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ABSTRACT 

The work d e s c r i b e d i n t h i s t h e s i s i s mainly concerned with 

the e l e c t r i c a l and o p t i c a l p r o p e r t i e s of three types of CdS d e v i c e 

namely : 

1. Photoconductive c e l l s with two ohmic c o n t a c t s 

2. Schottky diodes with one ohmic c o n t a c t , and 

3. P-n h e t e r o j u n c t i o n s made by the heat treatment 

of CdS c r y s t a l s c a r r y i n g deposited l a y e r s of copper. 

Si n c e a high s t a b i l i t y i n use i s e s s e n t i a l f o r s u c c e s s f u l a p p l i c a t i o n 

of CdS photoconductors and s o l a r c e l l s , one of the main aims of the r e s e a r c h 

has been to i n v e s t i g a t e the o p t i c a l l y induced p r o c e s s e s which l e a d to the 

degradation of the e f f i c i e n c y of CdS p h o t o s e n s i t i v e d e v i c e s . Using the 

technique of thermally s t i m u l a t e d c u r r e n t s on CdS : CI c r y s t a l s doped with 

monovalent and b i v a l e n t copper i o n s , we have shown t h a t o p t i c a l l y induced 

degradation of photoconductivity i n CdS : CI rods doped with C u + ions occurs 

i n c o n j u n c t i o n with a r e d u c t i o n i n the d e n s i t y of shallow t r a p s , and the 

simultaneous formation of deep t r a p s . I n c o n t r a s t , o p t i c a l i l l u m i n a t i o n 

does not have any d e l e t e r i o u s e f f e c t on CdS : C I samples doped w i t h Cu i o n s . 

With the Schottky diodes, the r e s i s t i v i t y of the sample was found to 

play a s i g n i f i c a n t r o l e . The e f f e c t s of ageing on such p r o p e r t i e s as the 

s h o r t c i r c u i t photoresponse, the C-V c h a r a c t e r i s t i c s and the I-V c h a r a c t e r i s t i c s 

of the diodes were i n v e s t i g a t e d . I t i s shown t h a t during ageing an i n c r e a s e 

i n the t h i c k n e s s of the i n t e r f a c i a l l a y e r occurs i n conjunction with a decrease 

i n the uncompensated donor d e n s i t y . 

Devices of the t h i r d type, i . e . p-n h e t e r o j u n c t i o n s were produced by 

heating c r y s t a l s of CdS c a r r y i n g l a y e r s of copper metal. O p t i c a l and e l e c t r i c a l 

measurements showed t h a t the heat treatment of a Cu-CdS c o n t a c t l e a d s to the 

formation of a l a y e r Cu S which i s a mixture of d j u r l e i t e and c h a l c o c i t e . 
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1. 

CHAPTER ONE 

PHOTO EFFECTS AND THE DEVELOPMENT OF THE 

Cu^S-CdS SOLAR CELL 

1.1 PHOTOELECTRICITY 

Although the three p h o t o - e l e c t r i c phenomena of p h o t o c o n d u c t i v i t y , 

the p h o t o v o l t a i c e f f e c t , and photoemission were d i s c o v e r e d i n the 19th 

Century, no major development and a p p l i c a t i o n took p l a c e u n t i l s u b s t a n t i a l 

p rogress had been made i n the technology of producing pure and doped 

m a t e r i a l s . 

Photoconductivity i s the phenomenon i n which the e l e c t r i c a l con

d u c t i v i t y of a photoconductor i n c r e a s e s when i t i s i l l u m i n a t e d with l i g h t 

of the c o r r e c t wavelength. I t was f i r s t observed i n selenium by W. Smith 

(1873). The p r o c e s s u s u a l l y i n v o l v e s the e x c i t a t i o n of e l e c t r o n s e i t h e r 

from the valence band or impurity l e v e l s to the conduction band, i . e . to 

energy s t a t e s where the' e l e c t r o n s are f r e e to move. A photoexcited e l e c t r o n 

l e a v e s behind a f r e e hole i n the v a l e n c e band. Since the capture c r o s s 

s e c t i o n of d e f e c t s i n p h o t o - s e n s i t i v e cadmium sulph i d e i s higher f o r holes., 

the holes are captured i n these i m p e r f e c t i o n s i t e s , and immobilised, Con

sequently the major c o n t r i b u t i o n to the photoconductivity i s made by the 

e l e c t r o n s . 

I m perfections and i m p u r i t i e s , depending on the l o c a t i o n of t h e i r 

energy l e v e l s , p l a y important r o l e s i n determining the c h a r a c t e r i s t i c s of 

a photoconductor. Such c h a r a c t e r i s t i c s i n c l u d e the dependence of the photo-

c u r r e n t on l i g h t i n t e n s i t y ' , the temperature dependence of the photo

s e n s i t i v i t y , s u s c e p t i b i l i t y to o p t i c a l quenching and speed of response. 

The p h o t o v o l t a i c e f f e c t which i s the generation of an e.m.f. under 

( 12 JAN 1978 ) 
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i l l u m i n a t i o n was a l s o o r i g i n a l l y observed i n selenium: i t s d i s c o v e r y i s 

a s c r i b e d to Adams and Day (1876). I n 1927 Crondahl and subsequently 

Lange (1930) observed the generation of an e.m.f. a t a c o n t a c t between 

Cu^O and Cu; the b a s i c a s p e c t s of t h i s phenomenon which i s c a l l e d the 

p h o t o v o l t a i c b a r r i e r e f f e c t , were c l a r i f i e d by Schottky e t a l (1930, 1931). 

The s e a r c h f o r an e x p l a n a t i o n of the p h o t o v o l t a i c e f f e c t continued 

and Landau and L i f s h i t z (1936) , Dabydov (1938) and Mott (1939) came to the 

r i g h t c o n c l u s i o n t h a t the photo-emf arose from a non-equilibrium concentra

t i o n of m i n o r i t y c a r r i e r s . The high e f f i c i e n c y s o l a r c e l l was f i r s t 

developed by Chapin, F u l l e r and Pearson i n 1954, using a d i f f u s e d s i l i c o r . 

p-n j u n c t i o n . S i n c e then, e f f o r t s to f a b r i c a t e h i g h l y e f f i c i e n t s o l a r c e l l s 

have been continued. I t i s worth mentioning t h a t nowadays s i l i c o n s o l a r 

c e l l s w ith e f f i c i e n c i e s up to 18% are used as the means of power production 

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

was d e s c r i b e d by Reynolds e t a l (1954) who made a photo c e l l by applying 

a Cu c o n t a c t to s i n g l e c r y s t a l CdS. They a t t r i b u t e d e rroneously the photo-

v o l t a i c e f f e c t of t h e i r c e l l to p-type conduction i n a copper impurity band. 

L a t e r W i lliams and Bube (1960) suggested t h a t the observed f a c t s can be 

b e t t e r e x p l a i n e d by the assumption of the emission of e l e c t r o n s from the 

metal contact i n t o the semiconductor, but c u r r e n t i d e a s favour the produc-

t i o n of a p-n h e t e r o j u n c t i o n i n which the p-type m a t e r i a l i s copper s u l p h i d e . 

The t h i r d p h o t o e l e c t r i c e f f e c t , i . e . photoernission v/as d i s c o v e r e d 

by Hertz during h i s experiments on e l e c t r i c a l i n d u c t i o n c i r c u i t s (1887). 

He r e a l i z e d t h a t a spark passed with g r e a t e r ease when the gap was i l l u m 

i n a t e d with the spark, from the primary c o i l . F u r t h e r experiment showed 

t h a t i t was the u.v. component of the spark which had the e f f e c t on the 

negative t e r m i n a l of the secondary gap. Hallwachs (1888) confirmed these 

r e s u l t s and concluded t h a t negative e l e c t r i c a l c a r r i e r s , l a t e r i d e n t i f i e d 



as e l e c t r o n s , were emitted from the cathode under u-v i l l u m i n a t i o n . The 

work of E l s t e r and G e i t c l on more s e n s i t i v e m a t e r i a l s l i k e Na anil K led 

to the achievement of the high y i e l d photocathodes by p r e p a r a t i o n of com

p o s i t e s u r f a c e f i l m s , leading to caesium antimonide f i l m s , and the m u l t i a l -

k a l i cathodes which are used i n p h o t o m u l t i p l i e r s , s c i n t i l l a t i o n c o u n t e r s , 

and the t e l e v i s i o n p i c k up tubes of today. 

1.2 OTHER PHOTOELECTRIC EFFECTS 

1.2.1 The Dember E f f e c t 

S t rongly absorbed r a d i a t i o n can generate a high d e n s i t y of e l e c t r o n 

hole p a i r s a t the s u r f a c e of a semiconductor. E l e c t r o n s having the higher 

m o b i l i t y say, d i f f u s e away from the s u r f a c e more q u i c k l y than h o l e s . I n 

the absence of any other e f f e c t , the d i f f e r e n t i a l d i f f u s i o n w i l l tend t c 

make the s u r f a c e more p o s i t i v e than the bulk. The d i r e c t i o n of the r e s u l t 

i n g e l e c t r i c f i e l d i s such as to a c c e l e r a t e the lower m o b i l i t y c a r r i e r s 

and to slow down the more mobile c a r r i e r s , so t h a t the net c u r r e n t i s n i l , 

Dember (1931) and (1932). 

1.2.2 The Photomagnetoelectric E f f e c t 

I l l u m i n a t i o n w i t h s t r o n g l y absorbed l i g h t causes a c o n c e n t r a t i o n 

g r a d i e n t of e l e c t r o n - h o l e p a i r s d i f f u s i n g away from the i l l u m i n a t e d s u r f a c e 

i n a d i r e c t i o n p a r a l l e l to the d i r e c t i o n of the i n c i d e n t l i g h t . I f a 

magnetic f i e l d i s a p p l i e d t r a n s v e r s e l y to t h i s d i f f u s i o n c u r r e n t , the 

e l e c t r o n s and ho l e s w i l l be d e f l e c t e d i n opposite d i r e c t i o n s (as i n the 

H a l l e f f e c t ) , with the r e s u l t t h a t a v o l t a g e i n the t h i r d orthogonal 

d i r e c t i o n w i l l appear a c r o s s the ends of the specimen. 

U n l i k e the Dember e f f e c t , f o r a photomagnetoelectric e f f e c t to be 

observed the m o b i l i t i e s of e l e c t r o n s and holes need not be d i f f e r e n t . 



For a giv e n i l l u m i n a t i o n , the P.M.E. voltag e depends on the s u r f a c e recom

b i n a t i o n v e l o c i t y , s, and the l i f e t i m e , T, of the c a r r i e r s i n the bulk. 

The P.M.E. e f f e c t has been used to f i n d these q u a n t i t i e s s and T which are 

important i n the performance o f the semiconductor d e v i c e s , T.S. Moss e t a l 

(1953) and H. B u l l i a r d (1954). 

1.2.3 Anomalous P h o t o v u l t a i c E f f e c t 

Some semiconductors i n the form of t h i n l a y e r s e x h i b i t a high 

v o l t a g e p h o t o v o l t a i c e f f e c t . Voltages as high as 5000 V have been reported 

( A d i r o v i c h e t a l 1966) which a r e many times l a r g e r than the semiconductor 

band gap. The anomalous photovoltage e f f e c t has been observed i n a la r g e 

number of o b l i q u e l y deposited semiconductor f i l m s and i n s i n g l e c r y s t a l s 

of ZnS (W.J. Mertz 1958) and ZnSe (B. G o l d s t e i n 1959). S e v e r a l models have 

been proposed to e x p l a i n the e f f e c t and they are a l l based on a summation 

of the elementary photovoltages generated i n an a r r a y of s m a l l photo c e l l s . 

These photovoltages, i t i s suggested, are generated e i t h e r from the Dember 

e f f e c t i n m i c r o - c e l l s or from p h o t o v o l t a i c e f f e c t a t p-n j u n c t i o n s or a t 

g r a i n boundaries. The high r e s i s t a n c e of the m a t e r i a l i n v o l v e d such as 

ZnS has precluded any u s e f u l a p p l i c a t i o n s being made. 

1.2.4 The Photoangular E f f e c t 

T h i s e f f e c t has been observed i n r e l a t i v e l y t h i c k f i l m s (2 — 50 um) 

of p o l y c r y s t a l l i n e GaAs and S i . The f i l m s were deposited by vapour-phase 

t r a n s p o r t a c r o s s a sm a l l gap between the source c r y s t a l and the s u b s t r a t e . 

(F.H. N i c o l l 1963). U n l i k e the f i l m s which d i s p l a y an anomalous photo

v o l t a i c e f f e c t , the d e p o s i t i o n d i r e c t i o n was normal to the s u b s t r a t e and, 

t h e r e f o r e , the s t r u c t u r e of the f i l m was d i f f e r e n t from t h a t o f the angu

l a r l y grown f i l m s . When the f i l m was i l l u m i n a t e d a t normal i n c i d e n c e , no 



voltage appeared. As the l i g h t beam was t i l t e d from a normal to the sub

s t r a t e , a photo-voltage developed and cjn-w with f u r t h e r i n c l i n a t i o n of 

the beam. The s p e c t r a l response c u t o f f a b r u p t l y a t photon e n e r g i e s l e s s 

than the band gap, and extended undiminished to 4 eV. T h i s confirms t h a t 

the photo-angular e f f e c t occurred a t the f r e e s u r f a c e of the p o l y c r y s t a l -

l i n e l a y e r . 

1.2.5 L a t e r a l P h o t o e f f e c t 

The L a t e r a l p h o t o e f f e c t i s the generation of a photovoltage p a r a l l e l 

to the p-n j u n c t i o n , Wallmark (1957) and J . I . A l f e r o v e t a l (1970). The 

device c o n s i s t s of an n-type semiconductor s u b s t r a t e which i s s t r o n g l y 

doped by acceptors to form a p-n j u n c t i o n . Due to the high c o n d u c t i v i t y 

of p-region h o l e s generated by the l i g h t spot on the l e f t s i d e of the 

j u n c t i o n leak out of the r i g h t s i d e of the j u n c t i o n , making the r i g h t s i d e 

more p o s i t i v e than the l e f t s i d e . E l e c t r o n s i n the n-type region i n s t a n t l y 

r e d i s t r i b u t e themselves to p r e s e r v e l o c a l space charge n e u t r a l i t y . T h i s 

charge r e d i s t r i b u t i o n generates a v o l t a g e a c r o s s the two ohmic c o n t a c t s . 

The p o l a r i t y of the l a t e r a l photovoltage r e v e r s e s when the l i g h t spot 

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

1.3 PHOTOELECTRIC APPLICATIONS 

As t h e i r technology has developed, p h o t o e l e c t r i c d e v i c e s have 

found e x t e n s i v e a p p l i c a t i o n s . Photoconductive and p h o t o v o l t a i c d e v i c e s 

were o r i g i n a l l y used as r a d i a t i o n d e t e c t o r s and f l u x meters. Nowadays, 

because of the f a b r i c a t i o n of d e v i c e s from semiconductor m a t e r i a l s w i t h 

d i f f e r e n t energy gaps, photoconductors can be used to d e t e c t e n e r g i e s 

ranging from those of i n f r a - r e d photons to atomic p a r t i c l e s . Semiconductor 

d e t e c t o r s (counters) f o r n u c l e a r p a r t i c l e s are i n e f f e c t s o l i d - s t a t e 



i o n i z a t i o n chambers i n which the c a r r i e r s produced by the absorption of 

the r a d i a t i o n are c o l l e c t e d on the e l e c t r o d e s . Semiconductor d e t e c t o r s 

can r e c o r d any r a d i a t i o n capable of producing s u f f i c i e n t i o n i z a t i o n i n 

the s e n s i t i v e l a y e r . The higher the r e s i s t a n c e of the s e n s i t i v e l a y e r , 

the s m a l l e r the i o n i z a t i o n energy t h a t can be detected, so t h a t to d e t e c t 

r a d i a t i o n one uses high r e s i s t a n c e homogeneous c r y s t a l s and r e v e r s e biased 

p-n j u n c t i o n s . As l i g h t - d e t e c t o r s , p h o t o r e s i s t o r s can be competitors to 

p h o t o m u l t i p l i e r s when t h e i r s m a l l s i z e and low c o s t are more important t.r.an 

t h e i r s e n s i t i v i t y . Probably the most common a p p l i c a t i o n i s as a l i g h t -

operated s w i t c h f o r s t r e e t lamps, l i f t doors, i n d u s t r i a l c o n t r o l , or i n t r u d e r 

alarms e t c . More complex uses of photoconducting l a y e r s are i n image con

v e r t e r s , and v i d i c o n type t e l e v i s i o n pick-up tubes f o r example. 

The photoemissive e f f e c t i s mostly used i n p h o t o m u l t i p l i e r tubes 

which f i n d v a r i o u s a p p l i c a t i o n s . Photocathodes are a l s o used i n t e l e v i s i o n 

camera tubes such as the image o r t h i c o n and i n image i n t e n s i f i e r s . I n 

a d d i t i o n to these a p p l i c a t i o n s of p h o t o e l e c t r i c e f f e c t s , there are v a r 

i e t i e s of l i g h t measuring d e v i c e s using p h o t o c e l l s , such as pyrometers, 

micro-densitometers, and photometers. Use i s a l s o made of photo c e l l s i n 

f i l m production f o r sound re c o r d i n g , i n i n d u s t r y f o r smoke and flame 

d e t e c t i o n , and i n intruder, alarms. 

I n r e c e n t y e a r s the r a t e of consumption of f o s s i l f u e l i n indus-

t e r i a l i s e d c o u n t r i e s has i n c r e a s e d enormously, so t h a t the problem of the 

d e p l e t i o n of the re s o u r c e s of these f u e l s ( e s p e c i a l l y o i l ) has a t t r a c t e d 

a t t e n t i o n as attempts are made to f i n d d i f f e r e n t means of pr o v i d i n g energy. 

The p o s s i b l e e x p l o i t a t i o n of the e a r t h ' s thermal energy, the use of n u c l e a r 

energy and the development of e l e c t r i c c a r s are examples of t h i s e f f o r t . 

The sun i s a very important source of energy. On a c l o u d l e s s summer day 
o 

a t a l a t t i t u d e of 55 N, the r a t e of r e c e i v i n g s o l a r energy a t sea l e v e l 
-2 

i s 800 watt m . The maximum e f f i c i e n c y of conversion of s o l a r energy to 



e l e c t r i c a l energy i n a s i l i c o n p-n j u n c t i o n with a band gap of 1.1 eV was 

c a l c u l a t e d t h e o r e t i c a l l y by Shockley a n d Q u i e s s e r (1960, 1961). T h e i r c a l 

c u l a t i o n puts a l i m i t a t 24% f o r the power conversion e f f i c i e n c y . Although 

i n p r a c t i c e the maximum a t t a i n a b l e e f f i c i e n c y of 14% i s much l e s s than the 

t h e o r e t i c a l one, i t i s s t i l l higher than the e f f i c i e n c y of a n u c l e a r power 

r e a c t o r . 

Beyond the e a r t h ' s atmosphere ( a i r mass zero amo) where s o l a r 
-2 

r a d i a t i o n energy i s i n c i d e n t a t a r a t e of 1400 watt m , the low conver

s i o n e f f i c i e n c y of a s o l a r c e l l can s t i l l provide power f o r a communica

t i o n s a t e l l i t e . I n a d d i t i o n , p h o t o v o l t a i c c e l l s can be used as d e t e c t o r s 

f o r y r a d i a t i o n , B r a d i o a c t i v e elements, a p a r t i c l e s protons, neutrons, or 

any other means of c r e a t i n g e l e c t r o n - h o l e p a i r s without changing the 

p r o p e r t i e s of the j u n c t i o n a p p r e c i a b l y . 

1.4 REASONS FOR THE PRESENT WORK 

Before d i s c u s s i n g the reasons for the p r e s e n t work, i t i s per

t i n e n t to d e s c r i b e some of the advantages and disadvantages of the m a t e r i a l s 

t h a t a re used f o r the f a b r i c a t i o n of s o l a r c e l l s . The p r e d i c t e d e f f i c 

i e n c i e s of v a r i o u s semiconductors (Wysocki and Rappaport, 1960) show t h a t 

semiconductors l i k e GaAr., AlSb, InP, should have the h i g h e s t conversion 

e f f i c i e n c i e s . I n p r a c t i c e , however, because of the h i g h l y developed 

s t a t e of s i l i c o n technology, s i l i c o n s o l a r c e l l s have been e x p l o i t e d f o r 

a long time as unequalled p h o t o v o l t a i c c o n v e r t e r s . N e v e r t h e l e s s , 

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

m a t e r i a l s t n a t might o t f e r g r e a t e r e f f i c i e n c y , cheapness of manufacture, 

and maintenance. 

Some of the disadvantages of the s i l i c o n s o l a r c e l l can be sum

marized as f o l l o w s . Beyond the e a r t h ' s armosphere where the s o l a r c e l l s 
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are used as power sources f o r s a t e l l i t e s and space v e h i c l e s ; the per

formance of a c e l l i s a f f e c t e d by the r a d i a t i o n damage caused by high 

energy p a r t i c l e s . These p a r t i c l e s introduce recombination c e n t r e s i n 

the c e l l i n a d d i t i o n to the c e n t r e s a l r e a d y p r e s e n t . The net r e s u l t i s 

to decrease the m i n o r i t y c a r r i e r l i f e - t i m e and l i k e w i s e the m i n o r i t y 

c a r r i e r d i f f u s i o n l e n g t h , which g i v e s r i s e to a decrease i n the s h o r t -

c i r c u i t c u r r e n t of the c e l l . E x p e r i m e n t a l l y , the d e t e r i o r a t i o n of t h ^ 

e f f i c i e n c y of S i s o l a r c e l l s under e l e c t r o n bombardment has been measured 

for three k i n d s of c e l l . I t has been shown t h a t the r a d i a t i o n r e s i s t a n c e 

of n-on-p c e l l s i s higher than t h a t of p-on-n c e l l s (Rosenzwaig e t a l , 

1963). S i m i l a r e f f e c t s have been observed with s o l a r c e l l s s u b j e c t to 

proton bombardment (R L S t a t l e r , 1967 and R.V. Tanke and B.J. Faraday, 

1967). E f f o r t s to prevent such i r r e v e r s i b l e r a d i a t i o n damage by doping 

c e l l s w i t h Cu and L i have been only p a r t i a l l y s u c c e s s f u l ( L o f e r s k i , 1963, 

Usami, 1970} Berman 1972). 

S i n c e the mass production of s o l a r energy c o n v e r t e r s i s h i g h l y 

d e s i r a b l e , the d i f f i c u l t i e s of preparing l a r g e a r e a S i s o l a r c e l l s and 

the high c o s t i n v o l v e d have l e d to a s e a r c h f o r an a l t e r n a t i v e m a t e r i a l 

to meet the requirements of r e l a t i v e cheapness and r e l a t i v e ease of mass 

production. 

C o n s i d e r i n g the f a c t o r of e f f i c i e n c y , the s p e c t r a l response of the 

power source should be matched with the s p e c t r a l emission of the sun, and 

with s i l i c o n t h a t i s not so. T h e o r e t i c a l c a l c u l a t i o n s of e f f i c i e n c y as 

a f u n c t i o n of energy gap ( J . J . L o f e r s k i 1956, Wysocki and Rappaport 1960 

and Wolf 1960) show a broad optimum favouring semiconductors w i t h gaps 

i n the range 1.25 to 1.5 eV. with a maximum conversion e f f i c i e n c y of 

23.6 per cent. S i l i c o n with Eg 1.1 eV i s not an i d e a l m a t e r i a l . S e v e r a l 

semiconducting compounds such as indium phosphide (1.27 eV), g a l l i u m 



a r s e n i d e (1.34 eV) and aluminium atimonide (1.63), have gaps i n the 

r e q u i r e d energy range. G a l l i u m a r s e n i d e would appear to be the most 

promising m a t e r i a l f o r s o l a r energy conversion f o r two reasons: f i r s t l y , 

i t s energy gap i s the c l o s e s t to the optimum v a l u e , and secondly, i t s 
2 - 1 - l 

e l e c t r o n m o b i l i t y of 5-8000 cm v s e c i s higher than t h a t of s i l i c o n 
2 - 1 -1 

of 1350 cm v s e c . Another high m o b i l i t y m a t e r i a l of i n t e r e s t i s 

indium phosphide, but i n p r a c t i c e the d i f f i c u l t i e s of i t s p r e p a r a t i o n 

are even g r e a t e r than w i t h g a l l i u m a r s e n i d e , which i s u n d e s i r a b l e . CdS 

with a band gap of 2.4 eV seems a poor m a t e r i a l f o r the purpose of s o l a r 

energy conversion, but the e f f e c t i v e energy gap of 1.2 eV which i s 

a t t r i b u t a b l e to the copper sulp h i d e l a y e r of the h e t e r o j u n c t i o n makes 

the m a t e r i a l s a t t r a c t i v e as a s o l a r c e l l . 

For optimum performance, some general c o n d i t i o n s should be f u l 

f i l l e d . For example: 
(1) R e f l e c t i o n l o s s e s should be a minimum. 

(2) The m a t e r i a l should have a high c o e f f i c i e n t of absorption i n 

order to absorb a l a r g e proportion of the sun's r a d i a t e d energy. 

(3) The whole s p e c t r a l range of photon energy should be u t i l i z e d f o r 

the c r e a t i o n of e l e c t r o n - h o l e p a i r s . 

(4) C o l l e c t i o n of the e l e c t r o n - h o l e p a i r s should be complete. Incom

p l e t e c o l l e c t i o n occurs when e l e c t r o n - h o l e p a i r s are c r e a t e d f a r from 

the j u n c t i o n , i . e . t h e i r d i s t a n c e from the j u n c t i o n i s g r e a t e r than 

t h e i r d i f f u s i o n length. 

(5) The v o l t a g e f a c t o r which i s d e f i n e d as the r a t i o of the open 

c i r c u i t voltage to the energy gap should be a maximum. By proper choice 

of m a t e r i a l and the s e l e c t i o n of proper doping l e v e l s , i t i s p o s s i b l e to 

i n c r e a s e the voltage f a c t o r . 
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(6) The curve f a c t o r given by the r a t i o of the maximum power p o i n t 

v o l t a g e times maximum power point c u r r e n t to o p e n - c i r c u i t voltage times 

s h o r t - c i r c u i t c u r r e n t should be a maximum. 

(7) A d d i t i o n a l degradation of the curve due to i n t e r n a l s e r i e s r e s i s 

tance should be reduced to a minimum ( t h i s has been p a r t l y s o l v e d by 

b e t t e r g r i d d e s i g n ) . 

(8) The c e l l should be r a d i a t i o n r e s i s t a n t , e s p e c i a l l y for space 

use. 

Although the e f f i c i e n c i e s of s o l a r c e l l s made of some other 

m a t e r i a l s such as g a l l i u m a r s e n i d e and CdS/InP (Wagner and Shay 1975 and 

Shay and Wagner 1976) are higher than t h a t of CdS.-Cu^S s o l a r c e l l s , i n 

p r a c t i c e , the d i f f i c u l t i e s of t h e i r p r e p a r a t i o n and t h e i r expense, r u l e 

out these m a t e r i a l s f o r the purpose of mass production of s o l a r c e l l s . 

1.5 BRIEF HISTORY OF THE DEVELOPMENT OF THE CdS:Cu 2S SOLAR CELL 

S i n c e the o r i g i n a l 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 a s s o c i a t e d 

w i t h a Cu c o n t a c t on CdS by Reynold e t a l i n 1954, many i n v e s t i g a t i o n s 

have been c a r r i e d out to improve the performance of the c e l l and to help 

understand the p h y s i c a l mechanisms which c o n t r o l the operation of the 

c e l l . I n 1960 W i l l i a m s and Bube observed the p h o t o v o l t a i c e f f e c t i n 

c e l l s where the Cu was e l e c t r o l y t i c a l l y deposited on to the CdS. They 

a t t r i b u t e d the e f f e c t to e l e c t r o n emission from the metal (Cu) to the 

semiconductor (CdS). Woods and Champion on the other hand, suggested 

t h a t the d i f f u s i n g - i n of a high c o n c e n t r a t i o n of copper produced a p-type 

conduction i n CdS, and t h a t the phenomenon could t h e r e f o r e be i n t e r p r e t e d 

as a p-n j u n c t i o n e f f e c t . Measuring the hole c o n d u c t i v i t y i n CdS, Woods 

and Champion i n d i c a t e d t h a t the p - c o n d u c t i v i t y i n CdS could not be 
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e x p l a i n e d by normal h o l e c o n d u c t i v i t y , because t h e number o f f r e e h o l e s 

decreased w i t h an i n c r e a s e i n t h e t e m p e r a t u r e and t h a t t h e H a l l m o b i l i t y 

o f t h e h o l e s was connected w i t h an a d m i t t e d l y s m a l l energy o f a c t i v a t i o n . 

Grimmeiss and Memming ( 1 9 6 2 ) l i k e w i s e f o u n d t h a t t h e c o n c e n t r a t i o n o f 

t h e added m e t a l was much g r e a t e r on t h e p - s i d e t h a n t h e c o n c e n t r a t i o n o f 

h o l e s , as f o u n d from H a l l measurements. A l l t h e s e r e s u l t s were t a k e n 

t o i n d i c a t e t h a t t h e h o l e c o n d u c t i v i t y i n CdS was an i m p u r i t y band e f f e c t , 

b u t l a t e r i t was d e m o n s t r a t e d t h e s o l u b i l i t y o f copper i m p u r i t y i n CdS 

i s l i m i t e d and t h a t t h e h o l e c o n d u c t i v i t y must have been a s s o c i a t e d w i t h 

a s e p a r a t e phase o f copper s u l p h i d e . 

I n 1 9 6 3 Cusano r e p o r t e d t h e f a b r i c a t i o n o f a CdTe s o l a r c e l l 

w h i c h c o n s i s t e d o f a h e t e r o j u n c t i o n between a p - t y p e copper t e l l u r i d e 

and n - t y p e cadmium t e l l u r i d e . The comparison o f t h i s h e t e r o j u n c t i o n w i t h 

t h o s e i n o t h e r I I - V T compounds i n c l u d i n g CdS, gave r i s e t o t h e i d e n t i f i c a -

t i o n o f cuprous t e l l u r i d e and cuprous s u l p h i d e , g e n e r a l l y w i t h a depar

t u r e towards excess s u l p h u r (Cu^ ^S) , and t e l l u r i u m ( C ^ x
T e ) • These 

l a y e r s were i d e n t i f i e d by e l e c t r o n d i f f r a c t i o n t e c h n i q u e s . H a l l measure

ments o f t h e Cu^ ^S f i l m s showed t h a t t h e y were p - t y p e w i t h a h o l e 
2 

m o b i l i t y a t room t e m p e r a t u r e o f about 2 cm v sec w i t h c a r r i e r c o n c e n t r a -
2 0 3 

t i o n s around 1 0 cm o r g r e a t e r . 

The i m p u r i t y p h o t o v o l t a i c e f f e c t i n cadmium s u l p h i d e was i n 

v e s t i g a t e d by^N. Due Cunong and J B l a i r 1 9 6 6 ) . They f a b r i c a t e d a p h o t o 

v o l t a i c c e l l by e v a p o r a t i n g a t h i n copper l a y e r on t o a l o w - r e s i s t i v i t y 

s i n g l e - c r y s t a l n - t y p e cadmium s u l p h i d e . They f o u n d t h a t t h e s p e c t r a l 

response o f a c e l l i n t h e i n f r a - r e d was enhanced by as much as two hun

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

t o t h e energy gap. (Green l i g h t ) . The enhancement o f t h e i n f r a - r e d 

p h o t o v o l t a i c response was a t t r i b u t e d t o c r e a t i o n o f a d d i t i o n a l m i n o r i t y 

c a r r i e r s by t r a n s i t i o n o f e l e c t r o n s f r o m t h e v a l e n c e band t o i m p u r i t y 
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l e v e l s . Chamberlain and Skarman ( 1 9 6 6 ) p r e p a r e d t h i n f i l m p h o t o v o l t a i c 

c e l l s by a c h e m i c a l spray t e c h n i q u e . CdS -Ci i S c e l l s w i t h a n a c t i v e 

f i l m t h i c k n e s s o f 1 n gave e f f i c i e n c i e s . i : ; h i g h a s 4* from ; i r e a s o f 1 c m ' . 

These c e l l s were p r e p a r e d by t h e chemical spray d e p o s i t i o n o f two d i s t i n c t 

l a y e r s . The f i r s t l a y e r was n-type CdS and t h e second l a y e r was p - t y p e 

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

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

between t h e cadmium s u l p h i d e and t h e copper s u l p h i d e . The p h o t o v o l t a i c 

c h a r a c t e r i s t i c s o f CdS s o l a r c e l l s f a b r i c a t e d by e l e c t r o p l a t i n g copper 

on t o CdS s i n g l e c r y s t a l s have been d e s c r i b e d by Tokao S h i t a y a and Kisanao 

Sato ( 1 9 6 8 ) . From t h e resemblance o f t h e s p e c t r a l response o f t h e c e l l s 

t o t h a t o f Cu doped CdS s i n g l e c r y s t a l s and t h e f a c t t h a t t h e c a p a c i t a n c e 

o f t h e c e l l s d i d n o t depend on t h e b i a s v o l t a g e , S h i t a y a and Sato con

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

i n s u l a t i n g l a y e r o f CdS w h i c h c o u l d be d e s c r i b e d as a M o t t b a r r i e r . 

Measurements o f t h e s p e c t r a l response o f t h e Cu^S-CdS s o l a r c e l l s , p r e p a r e d 

by t h e c h e m i p l a t i n g t e c h n i q u e , as a f u n c t i o n o f t h e p l a t i n g s o l u t i o n con

c e n t r a t i o n and t h e p l a t i n g t i m e were made by M y t t o n ( 1 9 6 8 ) . He showed 

t h a t t h e i n t r i n s i c response o f t h e c e l l was dependent on t h e c o n c e n t r a t i o n 

o f t h e p l a t i n g s o l u t i o n and t h e p l a t i n g t i m e . I n c o n t r a s t t h e e x t r i n s i c 

CdS res p o n s e , w i t h i n c e r t a i n l i m i t s was i n d e p e n d e n t o f t h e d i p t i m e and 

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

t h e p r e v i o u s models o f CdS-Cu^S s o l a r c e l l s , M y t t o n proposed an energy 

band s t r u c t u r e f o r t h e c e l l i n whic h t h e j u n c t i o n r e g i o n c o n s i s t s o f 

a t r a n s i t i o n f r o m p - t y p e Cu^S, t h r o u g h p h o t o c o n d u c t i n g ( i n s u l a t i n g ) CdS 

doped w i t h Cu a c c e p t o r s l y i n g about 1 . 0 eV above t h e v a l e n c e band, t o 

n - t y p e CdS where t h e Fermi l e v e l i s v e r y c l o s e t o t h e c o n d u c t i o n band. 

T h i s i s t h e model suggested as a p o s s i b i l i t y by K e a t i n g ( 1 9 6 5 ) and i s 



s i m i l a r t o t h a t o f Bockeniuehl e t a l ( 1 9 6 1 ) . A more p r e c i s e model based on 

t h e Ci^S-i-CdS-n-CdS double j u n c t i o n has been proposed by Shiozawa and 

Co. w o r k e r s (1967). (The C l e v i t e M o d e l ) . They have c o n s i d e r e d i n g r e a t 

d e t a i l t h e s t r u c t u r e o f copper-doped h i g h - r e s i s t i v i t y CdS, and p o i n t e d o u t 

t h a t p h o t o c o n d u c t i v i t y i s t o be expected i n t h e i-CdS r e g i o n , r e s u l t i n g i n 

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

S e v e r a l o t h e r models t h a t have been suggested by o t h e r w o r k e r s 

such as Lewis Model by P o t t e r and S c h a l l a , 1967; Harshaw Model by H i l l and 

Keramidas, 1966; E.S.R.O. Model by Van A e r s h o d t e t a l , 1968, a l l c o n t a i n 

common f e a t u r e s , b u t d i f f e r i n t h e d e t a i l s o f t h e proposed energy band 

s t r u c t u r e s a t t h e Cu^S-CdS i n t e r f a c e . To account f o r t h e o p t i c a l q u e n ching 

and enhancement o f p h o t o c u r r e n t due t o secondary i l l u m i n a t i o n i n C^-CdS 

c e l l s , G r i l l and Bube, 1970, proposed a model i n w h i c h t h e h o l e t r a p p i n g 

i n t h e deep i m p e r f e c t i o n c e n t r e s i n t h e CdS near t h e j u n c t i o n was c o n s i d e r e d 

t o be t h e key mechanism. I n t h e i r proposed model, e l e c t r o n s d i f f u s i n g 

a c r o s s t h e j u n c t i o n f r c m Cu^S must t u n n e l t h r o u g h a c o n d u c t i o n band s p i k e 

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

i t y i s c o n t r o l l e d by t h e occupancy o f deep l y i n g i m p e r f e c t i o n l e v e l s i n 

t h e CdS d e p l e t i o n r e g i o n . T h i s model was s u p p o r t e d and ext e n d e d by 

L i n d q u i s t and Bube (1972) who measured t h e i n f l u e n c e o f t r a p p e d charge on 

t h e p h o t o v o l t a i c p r o p e r t i e s o f an e f f i c i e n t Cu S-CdS s i n g l e c r y s t a l h e t e r o -

j u n c t i o n by t h e p h o t o c a p a c i t a n c e t e c h n i q u e . A f t e r r e j e c t i n g t h e p o s s i b i l i t y 

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

duced i n t o t h e CdS d u r i n g t h e f o r m a t i o n o f h e t e r o j u n c t i o n , t h e y t h e n 

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

i n t o t h e CdS d u r i n g t h e f o r m a t i o n o f t h e j u n c t i o n . S i m i l a r e f f e c t s were 

ob s e r v e d by Shiozawa e t a l i n t h i n f i l m s o l a r c e l l s ( 1 9 6 9 ) . I n t h e i r 

p r o p o s e d model ( t h e C l e v i t e model) Shiozawa e t a l c o n s i d e r an i n t e r f a c i a l 

l a y e r w h i c h i s formed by t h e d i f f u s i o n o f Cu i n t o t h e CdS d u r i n g t h e 
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f o r m a t i o n o f copper s u l p h i d e l a y e r s on t h e CdS and t h e h e a t t r e a t m e n t o f 

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

i n t e r f a c e s t a t e s a t t h e Cu^S-CdS j u n c t i o n w h i c h a c t as r e c o m b i n a t i o n cen

t r e s when t h e c e l l s a r e f o r w a r d b i a s e d . I n view o f t h e wide range o f 

e x p e r i m e n t s s u p p o r t i n g i t i n d e t a i l , t h i s model has been a c c e p t e d by many 

t o be t h e most s a t i s f a c t o r y one t o d a t e . 

1.5.1 The C l e v i t e model f o r s o l a r c e l l 

The model p r e s e n t s an energy band diagram f o r t h e p-Cu^S-i-CdS 

n-CdS h e t e r o j u n c t i o n . S i n c e t h e i m p u r i t y l e v e l s i n n-CdS and t h e o p t i c a l 

and e l e c t r i c a l p r o p e r t i e s o f t h e i-CdS r e g i o n p l a y i m p o r t a n t r o l e s i n t h e 

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

o f t h e model. These a r e : 

(1) Gold makes an ohmic c o n t a c t t o p-Cu^S and t h e ZnAg s u b s t r a t e 

e l e c t r o d e makes an ohmic c o n t a c t t o t h e n-CdS. 

