l e a c t i v a t i o n energy of 0.06 eV was o b t a i n e d . 

Curve ( b ) shows two s t r a i g h t l i n e r e g i o n s l e a d i n g to an a c t i v a t i o n 

energy of 0.03 eV at low t e m p e r a t u r e s and 0.17 eV at h i g h temper­

a t u r e . S i m i l a r changes i n a c t i v a t i o n e n e r g i e s f o r the t h e r m a l 

quenching of the a n a l o g o u s s t r u c t u r e d l u m i n e s c e n c e i n ZnS 

phosphors ( w h i c h o c c u r s at 1.20 um to 1.50 um) have been r e p o r t e d 
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by Browne ( 1 9 5 6 ) . 

The 0.70 um l u m i n e s c e n t band was not o b s e r v e d i n the s u l p h u r 

r i c h samples grown w i t h Tg = 300°C and 450°C. A l s o , the 

i n t e n s i t y of the 1.02 urn e m i s s i o n d i d not i n c r e a s e a t t e m p e r a t u r e s 

above 300 K, a s was t h e c a s e f o r t h e cadmium r i c h s a m p l e s . 

F i g u r e 9.2.8 shows the v a r i a t i o n of the 1.02 |im and 1.60 urn peaks 

w i t h t e m p e r a t u r e , f o r the sample grown w i t h a s u l p h u r r e s e r v o i r a t 

300°C. The 1.60 urn peak y i e l d e d an a c t i v a t i o n energy of 0.06 eV. 

The q u e n c h i n g of the 1.60 um, 1.83 urn, 2.12 urn and 2.33 urn 

e m i s s i o n s of the 450°C s u l p h u r r i c h sample i s shown i n F i g u r e 

9.2.9, c u r v e s ( a ) t o (d) r e s p e c t i v e l y . I t i s p a r t i c u l a r l y i n t e r ­

e s t i n g to n o t e t h a t a l t h o u g h the 1.60 um and 1.83 um peaks a r e 

quenched i n a s i m i l a r manner, the 2.12 um and 2.3 3 urn e m i s s i o n s 

a r e n o t . The 2.12 um e m i s s i o n does, however, v a r y i n a somewhat 

s i m i l a r manner t o t h e 1.60 um and 1.83 l u m i n e s c e n c e . ( B r y a n t and 

Cox ( 1966) have d i s c u s s e d the s t r u c t u r e d l u m i n e s c e n c e (1..60 um t o 

2.00 um). They a t t r i b u t e d both t o r a d i a t i v e r e c o m b i n a t i o n from 

e l e c t r o n s from a c e n t r e w i t h h o l e s i n the upper b r a n c h e s of t h e 

v a l e n c e band. I n a l l c a s e s d \ i r i n g the p r e s e n t work, the 1.60 um 

and 1.83 um e m i s s i o n s were quenched i n a s i m i l a r manner. I f the 

r e p l i c a e m i s s i o n r e s u l t s from a s i m i l a r r e c o m b i n a t i o n mechanism, 

t h e n the 2.12 um and 2.33 um e m i s s i o n s might ? l s o be e x p e c t e d to 

be s i m i l a r l y quenched.) A p l o t of l o g ( l u m i n e s c e n t i n t e n s i t y ) 

v e r s u s 1/T f o r the f o u r c u r v e s shown i n F i g u r e 9-2.9 y i e l d e d 

a c t i v a t i o n e n e r g i e s i n the r e g i o n of 0.4 eV above 220°K. 

9.3. V a r i a t i o n of the I . R . L . from P h o t o c o n d u c t i n g Opt r a n Samples 

wi t h C o n d 1 1 i o n s of I l l u m i n a t i o n 

I t has been d e m o n s t r a t e d i n e a r l i e r c h a p t e r s , t h a t the 

t e m p e r a t u r e a t which i l l u m i n a t i o n i s commenced, d u r i n g the c o o l i n g 
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of a sample, p r i o r to the measurement of the T.S.C., photo-

c u r r e n t e t c . c a n have a marked e f f e c t on the e n s u i n g measurement. 

I t was found, i n some c a s e s , t h a t changes i n the i n t e n s i t i e s of 

the I . R . L . bands a l s o o c c u r r e d when c o m p a r i s o n was made between 

s p e c t r a o b t a i n e d a f t e r c o o l i n g the sample i n the d a r k from 388"K 

and a f t e r i l l u m i n a t i o n d u r i n g c o o l i n g . I n most samples the 

i n t e n s i t y change was l e s s t h a n a f a c t o r of two. 

I n S e c t i o n s 6.2, 8.2.2 and 8.3.1 the p h o t o c u r r e n t v e r s u s 

t e m p e r a t u r e , s p e c t r a l r e s p o n s e and i n f r a r e d q u e n c h i n g r e s p e c ­

t i v e l y a r e d e s c r i b e d f o r a sample grown w i t h Tg = 50°C. T h i s 

sample showed a l a r g e change i n f r e e e l e c t r o n l i f e t i m e when i t 

was i l l u m i n a t e d d u r i n g c o o l i n g from t e m p e r a t u r e s i n the r e g i o n 

of 200 K. When i t was i r r a d i a t e d below t h i s t e m p e r a t u r e r e g i o n , 

a l a r g e change i n p h o t o c u r r e n t was o b s e r v e d at a p p r o x i m a t e l y 

2 0 0 W K ( see F i g u r e 6 . 2 . 2 ) . I t was found t h a t t h e i n t e n s i t y of 

the 1.06 um t o 2.00 urn e m i s s i o n was a l s o a s s o c i a t e d w i t h t h i s 

l i f e t i m e change. 

F i g u r e 9.3.1 shows the s p e c t r a l d i s t r i b u t i o n of t h e I . R . L . , 

at 85°K, f o r the T = 50°C sample. C u r v e ( a ) was o b t a i n e d 

a f t e r i l l u m i n a t i o n at 85°K o n l y , w h e r e a s c u r v e ( b ) was measured 

a f t e r i l l u m i n a t i o n d u r i n g c o o l i n g from 388 K. I n c u r v e ( a ) the 

e m i s s i o n at 0.7 0 urn i s s e e n t o g e t h e r w i t h a maximum a t 1.15 um. 

(No I . R . L . was o b s e r v e d i n the r e g i o n of 1.02 um). C u r v e ( b ) 

shows no e m i s s i o n a t 0.70 um, though the 1.02 \xm maximum i s 

p r e s e n t . The s t r u c t u r e d l u m i n e s c e n c e has i n c r e a s e d i n i n t e n s i t y 

by o v e r one o r d e r of magnitude. 

