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ABSTRACT 

Cadmium t e l l u r i d e i s an a t t r a c t i v e m a t e r i a l f o r sol a r c e l l 

a p p l i c a t i o n s because of i t s near optimum bandgap and high absorption 

c o e f f i c i e n t . This thesis presents the r e s u l t s of a study i n t o the use 

of CdTe f o r solar c e l l s . Three types of c e l l have been i n v e s t i g a t e d , 

namely; CdS/CdTe devices f a b r i c a t e d by the vacuum evaporation of CdS 

onto e i t h e r : (a) s i n g l e c r y s t a l p-CdTe substrates or (b) p-CdTe t h i n 

f i l m s , and (c) p-Cu^Te/n-CdTe devices made by a chemlplatlng process 

onto s i n g l e c r y s t a l n-CdTe. 

The e f f e c t s of substrate p o l i s h i n g and preparation on the 

performance of CdS/CdTe bulk c r y s t a l c e l l s have been Inv e s t i g a t e d 

together w i t h the problems of doping and contacting to p-type CdTe. 

These studies have shown that the best r e s u l t s are obtained w i t h 

devices t h a t have been prepared on pad polished, phosphorus doped 

substrates using carbon contacts ( e f f i c i e n c y = 7.2Z). The Influence 

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

o f t h i n CdS and CdTe l a y e r s , and t h e i r e f f e c t on CdS/CdTe device 

e f f i c i e n c y were also studied, and optimum growth con d i t i o n s 

e s t a b l i s h e d . I n the t h i r d group of Cu2Te/CdTe solar c e l l s a number of 

s t r u c t u r a l and e l e c t r i c a l aspects such as the phase of Cu^Te, and the 

In f l u e n c e of dopants, substrate r e s i s t i v i t y and preparation and ageing 

on c e l l e f f i c i e n c y have been examined. 

As secondary o b j e c t i v e s , an i n v e s t i g a t i o n i n t o the e p i t a x i a l 

growth of CdS on CdTe, and the c h a r a c t e r i s a t i o n of as-grown and doped 

CdTe have been c a r r i e d out. I t has been shown t h a t epitaxy i s 

poss i b l e on the {111} and {221} faces of CdTe. The c h a r a c t e r i s a t i o n 

of CdTe has revealed the presence of dominant l e v e l s at energies above 

the valence band of 0.50 eV i n the as-grown c r y s t a l s ; 0.53, 0.71 and 

0.84 eV i n Te-annealed s i n g l e c r y s t a l s ; and 0.35 eV I n Cu doped CdTe 

t h i n f i l m s . 



CHAPTER 1 

INTRODUCTION 

1.1 T e r r e s t r i a l Solar Cells 

The r a p i d growth i n the world population together w i t h the 

development of a more advanced technological age has re s u l t e d i n an 

increased demand f o r energy. At present the energy needs are s a t i s f i e d 

mainly by f o s s i l f u e l s and i n the more developed countries i n par t by 

nuclear power. Conventional f o s s i l f u e l s such as co a l , o i l and gas are 

f i n i t e and w i l l run out i n the foreseeable f u t u r e since these f u e l s are 

being consumed much f a s t e r than they are being produced. Geological 

formation of these f u e l s takes 600 m i l l i o n years while modem rates of 

consumption are measurable i n cen t u r i e s . Although new reserves are 

c o n t i n u a l l y being discovered, the most r e a d i l y accessible and cheapest 

supplies are being s t e a d i l y depleted. 

The f u t u r e v i a b i l i t y of nuclear power i s also i n question. Already 

serious shortages are being predicted i n the supply of r e l a t i v e l y 

Inexpensive uranium-235 w i t h i n the next two decades. The development of 

breeder reactors that can consume the more p l e n t i f u l uranlum-238 (and 

thorium) should, i n p r i n c i p l e , give an energy supply hundreds of times 

greater than a l l the f o s s i l f u e l s combined, but of course, reserves are 

s t i l l f i n i t e and depl e t i o n i s again the end r e s u l t . Moreover, both 

f o s s i l f u e l and nuclear power generation i n j e c t an undesirable l e v e l o f 

p o l l u t i o n i n t o the environment. The recent disasters at Chernobyl and 

Three Mile I s l a n d , and the r e p o r t s of leakages i n nuclear power and 

reprocessing plants i n the Western world have very c l e a r l y pointed out 

the dangers accompanying nuclear energy. Public anxiety over safety may 

w e l l prevent the f u l l e x p l o i t a t i o n of nuclear power. 



This s i t u a t i o n i n conjunction w i t h the s u b s t a n t i a l increase i n the 

p r i c e of o i l during the 1970's has produced a general p u b l i c awareness 

t h a t a l t e r n a t i v e renewable, cheap, clean and r e l i a b l e energy sources 

must be explored to supplement, and eventually supplant conventional 

f o s s i l f u e l and nuclear resources. Among the p o t e n t i a l a l t e r n a t i v e s , 

s o l a r energy, e s p e c i a l l y the d i r e c t conversion of s u n l i g h t I n t o 

e l e c t r i c i t y i s very a t t r a c t i v e . Despite i t s disadvantage of having low 

f l u x density w i t h large d i u r n a l and temporal v a r i a t i o n s , solar energy 

( f u e l ) i s clean, f r e e , renewable, dependable, p r e d i c t a b l e and 

im p o r t a n t l y I s d i s t r i b u t e d more evenly and equably around the populated 

World than any other energy source. For example, seventy percent of the 

World's known crude o i l reserves are i n the Middle East and North 

America^"'"^ I n a d d i t i o n to i t s democratic d i s t r i b u t i o n , solar f u e l i s 

immune to trade embargo and does not require any i n f r a s t r u c t u r e f o r i t s 

d e l i v e r y , and no f o r e i g n exchange. Of course, solar power technology 

w i l l doubtless be subject t o trade embargo and involve nominal f o r e i g n 

exchange. But i t would not r e q u i r e recurrent expenditure on the same 

scale as i n the case of f o s s i l f u e l s and nuclear energy. 

C l e a r l y , p h o t o v o l t a i c s hold considerable promise to provide a 

reasonable p r o p o r t i o n of the World's energy needs. The d i r e c t 

conversion of solar energy i n t o e l e c t r i c i t y v i a ph o t o v o l t a i c devices 

c a l l e d s o l a r c e l l s i s already an established f i e l d of science and 

technology. The s e l f - c o n t a i n e d nature and i d e a l modular f l e x i b i l i t y o f 

p h o t o v o l t a i c systems permits t h e i r e f f e c t i v e use f o r d i f f e r e n t 

a p p l i c a t i o n s . Commercial a p p l i c a t i o n s include remote microwave repeater 

s t a t i o n s , n a v i g a t i o n a l a i d s , r a i l w a y s i g n a l s , telecommunications, 

cathodlc p r o t e c t i o n of bridges and p i p e l i n e s , and e l e c t r i f i c a t i o n o f 

v i l l a g e s i n which p e t r o l or d i e s e l engines cannot be f u e l l e d or 

servi c e d . 



Major developing a p p l i c a t i o n s include water pumping, remote 

l i g h t i n g , and r e s i d e n t i a l and commercial e l e c t r i c i t y . One of the recent 

uses of s o l a r energy i s to provide educational classrooms i n remote 

areas where teachers are not a v a i l a b l e . A very successful t e l e v i s i o n 
(2) 

classroom system has been established i n the Ivory Coast where 20,000 

remote t e l e v i s i o n classrooms are educating the c h i l d r e n . Such services 

provided through p h o t o v o l t a i c power can improve r u r a l community l i f e , 

r e s t r a i n o u t m l g r a t i o n to the c i t i e s , and thus reduce the expenditures 

i n v o l v e d i n u r b a n i z a t i o n . 

T h i r d World developing countries f i n d a special i n t e r e s t i n s o l a r 

energy. With t h e i r r u r a l and a g r o - i n d u s t r i a l base they need stand­

alone, f u e l f r e e and r e l i a b l e systems f o r e l e c t r i f i c a t i o n of remote 

v i l l a g e s where the extension of a c e n t r a l g r i d would be very expensive. 

Moreover, almost a l l the developing countries are s i t u a t e d i n the 

sunbelt of the World. By the end of the present century 40Z of the 

World p o p u l a t i o n w i l l l i v e i n the v i l l a g e s of Third World c o u n t r i e s , and 

thus d i s t r i b u t e d generation of e l e c t r i c i t y w i l l be necessary. I t i s i n 

such d e c e n t r a l i s e d power generation t h a t photovoltaic systems o f f e r 

t h e i r g r e a t e s t p o t e n t i a l . 

1.2 The Photovoltaic 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 the c r e a t i o n of an electromotive force 

by the absorption of l i g h t (or any i o n i z i n g r a d i a t i o n such as x-rays, 

Y-rays) i n an inhomogeneous system. I t i s t o be d i s t i n g u i s h e d from any 

t h e r m o e l e c t r i c e f f e c t caused by l o c a l i z e d heating and the Dember 
(2) 

e f f e c t which r e s u l t s from non-uniform i l l u m i n a t i o n i n a homogeneous 

photoconductive m a t e r i a l . When an i o n i z i n g r a d i a t i o n such as l i g h t i s 

i n c i d e n t on the surface of a photoconductor, i t produces electron-hole 

p a i r s which d i f f u s e to the non-illuminated region and are responsible 

f o r the Dember voltage which can be measured by a s u i t a b l e contact 

geometry. 



The e s s e n t i a l conditions f o r a phot o v o l t a i c e f f e c t to e x i s t are; 

(1) the absorption of l i g h t and generation of electron-hole p a i r s , (2) 

the separation of the electrons and holes across an i n t e r n a l e l e c t r i c 

f i e l d created by some inhomogeneity i n the system ( i . e . a p-n 

j u n c t i o n ) , ( 3 ) and the c o l l e c t i o n of charge c a r r i e r s f o r transmission to 

ex t e r n a l c i r c u i t . The discovery of the photovoltaic e f f e c t i s not as 

recent as i s cotranonly supposed, although the most s i g n i f i c a n t advances 

have been made since the 1950's. The e f f e c t was f i r s t reported i n the 
(4) 

19th century when Becquerel i n 1839 observed that when two electrodes 

were Immersed i n a l i q u i d e l e c t r o l y t e and one was exposed to l i g h t a 

p o t e n t i a l d i f f e r e n c e developed between the electrodes. A s i m i l a r e f f e c t 

was observed by Adams and Day^^^ i n 1877, s h o r t l y a f t e r the discovery of 

phot o c o n d u c t i v i t y i n selenium by S m i t h i n 1873. Adams and Day 

Inv e s t i g a t e d the e f f e c t of l i g h t on the currents flowing i n a selenium 

sample w i t h platinum contacts, and discovered that the a c t i o n of l i g h t 

I n c i d e n t on the p o s i t i v e l y biased end of the sample was to reduce the 

cur r e n t w h i l s t l i g h t f a l l i n g on the ne g a t i v e l y biased end caused an 

increase. They also observed that an E.M.F. could be developed across 

the sample when both the contacts were i l l u m i n a t e d . The existence of an 

E.M,F. was confirmed by F r i t t s ^ ^ ^ who produced a selenium c e l l »d.th a 
(8) 

transparent gold counter-electrode, Mlnchin developed the f i r s t t h i n 

f i l m c e l l by o x i d i z i n g chemically a t i n f o i l to give a t i n - t l n o x i d e 

c e l l . He named these c e l l s "impulsion c e l l s " since they needed t o be 

f l i c k e d w i t h the f i n g e r i n order to make them work. Minchin was 

probably the f i r s t person to suggest the phot o v o l t a i c conversion of 

s u n l i g h t . 
Further work i n the 1930's on selenium^^^ and Cu-CuÔ ^̂ '̂ """̂  

pioneered the way to the successful development of the exposure meter I n 
(12) 

photography. I n 1954 Reynolds et a l discovered the p h o t o v o l t a i c 

e f f e c t i n Cu/CdS s i n g l e c r y s t a l j u n c t i o n and t h i s work l e d t o the 



development of the Cu^S/CdS t h i n f i l m solar c e l l i n the 1960's ̂"''"̂'•'̂ ^̂  

However, i n A p r i l 1954 Chapin et a l ^ " ^ ^ ^ made a s i g n i f i c a n t discovery 

which i s normally recognised as the s t a r t of the modern h i s t o r y of sol a r 

c e l l s . They produced a 6% e f f i c i e n t p-n j u n c t i o n c e l l on s i n g l e c r y s t a l 

s i l i c o n . This device was commercialised the f o l l o w i n g year and the f i r s t 

s i l i c o n s o l a r c e l l s rode i n Russian and American space s a t e l l i t e s . 

I n the 1970's the p o t e n t i a l of solar c e l l s f o r t e r r e s t r i a l 

a p p l i c a t i o n s was also r e a l i s e d and research a c t i v i t y i n t h i s f i e l d 

expanded q u i t e r a p i d l y . Continued e f f o r t s during the l a s t f i f t e e n years 

t o f a b r i c a t e high e f f i c i e n c y s o l a r c e l l s have succeeded i n producing 

s i n g l e c r y s t a l Si and GaAs sol a r c e l l s w i t h e f f i c i e n c i e s i n excess of 

20% and 25% r e s p e c t i v e l y . However, the high cost GaAs and Si s i n g l e 

c r y s t a l s made these c e l l s too expensive f o r wide t e r r e s t r i a l 

a p p l i c a t i o n s . Therefore, many d i f f e r e n t m a t e r i a l s have been 

i n v e s t i g a t e d f o r low-cost s o l a r c e l l production and consequently, 

amorphous s i l i c o n , copper indium diselenide and cadmium t e l l u r i d e have 

emerged as leading candidates f o r low cost t h i n f i l m solar c e l l s . 

Devices w i t h more than 10% e f f i c i e n c y have been f a b r i c a t e d from these 

m a t e r i a l s . 

1.3 The Present Work 

Cadmium t e l l u r i d e i s a strong contender f o r t e r r e s t r i a l low cost 

s o l a r c e l l s and CdTe based so l a r c e l l s w i t h e f f i c i e n c i e s i n excess of 

10% have been produced by a number of d i f f e r e n t techniques. However, 

there i s s t i l l ample scope f o r research on many aspects of the ma t e r i a l 

before p h o t o v o l t a i c devices from CdTe become commercially v i a b l e f o r 

wide use. The primary m o t i v a t i o n behind the present study was an 

i n v e s t i g a t i o n of the p o t e n t i a l of CdTe f o r sol a r c e l l s both from the 

m a t e r i a l and device f a b r i c a t i o n p o i n t of view. 

This t h e s i s begins w i t h a general discussion of the t e r r e s t r i a l use 

of s o l a r c e l l s and of t h e i r h i s t o r i c a l background. Chapter 2 describes 



the general c h a r a c t e r i s t i c s of solar c e l l devices, the s p e c i f i c a t i o n of 

a good so l a r c e l l m a t e r i a l and the r o l e of CdTe i n solar c e l l s . The 

t h i r d Chapter gives a b r i e f review of the p r i n c i p l e s of operation of 

p h o t o v o l t a i c and r e l a t e d devices w i t h reference to current transport 

mechanisms. The d e t a i l s of the experimental work ( c r y s t a l growth, 

m a t e r i a l s a n a l y s i s , RHEED, SEM and other diagnostic techniques) are 

o u t l i n e d i n Chapter44 and 5. 

The bulk of the o r i g i n a l experimental r e s u l t s are presented i n 

Chapters 6 to 10. The r e s u l t s of measurements of the e l e c t r i c a l 

p r o p e r t i e s of bulk s i n g l e c r y s t a l CdTe using Space Charge Limited 

c u r r e n t and DLTS techniques are given i n Chapter 6. Chapter 7 describes 

the f i n d i n g s of an i n v e s t i g a t i o n of bulk CdTe/CdS h e t e r o j u n c t i o n 

devices, and includes studies of the use of d i f f e r e n t contact materials 

(such as carbon and gold) w i t h p-CdTe, the e f f e c t of heat treatment and 

ageing on device performance and the measurement of 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 . The experimental r e s u l t s of p a r a l l e l studies i n 

CdTe/Cu2Te h e t e r o j u n c t i o n s o l a r c e l l s are reported i n Chapter 9. 

Chapter 8 d e t a i l s 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 vacuum 

evaporated CdS and CdTe t h i n f i l m s and t h e i r use f o r f a b r i c a t i n g 

CdS/CdTe he t e r o j u n c t l o n s i n c l u d i n g the o p t i m i s a t i o n of the device 

f a b r i c a t i o n process. 

Studies of the e p i t a x i a l growth of cadmium sulphide on s i n g l e 

c r y s t a l cadmium t e l l u r i d e substrates are described i n Chapter 10. 

The t h e s i s concludes w i t h a summary of the main obje c t i v e s achieved 

d u r i n g the course of t h i s work and some suggestions f o r the f u t u r e work 

i n t h i s f i e l d , w i t h p a r t i c u l a r emphasis on the t h i n f i l m CdS/CdTe sol a r 

c e l l s . 
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CHAPTER 2 

SOUR CELLS AND MATERIALS 

2.1 The Solar C e l l 

2.1.1 Components of a Solar C e l l 

A s o l a r c e l l makes use of the pho t o v o l t a i c e f f e c t namely the 

absorption of l i g h t i n a photosensitive m a t e r i a l t o create p o s i t i v e and 

negative charges (EH p a i r s ) which can be separated by a b u i l t - i n - f i e l d 

to develop a photovoltage and photocurrent, so al l o w i n g power to be 

d e l i v e r e d to an ex t e r n a l load. I n essence a solar c e l l i s a diode t h a t 

produces u s e f u l e l e c t r i c i t y from the absorption of sol a r r a d i a t i o n . I n 

order f o r a pho t o v o l t a i c e f f e c t to occur the l i g h t must be absorbed t o 

produce electron-hole p a i r s . The i n t e r n a l f i e l d i n the diode then 

separates the p o s i t i v e and negative charge c a r r i e r s and I n so doing 

generates an e.m.f. 

A s o l a r c e l l has two a c t i v e p a r t s , the absorber and the j u n c t i o n , 

and two passive p a r t s , the c o n v e r t e r - c o l l e c t o r and the electrodes (a 

generalized c o n f i g u r a t i o n of a sol a r c e l l i s given i n Fig 2.1. The 

absorber, sometimes known as e m i t t e r absorbs the Incident l i g h t , 

generating m i n o r i t y c a r r i e r s , a p r o p o r t i o n of which d i f f u s e to the 

j u n c t i o n . The magnitude and the sign of the d i f f u s i o n current i s 

determined by the m i n o r i t y c a r r i e r density at the absorber-junction 

I n t e r f a c e . The e s s e n t i a l parameters of the absorber-generator are I t s 

energy gap ( i . e . the threshold energy f o r the production o f 

elec t r o n - h o l e p a i r s ) and i t s absorption c o e f f i c i e n t . The energy gap 

w i l l determine the maximum e f f i c i e n c y t h a t can be achieved w i t h a given 

absorber, since i t w i l l f i x the p o r t i o n of the in c i d e n t solar spectrum 

t h a t can be absorbed. The absorber i s generally chosen to be a p-type 

m a t e r i a l because of the large d i f f u s i o n lengths f o r m i n o r i t y e l e c t r o n s . 
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F i g . 2.1: A generalized c o n f i g u r a t i o n of a solar c e l l 



The j u n c t i o n i s the space charge region i n which the m i n o r i t y 

c a r r i e r s from the emitter are separated from the m a j o r i t y c a r r i e r s and 

supplied t o the c o l l e c t o r f o r transmission to the e x t e r n a l c i r c u i t . The 

j u n c t i o n provides almost a l l the voltage drop of the c e l l . The j u n c t i o n 

may be described as abrupt or graded, depending on whether the i m p u r i t y 

concentration gradient across the j u n c t i o n changes from p to n abruptly 

or g r a d u a l l y . The three most common types of j u n c t i o n or b a r r i e r are: 

(1) Homojunctions, i . e . p-n j u n c t i o n w i t h i n the same semiconductor 

m a t e r i a l . 

(2) Heterojunctions, p-n j u n c t i o n s between two d i f f e r e n t 

semiconductors; and 

(3) Schottky b a r r i e r s , a metal/semiconductor j u n c t i o n . 

The semiconductor la y e r on the other side of the j u n c t i o n i n t e r f a c e 

from the absorber i s c a l l e d the c o l l e c t o r - c o n v e r t e r . The primary r o l e of 

the c o l l e c t o r i s to c o l l e c t the m i n o r i t y c a r r i e r s and convert them i n t o 

m a j o r i t y c a r r i e r s . This requires that the c o l l e c t o r be of opposite 

c o n d u c t i v i t y type so t h a t the m i n o r i t y c a r r i e r s swept across the 

j u n c t i o n become m a j o r i t y c a r r i e r s , thus preventing t h e i r recombination 

before completing the e x t e r n a l c i r c u i t . 

As already mentioned, the j u n c t i o n i n a solar c e l l may be a 

homojunctlon, a h e t e r o j u n c t l o n or a Schottky b a r r i e r . The p r o p e r t i e s of 

the j u n c t i o n are s t r o n g l y influenced by the p r o p e r t i e s of the 

semiconductors forming the j u n c t i o n . For example, the e l e c t r o n a f f i n i t y 

which I s defined as the energy required to r a i s e an e l e c t r o n from the 

conduction band edge to the vacuum l e v e l , and the l a t t i c e parameters of 

the two m a t e r i a l s ( i n h e t e r o j u n c t i o n s ) s t r o n g l y a f f e c t the solar c e l l 

performance. I n the case of a p-type absorber solar c e l l , i f the 

e l e c t r o n a f f i n i t y of the c o l l e c t o r - c o n v e r t e r i s greater than t h a t of the 

absorber generator, i t causes a reduction i n the f i n a l achievable open 

c i r c u i t voltage w i t h a consequent reduction i n the maximum obtainable 
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e f f i c i e n c y of the device. Conversely, I f the elec t r o n a f f i n i t y i s 

smaller f o r the c o l l e c t o r - c o n v e r t e r than t h a t of the absorber-generator, 

the r e s u l t i n g spike i n the conduction band reduces the cur r e n t , again 

leading to an o v e r a l l decrease i n e f f i c i e n c y . 

S i m i l a r l y , good l a t t i c e matching i s also desirable since the 

d i s l o c a t i o n s at the m e t a l l u r g i c a l j u n c t i o n between the absorber and 

c o l l e c t o r w i l l act as recombination s i t e s f o r the generated c a r r i e r s . So 

an i d e a l c o l l e c t o r - c o n v e r t e r i s the same m a t e r i a l as the generator but 

w i t h opposite c o n d u c t i v i t y . 

The f o u r t h n o n - f u n c t i o n a l part of a sol a r c e l l which a f f e c t s device 

performance i s provided by the metal electrodes to the absorber and 

c o l l e c t o r . For an e f f i c i e n t performance of a c e l l good q u a l i t y contacts 

( i . e . low resistance ohmic contacts) are necessary. 

2.1,2 C l a s s i f i c a t i o n of Photovoltaic Devices 

There are two commonly used systems f o r the c l a s s i f i c a t i o n of 

p h o t o v o l t a i c devices. The f i r s t i s based on the macro- and 

m i c r o s t r u c t u r e ( i . e . degree of p e r f e c t i o n ) of the m a t e r i a l used t o 

f a b r i c a t e the devices, while the second i s based on the type of j u n c t i o n 

formed. According t o the f i r s t scheme, PV devices are c l a s s i f i e d as: 

(1) Single c r y s t a l : I n these devices the materials used f o r t h e i r 

f a b r i c a t i o n have the highest order of c r y s t a l l i n i t y or p e r f e c t i o n and 

are p r i m a r i l y s i n g l e c r y s t a l s i l i c o n devices, although some s i n g l e 
(2) 

c r y s t a l ( S i or GaAs) t h i n f i l m devices are also included . Because of 

t h e i r h i g h c r y s t a l p e r f e c t i o n these types tend to have the highest 

e f f i c i e n c y of any s o l a r c e l l . They are also the most expensive because 

of the time and energy i n t e n s i v e methods needed to produce such high 

q u a l i t y m a t e r i a l s . Single c r y s t a l s o l a r c e l l s are presently used i n both 

non-concentrator and concentrator systems. 

(2) P o l y c r y s t a l l i n e : This class of solar device includes p r i m a r i l y 

t h i n f i l m devices, but some bulk types also. I t i s always less energy 
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i n t e n s i v e and time consuming to produce p o l y c r y s t a l l i n e m a t e r i a l s . Many 

d i f f e r e n t techniques have been developed to produce p o l y c r y s t a l l i n e t h i n 

f i l m s f o r p h o t o v o l t a i c devices, of which the most important include 

thermal evaporation^"^\ s p u t t e r i n g ^ ^ \ screen p r i n t i n g ^ ^ \ ion-beam 

d e p o s i t i o n and s p r a y i n g ^ ^ ' A l t h o u g h less expensive to produce, these 
f 8) 

p o l y c r y s t a l l i n e devices s a c r i f i c e e f f i c i e n c y and possibly s t a b i l i t y 

because of the inherent imperfections. A p a r t i c u l a r problem i s 

recombination at g r a i n boundaries. 

(3) Amorphous: These mat e r i a l s have no long range order, and have 

d i f f e r e n t e l e c t r o - o p t i c a l p r o p e r t i e s from s i n g l e c r y s t a l and 

p o l y c r y s t a l l i n e m a t e r i a l s . Although amorphous materials have entered 

the research f i e l d only r e l a t i v e l y r e c e n t l y , they have already 

demonstrated great promise and have been u t i l i s e d i n the manufacture of 

c e l l s f o r low power a p p l i c a t i o n s such as c a l c u l a t o r s , watches, etc. 

Under the second scheme based on the type of the e l e c t r o n i c 

j u n c t i o n s , solar c e l l s are c l a s s i f i e d as: 

(a) Homojunction; A so l a r c e l l i n which the p-n j u n c t i o n i s formed 

between two regions of the same semiconductor having d i f f e r e n t types of 

c o n d u c t i v i t y . The best known examples are the standard p-n j u n c t i o n 

s i l i c o n and g a l l i u m arsenide s o l a r c e l l s . Homojunctions generally 

e x h i b i t a high e f f i c i e n c y , but p a r t i c u l a r l y i n a d i r e c t bandgap 

m a t e r i a l , w i t h a high absorption c o e f f i c i e n t , they s u f f e r from f r o n t 

surface recombination which reduces the o v e r a l l e f f i c i e n c y of the s o l a r 

c e l l . 

(b) Heterojunctions; I n these devices the j u n c t i o n i s formed 

between two d i f f e r e n t semiconductors, one w i t h p-type and the other w i t h 

n-type c o n d u c t i v i t y . Generally, the two semiconductors are chosen t o 

have wi d e l y d i f f e r i n g bandgap energies. The d i f f e r e n c e i n the bandgaps 

between the two m a t e r i a l s leads to the "window e f f e c t " when the device 

i s i l l u m i n a t e d from the side w i t h the large bandgap E , i . e . the photons 
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w i t h energies less than the bandgap of the window layer are transmitted 

i n t o the narrow gap m a t e r i a l where they are absorbed, p r e f e r a b l y near 

the j u n c t i o n . Examples are CdS/CdTe and Cu2S/CdS he t e r o j u n c t i o n solar 

c e l l s . Heterojunctions, u n l i k e homojunctions, can be f a b r i c a t e d from a 

large v a r i e t y of p a i r s of semiconductors. 

One problem i s l a t t i c e mismatch i n these devices, which can have 

d e l e t e r i o u s e f f e c t s on the open c i r c u i t voltage and possibly on the 

short c i r c u i t c u r r e n t . When the two semiconductors i n a h e t e r o j u n c t i o n 

have a good l a t t i c e match reducing the density of i n t e r f a c e s t a t e s , the 

h e t e r o j u n c t i o n may e x h i b i t the optimum prop e r t i e s of a homojunction 

constructed from the small bandgap m a t e r i a l without the problem of f r o n t 

surface recombination losses. 

(c) Buried homojunction; This consists of a p-n homojunction w i t h 

an a d d i t i o n a l surface layer of a semiconductor w i t h a large bandgap t h a t 

acts as a window f o r the p-n j u n c t i o n . Thus the high recombination loss 

normally experienced at the f r o n t surface of the p-n homojunctlon i s 

replaced by the i n t e r f a c e w i t h the large bandgap semiconductor which may 

provide improved p r o p e r t i e s . I n p r i n c i p l e , b u r i e d homojunctlons combine 

the p o s i t i v e aspects of both homojunctlons and he t e r o j u n c t i o n s . 

(d) Schottky b a r r i e r s ; These devices consist of metal-semiconductor 

(MS) j u n c t i o n s . The Schottky b a r r i e r c e l l s have the advantage of ease of 

pre p a r a t i o n . V a r i a t i o n s of t h i s s t r u c t u r e include m e t a l - i n s u l a t o r -

semiconductor (MIS) and semiconductor-insulator-semiconductor devices. 

The i n s u l a t i o n layer i s o f t e n an oxide and i s found t o reduce the 

forward current^which increases the open c i r c u i t v o l t a ge. 

2.1.3 Solar C e l l Parameters 

The performance parameters of a solar c e l l are derived from the 

output c h a r a c t e r i s t i c . Usually f o u r main parameters are used as f i g u r e s 

of m e r i t . 
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(1) Short c i r c u i t current (SCC, I ) : This i s the photocurrent 
sc 

output of a solar c e l l when the load impedance i s much smaller than the 

device Impedance, or i t may be defined as the photocurrent f l o w i n g 

through the j u n c t i o n at zero applied bias. I n i d e a l conditions ( I . e . 

when the series and shunt resistance e f f e c t s are n e g l i g i b l e ) i t i s equal 

t o the l i g h t generated current 1̂ ^ and i s p r o p o r t i o n a l to the in c i d e n t 

photon f l u x w i t h energy greater than or equal to the energy gap of the 

absorber. 