(2) Almost a l l t h e l i g h t a b s o r p t i o n o c c u r s i n t h e t h i n l a y e r o f 

p-Cu^S. The s p e c t r a l response o f t h e c e l l c o r r e s p o n d s t o t h e i n t r i n s i c 

a b s o r p t i o n spectrum o f Cu^S m o d i f i e d by t h e 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 o f 

t h e i-CdS l a y e r . 

( 3 ) The i-CdS l a y e r r e s u l t s f r o m Cu d i f f u s i o n d u r i n g t h e c e l l f a b r i c a 

t i o n . T h i s l a y e r w h i c h i s i n s u l a t i n g i n t h e d a r k becomes p h o t o c o n d u c t i v e 

when t h e c e l l i s i l l u m i n a t e d by s u n l i g h t . The q u a s i - F e r m i l e v e l f o r 

e l e c t r o n s moves upward d u r i n g i l l u m i n a t i o n and t h e l a y e r becomes wea k l y 

n - t y p e . The l a y e r has a l l t h e 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 o f Cu-compensated 

CdS. 

(4) When t h e c e l l i s i l l u m i n a t e d t h e main j u n c t i o n o c c u r s between 

Cu vS and i-CcJS. The l i . i r r i c r l i c i c j h t i n t l i i r . c«i ; ; i " i s about. 0.t>5 i-V. 
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(5) I n t h e d a r k , t h e p r i n c i p a l j u n c t i o n o c c u r s between t h e i-CdS and 

n-CdS. The b a r r i e r h e i g h t i s t h e n about 1.2 eV. A s m a l l j u n c t i o n o f 

r e v e r s e d p o l a r i t y w i t h a b a r r i e r h e i g h t o f 0.35 eV o c c u r s between t h e 

p-Cu^S and i-CdS. T h i s b a r r i e r d i s a p p e a r s when th e c e l l i s i l l u m i n a t e d . 

(6) The i n t e r f a c e s t a t e s a t t h e p-Cu^Sii-CdS j u n c t i o n a r e m a i n l y 

r e s p o n s i b l e f o r t h e r e c o m b i n a t i o n which o c c u r s under f o r w a r d b i a s con

d i t i o n s . 

When photons w i t h e n e r g i e s l e s s t h a n 1.2 eV f a l l on t h e c e l l t h e r e 

i s no a p p r e c i a b l e a b s o r p t i o n i n t h e Cu^S l a y e r . The p h o t o n s pass t h r o u g h 

t h e i-CdS l a y e r and n-CdS and a r e absorbed o r r e f l e c t e d by t h e AgZn e l e c 

t r o d e . S t r o n g b u t n o t complete a b s o r p t i o n o c c u r s f o r photons w i t h e n e r g i e s 

between 1.2 and 2.4 eV. The reason f o r t h i s i s t h a t t h e i n d i r e c t band 

gap o f Cu^S r e q u i r e s t h e a b s o r p t i o n c o e f f i c i e n t f o r p h o t o n e n e r g i e s i n 

t h i s range t o r i s e s l o w l y w i t h i n c r e a s i n g photon e n e r y y . T h i s c o u p l e d 

w i t h t h e s m a l l t h i c k n e s s o f t h e Cu^S l a y e r , a l l o w s some pho t o n s w i t h 

e n e r g i e s between 1.2 and 2.4 eV t o pass i n t o t h e i-Cc'lS l a y e r v/here t h e i r 

a b s o r p t i o n cjives r i s e t o p h o t o c o n d u c t i v i t y , making i t weakly n - t y p e . Photons 

w i t h e n e r g i e s g r e a t e r t h a n 2.4 eV a r e absorbed i n t h e Cu^S l a y e r . The more 

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

s u r f a c e . 

The a b s o r p t i o n o f p h o t o n s o f a p p r o p r i a t e energy g e n e r a t e s e l e c t r o n -

h o l e p a i r s i n t h e Cu^S l a y e r . The e l e c t r o n s a r e t h e m i n o r i t y c a r r i e r s i n 

t h e p ^ C ^ S and have a r e l a t i v e l y l a r g e l i f e t i m e because o f t h e i n d i r e c t 

band gap o f t h e Cu S. The e l e c t r o n s d i f f u s e t o t h e Cu S:i-CdS i n t e r f a c e , 
2 £. 

th e n t h e y are c o l l e c t e d by t h e e l e c t r i c f i e l d i n t h e i-CdS r e g i o n . A f t e r 

r e a c h i n g t h e n - t y p e CdS, t h e y pass e v e n t u a l l y t o t h e ZnAg e l e c t r o d e s . 

As a p h o t o e x c i t e d e l e c t r o n l e a v e s t h e Cu^S l a y e r and proceeds 

towards t h e ZnAg ohmic c o n t a c t , t h e c o r r e s p o n d i n g p h o t o g e n e r a t e d h o l e moves 
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towards t h e ohmic g o l d c o n t a c t , where- it i s n n n i l i i . 1 n t i-d b y a n i ncomi m j 

e l e c t r o n . 

Recombination o c c u r s i n t h e b u l k and the i n t e r f a c e s o f t h e Cu^S 

l a y e r . For e n e r g i e s h i g h e r t h a n 2.4 eV a b s o r p t i o n o c c u r s near t h e i l l u m 

i n a t e d Cu^S s u r f a c e . The h i g h e r r e c o m b i n a t i o n r a t e a t t h e s u r f a c e 

r e s u l t i n g from (a) t h e h i g h e r d e n s i t y o f f r e e c a r r i e r s i n excess o f e q u i 

l i b r i u m v a l u e , and (b) t h e s u r f a c e r e c o m b i n a t i o n c e n t r e s , r e s u l t s i n t he 

d i m i n i s h e d photoresponse o f t h e c e l l f o r these e n e r g i e s . 

Many e x p e r i m e n t a l o b s e r v a t i o n s demonstrate t h e dependence o f t h e 

o p t i c a l and e l e c t r i c a l p r o p e r t i e s o f t h e c e l l as a whole on t h e o p t i c a l 

and e l e c t r i c a l p r o p e r t i e s o f i-CdS l a y e r . For example: 

(1) t h e enhancement o f t h e r e d p o r t i o n o f t h e S£jectral response due 

t o t h e i l l u m i n a t i o n o f t h e c e l l by green l i g h t . 

(2) t h e decrement o f t h e green p o r t i o n o f t h e s p e c t r a l response by 

i n f r a r e d l i g h t b i a s (quenching o f p h o t o c o n d u c t i v i t y ) . 

(3) t h e appearance o f t h e e f f e c t s (1) and (2) o n l y a f t e r t h e h e a t 

t r e a t m e n t o f t h e c e l l s wnich i n d i c a t e s t h a t t h e i-CdS l a y e r i s formed by 

Cu d i f f u s i o n . 

(4) t h e decrease i n t h e c e l l c a p a c i t a n c e by a d d i t i o n a l h e a t t r e a t m e n t 

w h i c h i s due t o f u r t h e r g r o w t h o f t h e i - l a y e r . 

(5) enhancement o f t h e s p e c t r a l response a t l o n g e r w a v e l e n g t h s by 

dopi n g t h e n-CdS l a y e r w i t h i n d i u m . The p h o t o c o n d u c t i v e response o f Cu 

compensated In-doped CdS extends t o much l o n g e r w a v e l e n g t h s . 

(6) t h e c r o s s - o v e r o f t h e dark I-V c u r v e and l i g h t I-V c u r v e w h i c h 

i s a s s o c i a t e d w i t h t h e p h o t o c o n d u c t i v e e f f e c t i n t h e i-CdS l a y e r . 

(7) t h e g r o w t h o f the i - l a y e r w i t h h e a t t r e a t m e n t v / i t h consequent 

l o s s o f t u n n e l l i n g and s h u n t i n g p a t h s improves t h e squareness o f t h e 
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I-V c h a r a c t e r i s t i c s . 

(8) The s e r i e s r e s i s t a n c e o f c e l l s heated i n vacuum o r i n e r t cjas a t 
o 

t e m p e r a t u r e s above 150 C i n c r e a s e s i r r e v e r s i b l y . T h i s i s due t o t h e growth 

o f t h e i - l a y e r by copper d i f f u s i o n . The e f f e c t can be reduced by donor 

do p i n g o f t h e CdS l a y e r . 

1.5.2 I n s t a b i l i t y and d e g r a d a t i o n 

O b v i o u s l y t h e s t a b i l i t y and d u r a b i l i t y o f a s o l a r c e l l a r e v e r y 

i m p o r t a n t parameters a f f e c t i n g i t s p r a c t i c a l use. I n r e c e n t y e a r s a g r e a t 

d e a l o f a t t e n t i o n has been d e v o t e d t o a t t e m p t s t o u n d e r s t a n d t h e mechan

isms which r e s u l t i n t h e f a i l u r e o f t h e e f f i c i e n t f u n c t i o n i n g o f t h e s o l a r 

c e l l s . Knowledge about t h e s e mechanisms p r o v i d e s an i n s i g h t i n t o a b e t t e r 

approach t o t h e problem and i t s s o l u t i o n . The Cu^S-CdS c e l l i s s u b j e c t t o 

a number o f d e g r a d a t i o n mechanisms (W. P a l z e t a l 1970, 1973; M y t t o n e t a l 

1972 and Shiozawa e t a l , 1969). 

(1) The p o l y c r y s t a l l i n e s u r f a c e area i s r e a c t i v e w i t h t h e ambient 

atmosphere, 

(2) The e x i s t e n c e o f phases o t h e r t h a n c h a l c o c i t e Cu^S i n t h e Cu-S 

system p r e s e n t p o s s i b i l i t i e s f o r d e g r a d a t i o n . 

(3) The i o n i c m o b i l i t y o f Cu i n Cu^S p r o v i d e s a mechanism f o r i o n i c 

s e g r e g a t i o n when a marked p o t e n t i a l d rop can be developed a c r o s s t h e C u 2 S -

(4) Cu d i f f u s i o n i n t o CdS a l s o p r o v i d e s a mechanism f o r d e g r a d a t i o n . 

As mentioned e a r l i e r , t h e Cu 2S-CdS c e l l degrades i f i t i s h e a t e d 

above 150°C i n vacuum o r i n an i n e r t gas. T h i s d e g r a d a t i o n w h i c h c o n s i s t s 

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

due t o copper d i f f u s i o n . T h i s l e a d s t o t h e g r o w t h o f t h e i - l a y e r and con

s e q u e n t l y t o an i r r e v e r s i b l e i n c r e a s e i n t h e s e r i e s r e s i s t a n c e o f t h e c e l l . 
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The i n t r o d u c t i o n o f a s m a l l c o n c e n t r a t i o n o f donors i n t o t h e CdS l a y e r 

causes s u b s t a n t i a l changes i n t h e magnitude o f t h i s mode o f d e g r a d a t i o n . 

The s h o r t c i r c u i t c u r r e n t i s f o u n d t o be dependent on t h e com

p o s i t i o n o f t h e cuprous s u l p h i d e l a y e r (Palz e t a l , 1972) . A quantum 

e f f i c i e n c y e q u a l t o t h a t o f s t a n d a r d s i l i c o n c e l l s can be o b t a i n e d i n 

c e l l s w i t h the o r t h o r h o m b i c c h a l c o c i t e phase o f Cu^S, b u t t h i s decreases 

when the c o m x j o s i t i o n o f t h e cuprous s u l p h i d e changes by c h e m i c a l r e a c t i o n 

w i t h t h e ambient atmosphere. I t i s v / e l l known t h a t c o j j p e r s u l p h i d e can 

have d i s t i n c t i v e c o m p o s i t i o n s such as ( o r t h o r h o m b i c c h a l c o c i t e ) , 

Cu S ( o r t h o r h o m b i c d j u r l e i t e ) and Cu S ( d i g e n i t e ) . X-ray s t u d i e s 
i . y D i . o 

on copper s u l p h i d e by Shiozawa e t a l (1969) show t h a t t h e copper s u l p h i d e s 

t e n d t o change w i t h t i m e from those w i t h h i g h e r t o l o w e r copper c o n t e n t : 

Cu„S -+ Cu. „^S + Cu S ( w i t h 1.96 < x < 1.8). These changes w h i c h a r e 2 1.96 x 

due t o t h e r e a c t i o n w i t h oxygen i n t h e atmosphere, would r e s u l t i n a 

decrease o f t h i s s h o r t c i r c u i t c u r r e n t o f t h e c e l l . L i k e w i s e s t u d i e s o f 

P a l z e t a l (1973) showed t h a t c e l l s w i t h d i f f e r e n t Ci^S c o m p o s i t i o n s 

behave l i k e c e l l s a t d i f f e r e n t stages o f d e g r a d a t i o n . Measurements o f 

t h e s h o r t c i r c u i t p h o t o c u r r e n t o f these c e l l s as a f u n c t i o n o f x i n C u 2 S 

i n d i c a t e s t h a t t h e s h o r t c i r c u i t c u r r e n t decreases w i t h x and optimum 

v a l u e s are o b t a i n e d w i t h t h e Cu^S phase. ( F i g u r e 2 ) . 

The c o n v e r s i o n o f c h a l c o c i t e (Cu^S) t o phases o f l o w e r copper 

c o n t e n t t a k e s p l a c e f a s t e r a t h i g h t e m p e r a t u r e s i n a i r . Cu w h i s k e r s on 

t h e s u r f a c e o f t h e Cu^S l a y e r would be o x i d i z e d t o Cu^O o r CuO (depending 

on t h e t e m p e r a t u r e and t h e oxygen p r e s s u r e ) and t h e p r o c e s s would t h e n be 

i r r e v e r s i b l e . D e g r a d a t i o n r e s u l t i n g from t h e o x i d a t i o n o f t h e c e l l s a t 

150°C i n a i r i s d i f f e r e n t from vacuum d e g r a d a t i o n . A i r d e g r a d a t i o n has 

no e f f e c t on t h e s e r i e s r e s i s t a n c e b u t decreases t h e s h o r t c i r c u i t 

c u r r e n t , w h i l e vacuum d e g r a d a t i o n causes an i n c r e a s e i n s e r i e s r e s i s t a n c e . 
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A l t h o u g h s e v e r a l d e g r a d a t i o n mechanisms a r e i n v o l v e d i n t h e 

performance o f t h e Cu^S-CdScells, none o f t h e a s s o c i a t e d p r o c e s s e s seem 

t o be so b a s i c t h a t i t cannot be a v o i d e d t o a degree s u f f i c i e n t t o a l l o w 

f o r a l i f e expectancy i n excess o f 20 y e a r s i n t e r r e s t r i a l deployment. 

As a r e s u l t e f f o r t s are c o n t i n u i n g t o improve t h e s t a b i l i t y o f Cu^S-CdS 

s o l a r c e l l s . S e v e r a l e x p e d i e n t s f o r example, t h e i n c l u s i o n o f dopants 

(Palz e t a l , 1973) i n t h e CdS, t h e use o f a s p e c i a l e t c h s o l u t i o n ( M y t t o n 

e t a l , 1972) and t h e d e p o s i t i o n o f excess Cu on t h e Cu.̂ S s u r f a c e (K. Bogus 

and S. M a t t e s , 1972) have been r e p o r t e d by one a u t h o r o r a n o t h e r t o 

improve t h e performance and s t a b i l i t y o f t h e i r c e l l s . 

I n t h e work p r e s e n t e d i n t h i s t h e s i s , a t t e n t i o n w i l l be drawn 

t o t h e i m p o r t a n c e o f t h e r o l e o f Cu i n CdS and i t s charge s t a t e , i . e . 

t h a t t h e monovalent C u + i o n p r o v i d e s a more s t a b l e s i t u a t i o n t h a n t h e 
+ 

D i v a l e n t Cu i o n . I n a d d i t i o n some o t h e r p h o t o e f f e c t s i n CdS such as 

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

i n t h e CdS S c h o t t k y b a r r i e r system w i l l be d i s c u s s e d . 
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CHAPTER TWO 

PHOTOEFFECTS IN CADMIUM SULPHIDE 

2.1 P h o t o c o n d u c t i v i t y 

The phenomenon o f a b s o r p t i o n o f l i g h t by a semiconductor o r semi-

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

m a t e r i a l , i s known as p h o t o c o n d u c t i v i t y . A l t h o u g h t h e phenomenon was d i s 

c o v e r e d l a t e i n t h e 19th C e n t u r y , i t s development was c l o s e l y r e l a t e d t o 

t h e p o s t war advancement i n t h e t e c h n o l o g y o f p r o d u c i n g p u r e and doped 

c r y s t a l s . W i t h I I - V I compounds t h e p r e p a r a t i o n o f l a r g e c r y s t a l s and 

s i n g l e c r y s t a l t h i n f i l m s has been g r e a t l y h i n d e r e d by t h e tendency o f 

t h e s e compounds t o form v a r i o u s i n t r i n s i c d e f e c t s , t o d e v i a t e f r o m s t o i -

c i o m e t r y and a l s o t o have h i g h m e l t i n g t e m p e r a t u r e s . N o n e t h e l e s s , t h e 

g r e a t i n t e r e s t i n these m a t e r i a l s , t o g e t h e r w i t h t h e development o f modern 

t e c h n o l o g i c a l methods such as c r y s t a l g r o w t h by vapour t r a n s p o r t , c r y s t a l 

g r o w t h f r o m t h e m e l t under h i g h p r e s s u r e s o f i n e r t gas, and p r e p a r a t i o n 

o f t h i n f i l m s by e l e c t r o n beam e v a p o r a t i o n and i o n i m p l a n t a t i o n , has l e d 

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

based on t h e s e compounds. 

There a r e many reasons f o r t h e c o n t i n u e d i n t e r e s t i n t h e p h o t o 

c o n d u c t i v i t y o f I I - V I compounds. The w i d t h s o f t h e f o r b i d d e n bands o f 

these compounds and t h e i r s o l i d s o l u t i o n s span t h e t o t a l spectrum o f 

v i s i b l e l i g h t and i n p a r t t o t h e u l t r a v i o l e t r e g i o n , T a b l e ( 1 ) . T h i s 

makes i t p o s s i b l e t o use them i n p r i n c i p l e as s e m i c o n d u c t i n g s o u r c e s and 

d e t e c t o r s o f v i s i b l e and u l t r a v i o l e t l i g h t . 

The p h o t o c o n d u c t i v i t y c h a r a c t e r i s t i c s o f t h e I I - V I compounds can 

be summarized as f o l l o w s . 
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When l i g h t o f a p p r o p r i a t e energy f a l l s on a p h o t o c o n d u c t o r , e l e c 

t r o n s from t h e v a l e n c e band a r e e x c i t e d t o t h e c o n d u c t i o n band where t h e y 

can move f r e e l y . The e x c i t e d e l e c t r o n s l e a v e b e h i n d h o l e s i n t h e v a l e n c e 

band. The h o l e s have l o w e r v a l u e s o f m o b i l i t y , b u t i n any e v e n t a re r a p i d l y 

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

p h o t o c o n d u c t i v i t y i s made by e l e c t r o n s . The p h o t o e x c i t e d e l e c t r o n s whose 

d e n s i t y depends on t h e r a t e o f e x c i t a t i o n , recombine w i t h t h e i m m o b i l i s e d 

h o l e , b u t some may be t r a p p e d i n t r a p p i n g c e n t r e s . When ste a d y s t a t e con

d i t i o n s are reached t h e r a t e o f p h o t o e x c i t a t i o n e q u a l s t h e r a t e o f recom

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

band a r e ( 1 ) t h e r a t e o f p h o t o e x c i t a t i o n F, and ( 2 ) t h e l i f e t i m e o f 

e l e c t r o n s 

n = F T ( 2 . 1 ) 

T , t h e t i m e d u r i n g w h i c h e l e c t r o n s remain i n t h e c o n d u c t i o n band i s d e t e r 

mined m a i n l y by t h e d e n s i t y and l o c a t i o n o f t h e r e c o m b i n a t i o n c e n t r e s i n 

th e f o r b i d d e n gap. When an e l e c t r i c f i e l d i s a p p l i e d t o a p h o t o c o n d u c t o r 

w i t h ohmic c o n t a c t s , t h e p h o t o e x c i t e d e l e c t r o n s move t o w a r d t h e anode and 

charge moves round t h e e x t e r n a l c i r c u i t . The p h o t o c u r r e n t t h u s g e n e r a t e d 

i s g i v e n by 

I = 2£ ( 2 . 2 ) T r 

where T i s t h e e l e c t r o n t r a n s i t t i m e between t h e two ohmic c o n t a c t s . I f r 
t h e s p a c i n g between t h e two ohmic c o n t a c t s i s d, t h e n 

T = — = — = — ( 2 . 3 ) 
r v d |j.e u,v 

v n i s t h e d r i f t v e l o c i t y o f e l e c t r o n s , e t h e e l e c t r i c f i e l d , p. t h e d 
m o b i l i t y and V i s t h e v o l t a g e a p p l i e d t o t h e d e v i c e . 
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S u b s t i t u t i n g f o r n i n e q u a t i o n (2.2) from e q u a t i o n (2.1) we have 

eF e FG, I (2.4) I o r G T eF r 

where G i s t h e p h o t o c o n d u c t i v e g a i n and i s d e f i n e d as t h e number o f charge 

c a r r i e r s w h i c h pass between t h e e l e c t r o d e s f o r each p h o t o n absorbed. 

S u b s t i t u t i n g f o r i n e q u a t i o n (2.4) f r o m e q u a t i o n ( 2 . 3 ) , we have: 

u T V 

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

H and t h e v o l t a g e a p p l i e d t o t h e d e v i c e . I 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 

t h e square o f s p a c i n g between t h e e l e c t r o d e s . For h i g h e r g a i n , t h e r e f o r e , 

i t i s necessary t o i n c r e a s e t h e v o l t a g e a p p l i e d t o t h e d e v i c e and t o 

decrease d t h e d i s t a n c e between t h e c o n t a c t s . I t i s p o s s i b l e t o change x 

by t h e i n t r o d u c t i o n o f s u i t a b l e dopants. I n f a c t t h e l i f e t i m e o f t h e f r e e 

c a r r i e r i s d e t e r m i n e d m a i n l y by t h e l o c a t i o n o f t h e energy l e v e l s a s s o c i a t e d 

w i t h t h e r e c o m b i n a t i o n c e n t r e s i n t h e f o r b i d d e n gap, r a t h e r t h a n by t h e 

d e n s i t y o f these c e n t r e s ( G r i m e i s s , 1.974). 

i s t h e response t i m e , i . e . t h e t i m e r e q u i r e d f o r t h e p h o t o c u r r e n t t o r e a c h 

a s t e a d y s t a t e ( o r some a p p r o p r i a t e f r a c t i o n o f t h e ste a d y s t a t e , say 0 . 5 ) . 

T h i s i s a l s o t h e t i m e r e q u i r e d f o r t h e p h o t o c u r r e n t t o decay t o t h e same 

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

absence o f t r a p s t h e response t i m e i s e q u a l t o t h e l i f e t i m e , b u t i n g e n e r a l , 

t h e response t i m e i s c o n t r o l l e d by b o t h r e c o m b i n a t i o n and t r a p p i n g c e n t r e s . 

For d e f i n i t e n e s s assume t h a t an i l l u m i n a t e d c o n d u c t o r i s i n t h e steady s t a t e 

and t h a t t h e i l l u m i n a t i o n i s t h e n s w i t c h e d o f f a t t = t . The i n i t i a l 

G (2.5) 

A n o t h e r d e t e r m i n i n g p arameter f o r t h e performance o f a p h o t o c o n d u c t o r 

o 
response t i m e o f an n - t y p e p h o t o c o n d u c t o r w i l l be 
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dn 
d t 

t = t T r e R p 

o 

n ( t ) 
— • (2.6) 

where n ( t ) i s t h e ste a d y s t a t e e l e c t r o n c o n c e n t r a t i o n , n = F T . I t i s o 
p o s s i b l e t o p r o v e t h a t t h e i n i t i a l response t i m e o f a p h o t o c o . i d u c t o r 

* 

e q u a l s t h e ste a d y s t a t e l i f e t i m e T o f t h e e x c i t e d s t a t e (see, f o r example, 

F. Stockmann, 1975). 

I t i s w o r t h n o t i n g t h a t t h e r e i s a maximum v a l u e f o r t h e g a i n o f a 

p h o t o c o n d u c t o r . T h i s v a l u e c o rresponds t o t h e maximum v o l t a g e t h a t can be 

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

dominates t h e c o n d u c t i v i t y o f t h e c r y s t a l ( R o s e , 1959) and space charge 

l i m i t a t i o n s o c c u r . The maximum g a i n i s g i v e n by 
T 

max T 
G___. = r e s P - M (2.7) 

r e l . 

where T i s t h e response t i m e and T , i s t h e ohmic r e l a x a t i o n t i m e . For r e s p . r e l . 

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

t r a p s t o deep t r a p s o r i s t h e r a t i o o f t o t a l charge r e q u i r e d t o f i l l t h e 

deep t r a p s t o t h e t o t a l charge i n t h e r m a l e q u i l i b r i u m o r therm c o n t a c t w i t h 

t h e c o n d u c t i o n band. The performance o f a p h o t o c o n d u c t o r i s d e t e r m i n e d by 

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

p l a y a d u a l r o l e i n t h i s , 

(1) t h e y g i v e r i s e t o l o n g response t i m e s and hence decrease t h e p r o d u c t 
G max , , and 
T 
r e s p . 

(2) t h e y p e r m i t h i g h e r v a l u e s o f v o l t a g e t o be a p p l i e d b e f o r e i n j e c t e d 

c a r r i e r s dominate t h e c o n d u c t i v i t y and hence i n c r e a s e t h e g a i n . 

Homogeneous I I - V I p h o t o c o n d u c t o r s a r e capable o f h i g h g a i n and h i g h speed 

o f response f o r h i g h i n t e n s i t y e x c i t a t i o n . W i t h low i n t e n s i t y e x c i t a t i o n , 
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however, the e f f e c t s o f t r a p s dominate the response time and the speed of 

response i s low. 

Ex p e r i m e n t a l l y photocurrents corresponding to u n i t g a i n , c a l l e d 

primary photocurrents, were i d e n t i f i e d i n CdS by Van Heerden (1957). The 

requirement f o r u n i t g a i n i s t h a t the l i f e t i m e of m a j o r i t y c a r r i e r s should 

almost be the same as t h e i r t r a n s i t time. I f the m a j o r i t y - c a r r i e r l i f e t i m e 

i s longer than the t r a n s i t time, the gain exceeds u n i t y , and the corresponding 

photocurrents are c a l l e d "secondary photocurrents". Gains of the order of 
4 

10 have been observed by Lappe (1959) f o r evaporated CdS l a y e r s under 

e l e c t r o n e x c i t a t i o n , and f a c t o r s up to v a l u e s of 500 have been reported 

f o r CdS s i n g l e c r y s t a l s by Bube and Barton (1959). 

2.2 S u p e r l i n e a r i t y 

The photocurrent of a photoconductor depends on the i n t e n s i t y of the 

i n c i d e n t l i g h t and temperature i n many d i f f e r e n t ways. Experimental 

evidence shows t h a t the photocurrent may vary s u p e r l i n e a r l y , l i n e a r l y or sub-

l i n e a r l y w i t h l i g h t i n t e n s i t y . S i m i l a r l y the photocurrent may be i n s e n 

s i t i v e to temperature or i n c r e a s e or decrease w i t h i n c r e a s i n g temperature. 

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

l i g h t of i n c r e a s i n g i n t e n s i t y g i v e s r i s e to the s e p a r a t i o n of the e l e c t r o n 

and hole steady s t a t e Fermi l e v e l s . As a r e s u l t , some c e n t r e s change t h e i r 

s t a t u s and become recombination c e n t r e s i n s t e a d of trapping c e n t r e s . The 

capture c r o s s s e c t i o n s of t h e s e c e n t r e s for f r e e c a r r i e r s determine whether 

they behave as s e n s i t i z i n g or d e s e n s i t i z i n g c e n t r e s , when they are e l e c 

t r o n i c a l l y added to the e x i s t i n g recombination c e n t r e s . T h i s concept which 

i s c a l l e d " e l e c t r o n i c doping" provides a simple and wide ranging mechanism 

to account f o r the dependence of photocurrent on l i g h t i n t e n s i t y . 

(A. Rose, 1963). 
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I f the photocurrent v a r i e s with a power of e x c i t a t i o n i n t e n s i t y 

g r e a t e r than u n i t y , t h i s i s the phenomenon of s u p e r l i n e a r i t y . Such an 

e f f e c t r e q u i r e s 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 with i n c r e a s i n g 

e x c i t a t i o n i n t e n s i t y . D i f f e r e n t authors (R.H. Bube 1957, H.A, K l a s e n s 

1958 and J . Voigt 1962,1964), have proposed models to e x p l a i n the phen

omenon i n CdS. A simple model was g e n e r a l i z e d by Cardon and Bube (1964) 

to i n c l u d e the e f f e c t s of a q u a s i continuous trap d i s t r i b u t i o n . Th.i.t. 

model was then extended by G.A. Dussel e t a l , 1966, to cover the efi>o:.-

of a high d e n s i t y of shallow t r a p s . I n t h e i r model which c o n t a i n s two 

types of recombination c e n t r e s , together with shallow and deep t r a p s , 

the authors show t h a t t h r e e p r o c e s s e s are e s s e n t i a l f o r the onset of super-

l i n e a r i t y with i n c r e a s i n g e x c i t a t i o n i n t e n s i t y . These three c o n d i t i o n s 

a r e : (1) holes must r e s i d e p r i m a r i l y i n the s e n s i t i z i n g c e n t r e s r a t h e r 

than i n the f a s t recombination c e n t r e s , (2) deep t r a p s must be f i l l e d , 

and (3) the occupancy of f a s t recombination c e n t r e s must be determined 

by recombination k i n e t i c s r a t h e r than by thermal e q u i l i b r i u m with the 

v a l e n c e band. To be c l e a r , l e t us c o n s i d e r the important f e a t u r e s of the 

model proposed by G.A. D u s s e l e t a l , 1966, ( F i g . 1 ) , and b r i e f l y d i s c u s s 

why i t i s e s s e n t i a l f o r example f o r the onset of s u p e r l i n e a r i t y t h a t the 

occupancy of f a s t recombination c e n t r e s be determined by recombination 

k i n e t i c s r a t h e r than by thermal e q u i l i b r i u m with the valence band. 

I n the steady s t a t e the k i n e t i c equations d e s c r i b i n g the t r a n s i t i o n s 

i l l u s t r a t e d i n F i g . 1 are the f o l l o w i n g : -

For f r e e e l e c t r o n s , 

^ = 0, 0 = F - 3 n (N - n ) - B n(N - n ) - B , n (N - n } a t e l 1 1 e2 2 2 e3 3 i 

+ P , n. - B . n(N - n l + P n e3 3 e4 4 4 e4 4 

(2.8) 
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Dark 
F.L. 

F i g u r e 2.1: Important t r a n s i t i o n s are shown i n the diagrams. 

The d i r e c t i o n s of the arrows show the d i r e c t i o n s of 

e l e c t r o n motion. 

With the n o t a t i o n used: 

F 

N. i 
n. 

e i 

h i 

P 

E. 

P e i 

h i 

= d e n s i t y of f r e e e l e c t r o n - h o l e p a i r s c r e a t e d per second. 

= t o t a l d e n s i t y of s t a t e s ( i = 1, 2, 3, 4 ) . 

= d e n s i t y of s t a t e s occupied by e l e c t r o n s ( i = 1, 2, 3, 4 ) . 

= capture p r o b a b i l i t y f o r e l e c t r o n s a t empty c e n t r e s i . 

*= caputre p r o b a b i l i t y f o r h o l e s a t occupied c e n t r e s i . 

= d e n s i t y of f r e e e l e c t r o n s . 

= d e n s i t y of f r e e h o l e s . 

= e l e c t r o n i o n i z a t i o n energy to the conduction band-2<?im 

c e n t r e s i for i = 3, 4, or hole i o n i z a t i o n energy t o the 

valence band from c e n t r e s i f o r i = 1, 2. 

= p r o b a b i l i t y for thermal e x c i t a t i o n of e l e c t r o n s from c e n t r e s i 
-E. 

to the conduction band f o r i = 3, 4 , p . = N g . exp (rrr^- ) . 
e i c e i kT 

= 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 conduction band. 

= p r o b a b i l i t y of thermal e x c i t a t i o n of holes from c e n t r e s i to 
-E. 

the valence band f o r i = 1, 2: P, . = N f}, . exp ( , „ ) . 
h i v h i e kT 

N = 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 valence band. 
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For the unoccupied c e n t r e s 1 , 

0 = B e l n ^ - n ^ - ^ p ^ + l ^ - ^ ) (2.9) 

For the unoccupied c e n t r e s 2 , 

0 = B e 2 n ( N 2 - n 2 ) - B h 2 p n 2 + P h 2 ( N 2 - „ 2 l (2.10) 

For the occupied c e n t r e s 3 

0 = B n(N - n ) - n p - B. . n. p e3 3 3 3 e3 h3 3 (2.11) 

For the occupied c e n t r e s 4 , 

0 = B n(N - n ) - n p - B n p e4 4 4 4 e4 h4 4 (2.12) 

and f o r charge c o n s e r v a t i o n , 

p + ( N 1 - n 1 ) + ( N 2 - n 2 ) = n + + (2.13) 

Equations (2.9) to (2.12) can be solved to g i v e (N^ - n ) , ( l ^ - n ^ , n^ 

and n as f u n c t i o n s o f n and p. 4 
By s u b s t i t u t i n g these v a l u e s i n equation ( 2 . 8 ) , one gets , 

B . 6, . Ni e i h i 
B. . P + B . n + P. h i e i 1 

(2.14) 

where, p. = p . f o r i = 3,4 and p. = p, . f o r i = 1,2. The q u a n t i t y R. 
I e i i h i I 

has been introduced to express the recombination through c e n t r e s i . 

S i m i l a r l y equation (2.13) becomes: 
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1 + 
3 . N 
P h l 1 P h 2 N 2 

B h l P + 6 e i n + P h l B h 2 P + B e 2 n + P h 2 

1 + 
3 e 3 N 3 

h3 e3 e3 

0 A N „ e4 4 

h4 e4 e4 

(2.15) 

By c o n s i d e r i n g the dominant terms i n equations (2.14) and (2.15) i t i s 

p o s s i b l e to recognize the type of the c e n t r e through which the recom

b i n a t i o n takes p l a c e . S i n c e the model has been proposed f o r an n-type 

photoconductors (CdS) and s p e c i f i c a l l y f o r the s u p e r l i n e a r behaviour of 

such m a t e r i a l , only those c a s e s t h a t g i v e r i s e to s u p e r l i n e a r i t y are 

considered. Centres 1 and 2 are c a l l e d "recombination c e n t r e s " and 

c e n t r e s 3 and 4 " e l e c t r o n traps", even though t h e i r r o l e can change from 

one to the other i n d i f f e r e n t ranges of e x c i t a t i o n . Centres 2 are 

i d e n t i f i e d as s e n s i t i z i n g c e n t r e s , i . e . 3 . » 3 Centres 3 are deep 
e l e2 

t r a p s and c e n t r e s 4 shallow ones. 

To a c q u i r e a b e t t e r i n s i g h t i n t o the nature of the p r o c e s s e s i n v o l v e d 

l e t us c o n s i d e r , f o r example, the occupancy of c e n t r e s 1. T h i s i s 

given by 

N l - " l 

3 N p 
h i r 

(3. ,p + 3 .n + P ) h i e i n l 
(2.16) 

Three p o s s i b i l i t i e s f o r the dominant term may a r i s e from the three terms i n 

the denominator of equation ( 2 . 1 6 ) . S i n c e we are d e a l i n g with n-type 

c r y s t a l s , the term i n v o l v i n g p may i n g e n e r a l be n e g l e c t e d . (Exceptions 

are f o r the case: 3, , >> 6 , , or f o r very high e x c i t a t i o n where p = n ) . 
h i e l 

E l i m i n a t i n g the term i n v o l v i n g p l e a v e s two p o s s i b i l i t i e s , one where P h i 

i s dominant, and the other where 3 .n i s dominant. 
e i 
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When P. , i s dominant , hi 

e h i N 1 P 

N l " n i = P ( 2 - 1 7 ) 

h i 

I n t h i s c ase, c e n t r e s 1 are i n thermal e q u i l i b r i u m with the valence 

band. p, the d e n s i t y of f r e e holes i s dependent on the d e n s i t y of 

trapped h o l e s . 

With i n c r e a s i n g e x c i t a t i o n , the term c o n t a i n i n g n becomes dom

i n a n t . 

3 h l N 1 P 

N i " n i = IT-IT (2-18) 

e l 

The d e n s i t y of unoccupied 1 c e n t r e s depends now on p as w e l l as n. I n 

other words, the v a r i a t i o n of p with n determines the occupancy of 1 

c e n t r e s . I f p i n c r e a s e s more r a p i d l y than n, (N^-n^) i n c r e a s e s ; i f 

p i n c r e a s e s a t the same r a t e as n, (N^ ~ n ^ ) remains constant; and i f 

p i n c r e a s e s more slowly than n, (N^ - n^) d e c r e a s e s . The v a r i a t i o n of 

p w i t h n as given i n equation (2.15) depends on whether the trapped h o l e s 

are p r i m a r i l y i n c e n t r e s 1 or 2, and whether the c e n t r e s 3 are empty or 

f i l l e d . 

As f a r as recombination i s concerned, when c e n t r e s 1 are i n thermal 

e q u i l i b r i u m with the valence band, the capture r a t e of ho l e s from the 

va l e n c e band i s equal to the hole e x c i t a t i o n r a t e from these c e n t r e s to 

the valence band. I n t h i s c ase, the r o l e of c e n t r e s 1 i n recombination 

i s l i m i t e d by the capture of e l e c t r o n s from the conduction band , 

/ 3 3 N 

" 1 P" 
When the hole capture from the valence band equals the hole e x c i t a t i o n 

to the valence band, the recombination i s given by: 
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R l = B h l N l P ( 2 * 2 0 ) 

i . e . the r o l e of c e n t r e s 1 i n recombination depends only on p the d e n s i t y 

of f r e e h o l e s . 

I n g e n e r a l a c e r t a i n recombination path w i l l remain dominant only 

i f i t can p r e s e r v e the e q u a l i t y o f the recombination r a t e R, and the 

e x c i t a t i o n r a t e F. T h i s means t h a t the terms on the r i g h t s i d e of the 

equation (2.20) should g i v e a l i n e a r dependence with F. So when p s t a r t s 

to vary s u b l i h e a r l y with F, then R^ can no longer be the dominant recom

b i n a t i o n path. T h i s i s the e s s e n t i a l c o n d i t i o n f o r the occurrence of 

s u p e r l i n e a r i t y . 

2.3 O p t i c a l and Thermal Quenching 

The photocurrent of a I I - V I compound e x c i t e d by l i g h t i n the v i s i b l e 

p a r t of the spectrum can be c o n s i d e r a b l y reduced by simultaneous i l l u m i n 

a t i o n w i t h i n f r a r e d l i g h t . 

The photocurrent may a l s o be reduced by i n c r e a s i n g the d e v i c e 

temperature w h i l e maintaining the l i g h t i n t e n s i t y f i x e d . T h i s w i l l cause 

the photoconductor t o r e v e r t to the i n s e n s i t i v e s t a t e by moving the steady 

s t a t e Fermi l e v e l s f u r t h e r from the band edges so t h a t the s e n s i t i z i n g 

c e n t r e s become t r a p s i n s t e a d of recombination c e n t r e s . (Rose 1963) . 

E x p l o i t a t i o n of thermal techniques i s l i m i t e d as f a r as the determination 

of capture c r o s s - s e c t i o n s i s concerned, because a p l o t of the tn of 

the e l e c t r o n d e n s i t y a t the break-point ( i . e . the e l e c t r o n d e n s i t y a t 

the temperature a t which the p h o t o s e n s i t i v i t y of the photoconductor 

s t a r t s to f a l l ) as a f u n c t i o n of 1/T does not give the absolute value 

of the e l e c t r o n or hole c r o s s s e c t i o n of the s e n s i t i z i n g c e n t r e s (see 

f o r example, Aven and Prener, 1967). 