C o w e l l and Woods ( 1 9 6 7 ) s t u d i e d the r e l a t i o n s h i p between 

the i n t e n s i t y of the s t r u c t u r e d l u m i n e s c e n c e and the magnitude 

of the T.S.C. sp e c t r u m f o l l o w i n g s i m i l a r p r e - i 1 l u m i n a t i o n t r e a t ­

ments. They s u g g e s t e d t h a t t h e r e c o m b i n a t i o n of f r e e e l e c t r o n s 
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i n t h e i r s amples o c c u r r e d a t a c e n t r e w i t h a l e v e l l y i n g 

a p p r o x i m a t e l y 0.70 eV above the v a l e n c e band. The s t r u c t u r e d 

l u m i n e s c e n c e r e s u l t e d from r a d i a t i v e r e c o m b i n a t i o n of e l e c t r o n s 

from t h i s c e n t r e w i t h h o l e s i n the v a l e n c e band. T h i s model 

was c h o s e n b e c a u s e the s t r u c t u r e d l u m i n e s c e n c e i n t e n s i t y was 

g r e a t e r when the f r e e e l e c t r o n l i f e t i m e was l o n g e r ( i . e . the 

occupancy of the r e c o m b i n a t i o n c e n t r e s was g r e a t e r ) . 

A l t h o u g h the p r e s e n t sample showed an i n c r e a s e i n f r e e 

e l e c t r o n l i f e t i m e i n the t e m p e r a t u r e range 85°K Lo 200°K, 

whereas C o w e l l and Woods o b s e r v e d changes f o r the whole of t h e i r 

T.S.C. sp e c t r u m (85°K to 3°0°K), the s t r u c t u r e d l u m i n e s c e n c e was 

a g a i n of g r e a t e r i n t e n s i t y when the sample was more p h o t o s e n s i ­

t i v e . • 

F i g u r e 9.3.2 shows the v a r i a t i o n of the i n t e n s i t y of the 

1.60 um e m i s s i o n maximum w i t h i n c r e a s i n g t e m p e r a t u r e from 85°K. 

I n c u r v e ( a ) the magnitude of t h e e m i s s i o n i s lo w e r where the 

sample was i r r a d i a t e d a t 85°K o n l y , however a marked i n c r e a s e i n 

e m i s s i o n i s s e e n a t a p p r o x i m a t e l y 200°K c o r r e s p o n d i n g t o t he 

s t e e p r i s e i n p h o t o c u r r e n t w h i c h i s i l l u s t r a t e d i n F i g u r e 6.2.2. 

When the sample was c o n t i n u o u s l y i l l u m i n a t e d d u r i n g c o o l i n g 

from 388°K a c o n t i n u o u s d e c r e a s e i n the i n t e n s i t y of t h e 1.60 um 

e m i s s i o n was o b s e r v e d w i t h i n c r e a s i n g t e m p e r a t u r e ( F i g u r e 9.3.2 

c u r v e ( b ) ) . 

The measurements of s p e c t r a l r e s p o n s e of p h o t o c u r r e n t and 

i n f r a r e d quenching, d i s c u s s e d i n C h a p t e r 8, s u g g e s t t h a t the 

r e c o m b i n a t i o n of f r e e e l e c t r o n s i s a s s o c i a t e d w i t h two c e n t r e s 

( C l a s s 1 1 a and C l a s s 1 1 ^ i n F i g u r e 8.1.1) l y i n g 1.2 eV and 

0.28 eV above the v a l e n c e band. The upper of t h e s e c e n t r e s 

( C l a s s 11 ) i s the s e n s i t i s i n g c e n t r e , the t h e r m a l a c t i v a t i o n 
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energy of w h i c h was c a l c u l a t e d , from the on s e t of t h e r m a l 

q u e n c h i n g , to be 0.85 eV. L u m i n e s c e n t e m i s s i o n by r e c o m b i n a ­

t i o n of e l e c t r o n s from the C l a s s 11 c e n t r e w i t h h o l e s i n the 
a 

c o n d u c t i o n band w i l l c o r r e s p o n d t o an energy of a p p r o x i m a t e l y 

0.6 eV ( u s i n g the above v a l u e s of t h e r m a l and o p t i c a l a c t i v a t i o n 

e n e r g i e s and E q u a t i o n s 8.4.1 t o 8 . 4 . 5 ) . The s t r u c t u r e d 

l u m i n e s c e n c e y i e l d s t h r e e e m i s s i o n bands c e n t r e d on 1.60 um, 

1.83 urn and 2.00 um. The 2,00 um (0.62 eV) band i s c l o s e t o 

the c a l c u l a t e d e m i s s i o n energy (0 . 6 eV) f o r e l e c t r o n s from the 
C l a s s 11 c e n t r e s w i t h h o l e s i n the v a l e n c e band. The s i m p l e a 

model d e s c r i b e d i n C h a p t e r 8 c o n s i d e r s a s i n g l e v a l e n c e band 

o n l y , so t h a t the .1.60 um and 1.83 um e m i s s i o n bands c o u l d 

r e s u l t from the r e c o m b i n a t i o n of e l e c t r o n s from t h e C l a s s 11 
a 

c e n t r e s w i t h h o l e s i n the d e e p e r l y i n g v a l e n c e bands. (An 

a c c o u n t of the t h e o r e t i c a l work of B irman ( 1 9 5 9 ) and the 

e x c i t o n s t u d i e s of Thomas and H o p f i e l d ( 1 9 5 9 ) has been g i v e n i n 

S e c t i o n 1.3, where i t i s shown t h a t the upper b r a n c h e s of the 

CdS v a l e n c e band c o m p r i s e t h r e e s e p a r a t e bands.) 

Cox et a l . ( 1 9 6 8 ) have s t u d i e d the d ecay time w i t h tempera­

t u r e of the s t r u c t u r e d l u m i n e s c e n c e and from p r a c t i c a l and 

t h e o r e t i c a l c o n s i d e r a t i o n s c o n c l u d e t h a t the e m i s s i o n stems 

from r a d i a t i v e r e c o m b i n a t i o n of e l e c t r o n s , from a s i n g l y 

n e g a t i v e l y c h a r g e d cadmium v a c a n c y , w i t h h o l e s i n the v a l e n c e 

band. Such a c e n t r e c o u l d w e l l be the C l a s s 11 c e n t r e 
a 

o b s e r v e d d u r i n g measurements o f p h o t o c o n d u c t i v i t y . 