I n essence, the short c i r c u i t current i s determined by the spectrum 

of the l i g h t source and the s p e c t r a l response of the device. The 

s p e c t r a l response i n t u r n depends on the o p t i c a l absorption c o e f f i c i e n t 

a, the j u n c t i o n depth, the width of the deple t i o n region, the l i f e t i m e s 

and m o b i l i t i e s on both sides of the j u n c t i o n , the presence or absence of 

e l e c t r i c f i e l d s i n both the semicondctors on e i t h e r side of the 
(9) 

j u n c t i o n , and the surface recombination v e l o c i t y . The energy 

contained i n s u n l i g h t i s d i s t r i b u t e d over a wide range of wavelengths, 

and e f f i c i e n t conversion requires an equally wide s p e c t r a l response. I n 

wider energy gap absorber ma t e r i a l s less s u n l i g h t i s absorbed and hence 

they lead to smaller short c i r c u i t currents than narrow bandgap 

m a t e r i a l s . 

(2) Open c i r c u i t voltage (OCV or V^^): The open c i r c u i t voltage i s 

the output voltage of the device under i l l u m i n a t i o n when the load 

Impedance i s much greater than the device impedance, i . e . I t I s the 

v o l t a g e across the terminals of an i l l u m i n a t e d s o l a r c e l l at zero 

c u r r e n t f l o w i n g through the j u n c t i o n . The open c i r c u i t voltage of a p-n 

j u n c t i o n s o l a r c e l l i s d i r e c t l y r e l a t e d to the bandgap of the 

semiconductor through the b a r r i e r height at the j u n c t i o n ; I t I s 

o f t e n expressed I n terms of the short c i r c u i t current I ^ ^ , the reverse 

s a t u r a t i o n current I ^ and the i d e a l i t y f a c t o r A as^^^^: 
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V = A k T in l^sc + 1 2.1 

I t might appear from equation (2.1) t h a t high values of A are 

d e s i r a b l e i n o b t a i n i n g high V^^ but t h i s i s not so. With large values 

of A, I ^ Increases and consequently the open c i r c u i t voltage i s reduced. 

I n c o n t r a s t i n an i d e a l j u n c t i o n , A i s equal to u n i t y and V^^ a t t a i n s 

i t s highest value. The dark current I ^ i s mainly determined by the 

energy gap of the m a t e r i a l and the temperature ; I decreases and V 
o oc 

increases w i t h Increasing energy gap or decreasing temperature. There 

i s thus a t r a d e - o f f between high V^^ w i t h a large bandgap absorber and 

the h i g h I obtained from narrow gap m a t e r i a l . s c 
(3) F i l l f a c t o r (FF): Mathematically the f i l l f a c t o r i s the r a t i o 

of the maximum e l e c t r i c a l power output t o the product of V^^ and I ^ ^ . 

I t describes the r e c t a n g u l a r i t y or squareness of the p h o t o v o l t a i c output 

c h a r a c t e r i s t i c s . The f i l l f a c t o r i s mainly determined by the value o f 

A, the s e r i e s resistance R and the shunt resistances R , . The series 
s sh 

re s i s t a n c e i s the t o t a l i n t e r n a l resistance of the device which arises 

from the contact resistances to the f r o n t and back surfaces, the 

r e s i s t a j ^ e of the base and window l a y e r s . The shunt resistance i s the 

i n t e r n a l resistance i n p a r a l l e l w i t h the p-n j u n c t i o n and i s caused by 

the surface leakage along the edges of the c e l l , by d i f f u s i o n spikes 

along d i s l o c a t i o n s or g r a i n boundaries, or possibly by f i n e m e t a l l i c 

bridges along microcracks, g r a i n boundaries, or c r y s t a l defects such as 

stacking f a u l t s a f t e r contact m e t a l l i z a t i o n has been applied. A h i g h 

shunt resistance and low values of A and R are required f o r a high f i l l 
s 

f a c t o r . High values of f i l l f a c t o r correspond to high r e c t a n g u l a r i t y of 

the output c h a r a c t e r i s t i c s , while small values r e s u l t i n so f t e n i n g of 

the c h a r a c t e r i s t i c s . 
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(4) E f f i c i e n c y : This parameter describes the o v e r a l l performance of 

, and a s o l a r c e l l . The three parameters, I , V , and FF, determine the 
sc oc 

e f f i c i e n c y of a c e l l , which can be expressed as 

I V 
n = sc oc X FF 2.2 P, X Area in c 

where ^ ^ j j ^ , the i n c i d e n t r a d i a t i o n power density, u s u a l l y 

expressed i n mW/cm̂ . 

2.2 Choice of M a t e r i a l s 

2.2.1 Solar Spectrum 

The s o l a r spectrum d i c t a t e s the range of solar materials which can 

be used f o r p h o t o v o l t a i c device f a b r i c a t i o n . The solar r a d i a t i o n from 

the sun can be approximated by t h a t of a black body at a temperature of 

5900 K. This black body spectrum i s modified by the v a r i a t i o n s i n 

temperature across the sun's d i s k , the e f f e c t of the solar atmosphere, 

and the Fraunhofer absorption l i n e s . 

I n outer space, 98Z of the t o t a l energy radiated by the sun l i e s i n 

the wavelength range 0.25 t o 3.0 Mm. The I n t e n s i t y of the solar 

r a d i a t i o n I n c i d e n t on the top of the earth's atmosphere i s c a l l e d the 

s o l a r constant and i s defined as the r a t e at which energy i s received on 

a u n i t area surface, perpendicular to the sun's d i r e c t i o n , i n free space 

a t the earth's mean distance from the sun ; i t s most r e c e n t l y accepted 
-2 (12) 

value i s 1.353 KW m . The a c t u a l solar r a d i a t i o n i n free space at 

the mean distance of the earth from the sun d i f f e r s from t h i s value by ± 

3.35% because of changes i n the earth-sun distance throughout the 
(12) 

year 

The I n t e n s i t y and s p e c t r a l d i s t r i b u t i o n of solar r a d i a t i o n a r r i v i n g 

a t the earth's surface i s a f f e c t e d by s c a t t e r i n g and absorption w i t h i n 
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the earth's atmosphere, and t h i s i n t u r n depends on the composition of 

the atmosphere as w e l l as the path length of the r a d i a t i o n traversed by 

the r a d i a t i o n through i t . There are three p r i n c i p a l mechanisms which 

modify the solar spectrum at the surface of the eart h . 

(a) absorption by atmospheric gases, p a r t i c u l a r l y ozone which 

absorbs s t r o n g l y i n the u l t r a v i o l e t ; 

(b) absorption by water vapour which occurs i n the i n f r a r e d ; 

(c) s c a t t e r i n g by aerosols. 

The e f f e c t of the atmospheric a t t e n u a t i o n on solar Irradiance i s 

described by a parameter known as the a i r mass number which i s equal t o 

the secant of the angle between the sun's d i r e c t i o n and the normal t o 

the earth's surface. Conventionally, so l a r c e l l performance i s o f t e n 

measured i n terms of c e r t a i n standard conditions of i l l u m i n a t i o n , i n 

p a r t i c u l a r AMD,AMI and AM2. AMD ( a i r mass zero) corresponds to the 

s o l a r I r r a d i a n c e at the top of the earth's atmosphere. AMI i s the 

i r r a d i a n c e at sea l e v e l under a standard atmosphere (dust f r e e , 2 cm 

p r e c i p l t a b l e water) when the sun i s at the z e n i t h and AM2, which I s a 

t y p i c a l average i r r a d i a n c e at the earth's surface corresponds to the 

c o n d i t i o n when the angle between the sun and the z e n i t h i s 60°. Fig 2.2 

shows the d i f f e r e n t s o l a r spectra. 

2.2.2 Properties of Optimum Solar C e l l M a t e r i a l s 

The f o l l o w i n g p r o p e r t i e s , some of which are i n t e r r e l a t e d are 

Important f o r consideration f o r the choice of a s o l a r m a t e r i a l . 

(1) Energy gap: The energy gap of an absorber m a t e r i a l places an 

upper l i m i t on the wavelength of the i n c i d e n t r a d i a t i o n . Thus the 

smaller the energy gap, the l a r g e r the p o r t i o n of the solar spectrum 

which i s p o t e n t i a l l y u t i l i z e d , and th e r e f o r e the greater the s h o r t 

c i r c u i t c u r r e n t . However, the maximum photovoltage a t t a i n a b l e i s 

correspondingly small (Sec.2.1.3). On the other hand, a large energy 

gap can give r i s e to high V^^ w i t h lower leakage across the j u n c t i o n . b u t 

w i t h a lower I . Therefore, as discussed i n section 2.1.3 a j u d i c i o u s sc 
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F i g , 2.2 : Spectral d i s t r i b u t i o n of s o l a r r a d i a t i o n under d i f f e r e n t 
conditions (Ref. 18) 
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compromise has to be made to optimise the s p e c t r a l response of the 

device. Moreover, the s o l a r spectrum i s not smooth but has a great deal 
(13) 

of s t r u c t u r e due to the various atmospheric absorption bands . As a 

r e s u l t there have been a number of studies attempting to match the 

energy gap to the sol a r spectrum^'''^"^^^ Figure (2.3) represents a 

r e l a t i o n between the energy gap E and e f f i c i e n c y n f o r i d e a l and 
s 

non-ideal homojunctions under AMD c o n d i t i o n s . For i d e a l solar c e l l s the 
optimum energy gap i s between 1.5-1.6 eV and f o r more r e a l i s t i c devices 

i t i s between 1.3-1.4 eV^^^K 
Recently, s i m i l a r studies f o r h e t e r o j u n c t i o n devices have been 

reported^'^^^ Figure 2.4 shows the maximum achievable e f f i c i e n c y as a 

f u n c t i o n of absorber energy gap f o r d i f f e r e n t window m a t e r i a l s . The 

window i s a large bandgap semiconductor t h a t does not absorb any 

s i g n i f i c a n t p r o p o r t i o n of the incident-photons. Together w i t h the 

a c t i v e absorber, the window c o l l e c t o r forms the j u n c t i o n which y i e l d s 

the p h o t o v o l t a i c e f f e c t . These r e s u l t s r e l a t e t o AMI conditions and do 

not Include refinements such as g r a i n s i z e ^ ^ ^ * ^ ^ ' ^ ^ ^ or l a t t i c e matching 
(20 21) 

between the absorber and window l a y e r ' , irfiich can f u r t h e r a f f e c t 
the performance. The optimum value of the energy gap f o r t e r r e s t r i a l 

(14) 

a p p l i c a t i o n s i s 1.5 eV 

(2) Absorption c o e f f i c i e n t : A high absorption c o e f f i c i e n t , a i s 

Important from both t e c h n o l o g i c a l and economic considerations. I n 

general absorber-generators should have large absorption c o e f f i c i e n t s 
(22) 

associated w i t h interband t r a n s i t i o n s . Since the necessary absorber 
(23) 

thickness i s of the order of l / o , large absorption c o e f f i c i e n t 

permits the absorber l a y e r t o be t h i n ( i . e . I n c i d e n t photons are 

absorbed near the surface) and hence less m a t e r i a l i s necessary f o r 

device f a b r i c a t i o n . I n p r i n c i p l e , a d i r e c t bandgap m a t e r i a l i s more 

d e s i r a b l e , since the absorption c o e f f i c i e n t i s l a r g e r . For exaaq>le, a l l 

photons w i l l be absorbed i n 2 ym of GaAs, and 5 pm of CdTe, but 
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F i g . 2.4 : T h e o r e t i c a l e f f i c i e n c i e s of h e t e r o j u n c t i o n s o l a r c e l l s as a 
f u n c t i o n of energy gap. R e s u l t s are c a l c u l a t e d for various 
absorber l e v e l s and window m a t e r i a l s ( r e f . 18) 
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about ICQ m̂ I s required f o r Si which has an i n d i r e c t bandgap. Figure 

2.5 represents the absorption c o e f f i c i e n t s as a f u n c t i o n of photon 

energy f o r several solar c e l l m a t e r i a l s . 

(3) D i f f u s i o n l e n g t h : An e s s e n t i a l requirement f o r the successful 

operation of a s o l a r c e l l i s th a t the photogenerated c a r r i e r s must be 

able to move across that absorption region to the Junction. The charge 

c a r r i e r s t h a t recombine before a r r i v i n g at the j u n c t i o n are l o s t to the 

p h o t o v o l t a i c e f f e c t and cannot c o n t r i b u t e to the photocurrent. 

D i f f u s i o n i s the mechanism by which the m i n o r i t y c a r r i e r s move to the 

edge of the d e p l e t i o n region and therefore 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 length i s a most Important m a t e r i a l parameter. I n general the 
(23) 

d i f f u s i o n length should also be of the order of 1/a . The d i f f u s i o n 

l e n g t h depends on various f a c t o r s such as: 
(24-27) 

( I ) The i m p u r i t y and defect concentration 
( I I ) The c r y s t a l l i n i t y of the m a t e r i a l 

f29) 

( i l l ) The c r y s t a l o r i e n t a t i o n ^ . 

( i v ) The stoichiometry^^°\ 

(4) M i n o r i t y c a r r i e r l i f e t i m e : Another important m a t e r i a l property 

t h a t i s fundamental i n determining the effectiveness of a semiconductor 

as a s o l a r m a t e r i a l i s the m i n o r i t y c a r r i e r l i f e t i m e . Large values of 

l i f e t i m e s are u s u a l l y desirable f o r e f f i c i e n t devices. 

One f a c t o r which s e r i o u s l y reduces l i f e t i m e i s the presence of a 

high density of l o c a l i s e d states and i n p a r t i c u l a r of the " k i l l e r " 

centres located at the middle of the bandgap. For example, i t has been 

found t h a t f o r 10% e f f i c i e n t CdTe solar c e l l s the l i f e t i m e s should be 

longer than 10~^ sec. Shorter l i f e t i m e s have been found i n the m a t e r i a l 

due t o the presence of " k i l l e r " centres. 

(5) Doping: Im p u r i t y concentration l e v e l s can have a profound 

e f f e c t on absorption, d i f f u s i o n length and energy bandgap^'^''^^ I t i s 

de s i r a b l e to obt a i n a large photovoltage and t h i s requires high l e v e l s 
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Fig. 2.5 : Optical absorption coefficients as a function of photon energy 
for several solar c e l l materials (Ref. 18) 
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of doping. Or the other hand long lifetimes are also necessary and 

these are reduced by doping too heavily. I t is also important that the 

series resistance of the c e l l be very small to reduce ohmic losses i n 

the device i t s e l f . These c o n f l i c t i n g requirements necessitate that the 

doping level can be controlled for optimum performance. 

(6) Surface recombination and density of localized states: In 

photovoltaic devices surface recombination can seriously l i m i t their 

performance. High surface recombination arises from a number of causes 

including the presence of surface states associated with dangling bonds, 

native oxide layers, chemical residues, etc. In an illuminated solar 

c e l l , carrier generation is highest at the surface and decreases 

exponentially with depth into the material. Thus surface recombination 

i s a c r i t i c a l parameter, especially i n the direct bandgap materials. 

I t s effects can be reduced by various techniques for surface preparation 

or through passivation of the photovoltaic material surface. 

A high density of localized states results i n extremely poor 

d i f f u s i o n lengths. I t is also d i f f i c u l t to dope materials e f f e c t i v e l y to 

form the necessary junctions and obtain reasonable minority c a r r i e r 

l i f e t i m e s i f the localized defect state density is high. This Is 

especially c r i t i c a l for amorphous materials. 

Densities of these states have been reduced by alloying and 

complexlng^^^'"^^\ With amorphous S i , fabrication i n a hydrogen 

discharge has been found to reduce the density of localized states 

conslderably^^^^ and recently a glow discharge Si:H:F alloy has been 

shown to reduce such states even more^^^\ 

2.3 CdTe Based Cells 

2.3.1 Cadmium Telluride as an Absorber 

Cadmium t e l l u r i d e i s the only I I - V I compound that can at present be 

prepared with a reasonably high conductivity i n both n and p type forms, 

and consequently shows promise f o r making homojunction solar c e l l s . I t 
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i s , however, generally d i f f i c u l t to obtain a very high p-type 

conductivity (p>10'^^ cm ^) probably because of self-compensation and 

t h i s has introduced a number of d i f f i c u l t i e s . 

CdTe has a direct bandgap of 1.47 eV which is near the optimum (1.5 

eV) for photovoltaic conversion of solar energy^^^\ Among the most 

promising absorber materials CdTe has the largest bandgap. I t s 

potential i n heterojunction solar c e l l s therefore depends on whether the 

OCV developed i n such a c e l l under solar illumination is s u f f i c i e n t l y 

larger than the OCV achieved with c e l l s made from smaller bandgap 

semiconductors to offset the decrease i n SCC, which is an inevitable 

consequence of i t s larger bandgap. 

The optical absorption coefficient of CdTe has been recently 

redetermined ̂ "̂ '̂ ^; i t rises rapidly to values i n excess of 10^ cm~^. 

The high absorption coefficient of CdTe Implies that photons with 

energies above 1.47 eV are absorbed withi n a few micrometers of the CdTe 

surface, and i n p r i n c i p l e , therefore less material i s required for 

device fabrication, with a potential saving i n the cost of the device. 

Conversely, s i l i c o n with an indirect bandgap of 1.11 eV requires a layer 

twenty microns thick to absorb the same proportion of the l i g h t . When 

used i n a heterojunction with a suitable window CdTe with i t s high 

absorption coefficient has the special advantage that the photocarriers 

are generated near the junction, where charge separation and collection 

occurs. The requirement for large di f f u s i o n lengths (which are 

generally d i f f i c u l t to achieve i n polycrystalline films) i n the bulk i s 

then relaxed so that the v i a b i l i t y of low cost t h i n f i l m solar ce l l s i s 

enhanced. 

Because of i t s low sublimation temperature, CdTe is amenable to 

easy processing to form good quality films using inexpensive techniques 

such as thermal evaporation, although films produced by conventional 

evaporation methods are found to have a high r e s i s t i v i t y . 
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Despite a l l these attributes the f u l l potential of CdTe for 

photovoltaic applications has not yet been exploited because of inherent 

problems associated with the material. These include: 

(1) Minority carrier l i f e t i m e : For e f f i c i e n t photovoltaic devices 
(38) 

long lifetimes of minority carriers are desirable. Bell et a l have 

shown that lifetimes of 10 ̂  sec i n CdTe are essential to obtain a 10% 

e f f i c i e n t solar c e l l . However, minority carrier lifetimes i n n-CdTe are 
—8 

generally less than 10 sec, and lifetimes are even shorter i n 
(39 40) 

p-CdTe * . Theoretically, lifetimes greater than 10 ps should be 
18 —3 

achievable i n CdTe, even when doped to low r e s i s t i v i t y (10 cm ) . Low 
minority carrier lifetimes are believed to be due to the presence of 

(38) 
" k i l l e r " centres near the middle of the bandgap. Bell et a l have 

also shown that lifetimes are affected by the chemical nature of the 

dopant (higher lifetimes were observed for iodine doped material than 

for Cl-doped material), and these authors have suggested that to 

achieve long lifetimes i t w i l l be necessary to find a natural 

compensation process to minimize the effect of the defect states 

responsible for the short li f e t i m e s . The search to find a suitable 

dopant to satisfy t h i s requirement i s s t i l l continuing. 

(2) High r e s i s t i v i t y : The real promise of CdTe for low cost solar 

c e l l s i s attributable to i t s amenability to inexpensive t h i n f i l m 

f a b r i c a t i o n techniques. But the problem with the CdTe films grown by 

thermal evaporation methods i s their high r e s i s t i v i t y . Attempts to dope 

the films by adding acceptor impurities to the charge have not i n 

general been successful i n producing low r e s i s t i v i t y films. This 

d i f f i c u l t y In preparing low r e s i s t i v i t y p-type films makes cheap CdTe 

homojunction c e l l s unlikely. 

(3) Ohmlc contacts: Low resistance ohmic contacts to the 

semiconductor layers are one of the basic requirements f o r the 

production of a high efficiency solar c e l l . I t has, however, been 
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d i f f i c u l t to make low resistance contacts to p-CdTe. The work function 
(41) 

of CdTe i s 5.9 eV . Theoretically a barrier free contact to a p-type 
semiconductor i s obtained when the work function of the metal <̂  , used 

m 
for the contact i s greater than the work function of the semiconductor. 

Unfortunately, none of the commonly available metals has a work function 

large enough to match the work function of p-CdTe, and so i t is always 

d i f f i c u l t to make ohmic contacts ib p-CdTe. The second p o s s i b i l i t y is to 

produce a tunneling contact through a narrow Schottky barrier and this 

needs the surface of CdTe under the contact to be heavily doped p-type 

which is not easily achieved because of limited s o l u b i l i t y of common 

acceptor impurities. 

A number of di f f e r e n t attempts to make ohmic contacts to p-CdTe 
(42) 

have been reported i n the l i t e r a t u r e and Ponpon has recently 

published a review. Evaporated Au and Pt contacts followed by f i r i n g at 

200'*C i n hydrogen have been used to make low resistance ohmic contacts 

to p-CdTe^^^\ Evaporated gold contacts on As^ implanted CdTe surfaces 
(44) 

also proved to be successful . Contacts with a r e s i s t i v i t y of 
0.15 fi-cm^ were obtained by heating layers of nickel deposited on a 

(45) 
dichromate etched surface at 200''C . According to the authors, the 

t h i n tellurium layer l e f t behind by the etching constitutes a diff u s i o n 

source of Te atoms which form a heavily p-type doped zone between the 

nickel and the bulk CdTe. Unfortunately, the resistance of contacts 

made with Ni, Pt and Au was found to increase with time. 

High work function HgTe (5.9 eV) deposited in a close-spacing 

isothermal deposition process on p-type CdTe surface etched i n 
(41) 

bromlne-in-methanol has been found to give low r e s i s t i v i t y contacts 

Here HgTe was f i r s t deposited on the sample surface and then covered 

with electroless gold. Recently, screen printed and painted^^^^ carbon 

contacts have been successfully used i n the production of high 

efficiency CdS/CdTe solar c e l l s . 
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In the present study gold and carbon contacts have been used i n 

solar c e l l s employing t h i n films and bulk crystals of CdTe. The 

preparational details are given i n Section 4.6.1. 

2.3.2 Cadmium Sulphide as the Window Layer 

There are many good reasons for using CdS as a window layer in CdTe 

based solar c e l l s . I t i s a I I - V I compound with a direct bandgap of 2.4 

eV, which i s high enough to form a wide gap window, and w i l l therefore 

transmit most of the Incident solar spectrum. Although^ the minimum 

temperature at which cadmium sulphide melts is 1475''C (and that i s 
(47) 

accompanied by an equilibrium vapour pressure of 'V' 4 atmospheres ) , 

i t does sublime at a much lower temperature of 700°C at atmospheric 

pressure, and hence i t can be readily evaporated to form thin films. 

However, there is a r e l a t i v e l y large l a t t i c e mismatch between CdS and 

CdTe, and moreover, CdS generally crystallizes i n the hexagonal wurtzite 

structure whereas CdTe Is cubic. Consequently, CdS deposited on CdTe i s 
usually p o l y c r y s t a l l i n e , although e p i t a x i a l growth on CdTe, i s 

(48 49) 

possible ' as w i l l be discussed i n Chapter 10 i n this thesis. 

CdS can be doped n-type only but i t may be made highly conducting. 

I t i s therefore feasible to displace the region of maximum photocarrler 

generation away from the surface where the recombination velocity Is 

very high into the region of maximum carrier collection. In addition, 

since the electron a f f i n i t i e s of both CdS and CdTe are approximately 4.5 

eV^^°\ the conduction bands of the two materials j o i n smoothly at the 

I n t e r f a c e T h u s CdS i s a natural choice as a window material i n 

n-CdS/p-CdTe heterojunctions. Another Important factor is that CdS i s 

r e l a t i v e l y Inexpensive. CdS has been widely and successfully used as a 

window material i n other systems, of which the best known i s the 

CdS/Cû S heterojunction. Thin f i l m cells of Cû S/CdS with active areas 
(54) 

of 1 cm^ and effi c i e n c i e s up to 9Z have often been reported , and 
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high efficiencies of 17% with ln?/Cds'^^^\ and 12% with CuInSe^/CdS^^^' 

single crystal type cells have been claimed. 

The low sublimation temperature of CdŜ . enables thin films of good 

quality to be r e l a t i v e l y easily produced, using inexpensive techniques 

such as evaporation, r . f . sputtering etc. This i s an important 

consideration from an economic point of view and is to be contrasted 

with the d i f f i c u l t y i n preparing good thin films of Si or GaAs by 

similar techniques. 

2.3.3 Copper Telluride 

One of the most interesting CdTe based solar ce l l s developed i n the 

1960's was the Cu2Te/CdTe heterojunctioni^^^^\ Layers of copper 

t e l l u r i d e were produced by dipping CdTe th i n films and single crystal 

substrates i n a warm (<100°C) aqueous solution of cuprous ions. This 

produced a displacement reaction analogous to that used i n the 

fabrication of Cu2S/CdS devices. This simple production process makes 

the Cu^Te/CdTe heterojunction an attractive candidate for a potential 

t h i n f i l m c e l l . 

Although the properties of Cu2Te are much less well understood than 
(58) 

those of copper sulphide , i t i s known to be a semiconductor with a 

bandgap of 1.04 and i s believed to be i n d l r e c t ^ ^ ^ \ In natural 

form i t is found as Rickardite (Cu^Te) and Weissite (Cu^Te)^^^\ The 

structural properties have been studied by Nowontŷ '̂'"̂  who found cuprous 

t e l l u r i d e (Cu2Te) to have a hexagonal structure with l a t t i c e constants, 

c «= 7.27 A and a = 4.23 A. For tellurium r i c h samples the values of c 

and a were found to be 7.24 and 4.19 A respectively. The atom-to-atom 

distances i n Cu^Te were estimated to be Cu-Cu = 2.23 A, Te-Te - 2.82 A 

and Cu-Te = 2.67 A. I t i s therefore reasonable to suppose that cuprous 

t e l l u r i d e has phases which are closely analogous to those of cuprous 
1 1 , ^ ^ (58) sulphide 
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Cusano's^^^^ study of the spectral response of Cu^Te/CdTe 

heterojunction indicated that cuprous t e l l u r i d e was opto-electronically 

inactive and simply produced a low resistance ohmlc contact to p-type 

CdTe i n the n-CdTe/p-CdTe/Cu2Te p-n homojunction. Cu2Te solar cells 

have also been studied by Bernard et a l ^ ^ ^ ^ who investigated the 

properties of copper t e l l u r i d e with d i f f e r e n t tellurium to copper ratios 

using previously obtained data^^^'^*^. Junction studies again revealed 

that the c e l l was probably a cadmium t e l l u r i d e p-n homojunction with the 

copper t e l l u r i d e acting as a semi-transparent conducting electrode. 

Cu2Te films were found to degrade with time and this was associated with 

the presence of moisture, absorbed oxygen, and the diffusion of 
(57,65-67) 

copper 

2.4 Review of CdTe Solar Cells 

The history of CdTe solar cells dates back to the 1960's when 

Vodakov et a l ^ ^ ^ ^ and Naumov and Nikolaeva^^^^ reported efficiencies of 

4 and 6 percent respectively for their homojunction c e l l s . However, 

other early studies of cadmium t e l l u r i d e revealed that an economical 

CdTe homojunction t e r r e s t r i a l c e l l was not feasible, because minority 

c a r r i e r lifetimes i n CdTe were less than 10~^ sec^^'**°'^°\ 

Nevertheless, Barbe et a l ^ ^ ^ ^ produced a shallow homojunction c e l l on an 

n-type substrate with an efficiency of 13.4Z under AMI illumination. 

Several alternative CdTe heterojunction c e l l s have been fabricated and 

investigated during the last two decades i n attempts to produce an 

e f f i c i e n t c e l l . 

In 1963 Cusano^^^^ produced CdTe/Cu2Te th i n f i l m and single crystal 

heterojunctions with efficiencies of 6 and 7.5Z respectively. The cell s 

were fabricated by treating CdTe films and single crystals i n a warm 

aqueous solution of cuprous chloride to form copper t e l l u r i d e . Similar 
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devices were prepared by Leburn^^^^ and Bernard et a l ^ ^ " ^ using flash 

evaporation of Cu^Te although this was never f u l l y investigated. 
(73) 

A year la t e r Muller and Zuleeg reported preliminary results 

with a CdS/CdTe c e l l . This device had an Al/CdS/CdTe/Au structure and 

was fabricated by vapour deposition of 1 pm thick CdS and 500 A thick 
(74) 

CdTe layers. This was followed by Dutton and Muller who reported 

c e l l s formed by evaporating '\' 100 A of either Te or CdTe onto -v* 1 pm 

thick films of CdS. Spectral s e n s i t i v i t y studies, however, revealed the 

presence of a CdS Te^ graded region i n addition to CdTe, indicating 

that these devices were not ideal heterojunctions. In 1971, Bonnet and 

Rabenhorst^^^^ produced CdS/CdTe heterodiodes with graded bandgaps by 

co-evaporation of CdS and CdTe onto glass substrates maintained at 

180°C. 

In the early 1970's there were several reports of the fabrication 

and evaluation of CdS/CdTe t h i n f i l m diode a r r a y s T h e arrays 

which were investigated for potential applications to optoelectronics, 

had a layered structure of n-Sn02/n-CdS/p-CdTe/metal. Short c i r c u i t 

currents of 15 mA/cm̂  and open c i r c u i t voltages of 0.3V were measured 

under 100 mW/cm̂  illumination. The spectral s e n s i t i v i t y of the 

photovoltage was consistent with the known cut-off wavelengths for CdS 

and CdTe. 
(79) 

In 1972 Bonnet and Rabenhorst^ published the details of an a l l 

t h i n f i l m CdS/CdTe heterojunction c e l l fabricated on a molybdenum f o i l 

substrate. A layer of CdTe 10-20 pm thick was f i r s t evaporated onto the 

Mo substrate using a high temperature reactor, then a layer of CdS was 

vacuum evaporated at a substrate temperature of 180**C. D i f f i c u l t i e s 

were experienced i n try i n g to obtain an ohmic contact to the p-type 

CdTe, and i t was found necessary to deposit a thi n layer of Cu onto the 

Mo substrate before evaporating the CdTe layer. 
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Two years later Fahrenbruch et a l ^ ^ ^ ^ reported on calculations of 

the photovoltaic conversion efficiencies of I I - V I compounds, i n which 

they estimated an efficiency of 17% for CdTe/CdS ce l l s . Fahrenbruch et 

al then fabricated CdS/CdTe devices by close-space vapour transport of 

CdTe i n Ĥ  onto single crystals of CdS. The highest efficiency achieved 

was 4.0 percent with an open c i r c u i t voltage of 0.61 V, a short c i r c u i t 

current of 14 mA/cm̂  and a f i l l factor of 36% under 80 mW/cm̂  

illumi n a t i o n . Indium and Ni were used to make ohmic contacts to CdS and 

CdTe respectively. 