3J . 

O p t i c a l quenching techniques can be used to o b t a i n information about 

the energy l e v e l s and capture c r o s s - s e c t i o n s o f s e n s i t i z i n g c e n t r e s . 

The o p t i c a l hole i o n i z a t i o n energy of a s e n s i t i z i n g c e n t r e i s obtained 

d i r e c t l y by the measurement of the quenching e f f i c i e n c y as a f u n c t i o n 

of the energy of the quenching r a d i a t i o n . 

Measurements of o p t i c a l quenching s p e c t r a f o r c r y s t a l s of CdS:I, 

CdS:Cu and pure CdS have shown t h a t the t h r e s h o l d of quenching occurs a t 

an energy of about 1.1 eV i n a l l three c r y s t a l s . T h i s i m p l i e s t h a t the 

s e n s i t i z i n g c e n t r e l i e s 1.1 eV. above the valence band (Bube e t a l , 1964). 

S i m i l a r measurements i n CdSe have y i e l d e d a v a l u e of 0.66 eV f o r 

the hole i o n i z a t i o n energy of the s e n s i t i z i n g c e n t r e s i n t h i s m a t e r i a l . 

Quenching experiments c a r r i e d out on CdS c r y s t a l s grown i n v a r i o u s atmos

pheres of excess sulphur and cadmium a l l showed two broad bands a t room 

temperature which were centred a t approximately 0.82 urn and 1.35 um. 

(C a r t e r and Woods, 1973). However, a t 90 K, quenching occurred i n the 

s h o r t e r wavelength band only. No d i f f e r e n c e s i n the quenching s p e c t r a 

were observed with e i t h e r the Cd r i c h or S r i c h samples when the measure

ments were repeated a t 90 K a f t e r c o o l i n g the samples from 388 K under 

i l l u m i n a t i o n . However, w i t h the specimens which had been grown a t 
o 

T^ = 50 C (T^ i s the temperature of sulphur t a i l of the growth t u b e ) , 

the shape of the quenching spectrum depended on whether the sample was 

i l l u m i n a t e d or not during c o o l i n g . The resemblance of the quenching 

spectrum of t h i s p a r t i c u l a r sample w i t h those of Cd r i c h samples l e d to 

the c o n c l u s i o n t h a t the i l l u m i n a t i o n of the sample had caused an 

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

I n f r a r e d quenching has been a l s o observed by a number of workers 

i n other I I - V I compounds, e.g. CdSe, (Lashkazev and Sheinkman,1965), 

ZnSe (Reinberg e t a l , 1971, and Gobrecht e t a l , 1971) and ZnS- (Burget 



and L i n , 1970). For o p t o e l e c t r o n i c s problems, i n t e r e s t a t t a c h e s to 

the i n f r a r e d e x t i n c t i o n of photoconductivity. The p o i n t i s that the 

d i e l e c t r i c constant, and consequently a l s o the r e f r a c t i v e index, depends 

e s s e n t i a l l y on the c o n c e n t r a t i o n of the e l e c t r o n s i n the conduction band. 

I n f r a r e d e x t i n c t i o n of photoconductivity makes i t p o s s i b l e to vary the 

number of e l e c t r o n s i n the conduction band and to c o n t r o l the r e f r a c t i v e 

index of the semiconductor. (Maev e t a l , 1973). I t i s worth noting t h a t 

i n f r a r e d e x t i n c t i o n of photoconductivity i s observed most f r e q u e n t l y 

i n c r y s t a l s w i t h high p h o t o s e n s i t i v i t y , so t h a t i n the p r e p a r a t i o n of 

the corresponding m a t e r i a l one should bear i n mind the j o i n t occurrence 

of these phenomena. 

2.4 Thermally s t i m u l a t e d c u r r e n t Techniques 

Trapping i s a fundamental p r o c e s s of energy storage i n almost a l l 

the e l e c t r o n i c a l l y a c t i v e s o l i d s . T h i s energy storage takes p l a c e i n 

the form of e l e c t r o n s or ho l e s captured i n the d e f e c t s and i m p e r f e c t i o n 

s i t e s , where an e l e c t r o n or a hole i s p r o h i b i t e d from moving f r e e l y 

through the c r y s t a l u n l e s s s u p p l i e d with thermal or o p t i c a l energy. When 

the trapped e l e c t r o n or hole i s r e l e a s e d , i t i s f r e e to move u n t i l cap

tured by a recombination c e n t r e or by another t r a p . 

Since the performance of photoconductors as w e l l as phosphors 

depends on the t r a p parameters and t h e i r d i s t r i b u t i o n , numerous i n v e s t i 

g a t i o n s have taken p l a c e to determine these parameters using d i f f e r e n t 

methods and techniques. A l l the e a r l y i n v e s t i g a t i o n s were concerned 

w i t h thermoluminescence. S e v e r a l i n v e s t i g a t o r s such as R a n d a l l and 

W i l k i n s , 1945, G a r l i c k and Gibson, 1948, and Grossweiner, 1953, pro

posed d i f f e r e n t methods of a n a l y s i n g glow curves. I n r e c e n t y e a r s 

s i m i l a r techniques have been used f o r the study of the energy l e v e l s of 



t r a p s i n photoconductors. I n s t e a d of the luminescent i n t e n s i t y , 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 s measured as a f u n c t i o n of temperature. 

A p l o t of the c o n d u c t i v i t y v e r s u s temperature u s u a l l y c o n t a i n s s e v e r a l 

peaks which are a s s o c i a t e d w i t h the r e l e a s e of trapped e l e c t r o n s , when the 

thermal energy s u p p l i e d to the c r y s t a l reaches an adequate value. 

I n determining the t r a p parameters, most workers have only used 

one or two s p e c i a l f e a t u r e s of the T.S.C. curve, such as the v a l u e of con

d u c t i v i t y a t the maximum a*, and the corresponding temperature, T*, or the 

two temperatures a t which the c o n d u c t i v i t y equals to ha* , (see f o r 

example Nicholas and Woods, 1964). T h i s l e a d s to experimental i n a c c u r a c y 

because of the d i f f i c u l t y of l o c a t i n g T * w i t h s u f f i c i e n t accuracy or of 

determining temperatures which are c l o s e together. To avoid t h i s , we 

d e s c r i b e a method which has been developed by Cowell and Woods (1967). 

The method which i s based on the work of Haering and Adams (1960) , u t i l i z e s 

a l l the measured v a l u e s of c o n d u c t i v i t y and temperature and, t h e r e f o r e , 

i s more a c c u r a t e . 

For a s i n g l e s e t of t r a p s with energy E^, a t e q u i l i b r i u m , the r a t e 

of change of e l e c t r o n c o n c e n t r a t i o n i n the conduction band i s equal to 

the net r a t e of thermal e x c i t a t i o n of the trapped e l e c t r o n s to the con

duction band minus the r a t e of e l e c t r o n recombination w i t h h o l e s , 

dn n dn 
-zr = - — - - r r ( 2- 2 1 ) 

dt. T d t 
t 

where 

dn -E 
= - n N s v e k T + n ( N - n ) s v (2.22) dt t c c t t 

i . e . the r a t e of change of the c o n c e n t r a t i o n of trapped e l e c t r o n s i s 

equal to the r a t e of r e t r a p p i n g of e x c i t e d e l e c t r o n s minus the r a t e of 

thermal e x c i t a t i o n of trapped e l e c t r o n s to the conduction band. 
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The n o t a t i o n i s as f o l l o w s , N ,N = c o n c e n t r a t i o n and e f f e c t i v e concen-
t c 

t r a t i o n of trapping and conduction s t a t e s , r e s p e c t i v e l y , n t ' °c = c o n c e n ~ 

t r a t i o n s of e l e c t r o n s i n t r a p s and i n the conduction band, s = c r o s s s e c t i o n 

of a t r a p f o r an e l e c t r o n , v = thermal v e l o c i t y of e l e c t r o n s i n the con

d u c t i o n band, E = E^ - E^, k = Boltzmann's constant, and T = temperature 

i n degrees K. The r e s u l t i n g c o n d u c t i v i t y i s given by : 

a = n e fi (2.23) c 

I n the l i m i t s of slow and f a s t r e t r a p p i n g the s o l u t i o n of equations 

(2.21) and (2.22) i s s t r a i g h t f o r w a r d and provides the value of n . I n the 
c 

case of slow r e t r a p p i n g , the p r o b a b i l i t y of r e t r a p p i n g i s much l e s s than 

the p r o b a b i l i t y of recombination, i . e . (N f c - n^) s v K < ~ . I n t h i s c a s e , 

the second term i n the r i g h t s i d e of equation (2.22) i s n e g l i g i b l e and 

t h e r e f o r e , the s o l u t i o n w i t h the assumption t h a t the temperature i s a 
l i n e a r f u n c t i o n of time becomes: 

n = n exp 
r ''o 

where T - T + f$t o 

T -E 
s v e dT 

c T o 

(2.24) 

Equation (2.21) i s a l i n e a r d i f f e r e n t i a l equation of the form 
f P (T) dT 

y' + p ( T ) y = Q(T) w i t h the i n t e g r a t i n g f a c t o r - o f e J . The s o l u 

t i o n to equation (2.21) i s , 

d n 
"c dT n = - B T — r - (2.25) 

and the c o n d u c t i v i t y i s t h e r e f o r e 

= n c e u = n t e u v exp j - ^ - j j exp ( - ̂ ) dT j (2.26) 
T 
o 

where n^ i s the i n i t i a l d e n s i t y of f i l l e d t r a p s , T i s the l i f e t i m e of 



a f r e e e l e c t r o n and u the e l e c t r o n m o b i l i t y . 3 i s the h e a t i n g r a t e 

and T the temperature from which heating begins f o l l o w i n g the f i l l i n g of o 

the t r a p s , v i s the attempt-to-escape frequency of a trapped e l e c t r o n : 

v = N^vs . I f i t i s assumed t h a t v i s independent of T and t h a t over 

the temperature span of a T.S.C. curve the v a r i a t i o n of u and x with T 

can be ignored, equation (2.26) can be r e w r i t t e n as : 

| - t + B ^ exp(- t ) t ~ 2 dt | 
a = A exp { -t + B J e x p ( - t ) t dt { (2.27) 

E vE where t - — and A and B are c o n s t a n t s : A = n^ T e u v and B -- — . kT t ^ 0K o 

Repeated i n t e g r a t i o n by p a r t s of the i n t e g r a l (2.27) l e a d s to a convergent 

i n f i n i t e s e r i e s of the form: 

-2 —3 -4 A exp I - t - B 1 e x p ( - t ) t - 2 e x p ( - t ) t + 3 x 2 e x p ( - t ) t + .., 

(2.28) 

[ — { 

S i n c e t i s l a r g e i n p r a c t i c e , i n the range 15-40, an approximate v a l u e of 

o can be obtained by c o n s i d e r i n g only the f i r s t term of the s e r i e s ; then 

o = A exp j - t - B e x p ( - t ) t 2 I \ (2.29) 
* o ' 

The bottom l i m i t i n (2.29) can be ignored provided t 1.5 t and 

o = A exp | - t - B e x p ( - t ) t ~ 2 | (2.30) 

I f (2.30) i s d i f f e r e n t i a t e d and equated to zero, one can f i n d the maximum 

of the curve which occurs a t t - t * = - j ^ j - , then 

t * 3 

B' = exp(t*) — (2.31) 
t * + 2 
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where B i s the approximate value of B obtained by r e p l a c i n g the approxi

mation s i g n of (2.30) by an e q u a l i t y . The t r u e value of B can be found 

by d i f f e r e n t i a t i n g (2.27) and equating the r e s u l t to zero: 

B = exp ( t * ) t * 2 (2.32) 

For the determination of t r a p parameters the v a l u e s of A and B 

should be determined. I n the curve f i t t i n g technique (Cowell and Woods, 

1967) A i s determined by i t s use as an a d j u s t a b l e parameter t o normalize 

the t h e o r e t i c a l cruve with the experimental one a t the maximum. The 

approximate value f o r B, i . e . B" , i s determined by the f o l l o w i n g pro

cedure. An i s o l a t e d peak of the measured T.S.C. curve y i e l d s the va l u e 

of T*. T h i s can be used to determine the approximate value of the t r a p 

depth E. (See f o r example Nicholas and Woods, 1964). T* w i t h E g i v e an 

approximate value f o r t * which can be i n s e r t e d i n (2.31) to y i e l d B". 

The value of o i s then c a l c u l a t e d from (2.30) w i t h the use of B' i n s t e a d 

of B. 

Once the curves were f i t t e d , the determination of the f i n a l v alue 

of E l e a d s to the c a l c u l a t i o n of B from (2.32) and hence the capture c r o s s 

s e c t i o n S. The t r a p d e n s i t y n f c can be estimated from the v a l u e o f A. 
o 

S i n c e A =•• n T e u v , t h i s r e q u i r e s a knowledge of T , the f r e e e l e c t r o n 
fco 

l i f e t i m e and u the e l e c t r o n m o b i l i t y . The v a l u e s of \i can be chosen from 

the t a b u l a t e d H a l l m o b i l i t y data and the va l u e of T can be neasured by 

determining the photoconductive gain. 

I n the case of f a s t r e t r a p p i n g , i t i s much more probable f o r the 

the r m a l l y e x c i t e d e l e c t r o n s to be retrapped than to recombine w i t h h o l e s , 

i . e . (N^ - n^) s v>> T *. I n other words, the time r e q u i r e d f o r thermal 

e q u i l i b r i u m to be e s t a b l i s h e d between the trapped e l e c t r o n s and e l e c t r o n s 

i n the conduction band i s much s h o r t e r than the recombination l i f e t i m e . 
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I f the t o t a l number of e l e c t r o n s i s denoted by n = n c + n^, then 

equation (2.21) can be w r i t t e n as: 

J N 

" — = - (2 33) dt T U . J J J 

where, n i s the e l e c t r o n c o n c e n t r a t i o n i n the conduction band, and 
A \ _ E / k T can be w r i t t e n i n terms of n as: n = n { — ) e t h e r e f o r e c VN t / 

dn n / N c \ " E / k T 

dT = -7KW-)* (2-34) 

The s o l u t i o n of equation (2.34) i s 

n = n ^ exp|^- j J ^ j T e dT I 

T o 

(2.35) 

and the r e s u l t i n g c o n d u c t i v i t y i s ; 

N p. e n r- rT -, 
c fc

0 r - E i ( - E/kT i 
; — E X P [M - F i r r J N

c
 e d T J 

o(T) = n ep. = • V T c N 

(2.36) 

E/ 
p u t t i n g t = ' kT as before, equation (2.36) becomes: 

| - t + D j exp (-t) t 7 / 2 dt I 
o = c exp { - t +D J exp (-t) t ^ dt } (2.37) 

t 

5/ 2 / 3/2 5/ 
where c = N e u. n and D - N E / N & T* K T 

C o/N t
 C ' t 

S i n c e the term N c o n t a i n s T* , then D, l i k e C, i s a constant. Repeated c 

i n t e g r a t i o n by p a r t s of the equation (2.37) l e a d s t o a convergent s e r i e s 

which i t s f i r s t term g i v e s the following e x p r e s s i o n f o r a : 

( " ? / 2 1 a = C exp { - t - D exp (-t) t } (2.38) 
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I f (2.38) i s d i f f e r e n t i a t e d and equated to zero, one can f i n d the value 

of t a t t h r maximum ( i . e . t * ) by the f o l l o w i n g e x p r e s s i o n : 

y / 2 

D' = e X P ( t M fc* (2.39) 
t * + 3.5 

where D' i s the value of D to the l i m i t s of the approximation used. 

I n t h i s case the curve f i t t i n g procedure i s done by the use of 

(2.38) and (2.39). Values of S cannot be found s i n c e equation (2.38) 

does not c o n t a i n \) . The value o f C g i v e s a measure of the f r a c t i o n of 
N e u n+. c '-o t r a p s o r i g i n a l l y f i l l e d s i n c e C = , and the value of 

5/2 
D = N E c 

t 
2 / / r m J 3 / ? 5/0 g i v e s an estimate of N , provided T i s 
/ litfi i T* ' * K ' * ^ t x 

determined from the photoconductive gain. 

2.5 The P h o t o v o l t a i c E f f e c t 

The p h o t o v o l t a i c e f f e c t i s d e f i n e d as the c r e a t i o n of an e l e c t r o 

motive f o r c e by the absorption of l i g h t i n an inhomogeneous s o l i d . The 

purpose of the inhomogeneity i s to se p a r a t e e l e c t r o n s and ho l e s which have 

been generated by the absorption of l i g h t . T h i s non-uniformity can occur 

i n a metal-semiconductor c o n t a c t , or a t a j u n c t i o n between two re g i o n s of 

a semiconductor with d i f f e r e n t types of c o n d u c t i v i t y , such as p-n j u n c t i o n s . 

The p-n j u n c t i o n can be a homojunction which has the same semiconductor 

on both s i d e s of the j u n c t i o n , or a h e t e r o j u n c t i o n composed of two d i f 

f e r e n t semiconductors. Although the g r e a t m a j o r i t y of s o l a r c e l l s are 

made wi t h p-n j u n c t i o n s , there are some advantages e x h i b i t e d by other 

kinds of p h o t o v o l t a i c c e l l s such as Schottky b a r r i e r s , and h e t e r o j u n c t i o n s 

t h a t make them a t t r a c t i v e . The Schottky b a r r i e r c e l l s i n p a r t i c u l a r are 

very simple and economical to f a b r i c a t e , and have improved s p r e c t r a l 

response a t s h o r t wavelengths, but t h e i r expected e f f i c i e n c i e s may be 
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somewhat lower than conventional c e l l s because of lower open c i r c u i t 

v o ltage. 

2.6 Metal-semiconductor Contact 

When a metal of work f u n c t i o n * i s brought i n t o an i n t i m a t e c o n t a c t 
m 

w i t h a semiconductor of work f u n c t i o n <t>s, a readjustment of charge t a k e s 

p l a c e to e s t a b l i s h thermal e q u i l i b r i u m . For a metal c o n t a c t to an n-type 

semiconductor w i t h $ > <J> , flow of e l e c t r o n s from the semiconductor to 
m s 

the metal continues u n t i l the Fermi l e v e l i n the semiconductor l i n e s up 

with t h a t of the metal. I n a s s o c i a t i o n w i t h t h i s readjustment of charge, an 

energy band bending occurs a t the i n t e r f a c e , on the semiconductor s i d e of 

the c o n t a c t . The amount of band bending i s e s s e n t i a l l y the d i f f e r e n c e 

between the two work f u n c t i o n s . T h i s p o t e n t i a l d i f f e r e n c e q* - q(y + Vn), 
m 

i s c a l l e d the c o n t a c t p o t e n t i a l where qx i s the e l e c t r o n a f f i n i t y measured 

from the bottom of conduction band to the vacuum l e v e l , and qVn i s the 

energy d i f f e r e n c e between the conduction band and the Fermi l e v e l of the 

semiconductor ( F i g . 2 ) . Neglecting Schottky b a r r i e r lowering, the e f f e c t s 

of any i n t e r f a c i a l l a y e r and those of s u r f a c e s t a t e s , the b a r r i e r h e i g h t 

i s given by: 
q * B n = q (*m " X) (2-40) 

i . e . the b a r r i e r h e i g ht i s simply the d i f f e r e n c e between the metal work 

f u n c t i o n and the e l e c t r o n a f f i n i t y of the semiconductor. I n the l i m i t i n g 

case where a l a r g e d e n s i t y of s u r f a c e s t a t e s i s p r e s e n t , depending on 

the t h i c k n e s s of the i n t e r f a c i a l l a y e r , s u r f a c e s t a t e s are e i t h e r i n 

e q u i l i b r i u m with the metal or with the bulk of the semiconductor. For 

i n t e r f a c i a l t h i c k n e s s e s roughly l e s s than 30 8 most of the s t a t e s are 

i n e q u i l i b r i u m w i t h the metal and they tend to lock the top of the 
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barrier r e l a t i v e to the Fermi level i n the metal while for the thicknesses 

greater than about 30 8 the surface states are i n equilibrium with the 

semiconductor and tend to lock the top of the barrier to the Fermi level 

i n the semiconductor (Card and Rhoderick, 1971a). I t i s obvious that 

as the i n t e r f a c i a l layer gets thicker, the more the device f a i l s to behave 

as an ideal metal-semiconductor diode. We l a t e r on discuss how the results 

of measurements of the barrier height are affected by the presence of an 

i n t e r f a c i a l layer and surface states. For the moment, however, we consider 

the metal-semiconductor barrier under the abrupt approximation that 

p = q for x < w, and p = 0 for x > w when w i s the depletion width. 

The solution to Poisson's equation under the above boundary conditions 

i s : 
q N 

v(x) = — — (Wx - i x 2) - « (2.41) e 2 Bn 

q N q N x 
c(x)| = — — (W - x) = e - — ( 2 . 4 2 ) 

s s 

and 
2 E S kT W(depletion width) - / — — (V . - V ) (2.43) 

7 qN d b i q 

where i s the donor concentration, £ g the p e r m i t t i v i t y of the semi-
kT 

conductor and — arises from the contribution of the ki n e t i c energy of 
q 

the mobile carriers. The e l e c t r i c f i e l d maximum occurs at x = 0 : 

E = E (x = 0) = / — — (v. . - v - — = 2 <v . - V - 4r) m / e bx q b i ^ 
S 'W 

(2.44) 

Assuming t o t a l ionization of the donors, the space charge Q per u n i t 

area of the semiconductor can be written as: 



V . , H d „ . / 2 , e s » a ( v b l - V - f ) < = ° ^ V (2.4S, 

and the depletion layer capacitance c per unit area as: 

c = - J ^ = / _ * » * = -S- f a r a d / 2 (2.46) 
0 V / (v - v - ) w c m 

b i q 

i.e. The depletion layer capacitance i s voltage dependent, and i s 

inversely proportional to the depletion width. At a fixed bias voltage 

when w remains constant, the depletion layer capacitance resembles a 

p a r a l l e l plate capacitance. Equation (2.46) can be w r i t t e n i n the form: 
kT 

! _ 2 ( v b i - v - T ) 

C2 q E s N d 

d ( X ) 
C = 2 

(-dV) " q e s N d 

or 
N d c 1 . (2.47) q e d (— ) 

S c 2 

(-dV) 

I f N , the uncompensated donor density of the semiconductor i s constant d 
throughout the depletion region, a p l o t of -4r versus bias voltage i s 

C 
a st r a i g h t l i n e , the slope of which yields N^, while the intercept on 

the abscissa gives the contact p o t e n t i a l . When a large negative bias 

i s applied to the device, the semiconductor Fermi level i s lowered and 

the electron traps empty down to a certain level below the conduction 

band. Depending whether the density of donors i s large compared to the 

density of traps or not, the p l o t of - ^ j versus V i s either a straight 
C 

li n e or has a concave downward curvature. (A.M. Goodman, 1963). 



2.7 Conduction mechanism i n Schottky barriers 

Mechanisms which may occur when conduction takes place i n a Schottky 

junction from an n-type semiconductor to the metal are as follows: 

(a) transport of electrons from the conduction band of the semi

conductor over the top of the barrier i n t o the metal, 

(b) i n j e c t i o n of holes in t o the neutral region of the semiconductor, 

(c) recombination of electrons and holes i n the depletion region of 

the semiconductor, and 

(d) quantum mechanical tunnelling through the barrier. 

The major contribution to the current conduction i s provided by 

the f i r s t mechanism, and i n fact the other processes, i.e. (b), (c) 

and (d) are the causes of the non-ideal behaviour of some diodes. 

For emission over the b a r r i e r i n t o the metal, an electron must 

be transported f i r s t through the depletion region of the semiconductor. 

The conduction i n t h i s region takes place by the d r i f t and d i f f u s i o n 

mechanisms. That i s why the f i r s t theory of conduction i n Schottky 

diodes was the d i f f u s i o n theory proposed by Wagner (1931) and Schottky 

and Mott (1939). Later i n 1942 the thermionic emission theory was pro

posed by Bethe. According to t h i s theory, the current flowing i n a 

metal-semiconductor barrier i s determined by the emission of electrons 

from the semiconductor over the top of the barrier into the metal. The 

difference between the two theories can be more clearly understood i n 

terms of the quasi-Fermi level for electrons (Rhoderick, 1972). The 

quasi-Fermi level i s a hypothetical energy level which gives the correct 

concentration of the electrons, i f inserted i n t o the Fermi-Dirac d i s t r i 

bution function, even though the system i s not i n true thermal e q u i l i b 

rium. Far from the junction the quasi-Fermi level must co. incide with 

the Fermi levels i n the metal and i n the semiconductor respectively. 



The assumption made i n the diffusion theory i s that the quasi-Fermi 

level coincides with the Fermi level i n the metal at the junction. 

This means that the conduction electrons i n the semiconductor adjacent 

to the metal are i n equilibrium with those i n the metal, i.e. that the 

concentration of electrons at the top of the barrier does not change when 

a bias i s applied. The assumption that the quasi-Fermi level coincides 

with the Fermi-level i n the metal at the junction i s i n sharp contrast 

with the assumption made i n the case of p-n junctions that the quasi-

Fermi level remains f l a t through the junction. This contradiction was 

resolved by Gossick (1963) by considering the fact that the electrons 

which cross over the barrier from the semiconductor to the metal are 

not i n thermal equilibrium with the electrons i n the metal, i.e. that 

they have a quasi-Fermi level which d i f f e r s from the Fermi le v e l of the 

conduction electrons i n the metal. Because of electron-electron c o l l i s i o n s 

the electrons emitted from the semiconductor lose energy and th e i r quasi-

Fermi level f a l l s to that of electrons i n the metal. At the other 

extreme, the assumption i s that the quasi-Fermi level remains constant 

throughout the barrier region as i n a p-n junction. This i s the approxi

mation made i n the thermionic emission theory. I t i s equivalent to 

saying that the concentration of electrons at the top of the barrier 

changes with a factor of e 
q V/kT i f a forward bias voltage V i s applied. 

According t o the thermionic emission theory, the current-voltage 

dependence can be expressed by: 
qV 

J J (e - 1 ) (2.48) s 

Where J i s the saturation current density, 

J = A* T exp s \ kT ./ (2.49) 
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* 2 * Here A* = — n m ^ = 120 — amp/ „ _ i s the effective 3 m 2 o 2 h o cm / K 
Richardson constant corresponding to the electron effective mass i n 

the semiconductor. 

For the d i f f u s i o n theory, on the other hand, the j-V re l a t i o n 

i s given (Spenke, 1958) by: 

J = q N u e exp c max A (-q» [-S - >] «•*» 
where e i s the maximum e l e c t r i c f i e l d strength i n the barrier and max * 
u i s the electron mobility. The difference between equation (2.50) 

and (2.48) arises from the fact that the term before the bracket i n 

equation (2.50) i s voltage dependent, while J , neglecting the depen

dence of Schottky barrier lowering on voltage, i s considered to be 

voltage dependent. 

Crowell and Sze (1966) have combined the thermionic and dif f u s i o n 

theories. I n t h e i r approach Crowell and Sze assume that the potential 

energy developed i n the metal-semiconductor junction i s due to the 

superimposed effects of the e l e c t r i c f i e l d associated with the ionized 

donors and the a t t r a c t i v e image force experienced by an electron when 

i t approaches the metal. According to Crowell and Sze, i n the region 

of maximum potential barrier and the interface, the d i s t r i b u t i o n of the 

carriers cannot be expressed by the quasi-Fermi l e v e l for electrons, 

because the po t e n t i a l energy changes rapidly i n distances comparable 

to the electron mean free path, ( i . e . the current i n t h i s region i s 

not determined by the c o l l i s i o n process which i s associated with d i f 

fusion) . Considering the metal to act as a sink for the electrons the 

current can be described i n terms of a recombination velocity v R at the 

potential energy maximum: 

J = * (nm - no> VR ( 2 - 5 1 ) 



where, q n v_ represents the current from the semiconductor to the m R 
metal and the term q n v gives the current from the metal to the. 

o R 
semiconductor, i.e. the current i n the equilibrium s i t u a t i o n . The 

J-V r e l a t i o n i n t h i s case is given by: 

which takes d i f f u s i o n and d r i f t i n the depletion region i n t o account. 

The term v Q i s an effective d i f f u s i o n velocity associated with the 

transport of electrons from the edge of the depletion region to the top 

of the b a r r i e r , and i s expressed by: 

j iTkT e x p Vr, = I I TTwr" e X P I " (*n_ " E 

xm 
D \ \ (i kT " r | '"Bn cV k T 

dx 
-1 

(2.53) 

where i s the energy of the bottom of the conduction band, u i s 

the electron mobility, i s the position of the maximum of the poten

t i a l b a rrier and w i s the depletion width. I f v D
 < < : v , the pre-

exponential term i n equation (2.52) reduces to q v Q and the d i f 

fusion theory applies. I f , however, v p >> V r the thermionic emission 

process i s dominant. The condition that v^ >> v p i s equivalent to: 

v u e >> — max A 4 ' 

q E » 3JL , u = SLI , 
M max 4(1 m* 

m*v . - - /8kT\ q e >> — — , X = V X T , V = 1 — - 1 
max 4 ' \tim* J 

- 2 
A q e >> — — or A q e >> (2.54) 

max 4 max IT 

where A i s the mean free path of the electrons i n the semiconductor and 

T their mean free time. This condition for the v a l i d i t y of the thermionic 



emission theory i s equivalent to Bethe's c r i t e r i o n that the mean free 

path must exceed the distance i n which the barrier decreases by an 

amount kT. A check on the flatness of the electron quasi-Fermi level 

throughout the junction provides yet another way of determining whether 

the thermionic emission theory i s applicable to a pa r t i c u l a r device 

or not. (Rhoderick, 1972). Using the data published by Goodman (1964) 

on Au-CdS Schottky diodes, Rhoderick has tested the a p p l i c a b i l i t y of 

thermionic emission theory using Bethe's c r i t e r i o n as wel l as the above 

mentioned technique. On the basis of Bethe's c r i t e r i o n the diodes do 

not s a t i s f y the thermionic emission theory, whereas the flatness of the 

quasi-Fermi level confirms the v a l i d i t y of t h i s theory. Rhoderick 

has then concluded that c r i t e r i o n (2.54) i s unduly severe as a condition 

for the v a l i d i t y of thermionic emission theory. 

2.8 Measurement of Schottky barrier height 

Different techniques involving the measurement of C-V and I-V 

characteristics, and finding photoelectric thresholds have been used for 

determining the barrier height of a metal-semiconductor diode. Among 

these methods, the photoelectric measurement i s the most accurate and 

most di r e c t (Crowell et a l , 1962). The reason i s that for the photo

e l e c t r i c measurement the device need not be biased. This leaves the 

barrier free from the effect of an external f i e l d . 

When monochromatic l i g h t of energy hv f a l l s on the surface of 

the metal i n a metal-semiconductor junction, i f hv > q $ the photon 

energy can excite electrons to cross over the barrier and i f the metal 

layer i s t h i n enough and hv > Eg, i t can generate electron and hole 

pairs also. With back i l l u m i n a t i o n , i.e. when the semiconductor side 

of the junction i s illuminated, the photoelectric emission occurs when 



hv > q* B n- Photons with energy hv > Eg are strongly absorbed at the back 

semiconductor surface, and the photogenerated electron-hole pairs have a 

low p r o b a b i l i t y of reaching the metal-semiconductor interface. 

According to the theory developed by Fowler (1931), the photo-

current per absorbed photon can be expressed by: 

T 2 

R * — 
/E - hv s 

X2 T T 2 / -x e" 2 x e" 3 x \ 
T + ~6 ~ \ e ~ — + — " •••) for x > 0 

(2.55) 

where hv i s the barrier height (q<t> ) , E the sum of hv and the Fermi o Bn s o 
energy measured from the bottom of the metal conduction band, and 

(hv - hv ) 
x = — . When E >> hv and x > 3 equation (2.55) reduces to: 

ri 1. S 

2 R *v> (hv - hv ) o 
or 

/R ^ (hv - hv ) (2.56) o 

i.e . the square root of photoresponse i s l i n e a r l y dependent on photon 

energy. The intercept of the l i n e with the energy axis gives d i r e c t l y 

the barrier height. 

2.9 Voltage-Capacitance measurements 

Since the capacitance associated with the depletion region of 

the metal-semiconductor contact i s voltage dependent, i t i s possible to 

obtain the barrier height as well as the charge density i n the depletion 

region from the C-V measurement under certain conditions. 

I f the effe c t of any i n t e r f a c i a l layer i s not taken i n t o account 

the actual c i r c u i t of the contact may be represented by a fixed resistance r 

(the semiconductor bulk resistance) i n series with the p a r a l l e l combina

t i o n of a voltage dependent capacitance C and a voltage dependent 



conductance G. Most bridges used for such measurements characterize the 

c i r c u i t i n terms of only two parameters, C and G'. Obviously C* and G' 

are not the actual values of the capacitance and the conductance of the 

barrier. I t can be shown (Goodman 1963) that under the conditions that 
2 2 2 

rG << 1 and ID r C << 1, the measured values of capacitance and con

ductance give the actual values of these parameters (u) i s the frequency 

of a.c. component of the bias). Both C and G are frequency dependent and 

to exclude the effects of trapped carriers i t i s necessary for the a.c. 
component of the bias to have a r e l a t i v e l y high frequency. In certain 

2 2 2 

cases when w r C i s r e l a t i v e l y small and rG - 0 and equivalent to the 

r e l a t i o n (2.47) can be w r i t t e n as: 
i^-)2 = 2 (V. - V)/q z Nd + 2w2 r 2 (2.57) C* bx s 

1 2 1 2 The slope of the p l o t of (—) versus V w i l l not d i f f e r from that of (—) , 

but the intercept on the voltage axis w i l l . The actual d i f f u s i o n potential 
1 2 V, . can be obtained from V, . the intercept of (—) versus V, since b i b i C 

[ < ^ > 2 / d v ] V b i = Vt>i ~ 2 r 2 " 2 l d ( ^ " ) 2 / d v I ( 2 > 5 8 ) 

Crowell et a l (1965) have shown that an effective i n t e r f a c i a l layer of 

non-zero thickness must exist between the metal and the semiconductor 

even when both are i n intimate atomic contact. The thickness of t h i s 

i n t e r f a c i a l layer affects the measurement of the ba r r i e r height from C-V 

plots. (Cowley, 1966). According to the model proposed by Cowley fo r 

the metal-interface layer - semiconductor contact without surface states 

the magnitude of the intercept V of the —r versus V l i n e i s given by: 
c 2 

kT ^1 ^ V - V - — + — + (V V ) ' (2.59) o b i q 4 1 b i 
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2 2 q e N X . 
where V, . i s the d i f f u s i o n p o t e n t i a l , and V, = , b i 1 2 e. l 

X̂  i s the thickness of the i n t e r f a c i a l layer and i s the p e r m i t t i v i t y 

of the i n t e r f a c i a l layer. 

To consider the e f f e c t of surface states as well as the i n t e r 

f a c i a l layer on the capacitance-voltage relationship, use i s made of !:he 

model developed by Crowell and Roberts, 1969. Consider an n-type semi

conductor with a donor density-^of and a surface density per u n i t area 

per unit energy of n . The thicki^S.n of the i n t e r f a c i a l layer i s X. 
S S X 

and i t s p e r m i t t i v i t y e.. The charge due >*o ionized donors i n the 

depletion region produces an e l e c t r i c f i e l d E at Nthe surface of the semi

conductor. A change i : i the applied bias or i n the doh-;.ng concentration of 

the semiconductor w i l l cause a change i n the amount of char£>... i n the 

depletion region. This i n turn causes a change of charge £ AE i n 

surface states and i n the metal , 

e AE = Aa _ ̂  + Ao t , . (2.60) surface states metal surfaces 

where Aa, with appropriate subscripts, i s the change i n the surface 

charge density. 

Since the semiconductor bandgap and the electron a f f i n i t y X are 

independent of e l e c t r i c f i e l d , the change w i l l appear i n the f i e l d i n 

the interface and density of f i l l e d surface states which gives r i s e to 

a change i n the bar r i e r height by an amount ^ B n ' Equation (2..60) 

then becomes 

e AE = - q n A* -(TO A * ( 2 . 6 1 ) ss Bn \ X. / Bn 

or 
-1 d * (E) Bn 

-55 * - c (2.61) 
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I t i s assumed here that the i n t e r f a c i a l layer i s s u f f i c i e n t l y 

transparent to the electron flow that the occupation of surface states 

i s determined by the Fermi level i n the metal. I t i s worth noting that 

when n g s i s large or i s small, the barrier height i s no longer 

dependent on E. 

The capacitance-voltage relationship i s affected by the quantity 
d $ Bn 
dE which i s related to the surface states density and the thickness 

of the i n t e r f a c i a l layer. Applying Poisson's equation to the semicon

ductor depletion region with a uniform doping concentration N , we have: 
d 

/ 2 q NH \ (2.62) 

where and N i s the effective density of states c 
i n the conduction band of the semiconductor. The quantity (q U - kT) E q 4̂  

i s the difference i n energy between the conduction band and the Fermi 

level i n the semiconductor bulk. The ba r r i e r capacitance per u n i t area 

c, can be w r i t t e n as 

do 
dV * dV ' (2.63) 

where a i s the stored charge per u n i t area i n the depletion region of 

the semiconductor. 

D i f f e r e n t i a t i o n of equation (2.62) with respect to E gives: 

dE \q N J 
d $> Bn 
dE (2.64) 

Then from equations (2.62), (2.63) and (2.64) , 

\ E q N , / s q "d-

/ d * v /q N,v /d * \ 
Bn V dE / \ 2 E ' \ dE J 

(2.65) 
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From equation (2.65), (?) dV gives the doping concentration i f 

d2a> 

dE )(; Bn I | dE <<1 
dV J 

The voltage intercept of the pl o t — v e r s u s V gives the apparent 
C 

barrier height 0 , 

V. + U = * - E . l Bn 1 dE 
) d $Bn j l q N d \ f d *Bnl 

(2.6c) 

d * 
Since the term Bn i s always negative, the true barrier height i s 

dE 
always less than the measured barrier height. 

From equations (2.62) and (2.66) we get 

d 4 Bn 
dE 

( $ - v - U = ' Bn 
' q Nd/2 e 

U - v - u } 
1'Bn -V - U > 

(2.67) 

d$ 
This gives Bn 

dE i n terms of $ a the apparent barrier h e i g h t , t h e 

true barrier height and N , the semiconductor donor concentration. 
G 

Since d * t f d (J) Bn I = 
dN I d V { d E } l d u } | { dN } 

d $ , 
•g-^—I may be calculated by obtaining — J from equation (2.62), 

d V 
from equation (2.67) and the fact that dJJ _ 

dN^ qN, then, d ^ d 

d $ Bn 
dF 

d 4> Bn 
dN. 

kT (2.68) 

Thus given * at one value of N, and a measurement of $ as a function ^ Bn d a 

of N,, we can obtain <!> as a function of N, by integration of equation (2.68) d Bn d 
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d * Bn I t i s possible to calculate — — — from (2.67) by inserting dE 
the true value of the barrier height determined from photothreshold 

measurements, and the apparent barrier height from the C-V p l o t . 

Knowing the density of surface states equation (2.61) then gives the 

thickness of the i n t e r f a c i a l layer. 