The 1.15 um e m i s s i o n o b s e r v e d a f t e r i l l u m i n a t i o n o f t h e 

Tg = 50°C sample a t l o w t e m p e r a t u r e s ( c u r v e ( a ) i n F i g u r e 9.3.1) 

was m o n i t o r e d w i t h i n c r e a s i n g t e m p e r a t u r e as shown i n 

F i g u r e 9.3,3 c u r v e ( a ) . The e m i s s i o n c e n t r e d on 1,02 um was 

a l s o m e a s u r e d w i t h i n c r e a s i n g t e m p e r a t u r e a f t e r l o w t e m p e r a t u r e 
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i r r a d i a t i o n and i s shown i n F i g u r e 9.3.3 c u r v e ( b ) . The 

r e a s o n f o r making t h i s second measurement was t o i n v e s t i g a t e 

the p o s s i b i l i t y t h a t the o b s e r v a t i o n of the 1.02 urn peak a f t e r 

h i g h t e m p e r a t u r e i l l u m i n a t i o n and a 1.15 urn peak a f t e r low 

t e m p e r a t u r e i l l u m i n a t i o n might r e s u l t from a c o n t i n u o u s s h i f t 

of the e m i s s i o n maximum between two e x t r e m a depending on the 

c o n d i t i o n of s e n s i t i s a t i o n of the sample. From F i g u r e 9.3.3 

t h i s i s c l e a r l y not the c a s e , p a r t l y b e c a u s e the d e c r e a s e i n 

the 1.15 um e m i s s i o n does not c o r r e s p o n d to the i n c r e a s e of the 

1.02 um e m i s s i o n , and i n p a r t i c u l a r b e c a u s e both e m i s s i o n s a r e 

s e e n above 345°K. 

The n a t u r e of the 1.15 um e m i s s i o n i s not c l e a r , though 

from F i g u r e 9.3.3 i t can be seen to o c c u r at low t e m p e r a t u r e s 

where the sample i s i n i t s l e s s s e n s i t i v e s t a t e , and a l s o above 

345°K where t h e r m a l q u e n c h i n g of p h o t o c u r r e n t u s u a l l y o c c u r s . 

The 1.02 um e m i s s i o n a l s o i n c r e a s e s above 345°K and so the two 

e m i s s i o n s may be a s s o c i a t e d w i t h each o t h e r i n some way. 

9.4. I . R . L . from P h o t o c o n d u c t i n g Derby M a t e r i a l 

The p h o t o c o n d u c t i v e p r o p e r t i e s of two b oule c r y s t a l s , grown 

from Derby L u m i n e s c e n t s t a r t i n g powder, have been shown to d i f f e r 

c o n s i d e r a b l y from those of samples t a k e n from b o u l e c r y s t a l s 

grown from O p t r a n m a t e r i a l . The l u m i n e s c e n t s p e c t r a o b t a i n e d 

from t h e s e two samples a l s o r e f l e c t t h e s e d i f f e r e n c e s . 

The sample grown w i t h T ^ = 450°C showed a s i n g l e I . R . L . 

maximum at 2.07 um. The green edge e m i s s i o n from t h i s sample, 

when e x c i t e d w i t h b l u e and u l t r a v i o l e t l i g h t , was e a s i l y d e t e c t e d 

w i t h the PbS c e l l and was the most i n t e n s e of a l l the samples 

i nves t i ga t ed. 
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The I . R . L . from the sample grown w i t h Tg = 350°C i s shown i n 
F i g u r e 9.4.1. Here c u r v e ( a ) was m o n i t o r e d a f t e r the sample had 
been c o o l e d under i l l u m i n a t i o n from 388°K and c u r v e ( b ) where t h e 
I . R . L . was measured f o l l o w i n g c o o l i n g of the sample from 388°K i n 
the d a r k . The e m i s s i o n s p e c t r u m d i f f e r s from t h a t s e e n i n 
s u l p h u r r i c h O p t r a n m a t e r i a l b e c a u s e the 0.70 um peak was not 
o b s e r v e d i n t h e s e s a m p l e s . A l s o two s h o u l d e r s c a n be s e e n on 
e i t h e r s i d e of the 1.02 um maximum, at a p p r o x i m a t e l y 1.15 um and 
0.87 um. The 1.15 um e m i s s i o n was a l s o o b s e r v e d i n the sample 
from w h i c h the c u r v e s i n F i g u r e 9.3.1 were o b t a i n e d , though the 
0.87 um peak was not o b s e r v e d i n any o t h e r sample i n v e s t i g a t e d . 

The o b s e r v a t i o n of a s i n g l e I . R . L . maximum i n t.':e Derby 

sample grown w i t h T ^ = 450°C and a l u m i n e s c e n t s p e c t r u m c o n t a i n ­

i n g a l l the e m i s s i o n maxima ( s e e n i n O p t r a n s a m p l e s ) p l u s an 

a d d i t i o n a l peak c e n t r e d on 0.87 um f o r the Derby sample grown w i t h 

Tg = 350°C i s d i f f i c u l t to e x p l a i n . The d a t a f o r the s u l p h u r 

r i c h sample s u g g e s t s t h a t the same l u m i n e s c e n t c e n t r e s o c c u r i n 

t h i s sample as f o r O p t r a n m a t e r i a l . The cadmium r i c h Derby 

sample showed none of the u s u a l e m i s s i o n bands from 0.70 urn to 

2.00 um, so t h a t i n t h i s c a s e i t may be t e n t a t i v e l y c o n c l u d e d t h a t 

i m p i i r i t i e s i n the s t a r t i n g m a t e r i a l c r e a t e n o n - r a d i a t i v e recombin­

a t i o n p a t h s . 

9.5. I . R . L . from C o n d u c t i n g and L i g h t l y Doped Samples 

A number of samples t a k e n from b o u l e c r y s t a l s were found to 

be s e m i - c o n d u c t i n g and hot p h o t o c o n d u c t i v e so t h a t they were not 

amenable to the measurements d e s c r i b e d i n e a r l i e r c h a p t e r s , 

however t h e i r l u m i n e s c e n t p r o p e r t i e s c o u l d be s t u d i e d . 

The cadmium r i c h s amples showed v e r y s i m i l a r I . R . L . to t h a t 

o b s e r v e d i n p h o t o c o n d u c t i n g O p t r a n samples grown i n a s i m i l a r way. 
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Some v a r i a t i o n was found i n the maximum n e a r to 0.70 um. T h i s 
was o b s e r v e d to v a r y between 0.70 um and 0.76 um. The '0.70 urn' 
e m i s s i o n was a g a i n quenched above room t e m p e r a t u r e , and i n most 
c a s e s t h e r e was a c o r r e s p o n d i n g i n c r e a s e i n the 1.02 um e m i s s i o n . 