In 1975 Yamaguchi et a l ^ ^ ^ ^ produced a single crystal CdTe/CdS c e l l 

with an efficiency of 4.5%, an open c i r c u i t voltage of 0.55V, a short 

c i r c u i t current of 14 mA/cm̂  and a f i l l factor of 47%. The cells were 

fabricated by vapour deposition of In-doped CdS on P-doped CdTe 

substrates i n a H2 atmosphere at a substrate temperature of 400 to 

500°C. The CdS layer was about 30 iJm thick with a r e s i s t i v i t y of 0.1 

n-cm. SEM studies of the junction indicated the diffusion of indium into 

the CdTe to form an n-CdS/n-CdTe/p-CdTe junction. After further 
(49) 

development, Yamaguchi et al obtained an active area efficiency of 

12% i n c e l l s fabricated by e p i t a x i a l growth of CdS on (111) P-doped CdTe 

grown by the Bridgeman technique. The basic structure was 

In-Ga/CdS/CdTe/Nl. Careful analysis of thi s c e l l indicated that i t was 
actually a buried homojunction with an n-CdS/n-CdTe/p-CdTe structure. 

(81) 

Bube et al have also produced 7.9% e f f i c i e n t devices using the same 

approach. 

Spray pyrolysis has been used to put down "windows" of GiS and 

ZnCdS on CdTe wafers^^^^ to produce CdS/CdTe and ZnCdS/CdTe 

heterojunctions. These c e l l s have exhibited OCV values of 0.74 V and 

0.80 V respectively, and efficiencies of 6.0 and 7.8%. 
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Solar c e l l s fabricated using close-space vapour transport of CdTe 

onto CdS have produced efficiencies of up to 4% with an open c i r c u i t 

voltage of 0.61 V and a quantum efficiency of 0.85^^"^^ Tyan and 

Perez-Albuerne^^'^^ described a th i n f i l m heterojunction fabricated by 

the close-space sublimation technique. The cells had typical values of 

open c i r c u i t voltage of 'V' 750 mV, short c i r c u i t current 17 mA/cm̂ , f i l l 

factor -v- 62% and efficiency 10.5% under simulated AM2 illumination. 
(85) 

Basol et a l have investigated electrodeposited CdS/CdTe thin f i l m 

c e l l s . The efficiency achieved was 8% for small area (0.02 cm^) devices 

under 80 mW/cm̂  illumination and for large area (4.2 cm^) devices i t was 

7%. 

The use of a larger bandgap window i n place of CdS should i n 

prin c i p l e result i n more e f f i c i e n t c e l l s . One such p o s s i b i l i t y i s to 

replace the CdS by indium t i n oxide (ITO) and preliminary work on the 

resultant heterojunction has shown higher values of OCV as expected 

In 1982 indium t i n oxide/CdTe solar cells fabricated by electron beam 

evaporation of ITO onto p-type single crystals and th i n films of CdTe 
(86) 

deposited on single c r y s t a l CdTe substrates, were reported . A solar 

efficiency of 10.5% (referred to the active area) was achieved with OCV 

= 0.85 V, and SCC = 20 mA/cm̂  for single crystal CdTe substrate cel l s 

and of 5.5% for the t h i n f i l m ITO/CdTe structures. 

Recently, screen p r i n t i n g has emerged as a very successful 

technique for producing e f f i c i e n t CdS/CdTe thick f i l m c e l l s . Nakayama 

et a l ^ ^ ^ ^ produced an 8.1% e f f i c i e n t c e l l using a CdS/CdTe/Cu2Te 

structure which was operated i n the back-wall mode. In this c e l l , 

transparent Indium t i n oxide was f i r s t deposited on glass before the 

sequential screen p r i n t i n g of a 20-30 *jm thick n-CdS f i l m with 0.2 O-cm 
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r e s i s t i v i t y . This was followed by a 10 n-CdTe layer of about the 

same r e s i s t i v i t y . The structure was then dipped into a cuprous chloride 

solution to grow a Cu2Te layer to form a CdS/CdTe/Cu^Te device. 

Microprobe analysis of similar cells produced on single crystals 

substantiated the formation of a homojunction with 

n-CdS/n-CdTe/p-CdTe/(p^)Cu2Te heteroface structure. A screen printed 

CdS/CdTe device is being extensively researched i n Japan and recently a 

c e l l with an active area efficiency of 12.8% was reported by Matsumoto 

Other wide gap semiconductors have also been studied as possible 

window materials for CdTe solar c e l l s . For example, ZnO/CdTe cells 

prepared by spray pyrolysis have shown an efficiency of 8.8%^^^\ and 

ZnSe/CdTe ce l l s have also been considered but so far the efficiencies 
(83) 

achieved have been low, 1 and 2% 

Solar c e l l s based on CdTe have demonstrated very good potential 

during the last two decades of research but the efficiencies achieved 

are s t i l l well below the theoretical maximum of 17%. Much research 

therefore s t i l l remains to be carried out before the f u l l potential of 

the material can be realized. 



30 

REFERENCES 

CHAPTER 2 

(1) E.Becquerel, Compt.Rend, 9, 561 (1839). 

(2) H.J.Hovel, "Solar Cells", pp 191-203, AP (1975). 

(3) R.Hlll i n "Active and Passive Thin Film Devices" (Ed.T.J.Coutts) pp 

526-587, AP New York (1979). 

(4) K.J.Bachman, W.R.Sinclair, F.A.Thiel, H.Schreber, P.H.Schmidt, 

E.G.Spencer, E.Buehler and W.L.Feldman, Proc.l3th IEEE PVS 

Conference, pp 524-527 IEEE, New York (1978). 

(5) "Current Topics i n Material Science", Vol., North-Holland, 

Amsterdam (1978). 

(6) R.H.Chamberlain and J.S.Skarman, J.Electrochem Soc.113, 86 (1966). 

(7) J.L.Vossen and W.Kern, "Thin Film Processes" AP, New York, (1979). 

(8) R.C.Neville "Solar Energy Conversions, The Solar Cell", Elsevier 

S c i e n t i f i c , Amsterdam (1978). 

(9) H.J.Hovel, i n "Semiconductors and Semimetals", Vol.11, AP, New 

York, p.6 (1975). 

(10) K.L.Chopra and S.R.Das, i n "Thin Film Solar Cells", Plenum Press, 

New York and London (1983). 

(11) H.J.Hovel, In "Semiconductors and Semimetals", Vol.11, AP, New York 

p.56 (1975). 

(12) A.L.Fahrenbruch and R.H.Bube, i n "Fundamentals of Solar Cells", AP 

New York (1983). 

(13) P.J.Ireland, S.Wagner, L.L.Kazmerski and R.L.Hulstorm, Science 204, 

611 (1978). 

(14) J.J.Loforskl, Proc.IEEE 51, 677 (1963). 



31 

(15) L.L.Kazmerski and P.J,Ireland, Proc. DOE Adv.Mat.Rev.Mtg.CdS based 

Solar Cells, Department of Energy, Washington (1978). 

(16) H.C.Card and E.S.Yang, IEEE Trans.Electron.Dev.ED-24, 397 (1977). 

(17) L.L.Kazmerski, Solid State Electron 21, 1545 (1978). 

(18) L.L.Kazmerski, i n "Solar Materials Science", (Ed.L.E.Murr) 

AP, p.508 (1980). 

(19) A.Rothwarf, Proc.12th IEEE PVS Conf. New York p.488 (1977). 

(20) L.L.Kazmerski, In "Ternary Compounds 1977" (Ed.G.Holah) I n s t i t . o f 

Physics, Great B r i t a i n , pp 217-228 (1977). 

(21) J.J.Loferskl, J.Shewchun, B.Roessler, R.Beaulieu, J.Piekoszewski, 

M.Gorska and G.Chapman, Proc.13th IEEE PVS Conf. pp 190-194 (1978). 

(22) R.H.Bube, "Photoconductivity in Solids", John Wiley, New York, pp 

197-254 (1960). 

(23) Solar Materials Science (Ed.L.E.Murr), AP, p.510 (1980). 

(24) Y.Marfaing, "Solar Energy Conversion and Applications", 

C.N.R.S,Paris, p.671 (1978). 

(25) P.A.lies and S.I.Soclof, Proc.10th IEEE PVS Conf., New York, p.19 

(1973). 

(26) J.L.Moll, "Physics of Semiconductors", McGraw-Hill, New York, 

ppllO-121, (1964). 

(27) L.M.Fraas, J.Appl.Phys.49, 871 (1979). 

(28) Matare, "Defect Electronics i n Semiconductors", Wiley-Inter 

Science, 

New York (1971). 

(29) S.Wang, "Solid State Electronics", McGraw-Hill, New York, pp 

275-308 (1966). 

(30) G.A.Armantrout, J.H.Yee, E.Flsher-Colbrle, J.Leong, D.E.Miller, 

E.J.Hsieh, K.E.Vlnelov and T.J.Brown, Proc.13th IEEE PVS Conf.,New 

York, pp 383-392 (1978). 



32 

(31) H.J.Hovel, "Solar Cells", AP, New York, pp8-110 (1975). 

(32) W.E.Spear and P.G.Le Comber, Phil.Mag.33, 935 (1976). 

(33) W.E.Spear and P.G.Le Comber, Solid State Commn. 17, 1193 (1975). 

(34) D.E.Carlson, i n "Polycrystalline and Amorphous Thin Films and 

Devices", (Ed.L.L.Kazmerski), Chapter 7, AP, New York (1980). 

(35) S.O^shinsky, New Scientist, p.674, November (1978). 

(36) A.V.Nurmikko, App.0pt.l4, 2662 (1975). 

(37) K.W.Mitchell, "Evaluation of the CdS/CdTe Heterojunction Solar 

Cells", Garland Publishing Inc., New York, p.107 (1979). 

(38) R.O.Bell, B.H.Serrez and F.V.Wald, Proc.llth IEEE PVS Conf., p.497, 

(1975). 

(39) E.S.Atrobolevskaya, E.A.Afnas'eva, L.K.Vodop'Yanov and V.P.Sushkov, 

(1967), Fiz.Tekh Poluprovodn, 1, 1854 (Eng.Transl.(1968), 

Sov.Phys.Semicond., 1, 1531). 

(40) D.A.Cusano and M.R.Lorenz, Solid State Commun., 2, 125 (1964). 

(41) E.Janik and R.Triboulet, J.Phys. D App.Phys.l6, pp 2333-2340 

(1983). 

(42) J.P.Ponpon, "Solid State Electronics", Vol.28. No.7, p.689 (1985). 

(43) J.Gu, T.Kltahara, K.Kawakami and T.Sakaguchi, J.App.Phys.46, 1184 

(1975). 

(44) M.Chu, R.H.Bube, and J.F.Gribbons, J.Electrochem Soc.127, 483 

(1980). 

(45) A.L.Fahrenbruch, F.Buch, K.Mitchell and R.H.Bube, 11th IEEE. PVS 

Conf., p490, (1975). 

(46) G.R.Awan, A.W.Brinkman, G.J.Russell and J.Woods, 7th European PV 

Solar Energy Conf., Seville, Spain (1986). 

(47) M.J.Robertson, Ph.D.Thesis, University of Durham, p.37 (1980). 

(48) K.Yamaguchl, N.Nakayama, H.Matsumoto, Y.Hioki and S.Ikegami, 

Jpn.J.App.Physics 14, 1397 (1975). 



33 

(49) K.Yamaguchi, H.Matsumoto, N.Nakayama and S.Ikegami, 

Jpn.J.App.Phys.Vol.15, p.1575 (1976). 

(50) J.J.Scheer and J.Van Laar, Philips Res.Rep.16, 323 (1961). 

(51) L.J.Vanruyven, J.M.P.Papenhijzen and A.C.J.Verhoeven, Solid State 

Electron.8, 631 (1965). 

(52) G.Zeidenbergs and R.L.Anderson, Solid State Electron., 10, 113 

(1967). 

(53) R.L.Anderson, Solid State Electron, 5, 341 (1962). 

(54) A.M.Barneth, J.Bragnolo, R.B.Hall, J.E.Phillips and J.D.Meakin, 

13th IEEE PVS Conf..Washington D.C.(1978). 

(55) J.L.Shay et a l , J.App.Phys.47, 614 (1976). 

(56) J.L.Shay et a l , Proc.11th PVS Conf.Phoenix, Az, p.503 (1975). 

(57) D.A.Cusano, Sol.St.Electron 6, 217 (1963). 

(58) R.Hill , i n "Active and Passive Thin Film Devices", (Ed.T.J.Coutts), 

AP. p.581 (1978) . 

(59) G.P.Sorokin, Yu.M.Papshev and P.T.Gush, (1965), Flz.Tverd.Tela 7, 

2244 (Engl.Trans1.(1966) Sov.Phys.Solid State 7, 1810). 

(60) S.A.Foreman and M.A.Peacock, Am.Minrologlst 35, 441 (1949). 

(61) H.Nowonty, Metallforsch., 1, 40 (1946). 

(62) J.Bernard, R.Lacon,C.Paparoditls and M.Rodot, Rev.Phys.Appl.1, 211 

(1966). 
(63) V.C.Kleu and H.Rodot, C.R.Acad.Sci, 260, 1908 (1965). 

(64) C.Paparoditis, C.Stella, D.Darmagna and J.Bernard, 

Comm.Coll.Internat.Physics Couches Minces Clausthal-Gottingen 

(1965). 

(65) E.W.Justi, G.Schneider and J.Seredynski, Energy Conversion, 13, 53 

(1973). 



34 

(66) J.Leburn, Proc.Int.conf.Phys.Chein.Semicond;Heterojunctions Layer 

S t r u c t . , 4, 163 (1971). 

(67) R . G u i l l i e n , P.Leltz and W.Palz, Proc.Int.Conf.Phys.Chem.Semlconduc; 

Heterojunction Layer S t r u c t . 2, 283 (1971). 

(68) Yu. A.Vodakov, G.A.Lomaklna, G.P.Naumov and Yu.P.Maslakovets, 

Sov.Phys.Solid State 2, 1 (1960). 

(69) G.P.Naumov and 0.V.Nlkolaev, Flz.Tverd Tela 3, 3748, 

(Engl.Transl.Sov.Physics So l i d State 3, 2718 (1962). 

(70) D.A.Cusano, i n "Physics and Chemistry of I I - V I Compounds", 

(Eds.M.Aven and J.S.Prener) Wiley, New York, pp.709-762 (1967). 

(71) M.Barbe, F . B a i l l y , D.Lincot and G.Cohen-Solal, IEEE PVS Conf,, 

p.1133 (1982). 

(72) J.Leburn, 8 th IEEE PVS Conf., 33-34, (1970), 

(73) R.S.Muller and R.Zuleeg, J.App.Phys. 35, 1550 (1964). 

(74) R.W.Dutton and R.S.Muller, S o l i d State E l e c t r o n i c s , 11, 749 (1968). 

(75) D.Bonnet and H.Rabenhorst, Proc.Int.Conf.Phys. and Chem.Semicond. 

Heterojunctions (Ed-in-Chief G.Szigeti) V o l . 1 , p.119, Akademiai 

Kiado, Budapest (1971). 

(76) E . I . A d i r o v i c h , Y.M.Yuabov and G.R.Yagudaev, Soviet Physics Doklady 

15, 553 (1970). 

(77) E.I.Adirovich, Y.M.Yuabov and G.R.Yagudaev, Phys.Stat.Sol (a) 6, 

311 (1971). 

(78) E.I.Adirovich, Y.M.Yuabov and G.R.Yagudaev, 

Proc.Int.Conf.Phys.Chem.Semlcond.Heterojunctions (Ed-ln-Chlef 

G . S z i g e t i ) , Vol.2, p.151, Akademiai Kiado, Budapest (1971). 

(79) D.Bonnet and H.Rabenhorst, Proc.9th IEEE PVS Conf., p.129 (1972). 

(80) A.L.Fahrenbruch, V.Vesllchenko, F.Buch, K . M i t c h e l l and R.H.Bube, 

App.Physics L e t t . 2 5 , 605 (1974). 



35 

(81) R.H.Bube, A.L.Fahrenbruch, E.H.Z.Taheri, J.Arnovich, F.Buch, M.Chu, 

K.M i t c h e l l and Y.Ma, (1976), 

Quart.Prog.Rep.NSF/RANN/SE/AER-75-1679/76/1, Dept.of Mat.Sci. and 

Eng..Stanford U n i v e r s i t y , Stanford, California,U.S.A. 

(82) A.L.Farhenbruch, J.Aranovlch, F.Courrages, S.Y.Yin and R.H.Bube, 

Proc.2nd European Commission, PV Solar Energy Conf., B e r l i n , p.608 

( A p r i l 1979). 

(83) K.Zanio, i n "Semclonductors and Semimetals", Vol.13, p.201, 

AP(1978). 

(84) Y.S.Tyan and E.A.Perez-Albuerne, Proc.l6th IEEE PVS Conf.(1982). 

(85) B.M.Basol, E.S.Teseng and R.L.Rod, Proc.l6th IEEE PVS Conf., p.805 

(1982). 

(86) J.G.Werthen, T.C.Anthony, A.L.Fahrenbruch and R.H.Bube, Proc.l6th 

IEEE PVS Conf., p.1138 (1982). 

(87) N.Nakayama, H.Matsumoto, K.Yamaguchl, S.Ikegaml and Y.Hloki, 

Jpn.J.App.Phys.15, 2281 (1976). 

(88) H.Matsumoto, K.Kurlbayashi, H.Uda, Y.Komatsu, A.Nakano and 

S.Ikegami, Solar C e l l s , 11, pp 367-373 (1984). 

(89) J.A.Aranovich, D.Golmayo, A.L.Fahrenbruch and R.H.Bube, 

J.App.Phys., 51 ( 8 ) , 4260 (1980). 



36 

CHAPTER 3 

REVIEW OF THE PRINCIPLES OF DEVICE OPERATION 

3.1 I n t r o d u c t i o n 

Although the experimental aspects of f a b r i c a t i o n and 

c h a r a c t e r i s a t i o n of CdTe based so l a r c e l l s are the major concerns of 

t h i s t h e s i s , the underlying p r i n c i p l e s and theory s t i l l r e t a i n t h e i r 

relevance. This Chapter i s t h e r e f o r e p r i m a r i l y devoted to a review of 

the fundamental physics of s o l a r c e l l s . I n essence, a sol a r c e l l i s a 

p-n j u n c t i o n or a Schottky b a r r i e r device i n which the i n c i d e n t l i g h t i s 

absorbed t o produce e l e c t r i c a l energy. I n both types of device the 

j u n c t i o n and m a t e r i a l p r o p e r t i e s govern the f i n a l behaviour of the c e l l . 

I t i s thus appropriate to describe, i n the f i r s t p a r t of t h i s chapter, 

the c h a r a c t e r i s t i c s of a p-n j u n c t i o n together w i t h current t r a n s p o r t 

mechanisms both i n the dark and under i l l u m i n a t i o n . 

C h a r a c t e r i s a t i o n of the m a t e r i a l s used was also c a r r i e d out during 

t h i s work. The main techniques used f o r e l e c t r i c a l c h a r a c t e r i s a t i o n 

included space charge l i m i t e d c u r r e n t (SCLC) a n a l y s i s , steady s t a t e 

photocapacitance and deep l e v e l t r a n s i e n t spectroscopy (DLTS). Schottky 

b a r r i e r s t r u c t u r e s as w e l l as he t e r o j u n c t i o n s were used to provide 

s u i t a b l e s t r u c t u r e s f o r the space charge region based measurements. The 

second p a r t of t h i s chapter t h e r e f o r e describes an overview of the 

re l e v a n t theory of Schottky b a r r i e r devices, and background theory of 

c r y s t a l Imperfections. 

3.2 P-n Junction C h a r a c t e r i s t i c s 

Solar c e l l s may be e i t h e r homojunctions or h e t e r o j u n c t i o n s , but i n 

both cases i t i s the p-n j u n c t i o n t h a t provides the means f o r separating 

the p o s i t i v e and negative charge c a r r i e r s l i b e r a t e d by the absorption of 
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l i g h t . The separated charges generate an electromotive force (EMF) 
dm. «^ 

which then d r i v e s ^ e l e c t r l c c u r r e n t through/external c i r c u i t to produce 

u s e f u l power. The e f f i c i e n c y of the photovoltaic conversion process i s 

c l o s e l y r e l a t e d to the q u a l i t y of the p-n j u n c t i o n and the diode 

c h a r a c t e r i s t i c s . Thus, i n t h i s s e c t i o n some of the basic current 

t r a n s p o r t mechanisms i n both i d e a l and r e a l devices w i l l be discussed. 

3.2.1 Dark Current Mechanisms i n p-n Homojunctions 

The i d e a l dark 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 f o r a homojunction 

are w e l l described i n the l i t e r a t u r e . Hovel^''^^ has discussed many of 

the cases r e l a t i n g to sol a r c e l l s . Three mechanisms are generally 

thought to c o n t r i b u t e to the dark current i n forward-biased j u n c t i o n s . 

They are I l l u s t r a t e d i n Fig 3.1 and include: (1) i n j e c t i o n c u r r e n t ; (2) 

space charge region recombination c u r r e n t ; and (3) tunneling through 

l o c a l i z e d s t a t e s . 

(1) I n j e c t i o n c u r r e n t : The i n j e c t i o n current component (Fig 3.1) 

co n s i s t s of electrons i n j e c t e d from the n-side conduction band over the 

p o t e n t i a l b a r r i e r to the p-side where they d i f f u s e (and d r i f t , i f there 

i s an e l e c t r i c f i e l d ) away from the j u n c t i o n . Eventually they recomblne 

w i t h holes e i t h e r i n the bulk or a t a surface. There i s also analogous 

c u r r e n t due t o hole i n j e c t i o n from the p-slde valence band i n t o the 

n-side. The I n j e c t e d c u r r e n t i s described by the Shockley d i f f u s i o n 
(2) 

model which i s based on the f o l l o w i n g assumptions: (a) the b u i l t - i n 

p o t e n t i a l and applied voltages are supported by a dlpole layer w i t h 

abrupt boundaries while outside the boundaries the semiconductor i s 

n e u t r a l ; (b) the Boltzmann approximation i s v a l i d ; (c) the I n j e c t e d 

m i n o r i t y c a r r i e r d e n s i t i e s are s n a i l compared w i t h the m a j o r i t y c a r r i e r 

d e n s i t i e s ; and (d) no generation or recombination currents e x i s t i n the 

d e p l e t i o n l a y e r , and the e l e c t r o n and hole currents are constant through 

the d e p l e t i o n region. 



p - C d T e n - C d S 

0 Injection 

(D Recombination 

jL X ® Tunneling 

Forward Bias Current Transport 

F i g . 3.1 : Current t r a n s p o r t mechanisms i n forward biased p-n CdS/CdTe 
h e t e r o j u n c t i o n (Ref. 4) 
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Neglecting the surface recombination, i . e . the j u n c t i o n i s f a r from 

the surface, the diode current I s expressed by the Shockley diode 
(2) 

equation : 

J - J exp _£V - 1 
AkT 

(3.1) 

where 
n D p D 
-E_a + IBJE 

•- n 
(3.2) 

and q i s the charge of an e l e c t r o n ; A, the diode f a c t o r i s equal t o 

u n i t y ( i d e a l case); V i s the voltage across the i d e a l j u n c t i o n ; n i s 
P 

the e l e c t r o n concentration i n the p-region; p^ i s the hole concentration 

i n the n-reglon; and D , L and D , L are the m i n o r i t y c a r r i e r 
n n p p 

d i f f u s i o n c o e f f i c i e n t s and d i f f u s i o n lengths i n the n and p regions 

r e s p e c t i v e l y . The e q u l l l b r i u n m i n o r i t y c a r r i e r concentrations are given 

by: 

° p - " ' l / ^ " (3.3) 

^ n " (3.4) 

where and Np are ionize d acceptor and donor d e n s i t i e s 

r e s p e c t i v e l y , and n^ the I n t r i n s i c c a r r i e r concentration 

(3.5) 
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and are the e f f e c t i v e d e n s i t i e s of the states f o r the conduction 

and valence bands r e s p e c t i v e l y , and E i s the semiconductor bandgap. 

The d i f f u s i o n constant i s r e l a t e d to the c a r r i e r m o b i l i t y and i s 

expressed by the E i n s t e i n r e l a t i o n . 

D = (kT/q) n (3.6) 

where y i s the c a r r i e r m o b i l i t y . S u b s t i t u t i n g t h i s expression i n t o 

equation 3.2, the reverse s a t u r a t i o n current i s given by: 

= (kT) (n^ ) (;J„/N.L + M„/N_L ) (3.7) o 1 n A n p D p 

from which i t can be seen that depends d i r e c t l y on the temperature 

and c a r r i e r m o b i l i t i e s , but in v e r s e l y w i t h the donor and acceptor 

d e n s i t i e s and 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 lengths. Generally 

speaking f o r solar c e l l considerations, should be small. 

(2) Space charge region recombination c u r r e n t : When a p-n j u n c t i o n 

i s forward biased, electrons from the n-side and holes from the p-side 

are i n j e c t e d across the j u n c t i o n space charge region i n t o the p and n 

sides r e s p e c t i v e l y . However, at the same time some of these c a r r i e r s 

recombine i n the d e p l e t i o n region, r e s u l t i n g i n an increase i n the dark 

c u r r e n t through the device. This "space charge region recombination 
(3) 

c u r r e n t " was f i r s t described by Sah et a l . They assumed: ( i ) the 

doping l e v e l s were the same on opposite sides of the j u n c t i o n ; ( i i ) only 

s i n g l e - l e v e l recombination centres located i n the v i c i n i t y of the middle 

of the bandgap are important; and ( l i l ) the recombination r a t e i s 

approximately constant w i t h i n the space charge region. 
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The space charge region recombination cur rent i n the dark under 

forward bias i s given by the r e l a t i o n 

" i ^ r 2 slnh (qV/2kT)f(b)" 
T«„ ^^r. q(V,-V)/kT po no L ^ b -I 

T _ • I - a^M^t y ^ , / ^t^j. y ^ \^ , I (3.8) 
po 

where W i s the de p l e t i o n region w i d t h , T^^, T^^ are the m i n o r i t y 

c a r r i e r l i f e t i m e s on the two sides of the j u n c t i o n , V i s the voltage 

across the j u n c t i o n , V^ i s the j u n c t i o n b u i l t - i n v o l t a g e , and the f a c t o r 

f ( b ) i s a f u n c t i o n i n v o l v i n g the t r a p l e v e l and the two l i f e t i a e s as 

f o l l o w s : 

f ( b ) = 

and 

dx (3.9) 
+ 2bx + 1 

b = exp(-qV/2kT) cosh [(E^-E^)/kT +Ci)Jtn(Tpo/T„o)] (3.10) 

where E^ i s the i n t r i n s i c Fermi l e v e l . 

The Sah et a l (S-N-S) theory was extended by Choo^^^ to asymmetric 

j u n c t i o n s where the trap l e v e l s are not located at mid-gap, doping 

l e v e l s on each side of the j u n c t i o n are unequal, and the l i f e t i m e s 

T ,T are also d i f f e r e n t . The derived dark current expression i s po no 

e s s e n t i a l l y the same as equation 3.8, except the f a c t o r f ( b ) i s smaller 

i n magnitude than t h a t obtained by Sah et a l , i . e . the e f f e c t of 

j u n c t i o n asymmetries i s to lower the recombination current below the 

value p r e d i c t e d by the S-N-S theory. The recombination current 

expressed by r e l a t i o n 3.8 can be s l a p l i f i e d using . the f o l l o w i n g 

assumptions. 
(a) when N^ » the d e p l e t i o n l a y e r width W i s given by: 

W - (2e/qN^)^ ( V ^ ^ ^ ' ^^'^^^ 

(b) f o r an applied voltage V » 2kT/q (COSY. at 300 K), 
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s i n h (qV/2kT) s i m p l i f i e s to J exp (qV/2kT). Under these c o n d i t i o n s , the 

recombination c u r r e n t i s given by: 

J = exp(qV/2kT) (3.12) 

where 

J = J exp (-E /2kT) (3.13) o oo g 
and 

^oo = f ^ ^ ^ ^2N^N^e/qN^Tp^T^^)i (V^-V)"* f ( b ) (3.14) 

where e i s the d i e l e c t r i c constant. 

(3) Tunneling c u r r e n t : The t h i r d type of dark current f o r the 

homojunctions i s a t u n n e l i n g c u r r e n t caused by electrons or holes 

t u n n e l i n g from the conduction or valence band i n t o energy l e v e l s w i t h i n 

the bandgap, followed by e i t h e r t u n n e l i n g the remainder of the way i n t o 

the opposite band or by a tunneling-recombination mechanism. The 

t u n n e l i n g c u r r e n t through l o c a l i z e d states i s given by the 

expression : 

J = exp(aV) (3.15) 

where 
J = B N^ exp(-oV, ) (3.16) 
O t D 

and 
a = 4 

"3^ 
m% f ! a 1 > (3.17) 

where m i s the e f f e c t i v e mass and the term a i s e s s e n t i a l l y temperature 

independent, but v a r i e s through the s l i g h t temperature-dependence of 

I n homojunctions, the i n j e c t i o n and space charge recombination 

c u r r e n t s are u s u a l l y the major components of the dark c u r r e n t . 

Tunneling can be important f o r high c o n d u c t i v i t y (0.01 JJ-cm) Si devices. 