2.10 Current-Voltage Measurements 

In the theory developed by Crowell and Sze (1966) for c a r r i e r 

transport in the Schottky b a r r i e r , these authors have also taken into 

account the effects of optical phonon scattering i n the region between 

the top of the barrier and the metal interface, and the quantum mechanical 

r e f l e c t i o n of electrons with s u f f i c i e n t energy to surmount the ba r r i e r . 
* 

Their combined effect i s to replace the Richardson constant A i n equation 

(2.49) by : 

A** = VQ 1 lh + f f n ^ 1 , ( 2 - 6 9 ) 

where f i s the probability of an electron reaching the metal without 

being scattered back, and f i s the average t r a n s i t i o n c o e f f i c i e n t . 
Q 

f and f depend on the maximum e l e c t r i c f i e l d i n the ba r r i e r , on the P Q 

temperature, and on the effective mass. The f i e l d at which f s t a r t s 

to rise rapidly marks the t r a n s i t i o n between thermionic and thermionic-

f i e l d (T.F.) emission, since at t h i s point tunnelling becomes the 

dominant mechanism. 
* ** 

Replacing A i n equation (2.49) by A , gives : 

** 2 f ^ Bn t qV 1 J (2.70) = A T exp 



3kT For forward biases V > , equation (2.70) can be 

rewritten as : 

*+ o A T 
- q $ 

exp BO I q(A4> + V) 
kT (2.71) 

where 4 = * + A4>, i s the barrier height when the Schottky ba r r i e r Bo Bn ^ 1 

** 

lowering A$ i s not taken i n t o account. Since both A and A«f are 

voltage dependent which leads to departures from ideal behaviour even i n 

pr a c t i c a l l y perfect diodes, the experimental forward characteristic i s 

written i n the following form to include t h i s non-ideal behaviour : 

J = J exp for V> 3kT 

where, g_ fd(ilnJ ) " l 
kT L d v J 

•E 9A 4 kT 
1 + I V + "q" 

3 {in 
3V 4' (2.72) 

which means that n i s not independent of V. 

In equation (2.71), i f V tends to zero, J approaches the 

saturation current density J and the barrier height can be obtained 
s, 

from the following equation : 

kT . * = — Jin Bn q 
** o 

A T | (2.73) 

when f f •"- 1 and v„ >> V„ i t can be concluded from equation (2.69) p Q D R, 
that A = A and then thermionic emission i s the dominant mechanism. 
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2.11 Metal-Insulator-Semiconductor (MIS) Diodes 

The (MIS) diode which i s characterized by having an insulating 

layer between the metal and the semiconductor, i s a most useful device 

i n the study of semiconductor surfaces. Since the s t a b i l i t y of a l l 

semiconductor devices i s closely related to t h e i r surface conditions, 

an understanding of the surface physics with the help of MIS diodes 

i s of great importance to device operations. A comprehensive treatment 

of the theory of semiconductor surfaces and the techniques used to 

measure their properties can be found i n the books on 'Semiconductor 

Surfaces' by Many et al (1965) and 'Surface Physics of Phosphors and 

Semiconductors' edited by Scott and Reed (1975). What we consider i n 

t h i s section i s a b r i e f account of the conductance mechanism which i s 

associated with an energy loss and occurs i n the semiconductor-insulator 

interface of an MIS diode. When the equilibrium between the surface 

states and the semiconductor i s disturbed by the application of a small 

a.c. signal, a conductance i s observed due to the capture and emission of 

the majority carriers by the interface states. The measurement of t h i s 

conductance leads to the evaluation of the density of these states and 

t h e i r capacitance. By considering the MIS capacitance i n a depletion 

region, Fig. (3), i.e. when the semiconductor (n-type) i s reverse biased, 

i t i s possible to describe phenomenologically the conductance mechanism 

associated with the interface states. (Nicollian & Goetzburger, 1967). 

V<0 

Fig. 2.3 The energy band diagram of an MIS diode i n the 
depletion region. 
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The f i r s t h a l f o f t h e c y c l e o f t h e a p p l i e d a.c. s i g n a l moves 
t h e c o n d u c t i o n band towards t h e F e r m i - l e v e l . T h i s i n c r e a s e s t h e average 
energy o f t h e f r e e e l e c t r o n s i n t h e se m i c o n d u c t o r . Since t h e i n t e r f a c e 
s t a t e s do n o t respond i m m e d i a t e l y t o t h i s change o f energy, t h e i r energy 
i s l o w e r t h a n t h a t o f t h e e l e c t r o n s i n t h e s e m i c o n d u c t o r . T h e r e f o r e , t h e 
e l e c t r o n s i n t h e semiconductor a r e c a p t u r e d by t h e s u r f a c e s t a t e s a t a 
lower average energy. T h i s r e s u l t s i n an energy l o s s . On t h e o t h e r h a l f 
o f t h e c y c l e , t h e s i g n a l moves t h e v a l e n c e band to w a r d s t h e Fermi l e v e l . 
E l e c t r o n s i n t h e f i l l e d s u r f a c e s t a t e s now w i l l be a t a h i g h e r energy 
t h a n t h e average energy o f t h e e l e c t r o n s i n t h e s e m i c o n d u c t o r . The 
e m i s s i o n o f t h e e l e c t r o n s f r o m t h e s u r f a c e s t a t e s t o t h e semiconductor 
t a k e s p l a c e w i t h an energy l o s s a g a i n . Thus t h e r e w i l l be an energy l o s s 
on b o t h h a l v e s o f t h e c y c l e w h i c h i s s u p p l i e d by t h e s i g n a l s o u r c e . 

The i n t e r f a c e s t a t e s d i s t u r b e d f r o m t h e e q u i l i b r i u m w i l l r e a ch 

e q u i l i b r i u m w i t h t h e se m i c o n d u c t o r e x p o n e n t i a l l y w i t h a t i m e c o n s t a n t T. 

Since t h e y a re ca p a b l e o f s t o r i n g c h a r g e , t h e r e w i l l be a c a p a c i t a n c e C g 

a s s o c i a t e d w i t h them which i s p r o p o r t i o n a l t o t h e i r d e n s i t y . The 

conductance r e l a t e d t o t h e pro c e s s o f c a p t u r e and e m i s s i o n o f e l e c t r o n s 
C 
g 

by t h e i n t e r f a c e s t a t e s i s G = — , where b o t h T and C can be e x t r a c t e d 
J S T S 

d i r e c t l y f r o m a measurement o f e q u i v a l e n t p a r a l l e l conductance. 

2.12 E q u i v a l e n t C i r c u i t o f MIS C a p a c i t o r 

By c o n s i d e r i n g t h e charge i n each component o f t h e MIS d i o d e 

and i t s change due t o a p r o p e r b i a s v o l t a g e on which has been superimposed 

a s m a l l a.c. s i g n a l , i t i s p o s s i b l e t o work o u t t h e e q u i v a l e n t c i r c u i t o f 

t h e MIS c a p a c i t o r . 

The t o t a l charge d e n s i t y Q a t a g i v e n b i a s can be w r i t t e n as : 

Q = Q + Q + Q (2.74 
V T sc *s 
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where Q i s t h e se m i c o n d u c t o r space charge d e n s i t y , Q t h e sc s , 

i n t e r f a c e charge d e n s i t y and Q f i s t h e f i x e d charge d e n s i t y i n 

t h e i n s u l a t o r . By d i f f e r e n t i a t i n g b o t h s i d e s o f t h e e q u a t i o n (2.74) 

w i t h r e s p e c t t o t i m e , one o b t a i n s : 

i ( t ) = i ( t ) + i ( t ) , (2.75) T sc s 

where, i ( t ) and i ( t ) a r e t h e a.c. c u r r e n t d e n s i t i e s w h i c h charge sc s 
t h e semiconductor space-charge l a y e r and t h e i n t e r f a c e s t a t e s r e s p e c t i v e l y 

S i n c e t h e semiconductor band bending i s dependent on t i m e t , one 

can w r i t e : 

\ dQ ) ( d* ) 
1 S C 1 J s i„(t) -\^~-^ \~~\ (2.76) sc { dip \ \ d t 

where \l> (t)=i|> + 6ib i s t h e s e m i c o n d u c t o r band b e n d i n a which c o n s i s t s s T s o s 
o f two terms ; ij; t h e band be n d i n g e s t a b l i s h e d by t h e b i a s , and 

so ^ J j , 
g 

s = a exp ( j w t ) w h i c h i s due t o t h e a.c. s i g n a l . From t h i s , — — = j w 6 i p s < 

sc 2 Since — — = t h e d e p l e t i o n c a p a c i t a n c e p e r cm', (2.76) 
s 

becomes : 

i ( t ) = jw C 6\b (2.77) sc D ' s 

Assuming a s i n g l e - l e v e l o f i n t e r f a c e s t a t e s , i t can be shown 

t h a t : 

i ( t ) = Y 6<|* ( 2 . 7 8 ) s s s 

where Y i s t h e a d m i t t a n c e o f a s i n g l e l e v e l i n t e r f a c e s t a t e (see s 
N i c o l l i a n & Goetzberger 1967) 
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S u b s t i t u t i n g (2.78) and (2.77) i n t o ( 2 . 7 5 ) , we have 

i T ( t ) = < J D + sf 
6i|) (2.79) 

E q u a t i o n (2.79) shows t h a t appears i n p a r a l l e l w i t h t h e s e r i e s 

RC network o f t h e i n t e r f a c e s t a t e s . 

I t can be e a s i l y shown t h a t t h e i n s u l a t o r ( o x i d e ) c a p a c i t a n c e 

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

c a p a c i t a n c e and t h e RC network o f t h e i n t e r f a c e s t a t e s . T h i s i s shown 

i n F i g u r e 2.4. 

V •-
I 

C. 
1 
i OX 

F i g . 2.4 The e q u i v a l e n t c i r c u i t o f MIS c a p a c i t o r . 

Comparing t h e a d m i t t a n c e o f a s e r i e s RC c o m b i n a t i o n , 

2 2 
I C O ) R C ID s s s + where, R C = T s s 1 2 2 2 2 2 2 R- j - — 1 + R C t o 1 + R C w s Cu> s s s s s 

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

on t h e b a s i s o f t h e S c h o t t k y and Reed t h e o r y ( 1 9 5 2 ) , by N i c o l l i a n and 

Goetzberger ( 1 9 6 7 ) , one o b t a i n s t h e e q u i v a l e n t p a r a l l e l c a p a c i t a n c e as : 

C 
C = - (2.80) 

n ^ 2 2 

1 + U) T 
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and t h e e q u i v a l e n t p a r a l l e l conductance as 

C a) 2 T 
G = . — (2.81) 
n 2 2 1 + 0) T 

s i n c e C Q i s i n p a r a l l e l w i t h RC n e t w o r k , t h e n 

C 
C_ = + (2.82) p D 2 
* 1 + 0) T 

From (2.81) i s g i v e n by 

G C u) T 
u , 2 2 

1+0) T 

(2.83) 

G G 
-2. goes t h r o u g h a maximum when oi T = 1 ; t h e v a l u e o f — a t t h e maximum 
OJ 0) 

C . 
i s s/^- Thus, t h e e q u i v a l e n t p a r a l l e l conductance c o r r e c t e d f o r C q x 

g i v e s C and T d i r e c t l y f r o m t h e measured conductance. Once C i s known, 
S S C s t h e s u r f a c e s t a t e d e n s i t y i s o b t a i n e d by u s i n g t h e r e l a t i o n N = —— where s s 

A i s t h e area o f t h e m e t a l c o n t a c t . 
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CHAPTER THREE 

CRYSTAL GROWTH 

3.1 Vapour Phase Growth 

A l t h o u g h t h e m e l t i n g p o i n t s o f t h e e l e m e n t a l components o f 

I I - V compounds a re r e l a t i v e l y low, t h e compounds u s u a l l y have h i g h 

m e l t i n g p o i n t s . f o r example, w h i l e Cd m e l t s a t 321° C and S a t 119°C, 

t h e compound (CdS) has a m e l t i n g p o i n t o f 1475° C a t a minimum p r e s s u r e 

o f 3.8 atm. T h i s p l a c e s CdS o u t s i d e t h e s a f e l i m i t s f o r s e a l e d un

s u p p o r t e d q u a r t z c o n t a i n e r s . I t i s , t h e r e f o r e , o f l i t t l e s u r p r i s e t o 

f i n d more o f t h e r e p o r t e d work i n t h e area o f vapour g r o w t h . There a r e 

t h r e e ways i n which c r y s t a l s can be grown f r o m t h e vapour phase. Namely : 

1) By t h e s u b l i m a t i o n o f t h e substance i t s e l f . 

2) By r e a c t i o n i n t h e vapour phase and, 

3) By c h e m i c a l t r a n s p o r t . 

Since CdS i s s u f f i c i e n t l y v o l a t i l e and can be e v a p o r a t e d w i t h o u t 

decomposing, i t s c r y s t a l s can be grown by s u b l i m a t i o n . I n p r a c t i c e 

v a r i o u s e x p e r i m e n t a l c o n d i t i o n s have been employed namely open systems 

u s i n g an i n e r t c a r r i e r gas, and c l o s e d systems ( o f t e n s e a l e d g l a s s t ubes) 

e i t h e r evacuated o r c o n t a i n i n g gas. 

The s i m p l e s t method o f s u b l i m a t i o n g r o w t h (Reynolds & Czyzack,1950) 

r e l i e s on t h e i n t e r c h a n g e o f m a t e r i a l between charge and vapour t o produce 

c r y s t a l g r o w t h on t h e charge i t s e l f . The c r y s t a l s produced by t'nis method 

ar e u s u a l l y s m a l l . The method s u f f e r s a l s o from t h e severe d i s a d v a n t a g e s 

t h a t any i m p u r i t y i n t h e charge i s l i k e l y t o be p r e s e n t i n t h e c r y s t a l s . 

T h i s d i f f i c u l t y can be overcome by m a i n t a i n i n g a p r o p e r t e m p e r a t u r e g r a d i e n t 

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

t o t h e c o o l e r end o f t h e t u b e . By moving t h e g r o w t h t u b e r e l a t i v e t o t h e 
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f u r n a c e , P i p e r and P o l i c h ( 1 9 6 1 ) were a b l e t o produce s i n g l e c r y s t a l 

b o u l e s o f c o n s i d e r a b l e s i z e . A m o d i f i e d v e r s i o n o f t h e P i p e r and 

P o l i c h method was developed by C l a r k and Woods ( 1 9 6 6 ) i n which t h e 

gr o w t h tube was p o s i t i o n e d i n s i d e a l o n g m u l l i t e t u b e c o n t a i n i n g argon 

a t a p r e s s u r e s l i g h t l y above a t m o s p h e r i c . The g r o w t h ampoule c o u l d 

communicate w i t h t h e argon f i l l e d o u t e r j a c k e t v i a an o r i f i c e t o a l l o w 

any n o n - s t o i c h i o m e t r i c excess o f e i t h e r element o f t h e charge t o d i f f u s e 

o u t f r o m t h e ampoule b e f o r e s u b s t a n t i a l g r o w t h began. T h i s was necessary 

because t h e e v a p o r a t i o n r a t e o f cadmium s u l p h i d e can be reduced by two 

o r d e r s o f magnitude by s l i g h t d e v i a t i o n f r o m t h e s t o i c h i o m e t r y ( S o m o r j a i 

& Jepsen, 1 9 6 4 ) . I n v e s t i g a t i o n o f t h e p r o p e r t i e s o f t h e b o u l e s grown by 

t h i s method i n d i c a t e d t h a t t h e b o u l e s u s u a l l y had n o n - u n i f o r m r e s i s t a n c e . 

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

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

f u r n a c e , sometimes l e d t o t h e p o l y - c r y s t a l l i n i t y o f t h e r e s u l t i n g b o u l e . 

I n o r d e r t o c o n t r o l t h e p r o p e r t i e s o f a c r y s t a l d u r i n g g r o w t h and improve 

i t s homogeneity, i t was f o u n d d e s i r a b l e ( C l a r k & Woods, 1 9 6 6 ) t o use a 

c o m p l e t e l y s e a l e d system. Work w i t h s e a l e d tubes a l s o a l l o w e d a v e r t i c a l 

p u l l i n g arrangement t o be adopted, which a s s i s t e d t h e e l i m i n a t i o n o f t h e 

r a d i a l t e m p e r a t u r e g r a d i e n t . 

To a l l o w excess cadmium o r s u l p h u r t o d i f f u s e away f r o m t h e 

g r o w t h r e g i o n , a more c o n v e n i e n t arrangement was adopted by Demeis & F i s c h e r 

( 1 9 6 7 ) i n whic h t h e s e a l e d g r o w t h ampoule was p r o v i d e d w i t h a l o n g t a i l 

e x t e n d i n g t o a low e r t e m p e r a t u r e . 

A l t h o u g h t h i s method l e n d s i t s e l f t o gr o w t h o f r e p r o d u c i b l e 

c r y s t a l s , t h e c o n d i t i o n s a r e n o t under complete c o n t r o l i n t h e sense t h a t 

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

e x p e r i m e n t a l arrangements and t h e c o m p o s i t i o n o f t h e s t a r t i n g m a t e r i a l . 

To overcome t h i s d i f f i c u l t y , C l a r k & Woods ( 1 9 6 8 ) p r o v i d e d g r o w t h 
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ampoules w i t h a t a i l w h i c h c o n t a i n e d a r e s e r v o i r o f cadmium o r 

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

g r o w t h c y c l e . Thus r a t h e r t h a n a l l o w i n g t h e system t o e s t a b l i s h 

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

th e c harge, a known p a r t i a l p r e s s u r e c o u l d be o b t a i n e d . 

Another advantage o f p r o v i d i n g t h e g r o w t h ampoule w i t h t h e 

t a i l i s t h a t t h e p a r t i a l p r e s s u r e produced f r o m t h e e l e m e n t a l c o n s t i t u e n t 

o f t h e charge i n t h e t a i l can l i m i t t h e t r a n s f e r o f t h e cadmium s u l p h i d e 

f r o m t h e charge t o t h e c r y s t a l g r o w i n g r e g i o n . T h i s i s because i n g r o w t h 

ampoules w i t h o u t an i n e r t gas, t h e whole charge i s t r a n s f e r r e d f r o m one 

end o f t h e c a p s u l e t o t h e o t h e r i n a few hours and a v e r y p o l y c r y s t a l l i n e 

lump o f m a t e r i a l r e s u l t s . (Fochs, e t a l 1968). 

I n t h e p r e s e n t work, b o u l e s o f CdS were grown u s i n g t h e method 

de v e l o p e d by C l a r k and Woods (1 9 6 8 ) . The p u r i t y o f t h e s t a r t i n g m a t e r i a l 

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

r e p r o d u c i b l e p r o c e s s f o r g r o w i n g CdS b o u l e c r y s t a l s f r o m t h e vapour phase. 

To remove t h e v o l a t i l e i m p u r i t i e s , t h e charge used i n g r o w t h ampoules was 

t a k e n f r o m t h e CdS rods and p l a t e l e t s a l r e a d y grown by t h e f l o w r u n t e c h n i q u e 

( C l a r k and Woods, 1966). The s t a r t i n g m a t e r i a l f o r t h e g r o w t h o f t h e f l o w 

r u n c r y s t a l s was u s u a l l y B.D.H. o p t r a n grade lumps. 

I n t h e f o l l o w i n g t a b l e some o f t h e parameters o f t h e v a r i o u s g r o w t h 

r u n s and t h e p h y s i c a l appearances o f t h e c r y s t a l s produced f o r t h e p r e s e n t 

work have been summarized. 

To p r e p a r e a p r o p e r S c h o t t k y d i o d e , t h e sample s h o u l d c o n t a i n a 
15 16 

s u i t a b l e donor d e n s i t y (10 - 10 ) and t h e r e f o r e a p r o p e r r e s i s t i v i t y 

(3 - 30 fi cm). Since i t was n o t p o s s i b l e t o o b t a i n a p r e c i s e c o n t r o l o f 

th e e l e c t r i c a l p r o p e r t i e s o f t h e grown c r y s t a l s , i t was f o u n d necessary t o 

he a t t h e sample i n e i t h e r l i q u i d cadmium o r cadmium vapour i n o r d e r t o reduce 

i t s r e s i s t i v i t y . To i n c r e a s e t h e r e s i s t i v i t y o f t h e sample, on t h e o t h e r 
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hand, a t r e a t m e n t i n s u l p h u r vapour was d e s i r a b l e . 

3.2 Cadmium Treatment 

C r y s t a l s o f h i g h r e s i s t i v i t y such as t h e samples f r o m t h e 
9 

b o u l e 623 w h i c h had r e s i s t i v i t i e s o f t h e o r d e r o f 10 fi cm. were h e a t e d 
o 

i n m o l t e n cadmium a t 600 C f o r t h r e e days. As a r e s u l t o f t h i s t r e a t 

ment, t h e r e s i s t i v i t y o f t h e samples dropped t o about 0.1 U cm. H e a t i n g 

t h e samples i n cadmium f o r as l i t t l e as 3 hours produced samples o f s i m i l a r 

low r e s i s t i v i t y . Since t h e d e p l e t i o n w i d t h W o f a S c h o t t k y d i o d 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 square r o o t o f t h e donor d e n s i t y N^, t h e 

sample s h o u l d c o n t a i n a p r o p e r donor d e n s i t y t o g i v e a r e a s o n a b l e d e p l e t i o n 
16 -3 

w i d t h . A donor d e n s i t y o f 10 cm g i v e s a d e p l e t i o n w i d t h o f about 

0.25 um. To o b t a i n a b e t t e r c o n t r o l o f t h e r e s i s t i v i t y o f t h e samples, 

t h e r e f o r e , i t was d e c i d e d t o bake them i n cadmium vapour. T r e a t m e n t s o f 

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

samples, f o r example, b a k i n g t h e samples i n cadmium vapour a t 600 C f o r 
6 

1.5 h o u r s reduced t h e r e s i s t i v i t y o f a sample t o ^ lO fi cm and even a f t e r 

an a d d i t i o n a l b a k i n g t i m e o f 20 hours t h e samples had a h i g h r e s i s t i v i t y o f 

^ lO^n cm. Cadmium has a vapour p r e s s u r e o f about 80 t o r r a t 600° C. 

To c a r r y o u t t h e h e a t t r e a t m e n t i n m o l t e n cadmium a s i l i c a t u b e 

o f 6 mm i n n e r d i a m e t e r and 15 cm l o n g was used, see F i g u r e ( l a ) . A s l i c e 

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

t h e removal and s e p a r a t i o n o f t h e c r y s t a l s f r o m t h e m e l t a f t e r t r e a t m e n t . 

The t u b e was washed w i t h d i s t i l l e d w a t e r a f t e r i t had been c l e a n e d 
o 

i n aqua r e g i a f o r s e v e r a l h o u r s . F i n a l l y i t was h e a t e d a t ISO C f o r 2 h o u r s 

i n an oven. C r y s t a l cubes w i t h d i m e n s i o n s o f 2 x 2 x 2 cm were c u t f r o m 

the b o u l e u s i n g a diamond wheel, p o l i s h e d w i t h 1200 grade Carborundum and 

e t c h e d i n cone. H c l t o remove t h e s u r f a c e damage caused by t h e m e c h a n i c a l 

p o l i s h i n g p r o c e d u r e s . The CdS cubes were p l a c e d a t one end o f t h e s i l i c a 
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t u b e . To a v o i d o x i d a t i o n s p e c i a l c a r e was t a k e n i n o r d e r n o t t o h e a t 

up t h e c r y s t a l s . To t h e o t h e r end o f t h e t u b e 5N cadmium m e t a l f r o m 

M e t a l Research L t d . , was added. The tube was evacuated and f l u s h e d 

—6 w i t h h i g h p u r i t y argon s e v e r a l t i m e s and s e a l e d a t a p r e s s u r e o f 4 x 10 t o r r , 

I t was t h e n suspended i n e. v e r t i c a l f u r n a c e w h i c h was k e p t a t a t e m p e r a t u r e 

o f 600° C f o r d i f f e r e n t p e r i o d s o f t i m e as mentioned e a r l i e r . On c o m p l e t i o n 

o f t h e h e a t i n g t h e tube was removed f r o m t h e f u r n a c e and i n v e r t e d . The 

m o l t e n cadmium r a n t o t h e b o t t o m o f t h e c a p s u l e w h i l e t h e c r y s t a l s were h e l d 

on t h e l e d g e formed by t h e s l i c e o f t h e c a p i l l a r y t u b e . 

3.3 S u l p h u r Treatment 

The r e s i s t i v i t y o f t h e CdS samples w h i c h had been doped w i t h donor 

m a t e r i a l s o r grown i n excess p r e s s u r e s o f cadmium c o u l d be i n c r e a s e d by 

a n n e a l i n g them i n s u l p h u r vapour. H i g h l y p h o t o s e n s i t i v e samples were 

p r e p a r e d f r o m f l o w r u n CdS : CI c r y s t a l s by h e a t i n g them a t 700° C i n 2 

atmospheres o f s u l p h u r vapour f o r a p e r i o d o f 2 h o u r s . S i n c e s u l p h u r has 

a h i g h vapour p r e s s u r e , s p e c i a l c a r e was t a k e n n o t t o work a t h i g h e r tempera

t u r e s . The q u a n t i t y o f t h e m a t e r i a l used was a l s o s m a l l . S u l p h u r b o i l s a t 

444°C and has a vapour p r e s s u r e o f about two atmospheres a t 600° C. Rods c u t 

f r o m b o u l e 619 w h i c h had r e s i s t i v i t i e s o f t h e o r d e r o f 0.1 fi cm were baked i n 

s u l p h u r vapour. A f t e r measuring t h e t e m p e r a t u r e p r o f i l e o f t h e f u r n a c e , t h e 

p r o p e r l e n g t h o f t h e s i l i c a t u b e (14 cm) t o m a i n t a i n a t e m p e r a t u r e d i f f e r e n c e 

o f 100° C between i t s ends was d e t e r m i n e d . To keep t h e c r y s t a l s s e p a r a t e 

f r o m t h e s u l p h u r a t t h e end o f t h e h e a t t r e a t m e n t and t h e removal o f t h e t u b e 

f r o m t h e f u r n a c e a bend was made i n t h e m i d d l e o f t h e t u b e , as shown i n 

F i g u r e ( l b ) . A f t e r t h e t u b e was s e a l e d a t one end i t was washed and d r i e d 

a c c o r d i n g t o t h e schedule mentioned e a r l i e r . 0.5 gm o f 6N grade s u l p h u r was 

p l a c e d a t one end o f t h e t u b e and a t t h e o t h e r end, r o d s c u t f r o m t h e b o u l e 619 

were added. The t u b e was t h e n f l u s h e d t h r e e t i m e s w i t h h i g h p u r i t y argon 
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-6 and s e a l e d a t a p r e s s u r e o f 2 x 10 t o r r . I t was p o s i t i o n e d i n t h e 
f u r n a c e i n such a way t h a t t h e end o f t h e t u b e c o n t a i n i n g t h e c r y s t a l s 
was a t t h e c e n t r e o f t h e f u r n a c e a t a t e m p e r a t u r e o f 700° C. Thus t h e 
o t h e r end o f t h e t u b e c o n t a i n i n g s u l p h u r was a t 600° C. 

A l t h o u g h t h e r e s i s t i v i t i e s o f t h e c r y s t a l s w h i c h were h e a t e d 

i n t h i s way f o r 4 hours i n c r e a s e d by a bout two o r d e r s o f magnitude, t h e 

r e s u l t o f t h e subsequent h e a t i n g p e r i o d o f 24 h o u r s showed t h a t t h e change 

i n t h e r e s i s t i v i t y o f t h e sample was r e l a t i v e l y l i m i t e d . I n c o n t r a s t -:o 

t h e CdS:CI r o d s grown by t h e f l o w r u n t e c h n i q u e w h i c h had a h i g h p h o t o 

s e n s i t i v i t y (see Chapter 5 ) , t h e b o u l e samples had a v e r y poor p h o t o c o n d u c t 

i v i t y . T h i s was p r o b a b l y because t h e h i g h e r donor d e n s i t y o f t h e doped 

b o u l e s r e q u i r e d a l a r g e r q u a n t i t y o f s u l p h u r t o be d i f f u s e d i n f o r compensation. 

Another method which was a d o p t e d as an a l t e r n a t i v e t o s u l p h u r 

t r e a t m e n t t o i n c r e a s e t h e sample r e s i s t i v i t y was t o h e a t t h e c r y s t a l i n 
o ' 

vacuum a t 1000 C f o r v a r y i n g p e r i o d s o f t i m e f r o m 1-72 h o u r s . I n s p e c t i o n 

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

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

f r o m t h e c r y s t a l s . 
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CHAPTER FOUR 

EXPERIMENTAL TECHNIQUES AND SPECIMEN PREPARATION 

4.1 P h o t o c o n d u c t i v i t y Measurements 

Measurements were c a r r i e d o u t on two t y p e s o f d e v i c e : 

1) P h o t o c o n d u c t i v e samples w h i c h were s u p p l i e d w i t h ohmic 

c o n t a c t s and, 

2) S c h o t t k y b a r r i e r d i o d e s w i t h a b l o c k i n g c o n t a c t . 

S e v e r a l measurements such as 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 s , 

s p e c t r a l response o f p h o t o c o n d u c t i v i t y and 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 t e m p e r a t u r e e t c , were c a r r i e d o u t on t h e p h o t o c o n d u c t i v e samples. 
3 

P r i o r t o t h e s e measurements, t h e samples w i t h d i m e n s i o n s o f 2 x 2 x 8 mm 

were e t c h e d i n cone. H c l f o r h - 1 minute t o remove t h e s u r f a c e damage 

caused by t h e mechanical p o l i s h i n g o f t h e b a r s . Ohmic c o n t a c t s t o t h e 

samples were p r o v i d e d by pure i n d i u m m e t a l w i r e w h i c h was o b t a i n e d f r o m 

Johnson Matthey Chemicals L t d . The i n d i u m w i r e was e i t h e r vacuum 

e v a p o r a t e d o r pr e s s e d on t o t h e c h e m i c a l l y e t c h e d s u r f a c e o f a c r y s t a l . 

The e v a p o r a t i o n was done a t a p r e s s u r e o f 10 ~* t o r r , o b t a i n e d w i t h a 

mercury d i f f u s i o n pumping system and a c o l d t r a p . To o b t a i n an ohmic 

c o n t a c t on Cds i t was necessary t o h e a t t h e sample f o r f i v e m i n u t e s a t 

about 200-220° C i n an argon atmosphere. The t e m p e r a t u r e was r a i s e d t o 

t h e r e q u i r e d t e m p e r a t u r e r a t h e r s l o w l y , i . e . w i t h i n 15 m i n u t e s , and a 

s i m i l a r p e r i o d o f t i m e was used t o c o o l t h e b a r t o room t e m p e r a t u r e . 

4.1.1 Mounting t h e c r y s t a l s 
o 

As measurements were made over a t e m p e r a t u r e range o f 90 K t o 
o 

400 K, i t was necessary t o mount t h e c r y s t a l s i n a c r y s t a l . The c r y s t a l s 

were f i r s t f i x e d on t o t h i n m i c r o s c o p i c s l i d e s ( dimensions h x h i n c h x 0.5 

by m e l t i n g s t r i p s o f i n d i u m o n t o t h e e v a p o r a t e d c o n t a c t s and t h e s l i d e s . 
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P r i o r to t h i s , the s l i d e s were cleaned by u l t r a s o n i c a g i t a t i o n i n a 
detergent type s o l v e n t (quadralene) which was followed by degreasing 
i n propan 2-ol ( i s o p r o p y l a l c o h o l ) vapour. The s l i d e s provided e l e c t r i c a l 
i n s u l a t i o n from the c r y o s t a t block while s t i l l a l l o w i n g reasonable thermal 
conduction. Thin copper leads were attached to the ends of the indium 
s t r i p s using a miniature s o l d e r i n g i r o n . Care was taken not to melt t h a t 
p a r t of the indium attached to the c r y s t a l . The s l i d e s were h e l d on the 
c r y o s t a t block by s m a l l c l i p s . A t h i n l a y e r o f s i l i c o n e grease was 
introduced between the s l i d e and the block to improve thermal conduction. 

Great care was taken during both c o n t a c t i n g and mounting the 

c r y s t a l s to ensure t h a t no contamination occurred, which would give r i s e 

to s i g n i f i c a n t leakage c u r r e n t s . T h i s was necessary because of the high 

r e s i s t a n c e s of the c r y s t a l s . 

The technique d e s c r i b e d above r e s u l t e d i n good e l e c t r i c a l c o n t a c t s 

which were a l s o m e c h a n i c a l l y strong. A f t e r mounting a c r y s t a l a V - l 

curve was measured under i l l u m i n a t i o n . A l i n e a r r e l a t i o n s h i p was g e n e r a l l y 

found and r e v e r s i n g the p o l a r i t y of the a p p l i e d v o l t a g e d i d not cause any 

change i n the c h a r a c t e r i s t i c . Although not c o n c l u s i v e , these checks 

suggested t h a t the c o n t a c t s were ohmic. 

4.1.2 Temperature v a r i a t i o n and measurement 

The vacuum j a c k e t o f the c r y o s t a t was u s u a l l y evacuated using a 

r o t a r y pump which produced a p r e s s u r e of approximately 10 ^ t o r r . Cooling, 

of the c r y o s t a t block (made of copper) was achieved by the i n t r o d u c t i o n 

of l i q u i d n i t r o g e n i n t o an attached r e s e r v o i r . To heat the c r y s t a l a 

wire c o i l , i n s u l a t e d by a s i l i c a tube, was i n s e r t e d i n t o a hole i n the 

c e n t r e of the block. The h e a t e r was s u p p l i e d from a 12 v o l t transformer 

and a d j u s t e d with a ' v a r i a c ' c o n t r o l . 

The temperature of a c r y s t a l was measured using a copper-constantan 

thermocouple i n c o n j u n c t i o n with a potentiometer ( T i n s l e y Model 3387B). 
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The c o l d j u n c t i o n was immersed i n l i q u i d n i t r o g e n . The c r y o s t a t 

was p r o v i d e d w i t h a t hermocouple w h i c h was i n d i u m s o l d e r e d on t o 

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

p r o c e d u r e . I t was n o t p o s s i b l e t o a t t a c h . t h e t h ermocouple t o t h e 

c r y s t a l because t h e r e s u l t a n t p i c k up o f e l e c t r i c a l n o i s e i n t e r f e r e d 

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

A l l t h e e l e c t r i c a l measurements ( i . e . o f 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 s and p h o t o c o n d u c t i v i t y ) w e r e made under d.c. c o n d i t i o n s . The 

c i r c u i t used f o r t h e T.S.C. measurements i s shown s c h e m a t i c a l l y i n 

F i g . ( 4 . 1 ) . The a p p l i e d v o l t a g e was d e r i v e d f r o m a s t a b i l i s e d d.c. 

power s u p p l y , w h i c h c o u l d be v a r i e d between 0 and 100 v o l t s . 
— 1 2 _g 

C u r r e n t s i n t h e range 10 - 10 A were measured u s i n g a 

v i b r o n e l e c t r o m e t e r (Model 33B). The v i b r o n o u t p u t was d i s p l a y e d on 

a c h a r t r e c o r d e r . T h i s enabled c u r r e n t s t o be c o n t i n u o u s l y m o n i t o r e d 

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

i n p u t c o u l d be s h o r t e d o u t by means o f a s w i t c h . T h i s produced a b l i p 

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

f o r example, c o u l d be marked. 

Non-microphonic c o - a x i a l c a b l e and B.N.C. s o c k e t s and p l u g s were 

used f o r t h e e x t e r n a l c o n n e c t i o n s i n o r d e r t o m i n i m i s e b o t h n o i s e and 

leakage c u r r e n t s . 

4.1.3 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 s 

A diagram o f t h e c r y o s t a t used i n t h e measurement o f 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 s i s shown i n F i g u r e ( 4 . 2 ) . Monochromatic i l l u m i n a t i o n , 

was p r o v i d e d f r o m a 240 w a t t (24 v o l t ) q u a r t z h a l o g e n lamp, v i a a H i l g e r 

and Watts D.330 g r a t i n g monochromator. The c r y o s t a t was f i x e d t o t h e 

e x i t s l i t o f t h e monochromator by a b r a s s t u b e . I t was s u p p o r t e d by a 

s t a n d and c o u l d be moved up and down as w e l l as from l e f t t o r i g h t and 

v i c e v e r s a . T h i s was necessary i n o r d e r t o a l i g n t h e c r y s t a l w i t h t h e 
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e x i t s l i t of the monochromator. 

Thermocouple and e l e c t r i c a l leads were introduced i n t o the 

c r y o s t a t by means of g l a s s to metal s e a l s . 

I d e a l l y the measurement 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 s 

r e q u i r e s a c o n s t a n t h e a t i n g r a t e . However, t h i s i s not simple to 

achieve. I n p r a c t i c e , as the c r y o s t a t was heated up from 90° K TO 
o 

400 K, the heater c u r r e n t was i n c r e a s e d four times to c o u n t e r a c t the 

decrease i n h e a t i n g r a t e . T h i s d i d not produce a uniform r a t e of 

heating, for the purpose of c o m p a r a b i l i t y , t h e r e f o r e the same hea t e r 

c u r r e n t was used f o r most of the T.S.C. experiments. The procedure 

adopted i n the measurement of thermally s t i m u l a t e d c u r r e n t i s d e s c r i b e d 

i n Chapter 5. 
4.1.4 S p e c t r a l response of photoconductivity 

For the measurement of s p e c t r a l response of photoconductivity, 

monochromatic l i g h t from the e x i t s l i t of the H i l g e r and Watts D.330 

g r a t i n g monochromator was a l i g n e d to f a l l on to the c r y s t a l . 

With the g r a t i n g used the wavelength could be changed from 

. 4y to lp e i t h e r manually or by an automatic d e r i v e . I l l u m i n a t i o n , 

was o r i g i n a l l y s u p p l i e d by a 500 W tungsten lamp. T h i s was l a t e r 

r e p l a c e d by a 240 W (24 v o l t ) quartz halogen p r o j e c t o r lamp,the s p e c t r a l 

emission of which contained a much s m a l l e r p r o p o r t i o n of i n f r a red 

r a d i a t i o n . During the course of measurements the width of i n l e t and 

e x i t s l i t s of the monochromator was kept unchanged i n order to be able 

to compare the photoconductive responses of d i f f e r e n t samples which had 

been t r e a t e d under d i f f e r e n t c o n d i t i o n s . 

4.2 Schottky B a r r i e r Formation 

The Schottky b a r r i e r diodes were prepared by vacuum d e p o s i t i o n 

of r e c t i f y i n g c o n t a c t s . The r e c t i f y i n g c o n t a c t was formed on the face 

of a d i e opposite t h a t to which the indium c o n t a c t had been a p p l i e d . 
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Pure gold, obtained from Johnson Matthey Chemicals, was used almost 

e x c l u s i v e l y to provide the r e c t i f y i n g c o n t a c t . The face to r e c e i v e 

the t h i n l a y e r of gold was again etched i n conc.Hcl and washed i n 

d i s t i l l e d water a f t e r a l l o y i n g the indium c o n t a c t on to the opposite 

f a c e . During the et c h i n g process the indium c o n t a c t was covered w i t h 

a p r o t e c t i v e l a y e r of "lacomit " which the chemical e t c h a n t s d i d not 

a f f e c t . The t h i n p r o t e c t i v e l a y e r was d i s s o l v e d i n acetone l a t e r on. 
-2 2 

F i n a l l y gold films,1.77 x l o cm i n are a were deposited on the f r e s h l y 

cleaned s u r f a c e s . 