One s e m i - c o n d u c t i n g sample grown w i t h Tg = 45 0°C showed a 

maximum at 0.76 um t o g e t h e r w i t h the 1.02 um and s t r u c t u r e d 

e m i s s i o n s . The 0.76 um e m i s s i o n was more i n t e n s e t h a n the 1.02 

1.02 um peak by more t h a n . a n . o r d e r of magnitude, and was quenched 

above room t e m p e r a t u r e w i t h a th e r m a l a c t i v a t i o n energy of 

0.57 eV. 

The t h e r m a l q u e n c h i n g of the s t r u c t u r e d l u m i n e s c e n c e of the 

s e m i - c o n d u c t i n g samples gave the t h e r m a l a c t i v a t i o n e n e r g y i n the 

r e g i o n of 0. .1. eV. 

I n a d d i t i o n , f i v e l i g h t l y doped samples were s t u d i e d . Two 

of t h e s e were doped w i t h copper and grown w i t h Tg = 350°C and 

T ^ = 650°C f w h i l e two o t h e r s were doped w i t h c h l o r i n e under the 

same growth c o n d i t i o n s a s the copper doped s a m p l e s . The copper 

doping was a c h i e v e d by the a d d i t i o n of a p p r o x i m a t e l y 0.5 mgm of 

Cu^S to the c h a r g e of the growth tube, and c h l o r i n e was added by 

p l a c i n g 0.3 mgm of C d C l ^ w i t h the c h a r g e . An antimony doped-

sample was a l s o s t u d i e d , and was grown w i t h T ^ = 650°C, and 

20 mgm of antimony was i n t r o d u c e d i n t o the t a i l b e f o r e growth. 

Mass s p e c t r o g r a p h i c a n a l y s i s i n d i c a t e d t h a t copper was i n t r o ­

duced i n c o n c e n t r a t i o n s of a p p r o x i m a t e l y 0.2 p.p.m. and c h l o r i n e 

i n c o n c e n t r a t i o n s of a p p r o x i m a t e l y 1 p.p.m. The antimony sample 

was doped to a l e v e l of 1.2 p.p.m. w i t h antimony.. T h e s e i m p u r i t y 

c o n c e n t r a t i o n s were s i m i l a r to t h o s e found i n the O p t r a n s t a r t i n g 

m a t e r i a l . 

I n a l l c a s e s , the 1.02 um e m i s s i o n appeax*ed t o g e t h e r w i t h the 
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the s t r u c t u r e d luminescence, though the 0.70 urn e m i s s i o n was not 
observed i n the c h l o r i n e doped cadmium r i c h sample. The 0.70 um 
luminescence was quenched above room t e m p e r a t u r e i n a l l samples 
where i t c o u l d be d e t e c t e d , and was accompanied by an i n c r e a s e i n 
the 1.02 um e m i s s i o n maximum. No s i g n i f i c a n t t r e n d c o u l d be seen 
i n the i n t e n s i t y of the I.R.L. w i t h c o n d i t i o n s of gr o w t h . The 
copper doped sample grown i n cadmium r i c h c o n d i t i o n s d i d , however, 
show an a d d i t i o n a l luminescence maximum at a p p r o x i m a t e l y 1.43 um, 
as may be seen i n F i g u r e 9.5.1. The e m i s s i o n at 1.43 um was o n l y 
observed when the sample was c o o l e d under i l l u m i n a t i o n f rom 388°K, 
though the o t h e r maxima were of s i m i l a r i n t e n s i t y f o r b o t h 
i l l u m i n a t i o n from 388°K and i l l u m i n a t i o n at 85°K o n l y . 

9.6. D i s c u s s i o n 

D u r i n g the course of the p r e s e n t work, two main e m i s s i o n 

maxima have been observed i n the r e g i o n of 0.70 um and 1.02 um, 

t o g e t h e r w i t h a s t r u c t u r e d luminescence i n the r e g i o n 1.60 um t o 

2.00 um. A d d i t i o n a l l u m inescent peaks were seen i n some samples 

at 0.87 um, 1.15 um and 1.43 um, and a s t r u c t u r e d luminescence 

w h i c h o c c u r r e d i n the r e g i o n 2.00 urn t o 2.50 um ( t h i s has been 

d e s c r i b e d as a r e p l i c a of the 1.60 um t o 2.00 um s t r u c t u r e ) . 

E m i s s i o n s p e c t r a s i m i l a r t o t h a t shown i n F i g u r e 9.2.1 have been 

observed by many workers and analogous e m i s s i o n i s seen i n ZnS, 

w i t h a s h i f t of each of the peak maxima t o s h o r t e r w a v elengths. 

I n t he cadmium r i c h (Optran.) p h o t o c o n d u c t i n g samples, where 

the 0.70 |im and 1.02 urn emissions o c c u r r e d t o g e t h e r , the 0.70 um 

e m i s s i o n was quenched above room t e m p e r a t u r e . The t h e r m a l 

a c t i v a t i o n energy f o r quenching of the 0.70 jam peak was found t o 

be c l o s e t o a v a l u e of 0.57 eV. I n a number of samples the 

1.02 um em i s s i o n i n c r e a s e d i n i n t e n s i t y as the 0.70 urn e m i s s i o n 
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was quenched. I n c o n t r a s t , the s u l p h u r r i c h photoconducting 

samples d i d not show the 0 . 7 0 urn peak. 

Cox et a l . ( 1 9 6 8 ) have d i s c u s s e d the 0 . 7 0 urn and 1 . 0 2 |im 

e m i s s i o n s i n CdS, and the analogous 'copper b l u e ' and "copper 

g r e e n 1 emissions i n ZnS, and i n t e r p r e t e d these i n terms of 

e l e c t r o n r e c o m b i n a t i o n at c a t i o n v a c a n c i e s . They proposed t h a t 

the 0 . 7 0 urn e m i s s i o n r e s u l t e d from an e l e c t r o n , i n an e x c i t e d s t a t e 

of the c e n t r e , r e c o m b i n i n g w i t h the ground s t a t e of a s i n g l y 

n e g a t i v e l y charged cadmium vacancy ( V Q ^ ) . The 1 . 0 2 urn e m i s s i o n 

occurs when an e l e c t r o n i n an e x c i t e d s t a t e of a doubly n e g a t i v e l y 
1 1 

charged cadmium vacancy ( V Q J ) recombines at t h e ground s t a t e . 