The major d i f f e r e n c e s between the i n j e c t i o n and space charge 

recombination c u r r e n t s l i e i n t h e i r v oltage, temperature and bandgap 



dependences. The i n j e c t i o n and space charge currents vary as expTqV/kT) 

and exp(qV/2kT) r e s p e c t i v e l y . The bandgap dependence of f o r the 

i n j e c t i o n currents i s expressed i n the form, exp(-E /kT), compared to 

exp(-E /2kT) f o r the space charge recombination c u r r e n t , i n d i c a t i n g that 

recombination becomes i n c r e a s i n g l y important r e l a t i v e to i n j e c t i o n 

mechanism f o r large bandgap m a t e r i a l s and at low temperatures. Further 

d e t a i l s of the dark current mechanisms i n homojunctions can be found i n 

the books of Hovel^''^^ and Sze^^\ 

3.2,2 Heterojunctions 

A h e t e r o j u n c t i o n i s simply a j u n c t i o n formed between two d i s s i m i l a r 

semiconductors. The h e t e r o j u n c t i o n i s r e f e r r e d to as isotype i f the two 

semiconductors have the same type of c o n d u c t i v i t y , otherwise i t i s 

r e f e r r e d to as an anisotype. I n 1951, Shockley proposed the abrupt 

h e t e r o j u n c t i o n to be used as an e f f i c i e n t emitter-base j u n c t i o n i n a 

b i p o l a r t r a n s i s t o r T h i s was followed by Gubanov's t h e o r e t i c a l work 

on h e t e r o j u n c t l o n s ^ ^ \ Kroemer^^^ l a t e r analysed a s i m i l a r , although 

graded, h e t e r o j u n c t i o n as a wide-gap em i t t e r . Since then 

h e t e r o j u n c t i o n s have been exte n s i v e l y studied f o r a p p l i c a t i o n s such as 

l i g h t - e m i t t e r diodes, photodetectors and solar c e l l s . Heterojunctions 

have been reviewed by Mllnes and Feucht^^^ Sharma and P u r o h i t ^ ^ ^ ^ and 

Casey and Panish^^''"^ 

The i n j e c t i o n c u r r e n t model f o r heterojunctions was f i r s t developed 

by Anderson^^^'^^^ as an extension of the conventional model f o r 
(2) 

homojunctions w i t h b a r r i e r heights evaluated i n terms of the 

energy-band p r o f i l e . When the e f f e c t s of dlpoles and i n t e r f a c e states 

are n e g l i g i b l e , the energy band p r o f i l e of the n-CdS/p-CdTe 

h e t e r o j u n c t i o n at thermal e q u i l i b r i u m and zero-bias i s as shown i n Fig 
(4) 

3.2(a) and (b) before and a f t e r the formation of an abrupt j u n c t i o n 
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F i g . 3.2 : E q u i l i b r i u m energy band diagram f o r the CdS/CdTe he t e r o j u n c t i o n 
(Ref. 4 ) : (a) before; and (b) a f t e r the formation of an abrupt 
p-n j u n c t i o n . 
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Both the semiconductors are characterized by t h e i r e l e c t r o n a f f i n i t i e s , 

bandgaps and work f u n c t i o n s . I n t h i s ( i d e a l ) s i t u a t i o n , the b a r r i e r 
( 1 4) 

height i s given by: ' 

Vb = Egp+ ^ W ^ p ^3-i«> 

where AE^ i s the conduction band d i s c o n t i n u i t y at the h e t e r o - i n t e r f a c e , 

and 6 and 5 are the displacements of the Fermi l e v e l from the n p 

conduction band edge i n the n(CdS) and p(CdTe) type m a t e r i a l s , 

r e s p e c t i v e l y . E i s the bandgap of p-type m a t e r i a l . The 

d i s c o n t i n u i t i e s are given by: 

AE^ = Xp- X„ (3.19) 

AE » (E -E ) -AE (3.20) V ^ gn gp c 
where E i s the band gap of n-type m a t e r i a l , gn 

The cu r r e n t - v o l t a g e r e l a t i o n s h i p takes the form^^'^^^: 

J - J exp(-qV, /kT) rexp(qV^/kT)- exp(-qV^/kT) (3.21) oo bp p n _ 

where 

J - X q D N„/L (3.22) oo ^ n D n 
and 

V - K V (3.24) 
P P 

V = K V where K - 1-K (3.25) n n n p 

V, i s the p o r t i o n of the b u i l t - i n voltage on the p-side of the bp 
j u n c t i o n ; V and V are the p o r t i o n s of the applied voltage appearing i n 

P n 
the p and n-side of the j u n c t i o n ; X i s the transmission c o e f f i c i e n t f o r 

el e c t r o n s to pass the i n t e r f a c e ; D , L are the d i f f u s i o n constant and 
n n 
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d i f f u s i o n length r e s p e c t i v e l y f o r electrons i n the p-type semiconductor. 
The c o n t r i b u t i o n to the current from the i n j e c t i o n of holes i n t o the 
wider bandgap semiconductor i s n e g l i g i b l e because of the large energy 
b a r r i e r to hole i n j e c t i o n a r i s i n g from AE^. When the n-type (CdS) i s 
h i g h l y doped w i t h respect to the p-type semiconductor, the expression 
f o r the current-voltage s i m p l i f i e s as: 

J 

where 

= exp (qV/kT) -1 (3.26) 

= (XqNpD^/L^)exp(-qVj^/kT) (3.27) 

The energy band d i s c o n t i n u i t i e s and the appearance of i n t e r f a c e 

s t a t e s complicate the f o r m u l a t i o n of recombination c u r r e n t . 

Recombination can take place e i t h e r through the i n t e r f a c e states or i n 

the space charge region and i s af f e c t e d by the band p r o f i l e w i t h i n the 
(14) 

j u n c t i o n region. Dolega proposed a recombination current model 

which i s based on the assumption that the thermal emission of c a r r i e r s 

takes place i n t o a t h i n region at the j u n c t i o n where the recombination 

v e l o c i t y i s high due t o the I n t e r f a c e s t a t e s . This model simply 

describes the h e t e r o j u n c t i o n as two back-to-back Schottky diodes, having 

the boundary c a r r i e r concentrations dependent upon the applied bias. 

S i m i l a r treatments of the current transport assuming a m e t a l - l i k e t h i n 

l a y e r of the recombination centres at the j u n c t i o n were developed by 

Oldham and Milnes^"*"^^ and Donnelly and Milnes^''"^^ Using Dolega's 

theory. Van Opdorp^^^^ derived an expression f o r the recombination 
c u r r e n t of the for«^''^°>: 

J ^ f e x p (qV/AkT) - 1 (3.28) 
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where 

J = J exp (-qV/AkT) (3.29) o oo 

The diode f a c t o r A (which l i e s between 1 and 2) i s a f u n c t i o n of 

the Imperfection d e n s i t i e s i n the two semiconductors and J i s a weak 
oo 

f u n c t i o n of temperature. The recombination current w i t h i n the depletion 

region can be approximated by the expression f o r the horaojunctlons given 

by equation 3.8. 
The t u n n e l i n g mechanism to describe the c i r r ent-voltage 

c h a r a c t e r i s t i c s of an abrupt h e t e r o j u n c t i o n was f i r s t reported by 
(18) 

Rediker et a l . The t u n n e l i n g current f o r a h e t e r o j u n c t i o n i s 

e s s e n t i a l l y the same as f o r a homojunctlon except t h a t : the number of 

s t a t e s responsible f o r t u n n e l i n g i s much higher, due to i n t e r f a c e 

s t a t e s ; an a d d i t i o n a l quantum mechanical r e f l e c t i o n term must be 
included; and the t u n n e l i n g energy b a r r i e r i s modified by a d i s t r i b u t i o n 

(4) 

c o e f f i c i e n t . For N̂ ^ » N^, the tunneling current i s represented 

b y " - ' > : 
J - J exp(a K V) (3.30) o p 

wher e 

J = BXN^ exp(-aV. ) (3.31) o t o 

a = T4/3li) (m*e / N j * (3.32) 
P * 

Hare e and N. are the d i e l e c t r i c constant and the doping d e n s i t i e s 
P A 

r e s p e c t i v e l y of the p-type semiconductor. The tunneling current may 
(4) 

also be expressed aS : 

J = J exp(BT)exp (oK V) (3.33) oo p 



46 

where 

B = -a 3Egp/3T + 3AEy3T- a6n _ 36p/3T 34) 
3.T 

I n a d d i t i o n to the tunneling of c a r r i e r s , a m u l t i - s t e p 

tunneling-recombination process has been proposed by Riben and Feucht 
(19 20) 

* . The r e s u l t a n t current-voltage r e l a t i o n i s s i m i l a r to equation 
3.33. I f a number of tunn e l i n g steps are involved, the c o e f f i c i e n t a i s 

(20 21) 
modified by the nimber of steps R so t h a t a becomes ' : 

a* - a/(R)^ (3.35) 

(21) 

A d l r o v i c h et a l used the model expressed by equations 3.33 and 

3.35 to ex p l a i n the behaviour of CdS/CdTe he t e r o j u n c t i o n s . 

3.2.3 Non-ideal Diodes 

The i d e a l behaviour of the p-n j u n c t i o n s discussed e a r l i e r i s not 

gen e r a l l y seen experimentally. I n r e a l systems there are a d d i t i o n a l 

e f f e c t s which may be lumped together i n the form of a series resistance 
R and a shunt resistance R , , so that experimental behaviour may be s sh 

(22) 
approximated by the r e l a t i o n : 

J - (V-R^J)/R^^ = ^ - ^ 0 1 [H°i(^-^Vi (3.36) 

where the sum over 1 i n d i c a t e s various c o n t r i b u t i o n s t o the diode 

c u r r e n t \ ^ i c h can occur and i s w r i t t e n f o r q/A^kT. 

The s e r i e s resistance of the diode a r i s e s from two major sources: 

(1) the resistance of the ser i e s components; and (2) of the electrodes 
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and contacts to the e x t e r n a l c i r c u i t . Shunt resistance arises from the 

curre n t leakage paths w i t h i n the diode. Generally, the shunt resistance 

i n "good" diodes i s so large t h a t i t s e f f e c t s are n e g l i g i b l e . I n cases 

where i t s e f f e c t s are s i g n i f i c a n t , gross defects i n the j u n c t i o n are 

u s u a l l y the cause. The outer boundaries of a j u n c t i o n device i n e v i t a b l y 

permit some leakage of c u r r e n t , but even i n si n g l e c r y s t a l diodes, some 
(23) 

areas are found to have much higher leakage currents than average 

Surface damage during f a b r i c a t i o n seems to play a s i g n i f i c a n t r o l e i n 

reducing the shunt resistance i n these areas * 

I n t h i n f i l m devices the p o s s i b i l i t i e s f o r current leakage are 
(24) 

higher due to t h e i r s t r u c t u r e . Thin f i l m s usually have a columnar 

s t r u c t u r e with a j u n c t i o n formed on each c r y s t a l l i t e . Unless great care 

i s taken i n the d e p o s i t i o n of the base f i l m to ensure high packing 

d e n s i t y , and i n the formation of the j u n c t i o n , leakage paths can e x i s t 

down the g r a i n boundaries. The presence of gross defects, such as p i n 

holes i n the outer j u n c t i o n layer of the device formed by sequential 
evaporation can also lead to s h o r t i n g between the c o l l e c t i n g g r i d and 

(24) 

the base l a y e r 

3.2.4 Junction Capacitance 

The d e p l e t i o n w i d t h and capacitance of a p-n j u n c t i o n can be 

obtained by s o l v i n g Polsson's equation f o r e i t h e r side of the j u n c t i o n . 

An exact s o l u t i o n of the equation (which requires numerical techniques) 

I s g e n e r a l l y not necessary, since approximate a n a l y t i c a l solutions are 

adequate f o r most cases of i n t e r e s t . I t i s common to assume that i n the 

space charge re g i o n , a l l the donors and acceptors are ionized and f o r 

space charge computations, the free c a r r i e r density can be neglected. 
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Thus f o r a horaojunction Poisson's equation can be w r i t t e n as^^'^^^: 

( p ( x ) - n { x ) + Np(x) - N^(x) 

a (x) f o r 0 < X < X (3.37) 
-*— u n 

- 9^V = p/c£ = q _ I ( p ( x ) - n { x ) + 
- — O -* ' 

o 

^n^o 
= q N. f o r -X < X < 0 ^ — A p 

P o 

I n t h i s case the o r i g i n has been taken as the j u n c t i o n plane, p i s the 

charge d e n s i t y , i s the p e r m i t t i v i t y of f r e e space, x^ and x^ are the 

widths of the space charge region i n the n and p m a t e r i a l s r e s p e c t i v e l y . 

The v a r i a t i o n of Np(x) and N^C^) i s g e n e r a l l y assumed to be e i t h e r a 

step f u n c t i o n (abrupt j u n c t i o n ) or a l i n e a r f u n c t i o n of x (graded 

j u n c t i o n ) , 

For h e t e r o j u n c t i o n s the abrupt approximation i s assumed to be 

v a l i d , although some i n t e r m i x i n g of the two m a t e r i a l s on an atomic s c a l e 

probably does occur. Assuming however, that the abrupt approximation 

a p p l i e s , charge n e u t r a l i t y demands that 

X - X (3.38) 
D n A p 

Using equations 3.37 and 3.38 the width of each space charge region, as 

a f u n c t i o n of a p p l i e d v o l t a g e can be w r i t t e n : 

X = n 
^ V n S ^ \ - ^ ^ ^ o 1 (3.39) 
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The t o t a l width, W of the depletion region t h e r e f o r e i s given by: 

i 

W - X + X n p -n"p^ D (3.41) 

The r e l a t i v e voltage supported I n each side i s given by: 

bn n » A p (3.42) 
V, - V N_ e bp p D n 
where V and V are the voltage drops i n the n and p m a t e r i a l n p 

r e s p e c t i v e l y , and = V^^ + V^^. 

For an abrupt h e t e r o j u n c t l o n w i t h uniform doping, the capacitance 

pa: u n i t area (when d l p o l e and i n t e r f a c e s t a t e e f f e c t s are n e g l i g i b l e ) , 

i s given by''^'^^ 

qN_N.c e ^ D A n p, (3.43) 

I f Np»N^ then equation 3.43 takes the form: 

J f p ^ A 

^ ^ ( V ^ - V ) 

(3.44) 

The net acceptor d e n s i t y can thus be obtained from the slope o f 
_2 

a p l o t of C V8 V, and the b u i l t - i n voltage from the i n t e r c e p t on 

the v o l t a g e a x i s . 
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3.3 L i g h t Current Mechanisms 

3.3.1 E q u i v a l e n t C i r c u i t 

When a diode i s exposed to l i g h t of s u f f i c i e n t energy (h v > E ) 

e l e c t r o n - h o l e p a i r s are generated. These c a r r i e r s d i f f u s e to the 

j u n c t i o n where they are separated to produce u s e f u l e l e c t r i c a l energy. 

T h i s can be modelled as a l i g h t dependent cu r r e n t generator connected i n 

p a r a l l e l with the diode. T h i s i s i l l u s t r a t e d i n the equivalent c i r c u i t 

of F i g 3.3 which i n c l u d e s s e r i e s and shunt r e s i s t a n c e components. 

The g e n e r a l e x p r e s s i o n f o r the t o t a l c i r r ent through the 

i l l u m i n a t e d diode i s given by the fo l l o w i n g equation which i s a l i n e a r 
(26) 

super p o s i t i o n of the dark and l i g h t generated c u r r e n t s 

, V-JR J - s 
sh 

e x p ( _ l _ ^ ^ - ^ ^ s ^ 
jA.kT t - - ^ L ^ ^ > (3.45) 

where J^^ i s the l i g h t generated c u r r e n t . T h i s i s dis c u s s e d i n the 

fo l l o w i n g s e c t i o n , with r e f e r e n c e only to the window-absorber 

h e t e r o j u n c t i o n s o l a r c e l l s ( S e c t i o n 2.1.2). Under i l l u m i n a t i o n , the 

dark c i r r ent v o l t a g e c h a r a c t e r i s t i c s are t r a n s l a t e d by the amount of 

l i g h t c u r r e n t . The dark and l i g h t 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 f o r 

an i d e a l case a r e given i n F i g 3.4. 

3.3.2 Generation and C o l l e c t i o n of P h o t o c a r r i e r s 

Although the absorption of l i g h t takes place i n both the absorber 

and the c o l l e c t o r of a h e t e r o j u n c t i o n s o l a r c e l l , the a n a l y s i s of 

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

t h a t the l i g h t i s absorbed mainly i n the absorber. I n p a r t i c u l a r , f o r 
(4) 

the CdS/CdTe c e l l the f o l l o w i n g assumptions are made : 

(1) l i g h t absorbed i n the CdS (window l a y e r ) does not contribute 

to the photocurrent; (2) the CdTe l a y e r i s wider compared to the 

absorp t i o n length so that back s u r f a c e e f f e c t s can be neglected; t 3 ) 



$ 1 R l o a o 

Fig. 3.3 : Equivalent c i r c u i t o f a solar c e l l . 
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Fig. 3.4 : Typical dark and l i g h t J-V characteristics of an ideal solar c e l l 
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there are no e l e c t r i c f i e l d s outside the d e p l e t i o n region; and (4) the 

e l e c t r i c f i e l d i s s u f f i c i e n t l y strong i n the d e p l e t i o n region to 

s e p a r a t e a l l c a r r i e r s generated w i t h i n i t , or a r r i v i n g at i t s 
(27) 

boundaries . The c o l l e c t i o n of photogenerated m i n o r i t y c a r r i e r s i n 

the CdTe (absorber) i s evaluated by c o n s i d e r i n g the c o n t r i b u t i o n from 

two r e g i o n s : (a) the d e p l e t i o n region, where the high j u n c t i o n f i e l d 

a s s i s t s the c a r r i e r c o l l e c t i o n ; and (b) the bulk, c h a r a c t e r i z e d by a 

constant m i n o r i t y c a r r i e r d i f f u s i o n length. The c o l l e c t i o n of 

photogenerated c a r r i e r s may thus be described as the product of two 

terms: a generation term r e p r e s e n t i n g the number of c a r r i e r s generated 

by abs o r p t i o n of l i g h t ; and a c a r r i e r c o l l e c t i o n term d e s c r i b i n g the 

f r a c t i o n of c a r r i e r s a r r i v i n g a t a s p e c i f i c boundary ( i . e . c r o s s i n g the 

j u n c t i o n ) . 

I f ((> (X) i s the photon f l u x d e n s i t y i n c i d e n t on the CdTe and a (X) 

i s the o p t i c a l a b s o r p t i o n c o e f f i c i e n t then the absorption of l i g h t I n 
(4) 

CdTe i s d e s c r i b e d by the r e l a t i o n . 

• ( x ) = (X) ex p [ - a ( X ) x ] (3.46) 

where (Kx) i s the photon f l u x d e n s i t y at a d i s t a n c e x from the s u r f a c e , 

•^(X) i s the photon f l u x e n t e r i n g the CdTe. The number of photons 

absorbed i n the d e p l e t i o n region(width W) i s ^^[l-exp(-aW)] and the 

t o t a l generation of c a r r i e r s i n t h i s region i s t h e r e f o r e : 

G •= a ^ [l-exp(-aW)] (3.47) w o o 
where a i s the quantum e f f i c i e n c y for the absorbed l i g h t to produce o 

e l e c t r o n - h o l e p a i r s (the r a t i o of the number of charge c a r r i e r s 

generated to the number of photons absorbed), and i s the number of 

c a r r i e r s generated i n the d e p l e t i o n r e g i o n . Since the bulk of the 
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absorber semiconductor i s assumed to be t h i c k enough to absorb a l l the 

photons r e a c h i n g i t , then the t o t a l p h o t o c a r r i e r s generated i n the bulk, 

= a 6^ exp(-aW) (3.48) D o o 

Assuming t o t a l c a r r i e r c o l l e c t i o n , the photocurrent reaching the 

j u n c t i o n i n t e r f a c e from the d e p l e t i o n region i s d i r e c t l y proportional to 

the number of photons absorbed and i s given by: 

= qGjj = q aJJl-exv(-cM)] (3.49) 

The photocurrent due to the d i f f u s i o n of photogenerated c a r r i e r s (from 

the bulk) to the edge of the d e p l e t i o n region I s ^ ^ * ^ ^ ^ : 

J g » q + I/qL^""^ exp(-aW) (3.51) 

where L i s 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 length I n the bulk CdTe. The 

t o t a l photocurrent to the j u n c t i o n i n t e r f a c e , J ^ , i s therefore the sum 

of and Jg, i . e . 

J j = q a ^ * ^ [ l - ( l + aL)"-^ exp(-aW)] (3.52) 

The recombination c u r r e n t due to I n t e r f a c e s t a t e s can be 

expressed a s : 

J j ^ - q Snj (3.53) 

where S I s the recombination v e l o c i t y and n̂ . i s the d e n s i t y of minority 

c a r r i e r s at the I n t e r f a c e . Conservation of c u r r e n t s a t the I n t e r f a c e 

l e a d s to the r e l a t i o n : 

J j . Jj^ + (3.54) 
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where J i s the current which enters the c o l l e c t o r (CdS). The 

(4) 
l i g h t c u r r e n t J may be expressed as : 

= q n^ M^E^ (3.55) 

where i s the e l e c t r o n m o b i l i t y i n the j u n c t i o n region and Ê , i s 

the e l e c t r i c f i e l d at the j u n c t i o n i n t e r f a c e . Using equations 

3.53-3.55, J can be w r i t t e n : 
ij 

-1 
J = { 1 + S/p E J J _ (3.56) L e I I 

and s u b s t i t u t i n g f o r J^. from equation 3.52, the photogenerated c u r r e n t 

r e a c h i n g the CdS i s : 

J l = q * ^ ( 1 + S/pE^)~^ [ 1- (1 + a L ) " ^ exp(-aW)] (3.57) 

Equation 3.57 may be w r i t t e n a s : 

J . - qa^* h(V)g(V) (3.58) 

where h(V) = (1 + S/m^E^) ̂  (3.59) 

and g(V) « [1 - (1 + aL)"-"^ exp(- aW) ] (3.60) 

The term g(V) r e p r e s e n t s the f r a c t i o n of photogenerated m i n o r i t y 

c a r r i e r s r e a ching the j u n c t i o n , and h(V) i s the f r a c t i o n of minority 

c a r r i e r s that s a f e l y pass through the j u n c t i o n upon reaching i t . The 

product of h(V) and g(V) i s c a l l e d the c o l l e c t i o n f u n c t i o n H(V) i . e . 

H(V) = h(V)g(V) (3.61) 
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3.3.3 S p e c t r a l Response and Quantum E f f i c i e n c y 

As d e s c r i b e d i n Chapter 2, a s o l a r c e l l i s c h a r a c t e r i z e d by 

" e x t e r n a l " or performance parameters such as i t s s h o r t c i r c u i t c u r r e n t , 

open c i r c u i t v o l t a g e e t c . I n a d d i t i o n , some " i n t e r n a l " q u a n t i t i e s a l s o 

e x i s t of which the p r i n c i p a l ones are the s p e c t r a l response and the 

quantum e f f i c i e n c y . 

The s p e c t r a l response i s the photocurrent c o l l e c t e d a t each 

wavelength r e l a t i v e to the number of photons i n c i d e n t on the s u r f a c e of 

the d e v i c e . The quantum e f f i c i e n c y ( a l s o known as I n t e r n a l s p e c t r a l 

response) i s the r a t i o of the number of c o l l e c t e d c a r r i e r s to the nimber 

of photons which e n t e r the c e l l \ Both the s p e c t r a l response ( i n 

mA mW ^) and quantum e f f i c i e n c y express the s o l a r c e l l ' s a b i l i t y to 

convert l i g h t i n t o e l e c t r i c a l c u r r e n t and are a f u n c t i o n of the 

wavelength of the i n c i d e n t l i g h t . The quantum e f f i c i e n c y g i v e s a more 

p h y s i c a l I n s i g h t i n t o the a c t u a l behaviour of the c e l l w hile s p e c t r a l 

response e x p r e s s e s c o n v e r s i o n performance i n u n i t s t h a t can be measured, 

and which a re of more i n t e r e s t to the u s e r . 

By d e f i n i t i o n , the quantum e f f i c i e n c y ( s p e c t r a l response c o r r e c t e d 

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

Q(A) - V q ^ o (3.62) 

where +^ i s the photon f l u x e n t e r i n g the c e l l . The r e l a t i o n between 

i n c i d e n t photon f l u x and the photon f l u x e n t e r i n g the c e l l ^ i s 
s o 

give n by: 

= (fr̂  (1-R) (3.63) 

where R i s the o v e r a l l r e f l e c t i o n l o s s . So s u b s t i t u t i n g f o r J^^ from 

equation 3.58 the quantum e f f i c i e n c y can be expressed a s : 

Q(X) = a^ H(V) (3.64) 



where i s the quantum e f f i c i e n c y of the absorbed l i g h t to produce 

e l e c t r o n - h o l e p a i r s , and i s equal to u n i t y . Thus Q(X) for the CdS/CdTe 

s o l a r c e l l becomes: 

Q(X) = (1 + S/y^Ej)"-"- [1-(1 + aL)"-"- exp(- aW) ] (3.65) 

For CdS/CdTe h e t e r o j u n c t i o n c e l l s , the short wavelength c u t - o f f of the 

s p e c t r a l response i s defined by the sharp absorption edge of the window 

m a t e r i a l (CdS) and the shape of the long wavelength edge by the 

c o l l e c t i o n of charge c a r r i e r s from the CdTe, given by the c o l l e c t i o n 

f u n c t i o n H(V). The quantum e f f i c i e n c y i s voltage dependent through the 

v a r i a t i o n of the e l e c t r i c f i e l d at the j u n c t i o n and the width of the 

d e p l e t i o n region w i t h applied b i a s . 

3.4 R e c t i f y i n g Metal-Semiconductor Contacts 

3.4.1 Schottky B a r r i e r s 

Because of t h e i r simple s t r u c t u r e and r e l a t i v e ease of f a b r i c a t i o n , 

Schottky d e v i c e s were used I n the present study as a means of 

c h a r a c t e r i z i n g the m a t e r i a l s . I t i s t h e r e f o r e e s s e n t i a l to give a b r i e f 

d e s c r i p t i o n of Schottky devices and t h e i r e l e c t r i c a l c h a r a c t e r i s t i c s . 

The e a r l i e s t s t u d i e s on metal-semiconductor (MS) r e c t i f y i n g systems a r e 
T29) 

g e n e r a l l y a t t r ibuted to Braun , who I n the 19th century observed t h a t 

the t o t a l r e s i s t a n c e of a metal-semiconductor contact depended on the 

p o l a r i t y of the a p p l i e d voltage and the s u r f a c e c o n d i t i o n s . T h i s was 

followed by the development of the point-contact r e c t i f i e r i n 1904 

However, i t was not u n t i l a f t e r the i n t r o d u c t i o n of the band theory of 

solids^^"'"^ by Wilson i n 1931, that Schottky was able to o f f e r an 

e x p l a n a t i o n f o r the e f f e c t . He suggested that there would be a b a r r i e r 

( i . e . the Schottky b a r r i e r ) at the contact due to s t a b l e space charges 
(22) 

i n the semiconductor . I n the Schottky model the density of charged 

i m p u r i t i e s I n the b a r r i e r region i s assumed to be constant, so that the 
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e l e c t r i c f i e l d i n c r e a s e s l i n e a r l y and the p o t e n t i a l q u a d r a t i c a l l y as the 

metal i s approached. The b a s i c theory and the t h e o r e t i c a l development 
(33) 

of r e c t i f y i n g MS c o n t a c t s have been f u l l y reviewed by Henisch . 

When an i n t i m a t e contact i s made between a semiconductor of work 

f u n c t i o n ^ and a metal of work f u n c t i o n ^ , a readjustment of charges 
S ID 

takes 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 contact to an 
n-type semiconductor with i > 4 , a t r a n s f e r of e l e c t r o n s from the y r m̂ ^s 

semiconductor to the metal occurs u n t i l the Fermi l e v e l s are al i g n e d i n 

e q u i l i b r i u m . To e s t a b l i s h t h i s thermodynamic e q u i l i b r i u m the Fermi 

l e v e l ( o r energy bands) i n the semiconductor are lowered by (fr , and a 
in 8 

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

q()i^-q{X+V^) i s c a l l e d the contact p o t e n t i a l , where q( X + V^) i s the 

work f u n c t i o n of the semiconductor id.th qx as the e l e c t r o n a f f i n i t y 

measured from the bottom of the conduction band E to the vacuum l e v e l , 
c 

and qV^ i s the energy d i f f e r e n c e between and the Fermi l e v e l of the 

semiconductor ( F i g 3 . 5 ) . As a r e s u l t of the e l e c t r o n flow from the 

semiconductor to the metal, a charge i s b u i l t up on the metal s u r f a c e . 

T h i s i s balanced by an equal and opposite charge i n the semiconductor. 

S i n c e the donor c o n c e n t r a t i o n i n the semiconductor I s many orders of 

magnitude l e s s than the co n c e n t r a t i o n of e l e c t r o n s i n the metal, the 

I o n i z e d uncompensated donors occupy a d e p l e t i o n l a y e r of t h i c k n e s s W, 

and the bands I n the semiconductors are bent upward. 

The b a r r i e r height 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. 

For an i d e a l c o n t a c t between a metal and a p-type semiconductor, 

the b a r r i e r height i s expressed: 

q*tp " Eg-q(*^-X) (3.67) 
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Thus for a given semiconductor, the sum of the b a r r i e r heights on n and 
p-type s u b s t r a t e s i s thus expected to be equal to the bandgap. I n 
p r a c t i c e there w i l l be s u r f a c e s t a t e s , and i f the de n s i t y of s u r f a c e 
s t a t e s i s s u f f i c i e n t l y l a r g e , then the r e s u l t i n g s u r f a c e charge w i l l 
dominate the j u n c t i o n behaviour. As a r e s u l t , the b a r r i e r height i s 
determined by the semiconductor s u r f a c e and w i l l be independent of the 
metal work f u n c t i o n s . I n p r a c t i c e , the b a r r i e r height w i l l a l s o be 
reduced as a r e s u l t of the image f o r c e , the so c a l l e d Schottky e f f e c t . 