4.2.1 The vacuum system and metal f i l m d e p o s i t i o n 

The schematic diagram of the vacuum system used i s shown i n 

Fig u r e 4.3. The 4" o i l d i f f u s i o n pump and the backing r o t a r y pump 

were both obtained from Edwards High Vacuum L t d . An Edwards 70 s e r i e s 

u n i t was employed to measure the p r e s s u r e i n the vacuum chamber, i . e . a 

p i r a n i 11 gauge f o r p r e s s u r e s higher than 10 ^ t o r r , and a 1 G5 i o n i s a t i o n 
-3 

gauge f o r p r e s s u r e s below 10 t o r r . With l i q u i d nitrogen i n the c o l d 
t r a p and s i l i c o n e f l u i d 705 i n the d i f f u s i o n pump, the lowest p r e s s u r e 

~~6 
a t t a i n e d i n the chamber was 1 x 10 t o r r . The p r e s s u r e was maintained 

~6 

below 6.0 x 10 t o r r during most of the d e p o s i t i o n s . 

The vacuum chamber used to d e p o s i t t h i n metal f i l m l a y e r s on the 

s i n g l e c r y s t a l d i c e i s i l l u s t r a t e d d i a g r a m a t i c a l l y i n F i g u r e 4.3. The 

d i c e were p l a c e d on top of the s t a i n l e s s s t e e l mask over a s m a l l hole 

through which the t h i n metal f i l m would be deposited. The s t a i n l e s s 

s t e e l mask was mounted on an 8 mm t h i c k s t a i n l e s s s t e e l d i s c , which was 

placed 3 cm above the source. R e s i s t i v e l y heated molybdenum boats 

c o n t a i n i n g s m a l l p i e c e s of gold metal were used as so u r c e s . The source 

was s u p p l i e d by a L.T. transformer enabling 30 amps a t 30 v o l t s to be 

drawn i f r e q u i r e d . A s i l i c a c y l i n d e r , 5 cm i n diameter, was l o c a t e d i n 

the volume between the source and the s t a i n l e s s s t e e l masks and a magnetic 
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s h u t t e r was s i t u a t e d j u s t below the s t a i n l e s s s t e e l d i s c . 

Before i n s e r t i o n i n the vacuum system both the s t a i n l e s s 

s t e e l mask and the pure gold metal were cleaned i n chromic a c i d and 

washed with absolute a l c o h o l . The i n i t i a l s t ep, before any m e t a l l i c 

evaporation was undertaken, was to outgas the system. For t h i s , the 
—6 

work chamber was evacuated to 1.0 x 10 t o r r and power was a p p l i e d to 

an empty molybdenum boat. When t h i s o utgassing procedure was completed 

the work chamber was l e t down to a i r f o r a s h o r t p e riod, during which 

the d i c e was q u i c k l y mounted on the s t a i n l e s s s t e e l mask, and the sma l l 

gold p i e c e s were p l a c e d i n the molybdenum boat. 
—6 

The work chamber was then re-evacuated to 1.0 x 10 t o r r when 

the gold evaporation was c a r r i e d out. I n i t i a l l y the s h u t t e r was kept 

c l o s e d so t h a t the d i c e would not be exposed to m e t a l l i c vapours u n t i l a 

steady evaporation r a t e has been a t t a i n e d , and minor outgassing was 

completed. The estimated f i l m t h i c k n e s s e s prepared i n t h i s way were 

u s u a l l y around a few thousand angstroms. The diodes produced were not 

encapsulated. 

4.2.2 Measurement of c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s of the 

diodes 

The diodes were mounted on a copper sheet which was screwed to 

the copper f i n g e r of the c r y o s t a t by a p.v.c. screw. For the purpose o f 

e l e c t r i c a l i n s u l a t i o n a t h i n l a y e r of mica was placed between the copper 

sheet and copper f i n g e r of the c r y o s t a t . A l l e l e c t r i c a l connections were 

made v i a a 6-way g l a s s - t o - m e t a l s e a l . 

A s o f t copper wire was used to hold the sample v e r t i c a l l y on the 

copper sheet. The p r e s s u r e i n s i d e the c r y o s t a t was reduced to lO ^ t o r r 

with a r o t a r y pump. 

Current v o l t a g e c h a r a c t e r i s t i c s were measured i n the dark. A 

d i g i t a l multimeter type DMM2 and sometimes an avometer were used to measure 
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the a p p l i e d b i a s s e s . 

4.2.3 Capacitance-Voltage measurements 

The d i f f e r e n t i a l c a p a c i t a n c e (c) of the Schottky diodes was 

measured as a f u n c t i o n of a p p l i e d voltage ( v ) . F c r t h i s purpose a 

C-G-V p l o t t e r , designed and b u i l t i n t h i s l a b o r a t o r y by P.G.Martin, 

was used. I t operated a c c u r a t e l y i n the frequency range from 10 Hz 

to 300 kHz. An e x t e r n a l o s c i l l a t o r provided the s i g n a l voltage 25 mV 

(p-p) The instrument i n c l u d e d a low frequency sweep generator capable 

of b i a s i n g the d e v i c e under t e s t over the range of -20 t o 20 v o l t s . Most 

of the C-V p l o t s were taken with b i a s e s between 2 v o l t s ( r e v e r s e ) to .2 

v o l t (forward). For some d e v i c e s the C-V measurement was c a r r i e d out 

for higher forward v o l t a g e s up to 1 v o l t . A "Bryans" X-Y Au t o p l o t t e r , 

Model 21005, was connected to the output o f the C-G-V p l o t t e r to o b t a i n an 

automatic r e c o r d . 

The C-V measurements were made on diodes mounted i n the c r y o s t a t . 

The p r e s s u r e was reduced to 10 ^ t o r r and most o f the C-V p l o t s were made 

i n the dark a t the room temperature. 

4.2.4 Photoresponse measurements 

I n a d d i t i o n to e l e c t r i c a l measurements, some p h o t o e l e c t r i c s t u d i e s 

were a l s o made on most of the d e v i c e s . A B a r r and Stroud double mono

chromator type VL.2 w i t h Quartz prisms ( s p e c t r o s i l 'A' q u a l i t y ) was used 

which enabled measurements to be made out to 4 u i f n e c e s s a r y . The l i g h t 

source used was a 240 watt (24 v o l t ) quartz halogen p r o j e c t o r lamp. P r i o r 

to the s h o r t c i r c u i t photocurrent measurements, the monochromator was 

c a l i b r a t e d using the l i g h t from a sodium lamp. The schematic diagram of 

the apparatus used to measure the photoresponse o f the diodes i s shown i n 

Fi g u r e ( 4 . 4 ) . The diode photocurrent was a m p l i f i e d by t a k i n g the s i g n a l 

from the 3.0 K.ohm load r e s i s t o r to the input t e r m i n a l of a Brookdeal l o c k - i n 
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a m p l i f i e r , type 401. The r e f e r e n c e s i g n a l to the l o c k - i n a m p l i f i e r 

was obtained from l i g h t f a l l i n g on the photodiode which was fed from 

the i n t e r n a l 9 v o l t supply of the a m p l i f i e r . Both the l i g h t i n c i d e n t 

on the i n l e t s l i t of the monochromator and the l i g h t f a l l i n g on the 

photodiode were chopped with a multi-bladed chopper which was d r i v e n 

by a synchronous motor v i a a f l e x i b l e d r i v e . T h i s motor allowed a 

chopping frequency of 200 cps to be obtained with the h e l p of a 40 bladed 

chopper. 

The output of Brook deal l o c k - i n a m p l i f i e r was d i s p l a y e d on a 

Honeywell c h a r t r e c o r d e r . 

4.2.5 Photo-capacitance measurements 

The GCV p l o t t e r mentioned e a r l i e r i n S e c t i o n 4.2.3 was used f o r 

photo-capacitance measurements. The c r y o s t a t was a l i g n e d w i t h the e x i t 

s l i t o f the Barr and Stroud double monochromator so t h a t monochromatic 

l i g h t f e l l on to the d e v i c e . The sweep voltage was maintained a t z e r o . 

I n t h i s case a f i x e d value f o r the d e p l e t i o n l a y e r c a p a c i t a n c e could be 

read from the meter. As the wavelength of the l i g h t was changed manually 

the corresponding changes i n the photo-capacitance were read from the meter. 

A l l the measurements were c a r r i e d out a t room temperature. 

4.3 X-Ray Powder Photography 

Some p h o t o e l e c t r i c p r o p e r t i e s of CdS c r y s t a l s doped w i t h copper 

are reported i n Chapter 5. Two methods have been employed to i n c o r p o r a t e 

copper i n t o CdS samples. I n the f i r s t method, CdS c r y s t a l s were dipped i n 

a copper sulphate s o l u t i o n , the p r e p a r a t i o n of which has been d e s c r i b e d i n 

Chapter 5. I n the second method, the i n c o r p o r a t i o n of copper was achieved 

by dipping the CdS samples i n a s o l u t i o n of cuprous c h l o r i d e , (see a l s o 

Chapter 5 ) . The technique of r e f l e c t i o n e l e c t r o n d i f f r a c t i o n has been used 

p r e v i o u s l y i n t h i s l a b o r a t o r y ( C a s w e l l e t a l , 1975) to demonstrate t h a t 



dipping CdS i n a s o l u t i o n of Cucl l e a d s to the formation of a s u r f a c e 

l a y e r of c h a l c o c i t e , Cu^S. T h i s work has now been extended to show 

th a t dipping i n a s o l u t i o n of Cus04 l e a d s to the production of a l a y e r 

of c o v e l l i t e , CuS. The technique of X-Ray d i f f r a c t i o n has a l s o been 

employed to confirm these f i n d i n g s . 

To o b t a i n samples s u i t a b l e f o r X-Ray photography, the CdS 
N 

c r y s t a l s were dipped i n an — Q copper sulphate s o l u t i o n a t a temperature 

of 80° C f o r 7 hours. T h i s produced a t h i c k enough l a y e r o f copper 

sul p h i d e which was removed by a r a z o r blade and crushed and ground to a 

f i n e powder of about 250 mesh s i z e . The powder then was stuck on a 

c y l i n d r i c a l g l a s s f i b r e of 0.2 mm diameter using f l e x i b l e c o l l o d i o n as 

a binder. The f i b r e was then mounted a t the c e n t r e of the Debye-Scherrer 

camera. The camera was loaded a s y m m e t r i c a l l y w i t h the 'Kodirex* X-Ray 

f i l m from Kodak L t d . , and mounted on the f a s t arm of a P h i l i p s "smoothed 

D.C. X-Ray Generator",type PW.1009/30. An X-Ray d i f f r a c t i o n tube 

c o n t a i n i n g a copper t a r g e t was used as the X-Ray source. T h i s was 

f i l t e r e d w i t h a n i c k e l f i l t e r to remove the background white X-Rays. 

The tube i t s e l f was operated a t 40 kV, 20 mA. The specimens were exposed 
to copper K r a d i a t i o n s (XK. , = 1.5405 A* and XK „ = 1.54434 8) f o r 1-2 a a l a2 

hours. T h i s produced an X-Ray p a t t e r n which contained l i n e s with d i f f e r e n t 

i n t e n s i t i e s . The v a l u e s of d i f f r a c t i o n angle 0(Bragg angle) were measured 

us i n g a f i l m measuring r u l e obtained from "Rigaku Denki L t d " . The 0 

v a l u e s and the i n t e n s i t y of these l i n e s were compared w i t h the corresponding 

A.S.T.M. v a l u e s of d i f f e r e n t phases of copper-sulphide, the r e s u l t s are 

d e s c r i b e d i n Chapter 5. 
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CHAPTER FIVE 

PHOTOCONDUCTIVITY IN COPPER-DOPED CdS 

5.1 I n t r o d u c t i o n 

I m p u r i t i e s and im p e r f e c t i o n s p l a y important r o l e s i n the performance 

of CdS photo d e v i c e s . Copper i s p a r t i c u l a r l y important because a h i g h l y 

p h o t o s e n s i t i v e photoconductor can be prepared by counter-doping n-type CdS 

with copper, (Bube, e t a l , 1962 a, 1964 b) and the w e l l known CdS s o l a r c e l l 

i s prepared by con v e r t i n g a t h i n s u r f a c e l a y e r of CdS to p-type Cu^S, 

(A.G. S t a n l e y , 1975). For high e f f i c i e n c y of the s o l a r c e l l , i t i s e s s e n t i a l 

to a d m i n i s t e r a s h o r t bake a t 200-250° C f o l l o w i n g the d e p o s i t i o n of the 

Cu^S l a y e r . One r e s u l t o f t h i s treatment i s the formation of a photo

conducting i - l a y e r between the n-type CdS and the p-type Cu,,S (Shiozawa, e t a l , 

1969). 

With both types of device a high s t a b i l i t y i n use i s e s s e n t i a l f o r 

the s u c c e s s f u l a p p l i c a t i o n , and indeed the pro c e s s e s which l e a d to the 

degradation of the e f f i c i e n c y of the CdS s o l a r c e l l have a t t r a c t e d c o n s i d e r a b l e 

a t t e n t i o n i n r e c e n t y e a r s , (Shiozawa, e t a l , 1970), ( P a l z , e t a l , 1973, 1974), 

and (Mytton, e t a l , 1973) . However, the p o s s i b i l i t y t h a t the photoconductive 

p r o p e r t i e s of the i - l a y e r may change during o p e r a t i o n appears to have been 

overlooked. The purpose o f t h i s chapter, t h e r e f o r e , i s to d e s c r i b e the 

r e s u l t s of an i n v e s t i g a t i o n i n t o the s t a b i l i t y o f the photoconductive s e n s i t i v i t 
+ ++ 

of rods of CdS doped w i t h c h l o r i n e and counter-doped with Cu or Cu i o n s , 

(Salehi-Manshadi & Woods, 1977). The reason f o r studying cuprous and c u p r i c 

ions i s t h a t no a t t e n t i o n has been given h i t h e r t o to the p o s s i b i l i t y t h a t the 

charge s t a t e of the copper may have an a p p r e c i a b l e e f f e c t on the maintenance 

of photoconductive s e n s i t i v i t y . 
5.2 Sample P r e p a r a t i o n s 

Photoconductivity experiments were c a r r i e d out on two types o f 



c r y s t a l s prepared i n the c r y s t a l growth l a b o r a t o r y of the department. 

The f i r s t s e r i e s of experiments were done on the CdS c r y s t a l s prepared 

by the flow run technique from the o r i g i n a l B.D.H. Optran grade lumps. 

These c r y s t a l s were doped with c h l o r i n e during t h e i r growth and were 

rods of t h i c k n e s s ^ 1 mm and with r e s i s t i v i t y p ranging from 0.1 to 1 cm. 

The v a r i a t i o n i n the c o n d u c t i v i t y of these c r y s t a l s a r i s e s from the f a c t 

t h a t i n a dynamical technique of c r y s t a l growth such as gas t r a n s p o r t , i t 

i s very d i f f i c u l t to maintain the un i f o r m i t y of the e l e c t r i c a l p r o p e r t i e s 

of the c r y s t a l s . The other c r y s t a l s used were cut from the boules grown 

i n s e a l e d ampoules using the vapour phase technique of C l a r k & Woods (1968). 

The CdS:CI rods produced from the argon flow technique were then used as a 

s t a r t i n g charge i n the growth ampoules. S i n c e the d e t a i l s o f the growth 

of the c r y s t a l s used have been d i s c u s s e d i n Chapter 3, we d e s c r i b e here the 

method used f o r the pr e p a r a t i o n and the counter doping o f the CdS:CI c r y s t a l s 

w ith copper. 

5.3 Doping with D i v a l e n t Copper Ions 

C u + + i o n s were introduced by dipping the CdS:CI rods i n an aqueous 

s o l u t i o n of copper sulph a t e . D i f f e r e n t c o n c e n t r a t i o n s ranging from ^g" N 

N 

to — were employed. A f t e r dipping f o r 20 minutes i n the s o l u t i o n , the 

colour of the rods changed from l i g h t orange to dark brown. The r e a c t i o n 

r e s p o n s i b l e f o r t h i s change i s : 

++ ++ Cu + CdS —• CuS + Cd 

i . e . a t o p o t a x i a l l a y e r of CuS ( c o v e l l i t e ) i s formed on CdS rods by an 

exchange mechanism i n which C d + + ions are r e p l a c e d by C u + + ions (see below). 

To d i f f u s e Cu i n t o the CdS bulk, the samples were baked i n s e a l e d ampoules 

c o n t a i n i n g argon gas a t 700° C f o r v a r i o u s lengths of time, e.g. 4 to 2^-hours. 
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5.4 I d e n t i f i c a t i o n of the Formation of a C o v e l l i t e Layer on the 

CdS Bars 

For the purpose of s t r u c t u r a l i n v e s t i g a t i o n s , samples which had 

been cut and mechanically p o l i s h e d on t h e i r b a s a l planes were p l a t e d i n a 

c u p r i c s u l phate bath a t 0o°C fo r a period of 1 hr. Non-destructive r e f l e c t i o n 

e l e c t r o n d i f f r a c t i o n (RED) obs e r v a t i o n s were made of these p l a t e d Cu S l a y e r s 

i n a JEM 120 e l e c t r o n microscope using e l e c t r o n s of energy 100 KeV. For 

f u r t h e r support of the e l e c t r o n d i f f r a c t i o n measurements, X-ray powder 

photographs were obtained using a Debye s h e r e r camera and m a t e r i a l scraped 

from the s u r f a c e of the p l a t e d sample. 

RED p a t t e r n s l i k e t h a t shown i n Fi g u r e 5.1 were obtained from s e v e r a l 

samples p l a t e d on d i f f e r e n t o c c a s i o n s . While the p a t t e r n c l e a r l y does not 

a r i s e from a s i n g l e c r y s t a l , i t i s comprised of "arced s p o t s " t h a t are 

c h a r a c t e r i s t i c of d i f f r a c t i o n from a s e t of c r y s t a l l i t e s having one or more 

f i b r e axes of a p r e f e r r e d o r i e n t a t i o n . By comparing measurements taken 

from t h i s d i f f r a c t i o n p a t t e r n with ASTM Index Values of i n t e r p l a n a r spacings 

of the phases of copper sul p h i d e , i t was found t h a t a l l of the r e f l e c t i o n s 

p r esent could be b e s t explained by the i d e n t i f i c a t i o n of the phase of copper 

sulphide as c o v e l l i t e (CuS). However, s i n c e p a t t e r n s , s u c h as those i n 

Fig u r e 5.1,may not cont a i n c e r t a i n r e f l e c t i o n s which are otherwise allowed 

fo r the p a r t i c u l a r c r y s t a l s t r u c t u r e of the m a t e r i a l being examined, i t was 

considered n e c e s s a r y to employ the X-ray powder technique to o b t a i n d i f f r a c t i o n 

from a l l the "allowed" r e f l e c t i n g planes and thereby to make the i d e n t i f i c a t i o n s 

more s u b s t a n t i a l . The measurements taken from the X-ray powder photograph 

are given i n Table ltUgoether with the A.S.T.M. Index Values of i n t e r p l a n a r 

spacings f o r c o v e l l i t e (CuS). From t h i s i t can be seen t h a t t h e r e i s good 

agreement between the experimental and A.S.T.M. Index Values of both i n t e r 

p l a n a r spacings and i n t e n s i t i e s , and so i t can be f i r m l y concluded t h a t the 
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phase of copper sulphide formed under the c o n d i t i o n s d e s c r i b e d above 

was t h a t of c o v e l l i t e . 

EXPERIMENTAL VALUES A.S .T.M. INDEX VALUES 

I n t e r p l a n a r 
Spacings A* I n t e n s i t y 

I n t e r p l a n a r 
Spacings 8 I n t e n s i t y 

Index of 
r e f l e c t i n g planes 

3.220 strong 3.285 \ 
3.220 / 

14 | 
28 f 

(100) \ 
(101) f 

3.045 very strong 3.048 67 (102) 

2.810 very strong 2.813 100 (103) 

2.715 strong 2.724 56 (006) 

2.320 very weak 2.317 10 (105) 

2.080 very weak 2.097 t 
2.043/ 

(106) I 
(008) / 

1.900 very strong 1.902 ) 
1.896 / 

(107) I 
(110) ' 

1.730 strong 1.735 34 (108) 

1.560 strong 1.572 \ 
1.556 f 37 j 

(203) I 
(116) / 

TABLE 1 

I n a d d i t i o n to p r o v i d i n g supporting evidence f o r the i d e n t i f i c a t i o n 

of the phase of copper sul p h i d e , the (RED) p a t t e r n shown i n F i g u r e 5.1 a l s o 

g i v e s an i n d i c a t i o n of the form i n which CuS i s p r e s e n t . As mentioned above, 

the f i b r o u s p a t t e r n a r i s e s from a s e t of c r y s t a l l i t e s having a common or 

p r e f e r r e d o r i e n t a t i o n . The f a c t t h a t the arced spots i n F i g u r e 5.1 do not 

form a s i n g l e two-dimentional a r r a y can be explained with r e f e r e n c e to 

F i g u r e 5.2 i n which the RED p a t t e r n of F i g u r e 5.1 i s indexed. T h i s shows 

t h a t the d i f f r a c t i o n p a t t e r n a r i s e s from two s e t s of c r y s t a l l i t e s each having 

a [ l O l i ] f i b r e a x i s where r e f l e c t i o n s from one s e t of c r y s t a l l i t e s are mirror 

images of those from the other s e t a c r o s s the f i b r e a x i s . That i s to say, 
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Figure 5.1 : RED p a t t e r n from CuS 

Figure 5.3 : Another low index RED p a t t e r n obtained from CuS a f t e r 
r o t a t i n g the sample about the C-axis of the CdS 
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one s e t i s i n a twin o r i e n t a t i o n with r e s p e c t to the other. That the 

f i b r e a x i s of the c r y s t a l l i t e s was the £1012] d i r e c t i o n was confirmed 

by r o t a t i n g the p l a t e d CdS sample to another low index o r i e n t a t i o n of 

CuS c r y s t a l l i t e s and e s t a b l i s h i n g t h a t the(l012) planes o f these c r y s t a l l i t e s 

s t i l l gave r i s e to d i f f r a c t i o n . T h i s second o r i e n t a t i o n i s shown i n 

F i g u r e 5.3 and the arced spots are indexed i n F i g u r e 5.4. As the sample 

was r o t a t e d about the [pool] a x i s of the CdS s u b s t r a t e , i t f o l l o w s t h a t 

the o r i e n t a t i o n a l r e l a t i o n s h i p between the CuS c r y s t a l l i t e s and CdS s u b s t r a t e 

i s (1012) CuS || (OOOl) CdS. 

5.5 Copper D i f f u s i o n 

We have not been concerned with experiments on the d i f f u s i o n and 

s o l u b i l i t y of Cu i n CdS c r y s t a l s . However, because of the important 

consequences of doping of CdS semiconductor d e v i c e s with copper, i t i s 

i n t e r e s t i n g to enquire how Cu d i f f u s e s i n CdS and what i s the compensation 

mechanism of Cu i n CdS. I n r e c e n t y e a r s , a number of i n v e s t i g a t i o n s have 

been c a r r i e d out to answer these questions (see f o r example, G.A.Sullivan, 1969, 

W. Szeto and G. A. Somarjai, 1966, Woodbury, 1965, C l a r k e , 1959). An 

acceptable model f o r copper d i f f u s i o n i n CdS i s t h a t copper d i f f u s e s i n t e r s t i t -

i a l l y i n t o CdS with an i n t e r s t i t i a l - s u b s t i t u t i o n a l e q u i l i b r i u m superimposed on 

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

with i o n i z e d cadmium v a c a n c i e s V ^ according to the r e a c t i o n : 

Cu + V — y Cu~ l cd •*— s 

I n t h i s way copper i o n s s u b s t i t u t e the acceptor cadmium v a c a n c i e s . 

T h i s process does not account f o r the Cu compensation i n CdS because a s i n g l e 

acceptor has been r e p l a c e d by another s i n g l e acceptor. For compensation i t 

i s n e c e s s a r y t h a t the t o t a l c o n c e n t r a t i o n of Cd v a c a n c i e s i s maintained constant 

during the d i f f u s i o n process by thermal r e g e n e r a t i o n . ( S u l l i v a n 1969). 
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S i n c e t h e s o l u b i l i t y o f t h e s u b s t i t u t i o n a l copper i o n s i s h i g h e r 

t h a n t h a t o f cadmium v a c a n c i e s i n t h e undoped c r y s t a l , copper d i s s o l v e s 

i.n t h e l a t t i c e by t h e s e l f - c o m p e n s a t i o n mechanism, (G. Mandel, 1964). 

+ 
Cu — C u + V -< s s 

T h i s means t h a t the exchange between copper and s u b s t i t u t i o n a l 

cadmium i o n s t a k e s p l a c e i n t h e presence o f s u l p h u r v a c a n c i e s . T h i s 

p rocess i s r e s p o n s i b l e f o r t h e f a c t t h a t CdS can n o t be made p - t y p e . 

5.6 Doping w i t h Monovalent Copper I o n s 
+ 

Cuprous (Cu) i o n s were i n t r o d u c e d i n t o CdS:Cl c r y s t a l s by d i p p i n g 

them i n an aqueous s o l u t i o n o f cuprous i o n s a f t e r which t h e y were baked i n 

s e a l e d ampoules c o n t a i n i n g argon gas a t 700°C f o r 2h h r s . 
+ 

The cuprous (Cu) i o n s o l u t i o n was p r e p a r e d i n t h e f o l l o w i n g way :-

(a) 75 ml o f d i s t i l l e d w a t e r was h e a t e d i n a c l o s e d r e a c t i o n 

v e s s e l and t h e n o x y g e n - f r e e n i t r o g e n gas was b u b b l e d t h r o u g h t h e 

l i q u i d t o remove any d i s s o l v e d oxygen. 

(b) 12 ml o f c o n c e n t r a t e d h y d r o c h l o r i c a c i d was added t o t h e w a t e r 

and t h e h e a t i n g and n i t r o g e n gas f l o w was c o n t i n u e d . 

(c) 1 gm o f cuprous c h l o r i d e was added when t h e t e m p e r a t u r e was 

a p p r o x i m a t e l y 60°C. 

(d) A p p r o x i m a t e l y 7.5 ml o f h y d r a z i n e h y d r a t e s o l u t i o n was added 

t o t h e s o l u t i o n t o produce a r e s u l t a n t pH o f 2 t o 3 as measured by 

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

(e) A f t e r h e a t i n g t h e s o l u t i o n t o 90°C, t h e pH was measured a g a i n 

and c o r r e c t e d t o 2.5 u s i n g a s m a l l amount o f h y d r o c h l o r i c a c i d o r 

h y d r a z i n e h y d r a t e . The s o l u t i o n was made up t o 100 ml by t h e 

a d d i t i o n o f a l i t t l e deoxygenated d i s t i l l e d w a t e r . D u r i n g p r e p a r a t i o n 
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and w h i l e u s i n g t h e b a t h , a c o n s t a n t f l o w o f o x y g e n - f r e e n i t r o g e n 

was m a i n t a i n e d t h r o u g h t h e s o l u t i o n . The purpose o f t h i s was 

t o keep as much oxygen away fr o m t h e s o l u t i o n as p o s s i b l e and t o 

keep t h e s o l u t i o n f u l l y mixed. 

A l a y e r o f Cu^S ( c h a l c o c i t e ) was formed on t h e CdS:Cl r o d s by 

d i p p i n g them i n t h e s o l u t i o n , f o r t h e s h o r t p e r i o d o f about 10 seconds. 

The l a y e r was formed a c c o r d i n g t o t h e r e a c t i o n : 

+ ++ 
CdS + 2 Cu • Cu 2S + Cd 

T h i s i s a t o p o t a x i a l r e a c t i o n i n w h i c h C d + + i o n s are r e p l a c e d by 
+ 

Cu i o n s . A f t e r t h e f o r m a t i o n o f t h e f i r s t f i l m o f Cu^S, t h e g r o w t h r a t e 

o f t h e l a y e r depends on .the r a t e a t whic h Cu + i o n s d i f f u s e i n and C d + + i o n s 

d i f f u s e o u t o f t h e Cu^S l a y e r . 

S ince t h e r e i s a mismatch between t h e l a t t i c e s t r u c t u r e s o f CdS and 

t h e C^S, a t e n s i o n develops which causes f i n e c r a c k s i n t h e C^S l a y e r . 

Using t h e r e f l e c t i o n e l e c t r o n d i f f r a c t i o n t e c h n i q u e , ( C a s w e l l , e t a l , 1975) 

have i d e n t i f i e d t h e f o r m a t i o n o f a Cu^S l a y e r ( c h a l c o c i t e ) on CdS s i n g l e 

c r y s t a l s by comparing t h e KED p a t t e r n w i t h t h e A.S.T.M. i n d e x f o r copper 

s u l p h i d e s . 

I t i s w o r t h m e n t i o n i n g t h a t t h e f o r m a t i o n o f t h e Cu^S ( c h a l c o c i t e ) 

l a y e r on CdS s i n g l e c r y s t a l s t a k e s p l a c e much q u i c k e r t h a n t h a t o f t h e CuS 

( c o v e l l i t e ) l a y e r . T h i s i s p r o b a b l y because t h e a c t i v a t i o n energy o f 

r e a c t i o n f o r t h e f o r m a t i o n o f CU2S l a y e r i s l e s s t h a n t h a t o f t h e CuS l a y e r . 

5.7 Ohmic C o n t a c t s 

An ohmic c o n t a c t i s d e f i n e d as a c o n t a c t which w i l l n o t add p a r a s i t i c 

impedance t o t h e s t r u c t u r e on which i t i s a p p l i e d . I n o t h e r words, t h e 

c o n t a c t between a m e t a l and a semiconductor i s ohmic when t h e f o l l o w i n g c r i t e r i c 

a r e f u l f i l l e d . 
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(1) The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s a r e l i n e a r and, 

(2) There i s no p h o t o v o l t a i c e f f e c t . That i s t o say, an ohmic 

c o n t a c t i s c h a r a c t e r i z e d by h a v i n g no p o t e n t i a l b a r r i e r (hence no 

asymmetry) and an i n f i n i t e s u r f a c e r e c o m b i n a t i o n v e l o c i t y (hence 

l i n e a r i t y ) . 

I n r e c e n t y e a r s numerous i n v e s t i g a t i o n s have been made t o f i n d t h e 

b e s t m e t a l as w e l l as t h e t e c h n i q u e f o r a p p l y i n g ohmic c o n t a c t s t o CdS. 

Smith (1955) used I " and Ga f o r making ohmic c o n t a c t s t o CdS. I n d i u m 

amalgam has been s u c c e s s f u l l y used f o r e l e c t r i c a l c o n t a c t on I I - V I semi

c o n d u c t o r s by H i l l , e t a l ( 1 9 7 2 ) . A low r e s i s t a n c e ohmic c o n t a c t t o CdS 

has been a c h i e v e d by vacuum a n n e a l i n g o f c r y s t a l s b e f o r e d e p o s i t i o n o f i n d i u m , 

(Thompson and C o r n w a l l , 1972) . T h i s p r o c e s s was adopted i n o r d e r t o o u t g a s 

t h e absorbed oxygen f r o m t h e c r y s t a l s u r f a c e s w h i c h o t h e r w i s e would g i v e r i s e 

t o a s u r f a c e b a r r i er (Reed and S c o t t , 1965). D i f f u s i o n o f h i g h p u r i t y i n d i u m 

i n t o t h e CdS samples ( Z o l d , 1973) has p r o v i d e d y e t ano t h e r t e c h n i q u e t o make 

ohmic c o n t a c t t o CdS c r y s t a l s by i n d i u m . I n o u r e x p e r i m e n t s we have made 

ohmic c o n t a c t s t o CdS c r y s t a l s by m e l t i n g and d i f f u s i n g i n d i u m i n t o t h e samples 

by h e a t i n g them a t 200-220°C i n an i n e r t (Argon) atmosphere f o r 10-15 m i n u t e s . 

P r i o r t o t h i s t h e CdS r o d s were e t c h e d i n t h e c o n c e n t r a t e d h y d r o c h l o r i c a c i d 

f o r 1-2 minu t e s and t h e n washed i n d i s t i l l e d w a t e r . The purpose o f t h e e t c h 

was t o remove o x i d i s e d and work damaged s u r f a c e l a y e r s w h i c h o t h e r w i s e produce 

non-ohmic c o n t a c t s . 

5.8 P h o t o c o n d u c t i v i t y o f Flow Run C r y s t a l s 

P h o t o c o n d u c t i v i t y measurements were c a r r i e d o u t on f l o w r u n CdS:Cl 

rods doped w i t h C u + + i o n s . The rods were i l l u m i n a t e d w i t h l i g h t f r o m t h e 

e x i t s l i t o f a H i l g e r and Watts D.330 g r a t i n g monochromator d e s c r i b e d i n 

Chapter 4. The source employed was a 500 w a t t t u n g s t e n lamp. The p h o t o -

c u r r e n t was measured o v e r t h e w a v e l e n g t h range o f 7600 X t o 4400a" a t room 

and 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 . The e f f e c t o f c o n c e n t r a t i o n o f Cu i m p u r i t y 
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on t h e p h o t o c u r r e n t o f CdS:Cl:Cu rods was a l s o measured. 

To compare t h e compensation e f f e c t s o f copper w i t h t h a t o f s u l p h u r 

i n CdS, s u l p h u r was d i f f u s e d i n t o t h e CdS:Cl b a r s , (see Chapter 3) and t h e 

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

d e t e r m i n e d . I n an a t t e m p t t o u n d e r s t a n d t h e d e g r a d a t i o n mechanism and 

t h e w e l l known p h o t o c h e m i c a l changes (see T s c h o l l , 1967) i n CdS c r y s t a l s , 

t h e samples were i l l u m i n a t e d by e i t h e r monochromatic o r w h i t e l i g h t f o r 

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

v a r i a t i o n o f t h e s p e c t r a l response o f t h e samples w i t h t i m e and t e m p e r a t u r e 

was measured. Such measurements were e i t h e r f o l l o w e d o r preceded by 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 i n o r d e r t o d e t e r m i n e t h e c o r r e s p o n d i n g changes 

i n t h e shape and t h e magnitude o f t h e T.S.C. cu r v e s due t o t h e s e o p t i c a l 

t r e a t m e n t s . 

5.9 The E f f e c t s o f V a r y i n g t h e Copper I m p u r i t y C o n c e n t r a t i o n 

P h o t o c o n d u c t i v e samples w i t h d i f f e r e n t d a r k r e s i s t i v i t i e s r a n g i n g 
8 12 

fr o m 10 -10 ficm were p r e p a r e d by d i p p i n g t h e c o n d u c t i v e CdS:Cl r o d s w i t h 

r e s i s t i v i t i e s o f t h e o r d e r o f p^lO ^ ficm i n t o copper s u l p h a t e s o l u t i o n s o f 

d i f f e r e n t c o n c e n t r a t i o n s . The same d i p p i n g t i m e and t h e same h e a t t r e a t m e n t 

f o r d i f f u s i n g Cu i n t o t h e samples were adopted t o ensure t h a t t h e copper 

c o n t e n t o f t h e samples was t h e o n l y c h a n g i n g f a c t o r . A t y p i c a l g r a p h o f t h e 

measured s p e c t r a l response o f p h o t o c o n d u c t i v i t y o f t h e samples, p r e p a r e d i n t h i s 

way, i s shown i n F i g u r e 5.5. The power s u p p l i e d t o t h e l i g h t source and t h e 

s l i t w i d t h o f t h e monochromator were k e p t unchanged t o ensure t h e r e p r o d u c 

i b i l i t y o f t h e c o n d i t i o n s under whi c h t h e e x p e r i m e n t s were c a r r i e d o u t . As 

i s c l e a r f r o m F i g u r e 5 . 5 a c h a n g e i n t h e c o n c e n t r a t i o n o f t h e Cu i m p u r i t y has 

had a c o n s i d e r a b l e e f f e c t on t h e shape and t h e magnitude o f t h e s p e c t r a l 

response o f t h e samples. A l t h o u g h b o t h c u r v e s e x h i b i t t h e e x t r i n s i c e x c i t a t i o i 

o f t h e compensated Cu i m p u r i t i e s as a b r o a d band, t h e r e a r e s e v e r a l a s p e c t s i n 
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w h i c h t h e two cu r v e s d i f f e r , 

(1) t h e c u r v e (a) shows a p r o m i n e n t peak near 5200 A* a s s o c i a t e d 

w i t h e x c i t a t i o n a c r o s s t h e band gap, whereas i n c u r v e (b) t h i s f e a t u r e 

i s suppressed by t h e g r e a t e r magnitude o f the e x t r i n s i c e x c i t a t i o n due t o 

t h e h i g h e r Cu c o n t e n t o f t h e sample f r o m w h i c h t h e c u r v e (b) was o b t a i n e d . 

(2) Maximum e x t r i n s i c e x c i t a t i o n i n curve (a) o c c u r s around A 5800 8, 

i . e . a p h o t o n energy o f 2.13 eV. For t h e sample w i t h h i g h e r copper i m p u r i t y 

c o n t e n t , t h e r e i s a s h i f t i n t h e p o s i t i o n o f t h e i m p u r i t y peak t o l a r g e r wave 

l e n g t h s . T h i s peak o c c u r s a t about A = 6400 A*, i . e . a photon energy o f 

1.93 eV. 

(3) The l o n g w a v e l e n g t h t h r e s h o l d i s more pronounced i n sample (b) 

t h a n i n ( a ) . The r a t i o o f t h e p h o t o c u r r e n t s o f t h e two samples a t d i f f e r e n t 

w a v e l e n g t h s i s i n c r e a s e d f r o m about 1.5 a t X = 5200 8 t o a v a l u e g r e a t e r t h a n 

5 a t A = 7600 8. 

(4) The s h o r t w a v e l e n g t h t h r e s h o l d i s a l s o more pronounced i n t h e 

sample (b) t h a n i n ( a ) . T h i s denotes t h a t t h e s u r f a c e r e c o m b i n a t i o n v e l o c i t y 

i s changed. 

The s p e c t r a l response o f t h e p h o t o c o n d u c t i v i t y o f t h e samples (a) and 

(b) was a l s o measured a t t e m p e r a t u r e s c l o s e t o t h a t o f l i q u i d n i t r o g e n , i . e . 
o o 

a t 93.5 K and 85 K r e s p e c t i v e l y . I t i s o b v i o u s f r o m t h e c u r v e s i n F i g u r e 5.6 

t h a t t h e e x t r i n s i c e x c i t a t i o n peak o c c u r s a t A = 6700 A* (1.85 eV) i n b o t h 

samples. Comparison o f t h e c u r v e s o f F i g u r e 5.5 w i t h t h o se o f F i g u r e 5.6 r e v e a l s 

t h a t t h e peaks a t A = 58CO X and A = 6400 8 a s s o c i a t e d w i t h t h e Cu i m p u r i t i e s 

a t room t e m p e r a t u r e b o t h s h i f t e d t o A = 6700 R 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 . 

A c c o r d i n g t o t h e s e measurements, t h e band gap e x c i t a t i o n o c c u r r e d a t 

A = 52O0 8 a t room t e m p e r a t u r e w h i c h g i v e s t h e band gap energy as Eg = 2.384 eV. 

The measured energy gap a t 85°K, i s Eg = 2.523 eV. These measurements g i v e 
-4 

t h e t e m p e r a t u r e c o e f f i c i e n t o f f o r b i d d e n band w i d t h as a = 6.62 x 10 eV/deg. 
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S u b s t i t u t i n g t h e v a l u e o f a i n t h e e x p r e s s i o n Eg = E g Q + a T, t h e energy 

gap o f t h e sample a t T = o i s o b t a i n e d t o be E g Q = 2.579 eV. Whereas t h e 
-4 

s u b s t i t u t i o n o f t b e t e m p e r a t u r e c o e f f i c i e n t a = 5.2 x 10 eV/deg, (Bube,1960) 

g i v e s t h e energy gap a t T = o o f E g Q = 2.567 eV. 