The f a c t t h a t the 0 . 7 0 urn e m i s s i o n i s quenched where the 

1 . 0 2 um e m i s s i o n i n c r e a s e s i n i n t e n s i t y i s q u a l i t a t i v e l y i n agree­

ment w i t h the model proposed by Cox e t a l . I f the 0 . 7 0 um 
1 1 1 

e m i s s i o n occurs at a V „ , and the 1 . 0 2 um at a V „ , c e n t r e , t h e n 
Cd Od 

1 1 1 

quenching of the 0 . 7 0 um e m i s s i o n would c o n v e r t the t o 

w i t h an i n c r e a s e i n the 1 . 0 2 um e m i s s i o n . 
The Class 1 1 s e n s i t i s i n g c e n t r e may be a s s o c i a t e d w i t h a a 

^Cd w ^ e n f i l l e d w i t h an e l e c t r o n . A l t h o u g h p h o t o c o n d u c t i v i t y 

measurements i n d i c a t e d two main l e v e l s ( C l a s s 1 1 and C l a s s 1 1 , i n 
a b 

F i g u r e 8 . 1 . 1 ) Cox et a l . showed t h a t such a c e n t r e s h o u l d comprise 

a number of l e v e l s . The 0 . 7 0 urn band c o u l d r e s u l t from e l e c t r o n 

r e c o m b i n a t i o n at one of these l e v e l s which was not observed d u r i n g 

p h o t o c o n d u c t i v i t y measurements. (The quenching of the 0 . 7 0 urn 

e m i s s i o n ( 0 . 5 7 eV) does not c o r r e s p o n d t o the c a l c u l a t e d t h e r n u i l 

s e p a r a t i o n from the v a l e n c e band of e i t h e r the Class 1 1 ( 0 . 8 5 eV) 
a 

or the Class l l b ( 0 . 1 6 eV t o 0 . 2 7 eV)) . 
The 0 . 7 0 um e m i s s i o n was not d e t e c t e d i n s u l p h u r r i c h p h o t o ­

c o n d u c t i n g Optran samples. T h i s might r e s u l t from the l e s s e r 
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occupancy of the Class 11 c e n t r e s by e l e c t r o n s , though i n t u i t i v e -
a 

l y one would expect a g r e a t e r d e n s i t y of cadmium v a c a n c i e s i n 

su l p h u r r i c h samples. One p o s s i b l e e x p l a n a t i o n i s t h a t t h e 

0.70 um e m i s s i o n occurs when e l e c t r o n s from the s h a l l o w t r a p , 

observed w i t h a thermal a c t i v a t i o n energy of 0.15 eV by T.S.C. 

measurement, recombine at a l e v e l i n a n e u t r a l l y charged cadmium 

vacancy. T h i s t r a p , w h i c h y i e l d e d a T.S.C. maximum at approx­

i m a t e l y 115 K, was a s s o c i a t e d w i t h cadmium i n t e r s t i t i a l s (see 

S e c t i o n 5.12) and was some f o u r o r d e r s of magnitude g r e a t e r i n 

d e n s i t y i n cadmium r i c h samples compared w i t h s u l p h u r r i c h samples. 

The s t r u c t u r e d luminescence was observed i n a l l but one of 

the samples i n v e s t i g a t e d , ai.d t h e s i m i l a r i t y of t h e thermal 

quenching of the two major peaks suggests t h a t i t i s the r e s u l t of 

t h r e e a s s o c i a t e d t r a n s i t i o n s . I t has been proposed by a number 

of workers t h a t the s t r u c t u r e d luminescence i s a s s o c i a t e d w i t h 

copper i m p u r i t i e s , as the i n t e n s i t y of the e m i s s i o n i n c r e a s e s w i t h 

t he a d d i t i o n of copper. 

For t he analogous e m i s s i o n i n ZnS, B r o s e r et a l . (1965) 
Q 

a t t r i b u t e d the luminescence t o i n t e r n a l t r a n s i t i o n s of a (3d) 

c o n f i g u r a t i o n of copper i o n s , and Br o s e r and Franke (1965) showed 

t h a t the luminescence i n c r e a s e d w i t h time f o l l o w i n g i r r a d i a t i o n 

of ZnS w i t h n e u t r o n s . Broser and Franke i n t e r p r e t e d t h e i n c r e a s e 

i n the i n t e n s i t y of the s t r u c t u r e d luminescence i n terms of the 
6 5 65 i n c r e a s e of Cu io n s on z i n c s i t e s , as the Cu i s o t o p e i s the 

65 
decay p r o d u c t of the Zn c r e a t e d d u r i n g n e u t r o n bombardment. 

I t has been demonstrated by Cox et a l . ( 1968) t h a t 98% of the 
. . 65 65 t r a n s i t i o n s from Zn t o Cu i n v o l v e e n e r g i e s s u f f i c i e n t t o 

65 
d i s p l a c e the Cu to an i n t e r s t i t i a l s i t e . Thus the f i n a l 

p r o d u c t of the decay c o u l d be a z i n c vacancy and a copper 
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i n t e r s t i t i a l , or an i n t e r s t i t i a l copper-vacancy d e f e c t c e n t r e , as 

w e l l as the s i m p l e r e x p l a n a t i o n g i v e n by B r o s e r and Franke. The 

work of Cox et a l , suggests t h a t t h e luminescent decay time i s 

commensurate w i t h t h e s t r u c t u r e d luminescence r e s u l t i n g from 
i 

r e c o m b i n a t i o n of e l e c t r o n s from a l e v e l i n a V „ , c e n t r e w i t h h o l e s 
Cd 

i n the v a l e n c e band. 

The t h e r m a l quenching of t h e s t r u c t u r e d luminescence i s 

d i f f i c u l t t o e x p l a i n i n terms of e i t h e r of the above models, as 

the a c t i v a t i o n energy of t h e quenching process i e c o m p a r a t i v e l y 

small and b r o a d l y s i m i l a r f o r a l l the samples i n v e s t i g a t e d . 

The i n c r e a s e i n the i n t e n s i t y of the s t r u c t u r e d luminescence, 

w h i c h was accompanied by an i n c r e a s e i n the f r e e e l e c t r o n l i f e t i m e 

has been d i s c u s s e d i n S e c t i o n 9.3. The r e s u l t s i n d i c a t e t h a t the 

s t r u c t u r e d luminescence occurs when e l e c t r o n s from the Class 1 1 
a 

c e n t r e s recombine w i t h h o l e s i n the upper branches of the v a l e n c e 

band. The r a t i o of the t h e r m a l and o p t i c a l p o s i t i o n s of the 

Class 1 1 c e n t r e s (above t h e v a l e n c e band) suggest t h a t t he C l a s s 
1 1 c e n t r e s are a p p r o x i m a t e l y s i n g l y n e g a t i v e l y charged when a 

i 

f i l l e d w i t h e l e c t r o n s . They c o u l d t h e r e f o r e be l e v e l s i n a 

which would agree w i t h the p r o p o s a l of Cox et a l . 