When an e l e c t r o n i s at a d i s t a n c e x from a metal, a p o s i t i v e charge 

w i l l be induced on the metal s u r f a c e . The forc e of a t t r a c t i o n between 

the e l e c t r o n and induced p o s i t i v e charge, known as the image charge, i s 

give n by Coulomb's law 

F = - q2/4ir(2x)2e^ (3.68) 

The p o t e n t i a l energy of an e l e c t r o n a t a d i s t a n c e x from the metal 

s u r f a c e i s : 

^ (3.69) P.E(x) = ' F.dx j<» ' 16ir e X 
o 

When an e l e c t r i c f i e l d E I s a p p l i e d , the t o t a l p o t e n t i a l energy ( i n eV) 

i s given by: 

o 

The Schottky b a r r i e r lowering A(^j^^ and the l o c a t i o n of the lowering 

X are then given by the co n d i t i o n : m 
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Sin c e = (q/16Tr e ^E)^ cm (3.71) 

L4>^^ = (q/4Tr e^. ) ^ (3.72) 

The i d e a of image force lowering of the b a r r i e r a l s o a p p l i e s to 

(34) 
metal-semiconductor systems . I n t h i s case the f i e l d i s replaced by 

the maximtnn f i e l d a t the i n t e r f a c e and the p e r m i t t i v i t y e bv e . 
*̂  o ' s 

Because of the l a r g e r v a l u e s of i n these syterns, (()^^ and x^ are 

s m a l l e r than those fcr corresponding metal-vacuum system ( f o r example, 

i f e = 16 e , A(|i, = 0.03 V f o r E = 10^ V/cm). Although the magnitude s o bn 

of image f o r c e lowering i s small i t can have a s i g n i f i c a n t e f f e c t on 

c u r r e n t t r a n s p o r t processes i n MS systems. 

3.4.2 D e p l e t i o n Width and Capacitance 
(2) 

The width W of the d e p l e t i o n region i s given by Sze as: 

W = 2 e s (V, ̂  - V - kT/q) (3.73) 
/ — ; r " b i 

where kT/q a r i s e s from the c o n t r i b u t i o n of the m a j o r i t y c a r r i e r 

d i s t r i b u t i o n t a i l . Thus the d e p l e t i o n width I n c r e a s e s with r e v e r s e b i a s 

and i s i n v e r s e l y p r o p o r t i o n a l to N^, the d e n s i t y of uncompensated 

donors. The change i n W w i l l lead to a corresponding change i n 

c a p a c i t a n c e . N e g l e c t i n g the c o n t r i b u t i o n of f r e e c a r r i e r s to the 
12 

e l e c t r i c f i e l d , and assuming that the s u r f a c e d e n s i t y i s low, (< 10 

-2 -1 (35) 

cm eV ) and t h a t a l l the donor i m p u r i t i e s are i o n i z e d , then the 

c a p a c i t a n c e of the b a r r i e r i s only due to the space charge Q (per u n i t 

a r e a ) and can be w r i t t e n a s : 
Q = qN„W = [X2qeN_(V, ,-- V-kT/q)]^ Col/cm^ (3.74) 
SC U U Dl 
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and the d e p l e t i o n l a y e r capacitance C per u n i t area i s then: 

C = |3Qse|/9V = [ ( q Nj,)/2(V,^-V-kT/q)]^^ ,^/^ ^ ^3_^5) 

The d e p l e t i o n l a y e r capacitance i s i n v e r s e l y p r o p o r t i o n a l to the 

d e p l e t i o n width W which i n turn depends on the applied b i a s . The 

equation (3.75) i s o f t e n w r i t t e n a s : 

1/C- = 2rV^,-V-kT/q)(q (3.76) 

p r o v i d i n g that remains constant throughout the depletion region. A 
_2 

p l o t of C vs V i s a s t r a i g h t l i n e , the slope of which i s 

d(c"̂ VdV = - (2/q EgNjj) (3.77) 

and g i v e s N̂ ,̂ 

Nn = 2 (3.78) 
" q s dcj 

^ dV 

The i n t e r c e p t on the voltage a x i s g i v e s the contact p o t e n t i a l . 

3.4.3 Current Transport Mechanisms i n Schottky B a r r i e r s 

The c u r r e n t t r a n s p o r t i n metal-semiconductor b a r r i e r s i s mainly due 

to m a j o r i t y c a r r i e r s i n c o n t r a s t to p-n j u n c t i o n s , where minority 

c a r r i e r s are r e s p o n s i b l e . I n Schottky b a r r i e r diodes the c u r r e n t 
(2) 

t r a n s p o r t under forward b i a s i s due to the f o l l o w i n g mechanisms : 

(a ) t r a n s p o r t of m a j o r i t y c a r r i e r s a c r o s s the p o t e n t i a l b a r r i e r , 

(b) quantum mechanical tunneling through the b a r r i e r ; 

( c ) recombination i n space charge region; 

(d) m i n o r i t y c a r r i e r i n j e c t i o n from the metal to the semiconductor. 
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These processes are i l l u s t r a t e d i n F i g 3.6 f o r a metal n-type 

semiconductor diode i n the forward b i a s mode. The major c o n t r i b u t i o n to 

the c u r r e n t t r a n s p o r t i s provided by the f i r s t mechanism, and other 

c u r r e n t paths u s u a l l y a r i s e from the non-ideal nature of r e a l diodes. 

For the emission of e l e c t r o n s over the b a r r i e r , the e l e c t r o n s must 

f i r s t be tra n s p o r t e d through the de p l e t i o n region of the semiconductor. 

The conduction i n t h i s region takes place by the normal d i f f u s i o n and 

d r i f t mechanisms . That i s why the f i r s t theory of conduction i n 

Schottky diodes was the so c a l l e d d i f f u s i o n theory proposed by 

Wagner^^''\ and Schottky and Mott^"^^\ However i n 1942, Bethe*'"^^^ 

proposed that thermionic emission over the b a r r i e r was the l i m i t i n g 

mechanism. Both these ideas were l a t e r combined i n a j o i n t thermionic 

(39) 

e m i s s i o n - d i f f u s i o n theory by Crowell and Sze . I f the space charge 

r e g i o n width i s l e s s than the d i f f u s i o n length of e l e c t r o n s , the 

thermionic emission l i m i t e d forward c u r r e n t d e n s i t y i s expressed by:^"^^^ 

Jp - [exp(qV/kT)-l] (3.79) 

where the r e v e r s e s a t u r a t i o n c u r r e n t i s given by: 

J = R* T^ exp(-*, /kT) (3.80) 8 bn 

Here R* i s the modified Richardson constant (corresponding to e f f e c t i v e 

mass ra ) and i s given by 

R* = 4irq m* k f = 120 ̂  amp cra~^ (3.81) 
h^ m 

When the space charge region i s g r e a t e r than the d i f f u s i o n length, 

then d i f f u s i o n theory a p p l i e s and the forward c u r r e n t - v o l t a g e r e l a t i o n 

(36) becomes : 

J = q N u E exp / "^^bn \ f e x p £V -ll (3.82) F c e max \ ; L J 



METAL n - SEMICONDUCTOR 

F i g . 3.6 : Current t r a n s p o r t mechanisms i n a forward-biased Schottky 
b a r r i e r (Ref. 36) 
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where E i s t h e i r maximum e l e c t r i c f i e l d at the j u n c t i o n and N the max c 
e f f e c t i v e d ensity of states i n the conduction band i s : 

N = 2 (2 m•'^kT/h2)^/^ (3.83) c 

For the general case i n which the space charge region i s comparable i n 

thickness to the d i f f u s i o n l e n g t h , both mechanisms apply. Crowell and 

Sze derived the f o l l o w i n g expression f o r the current-voltage 

r e l a t i o n s h i p : 

Jp = (qN^V^)(l+V^/V^)"^ [exp(-q ^jm] [exp(qV/kT)-l3 (3.84) 

where = R T/qN^ i s the e f f e c t i v e recombination v e l o c i t y at the 

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

the t r a n s p o r t of electrons from the edge of the depl e t i o n region to the 

top of the p o t e n t i a l energy maximum. I f << the pre-exponential 

terra I n equation (3.84) reduces t o qN V and the d i f f u s i o n theory 
c r 

a p p l i e s . I f » the thermionic emission process i s dominant. 

However, I n p r a c t i c e Schottky b a r r i e r s deviate from the i d e a l 

behaviour, and the experimental forward current-voltage r e l a t i o n i s 
(21) 

u s u a l l y expressed as : 
J - J exp (qV/AkT) (3.85) 
if s 

f o r bias voltages V > 3kT/q 

The parameter A i s known as the I d e a l i t y or q u a l i t y f a c t o r and i s 

g e n e r a l l y greater than u n i t y as a r e s u l t of non-ideal i n t e r f a c e 

c o n d i t i o n s . A d e t a i l e d discussion of non-Ideal diode mechanisms such as 
(35) 

recombination and tu n n e l i n g has been given by Rhoderlck 

3.5 Defect and Imp u r i t y Levels 

Real semiconductor c r y s t a l s always have some imperfections 

associated w i t h i m p u r i t i e s or n a t i v e c r y s t a l l o g r a p h l c defects. These 

defects d i s t u r b the p e r i o d i c i t y of the p e r f e c t c r y s t a l p o t e n t i a l , and 
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give r i s e to new states i n the l o c a l i t y of the defect, and w i t h energy 

l e v e l s t h a t o f t e n l i e w i t h i n the forbidden gap of the semiconductor. 

They can have a very strong influence on the properties of the m a t e r i a l 

and the various defect or imp u r i t y energy l e v e l s are of t e n r e f e r r e d to 

as recombination centres, e l e c t r o n or hole traps, donor or acceptor 

centres, o p t i c a l absorption centres etc. depending on t h e i r r o l e i n the 

e l e c t r i c a l behaviour of the semiconductor. The parameters necessary to 

describe a p a r t i c u l a r energy l e v e l are the i o n i z a t i o n energy, the 

d e n s i t y , the thermal and o p t i c a l capture cross-sections f o r holes and 

e l e c t r o n s , and the thermal and o p t i c a l emission rates f o r electrons and 

3.5.1 Shallow Levels 

The d e s c r i p t i o n of a given defect or impurity l e v e l by a l l i t s 

parameters i s o f t e n unnecessary and inconvenient, so a c e r t a i n degree of 

c l a s s i f i c a t i o n i s employed. I t i s comnon t o c l a s s i f y the energy l e v e l s 

as e i t h e r "shallow" or "deep" states according to t h e i r i o n i z a t i o n 

energy. The former ( i . e . shallow) energy l e v e l s which are located near 

the allowed bands have i o n i z a t i o n energies comparable to kT. They can 

be c l a s s i f i e d as e i t h e r donors ( p o s i t i v e l y charged when ionized) or 

acceptors ( n e g a t i v e l y ) charged when i o n i z e d . Since these centres are 

u s u a l l y i o n i z e d at room temperature, they are widely used i n 

semiconductor device technology f o r modifying the type and degree of 

c o n d u c t i v i t y . Shallow centres are normally s u b s t i t u t i o n a l i m p u r i t i e s 

taken from the group of the p e r i o d i c table neighbouring that of the host 

m a t e r i a l and have energy l e v e l ^ w i t h binding energy of less than 50 

meV. 

Subject t o an appropriate c o r r e c t i o n f o r the d i e l e c t r i c constant of 

the semiconductor, and the e f f e c t i v e mass of the charge c a r r i e r s , 

shallow l e v e l s are w e l l described by a simple hydrogenlc model. Their 
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i o n i z a t i o n energy f o r a donor i m p u r i t y can t h e r e f o r e , be calculated from 
. (41) the expression : 

^1 = { m V ) / ( 2 h^en^) = 13.6 (m*/meV) eV (3.86) 

(42) 

This was f i r s t proposed by Kohn and has been succe s s f u l l y and widely 

applied to the c h a r a c t e r i z a t i o n of shallow l e v e l s i n semiconductors. 

3.5.2 Deep Levels 

Energy l e v e l s which are pos i t i o n e d f u r t h e r i n t o the forbidden gap 

are c l a s s i f i e d deep l e v e l s and cannot be described by the simple 

e f f e c t i v e mass theory. Deep centres w i t h binding energies much l a r g e r 

than those of shallow centres are o f t e n generated by native defects or 

by replacement of the host l a t t i c e atom by an atom which does not belong 

t o an adjacent group of the p e r i o d i c t a b l e . These l e v e l s seem t o be 

present i n a l l known semiconductors and even i n small concentrations may 

have a very important r o l e i n c o n t r o l l i n g the e l e c t r i c a l p r o p e r t i e s of a 

semiconductor. Their e f f e c t on m i n o r i t y c a r r i e r l i f e t i m e i s perhaps the 

most d i r e c t and important. 

The usefulness of deep l e v e l s c l e a r l y depends on the s p e c i f i c 

device a p p l i c a t i o n and the p a r t i c u l a r semiconductor. For exaaple, large 

m i n o r i t y c a r r i e r l i f e t i m e s are des i r a b l e i n o p t o e l e c t r o n i c devices, i . e . 

LEDs photoconductor and sol a r c e l l s . I n the l a t t e r case, deep l e v e l s 

w i l l i n f l u e n c e c u r r e n t c o l l e c t i o n (because of reduced m i n o r i t y c a r r i e r 

l i f e t i m e s ) and consequently r e s u l t i n poor conversion e f f i c i e n c i e s ; I n 

c o n t r a s t f a s t s w i t c h i n g Si devices r e q u i r e short but c o n t r o l l e d c a r r i e r 

l i f e t i m e v ^ i c h i s achieved by the i n c o r p o r a t i o n of deep gold l e v e l s . 
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CHAPTER 4 

PREPARATION OF MATERIALS AND DEVICES 

4.1 I n t r o d u c t i o n 

The work presented i n t h i s t h e s i s r e l a t e s to the study of both bulk 

c r y s t a l and t h i n f i l m p h o t o v o l t a i c devices. This chapter i s ^ t h e r e f o r e ^ 

devoted to a d e s c r i p t i o n of the techniques employed i n the f a b r i c a t i o n 

of the various device s t r u c t u r e s i n v e s t i g a t e d . Most of the s t a r t i n g 

m a t e r i a l used i n t h i s work was prepared i n house, and hence the f i r s t 

sections of t h i s Chapter deal w i t h synthesis of CdTe, the growth of 

c r y s t a l s , t h i n f i l m d e p o s i t i o n and r e s i s t i v i t y c o n t r o l . The Chapter 

continues w i t h a d e s c r i p t i o n of the substrate p o l i s h i n g and preparation 

procedures, and w i t h the formation of ohmic contacts to the devices. 

The f i n a l part of the Chapter i s concerned w i t h the d e t a i l s of the 

f a b r i c a t i o n of p h o t o v o l t a i c p-n j u n c t i o n s and Schottky b a r r i e r 

s t r u c t u r e s . 

4.2 M a t e r i a l Preparation 

4.2.1 Synthesis of Cadmium T e l l u r i d e 

The CdTe s t a r t i n g m a t e r i a l f o r the growth of bulk c r y s t a l s and 

de p o s i t i o n of t h i n f i l m s was synthesized i n t h i s l a b o r a t o r y by d i r e c t 

combination of high p u r i t y double zone r e f i n e d cadmium (99.9999Z) and 

t e l l u r i u m (99.9999%) supplied by M.CP.Electronic M a t e r i a l L t d . A 

charge of about 450 g of cadmium and t e l l u r i u m i n s t o i c h i o m e t r i c 

p r o p o r t i o n s was loaded i n t o a s i l i c a tube sealed at one end. The tube 

was evacuated to a pressure o f "v- 10 ^ t o r r and l e f t to outgas f o r 24 

hr . The tube was then sealed using an oxy-acetylene gas t o r c h and 

placed i n a furnace. The furnace temperature was increased slowly t o 

940''C over a pfjeiod of a few hours and t h e r e a f t e r maintained at t h a t 

temperature f o r 3 days. The charge was cooled down slowly over several 
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hours. This produced a s o l i d lump of CdTe which was then crushed 

mechanically and used as source m a t e r i a l f o r the preparation of bulk 

c r y s t a l s and t h i n f i l m s . 

4.2.2 P u r i f i c a t i o n of the CdS Charge M a t e r i a l 

Commercially a v a i l a b l e CdS was known to contain trace amounts of 

both v o l a t i l e and n o n - v o l a t i l e i m p u r i t i e s . These i m p u r i t i e s would 

s e r i o u s l y a f f e c t the o p t o - e l e c t r o n i c p r o p e r t i e s of the CdS and of the 

devices f a b r i c a t e d from I t . I t was therefore necessary to p u r i f y the 

source m a t e r i a l , before using i t to deposit t h i n f i l m s . 

The CdS source m a t e r i a l which was supplied by G.E.America, was 

p u r i f i e d by sublimation i n an argon flow-run process. A small q u a n t i t y 

( 100 g ) of CdS was placed i n a s i l i c a boat and loaded at the one 

end of a s i l i c a tube next to two s i l i c a l i n e r s . This assembly was then 

placed i n a furnace w i t h one end of the tube connected to a c o n t r o l l e d 

supply of pure argon and the other connected to the exhaust. The tube 

was f i r s t flushed w i t h argon f o r one hour and then heated to 600°C f o r 

s i x hours to d r i v e o f f the v o l a t i l e i m p u r i t i e s from the charge. The 

furnace temperature was next raised to 1160''C while maintaining the 

argon flow. 

The charge was then transported from the source boat (where 

sublimation was occu-flng) to the l i n e r s i n the cooler p a r t of the 

furnace. Needles and p l a t e l e t s of yellow CdS formed on the w a l l s of the 

f i r s t l i n e r , while most of the more v o l a t i l e i m p u r i t i e s and CdS t h a t had 

f a i l e d to condense on the w a l l s of the f i r s t l i n e r were c o l l e c t e d i n the 

second l i n e r . N o n - v o l a t i l e i m p u r i t i e s such as Zn,Fe and Mn, were l e f t 

i n the residue of the charge. The CdS p l a t e l e t s deposited I n the f i r s t 

l i n e r were shaken o f f the s i l i c a but the remaining layer attached to the 

l i n e r was not removed as i t may have contained i m p u r i t i e s t h a t had 

d i f f u s e d out of the s i l i c a . The Durham synthesized CdTe used f o r t h i n 

f i l m growth was also p u r i f i e d by t h i s method. 
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4.2.3 Growth of CdTe Bulk Crystals 

There are three general approaches to the growth of CdTe bulk 

c r y s t a l s . The most widely used method i s to grow the c r y s t a l from 

congruent melts using Bridgman and V e r t i c a l Zone Refining techniques. 

These methods are capable of producing large s i n g l e c r y s t a l s ^ ^ ^ a t 

r e l a t i v e l y high growth r a t e s . I n a d d i t i o n , the c r y s t a l grower has 

greater freedom i n c o n t r o l l i n g the type and c o n d u c t i v i t y of the 

c r y s t a l s . However, because of the high temperatuT6<i> involved, 

contamination from the quartz c r u c i b l e i s possible, and thus lower 

temperature methods of growth from Te-rich s o l u t i o n s have been 

i n v e s t i g a t e d . T h i r d l y , the c r y s t a l s may be grown from the vapour phase 

at lower temperaures thus avoiding contaminations associated w i t h the 

high temperature Bridgman growth. Crystals grown from the vapour phase 

have been shown to be of comparable p e r f e c t i o n and p u r i t y . 

The cadmium t e l l u r i d e c r y s t a l s used i n the present study were grown 

I n our labo r a t o r y by a vapour phase technique o r i g i n a l l y developed by 
(2) 

C l a rk and Woods f o r CdS and r e c e n t l y adapted f o r CdTe. A s p e c i a l l y 

designed growth tube f a b r i c a t e d to our s p e c i f i c a t i o n by Heraeus L t d . was 

used to grow the c r y s t a l s . I n essence, t h i s consisted of a s i l i c a 

capsule i n which was f i t t e d a c o n i c a l growth t i p , and a small bore tube 

formed the " t a l l " . The f u n c t i o n of the l a t t e r was t o provide some 

c o n t r o l of the c o n s t i t u e n t p a r t i a l pressures during growth. 

A measured q u a n t i t y of sjmthesized p o l y c r y s t a l l i n e charge of CdTe 

(Section 4.2.1) was loaded i n t o the growth capsule and an appropriate 

amount of one of the elements was placed i n the t a i l . The tube was then 

evacuated to a pressure of 10 ̂  t o r r and allowed to outgas f o r 24 hrs. 

A f t e r t h i s , the tube was sealed under vacuum. The sealed tube was 

suspended v e r t i c a l l y i n a double zone furnace as shown i n Fig 4.1. 

I n i t i a l l y the tube was placed i n the furnace w i t h the growth t i p at the 

highest temperature, to sublime any CdTe debris away 
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from the growth t i p before growth began. The tube was then p u l l e d 
through the furnace at a r a t e of 15 mm per day, u n t i l a temperature 
grad i e n t of 50°C was established between the charge and the growth t i p . 
The p u l l i n g was then stopped and the tube allowed to remain i n t h i s 
p o s i t i o n f o r seven days. F i n a l l y the temperature of the main furnace 
was grad u a l l y reduced to room temperature over 'v 3 days. The r e s e r v o i r 
furnace, which was independently c o n t r o l l e d was switched o f f when the 
temperature of the main furnace had f a l l e n to t h a t of the r e s e r v o i r . 
With t h i s technique, CdTe boules 29mm i n diameter and 5 cm long could 
be grown from a charge of 150 g . 
4.3 Control of Bulk C r y s t a l R e s i s t i v i t y 

8 

The as-grown CdTe c r y s t a l s had a high r e s i s t i v i t y ("V 10 fi cm) and 

were s l i g h t l y p-type, consequently they were not s u i t a b l e f o r the 

f a b r i c a t i o n of p h o t o v o l t a i c devices without f u r t h e r treatment. As a 

r e s u l t , several d i f f e r e n t techniques were employed to reduce the 

r e s i s t i v i t y of the bulk c r y s t a l s . To t h i s end methods i n v o l v i n g both 

the i n t r o d u c t i o n of f o r e i g n acceptor and donor i m p u r i t i e s and the 

annealing of the c r y s t a l s i n cadmium or t e l l u r i u m were in v e s t i g a t e d . 

The d i f f e r e n t techniques employed are described below: 

4.3.1 Annealing I n Te l l u r i u m Vapour 

Annealing of the samples was c a r r i e d out i n s i l i c a tubes divided 

i n t o two pa r t s by a small c o n s t r i c t i o n i n the middle of the tube. Small 

d i c e (4 x 4 X 2mm^) were loaded i n one part of the tube which was then 

sealed. A small q u a n t i t y of t e l l u r i u m was then placed i n the second 

p a r t of the tube. The tube was evacuated to a pressure of "v- 10 ^ t o r r 

and allowed to outgas f o r 24 hours before I t was b a c k - f i l l e d w i t h a 

small amount of pure argon and f i n a l l y sealed. 

The tube was suspended v e r t i c a l l y i n a furnace i n such a way t h a t 

the sample was above the Te and maintained at a higher temperature than 

the t e l l u r i u m melt. Annealing temperatures i n the range 500 t o 800''C 
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were used w i t h correspondingly lower temperatures of 350-450°C f o r the 

charge. Annealing times ranged from a few hours to two weeks. Argon 

gas was introduced to suppress the sublimation of CdTe which would 

otherwise have set i n at 'x- 500''C. When samples were annealed f o r a long 

time w i t h no argon f i l l i n g they were found to have sublimed completely. 

4.3.2 Copper Doping 

I t i s generally accepted t h a t p-type c o n d u c t i v i t y i n CdTe may be 

obtained by doping w i t h elements from groups I and V of the pe r i o d i c 

t a b l e . Thus copper, which belongs to group I , and acts as an acceptor 

i m p u r i t y i n CdTe, was used to reduce the r e s i s t i v i t y of the as-grown 

c r y s t a l s . Two d i f f e r e n t methods were employed to introduce the copper. 

(a) Copper Evaporation: 

I n t h i s method a c a l c u l a t e d q u a n t i t y of high p u r i t y elemental 

copper was deposited under high vacuum onto a polished surface of the 

sample, which was then annealed i n argon f o r 20-24 hrs at 500 t o 550''C. 

These samples were then f u r t h e r annealed i n Te vapour at SSO'C as 

described i n Section 4.3.1. 

(b) Immersing i n Cu2S0^5H20 Sol u t i o n : 

I n t h i s method samples were polished and cleaned as described i n 

Section 4.4. Polished samples were dipped i n a Cu2S0^5H20 s o l u t i o n of 

known concentration f o r 3 t o 4 mlns. at a temperature of 90 ± 5°C. 

Simple chemical displacement then produced a layer of Cu2Te on the 

sample surface. Such samples were then also annealed i n argon f o r 20 

hours at 550°C t o d i f f u s e the copper i n t o the CdTe. The samples were 

subsequently annealed i n t e l l u r i u m vapour f o r one to two weeks. 

4.3.3 Doping w i t h Phosphorus 

I n the present study phosphorus doped devices were the most 

promising. According t o the l i t e r a t u r e phosphorus doping has usually 

been c a r r i e d out while growing a c r y s t a l from the melt. However, i n the 
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vapour phase method used i n Durham, phosphorus was introduced by a post 

growth technique. 

CdTe s l i c e s , one centimeter i n diameter, were cut from the bulk 

c r y s t a l s and pad polished as described i n Section 4.4.2. The polished 

samples were mounted i n a s i l i c a holder and placed i n a r e a c t i o n tube i n 

a furnace. One end of the tube was connected to a f l a s k containing 

orthophosphoric acid while the other end was connected through a tr a p 

(NaOH Sol.) to the exhaust. The orthophosphoric acid was heated while 

argon was bubbled through i t , and the r e a c t i o n chamber which was held at 

550''C. The experimental arrangement i s shown i n Fig 4.2. The emerged 

vapour was condensed i n the c o l d region or dissolved i n the NaOH t r a p . 

This process was continued f o r 24 hours, when the heating was switched 

o f f and the samples allowed to cool i n the argon flow. These samples 

were then annealed i n Te vapour f o r one week at 550*'C. This method 

produced the lowest r e s i s t i v i t y (100-125 JJ cm) p-tjrpe CdTe and CdS/CdTe 

so l a r c e l l s f a b r i c a t e d on these substrates gave an unoptimlsed 

e f f i c i e n c y i n excess of 7%. 

4.3.4 Production of n-type CdTe 

Low r e s i s t i v i t y n-type CdTe substrates f o r f a b r i c a t i o n i n t o 

Cu2Te/CdTe devices were produced by annealing i n Cd or by doping w i t h 

Cl. The CI was introduced during growth of the bulk c r y s t a l s when 

m a t e r i a l w i t h a r e s t i v i t y of 1-2 SI cm was obtained. To grow Cl doped 

c r y s t a l s the CdTe charge was loaded i n t o the growth tube while some 3 g 

each of Cd and CdCl2 was placed i n the t a i l . The c r y s t a l was then grown 

as described i n Section 4.2.3. 

Post-growth annealing I n cadmium was done by immersing the sample 

i n the molten metal. Dice were cut from large boules and degreased i n 

5% Decon-90 s o l u t i o n . A tube s i m i l a r to that used f o r the Te vapour 

annealing (Section 4.3.1) was used f o r the cadmium anneal. Dice were 

placed I n the lower h a l f of the tube w i t h the cadmium charge i n the 
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upper h a l f . The tube was then sealed under vacuum and suspended 

v e r t i c a l l y i n the furnace w i t h the samples kept at 600*'C and cadmium at 

400°C. Cadmium melts i n the upper pa r t and therefore runs down to the 

sample se c t i o n of the tube. The samples were annealed f o r 36-48 hours. 

A f t e r completion of the anneal, the tube was immediately removed from 

the furnace and i n v e r t e d so t h a t the molten cadmium drained o f f from the 

dic e . The tube was then allowed to cool down to room temperature and 

samples were taken out. This process produced samples w i t h a varying 

range of r e s i s t i v i t y . 

4.4 P o l i s h i n g the CdTe Substrates 

The q u a l i t y of the substrate surface i s an important f a c t o r i n 

determining the f i n a l device performance. C u t t i n g s l i c e s or dice from 

bulk c r y s t a l s leaves saw damage on the free surfaces. This damage needs 

to be removed by p o l i s h i n g a c e r t a i n amount of the m a t e r i a l away. The 

f o l l o w i n g p o l i s h i n g techniques were studied f o r surface preparation, 

4.4.1 Mechanical P o l i s h 

Here the CdTe substrates were f i r s t mechanically polished on 600 

g r i t emery paper and cleaned i n deionized water i n an u l t r a s o n i c bath; 

then polished w i t h a-alumlna (0.3 pm p a r t i c l e size) on a Buehler (T.M.) 

nylon c l o t h u n t i l the previous p o l i s h l i n e s were no longer v i s i b l e . 

This was followed by p o l i s h i n g w i t h cotton buds (<5l-tips) saturated w i t h 

a-alumina s l u r r y . The f i n a l mechanical p o l i s h was done w i t h Q-tlps 

saturated i n gamma alumina (0.05 pm p a r t i c l e size) s l u r r y . This process 

l e f t a specular f i n i s h . 

The polished samples were washed w i t h deionized water and 

thoroughly cleaned i n an u l t r a s o n i c bath, before being subjected to a 

chemical p o l i s h i n 2% Br-Methanol s o l u t i o n . These were then rinsed i n 

methanol and blow-dried i n n i t r o g e n . P o l i s h i n g i n Br-Methanol removed 

the work damage produced by the mechanical p o l i s h . However, examination 

of these samples i n RHEED revealed t h a t p o l i s h i n g w i t h alumina 
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i n v a r i a b l y l e f t small alumina p a r t i c l e s embedded i n the surface. 

Therefore, as an a l t e r n a t i v e some substrates were mechanically polished 

using a cerium oxide suspension. 

4.4.2 Pad Po l i s h i n Br-Methanol Solution 

The problems experienced w i t h mechanical p o l i s h i n g led to an 

i n v e s t i g a t i o n of a l t e r n a t i v e methods, i n p a r t i c u l a r pad p o l i s h i n g i n a 

s o l u t i o n of bromine i n methanol. I n t h i s the CdTe s l i c e was mounted on 

the end of a PTFE sha f t which i n t u r n was mounted ( s l i d i n g f i t ) i n a 

c y l i n d r i c a l housing. A PTFE pad was placed i n the bottom of a c i r c u l a r 

trough containing Br-methanol s o l u t i o n . A sample, mounted on the shaft 

assembly, could be polished r a p i d l y w i t h no downward pressure d i r e c t e d 

onto the CdTe substrates, other than from the weight of the PTFE shaft 

on which i t was mounted. The method i s close to a contactless p o l i s h , 

since t h i s arrangement traps a very t h i n layer of Br-methanol s o l u t i o n 

between the substrate and the pad. With experience the f o l l o w i n g 

procedure was developed. 