5.10 The E f f e c t o f S u l p h u r Compensation 

I t i s w e l l known t h a t s u l p h u r v a c a n c i e s behave as donors i n CdS 

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

a r e f a i r l y c o n d u c t i v e . T h i s t y p e o f c r y s t a l , t o g e t h e r w i t h CdS:CI r o d s , 

can a l s o be compensated by a n n e a l i n g i n s u l p h u r v a p o u r , (A. G. S u l l i v a n , 1 9 6 9 ) . 

To observe t h e e f f e c t s o f s u l p h u r compensation, CdS:Cl r o d s were baked i n 

s e a l e d ampoules c o n t a i n i n g s u l p h u r , (Chapter 3) a t 700°C f o r 2 h o u r s . F o l l o w i n g 

t h i s t r e a t m e n t , p h o t o c o n d u c t i v e samples were o b t a i n e d f r o m t h e o r i g i n a l c o n d u c t -
-2 

i v e (pVLO ftcm) r o d s . The measured s p e c t r a l response o f p h o t o c o n d u c t i v i t y o f 

a CdS:Cl:S sample i s shown i n F i g u r e 5.7. The p a r t i c u l a r f e a t u r e s o f t h e 

c u r v e can be d e s c r i b e d as f o l l o w s :-

(1) Maximum band gap e x c i t a t i o n o c c u r s a t A = 5350 8 w h i c h c o r r e s p o n d s 

t o Eg = 2.317 eV. 

(2) The e x t r i n s i c p h o t o c o n d u c t i v i t y o c c u r s o v e r a wide range o f 

w a v e l e n g t h s and t h e c o r r e s p o n d i n g b r o a d band i s c e n t r e d a t A = 6400 

(3) The h e i g h t o f t h e peak c o r r e s p o n d i n g t o t h e band gap e x c i t a t i o n 

i s g r e a t e r t h a n t h a t o f t h e e x t r i n s i c e x c i t a t i o n peak i n c o n t r a s t w i t h 

t h e s i t u a t i o n o b t a i n e d w i t h copper compensated samples. 

5.11 The E f f e c t o f P r o l o n g e d I l l u m i n a t i o n on Samples Doped w i t h C u + + i o n s 

As mentioned p r e v i o u s l y i n Chapter 1 , d e g r a d a t i o n i n CdS p h o t o d e v i c e s 

can be a t t r i b u t e d t o v a r i o u s mechanisms ; f o r example, CdS-Cu2S c e l l s a r e 

s u b j e c t t o a number o f d e g r a d a t i o n p r o c e s s e s such as : (1) t h e r e a c t i v i t y o f 

t h e p o l y c r y s t a l l i n e s u r f a c e a r e a w i t h t h e ambient atmosphere, (2) t h e e x i s t e n c e 

o f t h e o t h e r o x i d i s e d phases i n t h e Cu S systems w i t h c o m p o s i t i o n s near Cu S, 
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(3) i o n i c s e g r e g a t i o n due t o t h e i o n i c m o b i l i t y o f Cu i n Ci^S when a 

marked p o t e n t i a l d r o p can be developed a c r o s s t h e Cu^S, (4) Cu d i f f u s i o n 

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

d e v i c e s a r e m a i n l y s u b j e c t t o two d e g r a d a t i o n mechanisms -.- (a) The r e a c t i v i t y 

o f t h e d e v i c e s u r f a c e area w i t h ambient atmosphere and (b) p h o t o c h e m i c a l changes 

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

I n o u r i n v e s t i g a t i o n s we have been m a i n l y concerned w i t h t h e second 

t y p e o f d e g r a d a t i o n mechanism, i . e . t h e e f f e c t o f i l l u m i n a t i o n on t h e 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 o f t h e c h l o r i n e doped c r y s t a l s compensated w i t h e i t h e r 

copper o r s u l p h u r . 

The p r o c e d u r e w h i c h was adopted f o r t h i s i n v e s t i g a t i o n was as f o l l o w s :-

(1) I m m e d i a t e l y a f t e r t h e p r e p a r a t i o n and mounting o f t h e sample i n 

t h e c r y o s t a t , t h e s p e c t r a l response o f t h e p h o t o c o n d u c t i v i t y was measured; 

(2) t h e sample was t h e n c o o l e d t o a t e m p e r a t u r e c l o s e 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 when t h e measurement o f t h e s p e c t r a l response o f p h o t o 

c o n d u c t i v i t y was a g a i n c a r r i e d o u t ; 

(3) t h e 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 t e m p e r a t u r e was measured, T h i s 

was f o l l o w e d by : 

(4) t h e measurement o f 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 d u r i n g w h i c h 

t h e sample was h e a t e d up i n t h e d a r k a t a r a t e o f 0.5° K/s:ec w h i l e t h e c u r r e n t 

was m o n i t o r e d o v e r t h e range o f 85 t o 390°K; 

(5) s t e p s (1) t o (4) were r e p e a t e d a f t e r t h e sample had been 

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

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

The d e g r a d a t i o n e f f e c t o f l i g h t on t h e rod s o f CdS:Cl:Cu + + was t e s t e d 

by measuring t h e v a r i a t i o n 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 a t room t e m p e r a t u r e . 

T h i s measurement was c a r r i e d o u t w h i l e t h e samples were c o n s t a n t l y i l l u m i n a t e d 

by an o r d i n a r y (ICO W) Tungsten lamp f o r a p e r i o d o f 382 h o u r s i n a s p e c i a l 

t e s t box. I t i s o b v i o u s f r o m t h e c u r v e s i n F i g u r e 5.8 t h a t t h e d e g r a d a t i o n 
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m a i n l y o c c u r s o v e r t h e f i r s t 20 hours o f t h e i l l u m i n a t i o n d u r i n g w h i c h 
t h e p h o t o c u r r e n t decays n e a r l y two o r d e r s o f magnitude. I t t h e n remains 
f a i r l y c o n s t a n t o v e r t h e r e m a i n i n g p e r i o d o f t h e e x p e r i m e n t . 

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

on CdS:Cl:Cu + + c r y s t a l s , t h e s p e c t r a l response o f p h o t o c o n d u c t i v i t y o f t h e 

r o d (F ) was measured a t room t e m p e r a t u r e b e f o r e and a f t e r an i n t e r v e n i n g 

p e r i o d o f two hours d u r i n g w h i c h t h e sample was i l l u m i n a t e d d i r e c t l y w i t h 

t h e l i g h t s o u r c e . F o l l o w i n g t h i s i l l u m i n a t i o n an a p p r e c i a b l e change i n t h e 

s p e c t r a l response o f p h o t o c o n d u c t i v i t y o f t h e sample was o b s e r v e d , see F i g . 5 . 9 . 

Thus, t h e r e i s an a p p r e c i a b l e s h i f t o f t h e photoresponse t o l a r g e r w a v e l e n g t h s . 

I n p a r t i c u l a r , t h e r e i s a s h i f t i n t h e maximum e x t r i n s i c p h o t o c o n d u c t i v i t y from 

6100 X t o 6400 8 which c o r r e s p o n d s t o an energy s h i f t f r o m E = 2.03 eV t o 

E = 1.939 eV. 

D u r i n g t h e course o f t h e s e e x p e r i m e n t s , i t became c l e a r t h a t t h e p h o t o -

i n d u c e d changes i n CdS:Cl:Cu + + samples were r e s p o n s i b l e f o r t h e d e g r a d a t i o n o f 

t h e p h o t o c o n d u c t i v i t y . T h i s was f u r t h e r s u p p o r t e d by t h e r e s u l t s o f measuring 
0 

t h e s p e c t r a l response o f p h o t o c o n d u c t i v i t y o f t h e d e v i c e (F^) a t i n t e r v a l s o v e r 

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

A l t h o u g h t h e s u c c e s s i v e measurements o f t h e s p e c t r a l response ( F i g . 5.10) 

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

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

t h a t t h e e x t e n t t o which t h i s d e g r a d a t i o n a f f e c t s t h e photoresponse i s n o t 

comparable w i t h t h a t o f t h e p h o t o i n d u c e d d e g r a d a t i o n . I n c o n t r a s t w i t h t h e 

above o b s e r v a t i o n s , d i r e c t i l l u m i n a t i o n does n o t cause any d e g r a d a t i o n a t a l l 

i n t h e performance o f t h e CdS:CI r o d s which have been h e a t t r e a t e d i n s u l p h u r 

vapour. The s p e c t r a l response o f a CdS:Cl:S r o d which was measured b e f o r e 

and a f t e r an i n t e r v e n i n g p e r i o d o f 2 h o u r s d u r i n g w h i c h t h e sample was 

i l l u m i n a t e d w i t h monochromatic l i g h t o f w a v e l e n g t h \ = 5350 5£ i s shown i n 

F i g u r e 5.11. An i n c r e a s e i s observed b o t h i n t h e i n t r i n s i c and e x t r i n s i c 
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r e g i o n s o f t h e photoresponse as a r e s u l t o f t h e i l l u m i n a t i o n . 

5.12 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 s i n Samples Doped w i t h C u p r i c I o n s 

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

CdS:Cl:Cu c r y s t a l s showed t h a t a s u b s t a n t i a l decay o c c u r s i n t h e magnitude 

o f t h e p h o t o c u r r e n t w h i c h i s due t o t h e e f f e c t s o f i l l u m i n a t i o n . S i n c e t h e 

d e t e r i o r a t i o n may be a s s o c i a t e d w i t h changes i n t h e t r a p d i s t r i b u t i o n o f t h e 

samples, 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 meausrements were made t o i n v e s t i g a t e 

t h i s p o s s i b i l i t y . 

I n p r e v i o u s work on t h e p h o t o c h e m i c a l e f f e c t i n CdS c r y s t a l s ( C o w ell 

and Woods 1969), t h e sample was h e a t e d t o 393° K i n t h e d a r k p r i o r t o each 

T.S.C. measurement t o e s t a b l i s h a r e p r o d u c i b l e s t a t e . I t was t h e n c o o l e d 

t o 85° K. Sinc e such a h e a t t r e a t m e n t m i g h t have a f f e c t e d t h e d i f f u s e d s t a t e 

o f t h e copper i n t h e sample, t h i s p r o c e d u r e was o n l y used w i t h c u r v e s 1 and 2 

i n F i g u r e 5.12. The u s u a l p r o c e d u r e w h i c h was adopted t h r o u g h o u t t h i s s e t o f 

measurements was as f o l l o w s : -

A f t e r t h e sample (F^) was c o o l e d t o 85° K, i t was i l l u m i n a t e d w i t h 

band gap l i g h t o f X = 4900 % f o r 20 m i n u t e s . The i l l u m i n a t i o n was t h e n 
o 

e x t i n g u i s h e d and t h e sample was he a t e d i n t h e d a r k a t a l i n e a r r a t e o f 0.5 K/sec. 

The c o n d u c t i v i t y was m o n i t o r e d 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 i s p l o t t e d as 

cu r v e (1) i n F i g u r e 5.12. Curve (2) r e p r e s e n t s T.S.C. o f t h e sample a f t e r i t 
o 

had been i l l u m i n a t e d w i t h green l i g h t w i t h X= 5200 A f o r 1.5 hours a t room 
t e m p e r a t u r e . For t h e T.S.C. c u r v e s (3) and (4) t h e s t e p o f h e a t i n g up o f t h e 

o 

sample t o 377 K i n t h e d a r k was e l i m i n a t e d . The d i f f e r e n c e between t h e c u r v e s 

(3) and (4) l i e s i n t h e f a c t t h a t p r i o r t o t h e measurement o f c u r v e ( 4 ) , t h e 

sample was s u b j e c t e d t o one hour's d i r e c t 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 from 

a 240 w a t t q u a r t z h a l o g e n lamp. As can be seen f r o m F i g u r e 5.12, t h e d i r e c t 

i l l u m i n a t i o n has a s u b s t a n t i a l e f f e c t on t h e t r a p d i s t r i b u t i o n . The c u r v e s 

i n d i c a t e t h a t t h e r e a r e two groups o f e l e c t r o n t r a p s , i . e . s h a l l o w t r a p s w i t h 

t r a p d epths i n t h e range o f 0.15 - 0.30 eV which empty o v e r t h e range o f 
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100 - 200° K, and deep t r a p s w i t h depths of the order of 0.6 t o 0.8 eV, 
which empty between 280 and 400° K. The one hour i l l u m i n a t i o n produces 
a decrease of over one order of magnitude i n the concentration of the shallow 
traps and a corresponding increase i n the density of deep t r a p s . I t i s worth 
mentioning t h a t since 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 also depends on the 
product p i , where \i i s the e l e c t r o n m o b i l i t y and T i s the l i f e t i m e , any conclusion 
about the change i n the t r a p d i s t r i b u t i o n must be drawn a f t e r determining t h a t 
iiT remains f a i r l y constant and does not play any r o l e i n the change i n the T.S.C. 
One way t o assess t h i s i s t o measure the v a r i a t i o n o f photocurrent, which i s 
also a f u n c t i o n of UT, w i t h temperature. 

I t w i l l be shown l a t e r t h a t the measurements o f the v a r i a t i o n o f photo-

c u r r e n t w i t h temperature support the conclusion t h a t d i r e c t i l l u m i n a t i o n o f the 

sample leads to the change i n the d i s t r i b u t i o n o f the traps described above. 

This change i s accompanied by a s u b s t a n t i a l decrease i n the magnitude o f the 

photocurrent as shown i n Figure 5.13. Curve (1) was measured a f t e r the T.S.C. 

curve (3) and curve (2) a f t e r the T.S.C. curve (4) of Figure 5.12. 

I t i s worth mentioning t h a t the T.S.C. curves obtained from the CdS:Cl 

rods t r e a t e d i n sulphur vapour a t 700°C f o r 2 hours d i d not contain peaks 

corresponding t o deep t r a p s . The e f f e c t o f l i g h t on these samples was t o 

enhance the magnitude of the c u r r e n t associated w i t h the release o f el e c t r o n s 

from the shallow t r a p s . 

5.13 Photoconductivity o f Boule C r y s t a l s 

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

chemical e f f e c t s i n CdS: CI flow run c r y s t a l s counter doped w i t h c u p r i c i o n s , 

experiments were continued on the CdS:Cl s i n g l e c r y s t a l s grown i n sealed 

ampoules. Photoconducting samples were prepared by d i f f u s i n g cuprous and 

cup r i c ions i n t o rectangular bars ( 5 x 1 x 1 mm̂ ) o f s i n g l e c r y s t a l CdS co n t a i n i n g 

s u f f i c i e n t c h l o r i n e t o reduce the r e s i t i v i t y t o 1 ohm cm. B i v a l e n t copper was 

introduced by dipping the bars i n t o an aqueous s o l u t i o n o f copper sulphate so 
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t h a t a surface layer of CuS was formed. The formation of t h i s l a y e r , 

however, d i d not take place w i t h the same ease as i n the case o f the flow 

run c r y s t a l s and i n f a c t i t was necessary t o heat up the s o l u t i o n i n order 

to speed up the r e a c t i o n . The cupric ions were then d i f f u s e d i n t o the CdS 

by heating the samples i n sealed ampoules containing argon a t 700°C f o r 24 hours. 
8 

A f t e r t h i s treatment the dark r e s i s t i v i t y o f the bars had r i s e n t o about 10 ohm-cm 

and a high photoconductive s e n s i t i v i t y had been produced. A s i m i l a r procedure 

was used t o introduce the cuprous ions, when a l a y e r of Cu^S was formed on the 

surface of each bar by dip p i n g i t i n the s o l u t i o n of cuprous c h l o r i d e described 

e a r l i e r i n t h i s chapter. An i d e n t i c a l heating schedule was used t o d r i v e the 

cuprous ions i n t o the bulk o f the CdS. The technique o f r e f l e c t i o n e l e c t r o n 

d i f f r a c t i o n has been used p r e v i o u s l y i n t h i s l a b o r a t o r y (Caswell, e t a l , 1975) 

t o demonstrate t h a t dipping CdS i n a s o l u t i o n of CuCl leads t o the formation of 

a surface l a y e r of c h a l c o c i t e C u 2 S * W e have also described e a r l i e r i n t h i s 

chapter t h a t dipping i n a s o l u t i o n of CuS04 leads t o the production o f a lay e r 

of c o v e l l i t e CuS. 

Ohmic indium contacts were applied t o the ends o f the bars and the 

s p e c t r a l response o f ph o t o c o n d u c t i v i t y was measured by i l l u m i n a t i n g the bars 

w i t h l i g h t from the e x i t s l i t o f a H i l g e r and Watts D.330 g r a t i n g monochromator. 

The source employed was a 240 wat t quartz halogen p r o j e c t o r lamp. The photo-

conductive p r o p e r t i e s o f CdS:CI s i n g l e c r y s t a l s cut from the boule (611) and 

doped w i t h b i v a l e n t copper ions were s i m i l a r t o those o f flow run c r y s t a l s 

mentioned e a r l i e r . The s p e c t r a l response o f the p h o t o c o n d u c t i v i t y o f a t y p i c a l 

sample (103) i s shown i n curve ( a ) , Figure 5.14. Curve (b) shows the s p e c t r a l 

response o f the p h o t o c o n d u c t i v i t y a f t e r an i n t e r v e n i n g p e r i o d o f one hour 

d u r i n g which time the sample was i l l u m i n a t e d d i r e c t l y w i t h l i g h t from the 

p r o j e c t o r lamp. The most obvious feature o f the curves i n Figure 5.14 i s t h a t 

p h o t o s e n s i t i v i t y has f a l l e n by 50 t o 60% a f t e r as l i t t l e as one hour's intense 

i l l u m i n a t i o n . Thermally s t i m u l a t e d curves were also measured over the range 
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of temperature from 85 t o 390 K. The T.S.C. curves f o r the sample (103) 

doped w i t h cupric ions are shown i n F i g . (5.15). Curve (a) was measured 

immediately a f t e r d i f f u s i n g i n the copper, while curve (b) was measured 

a f t e r one hour's intense i l l u m i n a t i o n . The i n t e r e s t i n g feature of these 

curves i s t h a t the high i n i t i a l concentration of shallow traps i s reduced 

by a t l e a s t three orders o f magnitude by the one hour i l l u m i n a t i o n . At the 

same time the concentration of deep traps i s g r e a t l y increased. 

I n c o n t r a s t t o the above observations, the p h o t o s e n s i t i v i t y o f the 

samples doped w i t h cuprous ions was increased due t o the d i r e c t i l l u m i n a t i o n . 

The s p e c t r a l response o f the p h o t o c o n d u c t i v i t y o f a t y p i c a l sample (105) counter-

doped w i t h monovalent copper i s i l l u s t r a t e d by curve (a) i n Figure (5.16). 

Curve (b) shows the s p e c t r a l response of the p h o t o c o n d u c t i v i t y measured a f t e r 

an i n t e r v e n i n g period o f 6 hours, during which time the sample was i l l u m i n a t e d 

d i r e c t l y w i t h l i g h t from the p r o j e c t o r lamp. Comparison o f curves (a) and 

(b) shows t h a t the e f f e c t o f the prolonged intense i l l u m i n a t i o n was t o enhance 

the p h o t o s e n s i t i v i t y by roughly 50%. The shapes of the two curves are 

s u b s t a n t i a l l y s i m i l a r , although i t i s obvious t h a t the long wavelength t h r e s h o l d 

became more pronounced a f t e r the 6 hour i l l u m i n a t i o n . 

Thermally s t i m u l a t e d c u r r e n t curves f o r the sample (105) doped w i t h 

cuprous ions are shown i n Figure (5.17). Curve (a) was measured immediately 

a f t e r the d i f f u s i o n process had been completed,, and curve (b) a f t e r the sample 

had been i l l u m i n a t e d w i t h the intense l i g h t f o r 6 hours. 

Since the thermally s t i m u l a t e d c o n d u c t i v i t y depends on n f c, the d e n s i t y 

of the f i l l e d t r a p s , u the e l e c t r o n m o b i l i t y and the m a j o r i t y l i f e t i m e x ; 

any changes i n the shape and magnitude o f the T.S.C. curves may be a t t r i b u t e d 

t o the changes i n the t r a p d i s t r i b u t i o n or i n the magnitude o f UT or both. 

F o r t u n a t e l y the steady-state photocurrent i s p r o p o r t i o n a l t o the product UT. 

We have measured the photocurrent of our c r y s t a l s as a f u n c t i o n of temperature, 
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using monochromatic i l l u m i n a t i o n w i t h an i n t e n s i t y some four orders o f 

magnitude less than t h a t provided by the p r o j e c t o r lamp which was responsible 

f o r the changes i n p h o t o s e n s i t i v i t y i l l u s t r a t e d by the curves i n Figures (5.14) 

and (5.16). With the c r y s t a l (105) doped w i t h cuprous ions the photocurrent 

increased by a f a c t o r of three t o a broad maximum as the temperature was increased 
o o from 85 t o 185 K. As the temperature was increased s t i l l f u r t h e r t o 380 K, 

the photocurrent decreased s t e a d i l y . The shape o f the curve i l l u s t r a t i n g the 

v a r i a t i o n o f photocurrent w i t h temperature was s u b s t a n t i a l l y unchanged f o l l o w i n g 

the i l l u m i n a t i o n of the sample w i t h intense l i g h t f o r 6 h. F i g . (5.18). i t i s 

possible to conclude t h e r e f o r e t h a t the T.S.C. curves o f F i g . (5.17) i n d i c a t e 

t h a t the c r y s t a l contains two groups of e l e c t r o n t r a p s , i . e . shallow traps 

w i t h t r a p depths i n the range 0.15 t o 0.2 5 eV which empty over the range 100 t o 

180 K and deep traps w i t h depths o f the order 0.4 t o 1.2 eV (see Section 5.14) 
o 

which empty between 300 and 400 K. The 6 hours i l l u m i n a t i o n produces a 

t h r e e f o l d increase i n the concentration of the shallow-traps and a corresponding 

decrease i n the density o f deep t r a p s . The photocurrent o f the sample (103) 

doped w i t h cupric ions displayed a broad maximum i n the v i c i n i t y o f 150 K 

Fig. (5.19). A f t e r a l l o w i n g f o r the changes i n the p h o t o s e n s i t i v i t y i t i s 

possible t o conclude t h a t the high i n i t i a l concentration of shallow t r a p s i n 

such samples i s reduced by at l e a s t three orders o f magnitude by the one hour 

i l l u m i n a t i o n . At the same time the concentration o f deep t r a p s i s g r e a t l y 

increased. 

5.14 The Evaluation of the I o n i z a t i o n Energies o f the Traps 

There are several ways t h a t one can determine the i o n i z a t i o n energies 

of t r a p s . A comparative study of these methods has been made by Nicholas 

and Woods (1964). To evaluate the t r a p i o n i z a t i o n energies we have used the 

i n i t i a l r i s e method. This method which was f i r s t advocated by Ga r l i c k and 

Gibson (1948), i s independent o f the recombination k i n e t i c s . I t depends on 

the f a c t t h a t when the tr a p s begin t o empty as the temperature i s r a i s e d , the 
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i n t e g r a l s i n equations 2.26 and 2.36 are n e g l i g i b l y small and consequently 

A o = constant x exp ( KT) (5.1) 

I n p r a c t i c e the i n i t i a l p o r t i o n of the T.S.C. i s measured. A p l o t o f the 

l o g a r i t h m o f the c u r r e n t flow against ^ should y i e l d a s t r a i g h t l i n e w i t h 
-E 

a slope of t / . 
k 

The p l o t s o f the l o g a r i t h m of the i n i t i a l p o r t i o n o f the T.S.C. 

versus ^ of c r y s t a l 103 ( C u + + doped CdS) a f t e r 1 hour d i r e c t i l l u m i n a t i o n and 

of c r y s t a l 105 (Cu + doped CdS) before and a f t e r 6 hours o f d i r e c t i l l u m i n a t i o n 

are shown i n Figures (5.20) and (5.21). The c a l c u l a t e d i o n i z a t i o n energies 

o f t r a p s from the slope o f the l i n e s i n d i c a t e s t h a t one hour d i r e c t i l l u m i n a t i o n 

of c r y s t a l 103 leads t o the formation of deep traps w i t h an i o n i z a t i o n energy 

of 1.274 eV and the d i r e c t i l l u m i n a t i o n o f the c r y s t a l 105 f o r 6 hours causes 

a change i n the i o n i z a t i o n energy of the traps from 0.36 eV t o 1.155 eV. 

5.15 Discussion 

Photoconductive studies o f the CdS:CI samples counter doped w i t h 

c u p r i c and cuprous ions show t h a t the i n c o r p o r a t i o n o f copper ions w i t h d i f f e r e n t 

charge states has a s u b s t a n t i a l e f f e c t on the photoconductive p r o p e r t i e s , i . e . 

the p h o t o s e n s i t i v i t y o f the samples co n t a i n i n g b i v a l e n t copper ions i s unstable 

and decreases due t o the photochemical r e a c t i o n whereas i n samples doped w i t h 

monovalent copper ions the p h o t o s e n s i t i v i t y increases s l i g h t l y under, prolonged 

i l l u m i n a t i o n . Studies o f the T.S.C. curves of these samples reveal t h a t 

there i s a close connection between the d i s t r i b u t i o n o f e l e c t r o n t r a p s and the 

photoconductive performance o f the samples. The p r i n c i p a l p r o p e r t i e s of these 

t r a p p i n g centres and the c h a r a c t e r i s t i c feature o f the mechanism o f t h e i r 

formation are as f o l l o w s :-

(1) I l l u m i n a t i o n o f the samples doped w i t h c u p r i c ions r e s u l t s i n the 

formation o f deep traps presumably by ass o c i a t i o n of primary simpler defects. 
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(2) The primary defects are electron-capture centres which exchanqe 

c a r r i e r s w i t h the conduction band and not w i t h the valence band. 

(3) The new trap p i n g centres are formed i n the f i l l e d s t a t e and no 

a d d i t i o n a l e x c i t a t i o n of c r y s t a l s a t low temperature i s r e q u i r e d t o detect them. 

(4) The f a c t t h a t a decrease i n the density of shallow traps i s 

accompanied by a corresponding increase i n the d e n s i t y o f deep t r a p s suggests 

t h a t there i s a close connection between these two groups o f t r a p s . 

(5) With the samples doped w i t h cuprous ions, an increase i n the 

d e n s i t y of shallow traps leads t o a corresponding decrease i n the density o f 

deep t r a p s . This confirms t h a t the charge s t a t e o f the copper ions has a 

s u b s t a n t i a l e f f e c t on the type o f the photochemical r e a c t i o n . According t o 

Tsc h o l l ( 1968 ) , T.S.C. curves w i t h shapes s i m i l a r t o those i n Figure 5 .15 can 

be explained i n terms of a donor-acceptor p a i r model. I f the separation of 

the donor and acceptor i s l a r g e , the energy required f o r the release o f an 

e l e c t r o n from the t r a p i s r e l a t i v e l y small. This corresponds t o the T.S.C. 

peak at 100° K. With decreasing separation of the components o f the p a i r , 

the Coulombic i n t e r a c t i o n energy becomes l a r g e r and more energy i s r e q u i r e d t o 

e j e c t an e l e c t r o n from the t r a p t o the conduction band i n the close presence 

o f a p o s i t i v e l y charged donor. Thus according t o T s c h o l l , the T.S.C. peak 

i n the v i c i n i t y o f 370° K corresponds t o the presence of c l o s e l y neighbouring 

donor-acceptor p a i r s . Considering our experimental r e s u l t s e s p e c i a l l y the 

suggestion t h a t there i s a close connection between the d e n s i t i e s o f the 

shallow and deep t r a p p i n g centres, we s h a l l assume t h a t the centres under 

co n s i d e r a t i o n can be described i n terms o f a model s i m i l a r t o the donor-acceptor 

p a i r model i n which charged sulphur vacancies are assumed to be a c o n s t i t u e n t 

i n a d d i t i o n t o the copper and c h l o r i n e ions. One reason i n favour of the 

choice of a sulphur vacancy as a c o n s t i t u e n t of the aggregates i s t h a t the 

deep traps were not formed f o l l o w i n g d i r e c t i l l u m i n a t i o n o f the samples t r e a t e d 

i n sulphur vapour at 700°C f o r 2 hours. Comparison o f the T.S.C. curves of 
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CdS (Woods and N i c h o l a s , 1964) and CdSe (Bube and B a r t o n , 1958 ; and 

Shi m i z u , 1965) shows t h a t t h e i o n i z a t i o n energy o f a common t r a p (Anion 

vacancy) i s = 0.14 eV. T h i s means t h a t (charged s u l p h u r vacancy) 

has an energy s t a t e near t h e c o n d u c t i o n band. A l t h o u g h i t has n o t y e t 

been p r o v e d e x p e r i m e n t a l l y t h a t t h e = 0.14 eV l e v e l b e l o n g s t o t h e 

vacancy, t h i s h y p o t h e s i s has been used s u c c e s s f u l l y by Rezakhanov (1972) 

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

c o n d u c t i v i t y i n CdS, CdSe and t h e i r s o l i d s o l u t i o n s . A c c o r d i n g t o 

Rezakhanov, e t a l (1975) t h e c e n t r e s r e s p o n s i b l e f o r t h e p h o t o c h e m i c a l r e a c t i o n s 

V - ( 2 > ) s A 2 

- + o i n CdS can be d e s c r i b e d by dimers l i k e (V - D ) and T r i m e r s l i k e s A 
where £ i s t h e i o n i z e d donor a t t h e a n i o n s i t e . They have s a t i s f a c t o r i l y used 

2 „ 2 e 2 e 
t h e e x p r e s s i o n E + f o r d imers and E + f o r t r i m e r s t o 

t e r t e r 
nm nm 

d e s c r i b e t h e p o s i t i o n i n energy o f t h e s e c e n t r e s i n t h e f o r b i d d e n gap. Here 

r i s t h e d i s t a n c e between V, and D, c e n t r e s , nm A A 

The mechanism p o s t u l a t e d t o account f o r t h e p h o t o c h e m i c a l r e a c t i o n i s 

t h a t i n i t i a l l y t h e r e are V and S c e n t r e s . When n o n e q u i l i b r i u m c a r r i e r s 
A A 

( e l e c t r o n s ) a r e g e n e r a t e d t h e v a c a n c i e s become charged and a s s o c i a t e s a re 

formed f r o m t h e % and 6 c e n t r e s under t h e i n f l u e n c e o f c o u l o m b i c a t t r a c t i o n . A A 

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

c o e f f i c i e n t . The r e a c t i o n s w h i c h o c c u r can be d e s c r i b e d as f o l l o w s : 

V + 2 e •* - V , V +6 < •' (V - $t \ , 

A A A A V A J 

V + 2 S A A 

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

s p e c t r a o f t h e Cu-doped CdS c r y s t a l s (Korsunskaya, e t a l 1973) show t h a t t h e 

r e d u c t i o n i n p h o t o s e n s i t i v i t y o f t h e s e c r y s t a l s i s accompanied by an i n c r e a s e d 
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i n t e n s i t y o f t h e 1.6 - 2.2 pm luminescence band and by t h e t r a n s f o r m a t i o n 

o f t h e 1.03 pm band i n t o a band a t 1.06 \i. S i m i l a r e f f e c t s , i . e . t h e 

i n c r e a s e i n t h e i n t e n s i t y o f 1.02, 1.57 and 1.87 urn bands and t h e c o r r e s p o n d 

i n g decrease i n t h e i n t e n s i t y o f t h e 0.71 - 0.78 bands accompanying t h e p h o t o 

c h e m i c a l r e a c t i o n have been r e p o r t e d by P a t i l and Woods (19 7 1 ) . Both groups 

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

t o Korsunskaya, e t a l , t h e change i n t h e luminescence spectrum i s due t o t h e 

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

c e n t r e s : f a s t S_ c e n t r e s c o r r e s p o n d i n g t o 1.6 - 2.2 ym band and slow r ' c e n t r e s 

c o r r e s p o n d i n g t o 1.06 pm band wh i c h b o t h c o n t a i n copper atoms. W h i l e a c c o r d i n g 

t o ( P a t i l and Woods, 1971) t h e c e n t r e r e s p o n s i b l e f o r t h e 1.02, 1.57 and 1.87 vim 

e m i s s i o n bands i s e i t h e r a s u b s t i t u t i o n a l copper i o n o r a complex a s s o c i a t i o n 

o f copper i o n s and Cd v a c a n c i e s . We have a l r e a d y mentioned t h e reasons i n 

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

We a s s u m e , f o l l o w i n g e a r l i e r work by Woods (1958) and Woods and W r i g h t ( 1 9 5 8 ) , 

t h a t t h e presence o f a h i g h c o n c e n t r a t i o n o f s u l p h u r v a c a n c i e s i s accompanied 

by a h i g h r a t e o f d e g r a d a t i o n o f t h e p h o t o c o n d u c t i v e s e n s i t i v i t y under 

c o n t i n u o u s i l l u m i n a t i o n . Thus f o r example c r y s t a l s made p h o t o c o n d u c t i n g 

by h e a t i n g i n a low p r e s s u r e o f cadmium vapour c o n t a i n s u l p h u r v a c a n c i e s and 

ar e u n s t a b l e . I n c o n t r a s t , c r y s t a l s doped w i t h c h l o r i n e and h e a t e d i n s u l p h u r 

vapour t o compensate t h e c h l o r i n e donors w i t h cadmium v a c a n c i e s c o n t a i n few 

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

d i f f e r e n c e between t h e T.S.C. cu r v e s o f t h e samples-doped w i t h monovalent and 

d i v a l e n t copper i o n s , th3 o t h e r components o f t h e a g g r e g a t e s must somehow 

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

I n o ur e x p e r i m e n t s t o compare t h e compensating e f f e c t s o f cuprous 

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

700°C i n argo n . T h i s c o n s t i t u t e s a c h e m i c a l l y r e d u c i n g c o n d i t i o n so t h a t 

s u l p h u r v a c a n c i e s would be produced as t h e d i f f u s i o n proceeded. W i t h c u p r i c 
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i o n s t h e f i l l e d c h l o r i n e donors C I ( t h i s i s s i m p l y a C I i o n p l u s an e l e c t r o n 

bound i n a r e l a t i v e l y l a r g e " o r b i t " o f hydrogen t y p e embracing many o f t h e 

n e i g h b o u r i n g atoms o f t h e c r y s t a l ) would be compensated by t h e d i f f u s i n g C u + 

l e a v i n g empty donors CI and f i l l e d a c c e p t o r s Cu. T h i s , o f c o u r s e , :.s a godd 

charge compensation s i t u a t i o n . The s u l p h u r v a c a n c i e s w o uld a l s o be compensated 

by t h e c u p r i c i o n s so t h a t t h e c r y s t a l would c o n t a i n Cu, CI and V c e n t r e s . 

As a w o r k i n g h y p o t h e s i s one m i g h t suppose t h a t t h e i s o l a t e d CI and c e n t r e s 

w o u ld a c t as s h a l l o w t r a p s , ( I n t h e n o m e n c l a t u r e used h e r e C l and V 

r e p r e s e n t f i l l e d t r a p s ; i n t h e u n f i l l e d c o n d i t i o n t h e y w o uld be r e p r e s e n t e d 

as C l and V ) . Under i l l u m i n a t i o n t h e presence o f s u l p h u r v a c a n c i e s l e a d s 

t o a l o s s o f p h o t o s e n s i t i v i t y and t h e f o r m a t i o n o f deep t r a p s as t h e p o i n t 

d e f e c t s t e n d t o a g g r e g a t e . T h i s argument r e q u i r e s t h a t t h e a c c e p t o r h a v i n g 

c a p t u r e d a p h o t o i o n i z e d h o l e , i . e . Cu +, must have an e f f e c t i v e p o s i t i v e charge 

whereas somewhat s i m i l a r l y t h e f i l l e d e l e c t r o n t r a p Vft must have an e f f e c t i v e 

n e g a t i v e charge i n o r d e r t h a t t h e r e w i l l be a coulombic a t t r a c t i o n between t h o s e 

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

I n t h e c o n t r a s t i n g s i t u a t i o n when compensation i s e f f e c t e d w i t h two 

cuprous i o n s , 2 Cu, t h e i o n i z a b l e e l e c t r o n o f t h e f i l l e d C l donor i s compensated 

by one o f t h e cuprous i o n s i n a r e a c t i o n which can be w r i t t e n 

C l ~ + 2 Cu • C l + Cu + Cu 

Sinc e t h e d i f f u s i o n o f cuprous i o n was a l s o c a r r i e d o u t under r e d u c i n g 

c o n d i t i o n s , s u l p h u r v a c a n c i e s w o uld have been formed. However, e x p e r i m e n t 

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

i l l u m i n a t i o n and deep t r a p s a re n o t formed. Our w o r k i n g h y p o t h e s i s w o u l d 

r e q u i r e t h e n t h a t t h e s u l p h u r v a c a n c i e s were i m m o b i l i s e d i n some way. T h i s 

m i g h t happen i f t h e Cu i o n s i n t h e r e a c t i o n above were accommodated on 

s u b s t i t u t i o n a l s i t e s w h i l e t h e Cu atoms were o c c u p y i n g i n t e r s t i t i a l s i t e s 



i m m e d i a t e l y a d j a c e n t t o t h e s u l p h u r v a c a n c i e s and l o c k e d t o them. Such 

a s u g g e s t i o n r e q u i r e s t h a t t h e n e g a t i v e l y charged Cu atoms a r e s t r o n g l y 

bound t o t h e empty p o s i t i v e l y charged s u l p h u r v a c a n c i e s . 



98. 

CHAPTER SIX 

SOME ELECTRICAL & OPTICAL PROPERTIES OF 

Au-CdS DIODES 

6.1 I n t r o d u c t i o n 

E l e c t r i c a l and o p t i c a l p r o p e r t i e s o f CdS d i o d e s made m a i n l y 

w i t h one g o l d c o n t a c t and one ohmic c o n t a c t have been i n v e s t i g a t e d f a i r l y 

e x t e n s i v e l y . The d e v i c e s were made from CdS s i n g l e c r y s t a l s as d e s c r i b e d 

i n Chapter 4. Those d e v i c e s which were made p r i m a r i l y f r o m h i g h r e s i s t 

i v i t y m a t e r i a l d i d n o t show S c h o t t k y b a r r i e r c h a r a c t e r i s t i c s . A l t h o u g h 

t h e measurement o f t h e s h o r t c i r c u i t p h o t o c u r r e n t o f t h e s e d e v i c e s s u p p o r t e d 

t h e e x i s t e n c e o f a p o t e n t i a l b a r r i e r between t h e m e t a l and t h e s e m i c o n d u c t o r , 

t h e low donor d e n s i t y o f t h e s e samples meant t h a t t h e y were n o t s u i t a b l e f o r 

t h e measurement o f C-V c h a r a c t e r i s t i c s . W i t h t h e samples o f s u i t a b l e donor 

d e n s i t y however, photoresponse measurements have been made and used t o d e t e r m i n e 

b a r r i e r h e i g h t s . The uncompensated donor d e n s i t y was d e t e r m i n e d f r o m t h e 

c a p a c i t a n c e - v o l t a g e measurements. The d i s c r e p a n c y between t h e v a l u e s o f 

b a r r i e r h e i g h t o b t a i n e d f r o m t h e two d i f f e r e n t methods ( i . e . t h e s h o r t c i r c u i t 

p h o t o r e s p o n s e and t h e i n t e r c e p t o f t h e C-V p l o t ) was used t o c a l c u l a t e t h e 

t h i c k n e s s o f t h e s e m i - i n s u l a t i n g f i l m p r e s e n t between t h e g o l d and t h e CdS. 