The ' r e p l i c a ' e m i s s i o n ( o f the 1.60 um t o 2.00 um e m i s s i o n ) , 

which o c c u r r e d i n the r e g i o n of 2.00 um t o 2.5 urn, has been 

r e p o r t e d by B r y a n t and Cox (1966) and was o n l y seen i n two samples 

The t h e r m a l quenching of the e m i s s i o n maxima a t 2.12 um and 

2.33 um were not s i m i l a r , as i s the case f o r the 1.60 um and 

1.83 um maxima observed i n the s t r u c t u r e d luminescence. T h i s 

t h e r e f o r e c a s t s some doubt on the s i m i l a r i t y of the r e c o m b i n a t i o n 

mechansirns of the s t r u c t u r e d luminescence and i t s r e p l i c a , which 

was suggested by Br y a n t and Cox. 
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CHAPTER 10 

CONCLUSION 

10.1. I n t r o d u c t i o n 

I t has been demonstrated i n t h i s t h e s i s t h a t the p r o p e r t i e s 

of samples grown i n excess cadmium are s i g n i f i c a n t l y d i f f e r e n t 

from those of samples grown i n excess s u l p h u r . I n a d d i t i o n , i t 

has a l s o been shown t h a t where the r e l a t i v e l y impure Derby 

Luminescent Grade m a t e r i a l was used t o grow b o u l e c r y s t a l s , t h e i r 

p h o t o c o n d u c t i v e and lum i n e s c e n t p r o p e r t i e s were anomalous by 

comparison w i t h b o u l e s grown from the p u r e r O p t r a n s t a r t i n g 

powder. 

10.2. T h e r m a l l y S t i m u l a t e d C u r r e n t Measurements 

The c r y s t a l s examined c o n t a i n e d up t o e i g h t d i s c r e t e e l e c t r o n 

t r a p s , w i t h thermal a c t i v a t i o n e n e r g i e s of 0.15, 0.16, 0.18, 0.31, 

0.44, 0.53, 0.60 and 0.75 eV. Comparison of t r a p depths c a l c u l ­

a t e d on the assumption of monomolecular r e c o m b i n a t i o n and by 

Bube 1s method (Bube 1955) suggests t h a t the t r a p s w i t h a c t i v a t i o n 

e n e r g i e s of 0.44, 0.53 and 0.60 eV empty under f a s t r e t r a p p i n g 

c o n d i t i o n s . The 0.60 eV t r a p a l s o e x h i b i t e d a change i r ; t he 

p o s i t i o n of the te m p e r a t u r e maximum of the T.S.C. c u r v e , which i s 

t o be expected f o r a f a s t t r a p . 

The d e n s i t y of the 0.15 eV t r a p decreased by f o u r o r d e r s o f 

magnitude w i t h i n c e a s i n g s u l p h u r p r e s s u r e d u r i n g g rowth. Boyn 

(1968) observed two a b s o r p t i o n bands i n samples heat t r e a t e d i n 

cadmium, which were not observed i n samples annealed i n s u l p h u r . 

The two bands,- at e n e r g i e s of 0.32 eV and 0.4 eV, were a t t r i b u t e d 

t o s i n g l y i o n i s e d cadmium i n t e r s t i t i a l s , Arkad'eva (1964) 

r e p o r t e d the o b s e r v a t i o n of a t r a p , which y i e l d e d a th e r m a l 
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a c t i v a t i o n energy of 0.18 eV, from T.S.C. measurements, and an 
o p t i c a l t r a p depth of 0.32 eV. Arkad'eva's o p t i c a l t r a p depth 
and Boyn 1s lower energy a b s o r p t i o n band have the same energy. 
The a c t i v a t i o n energy of 0.15 eV, found f o r t h e p r e s e n t t r a p , i s 
s i m i l a r t o Arkad'eva's v a l u e of 0.18 eV. T h i s suggests t h a t t h e 
0.15 eV t r a p i s a s s o c i a t e d w i t h s i n g l y i o n i s e d cadmium, 
i n t e r s t i t i a l s . 

I t has been shown t h a t the magnitude and s t r u c t u r e of T.S.C. 

curves can v a r y w i t h the c o n d i t i o n s of i l l u m i n a t i o n p r i o r t o 

measurement. I n some cases, the f r e e e l e c t r o n l i f e t i m e can 

change i n such a manner as t o s e v e r e l y m o d i f y the observed T.S.C. 

spectrum. The two t r a p s , w i t h = 0.53 eV and 0 . 6 0 eV, were 

a s s o c i a t e d w i t h changes i n the T.S.C. l e v e l which i n d i c a t e t h a t 

t hey are p h o t o c h e m i c a l l y c r e a t e d . The 0 . 6 0 eV t r a p y i e l d e d a 

c o n s i s t e n t v a r i a t i o n of t r a p d e n s i t y w i t h i l l u m i n a t i o n c o n d i t i o n s , 

from sample t o sample, which l e d t o an a c t i v a t i o n energy f o r 

c r e a t i o n of a p p r o x i m a t e l y 0.25 eV. The 0.53 eV t r a p v a r i e d i n 

d e n s i t y i n a c o m p a r a t i v e l y few samples. A n a l y s i s y i e l d e d an 

a c t i v a t i o n energy of 0.32 eV f o r the c r e a t i o n of these t r a p s , and 

an a c t i v a t i o n energy of 0 , 1 6 eV f o r t h e i r d e s t r u c t i o n . 

Four probe T.S.C. measurements have been r e p o r t e d , w h i c h show 

t h a t the t h r e e c r i t e i i a , l i s t e d i n S e c t i o n 7.2, p r o v i d e adequate 

p r o t e c t i o n a g a i n s t the i n a d v e r t e n t use of non-ohmic c o n t a c t s . I t 

should be n o t e d , however, t h a t some v a r i a t i o n of the p o t e n t i a l 

d i s t r i b u t i o n a l o n g the samples was observed d u r i n g f o u r probe 

T.S.C. measurements, and so use of the f o u r e l e c t r o d e arrangement 

should y i e l d more a c c u r a t e r e s u l t s . 

Three probe s t u d i e s i n d i c a t e d t h a t the s u r f a c e s of the CdS 

samples d i d not s i g n i f i c a n t l y m o d i f y the s t r u c t u r e of the T.S.C. 

spectrum, a l t h o u g h the s u r f a c e s of cadmium r i c h samples appear t o 
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be more h i g h l y c o n d u c t i n g t h a n those of s u l p h u r r i c h samples, 
9 

When d e l i b e r a t e a t t e m p t s were made t o damage the s u r f a c e , by 

hydrogen i o n bombardment and s u r f a c e l a p p i n g , t he T.S.C. s t r u c t u r e 

was not a f f e c t e d , a l t h o u g h the l a p p i n g t r e a t m e n t d i d i n c r e a s e the 

s u r f a c e c o n d u c t i v i t y . 