The CdTe substrates were f i r s t degreased i n 5% Decon-90 s o l u t i o n 

and washed w i t h deionlzed water. To remove heavy saw damage the 

substrates were mechanically polished on 600 g r i t paper. The substrate 

was then mounted on the PTFE sha f t using an etch r e s i s t a n t lacomlt 

v a r n i s h or wax, and then pad polished i n a Br-methanol s o l u t i o n . A 

clean specular surface was obtained a f t e r a few minutes. The substrate 

was removed using acetone and thoroughly washed, f i r s t i n acetone, then 

i n methanol, and subseqeuntly d r i e d i n a stream of n i t r o g e n . RHEED 

studies of these samples i n d i c a t e d t h a t the surfaces obtained were f l a t 

and f r e e from surface damage. 

4.4.3 Contactless P o l i s h i n g 

A very a t t r a c t i v e method of overcoming the problems of mechanical 

p o l i s h i n g i s t o use the technique ^ e r e the substrate hydroplanes on the 

p o l i s h i n g f l u i d A hydroplane machine using a s o l u t i o n of Br i n 
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methanol was constructed but found to be very wasteful of the p o l i s h i n g 

f l u i d . Consequently, a more economical system was developed s t i l l using 

Br-Methanol s o l u t i o n and r e t a i n i n g the non-contact aspects of the 

hydroplane method, but w i t h less waste. 

I n t h i s machine the sample i s mounted on a PTFE holder which i s 

lowered onto a r o t a t i n g t u r n t a b l e on which a p o l i s h i n g pad i s f i x e d . 

Br-EthljLeneglycol-Methanol s o l u t i o n i s d r i p fed onto the pad to keep i t 

wetted and as the substrate i s lowered onto the t u r n t a b l e , viscous 

forces support and r o t a t e the sample ensuring a contactless p o l i s h . The 

d e t a i l e d procedure i s as f o l l o w s : 

The CdTe s l i c e s were degreased as described i n Section 4.4.2. The 

s l i c e s were then mounted on the PTFE holder w i t h etch r e s i s t a n t wax and 

lowered onto the t u r n t a b l e and polished using one percent Br s o l u t i o n i n 

(20 + 80%) ethaleneglycol and methanol f o r 20 min. The samples were 

demounted from the holder w i t h t r i c h l o r o e t h a n e , thoroughly washed i n 

t r i c h l o r o e t h a n e and IPA, and f i n a l l y d r i e d i n n i t r o g e n . RHEED studies 

have shown i t to be a good technique f o r producing e x c e p t i o n a l l y f l a t 

s u r f a c e j (the d i f f r a c t i o n p a t t e r n consisted of streaks perpendicular to 

the shadow edge which i s c h a r a c t e r i s t i c of h i g h l y f l a t surface ) w i t h no 

detectable evidence of any p o l i s h i n g damage. 

4.5 Thin Film Deposition 

4.5.1 Thermal Evaporation of CdS 

Both t h i n f i l m and bu l k CdTe/CdS devices made use of t h i n 

evaporated f i l m s of CdS and i t i s therefore appropriate to describe the 

depo s i t i o n of CdS f i l m s . Although a large v a r i e t y of deposi t i o n 

techniques ( i n c l u d i n g thermal evaporation, spray p y r o l y s i s , s p u t t e r i n g , 

screen p r i n t i n g and e l e c t r o d e p o s i t i o n ) have been e x p l o i t e d to prepare 

s o l a r c e l l s , i t was decided t h a t the cadmium sulphide f i l m s should be 

grown by conventional thermal evaporation. The coating system used was 

an Edwards Model 19E6/197 employing an o i l - d i f f u s i o n pump and l i q u i d 
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- 6 n i t r o g e n t r a p . I t was capable of achieving pressures of 10 t o r r . A 
schematic diagram of the system i s shown i n Fig 4.3a, while the b e l l j a r 
f i x t u r e s are shown i n Fig 4.3b. 

The substrate was heated by r a d i a t i o n from a 1000 W i n f r a r e d lamp. 

The substrate temperature was c o n t r o l l e d by a Eurotherm c o n t r o l l e r w i t h 

a NlCr/NiAl thermocouple which was clamped to the back of the substrate. 

A second thermocouple was used to monitor the substrate temperature 

Independently and estimate v a r i a t i o n s I n temperature during evaporation. 

The d e p o s i t i o n r a t e was c a l c u l a t e d from the thickness of the f i l m s and 

the time of evaporation. The substrates w i t h t h e i r s t a i n l e s s s t e e l mask 

were f i t t e d I n t o a s t a i n l e s s s t e e l p l a t e i n the vacuum system. The 

substrate to evaporation source distance was approximately 15 cm . 

A r e s i s t i v e l y heated tantalum c r u c i b l e was used as the evaporation 

source. The charge temperature was measured using a Pt(13%)Rd/Pt 

thermocouple sealed I n a s i l i c a tube w i t h a sharp t i p and Inserted I n t o 

the c r u c i b l e . A s t a i n l e s s s t e e l shutter operating v i a a r o t a r y seal, 

p o s i t i o n e d Immediately below the substrates was used to mask the 

substrates from the source during outgasslng and s t a r t - u p procedures 

( I . e . u n t i l the evaporation r a t e had a t t a i n e d the desired steady v a l u e ) . 

T y p i c a l l y about 15 g of CdS powder, p u r i f i e d by the argon-flow 

run method described i n Section 4.2.2, was loaded I n t o the c r u c i b l e f o r 

each evaporation. I t was covered w i t h a t h i n l a y e r of quartz wool t o 

prevent s p a t t e r i n g of the charge onto the substrate. The f u l l 

evaporation cycle was as f o l l o w s : 

(1) The cleaned t i n oxide coated s l i d e s (Section 4.6.2) or the 

polished p-CdTe substrates (Sections 4.3 and 4.4) were mounted I n t o a 

s t a i n l e s s s t e e l mask and placed i n the vacuum system. 

(2) The system was evacuated to a pressure less than 10 ^ t o r r , and 

the substrates were heated to 120-300''C f o r 30 minutes to provide some 

p r e l i m i n a r y outgasslng. 
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(3) The source temperature was gradually increased to 600''C w i t h 

the s h u t t e r closed. The CdS powder was outgassed at t h i s temperature 

f o r about i hour and then the source and substrate heater supplies were 

switched o f f while the system was l e f t to pump down f o r another 24 

hours. 

(4) The substrates were again heated to the desired temperature 

under high vacuum and the charge temperature was raised t o 600'C. A f t e r 

a f u r t h e r i hour the charge temperature was Increased t o between 

750-1000"'C depending on the choice of evaporation r a t e . When steady 

s t a t e conditions were a t t a i n e d , the mechanical shutter was opened to 

expose the substrates to the CdS vapour. 

(5) When growth was complete ( t y p i c a l l y 10-25 mlns) the shu t t e r was 

closed and the source and substrate heating switched o f f . 

(6) The substrates were allowed to cool down to room temperature 

before being removed from the vacuum system f o r c h a r a c t e r i s a t i o n and/or 

f u r t h e r processing. 

I t was observed t h a t during the CdS evaporation the substrate 

temperature, as measured by the Independent thermocouple, was reduced by 

1-2''C at the s t a r t of evaporation. 

4.5.2 Thermal Evaporation of CdTe 

The CdTe f i l m s were prepared I n an Edwards coating u n i t . The 

lowest vacuum t h a t could be obtained i n t h i s system, which i s 

I l l u s t r a t e d I n Fig 4.4, was 5 x 10~^ t o r r . CdTe f i l m s were grown on 

p r e v i o u s l y deposited CdS l a y e r s , onto commercially a v a i l a b l e t i n oxide 

coated glass s l i d e s , or gold/chromium coated glass s l i d e s prepared i n 

t h i s l a b o r a t o r y (Section 4.6.2). 

The substrates were mounted I n a s t a i n l e s s s t e e l mask and heated 

r a d i a n t l y during growth by an I n f r a r e d lamp (750 W). The temperature of 

the substrates was monitored by a NiCr/NlAl thermocouple attached at the 

back of the substrate. A quartz c r u c i b l e w i t h a s p i r a l l y wound 
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molybdenum wire heater was used as the evaporation source. The charge 

temperature was measured using a Pt(13%)Rd/Pt thermocouple f i x e d i n such 

a way t h a t i t s j u n c t i o n touched the bottom of the c r u c i b l e through a 

s p e c i a l narrow tube provided f o r t h i s purpose. 

The source m a t e r i a l was the high p u r i t y synthesized CdTe described 

i n Section 4.2.1. A small q u a n t i t y (5-10 g ) of charge was placed i n the 

c r u c i b l e f o r each run. I n order to prevent s p a t t e r i n g of the charge the 

mouth of the c r u c i b l e was b a f f l e d w i t h a t h i n layer of s i l i c a wool. 

Evaporation r a t e s were c a l c u l a t e d from the thickness of a f i l m as 

measured i n the SEM, and the deposition time. The evaporation cycle f o r 

CdTe f i l m growth was as f o l l o w s : 

(1) A f t e r loading the system i t was pumped down to a pressure of 

5 x 10 ^ t o r r , and the substrates were heated to the selected 

temperature e.g. 100-400''C. 

(2) The evaporation source was then gradually heated to 450°C and 

the CdTe charge was outgassed f o r 30 mins. 

(3) Depending on the expected deposition r a t e the source 

temperature was r a i s e d to l i e w i t h i n the range 800 to 1200''C. When 

steady s t a t e c o n d i t i o n s were reached, the mechanical shutter was opened 

t o s t a r t the d e p o s i t i o n . 

(4) At the end of the deposition (5-15 mlns) the mechanical s h u t t e r 

was closed, and the source and substrate heaters were switched o f f . 

(5) The system was allowed to cool to room temperature, while 

pumping was continued. The samples were then removed f o r f u r t h e r 

processing, e t c . 

Although unsuccessful, attempts to dope the CdTe f i l m s were made 

using Cu, Sb and Te as a d d i t i v e s . For t h i s two evaporation sources were 

employed, one t o deposit CdTe while the other, a molybdenum boat, was 

used to deposit the required elemental dopant. 
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4.6 Device F a b r i c a t i o n 

4.6.1 F a b r i c a t i o n of CdS/CdTe Solar Cells on Bulk Crystal CdTe 

The substrates were cut and polished as described above (Section 

4.4) and loaded i n t o the CdS evaporation system. A t h i n layer ('̂  10 jjm) 

of CdS was then deposited as o u t l i n e d i n Section 4.5.1. The f i n a l stage 

i n the f a b r i c a t i o n process was to make contacts to the het e r o j u n c t l o n . 

Indium was used to make an ohmic contact to the n-CdS, while gold or 

carbon were used t o make contact to the p-CdTe. 

A f t e r d e p o s i t i o n of the CdS the c e l l was coated (on the CdS side) 

w i t h lacomit v a r n i s h to p r o t e c t i t from mechanical and chemical damage 

during subsequent processing. The sample was then immersed i n HCl to 

remove any CdS t h a t may have been deposited on the sides of the 

su b s t r a t e . A f t e r t h a t the back surface of the CdTe substrate was 

mechanically polished as described i n Section 4.4.1 to remove any CdS 

deposit and to provide a clean surface. A f i n a l s t a t i c p o l i s h i n 2% Br 

i n Methanol s o l u t i o n was administered f o r 3 t o 5 minutes. 

The gold contacts were produced by evaporation from some 50 mg of 

high p u r i t y gold i n a molybdenum boat. The lacomit was then removed 

from the CdS and a small indium dot ( 1mm dla.) was deposited to 

complete the s t r u c t u r e . With carbon contacts, a f t e r p o l i s h i n g the back 

surface of the CdTe su b s t r a t e , the lacomit was f i r s t removed and a small 

q u a n t i t y of carbon paste was painted onto the CdTe surface and the 

sample was annealed i n n i t r o g e n a ambient at d i f f e r e n t temperatures 

(250-350°C) f o r about 20 t o 30 minutes. The samples were allowed to 

cool to room temperature before an Indium dot was evaporated onto the 

CdS. 

4.6.2 F a b r i c a t i o n of Thin Film CdS/CdTe Solar Cells 

Two types of t h i n f i l m s t r u c t u r e were used: 

(1) a t i n oxide coated glass substrate/CdS/CdTe/contact s t r u c t u r e ; 
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( i i ) a glass substrate/contact/CdTe/CdS/contact. I n the f i r s t 

s t r u c t u r e , the t i n oxide coating on the glass served as an ohmic contact 

to the n-CdS. Before the deposition of the CdS f i l m s the t i n oxide 

coated s l i d e s were wiped clean w i t h lens t i s s u e to remove dust. They 

were then dipped i n 5% Decon 90 s o l u t i o n and s o f t l y rubbed w i t h lens 

t i s s u e to degrease the s l i d e s before being placed i n a s i l i c a holder f o r 

cleaning i n an u l t r a s o n i c bath of Decon 90 f o r \ hour. A f t e r t h i s they 

were thoroughly washed i n deionized water to remove the Decon 90, rinsed 

i n IPA and then loaded i n t o an IPA r e f l u x l n g system f o r 24 hrs. 

A f t e r drying i n n i t r o g e n successive layers of CdS and CdTe were 

deposited as described i n Sections 4.5.1 and 4.5.2. F i n a l l y , evaporated 

gold or carbon was used to make contact to the p-CdTe. Gold and carbon 

contacts were made i n the same way as f o r the bulk CdTe/CdS solar c e l l s 

(Sect. 4.6.1). 

When t i n oxide was not used e i t h e r gold was evaporated onto 

chromium coated glass s l i d e s or carbon paste was screen p r i n t e d onto 

uncoated glass. The s l i d e s were cleaned as f o r the t i n oxide coated 

glass. The Au-Cr coated s l i d e s were obtained by successive e l e c t r o n beam 

evaporation i n high vacuum of f i r s t l y Cr and then Au. The Cr was 

necessary because Au on I t s own d i d not adhere w e l l to the glass. The 

carbon f i l m was obtained by s i l k - s c r e e n p r i n t i n g an aqueous s o l u t i o n of 

carbon (Aquadag) d i r e c t l y onto the cleaned glass s l i d e s , which were then 

allowed t o dry at room temperature. 

The Au-Cr or C coated s l i d e s were loaded i n t o the CdTe and CdS 

evaporators f o r the de p o s i t i o n of t h i n f i l m s of CdTe and CdS, and 

f i n a l l y an indium dot was deposited by vacuum evaporation to make the 

ohmic contact to the n-CdS. 

• 4.6.3 F a b r i c a t i o n of Copper Tellurlde/Cadmium T e l l u r i d e Solar Cells 

Cu2Te/CdTe solar c e l l s were f a b r i c a t e d on bulk c r y s t a l CdTe by a 

chemlplatlng process. An In/n-CdTe/p.Cu^Te/Au s t r u c t u r e was used f o r 

these devices. 
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(1) The Chemiplating Process: 

This method was b a s i c a l l y s i m i l a r to that used f o r the Cu^S/CdS 

h e t e r o j u n c t i o n formations'^ ̂ \ In the f i r s t stage of the process, 

commercially a v a i l a b l e copper c h l o r i d e was bleached i n a ten percent 

(10%) s o l u t i o n of HCl i n deionlzed water to remove any traces of CuCl^. 

About 10 g of the unbleached copper c h l o r i d e was added to f o r t y ml of 

d i l u t e HCl. The mixture was thoroughly s t i r r e d w i t h a clean s i l i c a rod 

u n t i l the greenish colour ( i n d i c a t i v e of the presence of CUCI2) of the 

powder had disappeared. The powder was then f i l t e r e d , rinsed w i t h 

acetone and f i n a l l y d r i e d under vacuum. The r e s u l t a n t CuCl, free from 

CuCl^, was then used f o r he t e r o j u n c t i o n formation using the f o l l o w i n g 

procedure. 

(a) Seventy f i v e ml of deionized water was heated i n a covered 

r e a c t i o n vessel, w h i l s t oxygen-free n i t r o g e n was continuously bubbled 

through i t t o remove any dissolved oxygen. 

(b) Simultaneously, twelve ml of concentrated HCl was added to the 

deionized water. 

(c) The pH of the s o l u t i o n was adjusted to a value between 2 and 3 

by the a d d i t i o n of about seven ml of hydrazine hydrate. 

(d) One g of the bleached CuCl was then added. 

(e) The s o l u t i o n was heated t o 90 ± 5''C. When a l l the CuCl powder 

had dissolved the pH value was checked again and, i f necessary, adjusted 

by the a d d i t i o n of e i t h e r HCl or hydrazine hydrate to a pH value of 

2.5. 

For h e t e r o j u n c t i o n formation CdTe substrates were doped n-type and 

polished as described i n Sections 4.3.4 and 4.4. r e s p e c t i v e l y . The 

n-type CdTe dice ( 4 x 4 x 2 mm̂ ) were completely coated w i t h lacomit 
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v a r n i s h except f o r a window on the surface to be converted to Cu^Te. 

These dice were then dipped i n the CuCl s o l u t i o n f o r d i f f e r e n t times 

ranging from 20-120 sees and dr i e d i n a stream of n i t r o g e n . 

(2) E l e c t r i c a l Contacts: 

The best method of making ohmic contacts to n-CdTe was by a l l o y i n g 

indium at a temperature of 250-300°C under a non-oxidizing atmosphere 
(7 8) 

' . I t was important to ensure that the temperature did not exceed 

300°C so t h a t the e l e c t r o n i c properties of the m a t e r i a l were not 

a f f e c t e d (The p r o p e r t i e s of In-CdTe alloye d contacts have been 
(9) 

i n v e s t i g a t e d by B r a i t h w a i t e et a l ) . I n the present work indium was 

evaporated under high vacuum to make ohmic contacts to n-CdTe i n the 

same manner as was used to make In-CdS contacts (Section 4.6.1). An 

evaporated gold g r i d deposited under high vacuum was used to make an 

ohmic contact to the p-Cu^Te. 

4.6.4 Preparation of Schottky B a r r i e r Devices 

Schottky diodes were used f o r c h a r a c t e r i z a t i o n of the m a t e r i a l , and 

these were f a b r i c a t e d on p-type CdTe. High r e s i s t i v i t y CdTe c r y s t a l s 

grown i n t h i s l a b o r a t o r y (Section 4.2.3) were f i r s t cut i n t o 4 x 4 x 2 

mm̂  dice using a diamond saw. A f t e r u l t r a s o n i c cleaning i n Decon 90 the 

dice were polished mechanically and chemically as o u t l i n e d i n Section 

4.4. The CdTe was then doped p-type as required using the procedures 

described i n Section 4.3.1, and then repolished mechanically to remove 

any surface l a y e r of excess t e l l u r i u m . This was followed by a pad 

p o l i s h i n 2% Br-Methanol s o l u t i o n f o r 3 to 5 minutes. 

Both Indium and aluminium were used to make r e c t i f y i n g contacts and 

Au was used to make ohmic contacts to p-type CdTe. Although the 

r e s i s t i v i t y of Au contacts on p-CdTe was high, i t d i d not a f f e c t the 
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r e s u l t s because the substrate r e s i s t i v i t y was also comparatively high. 
A f t e r p o l i s h i n g the dice were mounted onto a s t a i n l e s s s t e e l mask w i t h 
holes of d i f f e r e n t diameters and loaded i n t o an oil-pumped vacuum 
system. I n or Al was then deposited by evaporation from a molybdenum 
boat. Au was deposited on the other side of the p-CdTe to make ohmic 
contacts. I n order to avoid scratches and o x i d i z a t i o n of the A l layers 
they were covered w i t h t h i n layers of s i l v e r paste. 
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CHAPTER 5 

CHARACTERIZATION OF MATERIALS AND DEVICES 

5.1 I n t r o d u c t i o n 

I n t h i s Chapter the various experimental techniques used f o r the 

s t r u c t u r a l and e l e c t r i c a l assessment of materials and devices are 

reviewed. These include RHEED, SEM and X-ray d i f f r a c t o m e t r y which are 

described i n Sections 5.2 - 5.4 and which provide information on the 

s t r u c t u r e and morphology of the devices. The experimental procedure f o r 

DLTS and c o n d u c t i v i t y measurements, together w i t h the equipment employed 

are described i n Sections 5.8 and 5.9. Sections 5.5 - 5.7 deal w i t h the 

techniques f o r device c h a r a c t e r i z a t i o n , i . e . I-V, C-V and spectr a l 

response measurements. 

5.2 R e f l e c t i o n High Energy Electron D i f f r a c t i o n (RHEED) 

R e f l e c t i o n high energy e l e c t r o n d i f f r a c t i o n (RHEED) was 

suc c e s s f u l l y used t o study the c r y s t a l l i n l t y of the various CdS and CdTe 

t h i n p o l y c r y s t a l l l n e and e p i t a x i a l f i l m s that were grown f o r t h i s work. 

RHEED i s i d e a l l y s u i t e d to surface studies and was used to characterize 

and compare the surfaces of substrates prepared by d i f f e r e n t p o l i s h i n g 

techniques. RHEED was also used to confirm t h a t e p i t a x i a l deposition of 

CdS onto CdTe had been achieved, and to i d e n t i f y the o r i e n t a t i o n of both 

substrate and e p i l a y e r . F i n a l l y , I t was the only available technique 

which could be used to i n v e s t i g a t e and determine the phase of Cu^Te 

produced by the dip p i n g process. 

RHEED e n t a i l s the d i f f r a c t i o n of mono-energetic electrons w i t h 

energies i n the range 10-100/^eV from the atomic planes at the surface 

of a c r y s t a l l i n e specimen. The de Br o g l l e wavelength associated w i t h a 
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p a r t i c l e of momentum P i s given by; 

h (5.1) 
P 

where h i s Planck's constant. 

The wavelength of an electron accelerated through a voltage V (in v o l t s ) 

i s given by the e x p r e s s i o n : 

150 A (5.2) 

V ( l + 10"S) 

For the accelerating voltages in question the electron wavelengths 

are of the same order as the interplanar spaclngs of a c r y s t a l and thus 

the electron beam w i l l experience d i f f r a c t i o n in accordance with Bragg's 

Law: 

X - 2 d^^^ sine (5.3) 

where A I s the wavelength of electrons, ^•^j. Interplanar spacing 

of the {hkl} planes and 9 I s the Bragg angle. 

The Interplanar spacing i s of the order of 2 A for most materials 

while for the above range of accelerating voltage the wavelength w i l l 

l i e between 0.12-0.04 A and hence the Bragg angle varies from about 1.5 

to 0.5°. In consequence, RHEED i s only applicable to those planes that 

are inclined at l e s s than a few degrees to the surface of the speclaen 

since they are the only planes which can d i f f r a c t an electron beam at 

grazing incidence. 

The necessary condition for the production of an electron 

d i f f r a c t i o n pattern i s i l l u s t r a t e d In Fig (5.1). When the incident bean 

s t r i k e s a p a r t i c u l a r c r y s t a l plane (hkl) at the relevant Bragg angle 0, 

i t i s d i f f r a c t e d to form a d i f f r a c t i o n spot on the fluorescent screen 
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(or a photographic f i l m ) at a distance L from the sample. Each plane 

( h k l ) i n r e a l space produces a spot on the screen and spots 

corresponding to d i f f e r e n t planes c o n s t i t u t e a p a t t e r n which may be 

I n t e r p r e t e d and indexed using the concept of r e c i p r o c a l l a t t i c e , applied 

o r i g i n a l l y by Ewald and Von Laue. The r e c i p r o c a l l a t t i c e i s one 

composed of a system of p o i n t s , each of which represents a r e f l e c t i n g 

plane i n the c r y s t a l and has the same indices as the corresponding 

r e f l e c t i n g plane. The r e c i p r o c a l l a t t i c e i s constructed from the r e a l 

l a t t i c e by drawing a l i n e through the o r i g i n normal to the corresponding 

r e f l e c t i n g plane of the c r y s t a l of length equal to the r e c i p r o c a l of the 

c r y s t a l spacing. Thus i f distance of the (h k l ) plane from 

o r i g i n i n r e a l space, the corresponding distance i n r e c i p r o c a l space i s 

I n three dimensions the Bragg r e f l e c t i o n condition can be 

determined using a geometrical c o n s t r u c t i o n known as the Ewald sphere 

(F i g 5.2). I n the geometrical representation of Bragg's law, 

c o n s t r u c t i v e i n t e r f e r e n c e takes place only i f the r e f l e c t i o n sphere 

I n t e r s e c t s p o i n t s i n the r e c i p r o c a l l a t t i c e . The radius of the sphere 

which i s equal to 1/A i s very large as compared w i t h the r e c i p r o c a l 

l a t t i c e distances of l / d j j j ^ ^ ^or the d i f f r a c t i o n of a beam of high energy 

e l e c t r o n s . So at very high energies such as 100 KeV, the r e f l e c t i o n 

sphere can be approximated to a plane s e c t i o n through the r e c i p r o c a l 

l a t t i c e and the RHEED p a t t e r n corresponds to t h i s plane section l y i n g 

perpendicular to the d i r e c t i o n of the i n c i d e n t beam. 

With p o l y c r y s t a l l l n e m a t e r i a l s the random o r i e n t a t i o n of i n d i v i d u a l 

g r ains gives r i s e t o a r i n g p a t t e r n . Instead of a d i s c r e t e spot p a t t e r n , 

w i t h each r i n g corresponding to a p a r t i c u l a r d^j^^ spacing. For small 

values of the Bragg angle the radius of the r i n g s , Rjjj^j^ i s r e l a t e d to 
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This equation i s known as the camera equation and can be derived 

from the Bragg c o n d i t i o n f o r i n t e r f e r e n c e . The term on the l e f t - h a n d 

s i d e , XL, i s known as camera constant and may be used as a c a l i b r a t i o n 

f a c t o r to determine i n t e r p l a n a r spacings ^ ^ j j i ^ l ^ from the recorded 

d i f f r a c t i o n p a t t e r n . 

RHEED i s a very a t t r a c t i v e technique f o r s t r u c t u r a l assessment of 

t h i n f i l m s and surfaces f o r several reasons^^\ 

(1) This technique i s very easy to apply and observations are 

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

(2) I t i s a non-destructive technique and can e a s i l y be employed to 

o b t a i n d i f f r a c t i o n p atterns from the surface of samples w i t h dimensions 

of several m i l l i m e t r e s and the thickness of the sample i s not a l i m i t i n g 

f a c t o r . 

(3) I t i s p a r t i c u l a r l y u s e f u l i n studies of surface layers of t h i n 

f i l m s of the order of several microns or less where X-rays are 

u n i n f o r m a t l v e . 

(4) Changes i n the d i f f r a c t i o n p a t t e r n w i t h sample r o t a t i o n and 

d i f f r a c t i o n c o n d i t i o n s can r e a d i l y be observed on a fluorescent screen. 

No such f a c i l i t y i s possible w i t h X-ray d i f f r a c t i o n . 

(5) For the photographic recording of the d i f f r a c t i o n p a t t e r n 

exposure i s of the order of seconds f o r electrons while f o r X-rays i t 

can be several tens of minutes. 

(6) The t r a n s f o r m a t i o n from r e a l t o r e c i p r o c a l space i s easier t o 

v i s u a l i z e than i t i s w i t h X-ray d i f f r a c t i o n because the necessary 

c o n d i t i o n f o r c r y s t a l planes t o d i f f r a c t high energy electrons i s t h a t 

they should be approximately p a r a l l e l t o the I n c i d e n t beam. 

(7) Since the Bragg angle f o r e l e c t r o n d i f f r a c t i o n by t y p i c a l 

c r y s t a l planes i s less than 2 degrees, a d i f f r a c t i o n p a t t e r n extended 

over a large number of r e f l e c t i o n s i n the r e c i p r o c a l space can be 
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recorded on a f l a t photographic p l a t e , while w i t h X-ray d i f f r a c t i o n or 

LEED a large angular spread of the p a t t e r n has to be covered. 

I n the present study, a JEM 120 transmission e l e c t r o n microscope 

operating at 100 KeV was used i n the RHEED mode. 

5.3 Scanning Ele c t r o n Microscopy 

The v e r s a t i l i t y and rapi d turn-round time of the scanning e l e c t r o n 

microscope (SEM) makes t h i s instrument an extremely powerful t o o l i n the 

c h a r a c t e r i z a t i o n of ma t e r i a l s and surfaces. The fundamental Idea 

u n d e r l y i n g the operations of a scanning e l e c t r o n microscope i s t h a t when 

an e l e c t r o n beam i s scanned across the sample i n a r a s t e r a number of 

d i f f e r e n t i n t e r a c t i o n s occur between the i n c i d e n t e l e c t r o n beam and the 

specimen as i l l u s t r a t e d i n Fig.5.3. I n p a r t i c u l a r , the in c i d e n t e l e c t r o n 

beam w i l l generate: 

(a) secondary electrons which may be c o l l e c t e d t o form a magnified 

image of the specimen surface. This i s the secondary emission (SE) mode 

of the SEM. 

(b) X-rays from the i n t e r a c t i o n w i t h surface atoms. These may be 

c o l l e c t e d as w e l l and analysed (energy d i s p e r s i v e anlaysls of X-rays, 

EDAX) to give i n f o r m a t i o n on the elemental species present i n the 

sample. 