Conductance-volt a g e c h a r a c t e r i s t i c s have a l s o been measured on a few samples 

and t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s have been i n v e s t i g a t e d i n b o t h f o r w a r d 

and r e v e r s e d i r e c t i o n s . F i n a l l y p h o t o c a p a c i t a n c e measurements were c a r r i e d 

o u t f o r a few samples a t room t e m p e r a t u r e . 

6»2 Device P r e p a r a t i o n 

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

g o l d on t o t h e et c h e d s u r f a c e o f a CdS cube (see Chapter 4 ) . P r i o r t o 

t h e d e p o s i t i o n o f t h e g o l d , an i n d i u m ohmic c o n t a c t had been a p p l i e d t o 
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t h e sample. I n a d d i t i o n t o g o l d , a few d e v i c e s were made u s i n g o t h e r 
s u i t a b l e m e t a l s such as copper and s i l v e r . A l t h o u g h t h e CdS samples 
w h i c h were used f o r t h e f a b r i c a t i o n o f t h e s e d e v i c e s had r e l a t i v e l y h i g h 
r e s i s t i v i t i e s , i t was p o s s i b l e t o measure t h e i r s h o r t c i r c u i t p h o t o c u r r e n t 
and t h e r e f o r e t o d e t e r m i n e t h e p h o t o c u r r e n t t h r e s h o l d s c o r r e s p o n d i n g t o 
the s e m e t a l - s e m i c o n d u c t o r c o n t a c t s . The v a l u e s o f p h o t o t h r e s h o l d o b t a i n e d 
were g e n e r a l l y g r e a t e r t h a n those made o f CdS samples w i t h h i g h e r donor 
d e n s i t i e s . 

6.3 Photoresponse Measurements 

S h o r t c i r c u i t p h o t o c u r r e n t measurements were c a r r i e d o u t on d e v i c e s 

made fr o m CdS samples o f v a r i o u s c o n d u c t i v i t y u s i n g d i f f e r e n t m e t a l c o n t a c t s . 

The t e c h n i q u e has been d e s c r i b e d i n Chapter 4. ( S e c t i o n 4 . 2 . 4 ) . Devices 

were u s u a l l y i l l u m i n a t e d t h r o u g h t h e t h i n l a y e r o f t h e m e t a l c o n t a c t . ( F r o n t 

i l l u m i n a t i o n ) and t h e s h o r t c i r c u i t p h o t o c u r r e n t was measured o v e r t h e wave

l e n g t h range f r o m 0.4 t o 3 pm. W i t h d e v i c e s c a r r y i n g g o l d c o n t a c t s , t h e 

v a r i a t i o n o f t h e w a v e l e n g t h o v e r t h e range f r o m 0.4 t o 2 uin was adequate. 

The measurements were made b o t h a t room and 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 . 

6.4 Photoresponse o f t h e High R e s i s t i v i t y Samples 

M e t a l - s e m i c o n d u c t o r d e v i c e s were p r e p a r e d by t h e d e p o s i t i o n o f 

g o l d , s i l v e r o r copper on t o one f a c e o f t h e CdS c h i p s c u t f r o m b o u l e No.613. 

The r e s i s t i v i t y o f t h e s e CdS c h i p s was o f t h e o r d e r o f 10 fi-cm. To t e s t 

t h e e f f e c t o f t h e d i f f e r e n t m e t a l c o n t a c t s t h e same CdS sample was used f o r 

t h e f a b r i c a t i o n o f t h e subsequent d e v i c e s . P r i o r t o t h e d e p o s i t i o n o f a 

new c o n t a c t , t h e d e v i c e was e t c h e d i n Conc.Hcl i n o r d e r t o remove t h e o l d 

c o n t a c t f o r w h i c h photoresponse measurements had a l r e a d y been c a r r i e d o u t . 

A t y p i c a l c u r v e showing t h e s h o r t c i r c u i t p hotoresponse o f t h e 

d e v i c e 613 A l (Cds w i t h g o l d c o n t a c t ) i s shown i n F i g u r e 6.1. I n a d d i t i o n 

t o t h e l a r g e peak a t t h e band gap o f CdS t h e c u r v e shows a maximum i n t h e 
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e x t r i n s i c r e g i o n a t X = 5900 A and a s h o u l d e r a t X = 6400 A. W i t h t h e 

d e v i c e 613 CI (CdS w i t h copper c o n t a c t ) however, t h e s i t u a t i o n i n t h e 
o 

e x t r i n s i c r e g i o n was r e v e r s e d w i t h t h e maximum now a t X = 6400 A and t h e 
o 

s h o u l d e r a t X = 5900 A F i g u r e 6.2. The major d i f f e r e n c e i n t h e s h o r t -

c i r c u i t p h o toresponse o f d e v i c e 613 CI compared w i t h t h a t o f 613 A l and 

613 B l ( F i g u r e 6.3, CdS w i t h s i l v e r c o n t a c t ) was t h a t w i t h 613 CI; t h e 

i m p u r i t y e x c i t a t i o n dominated t h e band gap e x c i t a t i o n whereas t h e r e v e r s e 

was t r u e f o r t h e d e v i c e s made w i t h g o l d o r s i l v e r c o n t a c t s . The reason 

i s t h a t t h e d i f f u s i o n o f copper i n t o t h e sem i c o n d u c t o r g i v e s r i s e t o t h e 

enhancement o f t h e i m p u r i t y e x c i t a t i o n and s u p p r e s s i o n o f t h e band gap 

e x c i t a t i o n . T h i s i s i n agreement w i t h what was obs e r v e d d u r i n g t h e 

measurement o f t h e 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 o f Cu-doped CdS sampxes i n 

which copper was i n t r o d u c e d by d i p p i n g them i n copper s u l p h a t e s o l u t i o n s 

w i t h d i f f e r e n t c o n c e n t r a t i o n s (Chapter 5 ) . 

6.5 The E f f e c t o f I l L u m l n a t i o n 

To t e s t t h e e f f e c t o f l i g h t on d i o d e s w i t h non-ohmic c o n t a c t s , 

t h e d e v i c e 613 CI (CdS w i t h Cu c o n t a c t ) was mounted i n a c r y o s t a t and c o o l e d 

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 ; i t was t h e n i l l u m i n a t e d w i t h l i g h t o f 
o 

wa v e l e n g t h X = 4930 A (band gap i l l u m i a t i o n ) f o r 15 m i n u t e s . F i g u r e 6.4 

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

t i o n . Enhancement o f t h e 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 t h e i m p u r i t y e x c i t a t i o n 

has r e s u l t e d f r o m t h e i l l u m i n a t i o n . For d e v i c e s made from b o u l e No. 623 

i n w h i c h copper i m p u r i t y was i n t r o d u c e d d u r i n g t h e g r o w t h , however, t h e e f f e c t 

o f i l l u m i n a t i o n was t o reduce t h e 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 t h e i m p u r i t y 

e x c i t a t i o n . F i g u r e 6.5 shows t h e s h o r t c i r c u i t p h o t o c u r r e n t response o f 

d e v i c e 623 A. 
6.6 Impor t a n c e o f SampLe R e s i s t i v i t y 

Measurements o f t h e s h o r t c i r c u i t p h o t o c u r r e n t o f t h e d e v i c e s made 



-a-r 

Device 613 C 

- X - at liquid nitrogen temp. 

- o - after 15mins. illumination 

of the sample with 

X = 4930 A 

0-4 0-7 0-8 
X(iim) 

0-9 10 



8 

(1) - o - - - o - at liquid nitrogen temp. 

(2) — a f t e r 3hrs. illumination at room 

temperature (1) was repeated. 

fc 3 

4 JL 
0-4 

FIG. 6 5 

^ ^ a- - ° I 

05 0-6 07 08 0-9 10 
Xlpim) 

1-1 1-2 



101. 

f r o m b o u l e s 613 and 623 c o n f i r m e d t h a t t h e r e s i s t i v i t y o f a sample 

has a g r e a t e f f e c t on t h e b e h a v i o u r o f a m e t a l - s e m i c o n d u c t o r d e v i c e . 

For a CdS s u b s t r a t e o f r e s i s t i v i t y , 2 x 10 fi c m / t h e c a l c u l a t i o n o f 
_2 

t h e d e p l e t i o n w i d t h f r o m e q u a t i o n 2.43 g i v e s t h e v a l u e o f 2.69 x 10 cm. 

For such a low c o n d u c t i v i t y sample, t h e image f o r c e s h i f t s t h e maximum 

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

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

b a r r i e r maximum. I t i s , t h e r e f o r e , o f l i t t l e s u r p r i s e t o f i n d t h a t t h e 

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

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

CdS. 

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

r e s i s t i v i t y were p r e p a r e d by d i f f u s i n g cadmium i n t o samples o f h i g h r e s i s t 

i v i t y and s u l p h u r i n t o c o n d u c t i v e ones. I n a d d i t i o n t o h e a t i n g t h e c o n d u c t i v e 

samples i n an excess p r e s s u r e o f s u l p h u r , sometimes i t was found adequate t o 

h e a t t h e samples i n vacuum a t t h e t e m p e r a t u r e o f 1000° C f o r v a r i o u s p e r i o d s 

o f 1-72 hours t o i n c r e a s e t h e i r r e s i s t i v i t y . 

6.7 Photoresponse o f Au-CdS Devices 

B e a r i n g i n mind t h e i m p o r t a n c e o f t h e r e s i s t i v i t y , o f t h e semi

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

b o u l e 623 were h e a t e d i n m o l t e n cadmium a t 600° C f o r 3 days (see Chapter 3 ) . 
9 

T h i s reduced t h e r e s i s t i v i t y f r o m a v a l u e o f 3.8 x 10 fi-cm t o p = 0.12 fl-cm. 

Treatments o f t h i s k i n d , even f o r a p e r i o d o f 3 h o u r s , caused a d r a s t i c 

r e d u c t i o n i n t h e sample's r e s i s t i v i t y . To m a i n t a i n a b e t t e r c o n t r o l o v e r 

t h e r e s i s t i v i t y , samples were baked i n cadmium vapour f o r a p e r i o d o f 20 h o u r s , 

(see Chapter 3 ) . 

Device 623A was made fr o m samples t r e a t e d i n t h i s way, by a p p l y i n g 

an i n d i u m c o n t a c t t o one s i d e o f t h e cube and an e v a p o r a t e d g o l d c o n t a c t t o 

I n o r d e r t o make a p r o p e r S c h o t t k y d i o d e i n w h i c h e l e c t r o n s can 

>78 J 
8€C1I0» 
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t h e o t h e r . F i g u r e 6.6 (a) d i s p l a y s t h e s h o r t c i r c u i t p hotoresponse o f 

t h e d e v i c e i m m e d i a t e l y a f t e r i t was made. Curves (b) and (c) a r e t h e 

photoresponse o f t h e same d e v i c e a f t e r t h e l a p s e o f n p e r i o d o f 20 d£iys, 

a t room and 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 r e s p e c t i v e l y . The c u r v e (d) i s 

t h e same as t h e c u r v e (c) which has been m a g n i f i e d by a f a c t o r o f . 

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

was made f r o m a cadmium vapour t r e a t e d Cds:cu sample, a r e as f o l l o w s : 

1) The s h o r t c i r c u i t p h o t o c u r r e n t response o f t h e d e v i c e 

has a l o n g t a i l i n t h e s h o r t w a v e l e n g t h r e g i o n w i t h t h e 

t h r e s h o l d a t 0.396 urn e q u i v a l e n t t o 3.13 eV. 

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

t h e f a c t t h a t i t i s s e n s i t i v e t o changes i n t h e s u r f a c e 

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

o f t h e s u r f a c e change t h e s u r f a c e t r a p and r e c o m b i n a t i o n 

p arameters change and a f f e c t t h e s h o r t w a v e l e n g t h photoresponse 

o f t h e d e v i c e . 

2) Because o f t h e i n t r o d u c t i o n o f Cd atoms i n t h e c r y s t a l 

( s e l f d i f f u s i o n ) , t h e r e i s a s h i f t i n t h e band gap e x c i t a t i o n 

o f t h e d e v i c e towards h i g h e r energy v a l u e s . The band gap 

e x c i t a t i o n peak o c c u r s a t \ = 0.504 urn e q u i v a l e n t t o 2.46 eV., 

i n s t e a d o f 2.40 eV f o r t h e u n t r e a t e d samples. 

3) Subsequent measurements o f p h o t o c u r r e n t response, c u r v e s (b) 

and ( c ) , show t h a t t h e s h i f t o f t h e band gap t o w a r d s h i g h e r 

energy v a l u e s i s n o t a s t a b l e s t a t e . A 2 0 - f o l d i n c r e a s e i n t h e 

s h o r t c i r c u i t p h o t o c u r r e n t o f t h e d e v i c e i n t h e W i t r i n s i c r e g i o n 

and about 2 - f o l d i n c r e a s e i n t h e band gap r e g i o n a r e i n d i c a t i v e 

o f t h e presence o f a h i g h e r e l e c t r i c f i e l d e s t a b l i s h e d i n t h e 

d e v i c e due t o ageing.. I n a d d i t i o n , t h e s h i f t i n t h e s h o r t „ 

w a v e l e n g t h t h r e s h o l d o f t h e p h o t o c u r r e n t response from 0.396 urn 
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(3.13 eV) t o 0.49 pm (2.53 eV) w h i c h i s a s s o c i a t e d w i t h 

t h e above mentioned i n c r e a s e i n t h e s h o r t c i r c u i t p h o t o -

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

t o t h e s u r f a c e o f t h e d i f f u s i o n i n Cd atoms and t h e f o r m a t i o n 

o f an o x i d e l a y e r (Cdo) between t h e m e t a l and t h e se m i c o n d u c t o r . 

4) A p a r t from t h e band gap e x c i t a t i o n , c u r v e s (b) and (c) d i s p l a y 

s e v e r a l peaks w h i c h o c c u r a t 0.59 pm ( 2 . 1 e V ) , 0.67 um (1.85 eV) , 

0.85 um (1.46 eV) and 0.98 um (1.26 eV) r e s p e c t i v e l y . 

The p h o t o t h r e s h o l d energy w h i c h i s a t 1.28 eV (0.96 um) a t 

room t e m p e r a t u r e reduces t o t h e l o w e r energy o f 1.18 eV 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 . 

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

were c o n t i n u e d and d e v i c e 626 B was p r e p a r e d f r o m t h e c u t samples o f b o u l e 

no. 626 (Cds: CI : Cu) whic h had been h e a t e d a t vacuum a t 1000° C f o r a 

p e r i o d o f 1.5 h o u r s . 

The photoresponse o f d e v i c e 626 B and o f t h e d e v i c e 611 A a r e 

shown i n F i g u r e s 6.7 and 6.8 r e s p e c t i v e l y . The p h o t o c u r r e n t a t t h e l o w e r 

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

i n t o Cd.s and t h e low energy t h r e s h o l d i s a measure o f t h e b a r r i e r h e i g h t * 
BN 

For t h e a c c u r a t e d e t e r m i n a t i o n o f t h e b a r r i e r h e i g h t , however, t h e square 

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

o f t h e t h r e s h o l d . Good s t r a i g h t l i n e s were o b t a i n e d and t h e b a r r i e r 

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

way, t h e b a r r i e r h e i g h t o f g o l d c o n t a c t t o CdS o b t a i n e d f r o m d e v i c e 626 B 
(CdS: C I : Cu) i s $ = 0.742 + 0.01 and f r o m t h e d e v i c e 611 A (CdS: CI) i s BN — 

• = 0.77 +_0.01. P r i o r t o t h e g o l d d e p o s i t i o n , b o t h d e v i c e s were e t c h e d 

i n Cone. H c l <. 

The d i f f e r e n c e i n t h e shape o f t h e c u r v e s o f F i g u r e s 6.7 and 6.8 
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can be e x p l a i n e d by c o n s i d e r i n g the d i f f e r e n t p r o c e s s e s by which the 

s h o r t c i r c u i t photocurrent i n a metal-semiconductor system i s generated. 

I f photons of adequate energy are i n c i d e n t on the s u r f a c e of the metal, 

f r e e e l e c t r o n s i n the metal are e x c i t e d and emitted to the semiconductor. 

I n t h i s case the photon energy i s equal to or g r e a t e r than the metal-

semiconductor b a r r i e r h e i ght $ B N - Apart from the emission of p h o t o e l e c t r o n s 

from the metal to the semiconductor, the e x c i t a t i o n of e l e c t r o n s from impurity 

s t a t e s to the conduction band a l s o c o n t r i b u t e s to the measured s h o r t c i r c u i t 

photocurrent I ,provided t h a t the e x c i t a t i o n of these e l e c t r o n s t a k e s p l a c e s c 

i n c o n j u n c t i o n with the c r e a t i o n of mobile h o l e s . The magnitude of t h i s 

c o n t r i b u t i o n depends on the p o s i t i o n of the impurity l e v e l s i n the forbidden 

gap as w e l l as to the d e n s i t y and e l e c t r o n and hole o p t i c a l emission r a t e s of 

these c e n t r e s . The l a t t e r p rocess i s r e s p o n s i b l e for the d i f f e r e n c e i n the 

shape of the curves of F i g u r e s 6.7 and 6.8. 

6.8 Capacitance-Voltage Measurements 

The C-V c h a r a c t e r i s t i c s of the Au-Cds diodes were measured as 
-2 

d e s c r i b e d i n Chapter 4, 4.2.3. A t y p i c a l C-V p l o t measured a t 10 K Hz 

of diode 626 B i s shown i n F i g u r e 6.9. The b i a s range was u s u a l l y from 

2 v o l t s i n the r e v e r s e to 0.5 v o l t i n the forward d i r e c t i o n . The p l o t s of 
— j v e r s u s V were found to be l i n e a r f o r the j u n c t i o n s examined. The 
C 

measurements were made on Au-Cds diodes doped with CI and a l s o on those 

doped with CI and counter doped w i t h Cu. The uncompensated donor d e n s i t y 

N was found from the slope of the p l o t v e r s u s V using equation 2.47-
d C 

With the d e v i c e s examined N, was u s u a l l y i n the range of lO - 10 cm a t 
d 

293° K. The vo l t a g e i n t e r c e p t V gave a value g r e a t e r than the b a r r i e r 

h e i g h t of gold contact to CdS. 

6.9 C-V Measurements on Au-CdS Diodes Containing Dopants 

The C-V c h a r a c t e r i s t i c s of Au-CdS diodes prepared from CdS 

c r y s t a l s doped e i t h e r with c h l o r i n e or w i t h c h l o r i n e and counter doped 
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-2 with copper have been s t u d i e d and some t y p i c a l C-V p l o t s of these 
d e v i c e s are shown i n F i g u r e 6 .,10. 

16 —3 
An uncompensated donor c o n c e n t r a t i o n of N = 9.1 x 10 cm 

d 
and a voltage i n t e r c e p t of V = 1.475 v o l t were found f o r d e v i c e 

_2 
611 A (Cds: C I ) . For d e v i c e 626 B, however, the slope of the C-V p l o t 

16 — 3 gave a donor c o n c e n t r a t i o n of N = 1.216 x 10 cm and the v o l t a g e d 

i n t e r c e p t was found to be 0.98 v o l t . 

The v o l t a g e i n t e r c e p t V\ i s a measure of the b a r r i e r h e i g h t of 

the metal semiconductor c o n t a c t , and i n a Schottky diode should g i v e 

b a r r i e r h e i g h t v a l u e s equal to t h a t found by the p h o t o e l e c t r i c method. 

I n p r a c t i c e , however, the e x i s t e n c e of a t h i n i n t e r f a c i a l l a y e r between 

the metal and the semiconductor and the dependence of c a p a c i t a n c e on 

frequency have s u b s t a n t i a l e f f e c t s on the C-V c h a r a c t e r i s t i c s o f the device 

and l i k e w i s e on the value of the voltage i n t e r c e p t . 

6.10 V a r i a t i o n of Capacitance in.Frequency . 

As mentioned p r e v i o u s l y i n Chapter 2.6, the r e v e r s e b i a s 

c a p a c i t a n c e of a Schottky b a r r i e r depends on the d e p l e t i o n width W which 

e x i s t s i n the semiconductor s i d e of the j u n c t i o n . I f t h i s i s determined 

s o l e l y by a shallow donor d e n s i t y N^, the e x p r e s s i o n f o r d e p l e t i o n l a y e r 

c a p a c i t a n c e per u n i t a r e a i s given by Equation ( 2 . 4 6 ) . T h i s equation i s 

v a l i d only i f the edge of the d e p l e t i o n region f o l l o w s the frequency of the 

a p p l i e d a.c. v o l t a g e . I f the j u n c t i o n c o n t a i n s deep i m p u r i t i e s whose 

i o n i z a t i o n must change with change of the a p p l i e d v o l t a g e , the response 

time f o r the system may not allow the c a p a c i t a n c e to f o l l o w the a p p l i e d 

frequency u n l e s s t h i s i s very low. The c a p a c i t a n c e a t a low frequency such 
2 3 

as 10 to 10 Hz i s then g r e a t e r than t h a t measured a t a high frequency such 
, 5 6 as 10 to 10 Hz. 

Apart from deep i m p u r i t i e s which a f f e c t the C-V c h a r a c t e r t i s t i c 

of the device e s p e c i a l l y a t low f r e q u e n c i e s , the e x i s t e n c e of s u r f a c e 
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s t a t e s a t the semiconductor-oxide l a y e r i n t e r f a c e which are frequency 

dependent a l s o a f f e c t s the C-V measurements. The frequency dependence 
-2 

can be observed from the C versus V p l o t s shown i n F i g u r e 6.11. The 
-2 

slope of the C-V l i n e s d i d not change over the wide range of s i g n a l 
-2 

f r e q u e n c i e s used, except t h a t a t 100 K Hz, the C-V p l o t was not l i n e a r 

a t a l l . The l i n e s i n F i g u r e 6.11 a l s o show t h a t t h e r e i s a sudden i n c r e a s e 

i n the value of v o l t a g e i n t e r c e p t from 0.95 v o l t a t the s i g n a l frequency of 

80 K Hz to 1.808 v o l t a t the frequency of 200 K Hz. I t was thought t h a t 

the g r e a t e s t change would occur when the s u r f a c e s t a t e s responded to the 

s i g n a l frequency and the change could be accounted f o r i f some of the p a r a 

meters concerning s u r f a c e s t a t e s were known. 

As mentioned i n Chapter 2, 2.12, v a l u a b l e information about the 

s u r f a c e s t a t e s can be obtained by measuring the e q u i v a l e n t conductance 

of the device which i s i n e f f e c t a 'metal i n s u l a t o r - s e m i c o n d u c t o r 1 c a p a c i t o r . 

The conductance a r i s e s from the f a c t t h a t the p r o c e s s of capture and emission 

of c a r r i e r s by the s u r f a c e s t a t e s l a g s behind the a p p l i e d s i g n a l . S i n c e 

s u r f a c e s t a t e s a re capable of s t o r i n g charge, t h e r e w i l l be c a p a c i t a n c e C g 

a s s o c i a t e d with them which i s p r o p o r t i o n a l to t h e i r d e n s i t y . The conductance 
Cs r e l a t e d to the s u r f a c e s t a t e s i s G = — , where T i s the time c o n s t a n t of s T 

the i n t e r f a c e s t a t e s . Both T and C g can be e x t r a c t e d d i r e c t l y from the 

measurement of the e q u i v a l e n t p a r a l l e l conductance. The e q u i v a l e n t c i r c u i t 

of an M.I.S. c a p a c i t o r assuming a s i n g l e l e v e l s t a t e model, has been 

represented i n F i g u r e 2.4. The measured c a p a c i t a n c e C^ a c r o s s the t e r m i n a l s 

of X and Y of t h i s e q u i v a l e n t c i r c u i t i s : 

1 _ _ 1 _ (6.1) 
C ' C + C m ox p 

where C i s the c a p a c i t a n c e a s s o c i a t e d with the i n s u l a t o r (oxide) l a y e r ox 
and C^ i s the c a p a c i t a n c e of the p a r a l l e l branch of the e q u i v a l e n t c i r c u i t . 
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The conductance and the capacit a n c e of the p a r a l l e l branch i n Fi g u r e 2.4 

are given by equations 2.81 and 2.82 r e s p e c t i v e l y . These equations can 

be extended to i n c l u d e the e f f e c t of C • i . e . with the measured conductance 
ox 

G and measured c a p a c i t a n c e C a c r o s s the t e r m i n a l s of the e q u i v a l e n t c i r c u i t m m ^ 

i n F i g u r e 2.4, equations 2„81 and 2.82 become : 

2 2 2 2 G 0) C G (G + u) C ) i r p ox m m m (6„2) 
0) 

(D C ^G +\vi"C (C -C )-G ox m [_ m ox m m _| 

and 
w 2C (C -C )-G 2 

L m ox m m I 

p C (C -C ) - G 2 l m ox m m l 

C ( G 2 + OJ 2C 2) I w"C (C -C )• ^ _ ox m m L m ox m ... . ^ ^ 
P o,2C 2 G 2 + Hu 2C (C -C ) - G 2 _ 1 2 

ox m . 

I t should be noted t h a t the c i r c u i t a c r o s s the t e r m i n a l s X-Y 

i n F i g u r e 2.4 has a s h o r t e r time constant than t h a t of the i n t e r f a c e s t a t e 

branch of the c i r c u i t only because of C • 
ox 

6.11 G-V Measurements 

The v a r i a t i o n of conductance w i t h v o l t a g e has been measured u s i n g 

the G-C-V p l o t t e r d e s c r i b e d i n Chapter 4, 4.2.3. Measurements were made 

i n the dark and i n the frequency range from 400 Hz to 300 K Hz. The 

conductance of the Au-Cd S diodes was found to r i s e s t e e p l y a t forward b i a s e s 

g r e a t e r than 0.5 v o l t , t h e r e f o r e measurements were u s u a l l y made over the range 

from 2 v o l t s i n the r e v e r s e to a voltage l e s s than 0„5 v o l t i n the forward 

d i r e c t i o n . The sharp i n c r e a s e i n the conductance i n forward b i a s prevented 

the measurement o f the oxide l a y e r c a p a c i t a n c e CQX- T n e c a p a c i t a n c e o f an 

i d e a l M-I-S (Met a l - I n s u l a t o r - n - t y p e Semiconductor) c a p a c i t o r should s a t u r a t e 

i n forward b i a s and give the ca p a c i t a n c e o f the oxide l a y e r . I n our experiments 

because of the n o n - i d e a l i t y of d e v i c e s , the s a t u r a t i o n was not de t e c t e d . An 
G 

attempt was made, t h e r e f o r e , to measure —jĵ  v e r s u s o> without c o n s i d e r i n g the 
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e f f e c t of o x i d e - l a y e r c a p a c i t a n c e i . e . the measured conductance G was 
m 

assumed to be the same as G i n equation 2.81. 
G P 

The — v e r s u s oi c h a r a c t e r i s t i c s of devi c e 626 B a t d i f f e r e n t 
G 
p 

r e v e r s e b i a s e s are shown i n Fi g u r e 6.12. — g o e s through a maximum a t 
G 

100 K Hz. The val u e of (-^ ) a t zero b i a s i s equal to 2.81 x 10 
ID max„ 

G 
Farads. As a l r e a d y described i n Chapter 2, 2.12, the value of a t the 

C ° s maximum, i.e„ when IDT = 1 i s equal to — , where C^ i s the c a p a c i t a n c e 
a s s o c i a t e d w i t h the s u r f a c e s t a t e s and i s p r o p o r t i o n a l to t h e i r d e n s i t y 

G 
according to the r e l a t i o n C = q A N „ From the value of (—) the 

s s s u> max. 
11 2 

s u r f a c e s t a t e d e n s i t y N i s c a l c u l a t e d to be 1.98 x 10 s t a t e s / e V / C and 
G 

the frequency a s s o c i a t e d with the ( — ) g i v e s a c h a r a c t e r i s t i c time 
u) max. 

constant o f 1.59 ]i s e c . 

The above mentioned parameters have been obtained by i g n o r i n g the 

e f f e c t of any oxide l a y e r c a p a c i t a n c e . I f , however, t h i s e f f e c t i s i n c l u d e d 
-7 2 by s u b s t i t u t i n g the value of C = 1.003 x 10 F/ (see S e c t i o n 6.16 ) ^ ox Cm 

G 
i n equation 6.2, the value of p can be determined f o r d i f f e r e n t f r e q u e n c i e s . 0) G p 
For example, the value of —— a t the frequency of 10 K Hz, c a l c u l a t e d u s i n g 

w 

equation 6.2, was found to be l a r g e r than the measured v a l u e by a f a c t o r o f 2. 

I t f o l l o w s t h e r e f o r e t h a t the d e n s i t y of s u r f a c e s t a t e s determined from 

equation 2.83 where the e f f e c t of C q ^ was ignored, can be i n e r r o r by a f a c t o r 

of 2. 

6.12 The E f f e c t of the I n t e r f a c i a l Layer on C-V Measurements 

Apart from the e f f e c t of the s i g n a l frequency on the C-V c h a r a c t e r 

i s t i c s of a d e v i c e , the e x i s t e n c e of an i n t e f f a c i a l l a y e r between the metal 

and the semiconductor has s u b s t a n t i a l e f f e c t s on the C-V measurements. An 

i n c r e a s e i n the value of voltage i n t e r c e p t , 6Vi i s one such consequence. 

S i n c e <5Vi depends on the t h i c k n e s s and d i e l e c t r i c p r o p e r t i e s of the l a y e r , i t 

can be used to determine the t h i c k n e s s of the l a y e r . T h i s r e q u i r e s t h a t 

some of the device parameters such as the d i f f u s i o n p o t e n t i a l V, . 
b i , 



100. 

uncompensated donor d e n s i t y N the d e p l e t i o n l a y e r width w, the maximum 
d i 

e l e c t r i c f i e l d a t the j u n c t i o n e the depth of the Fermi l e v e l below 
max, 

the conduction band V^, the b a r r i e r h e i ght 4> B n and the Schottky b a r r i e r 

lowering be known. 

6.13 The D i f f u s i o n P o t e n t i a l . 
b i 

The d i f f u s i o n p o t e n t i a l V. ., which i s equal to (0„ -V ) can be ^ b i Bn n 
-2 

obtained from the p h o t o e l e c t r i c t h r e s h o l d and C - V p l o t s . The depth 

of the Fermi l e v e l below the conduction band V , i s given by 
n 

N 
qV = K T £n - ~ (6.4) n N, d 

where N, i s the donor d e n s i t y and N i s the e f f e c t i v e d e n s i t y a c 

of s t a t e s i n the conduction band. For a non-degenerate semiconductor, 

i s given by 

3/2 
2TT m KT \ 

N C = 2 ^ j ; (6.5) 

where m i s the e l e c t r o n e f f e c t i v e mass, K i s Boltzmann's c o n s t a n t , e 
and h Plank's c o n s t a n t . The magnitude of the c o n s t a n t s i n equation 6.5 are 

* -31 m = 0 . 1 7 m where m = 9.108 x 10 Kg. e e e 

-23 K = 1.38 x 10 j o u l e / o K 

-34 
h = 6.625 x 10 j o u l e - s e c . 

By s u b s t i t u t i n g these v a l u e s i n equation 6.5, 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 conduction band a t 293° K i s found t o be : 

18 s t a t e s N = 1.7019 x 10 r- . For the device 626 B w i t h a donor d e n s i t y c -J 
16 -3 

of = 1.216 x 10 Cm , the depth of Fermi l e v e l below the conduction band 
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i s then c a l c u l a t e d from equation 6.4 to be qV = 0.125 eV. With the 
n 

value of b a r r i e r h e i g h t * = 0.742 v, the d i f f u s i o n p o t e n t i a l V, . then 
Bn b i 

becomes V . = (* - V ) = 0.617 v o l t , b i Bn n 

6.14 The Depletion Layer .Width,,W 

The width of the d e p l e t i o n l a y e r f o r a metal-semiconductor 

j u n c t i o n i s given by equation 2.43 and can be determined i f the d i f f u s i o n 

p o t e n t i a l V . and the donor d e n s i t y N are known. Usinq e = 9.35 e f o r b i d s o 

Cds ( B e r l i n c o u r t , e t a l , 1963), the d e p l e t i o n l a y e r width a t zero b i a s f o r 

device 626 B was found to be about 2240 8 . I t i s seen from equation 2.4 3 

t h a t the d e p l e t i o n width W, i n c r e a s e s when the diode i s r e v e r s e b i a s e d and 

decreases when the diode i s biased i n the forward d i r e c t i o n . 

The Image Force B a r r i e r Lowering ^ n and t h e "Maximum E l e c t r i c 

F i e l d Strength e a t the J u n c t i o n max 

The b a r r i e r lowering which i s due to the combined e f f e c t o f the 

f i e l d and the image f o r c e a t the metal-semiconductor j u n c t i o n i s given by 

- / q e 
A * / max ,, .,. A$ = / (6.6) 

n 4ir e 
s 

where e i s the maximum e l e c t r i c f i e l d s t r e n g t h a t the j u n c t i o n max 
given by equation 2.44. Comparing equation 2.44 with equation 2.43, e 

max 
can a l s o be expressed as 

•(?) £ = I — | W (6.7) max 

T h e r e f o r e , i f the donor d e n s i t y N and the d e p l e t i o n l a y e r width W 
d 

are known, e and A<f can be determined e a s i l y by equations 6.7 and 6.6. max 
For example, the maximum e l e c t r i c f i e l d a t zero a p p l i e d b i a s f o r the d e v i c e 

626 B, was found to be : 0.527 x 10^ v ° ^ " t and the s u b s t i t u t i o n of t h i s 
Cm 

value i n equation 6.6 f o r e , gave the v a l u e of A$ as high as 28.5 mV. 
max n 
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As can be seen from equations 6.6 and 6.7, A<t> i s p r o p o r t i o n a l 
n 

to (N^) and t h e r e f o r e i n c r e a s e s with the semiconductor donor d e n s i t y . 

6.16 .The E v a l u a t i o n of. -the " I n t e r f a c i a l -Layer "Thi'c-kne9e 

As mentioned e a r l i e r i n t h i s chapter, the t h i c k n e s s of any 

i n t e r f a c i a l l a y e r between the metal and the semiconductor a f f e c t s the 
-2 

magnitude of the i n t e r c e p t i n the C -V p l o t . According to the model 

propcsed by Cowley (1966), f o r the m e t a l - i n t e r f a c i a l layer-semiconductor 

c o n t a c t without s u r f a c e s t a t e s , the magnitude of the i n t e r c e p t V of the 
o 

— v e r s u s V l i n e i s given by equation 2.59. I f the p e r m i t t i v i t y of the 
C 
i n t e r f a c i a l l a y e r , i s known the t h i c k n e s s of the l a y e r can be determined 
by s u b s t i t u t i n g the corresponding v a l u e s of the d i f f u s i o n p o t e n t i a l V ^ and 

the donor d e n s i t y N i n equation 2.59. 
d 

No i n v e s t i g a t i o n has been made to determine the elemental con

s t i t u e n t s of the i n t e r f a c i a l l a y e r , but i t i s q u i t e l i k e l y t h a t among these 

cadmium and oxygen w i l l be p r e s e n t i n the form of CdO as a r e s u l t of the 

o x i d a t i o n of the s u r f a c e l a y e r . Cadmium oxide i s an n-type semiconductor 

w i t h a d i r e c t band gap of 2.38 eV and two i n d i r e c t gaps of 1.12 and 1.18 eV. 

(Koffyberg 1976, Breeze and P e r k i n s , 1973). I t s c o n d u c t i v i t y i s caused by 

the r e l a t i v e l y l a r g e c o n c e n t r a t i o n of n a t i v e d e f e c t s ( e i t h e r cadmium 

i n t e r s t i t i a l s or oxygen v a c a n c i e s ) a c t i n g as donors. With th e s e p r o p e r t i e s , 

the p e r m i t t i v i t y of the CdO p a r t of the i n t e r f a c i a l l a y e r should be s i m i l a r 

or s m a l l e r than t h a t of CdS i t s e l f . I f the f o l l o w i n g parameters : 

16 —3 
V,_. = 0.617 V N = 1.216 x 10 Cm b i d 
T = 293° K V 2 = ° - 0 2 5 2 5 v 

e = 9.35 e V 0.98 V s o o 
„ or_ . ., -14 Farad „ _ _„ s t a t e s E = 8.854 x 10 N = 1.98 x 10 ; — -

0 Cm s s eV/,2 
Cm 

E - E U 0.152 v o l t 
1 s 
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for diode 626 B are substituted i n equation 2.59, the i n t e r f ac.ial layer 

thickness X. i s found to be about 630 8. On the other hand, i f use i s i 
made of equations 2.61 and 2.67 i n which the effect of surface states has 

been considered, the thickness of the layer i s calculated to be about 825 8. 

Assuming that the insulating layer behaves as a p a r a l l e l plate capacitor, 
e. 

i.e. C = -— , the calculated value of X. gives the insulating layer ox X. i l 
-7 capacitance per unit area of C = 1.003 x 10 Farad ox 2 • 

Cm 

6.17 Changes i n C-V Characteristics of. a Diode with Time (Ageing) 

I t has already been shown i n Section 6.7thatin the long term the 

short c i r c u i t photoresponse of a diode i s time dependent. The C-V 

characteristics of a diode do not remain stable and invariant with time. 
-2 

As ageing proceeds the slope and voltage intercept i n the C -V p l o t change. 

An example of t h i s effect for diode 611 A i s shown i n Figure 6.13. To 

eliminate the frequency e f f e c t , both C-V measurements were carried out at 

20 K Hz. The time i n t e r v a l between the measurements was about 200 hours 

during which the donor density N of the diode decreased from a value of 
d 

9.1 x 10"*"̂  to 5.85 x 1 0 ^ Cm 3. An increase i n the voltage intercept 

6v^ of 0.267 v o l t was also observed which can be used to calculate the change 

i n the thickness of the i n t e r f a c i a l layer. I f the following two sets of 

parameters : * = 0.77 V V 0.085 V Bn n 
16 —3 V = 0.074 V N, = 5.85 x 10 Cm n d 

N = 9.1 x 10 1 6 Cm"3 V = 1.717 V d o 

V = 1.45 V e 9.35 e o s o 

N = 1.702 x 1 0 1 8 Cm~3 E = 8.854 x 10~ 4 F/Cm c o 

V„ = 0.02526 (T=293° K) e. = e 2 i s 
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are substituted i n equation 2.59, the increase i n the thickness of 

i n t e r f a c i a l layer i s found to be as high as 235 A* from 355 to 590 X . 

This increase, which occurs i n conjunction with the decrease i n the 

donor density of the diode, i s indicative of the basic i n s t a b i l i t y of 

the device. The decrease i n the donor density may be due to the 

creation of cadmium vacancies which are acceptor imperfections. The 

process i s continued by the out-diffusion of cadmium atoms from the bulk 

to the surface where oxidation produces a thicker i n t e r f a c i a l layer between 

the metal and the semiconductor. 

6.18 Current-Voltage Characteris.tJ.ps 

The conduction mechanism i n a metal-semiconductor r e c t i f i e r mainly 

i s determined either by the emission of electrons from the semiconductor to 

the metal ( Thermionic Emission Theory) or by the process of d i f f u s i o n and 

d r i f t operating i n the space-charge region (Diffusion Theory).. I t i s possible 

to determine the process according to which the conduction mechanism takes 

place i n a M-S system. According to Bethe (1942)the condition for the 

v a l i d i t y of the thermionic emission theory i s that the electron mean free 

path A be greater than the distance d i n which the barrier f a l l s by KT from 

i t s maximum value. This condition leads t o the c r i t e r i o n given by equation 

2.54. Substituting 0.17 for the effective electron mass i n equation 2.54, 

the average velocity of electrons i n Cd s at T = 293° K i s found to be 
7 2.58 x 10 Cm/ With the calculated maximum e l e c t r i c f i e l d e of sec. max 
4 2 - 1 - 1 5.28 x lO v o l t / and the electron mobility u of 300 Cm V sec (Sise,1969) , Cm e 

ye 
the r a t i o of for diode 626 B i s then found t o be 2.45. This indicates 

^4 
that thermionic emission i s not the only process which contributes to the 

transport of electrons i n diode 626 B. On the other hand, a r a t i o of 

— =0.4 (see equation 2.52) does not indicate that d i f f u s i o n i s the prevailing 
VD 

http://is.tJ.ps
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* 2 
A T mechanism at the ba r r i e r . (V = — — i s the e f f e c t i v e recombination R q N c 

velocity at the top of the barrier and i s the carrier d i f f u s i o n 

velocity which approximately equals to u e m a x when vi i s field-independent). 