10.3. S p e c t r a l Response and I n f r a r e d Quenching of P h o t o c u r r e n t 

The s p e c t r a l response measurements showed t h a t the cadmium 

r i c h samples were c o n s i d e r a b l y more p h o t o s e n s i t i v e t h a n s u l p h u r 

r i c h samples. The o p t i c a l quenching has been i n t e r p r e t e d i n 

terms of a model c o n t a i n i n g two c e n t r e s , which l i e o p t i c a l l y 

0.28 eV and 1.2 eV above the v a l e n c e band. The s t r u c t u r e of the 

i n f r a r e d quenching a t l i q u i d n i t r o g e n t e m p e r a t u r e s was s i g n i f i c ­

a n t l y d i f f e r e n t f o r cadmium r i c h samples than s u l p h u r r i c h 

samples. T h i s d i f f e r e n c e has been e x p l a i n e d i n terms of the 

p o s i t i o n of the h o l e d e m a r c a t i o n l e v e l f o r t he s h a l l o w (0.28 eV) 

quenching c e n t r e s . C a l c u l a t i o n s i n d i c a t e t h a t the t h e r m a l a c t i v ­

a t i o n energy of the s h a l l o w c e n t r e s l i e s between 0.16 and 0.27 eV. 

From the p o s i t i o n of the e l e c t r o n Fermi l e v e l a t the onset of 

the r m a l quenching, a v a l u e of 0.85 eV has been c a l c u l a t e d f o r the 

therm a l a c t i v a t i o n energy of the upper Class 11 c e n t r e s . The 

d i s p a r i t y between t he o p t i c a l (1.2 eV) and thermal (0.85 eV) 

s e p a r a t i o n of the upper Class 11 c e n t r e s from the v a l e n c e band 

suggests t h a t they are n e u t r a l l y charged when unoccupied by 

e l e c t r o n s , u s i n g the a n a l y s i s proposed by Hoogenstraaten ( 1 9 5 8 ) . 

Such an o b s e r v a t i o n i s i n agreement w i t h Bube and Cardon (1964) 

who a l s o concluded t h a t t h e Class 11 c e n t r e s were charge n e u t r a l . 

The a p p a r e n t l y anomalous measurements of the i n f r a r e d 

quenching of t h e r m o e l e c t r i c power, r e p o r t e d by Lawrance and Bube 

( 1968), can. a l s o be e x p l a i n e d i n terms of the p r e s e n t model f o r the 
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upper Class 11 c e n t r e s . Under c o n d i t i o n s of i l l u m i n a t i o n which 
c o r r e s p o n d t o those used f o r the measurement of the i n f r a r e d 
quenching of p h o t o c u r r e n t , Lawrance and Bube observed an i n c r e a s e 
i n the n e g a t i v e t h e r m o e l e c t r i c power. I t might be expected t h a t 
the t h e r m o e l e c t r i c power would become more p o s i t i v e , under i n f r a ­
r e d quenching c o n d i t i o n s , due t o the g r e a t e r d e n s i t y of f r e e h o l e s . 
However, d u r i n g o p t i c a l quenching of the C l a s s 11 c e n t r e s d e s c r i b e d 
above, the c e n t r e s w i l l become n e g a t i v e l y charged and so p o l a r i s e 
the s u r r o u n d i n g l a t t i c e . .Lawrance and Bube a l s o invoked p o l a r ­
i s a t i o n e f f e c t s t o e x p l a i n the phenomenon which they observed. 

The s p e c t r a l response due t o the o p t i c a l e m p tying of the 

t r a p s , w i t h t h e r m a l a c t i v a t i o n e n e r g i e s of 0.44, 0.51, 0.60 and 

0.75 eV, were a l s o s t u d i e d . The r a t i o of thermal t o o p t i c a l t r a p 

d e p t h f o r the 0.75 eV c e n t r e was u n i t y . The o t h e r t h r e e t r a p s 

y i e l d e d o p t i c a l t r a p depths w h i c h i n d i c a t e d t h a t they were p o s i t ­

i v e l y charged, w i t h e f f e c t i v e charges l y i n g between 0.6 and 1. 

10.4. I n f r a r e d Luminescence 

I t i s not p o s s i b l e t o make a r e l i a b l e assignment of t h e 

c e n t r e s i n v o l v e d i n a l l the l u m i n e s c e n t t r a n s i t i o n s observed 

d u r i n g the course of the p r e s e n t work. However, the s t r u c t u r e d 

luminescence, i n the r e g i o n 1.6 um t o 2.0 um, can be e x p l a i n e d i n 

terms of r a d i a t i v e r e c o m b i n a t i o n of e l e c t r o n s from the s e n s i t i s i n g 

Class 11 c e n t r e s w i t h h o l e s i n the v a l e n c e band. 

The d i f f e r e n c e between the t h e r m a l and o p t i c a l p o s i t i o n s of 

the upper Class 11 c e n t r e s i m p l i e s t h a t the e m i s s i o n energy, f o r 

e l e c t r o n s from t h e Class 11 c e n t r e s t o the v a l e n c e band, i s 

c o n s i d e r a b l y s m a l l e r than the o p t i c a l energy r e q u i r e d to f i l l the 

Class 11 c e n t r e s w i t h e l e c t r o n s . C a l c u l a t i o n s i n d i c a t e t h a t 

r a d i a t i v e r e c o m b i n a t i o n of e l e c t r o n s from the Class I I c e n t r e s 



1 6 9 

w i t h h o l e s i n the v a l e n c e band c o r r e s p o n d s t o an energy of approx­
i m a t e l y 0.6 eV. The lowest energy band i n the s t r u c t u r e d l u m i n ­
escence occurs at about 2.0 urn (0.62 eV). I t was a l s o shown t h a t 
the i n t e n s i t y of the s t r u c t u r e d luminescence i n c r e a s e d when the 
f r e e e l e c t r o n l i f e t i m e i n c r e a s e d , i . e . when the occupancy of the 
Class 11 c e n t r e s by e l e c t r o n s was g r e a t e r . The s i m i l a r i t y i n the 
s t r u c t u r e of the i n f r a r e d quenching of p h o t o c u r r e n t and the 
e x c i t a t i o n spectrum f o r t he s t r u c t u r e d luminescence i s a l s o 
c o n s i s t e n t w i t h t h i s model. 

10.5. Suggestions f o r F u r t h e r Work 

The f o u r probe s t u d i e s , d e s c r i b e d i n Chapter 7, demonstrate 

t h a t some v a r i a t i o n of t h e . p o t e n t i a l d i s t r i b u t i o n a l o n g a c r y s t a l 

o c c u r r e d d u r i n g T.S.C. measurements. A l t h o u g h t h e r e was no 

s e r i o u s change i n p o t e n t i a l , g r e a t e r accuracy would be o b t a i n e d 

u s i n g t he f o u r probe c o n f i g u r a t i o n of e l e c t r o d e s . 