(c) e l e ctron-hole p a i r s may be produced w i t h i n the sample. These 

may be ext r a c t e d and displayed to give i n f o r m a t i o n about e l e c t r i c a l l y 

a c t i v e s t r u c t u r a l features (e.g. g r a i n boundaries) and important 

e l e c t r i c a l ( m a t e r i a l ) parameters such as 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 . The d i f f e r e n t modes of operation I n which the SEM was used f o r 

the present work were: 

5.3.1 Secondary Emission Mode 

I n the SE mode of operation the secondary electrons emitted from 

the sample are c o l l e c t e d and imaged. The number of electrons emitted i s 

a f u n c t i o n p r i m a r i l y of the surface topography and of v a r i a t i o n of 
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secondary emission e f f i c i e n c y across the surface. The secondary 

electrons are c o l l e c t e d by an Everhart-Thornley detector. This i s a 

s c i n t i l l a t o r and Faraday cage arrangement coupled to a p h o t o m u l t i p l i e r 

tube. The secondary electrons are generally too low i n energy to e x c i t e 

s c i n t i l l a t i o n s and so these low energy electrons are accelerated by 

applying a p o t e n t i a l of + lA to the s c i n t i l l a t o r . To screen the 

primary e l e c t r o n beam from the influence of the high p o t e n t i a l , the 

s c i n t i l l a t o r i s surrounded by a Faraday cage biased at + 250V to c o l l e c t 

the primary back-reflected and secondary elec t r o n s . The c o l l e c t e d 

electrons are then accelerated onto the s c i n t i l l a t o r producing flashes 

of l i g h t ( s c i n t i l l a t i o n s ) which are coupled to the p h o t o m u l t i p l i e r by a 

l i g h t pipe. The p h o t o m u l t i p l i e r s i g n a l i s applied to the z-modulation 

of a CRT d i s p l a y which i s scanned i n synchronism w i t h the primary 

e l e c t r o n beam t o give a video image of the surface. By co n f i n i n g the 

area of the sample scanned, and using a well-focussed beam i t i s 

possible t o o b t a i n very high l e v e l s of m a g n i f i c a t i o n w i t h good depth of 

f i e l d . For a more d e t a i l e d discussion of image formation etc. the 
(2 3) 

reader i s r e f e r r e d to the l i t e r a t u r e ' . This mode of the SEM was 

su c c e s s f u l l y used t o study the morphology and cross-section (thickness) 

of both CdS and CdTe f i l m s . 

5.3.2 Energy Dispersive Analysis by X-rays 

This i s an invaluable f a c i l i t y f o r the i d e n t i f i c a t i o n of the 

elemental composition w i t h i n a selected region of the surface on %rtiich 

the s t a t i o n a r y e l e c t r o n beam i s po s i t i o n e d . I n t h i s mode of operation 

the c h a r a c t e r i s t i c X-rays are produced by e l e c t r o n bombardment i f the 

a c c e l e r a t i n g voltage i s greater than the c r i t i c a l p o t e n t i a l . Analysis 

of the X-rays enables the chemical composition of the area under 
(4) 

study t o be determined . I t i s thus u s e f u l i n e s t a b l i s h i n g the 
po s i t i o n of the i n t e r f a c e of a h e t e r o j u n c t i o n to an accuracy of "v* 1 pm. 
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This technique can be used to detect elements of the periodic table w i t h 

an atomic number greater than eleven. 

5.3.3 Electron Beam Induced Current (EBIC) Mode 

The EBIC mode of the SEM i s generally used to In v e s t i g a t e 

e l e c t r i c a l l y a c t i v e areas i n a semiconductor. This technique has been 

wid e l y e x p l o i t e d t o measure such transport p r o p e r t i e s of semiconductors 

as 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 , l i f e t i m e and surface 

recombination v e l o c i t y ^ ^ \ 

I n t h i s imaging mode the inc i d e n t e l e c t r o n beam generates 

e l e c t r o n - h o l e p a i r s which are c o l l e c t e d at e l e c t r i c a l b a r r i e r s i n the 

specimen. I n general a p o t e n t i a l b a r r i e r i s d e l i b e r a t e l y f a b r i c a t e d , 

( u s u a l l y i n the form of a Schottky or p-n j u n c t i o n diode) i n order t o 

separate the elec t r o n s and holes generated by the inc i d e n t e l e c t r o n 

beam, i n an analogous way to the photovoltaic e f f e c t . The separated 

charge c a r r i e r s are c o l l e c t e d , a m p l i f i e d and applied t o the z-modulation 

o f the CRT d i s p l a y . Thus, as the el e c t r o n beam i s scanned across the 

sample, areas where f o r example p r e f e r e n t i a l recombination i s t a k i n g 

p l a c e , w i l l show a reduction i n the short c i r c u i t current which then 

appears as a change i n contrast on the d i s p l a y . 

The EBIC mode of the SEM was used i n t h i s work to measure 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 length. The EBIC current was measured as a 

f u n c t i o n of beam distance x,from the j u n c t i o n on both sides. The basic 

idea behind t h i s technique i s presented mathematically as below: 

The c o n t i n u i t y equation f o r m i n o r i t y c a r r i e r s i n a p-type 

semiconductor may be w r i t t e n as^^^: 

3An = G - An + AnjJ 7E + y EVAn + D 7^An (5.6) - — n n n 3t T 
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where 

An = excess e l e c t r o n population 

G = elec t r o n - h o l e generation rate 

T = l i f e t i m e 

= e l e c t r o n m o b i l i t y 

E = e l e c t r i c f i e l d 

D = D i f f u s i o n constant n 

Assuming t h a t the e l e c t r i c f i e l d E outside the depletion region i s 

zero, the equation reduces i n one dimension t o : 

a^Ai An _ G_ (5.7) 
3 P ~ ~ W ~ " D 

This can be solved w i t h the f o l l o w i n g boundary c o n d i t i o n s ; 

An (x = ») = 0 (5.8) 

An (x - 0) - An (5.9) o 

t o g i v e 

An(x) - GT + (An - GT) exp( - x ) (5.10) 

A s i m i l a r r e l a t i o n can be established f o r n-type m a t e r i a l . Since 

the c u r r e n t d e n s i t y J i s r e l a t e d to An by 

J - q D 7An(x) n n (5.11) 
X - 0 

then 

J(o) exp e-x/L^) (5.12) 

where J(o) - eDpCAn^-GT) ( 5 ^ 3 ^ 
L n 
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Equation (5.12) forms the basis of the present measurements. I n 

p r a c t i c e the device was mounted on a copper p l a t e and then cleaved 

perpendicular to the j u n c t i o n plane. A linescan was c a r r i e d out across 

the cleaved surface of the device and from t h i s current measurements 

were made as a f u n c t i o n of distance. A p l o t of fti J(x ) / J ( o ) vs x was 

then constructed i n which the gradient gave a measurement of 1/L . A 
n 

Cambridge stereoscan 600 Scanning e l e c t r o n microscope was used i n i t s 

d i f f e r e n t modes of operation to study the tex t u r e and thickness of the 

CdS and CdTe f i l m s , measure the d i f f u s i o n length of m i n o r i t y c a r r i e r s 

and composition of the m a t e r i a l s . A schematic diagram of t h i s 

instrument i s shown i n Fig 5.4. 
>• -

5.4 X-ray D i f f r a c t o m e t r y 

The c r y s t a l l i n i t y and the phases of CdS and CdTe f i l m s were studied 

using X-ray d i f f r a c t o m e t r y . The unique f e a t u r e of the technique i s t h a t 

i t samples not only r e l a t i v e l y large areas, as does RHEED, but also, 

u n l i k e RHEED, penetrates throughout the depth of the f i l m . As a r e s u l t 

i t provides an assessment of c r y s t a l s t r u c t u r e which i s averaged over 

the e n t i r e sample volume. I t was found to be p a r t i c u l a r l y u s e f u l i n 

comparing the degree of pr e f e r r e d o r i e n t a t i o n I n t h i n evaporated f i l m s 

grown a t d i f f e r e n t substrate temperatures. 

The s t u d i e s were c a r r i e d out using a P h i l i p s PW1130 d i f f r a c t o m e t e r 

w i t h c o b a l t Ka r a d i a t i o n of average wavelength 1.7902 A. I t was 

operated w i t h t a r g e t voltage and current of 40 KV and 20 bA 

r e s p e c t i v e l y . The anal y s i s conditions were; divergent s l i t 1', 

r e c e i v i n g s l i t 0.1°, s c a t t e r s i l t 1', and a goniometer scan speed of 1' 

per minute. The instrument was equipped w i t h a sealed p r o p o r t i o n a l 

d e t e c t o r and a pulse height analyser. 

The f i l m s were deposited on glass substrates which were then 

mounted I n the sample chamber of the d i f f r a c t o m e t e r . X-ray d i f f r a c t i o n 

scans were recorded from 2e - 20° t o 20 - 70° and the analysis of the 
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f i l m s was c a r r i e d out using the standard J o i n t Committee f o r the Powder 

D i f f r a c t i o n Standard (J.C.P.D.S) index 1974^''^ 

5.5 Current-Voltage C h a r a c t e r i s t i c s (I-V) 

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 devices were measured 

using the experimental arrangement shown i n Fig 5.5. The 

c h a r a c t e r i s t i c s measured i n the dark determine what proportion of the 

e l e c t r i c a l energy generated by the device f o r a given irradiance w i l l be 

a v a i l a b l e as u s e f u l energy at the output terminals and what f r a c t i o n 

w i l l be d i s s i p a t e d as heat. D e t a i l e d point-by-point measurements of the 

I-V c h a r a c t e r i s t i c s were c a r r i e d out using a high Impedance d i g i t a l 

v o ltmeter and a low impedance Hewlett Packard ammeter (type 3465B) w i t h 

the device placed i n a l i g h t t i g h t enclosure. The bias voltage was 

derived e i t h e r from a c a l i b r a t e d D.C.Supply (Time El e c t r o n i c s Ltd. type 

2003) or from a p o t e n t i a l d i v i d e r arrangement. 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s were measured under 

simulated AMI i l l u m i n a t i o n using the same arrangement. AMI i l l u m i n a t i o n 

was provided by a Durham b u i l t s o l a r simulator, using a 1.5 fyi quartz 

halogen s t r i p lamp w i t h a p a r a b o l i c r e f l e c t o r housing. The lamp was 

mounted i n a l e v e l l e d metal frame f i t t e d w i t h a t r a y containing 2 cm 

deep f l o w i n g water intended to simulate i n f r a r e d absorption of the 

atmosphere. Underneath the t r a y was placed a t a b l e of adjustable height 

on which the sample was mounted. This assembly i s shown i n Fig 5.6. 

The I n t e n s i t y of the i l l u m i n a t i o n at the sample surface was measured 

using a c a l i b r a t e d s i l i c o n PIN diode (type 10 DF, United Detectors 

Technology) and adjusted to give AMI i l l u m i n a t i o n by ad j u s t i n g the 

height of the t a b l e . The PIN diode had a f l a t s p e c t r a l response over 

the s p e c t r a l range 500-900 nm. 

5.6 Capacitance-Voltage and Photocapacitance Measurements 

Capacitance-voltage c h a r a c t e r i s t i c s have been measured f o r most of 

the diode s t r u c t u r e s f a b r i c a t e d during the present work, as a means of 
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determining free c a r r i e r d e n s i t i e s and estimating b a r r i e r heights. They 

also give an i n d i c a t i o n of i n t e r f a c e s t a t e a c t i v i t y . I n a d d i t i o n , 

steady-state photocapacltance studies have been c a r r i e d out to i d e n t i f y 

the more important deep l e v e l s present i n the devices. 

Capacitance-voltage c h a r a c t e r i s t i c s were measured manually w i t h a 

Boonton 72B Capacitance meter, which operates at 1 MHz, together w i t h a 

D.C. c a l i b r a t e d voltage source (Time E l e c t r o n i c s L t d . Model 2003). The 

experimental arrangement used to measure steady state photocapacitance 

i s shown i n Fig 5.7. I l l u m i n a t i o n was provided from a tungsten l i g h t 

source w i t h a Barr and Stroud type VL2 prism monochromator. The dark 

capacitance of the device was f i r s t compensated so that small changes 

induced by the i n c i d e n t monochromatic l i g h t could be e a s i l y recorded. 

The steady state photocapacitance measurements were also conducted at 

l i q u i d n i t r o g e n temperature to minimize thermal e f f e c t s . 

The sample was loaded i n t o the c r y o s t a t shown i n Fig 5.7 and l e f t 

i n the dark f o r a s u f f i c i e n t time t o achieve steady s t a t e . The i n c i d e n t 

l i g h t from the monochromator was scanned from long t o short wavelengths. 

5.7 Spectral Response Measurements 

The s p e c t r a l response (sometimes known as quantum e f f i c i e n c y or 

c o l l e c t i o n e f f i c i e n c y ) i s one of the most Important features of a 

p h o t o v o l t a i c device and i s defined as the r a t i o of the number of the 

charge c a r r i e r s c o l l e c t e d by the j u n c t i o n t o the number of i n c i d e n t 

photons at a given wavelength. The s p e c t r a l s e n s i t i v i t y of the s o l a r 

c e l l s was measured using a Barr and Stroud double prism monochromator 

(type VL2) f i t t e d w i t h s p e c t r o s l l "A" s i l i c a prisms. The wavelength 

range used was 0.4 t o 2.0 pm. The l i g h t source was a 250 watt, 24 v o l t 

quartz halogen lamp d r i v e n by 200 V D.C. s t a b i l i z e d power supply. 
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The energy d i s t r i b u t i o n of the l i g h t source at the e x i t s l i t was 

measured using a H i l g e r and Watts Schwartz compensated l i n e a r vacuum 

thermopile type FT16. The l i g h t was chopped at a frequency of 10 Hz and 

the thermopile s i g n a l was recovered using a Brookdeal 9801 

l o c k - i n - a m p l i f i e r and a Brookdeal type 431 a nanovolt p r e a m p l i f i e r . The 

energy d i s t r i b u t i o n of the l i g h t source together w i t h the mono^^omator 

i s shown i n Fig 5.8. I n order to avoid the e f f e c t s of d r i f t i n the 

monochromator the system was c a l i b r a t e d at regular i n t e r v a l s w i t h a 

sodium lamp and a PIN diode. To ensure a true comparison between 

d i f f e r e n t devices the monochromator s l i t s were kept constant at 0.5 mm 

throughout the measurement. 

The experimental arrangement used f o r photoresponse measurements i s 

shown i n Fig 5.9. The device to be characterized was mounted on the 

specimen block of a c r y o s t a t and i t s temperature was measured by a 

copper-constantan thermocouple f i x e d t o the block. The devices were 

i l l u m i n a t e d both i n the "Front" and "Back" w a l l modes of operation. The 

OCV and SCC response of the sol a r c e l l s at d i f f e r e n t wavelengths of the 

In c i d e n t l i g h t were measured w i t h a K e i t h l e y 602 electrometer and 

recorded on an x - t chart recorder. 

5.8 Co n d u c t i v i t y Measurements 

As described i n Chapter 4, the as-grown bulk s i n g l e c r y s t a l CdTe 

was s e m i - i n s u l a t i n g and had f i r s t to be doped semiconducting n or p-type 

before i t could be used f o r device f a b r i c a t i o n . However, p r i o r to t h a t , 

i t was important t o characterize the e l e c t r i c a l behaviour of as-grown 

m a t e r i a l and t o i d e n t i f y dominant ( e l e c t r i c a l l y ) a c t i v e deep l e v e l s . 

This was done by measuring and analysing the current-voltage 

c h a r a c t e r i s t i c s at d i f f e r e n t temperatures as described i n Section 6.2. 

The measurements were made using an Oxford Instruments DN1704 

v a r i a b l e temperature c r y o s t a t . This i s a l i q u i d n i t r o g e n r e s e r v o i r 

c r y o s t a t which uses helium as an exchange gas and i s capable of 
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maintaining any temperature i n the range 77K to 500K to an accuracy of ± 

IK. Fig 5.10 represents the main parts and dimensions of the c r y o s t a t . 

I t operates on the p r i n c i p l e of c o n t r o l l e d continuous t r a n s f e r of l i q u i d 

n i t r o g e n from the r e s e r v o i r to a heat exchanger which surrounds the 

sample region. This i s a 20mm I n t e r n a l diameter tube passing through 

the length of the c r y o s t a t and which i n operation i s f i l l e d w i t h helium 

gas. 

The sample i s loaded from the top and cooled by the s t a t i c column 

of the exchange gas that thermally l i n k s the sample and the heat 

exchanger which i s positioned at the lower end of the sample tube. The 

heat exchanger i s connected to both the l i q u i d n i t r o g e n r e s e r v o i r and to 

an e l e c t r i c a l heater, such th a t the combination of heater current and 

l i q u i d n i t r o g e n f l o w from the r e s e r v o i r , w i l l e s t a b l i s h the desired 

temperature at the copper heat exchanger. Temperature I s measured using 

a platinum resistance thermometer and the cr y o s t a t temperature i s 

c o n t r o l l e d by an Oxford Instruments DTC2 d i g i t a l temperature c o n t r o l l e r 

t o an accuracy of ± O.IK. 

The experimental arrangement i s shown i n the block diagram, Fig 

5.11. A regulated power supply was used to apply the bias p o t e n t i a l 

w h i l e the curre n t and voltage were measured using K e i t h l e y 602 

electrometer and Hewlett aa4- Packard (type 3465B) voltmeter 

r e s p e c t i v e l y . I-V data was obtained polnt-by-point at d i f f e r e n t 

temperatures and analysed to f i n d the a c t i v a t i o n energies. 

5.9 Deep Level Transient Spectroscopy (DLTS) 

The d e t a i l e d measurement of deep l e v e l s i n CdTe Schottky and 

h e t e r o j u n c t l o n devices was c a r r i e d out using Deep Level Transient 

Spectroscopy (DLTS) described i n Section (6.3 ) . E s s e n t i a l l y , DLTS 

provides q u a n t i t a t i v e data on the thermal a c t i v a t i o n energies of deep 

l e v e l s i n the bandgap, and i n c e r t a i n cases i t may be used t o determine 

capture cross-sections and tr a p d e n s i t i e s . 
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The experimental arrangement used f o r the DLTS studies was a 

modified v e r s i o n of the basic dual-gated boxcar method f i r s t described 
(8) 

by Lang . The system d i f f e r e d from t h a t of Lang i n the use of a 

sampling d i g i t a l voltmeter to recover the f u l l capacitance t r a n s i e n t , 

and i n the use of a computer to c o n t r o l the system and store the data. 

The DLTS apparatus i s i l l u s t r a t e d schematically i n Fig 5.12. 

The sample i s mounted i n an Oxford Instruments DN704 cryostat and 

i t s temperature i s c o n t r o l l e d by an Oxford Instruments DTC2 d i g i t a l 

temperature c o n t r o l l e r . The capacitance t r a n s i e n t was measured using a 

Boonton 72B d i f f e r e n t i a l capacitance meter, and the bias pulses were 

supplied from a Lyons PG73N pulse generator. The system was c o n t r o l l e d 

by a Commodore PET 4032 microcomputer, equipped w i t h a Commodore 8050 

dual disc d r i v e and the DLTS spectra were p l o t t e d on a Hewlett Packard 

9872C d i g i t a l p l o t t e r . 

The sample was f i r s t cooled down to l i q u i d n i t r o g e n temperature and 

allowed to s t a b i l i z e f o r about \ hour. The temperature was then ramped 

s t e a d i l y , under computer c o n t r o l , at t y p i c a l l y 1 K/min and the 

capacitance t r a n s i e n t was sampled only when the temperature was w i t h i n ± 

0.2K of the desired value. I n general an average of four sets of 

samples was taken and stored on d i s c , at IK i n t e r v a l s . The DLTS spectra 

were then constructed, a f t e r the DLTS run was completed, using the 

normal r a t e window approach of Lang, and appropriate Arrhenius p l o t s 

were p l o t t e d to determine the a c t i v a t i o n energies and capture 

cross-sections (Section 6.3). 
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CHAPTER 6 

CHARACTERIZATION OF MATERIALS 

6.1 I n t r o d u c t i o n 

The s u i t a b i l i t y of a semiconductor f o r device appl i c a t i o n s depends 

very much on c r y s t a l p e r f e c t i o n and the e f f e c t s of imperfections on the 
(1-3) 

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 . I n p a r t i c u l a r , f o r solar c e l l s 

the r e s u l t i n g deep l e v e l s i n the c r y s t a l act as trapping or 

recombination centres and in f l u e n c e the l i f e t i m e of m i n o r i t y c a r r i e r s 
(4) 

and hence the device e f f i c i e n c y . I t i s important therefore t o 

understand the nature and p r o p e r t i e s of c r y s t a l defects i n CdTe and t o 

attempt t o c o n t r o l them. 

Since de Nobels' fundamental and comprehensive s t u d y o f CdTe, 

much has been published on ,the e l e c t r o n i c l e v e l s introduced during 

c r y s t a l growth, by post-growth heat treatment or by doping w i t h 

i m p u r i t i e s e t c . A summary of the energy l e v e l s associated w i t h 

defect centres and t e n t a t i v e i d e n t i f i c a t i o n s of t h e i r o r i g i n s has been 

reported i n reference 4. I n the past decade, d i f f e r e n t techniques such 

as the thermally stimulated current (TSC) ̂ '̂̂ "•'•̂ ^ and 

t i m e - o f - f l i g h t m e a s u r e m e n t s have been successfully used t o 

char a c t e r i z e defect centres i n CdTe. These techniques are only 

e f f e c t i v e w i t h compensated s e m i - i n s u l a t i n g or pure and high r e s i s t i v i t y 
(4) 

CdTe, s u i t a b l e f o r nuclear detectors . Deep le v e l s i n low 

r e s i s t i v i t y CdTe e s s e n t i a l f o r so l a r c e l l s , have not therefore received 

p a r t i c u l a r a t t e n t i o n . DLTS has been applied very successfully t o low 

r e s i s t i v i t y CdTê "̂ '"'"̂ "''"̂ ^ but most of t h i s research was confined t o 

n-CdTe and not t o the p-type m a t e r i a l which i s most relevant t o sol a r 

c e l l s . 
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The as-grown bulk c r y s t a l CdTe used i n the present study was 

s e m i - i n s u l a t i n g , and had f i r s t to be doped semiconducting n or p-type 

before i t could be used f o r c e l l f a b r i c a t i o n . For t h i s purpose CdTe 

substrates were subjected to various doping procedures as described i n 

se c t i o n 4.3. S i m i l a r l y , heat treatments were o f t e n employed during 

contact and device f a b r i c a t i o n . Therefore, i t was necessary t o 

char a c t e r i z e the CdTe i n both as-grown and doped ( w i t h Te and Cu) 

c o n d i t i o n s . High r e s i s t i v i t y undoped m a t e r i a l was characterized using 

space charge l i m i t e d current a n a l y s i s , while doped and more conducting 

CdTe was analysed by DLTS. 

6.2 A c t i v a t i o n Energy Analysis 

6.2.1 P r i n c i p l e s 

The study of e l e c t r i c a l t r a n s p o r t i n semiconductors provides 

i n f o r m a t i o n about the basic p r o p e r t i e s of the m a t e r i a l such as type and 

concentration of f r e e c h a r g e , c a r r i e r s c o n t r i b u t i n g to conduction 

Measurements of current-voltage c h a r a c t e r i s t i c s as a f u n c t i o n of 

temperature can be p a r t i c u l a r l y I n f o r m a t i v e . I n general, the e f f e c t of 

temperature on the c o n d u c t i v i t y of the m a t e r i a l may o f t e n be expressed 

i n terms of an a c t i v a t i o n energy and analysis of the a c t i v a t i o n energy 

i n d i f f e r e n t regions of the cur 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 w i l l y i e l d 

i n f o r m a t i o n about deep l o c a l i z e d energy l e v e l s . 

E l e c t r i c a l conduction i n semiconductors may be c l a s s i f i e d as 

i n t r i n s i c or e x t r i n s i c . I n t r i n s i c conduction i s generally only 

observed at higher temperatures (where the bandgap i s a small m u l t i p l e 

of kT) i n high p u r i t y m a t e r i a l s and w i l l not be appl i c a b l e i n our case. 

When the number of charge c a r r i e r s supplied by the i m p u r i t i e s exceeds 

the c a r r i e r s c o n t r i b u t e d by Interband t r a n s i t i o n s the m a t e r i a l i s said 

to be e x t r i n s i c , and two types of e x t r i n s i c region may be d i s t i n g u i s h e d 
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as: (a) uncompensated; (b) compensated. I n the m a j o r i t y of 

semiconductors both acceptor and donor i m p u r i t i e s are present and 

i n f l u e n c e the c o n d u c t i v i t y . When the d e n s i t i e s of the donor and 

acceptor i m p u r i t i e s are equal the m a t e r i a l i s described as compensated. 

However, i n general a semiconductor i s only p a r t i a l l y compensated and 

the f r e e c a r r i e r concentration i s then given by^^^*"''^^: 

n = N /N (N, - N ) exp (E^ - E )/kT (6.1) c a d a d a 

where and are the d e n s i t i e s of donor and acceptor i m p u r i t i e s 

r e s p e c t i v e l y , i s the e f f e c t i v e density of states i n the conduction 

band and the a c t i v a t i o n energy f o r t h i s type of conduction i s (E, -
d 

I n a d d i t i o n t o the three cases described above a f o u r t h 

p o s s i b i l i t y , t h a t i s p a r t i c u l a r l y important i n wide gap materials^ also 

e x i s t s . I t i s known as p s e u d o - i n t r i n s i c or n o n - e x t r i n s i c conduction. 

I n narrow bandgap ma t e r i a l s t r a n s p o r t bands known as dominant l e v e l s 

c o n t r i b u t e overwhelmingly to conduction whereas i n wide bandgap 

m a t e r i a l s c e r t a i n d i s c r e t e l o c a l i z e d l e v e l s may be dominant. The 

concentration and p o s i t i o n i n energy of these dominant l e v e l s together 

w i t h the concentration of c a r r i e r s supplied by excess uncompensated 

i m p u r i t i e s completely determine the l o c a t i o n of the Fermi l e v e l 

This model i s presented i n Fig. 6.1, where E^ i s the a r b i t r a r y 

reference l e v e l and there are l o c a l i z e d deep l e v e l s E (donor) and E 
q m 

( a c c e p t o r ) . I n order to o b t a i n a constant a c t i v a t i o n energy ( i . e . a 

s t r a i g h t l i n e segment on a p l o t of l o g j versus 1/T) the two conditions 
(17) are : 



\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ , 

^0 

\ \ \ \ \ \ \ \ \ \ V \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ E V 

F i g . 6.1 : Schematic energy l e v e l diagram f o r a m a t e r i a l showing an 
a r b i t r a r y reference l e v e l E and l o c a l i z e d donor (E ) and 
acceptor (E ) l e v e l s . ^ m 
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(1) the number of uncompensated donor i m p u r i t i e s i s much larg e r than 
the square root of the product of the electron-hole d e n s i t i e s . 

(2) the number of uncompensated donor I m p u r i t i e s i s much smaller than 

the product of the e l e c t r o n and hole d e n s i t i e s . 

I n the f i r s t case the Fermi l e v e l E^ and c a r r i e r concentration n 

are given by : 

E, = E + kT I n (N. - N )/N (6.2) I m d a m 

n = N /N (N, - N ) exp (E - E )/kT (6.3) c m d a m c 

where N i s the concentration of l e v e l s E . For the second case E. and m m f 
n are: 

E, - i (E + E ) + i kT I n (N /N ) (6.4) £ m q q m 

n - N^(N^/NJ^ exp j ( E ^ - E^) + i (E^ - E ^ ) j / k T ] (6.5) 

(19) 
The a c t i v a t i o n energy f o r the second case i s : 

AE - (E - E ) + (E - E )/2 (6.6) c m m q 

I t I s evident from equation 6.6 t h a t the a c t i v a t i o n energy 

Invo l v e s a combination of energy (E - E ) required to r a i s e c a r r i e r s 
c m 

from the dominant l e v e l t o i t s tr a n s p o r t band, plus the energy 

(E -E )/2 required t o create c a r r i e r s i n the dominant m a j o r i t y c a r r i e r m q 
l e v e l . The two cases known as e x t r i n s i c and non - e x t r l n s l c can be 
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d i f f e r e n t i a t e d by the Roberts and Schmidlin theorem^"*^^'^*^^ which states 
t h a t "the existence of d i f f e r e n t (or i d e n t i c a l ) a c t i v a t i o n energies f o r 
ohmlc and space charge l i m i t e d conduction i s both a necessary and a 
s u f f i c i e n t c o n d i t i o n f o r ohmic conduction to be non - e x t r i n s i c (or 
e x t r i n s i c ) " . 

The e l e c t r i c a l c o n d u c t i v i t y of a semiconductor depends on the 

den s i t y of f r e e c a r r i e r s , d i s t r i b u t i o n of t h e i r thermal v e l o c i t i e s , and 

v a r i a t i o n from an e q u i l i b r i u m d i s t r i b u t i o n caused by an e x t e r n a l 

e l e c t r i c f i e l d . When the d r i f t v e l o c i t i e s (due to an applied f i e l d ) 

are small compared to the mean thermal v e l o c i t y , the f o l l o w i n g r e l a t i o n 

holds. 

Vj = nE (6.7) d 

where V^ i s the d r i f t v e l o c i t y , ti the m o b i l i t y of f r e e electrons and E d 
i s the a p p l i e d f i e l d . The current density J i s expressed as^^^^: 

J - aE (6.8) 

where the c o n d u c t i v i t y a i s ^ ^ ^ ^ ; 

a » ne p 

- (N e M)*-^/""^ (6.9) c 

where e i s the e l e c t r o n i c charge, k i s the Boltzmann constant, T i s the 

absolute temperature and AE i s the a c t i v a t i o n energy. A p l o t of logo 
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vs r e c i p r o c a l temperature w i l l r e s u l t i n a s t r a i g h t l i n e from the slope 

of which an a c t i v a t i o n energy can be c a l c u l a t e d . However, f o r 

m a t e r i a l s where the m o b i l i t y i s c o n t r o l l e d by im p u r i t y s c a t t e r i n g 

(jjocT^/^) the p l o t of the l o g r i t h m of J/T^ vs r e c i p r o c a l temperature 

might be expected to y i e l d a s t r a i g h t l i n e ^ ^ ^ ^ ( i n the l a t t e r case the 

T^/^ dependence of p does not cancel the temperature dependence of N^) • 

When the e l e c t r i c f i e l d applied to a s o l i d w i t h ohmic contacts i s 

s u f f i c i e n t l y h i g h , the i n j e c t i o n of charge c a r r i e r s i n t o the s o l i d i s 

observed •̂'•̂ '̂ •'•̂  For a t r a p - f r e e m a t e r i a l , when the i n j e c t i o n of 

c a r r i e r s takes place a cloud of space charge c a r r i e r s w i l l form i n the 

v i c i n i t y of the contact, w i t h a mutual repulsive force between the 

c a r r i e r s which l i m i t s the t o t a l I n j e c t i o n of charge i n t o the body of 

the c r y s t a l . This current i s known as space charge l i m i t e d (SCL) 

cu r r e n t and has a close analogy w i t h SCL conduction i n vacuum diodes. 