I t would seem,therefore, that the thermionic emission Diffusion 

theory (Crowell & Sze, 1966) i s applicable to t h i s particular diode. 

For diodes on dice from boule No. 611, however, the r a t i o 
y e

m a x 

of was about 10, which means that the thermionic emission was the 
dominant conduction mechanism in those devices. 

6.19 Forward Bias - t-V-Characteristics 

Measurements of forward bias I-V characteristics of diodes 

prepared on the chemically etched surfaces of the cubes cut from d i f f e r e n t 

boules were made as described i n Chapter 4. A t y p i c a l forward I-V character

i s t i c of diode 626 B i s shown in Figure 6.14, curve (b). The tendency for 

the current to saturate at higher voltages i s at t r i b u t a b l e to the potential 

drop across the bulk resistance of the diode. As the forward bias voltage 

increases the semiconductor energy band approaches the f l a t band s i t u a t i o n , 

and at high enough forward bias voltages the semiconductor bulk resistance 

can be found from the measured values of current and voltage. Once t h i s 

has been done the voltage drop across the bulk resistance can be calculated 

and subtracted from curve (a) to y i e l d curve (b), the b a r r i e r - l i m i t e d character

i s t i c . Curve (b) shows that the p l o t of logarithm of current versus voltage 

remains linear over more than two orders of magnitude. 

The non-ideality factor n,which i s given by equation 2.72 i s found 

to be as high as 2.5. The large n-value originates from the shunting e f f e c t 

of the semi-insulating layer l e f t by the etching process on the orthogonal 

faces of the cube. 

I f the barrier lowering AO i s not taken into account i t i s seen 

from equation 2.71 that as the bias voltage tends to zero, the current density 

approaches a saturation value J from which the barrier height $ can be 
s Bn 



626 B F. B 
i 

(a (b 

10 

as 

10 
LU 
OL. 

10 

10 10 0-8 0-6 0-4 0-2 

B I A S VOLTAGE (V 

F I G . 6 U 



611A I-V CHARACTRISTICS 
10 I 1 1 1 1 r FORWARD BIAS 

" i 1 r 

10 

10 
V) 

as 

Qj 10 
a: 

10 

10 

10 
0-2 OA 0-6 0-8 10 1-2 1-4 •6 1-8 

VOLTS 

F IG. 6-15 



611D F.B. 
1 1 1 r 

10 

10 

10 

LU 
OL. 

10 

10 

10 
200 300 400 500 100 0 

B IAS VOLTAGE ( m V ) 

FIG. 6 -16 



easily calculated. For diode 626 B the saturation current was found by 

extrapolation of curve (b) i n Figure 6.14 to be I = 1.8 x 10 ^ amp. 
V Assuming f f = 1 , the substitution of — = 0.4 i n equation 2.69 leads 

P Q v D ** 
to a value of A and then equation 2.73 yields a value of 0.645 eV for $ 

Bn 
I t i s worth noting that the value of ba r r i e r height * i s not 

** 
very sensitive to the choice of A , since the substitution of the effective 

* ** 
Richardson constant A for A i n equation 2.73 produces an increase of only 
0.008 v o l t i n a . 

Bn 
The forward characteristics of diodes 611 A and 611 D are shown 

i n Figure 6.15 and 6.16 respectively. I t i s seen from the I-V character

i s t i c s of diodes 626 B, 611 A and 611 D, that for the same bias voltage the 

corresponding measured current i s d i f f e r e n t . For example, for the bias 

voltage of 300 mV, the current from diode 626 B i s about 1.4 x 10 ^ amp., 
-5 -3 from diode 611 A, 6 x 10 amp., and from diode 611 D, 6 x 10 amp. These 

differences may be accounted for i f some of the parameters of these diodes 

are considered. For example, the uncompensated donor densities of the diodes 

determined by C-V measurements are 1.216 x 1 0 ^ Cm 9.1 x 1 0 ^ Cm ^ and 
17 -3 

3.97 x l o Cm respectively. Substituting the values of i n equation 2.43, 
o o the depletion width i s found to be about 2240 A for diode 626 B, 870 A for 

diode 611 A, and 420 A for diode 611 D. I t can be seen from the values of the 

mentioned parameters that the higher current values correspond to the smaller 

depletion widths. I t seems reasonable, therefore, to assume that as the 

depletion width i s decreased the p o s s i b i l i t y of the tunnelling of the carriers 

through the depletion region i s increased and as a res u l t there i s a contribu

t i o n to the conduction mechanism at the barrier. 

6.20 tipi'rerse Bias Characteristics 

In the reverse direction the dominant e f f e c t i s due to Schottky 
3K T 

barrier lowering, and for reverse biases greater than , equation 2.70 
q 
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can be written as 

'-q 4> 
J r . , s . ft** T 2 »,p ^ f i ) e*p (aAi-j 

where 

A$ = / ^ e / 4 T T E / s 

and 

/2q N (V + V - KT ) / a b i — 

As the reverse bias i s increased the magnitude of the e l e c t r i c 

f i e l d at the junction increases which leads to a greater value for the 

Schottky barrier lowering A$. The reverse current density J w i l l then 
R 

increase gradually as given by equation 6.8. 

The reverse bias characteristics of diodes 626 B, 611 A and 611 D, 

are shown i n Figure 6.17. Comparing these characteristics i t can be seen 

that the current values corresponding to the same reverse bias are higher 

for diodes with greater uncompensated donor densities. This effe c t can be 

attr i b u t e d , as described i n the previous section, to the smaller depletion 

widths of diodes with higher donor densities. The magnitude of the Schottky 

barrier lowering i s also affected by the donor density. For example, with 

the same reverse bias of 2 v o l t s , the barrier lowering was found to be 0.04 V 

for diode 626 B, 0.07 V for diode 611 A, and 0.1 v o l t for diode 611 D. 

A l l the reverse bias characteristics shown i n Figure 6.17 show 

two regions out of three i n which a diode can be operated. The f i r s t region 
i s characterized by the exponential r i s e of current with voltage for biases 

3KT 
smaller than . In the second region the current increases gradually 
with the voltage according to equation 6.8. Fi n a l l y , there i s a rapid r i s e 

of the current with voltage due to avalanching. The t h i r d region,which starts 
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with voltages greater than 2 v o l t s , i s not shown i n Figure 6.17. 

6.21 Effects of Aaeina on Gurr-e-nt-Voltage Char-acteristics of 

AU-CdS p-ic-des 

The effects of ageing on the photoresponse and the C-V 

characteristics of a diode have been previously described i n t h i s chapter. 

The current-voltage characteristics of a diode also change with time. 

Although no investigation has been made with regard to the long term 

ageing, the results presented here show clearly the type of change which 

occurs i n the forward and the reverse characteristics. Curves (a) and (b) 

of Figure 6.18 are forward bias characteristics of diode 611 D. Curve (a) 

was measured j u s t after the preparation of the diode, whereas curve (b) shows 

the result of the same measurement 25 hours l a t e r . I t can be seen that the 

current for a given bias was reduced as a result of ageing. This reduction 

may be due to the growth of the i n t e r f a c i a l layer, developed between the 

metal and the semiconductor. The presence of such a layer also gives r i s e 

to n-values greater than unity. According to the theory developed by Card 

and Rhoderick (1971 a), the value of n i s affected by both the presence of 

surface states and the i n t e r f a c i a l layer. I f , however, the ef f e c t of surface 

states i s ignored, the value of n i s given by 

X.E 
n = 1 + (6.9) e .w l 

where X. and are the thickness and the p e r m i t t i v i t y of the 

i n t e r f a c i a l layer respectively. e i s the p e r m i t t i v i t y of the semiconductor 
s 

and w the thickness of the depletion layer. Assuming that the thickness of 

the depletion layer does not change, the substitution of the change of n-value 

of 0.16 i n equation 6.9 leads to the calculation of an increase i n the thickness 

of the i n t e r f a c i a l layer of about 65 X as a resul t of ageing. In the reverse 

dire c t i o n the ef f e c t of ageing i s similar to the forward direction and i s 
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shown i n Figure 6.19. 

6..22 Photocapacitance Measurements on Au-CdS Diodes 

The measurement of photocapacitance provides a method for 

detecting deep traps i n a depletion layer by observing the change i n the 

junction capacitance when the charge state of a trap i s changed by the 

absorption of l i g h t . This method i s very sensitive and permits a di r e c t 

measurement of trap concentrations. The photocapacitance technique has 

recently been applied to the study of Si by Sah, et al (1969, and 1971) , 

to the study of Ge by Kotina, et a l (1969), to the study of Cu-doped GaP 

by Grimmeiss and Olofsson (1969) ,to the investigation of deep impurity 

centres i n InP by Krushko and Gutkin, 1975, and to the study of C^S-CdS 

heterojunction by Lindquist and Bube (1972). 

In Schottky barrier diodes valuable information can be obtained 

about impurities i n the bulk since the depletion region i s of the same 

composition as the bulk material, unaffected by alloying or d i f f u s i o n . In 

t h i s case, an extra complication arises i n measuring photocurrent or photo-

voltage i f one works i n a spectral region where photoemission from the metal 

to the semiconductor gives an important contribution to the current. Photo

capacitance measurements, however, are not seriously affected by photoemission 

and can also give information on the sign of changes i n the photoinduced charge. 

6.23 photocapacitance Results on Au-CdS D.iQdes Containing Donors fij)d 

Acceptors 

Photocapacitance measurements were carried out on donor doped 

CdS crystals ( i . e . with CI) as well as those doped with an acceptor ( l i k e Cu), 

as described i n Chapter 4. 

Because of the compensating effects of copper i n CdS, samples doped 

only with copper usually have a very high r e s i s t i v i t y . As a re s u l t , the dark 

capacitance associated with these samples i s nearly zero. When l i g h t i s 
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incident on such a device, as a result of the photo-ionization of the 

traps, the device depletion width reduces and leads to a measurable 

quantity for the depletion capacitance. As a ty p i c a l example, the 

photocapacitance measurement of diode 623 A i s shown i n Figure 6.20. 

The long wavelength photocapacitance threshold of the devices occurs at 

X = 1.05 um, i.e. at an energy of 1.18 eV. The photocapacitance increases 

continuously up to an energy of 2.15 eV below the conduction band with a 

shoulder around X = 0.6 um (2.07 eV). I t then starts to f a l l and with 

another shoulder around X = 0.56 um (2.21 eV), f i n a l l y reduces to zero at 

X =0.5 um (2.48 eV). 
17 For diode 611 D with a donor concentration of N, = 3.97 x 10 cm d 

-2 

determined from the slope of C versus V p l o t , the photocapacitance i s small 

compared with the large background. The result of photocapacitance measure

ments on diode 611 D i s shown i n Figure 6.21. The photocapacitance threshold 

occurs around X = 1 um, i.e . at an energy of 1.24 eV. The photocapacitance 

then increases and reaches a broad maximum centred at X = 0.6 um (2.07 eV). 

The second maximum occurs around X = 0.48 um, i.e . at an energy of 2.58 eV. 
6.24 Some' Electronic Processes in the Pho'tocapaGitanee Effect 

The electronic processes responsible for the observed photo

capacitance can be described i n terms of the energy band diagram of a metal-

semiconductor junction as i n Figure 6.22. 

(b 
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7 y / / / / / A 

(c) 

Some o f these processes are as fo l l o w s : 

(a) E x c i t a t i o n o f photocapacitance by i n t r i n s i c r a d i a t i o n . 

When an electron-hole pai:r i s created i n the v i c i n i t y o f the j u n c t i o n , the 

e l e c t r o n d r i f t s f u r t h e r i n t o the CdS and the hole i s captured by one of the 

deep l e v e l s i n the CdS d e p l e t i o n region. The hole trapped i n these l e v e l s 

gives r i s e t o the measured photocapacitance by narrowing the d e p l e t i o n layer 

i n the CdS. 

(b) E x c i t a t i o n o f photocapacitance by e x t r i n s i c r a d i a t i o n , 

0.5 - 1 vi. D i r e c t e x c i t a t i o n of an e l e c t r o n out of deep l e v e l produces 

a trapped hole w i t h the same e f f e c t o f ( a ) . 

(c) E x c i t a t i o n o f photocapacitance by e x t r i n s i c r a d i a t i o n w i t h 

X > E x c i t a t i o n o f photocapacitance by long wavelength r a d i a t i o n could 

take place by means of i n t e r f a c e s t a t e s , i . e . by the e x c i t a t i o n of an e l e c t r o n 

out o f the deep l e v e l t o a h i g h e r - l y i n g i n t e r f a c e l e v e l , followed by t u n n e l l 

ing o f the e l e c t r o n i n t o the CdS conduction band. This leaves a trapped hole 

i n the deeper l e v e l . 

Assuming t h a t process (b) i s responsible f o r the observed photo-
Eq 

capacitance i n device,611Dwith photon energies greater than 12' ^-"e' t n a t 

the e f f e c t i s e n t i r e l y due t o the p h o t o - i o n i z a t i o n o f the deep l e v e l s , then : 
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where An i s the de n s i t y o f the photo-ionized deep centres 

a t a given l i g h t i n t e n s i t y and i s the dark background capacitance. 
AC -2 For diode 611 D the r a t i o — i s found t o be 2.05 x 10 
° 17 -3 -2 Knowing the donor concentration N, = 3.97 x 10 cm from C versus 

d 

V p l o t , An i s c a l c u l a t e d t o be 8.13 x 1 0 1 5 cm An i s d i r e c t l y 

p r o p o r t i o n a l t o the de n s i t y o f deep l e v e l centres N ( l y i n g 2.07 eV 

below the conduction band) the c a l c u l a t i o n o f which requires f u r t h e r 

experiments t o determine the o p t i c a l p h o t o - i o n i z a t i o n cross-section o f 

el e c t r o n s and holes from these centres. 
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CHAPTER SEVEN 

THE EFFECTS OF HEAT TREATMENT ON Cu-CdS CONTACTS 

7.1 I n t r o d u c t i o n 

Devices i n which copper contacts are applied t o CdS have received 

considerable a t t e n t i o n i n the past because o f t h e i r possible use as photo

v o l t a i c c e i l s , (William and Bube, 1960, DUC Cuong and B l a i r , 1966) . 

Since the p h o t o v o l t a i c e f f e c t i n CdS was observed by Reynolds i n 

1954, many workers have attempted t o ex p l a i n the mechanism o f t h i s e f f e c t . 

Williams and Bube (1960) have i n t e r p r e t e d the behaviour of CdS c e l l s (made 

by e l e c t r o p l a t i n g copper from copper i o n s o l u t i o n on n-type CdS c r y s t a l s ) i n 

terms of a metal semiconductor j u n c t i o n which Grimmeis and Memming (1962) 

described t h e i r c e l l s as a p-n homojunction. Cusano (1963) suggested as a 

r e s u l t o f h i s work on CdTe t h a t a h e t e r o j u n c t i o n of Cu^S-CdS might be formed 

i n the Cu-CdS system. 

I t has now been established t h a t copper may react w i t h sulphur a t the 

Cu-CdS i n t e r f a c e . The r e p o r t by Singer (1973) contains some evidence of 

such a chemical r e a c t i o n t a k i n g place a t a Cu-CdS i n t e r f a c e , which r e s u l t s 

i n the formation of a Cu„ S--CdS h e t e r o j u n c t i o n . I t i s , t h e r e f o r e , o f l i t t l e 
2-x 

s u r p r i s e t o observe Cu-CdS contacts e x h i b i t i n g c h a r a c t e r i s t i c s d i f f e r e n t from 

those expected of Schottky b a r r i e r . I t has been shown by McCarthy & Yee 

(1973) t h a t a copper contact t o CdS may e x h i b i t the same e l e c t r i c a l and 

p h o t o e l e c t r i c p r o p e r t i e s as Cu^S-CdS he t e r o j u n c t i o n s formed by the CuCl d i p 

method. 

I n t h i s chapter we present the r e s u l t s o f an i n v e s t i g a t i o n on the 

e f f e c t s of heat treatment on Cu-CdS (metal-semiconductor) c o n t a c t s . 

7.2 Sample Preparation 

Oriented CdS cubes w i t h dimensions of ( 2 x 2 x 2 mm̂ ) cut from boule 

no. 611 were used f o r the f a b r i c a t i o n o f Cu-CdS contacts. The samples had a 
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low r e s i s t i v i t y o f p - 0.1 ft-cm p r i o r t o applying any contact, the 

sample was etched i n Cone. Hcl f o r a p e r i o d o f between 0.5-1 minute. 

The ohmic indium contact was then a p p l i e d t o one side o f the cube i n 

an argon atmosphere a t a temperature between 200-220° C, (see Chapter 4 ) . 

The copper contact was deposited using the evaporation system described 

i n Chapter 4. Before the evaporation, the face of the cube opposite t o 

t h a t on which indium contact had been applied was etched again. To 

p r o t e c t the indium contact, i t was covered w i t h a l a y e r of "lacomit" which 

the etchant d i d not a f f e c t . The t h i n p r o t e c t i v e layer was removed by 

washing i n acetone and d i s t i l l e d w a t e r , a f t e r u l t i m a t e l y a copper f i l m was 

deposited on the f r e s h l y cleaned surface. 

A f t e r f a b r i c a t i o n , devices were heated i n an argon atmosphere a t a 
o 

temperature o f 200 C f o r various periods of time from 15 minutes t o 3 hours. 

A f t e r each i n t e r v e n i n g period o f heat treatment some o p t i c a l and e l e c t r i c a l 

measurements were made on the device, and these are described i n the f o l l o w 

ing s e c t i o n s . 

7. 3 Photoresponse Measurements 

Photoresponse measurements were made according t o the technique 

described i n Chapter 4. The q u a n t i t y a c t u a l l y determined was s h o r t c i r c u i t 

photocurrent I which was measured as a f u n c t i o n o f wavelength i n the range 
SC f 

0.35 ym < X < 1.4 ym. 

Some t y p i c a l curves of photoresponse f o r diode 6113 are shown i n 

Fig. 7.1. Curve (1) was measured a f t e r the device had been heated f o r 30 

minutes i n an argon atmosphere a t a temperature o f 200° C. Curve (2) i s the 

r e s u l t of the measurement a f t e r 1 hour of heat treatment and Curve (3) a f t e r 

2 hours. 

I t can be seen from Figure 7.1 t h a t as the period of heat treatment 

i s increased, changes occur i n the magnitude and shape o f the photoresponse 

curves. I n Curves (1) and (2) the long wavelength t h r e s h o l d of the photo-



11 

10 ® after 30mins. heat 

treatment at 200 C 

® x after 1 nr. heat in 
treatment at 200 C (D o after 2 hrs. heat 

-° 8 treatment at 200 C 

LU 

a: 
y 6 

CO 

\ 
\ 
\ 

8 10 •1 1-2 •3 

WAVELENGTH (pm) 



LO I I 
N N 

CM CM 

id 
CM CO 

LU 

LD CO CM 

GO 

CM 

l • I 
CM 00 



LU O 

o 
> 

< 
CO 

O 

U Q-



124. 

response occurs a t the same wavelength o f \ = 1.3 pm corresponding t o 
an energy of 0.95 eV. However, a t h r e e f o l d increase i s observed i n the 
magnitude of the maxima oc c u r r i n g around A = 0.875 um and A = 0.67 urn. 
With Curve ( 3 ) , however, the photothreshold s h i f t s towards shorter wave
lengths and occurs a t A = 1.2 um, which corresponds t o an energy o f 1.03 eV. 
Neither o f the photothreshold energies of 0.95 and 1.03 eV correspond t o 
the reported b a r r i e r height of a copper contact t o CdS, i . e . 0.50 eV. 
However, the comparison o f the curves i n Figure 7.1 w i t h those obgained by 
Caswell, e t a l (1975) from s i m i l a r measurements on a Cu2S-CdS h e t e r o j u n c t i o n 
formed by the Cucl d i p method, i n d i c a t e s the p o s s i b i l i t y o f the formation of 
a layer o f copper sulphide containing both c h a l c o c i t e Cu S, and d j u r l e i t e 
Cu^ g5S» a s a r e s u l t o f these heat treatments. 

7.4 Capacitance-voltage Measurements 

I n a d d i t i o n t o photoresponse measurements, the C-V c h a r a c t e r i s t i c s 

were measured i n the dark as described i n Chapter 4. Soma t y p i c a l curves 

showing the C-V c h a r a c t e r i s t i c s o f device 611$ are shown i n Figures 7.2 and 

7.3. The capacitances o f the c e l l , measured a t d i f f e r e n t frequencies o f 

20 KHz and 200 KHz and a t d i f f e r e n t stages o f heat treatment, were found t o 

be almost independent o f the reverse v o l t a g e . I t can be seen t h a t a longer 

perio d of heat treatment gives r i s e t o a lower value o f the capacitance. 

For example, t h e reverse bias capacitance of device 611ft was reduced from 

134 pf t o almost 121 pf f o l l o w i n g an a d d i t i o n a l heat treatment of h hour. 

The reason f o r t h i s reduction i s the i n - d i f f u s i o n o f copper and f u r t h e r 

increase i n the thickness of the i n s u l a t i n g l a y e r formed as a r e s u l t o f 

compensation e f f e c t o f copper i n CdS. 

7.5 The E f f e c t of Heat Treatment on the Current-voltage C h a r a c t e r i s t i c s 

o f Cu-CdS Diodes 

I-V c h a r a c t e r i s t i c s of the diodes w i t h copper contacts were measured 

as described i n Chapter 4. S u b s t a n t i a l changes were observed i n these 
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c h a r a c t e r i s t i c s when d e v i c e s were heated i n an argon atmosphere a t 

200° C f o r v a r i o u s p e r i o d s of time. The I-V c h a r a c t e r i s t i c s of diode 

611$ are shown i n F i g . 7.4. Curve (a) i l l u s t r a t e s the forward b i a s 

c h a r a c t e r i s t i c s of diode 6113 before the heat treatment, whereas, 

Curves (b) and (C) were obtained a f t e r the diode had been heated f o r 

peri o d s o f 30 and 60 minutes r e s p e c t i v e l y . A s u b s t a n t i a l decrease i n 

the value of the c u r r e n t corresponding to the same value of b i a s v o l t a g e 

i s observed between curves (a) and (b) which i s due to the r e a c t i o n of the 

i n - d i f f u s e d copper with sulphur and the formation of a l a y e r of Cu^^S. 

I n the r e v e r s e d i r e c t i o n the c u r r e n t a l s o d e c r e a s e s s u b s t a n t i a l l y 

as a r e s u l t of heat treatment and t h i s i s shown i n F i g u r e 7.5. Curve (a) 

shows the r e v e r s e c h a r a c t e r i s t i c s of diode 6113 before heat treatment and 

Curves (b) and (c) show the c h a r a c t e r i s t i c s o f the diode a f t e r i t was heated 

f o r periods of 30 and 60 minutes r e s p e c t i v e l y . 

We have a l s o measured the e f f e c t of l i g h t on the I-V c h a r a c t e r i s t i c s 

of the diode 6113 which i s shown i n Figu r e 7.6. Curve (1) r e p r e s e n t s the 

dark forward b i a s c h a r a c t e r i s t i c s o f the dev i c e a f t e r i t had been heated i n 

argon a t a temperature o f 200° C f o r 3 hours and Curve (2) shows the c u r r e n t 

i n forward b i a s , measured under i l l u m i n a t i o n from a p r o j e c t o r lamp. 

7.6 Conclusion 

According to P a l z , e t a l (1973), the s h o r t - c i r c u i t c u r r e n t of a 

CdS s o l a r c e l l i s dependent on the composition o f the cuprous sulphide l a y e r , 

and optimum v a l u e s of S.C.C. a r e obtained when the copper sulphide i s p r e s e n t 

as the Cu^S phase. As the phase of copper s u l p h i d e changes from Cu^S to 

Cu, „.S as a consequence of o x i d a t i o n i n the room ambient, the magnitude of 1.96 

the S.C.C. decreases and the S.C.C. maximum a t A = .92 \im a s s o c i a t e d w i t h the 

c h a l c o c i t e phase s h i f t s towards higher e n e r g i e s and occurs around A = 0.68 vim 

which i s c h a r a c t e r i s t i c of the d j u r l e i t e phase. Using the technique of 

r e f l e c t i o n e l e c t r o n d i f f r a c t i o n (R.E.D.), C a s w e l l , e t a l (1977) have shown 
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t h a t the s p e c t r a l response of a c e l l w i t h a l a y e r o f c h a l c o c i t e has a 

major band of s e n s i t i v i t y a t 0.90 um i n c o n t r a s t w i t h a c e l l w i t h a lay e r 

of d j u r l e i t e which has a major band o f s e n s i t i v i t y a t 0.70 urn. 

Considering the r e s u l t s presented i n t h i s Chapter, and comparing 

p a r t i c u l a r l y the short c i r c u i t photoresponses o f Figure 7.1 w i t h those 

obtained by Palz e t a l (1973) from c e l l s corresponding t o d i f f e r e n t C^ xS 

compositions and also the r e s u l t s obtained by Caswell, e t a l (1977), one 

can conclude t h a t the heat treatment o f a Cu-CdS contact leads t o the 

formation o f a la y e r of Cu„ S which i s a mixture of d j u r l e i t e and c h a l c o c i t e . 
2-x 

The C-V measurements made on devices a t d i f f e r e n t stages o f heat treatment 

i n d i c a t e t h a t i n p a r a l l e l w i t h the formation of the copper sulphide l a y e r , 

the d i f f u s i o n o f copper also leads t o the formation of a compensated la y e r 

o f CdS. 
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CHAPTER EIGHT 

CONCLUSION 

8.1 Summary of the r e s u l t s 

The work presented i n t h i s t h e s i s was mainly concerned w i t h the 

o p t i c a l and e l e c t r i c a l p r o p e r t i e s o f three types o f device, namely: 

(1) photoconductors w i t h two ohinic contacts, 

(2) Schottky diodes w i t h one ohmic contact, and 

(3) h e t e r o j u n c t i o n s made by the heat treatment o f copper deposited 

on CdS c r y s t a l s . 

Since a high s t a b i l i t y i n use i s e s s e n t i a l f o r successful a p p l i c a 

t i o n s o f CdS photoconductors and so l a r c e l l s , the processes which lead t o 

the degradation o f the e f f i c i e n c y of CdS s o l a r c e l l s have a t t r a c t e d con

s i d e r a b l e a t t e n t i o n i n recent years. I t has been shown by Kanev e t a l 

(1971) and Fahrenbruch and Bube (1974) t h a t heat treatment alone does not 

produce appreciable degradation of the short c i r c u i t c u r r e n t i n Cu^S-CdS 

s i n g l e c r y s t a l h e t e r o j u n c t i o n s . The degradation, which has been commonly 

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

c e l l , subsequent t o the heat treatment. 

Using the technique o f the r m a l l y s t i m u l a t e d c u r r e n t s we have 

shown t h a t the e f f e c t of d i r e c t i l l u m i n a t i o n of CdS:Cl samples doped w i t h 

C u + + i o n s , i s t o reduce the density o f the shallow traps w i t h the simul

taneous formation of deep t r a p s . Subsequent measurement o f the photo

response of the samples showed t h a t the degradation of the photocurrent 

i s c l o s e l y r e l a t e d t o the observed changes i n the d i s t r i b u t i o n o f the 

t r a p s . 

I n c o n t r a s t w i t h the s i t u a t i o n mentioned above, o p t i c a l i l l u m i n a 

t i o n does not have any d e l e t e r i o u s e f f e c t on the CdS:CI samples doped w i t h 

Cu + ions. I n f a c t under prolonged i l l u m i n a t i o n a r e d u c t i o n i n the density 
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of deep t r a p s with the simultaneous i n c r e a s e i n the d e n s i t y of shallow 

t r a p s causes an i n c r e a s e i n the p h o t o s e n s i t i v i t y of such d e v i c e s . A 

s i m i l a r s t a b l e s i t u a t i o n was a l s o observed w i t h CdS:Cl rods t r e a t e d i n 

sulphur vapour. 

To account f o r the r e s u l t s obtained, we have presented a working 

hypothesis according to which aggregates are formed from C I , C u + and 

charged sulphur v a c a n c i e s , V , under Coulombic a t t r a c t i o n . For the 

CdS:Cl rods doped w i t h C u + i o n s , however, the sulphur v a c a n c i e s a r e 

immobilised by the presence of copper atoms i n i n t e r s t i t i a l s i t e s which 

we suggest leads to a s t a b l e s i t u a t i o n . 

With d e v i c e s of the second type, i . e . Schottky diodes, the 

r e s i s t i v i t y of the sample was found to p l a y a s i g n i f i c a n t r o l e . Samples 

wi t h donor d e n s i t y i n the range 1 0 ^ - 10*^ cm ^ were obtained by doping 

the CdS c r y s t a l s with donor i m p u r i t i e s (such as c h l o r i n e ) during growth 

or by subsequent treatment of high r e s i s t i v i t y samples i n cadmium vapour 

or,conductive ones i n sulphur vapour. I t was adequate sometimes to heat 
o 

the conductive samples i n vacuum a t a temperature of 1000 C to i n c r e a s e 

t h e i r r e s i s t i v i t y . 

The s h o r t c i r c u i t photocurrent of device 623 A which had been 

prepared from CdS:Cu samples heated i n Cd vapour, was measured immediately 

a f t e r p r e p a r a t i o n and a f t e r a lapse of 28 days. I n t e r e s t i n g f e a t u r e s of 

the photoresponse of such d e v i c e s were: 

(1) the s h o r t c i r c u i t photocurrent response of as-prepared d e v i c e s 

had a long t a i l i n the s h o r t wavelength region w i t h the t h r e s h o l d a t 

3.13 eV. 

(2) Because of the i n t r o d u c t i o n of cadmium atoms i n the c r y s t a l 

( s e l f d i f f u s i o n ) , t h e r e was a s h i f t i n the band gap e x c i t a t i o n of the 

d e v i c e towards higher energy v a l u e s . The band gap e x c i t a t i o n peak 
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occurred a t X = 0.504 urn e q u i v a l e n t to 2.46 eV i n s t e a d of 2.40 eV f o r the 

u n t r e a t e d samples. 

(3) Subsequent measurement of photoresponse a f t e r 28 days showed 

t h a t the s h i f t i n the band gap e x c i t a t i o n towards higher energy v a l u e s 

was not a s t a b l e s t a t e . A 20-fold i n c r e a s e i n the s h o r t c i r c u i t photo-

c u r r e n t of the device i n the e x t r i n s i c region and a 2 - f o l d i n c r e a s e i n 

the band gap region suggested t h a t a higher e l e c t r i c f i e l d had been 

e s t a b l i s h e d i n the d e v i c e due to ageing. The s h o r t wavelength t h r e s h o l d 

of the photoresponse a l s o s h i f t e d from 3.13 to 2.53 eV. S i n c e the s h o r t 

wavelength t h r e s h o l d i s s e n s i t i v e t o changes i n the s u r f a c e recombination 

v e l o c i t y of the d e v i c e , the s h i f t mentioned above meant t h a t the s u r f a c e 

p r o p e r t i e s , i . e . the s u r f a c e t r a p and recombination parameters, had 

changed. Considering the changes observed i n the photoresponse of the 

d e v i c e , i t was suggested t h a t the d i f f u s e d - i n Cd atoms migrate to the 

s u r f a c e and an oxide l a y e r (CdO) i s formed between the metal and the 

semiconductor. 

With d e v i c e s 626D and 611A, the s h o r t c i r c u i t photoresponse measured 

was used to determine a c c u r a t e l y the b a r r i e r height of gold on CdS. The 

square r o o t of the photocurrent was p l o t t e d a g a i n s t photon energy i n the 

v i c i n i t y of the t h r e s h o l d . Good s t r a i g h t l i n e s were obtained and the 

b a r r i e r h e i g h t s determined from the i n t e r c e p t s were = 0.742 + 0.01 

f o r device 626B and 4> = 0.77 ± 0.01 f o r d e v i c e 611A. 
Bn 

C a p a c i t a n c e - v o l t a g e c h a r a c t e r i s t i c s were measured f o r v a r i o u s 

diodes w i t h d i f f e r e n t donor d e n s i t i e s . An uncompensated donor concentra-
16 — 3 

t i o n of = 9.1 x 10 cm and a voltage i n t e r c e p t of V = 1.475 v o l t s 

were found f o r d e v i c e 611A. For d e v i c e 626B, however, the slope of the 
— 2 1 6 — 3 C - V p l o t gave a donor c o n c e n t r a t i o n of = 1.216 x 10 cm and 

the voltage i n t e r c e p t was found to be 0.98 v o l t s . The d i s c r e p a n c y 

observed between the value of b a r r i e r h e i g h t determined from the photo-
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e l e c t r i c method and the voltage i n t e r c e p t of the C - V p l o t was due to 

the presence of a t h i n i n t e r f a c i a l l a y e r between the metal and the semi

conductor. Using equation (2.59) the t h i c k n e s s of the i n t e r f a c i a l l a y e r 

A^, was found to be about 630 8 f o r diode 626B. A f t e r measuring the 

s u r f a c e s t a t e d e n s i t y by the conductance method, use was made of equation 

(2.61) and (2.67) and the t h i c k n e s s of the l a y e r was r e - c a l c u l a t e d to be 

825 8. 
We have a l r e a d y mentioned t h a t i n the long term the s h o r t c i r c u i t 

photoresponse of a diode was time dependent. The C-V c h a r a c t e r i s t i c s of 

a diode d i d not remain s t a b l e and i n v a r i a n t with time. As ageing pro-
-2 

ceeded the slope and voltage i n t e r c e p t of the C -V p l o t changed. Suc

c e s s i v e C-V measurements showed t h a t the donor d e n s i t y of diode 611A 
16 16 — 3 had changed from a v a l ue of 9.1 x 10 t o 5.85 x 19 cm during a time 

i n t e r v a l of 200 hours. The i n c r e a s e i n the t h i c k n e s s of the i n t e r f a c i a l 

l a y e r was found to be as high as 235 8 from 355 to 590 8. T h i s i n c r e a s e 

which occurred i n c o n j u n c t i o n with the decrease i n the donor d e n s i t y was 

i n d i c a t i v e of the b a s i c i n s t a b i l i t y of the dev i c e . The decrease i n the 

donor d e n s i t y was a t t r i b u t e d to the c r e a t i o n of cadmium v a c a n c i e s which 

are acceptor i m p e r f e c t i o n s . The pro c e s s was presumably one of out-

d i f f u s i o n of cadmium atoms from the bulk to the s u r f a c e where o x i d a t i o n 

produced a t h i c k e r i n t e r f a c i a l l a y e r between the metal and the semi

conductor. 

The c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s of the f a b r i c a t e d diodes 

were measured and i t was shown t h a t the thermionic e m i s s i o n - d i f f u s i o n 

theory was a p p l i c a b l e to diode 626B. For diodes made from boule No.611, 
H e 

however, the value of the r a t i o of = 10 meant t h a t thermionic 
v/4 

emission was the dominant conduction mechanism i n those d e v i c e s . 

Forward-bias c h a r a c t e r i s t i c s were measured f o r diodes w i t h d i f 

f e r e n t donor d e n s i t i e s . I t was observed t h a t f o r the same b i a s v o l t a g e 
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the corresponding measured c u r r e n t s were d i f f e r e n t . S u b s t i t u t i n g the 

v a l u e s of donor d e n s i t y of diodes 626B, 611A and 61ID i n equation 2.43, 

the d e p l e t i o n width was found to be about 2240 8 f o r diode 626B, 870 8 

f o r diode 611A and 420 R f o r diode 61 ID. S i n c e the higher c u r r e n t 

v a l u e s corresponded to the s m a l l e r d e p l e t i o n widths, i t seemed reasonable 

to assume t h a t as the d e p l e t i o n width decreased the p o s s i b i l i t y of the 

t u n n e l l i n g of the c a r r i e r s through the d e p l e t i o n region i n c r e a s e d and as 

a r e s u l t there was a c o n t r i b u t i o n to the conduction mechanism of the 

b a r r i e r . 

The e f f e c t of ageing on c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s of Au-CdS 

diodes was a l s o s t u d i e d . The forward b i a s c h a r a c t e r i s t i c s o f diode 611D 

were measured j u s t a f t e r the p r e p a r a t i o n of the diode and again 25 hours 

l a t e r . A r e d u c t i o n i n the c u r r e n t f o r a given b i a s was a t t r i b u t e d to the 

growth of the i n t e r f a c i a l l a y e r between the metal and the semiconductor. 

The presence of such a l a y e r gave r i s e to n-values g r e a t e r than u n i t y . 

The s u b s t i t u t i o n of the change i n the n-value of 0.16 i n equation 6.9 

l e d to the c a l c u l a t i o n of about 65 $ as the i n c r e a s e i n t h i c k n e s s of the 

i n t e r f a c i a l l a y e r as a r e s u l t of ageing. 

Devices of the t h i r d type, i . e . the p-n h e t e r o j u n c t i o n s , were 

produced by heating CdS c a r r y i n g a l a y e r of copper metal. As the p e r i o d 

of heat treatment was i n c r e a s e d , changes were observed i n the magnitude 

and the shape of the photoresponse curves. C-V and I-V c h a r a c t e r i s t i c s 

of the d e v i c e were a l s o s e n s i t i v e to these heat treatments. Comparing 

the s h o r t c i r c u i t photoresponse measured with those obtained by P a l z 

e t a l (1973) and a l s o r e s u l t s obtained by C a s w e l l e t a l (1977) , we have 

concluded t h a t heat treatment of a Cu-CdS c o n t a c t leads to the formation 

of a l a y e r of Cu S which i s a mixture of d j u r l e i t e and c h a l c o c i t e . 

6 
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8.2 Suggestions f o r Future Work 

To extend the work d e s c r i b e d i n t h i s t h e s i s , the f o l l o w i n g 

suggestions are made: 

(1) S i n c e the i n s t a b i l i t y of M-S d e v i c e s was r e l a t e d to the imper

f e c t i o n s developed i n the bulk of the semiconductor and the growth of an 

i n t e r f a c i a l l a y e r between metal and semiconductor, i t should be worth

while to study the changes i n Lhe parameters of the i n t e r f a c e s t a t e s , 

which may take p l a c e during these developments and to examine t h e i r 

e f f e c t s on the o p t i c a l and e l e c t r i c a l p r o p e r t i e s of these d e v i c e s . 

(2) To study the i n f l u e n c e of deep t r a p s on the p h o t o v o l t a i c proper

t i e s of M-S, MIS and CdS-Cu S h e t e r o j u n c t i o n s , the measurement of photo-

c a p a c i t a n c e on these d e v i c e s should be continued. 

(3) S i n c e CdS samples t r e a t e d i n sulphur vapour are s t a b l e , i t i s 

suggested t h a t the Cu^S-CdS c e l l s are f a b r i c a t e d on such samples. 

(4) F i n a l l y i t i s suggested t h a t the T.S.C. technique be used on 

M-S and p-n h e t e r o j u n c t i o n systems so t h a t the c h a r a c t e r i s t i c s of the 

t r a p s i n v o l v e d i n these d e v i c e s could be evaluated. 
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