The thermopower measurements made by Lawrance and Bube (1963) 

i n d i c a t e d t h a t h o l e t r a p s were p r e s e n t i n the CdS c r y s t a l s t hey 

s t u d i e d , A more d e t a i l e d a p p r a i s a l on a range of samples, 

s i m i l a r t o t h a t employed h e r e , would be an obvious advantage f o r 

the u n d e r s t a n d i n g of the r o l e t h a t h o l e t r a p s p l a y d u r i n g T.S.C. 

measurement s, 

A number of the samples t a k e n f o r t he present s t u d i e s were 

fo u n d t o be se m i - c o n d u c t i n g and were not amenable t o e l e c t r i c a l 

measurements of t h e t y p e d e s c r i b e d i n t h i s t h e s i s . R e c e n t l y , 

Weisberg and Schade (1968) demonstrated t h a t T.S.C. measurements 

can be made on p-n j u n c t i o n s and S c h o t t k y diodes f a b r i c a t e d on 

semi-conduct i n g CaAs^ ,-PQ ^ , These measurements were made under 

c o n s t a n t r e v e r s e b i a s , The f a b r i c a t i o n of p-n j u n c t i o n s from CdS 
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appears t o be a fundamental i m p o s s i b i l i t y , except by employing 
i o n i m p l a n t a t i o n t e c h n i q u e s , due t o autocompensation e f f e c t s . 
However, S c h o t t k y diodes can be made by e v a p o r a t i n g g o l d onto t h e 
s u r f a c e of CdS samples (Goodman 1963). Semi-conducting CdS 
c r y s t a l s are o f t e n annealed i n s u l p h u r t o incease the r e s i s t i v i t y 
and p h o t o s e n s i t i v i t y . The use of the Schottky-T.S.C. t e c h n i q u e 
a l l o w s the measurement of t r a p p i n g parameters w i t h o u t t he i n t r o ­
d u c t i o n of o t h e r t r a p s , w h i c h may occur d u r i n g doping t r e a t m e n t s 
used t o i n c r e a s e the m a t e r i a l r e s i s t i v i t y . 
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APPENDIX 1 

COMPUTOR PROGRAMME USED FOR T.S.C. CURVE FITTING 

The f o l l o w i n g programme was used t o generate t h e o r e t i c a l 

p o i n t s f o r T.S.C. curves under c o n d i t i o n s of slow r e t r a p p i n g ( I T 1 ) 

( I T 1 ) , f a s t r e t r a p p i n g ( I T 2 ) and b i m o l e c u l a r r e c o m b i n a t i o n ( I T 3 ) . 

The t h e o r e t i c a l p o i n t s were n o r m a l i s e d t o the e x p e r i m e n t a l r e s u l t s 

u s i n g the measured v a l u e s of the tem p e r a t u r e maximum (TTS) and the 

c u r r e n t maximum (IMAX). The t e m p e r a t u r e , i n °K, has been w r i t t e n 

as TTj and the t r a p d e p t h , i n eV, as EP. 

//DAP 01(1601,68),M.A.CARTER 

//EXEC NPL1FCLG 

//SYSIN DD * 

TSC: PROCEDURE OPTIONS(MAIN); 

DCL (A IB,C >D,A1,B1,IT1,IT2,IT3,IMAX >TS >EP,T JK,TT )TTS) FLOAT; 

Q: GET LIST(N,M,IMAX,TTS); 

BEGIN; DCL AA(N) FLOAT; 

GET LIST(AA); PUT SKIP(3) DATA(TTS,IMAX); PUT SK I P ( 2 ) ; 

L: DO 1=1 TO M BY 1; 

GET LIST(EP); PUT DATA(EP); PUT SKIP( 2 ) ; 

LL: DO 11=1 TO N BY 1; 

T T = A A ( I I ) ; . 

K=8.6lE-05; 

T=EP/(KKTT); TS=EP/(K*TTS); 

B=EXP( TS )*TS**( 2 ) ; D=EXP( TS )*TSX*( 7/ 2 ) ; 

Bl=TSK*(2)KEXP(TS)/( ( -3/(2*TS+3) )+2*TS**( -1 )-6#TS**( -2) 

+ 24XTS**( - 3) ) ; 

A1=IMAX*TSXX( 3/2 )XEXP( TS)X( 1 +B1XEXP( -TS)*TSXX( -2 )X( 1 -2*TSX*( -1 ) 

+ 6XTS*X( -2)-24XTSXX(-3)) ); 
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A=IMAXXEXP( TS+B*EXP( -TS)*TSXX( -2 )X( 1-2XTSXX( - 1 ) +6*TS-XX( -2) 

-2 4XTSX*(-3))); 

C=IMAXXEXP( TS+DXEXP( -TS)*TSXX( -7/2 )X( 1 -7/2*TSXX( -1 ) 

+1.575E01XTSXX(-2)-8 . 663E01XTSXX(-3))); 

IT1=AXEXP( -T-BXEXP( -T)XTXX( -2 )*( 1 -2XTXX( -1 )+6XTXX( -2 ) 

-24XT*X(-3)) ) ; 

IT2=CXEXP( -T-DXEXP( -T)XTXX( -7/2)X( 1 -7/2XTXX( - 1 ) +1 . 575E01XTXX( -2 ) 

-8.663E01XTXX(-3))); 

IT3=A1XTXX( -3/2 )XEXP( - T ) / ( 1+B1XEXP( -T)XT*x( -2 )X( l-2XTXx( -1 ) 

+6XT*X( -2 )-2 4XTXX( - 3) ) ) ; 

PUT DATA(TT,IT1,IT2,IT3); PUT S K I P ( 2 ) ; END LL; 

PTJT DATA(B, D,B1,A1 ,A,C) ; P U T S K I P ( 2 ) : END L; 

END; 

GO TO Q; 

END TSC; 

/X 

The d a t a f o r each set of cu r v e s was p r e s e n t e d i n the 

f o l l o w i n g manner 

//G. SYSIN DD * 

N,M, IMAX,TTS, 

N and M ar e i n t e g e r s , where N i s the number of v a l u e s of 

t e m p e r a t u r e , TT, and M i s t h e number of v a l u e s of t r a p d e p t h , EP. 

Except f o r N and M, a l l d a t a must be w r i t t e n i n the form X.YZEUV, 

e.g. 12.1 = 1.21E0.1, and 0.121 = 1.21E-01. 
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