The d i f f e r e n c e , of course, a r i s e s from the I n t e r a c t i o n of space charge 

w i t h the l a t t i c e and i s due t o trapping centres. The r e l a t i o n between 
(19) 

the c u r r e n t , v oltage and thickness of the sample i s given by : 

9(e e n )V^/8L^ (6.10) n o 

where p i s the microscopic m o b i l i t y and 9 i s the f r a c t i o n of I n j e c t e d o n 

c a r r i e r s which are f r e e . A s i m i l a r equation i s v a l i d f o r holes. The 

general form of t h i s expression f o r bulk space charge currents i n a 

homogeneous medium i s : 

J oc L (V/L^)" (6.11) 
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where n i s a constant, f o r a t r a p - f r e e region n=2, while f o r double 

i n j e c t i o n n*3, and f o r recombinative space charge i n j e c t i o n n = i . The 

ohmic and space charge l i m i t e d regions are shown i n Fig. 6.2. The 

lowest region of the curve ( a t low v o l t a g e ) , where the excess i n j e c t i o n 

of f r e e c a r r i e r s i s n e g l i g i b l e and conduction i s mainly due t o 

the r m a l l y generated c a r r i e r s , i s known as the ohmlc region. The f i r s t 

t h r e s hold V where the ohmic current crosses over to SCL current i s 
X 

expressed by the r e l a t i o n : 

V ' 8(enL2)/9ee (6.12) 

The second t h r e s h o l d of i n t e r e s t i s tha t which corresponds to the 

Fermi l e v e l approaching the trap l e v e l (when a l l the space charge 

enters the t r a n s p o r t band thus causing a steep r i s e i n the 

cu 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 ) / i s known as trap^^ f i l l e d l i m i t voltage 
(19) 

and given by : 

6.2.2 Results 

The d.c. c o n d u c t i v i t y measurements presented i n t h i s section were 

c a r r i e d out i n an Oxford Instruments DN1704 v a r i a b l e temperature 

c r y o s t a t described i n s e c t i o n 5.8. The dark steady s t a t 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 were measured f o r the as-grown p-CdTe 

(boule BAIO) samples using sandwich type s t r u c t u r e s . These were i n the 

form o f ^ small dice (4x4x2 mm') cut from the s i n g l e c r y s t a l CdTe 

boules. The dice were then mechano-chemically polished as o u t l i n e d i n 

se c t i o n 4.4.1. Gold evaporated under high vacuum (10 ̂  t o r r ) was used 

t o make ohmic contacts. 
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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 were measured at d i f f e r e n t 

temperatures i n the range 200-360K. The data was obtained 

p o i n t - b y - p o i n t and at each applied bias time was allowed f o r the 

cur r e n t to achieve a steady s t a t e c o n d i t i o n . A s e l e c t i o n of t y p i c a l 

c u r r e n t - v o l t a g e curves f o r one of the samples at several temperatures 

i s shown i n F i g . 6.3. The curves e x h i b i t a low f i e l d ohmlc region 

(1-15 V) followed by a square law (space charge) region. However, the 
(19) 

t r a p f i l l e d l i m i t v o l t a g e was not c l e a r l y defined since the forward 

b i a s applied d i d not reach t h a t l i m i t . 

I n order to c a l c u l a t e the a c t i v a t i o n energy, p l o t s of logJ versus 

r e c i p r o c a l temperature f o r both ohmlc and space charge regions were 

constructed and used to determine the a c t i v a t i o n energies. T y p i c a l 

p l o t s of logJ vs r e c i p r o c a l temperature f o r the ohmlc and space charge 

l i m i t e d currents are presented i n Fig. 6.4. I n t h i s temperature range 

(200-360K) of measurements the a c t i v a t i o n energy f o r ohmic and SCL 

curre n t s was found to be 0.5 eV. Since the a c t i v a t i o n energy f o r both 

the c u rrents was i d e n t i c a l then according to the Roberts and Schmidlin 

Theorem^^^^ the m a t e r i a l was e x t r i n s i c . A c t i v a t i o n energies of 0.5 eV 

have been reported i n the l i t e r a t u r e and are generally 

a t t r i b u t e d t o cadmium vacancies. 

6.3 DLTS Studies of Single C r y s t a l CdTe 

6.3.1 P r i n c i p l e s 
DLTS measures a high frequency ;apacitance t r a n s i e n t , u t i l i s i n g a 

thermal scanning technique, to study a wide v a r i e t y of defects ( t r a p s ) 
(25) 

i n a semiconductor. I t was introduced by Lang , and because of i t s 
Immunity to noise and surface channel leakage current has the a b i l i t y 

(26) 
t o d i s t i n g u i s h between m a j o r i t y and m i n o r i t y c a r r i e r traps , thus 

making i t more v e r s a t i l e than admittance spectroscopy which i s l i m i t e d 
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(27) to m a j o r i t y c a r r i e r traps . I t i s also a much more s e n s i t i v e 
(2ft 28) 

technique than thermally stimulated capacitance^ * ̂  (TSCAP). DLTS 

i s based on the observation of the capacitance t r a n s i e n t associated 

w i t h the r e l a x a t i o n of the trapped c a r r i e r population to thermal 

e q u i l i b r i u m f o l l o w i n g some p e r t u r b a t i o n of the steady state t r a p 

occupancy. The time constant of the t r a n s i e n t can be measured as a 

f u n c t i o n of temperature to obtain the a c t i v a t i o n energy of the l e v e l . 

The c e n t r a l idea of the DLTS technique i s to set an emission r a t e 

window such t h a t the response i s a maximum when the t r a n s i e n t matches 

the r a t e set by the window. At the p a r t i c u l a r temperature, where the 

trap emission r a t e i s the same as the window, a peak w i t h a magnitude 

p r o p o r t i o n a l to the trap density i s observed i n the DLTS spectrum. 

Therefore, r e p l o t t i n g the spectrum f o r a number of d i f f e r e n t r a t e 

windows enables the dependence of emission r a t e on temperature to be 

determined. 

The emission r a t e s are thermally a c t i v a t e d and are given, 
(25) 

according to the p r i n c i p l e of d e t a i l e d balance as : 

®1 " ^^1 ̂  ^ 1 ^ '^DI^K) exp (-AE/kT) (6. 1 4 ) 

where â ^ i s m i n o r i t y c a r r i e r capture cross-section, < v̂ ^ > I s the mean 

thermal v e l o c i t y of the m i n o r i t y c a r r i e r s , N̂ ^̂  i s the e f f e c t i v e density 

of states i n the m i n o r i t y c a r r i e r band, g i s the degeneracy of the trap 

l e v e l and AE i s the energy separation between the trap l e v e l and the 

m i n o r i t y c a r r i e r band. A s i m i l a r equation holds f o r m a j o r i t y c a r r i e r s 

w i t h a l l sub s c r i p t s changed from 1 to 2. The pre-exponential term I n 

equation 6.14 has a T^ dependence on temperature, i f a i s independent 

of temperature and thus a p l o t of log(T"^e^) vs 1000/T w i l l y i e l d the 
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a c t i v a t i o n energy f o r the trap from the slope of the r e s u l t i n g s t r a i g h t 

l i n e . 

The DLTS technique makes use of a dual-gated signal averaging 

(double boxcar) which samples the capacitance t r a n s i e n t at two times t ^ 

and t^, to determine the d i f f e r e n c e AC i n capacitance at these times. 

The boxcar method also provides s i g n a l averaging c a p a b i l i t y to enhance 

the s i g n a l to noise r a t i o f o r d e t e c t i o n of low concentrations of traps. 

The r a t e window i s selected by the choice of the times t ^ and t ^ as: 

i 

e = ( U t v / t , Y ^ ^ ( t i - t , ) (6.15) 

The process i s I l l u s t r a t e d i n Fi g . 6.5 where the l e f t hand side of 

the f i g u r e represents the capacitance t r a n s i e n t s at various 

temperatures, and the r i g h t hand side shows the corresponding DLTS 

s i g n a l C(tj^) - C(t2) from the double boxcar. I t i s evident from the 

f i g u r e t h a t C ( t ^ ) - C(t2)> goes through a maximum when the t r a n s i e n t 

r a t e constant matches the selected r a t e window. The experimental 

arrangement used has been described i n s e c t i o n 5.9. 

6.3.2 Sample Preparation 

DLTS studies were undertaken on Schottky b a r r i e r devices 

f a b r i c a t e d on s i n g l e c r y s t a l substrates. The substrates were selected 

from two d i f f e r e n t boules (BA36, BA25) and subjected to d i f f e r e n t 

treatments before they were used f o r device f a b r i c a t i o n and 

c h a r a c t e r i s a t i o n . BA36 had an unusually low as-grown r e s i s t i v i t y of 

'v-300 n - cm. The boule was or i e n t e d and dice (4x4x2 mm') were cut 

p a r a l l e l to the (100) planes. These were degreased and polished as 

described i n s e c t i o n 4.4.1. The samples were then annealed i n Te 

vapour f o r one week at 550''C ( s e c t i o n 4.3.1) a f t e r which they were 
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r e p o l i s h e d to r i d the surface of any Te deposit. Evaporated I n / A l and 

gold were used to make the Schottky b a r r i e r and ohmic contacts 

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

I n c o n t r a s t , boule BA25 was much more t y p i c a l w i t h an as-grown 

r e s i s t i v i t y of the range of M n - cm. Unoriented dice (4x4x2 mm̂ ) were 

cut from i t and a f t e r p o l i s h i n g , were annealed f o r d i f f e r e n t periods ( 1 

and 4 hours) a t SOO'C. Gold and A l / I n were again used to make ohmic 

and Schottky contacts. 

6.3.3 Device c h a r a c t e r i s t i c s 

The Schottky devices used f o r DLTS study were f i r s t characterized 

by measuring the current-voltage and C-V c h a r a c t e r i s t i c s . The diode 

and p h o t o v o l t a i c output c h a r a c t e r i s t i c s of a t y p i c a l Schottky diode 

f a b r i c a t e d on a p-CdTe (BA36) substrate a f t e r annealing i n Te vapour 

f o r one week at SSO'C are shown i n Fig. 6.6. Since devices were not 

intended to be in v e s t i g a t e d as solar c e l l s , attempts were not made t o 

measure and optimize t h e i r e f f i c i e n c y . I t i s however, evident from 

F i g . 6.6 t h a t the j u n c t i o n was f a i r l y r e c t i f y i n g , w i t h n e g l i g i b l e 

reverse bias leakage ( r e c t i f i c a t i o n r a t i o of 200 a t 0.5 V). 

The C-V measurements were made at room temperature at a frequency 

of IMHz. A t y p i c a l C vs V p l o t f o r the device described above i s 

shown i n Fig . 6.7. The p l o t i s a s t r a i g h t l i n e f o r a reverse bias 

range up t o 3 V but beyond t h i s the capacitance decreases more slowly 

w i t h i n c r e a s i n g reverse b i a s . The voltage i n t e r c e p t on the V axis i s 

1.5 V which i s r e l a t i v e l y h igh. The net ionized acceptor density 
-2 14 -3 obtained from the slope of C vs V p l o t i s 2 x 10 cm . 

Large values of the I n t e r c e p t on the voltage axis have been 
(29 30) 

reported by several workers ' and have been recognized as the 

r e s u l t of an I n t e r f a c i a l layer between the metal and the semiconductor. 
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A model which includes the i n t e r f a c i a l layer (assuming that the charge 

i n surface states i s independent of applied bias) has been analysed by 

Goodman̂ •̂ •'•̂  who derived an expression f o r the voltage i n t e r c e p t (V^) 

which i s always l a r g e r than the b u i l t - i n p o t e n t i a l (V^) when an 

an's 
(33) 

(32) 
i n t e r f a c i a l l a y e r i s present. Cowley developed Goodman's 
assumption and also predicted higher values of V^. Crowell et a l 

showed t h a t an e f f e c t i v e i n t e r f a c i a l layer of non-zero thickness must 

e x i s t between the metal and semiconductor even when both are i n 

i n t i m a t e atomic contact. This i n t e r f a c i a l l a y e r may be produced during 

processing and can a r i s e due to chemical r e a c t i o n s , oxide layers etc. 

The Schottky devices f a b r i c a t e d on substrates (BA25) annealed i n 

Te vapour at 800''C ( f o r one and four hours) were r e l a t i v e l y r e s i s t i v e 

and the diode c h a r a c t e r i s t i c s were less r e c t i f y i n g w i t h r e c t i f i c a t i o n 

r a t i o s of '\'50 at 0.5 V. The output c h a r a c t e r i s t i c measured f o r a 

t y p i c a l Schottky made on a substrate annealed i n Te vapour at 800°C f o r 

4 hours i s included i n Fig. 6.6. The C-V c h a r a c t e r i s t i c s showed the 

same general behaviour as diodes f a b r i c a t e d from BA36; the most notable 

f e a t u r e ^ being the large i n t e r c e p t on the voltage a x i s . 

6.3.4 DLTS measurements 

DLTS measurements were c a r r i e d out i n the temperature range 

200-400K. The r e s u l t a n t spectrum f o r a t y p i c a l Schottky device 

f a b r i c a t e d on a p-CdTe substrate annealed I n Te vapour f o r four hours 

a t SOO'C i s shown i n Fi g . 6.8. I t c l e a r l y d isplays three d i s t i n c t 

peaks at about 289, 347 and 37 7K, corresponding to hole traps 

designated as H^, H2 and r e s p e c t i v e l y . DLTS spectra f o r the 

Schottky b a r r i e r sample ( w i t h substrate annealed at 550°C f o r one week) 

were i d e n t i c a l to t h a t i n Fig. 6.8. However, f o r the device made on a 
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substrate annealed f o r one hour at 800°C the peak corresponding to hole 

t r a p was not observed. 
2 

Arrhenius p l o t s of in(T t ) versus 1000/T f o r the three peaks i n 

Fig. 6.8 are shown i n Fig . 6.9. The calculated a c t i v a t i o n energies are 

0.53 (E^), 0.71 (H2) and 0.84 eV (H^) w i t h capture cross-sections of 

(2.311.6) lO"-"-^, (6.511.7) 10"^^ and (2.610.5) 10~^^ cm^. 

6.3.5 Discussion 

I n p r i n c i p l e , i t would be very u s e f u l to compare the present 

r e s u l t s w i t h published data but u n f o r t u n a t e l y there have been few DLTS 

studies of p-type CdTe ' * . Data obtained from d i f f e r e n t l y grown 

m a t e r i a l s and studied using d i f f e r e n t techniques are a v a i l a b l e however. 

Ou et a l ^ " ^ ^ ^ have reported a trap at 0.54 eV above the valence band 

i n e l e c t r o d e p o s i t e d p-CdTe t h i n f i l m s using DLTS technique. The 

existence of t h i s l e v e l i n electrodeposited CdTe (p-type) f i l m s was 

also confirmed by SCLC a n a l y s i s ^ ^ ^ \ C o l l i n s and McGill^^^^ have also 

observed a m a j o r i t y c a r r i e r l e v e l a t 0.5 eV i n nominally undoped p-CdTe 

using DLTS. I t i s also important t o note t h a t a hole trap at 0.48 eV 

(which i s close t o 0.53 eV) above the valence band has been found i n 

n-CdTe studied by DLTS method I n a d d i t i o n several other 

researchers have reported hole traps i n the range 0.5 - 0.57 eV and 
(38 39) 

t h i s l e v e l i s thought t o be due t o Cd vacancies * . These r e s u l t s 

together w i t h the observation t h a t a l e v e l at 0.5 eV was found i n the 

as-grown m a t e r i a l s t r o n g l y suggest th a t the hole t r a p Ĥ^ (0.53 eV) 

found i n the present study i s i d e n t i c a l w i t h the t r a p l e v e l reported by 

Ou et a l and others and i s probably a n a t i v e defect l e v e l such as a Cd 

vacancy. 

The hole t r a p (0.71 eV) seems i d e n t i c a l w i t h an energy l e v e l at 

0.72 eV also observed by Ou et a l ^ ^ ^ ^ using SCLC. Hole traps at 0.65 -
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0.75 eV above the valence band have o f t e n been reported i n the 
(40-42) 

l i t e r a t u r e and are a t t r i b u t e d to e i t h e r doubly ionized Cd 

vacancies or n a t i v e d e f e c t - i m p u r i t y complexes. These r e s u l t s imply 

th a t the hole trap H^, although not observed i n the as-grown high 

r e s i s t i v i t y m a t e r i a l , may be associated w i t h i m p u r i t i e s or n a t i v e 

defects which are e i t h e r commonly found i n CdTe, or e a s i l y Introduced 

during the vapour anneal performed on the samples. 

The energy l e v e l 11^(0.84 eV) which was not observed i n the samples 

annealed at SOO'C f o r one hour compares w e l l w i t h published r e s u l t s . 

Energy l e v e l s at 0.6-0.9 eV have been reported by Zanlo ^ ^ \ Although 

l i t t l e or no evidence i s a v a i l a b l e as to t h e i r o r i g i n , they have been 
2-

p r e v l o u s l y assigned t o V^^ and V^^. The l a t t e r i s however, preferred 

because the s i n g l y i o n i z e d Cd vacancies can more conveniently explain 

the l e v e l s close to the valence band^^\ The l e v e l (0.84 eV) observed 

d u r i n g the present work i s the r e s u l t of annealing the samples i n Te 

vapour f o r longer times. I t i s reported t h a t annealing CdTe at 

elevated temperatures under f i x e d p a r t i a l pressure of i t s constituent 

elements, Cd and Te can modify the m a t e r i a l defect s t r u c t u r e ' . 

Thus, i t i s possible t h a t t h i s t r a p might w e l l be associated w i t h 
2-

I n t e r s t i t i a l Te or V^^. 

6.4 DLTS Studies of Thin Film CdTe/CdS Heterojunctions 

I n an attempt to characterise CdTe t h i n f i l m s , p-CdTe/n-CdS 

he t e r o j u n c t i o n s were also i n v e s t i g a t e d by DLTS. I n these devices the 

CdS and CdTe layers were s e q u e n t i a l l y deposited onto a t i n oxide coated 

glass s l i d e ( s e c t i o n 4.5). A ca l c u l a t e d amount of Cu (300 ppm) was 

evaporated onto the CdTe lay e r and then covered w i t h a t h i n layer of 

carbon paste. This was followed by a 30 minute anneal at 330°C i n a 

n i t r o g e n ambient. Thin copper wires were attached to t i n oxide and 
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carbon paste using s i l v e r d a g to serve as electrodes to the device. The 

devices were f i r s t characterized using c u r r e n t - v o l t a g e , s p e c t r a l 

response and photocapacitance measurments (Chapter 8 ) . 

These measurements were made using a more r e c e n t l y developed DLTS 

system than t h a t used f o r e a r l i e r studies on s i n g l e c r y s t a l CdTe 

( s e c t i o n 6.3). The DLTS system used here was based on a Gould model 

1425 d i g i t a l storage oscilloscope (DSO) under the c o n t r o l of a BBC 

microcomputer. The DSO was used to capture the f u l l capacitance 

t r a n s i e n t s at 1024 p o i n t s . At each temperature several t r a n s i e n t s were 

captured and averaged by the DSO before t r a n s m i t t i n g the averaged data 

to the BBC computer f o r storage to disc . The computer was then used t o 

simulate a double boxcar, c o n s t r u c t i n g several DLTS spectra f o r a wide 

range of r a t e windows. 

DLTS measurements were made over the temperature range 100-350K 

( s e c t i o n 5.9). T y p i c a l DLTS spectra obtained are presented i n Fig. 

6.10. There i s a large peak ( l a b e l l e d i n Fig. 6.10) i n the 

temperature range 320-350K. This peak d i d not e x h i b i t the behaviour 

associated w i t h a deep l e v e l , since a large change i n the ra t e window 

d i d not produce a s i n g i f i c a n t change i n the peak p o s i t i o n , suggesting 

t h a t i t was r e l a t e d t o a shallow l e v e l . However, the p o s i t i o n of the 

peak (320-350K) i m p l i e d t h a t the l e v e l was very deep. These two 

c o n t r a d i c t o r y observations could not be explained and the nature of 

t h i s l e v e l i s s t i l l unknown. 

I n a d d i t i o n , several other peaks i n the temperature range 100-250K 

were present ( F i g . 6.10). These peaks are very close and i t i s 

d i f f i c u l t t o resolve the i n d i v i d u a l peaks accura t e l y . A c a r e f u l 
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analysis of one peak ( l a b e l l e d Eg i n Fig. 6.10), f o l l o w i n g i t s movement 

w i t h changes i n the rate window enabled an Arrhenius p l o t to be 

constructed which i s shown i n Fig. 6.11. The a c t i v a t i o n energy was 
-22 2 

found to be 0.35 eV w i t h a capture cross-section of 10 cm . 

As described i n section 8.5.1, Au, Ag and Cu p r i m a r i l y s u b s t i t u t e 

f o r Cd i n CdTe, and act as acceptors and secondarily f i l l i n t e r s t i t i a l 

p o s i t i o n s where they act as donors^^\ de Nobel found an acceptor 
l e v e l at 0.33 eV f o r Au, Ag and Cu using H a l l m e a s u r e m e n t s b u t 
Lorenz and Segal using the same technique have shown t h a t Cu gives r i s e 

(44) 

to an acceptor l e v e l 0.35 eV above the valence band . Although the 

l e v e l s associated w i t h these metals (Au, Cu and Ag) are very close to 

each other, the f a c t t h a t our CdTe layers were d e l i b e r a t e l y doped w i t h 

300 ppm of Cu makes i t almost c e r t a i n t h a t t h i s l e v e l was associated 

w i t h copper. This l e v e l was also observed i n the photocapacitance 

studies made on these h e t e r o j u n c t i o n s . 

6.5 Conclusions 

The main r e s u l t s presented i n t h i s chapter are summarized i n ta b l e 

6.1. As-grown b u l k c r y s t a l CdTe was characterized by a c a r e f u l 

a n a l y s i s of the cu 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 which displayed the 

usual ohmic and space charge l i m i t e d current forms. The a c t i v a t i o n 

energy analyses of the l i n e a r and square law regions gave the same 

a c t i v a t i o n energy of 0.5 eV. This i n d i c a t e s t h a t the conduction was 

e x t r i n s i c . 

DLTS was used t o characterize p-CdTe i n both b u l k c r y s t a l and t h i n 

f i l m forms. Deep l e v e l s w i t h energies 0.53, 0.71 and 0.84 eV above the 

valence band and corresponding capture cross-sections of (2.311.6)10 

(6.511.7)lo"-*-^ and (2.610.5)10"'^^ were found i n the bulk CdTe .samples 

annealed i n Te-vapour. The l e v e l at 0.53 eV above the valence band 
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TABLE 6.1 Summary of the energy l e v e l s observed i n CdTe 

M a t e r i a l Post-growth 
Treatment 

Energy 
L e v e l s 
(eV) 

Technique 
Employed 

S i n g l e C r y s t a l 
(BAIO) 

As-grown 0.50 SCLC 

S i n g l e C r y s t a l 
(BA36) 

T e-Vapour 
anneal a t 
550°C f o r 
one week 

0.53 
0.71 
0.84 

DLTS 

S i n g l e C r y s t a l 
(BA25) 

Annealed 
i n Te-vapour 
a t BOO'C f o r 
four hours 

0.53 
0.71 
0.84 

DLTS 

S i n g l e C r y s t a l 
(BA25) 

Annealed i n 
Te-vapour f o r 
one hour at 
800°C 

0.53 
0.71 DLTS 

Thi n f i l m CdTe Cu-doped 0.35 DLTS 



116 

seems to have an i n t r i n s i c c h a r a c t e r , and was probably a n a t i v e d e f e c t 

such as a cadmium vacancy. The other l e v e l s (0.71 and 0.84 eV) 

appeared to have been Introduced due to annealing i n Te-vapour. Thin 

f i l m CdS/CdTe h e t e r o j u n c t i o n s with a copper doped CdTe l a y e r d i s p l a y e d 

a l e v e l a t 0.35 eV above the valence band which was probably r e l a t e d to 

the copper impurity. 
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CHAPTER 7 

BULK SINGLE CRYSTAL CdTe/CdS SOLAR CELLS 

7.1 I n t r o d u c t i o n 

The CdS/CdTe h e t e r o j u n c t l o n only holds promise as a low c o s t 

t e r r e s t r i a l s o l a r c e l l i n t h i n f i l m form. Ne v e r t h e l e s s , s t u d i e s on bulk 

c r y s t a l c e l l s are u s e f u l i n obtaining a b a s i c understanding of the 

j u n c t i o n p r o p e r t i e s , and of the e f f e c t s of v a r i o u s m a t e r i a l parameters, 

without the added complications of g r a i n boundaries, e t c . Thus, w h i l e 

not commercially v i a b l e d e v i c e s , bulk c r y s t a l s t r u c t u r e s do serve as a 

guide to f u t u r e t h i n f i l m work. 

S i n g l e c r y s t a l CdTe grown i n our l a b o r a t o r y was g e n e r a l l y h i g h l y 
g 

r e s i s t i v e (p ^ 10 fl-cm). Since the d e s i r a b l e value of bulk r e s i s t i v i t y 

f o r s o l a r c e l l f a b r i c a t i o n i s between 1-10-0-cm a number of 

techniques ( S e c t i o n 4.3) were employed to reduce the r e s i s t i v i t y . A 

v a r i e t y of dopants such as phosphorus, copper and t e l l u r i u m were 

employed and w i l l be d i s c u s s e d i n S e c t i o n s 7.2 and 7.3. 

Low r e s i s t a n c e ohmic contacts are e s s e n t i a l f o r e f f i c i e n t s o l a r 

c e l l s . The choice of the c o n t a c t i n g metal to make an ohmic contact to a 

semiconductor depends on i t s c o n d u c t i v i t y type and the work f u n c t i o n . 

Ohmic c o n t a c t s to n-CdS are r e l a t i v e l y simple to make using I n or A l . 

The problem i s much more d i f f i c u l t w i t h p-CdTe. High r e s i s t a n c e 

c o n t a c t s c o n s t i t u t e one of the main l o s s e s i n s o l a r c e l l s and thus the 

need to f i n d a r e l i a b l e , low r e s i s t a n c e contact to the p-CdTe i s of 

p a r t i c u l a r Importance. P r e v i o u s l y , other workers have used both Au and 

carbon as c o n t a c t s and the r e l a t i v e m e r i t s of each have been 

i n v e s t i g a t e d here and are d i s c u s s e d i n S e c t i o n 7.2. 
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The e f f e c t s of heat treatment and s u b s t r a t e preparation on device 

performance have a l s o been i n v e s t i g a t e d and are described i n Se c t i o n s 

7.4 and 7.5. F i n a l l y , minority c a r r i e r d i f f u s i o n lengths were a l s o 

measured i n both Au and carbon-contact devices using the EBIC technique 

( S e c t . 5.3.3.) and the r e s u l t s are r e l a t e d to device c h a r a c t e r i s t i c s . 

7.2 Comparison of Gold and Carbon Contacts 

7.2.1 I n t r o d u c t i o n 

I n the past e f f o r t s to obtain low r e s i s t a n c e contacts to p-type 

CdTe have been d i r e c t e d towards s p e c i a l etching treatments of the 

s u r f a c e , the nature of the c o n t a c t i n g metal and i t s mode of 

deposition^''"^ As f o r the contact metals, the work fu n c t i o n s of Cu, Au, 

Ag, Zn, I n and Pb on p-CdTe have been determined and Au has been found 

to be the most f a v o u r a b l e S i n c e the pioneer work of de Nobel^^^ 

gold has mainly been used to make ohmic co n t a c t s to p-CdTe, although 

platinum has a higher work fun c t i o n and low r e s i s t a n c e ohmic contacts to 
(4) 

P-doped low r e s i s t i v i t y p-type CdTe have been obtained with platinum 

Ni has a l s o been used s u c c e s s f u l y ^ ^ ^ , but un f o r t u n a t e l y the r e s i s t a n c e 

of c o n t a c t s made with Ni, Au or Pt i n c r e a s e w i t h t i m e ^ ^ \ 

The use of carbon contacts i n p-CdTe/n-CdS s o l a r c e l l s was f i r s t 

r eported by Nakayama et a l ^ ^ ^ i n 1980. Using a screen p r i n t i n g 

technique they found that carbon contacts l e d to an e f f i c i e n t device 

with Improved s t a b i l i t y . Since then there have been many reports of 

carbon c o n t a c t s i n both t h i n film^^~''^^^ and bulk c r y s t a l d e v i c e s 

I n t h i s study both gold and carbon were used to make ohmic co n t a c t s 

to p-CdTe. I n t h i s S e c t i o n a comparison of the performance of these 

c o n t a c t s i s made us i n g P-doped s u b s t r a t e s which gave most e f f i c i e n t 

d e v i c e s . 
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7.2.2. Experimental D e t a i l s 

I n an attempt to i n v e s t i g a t e the e f f e c t s of Au and C c o n t a c t s , 

p-CdTe/n-CdS h e t e r o j u n c t i o n s were f i r s t f a b r i c a t e d on P-doped CdTe 

s u b s t r a t e s . CdTe s l i c e s 2mm i n t h i c k n e s s were cut from bulk s i n g l e 

c r y s t a l boules and pad p o l i s h e d as described i n S e c t i o n 4.4.2. The 

p o l i s h e d samples were doped with phosphorus by heating them at "v- 550°C 

i n a stream of argon containing orthophosphorlc a c i d vapour ( S e c t i o n 

4.3.3.), and then annealing i n Te vapour ( S e c t i o n 4.3.1). A f t e r t h a t 

the phosphorus doped s u b s t r a t e s were p o l i s h e d , and a CdS l a y e r about 10 

ym t h i c k was vacuum deposited to f a b r i c a t e a p-CdTe/n-CdS 

h e t e r o j u n c t i o n . 

Indium was deposited by vacuum evaporation to make contacts to the 

n-CdS. Contacts to the p-CdTe were obtained by vacuum evaporation of 

gold ( t y p i c a l l y 3mm d i a . ) or by p a i n t i n g a s m a l l quantity of C paste 

(Aquadag) as d e s c r i b e d i n S e c t i o n 4.6.1. The C contacts were annealed i n 

a N^ ambient f o r 30 mins at SOCC. 

7.2.3 Device C h a r a c t e r i z a t i o n 

The diode c h a r a c t e r i s t i c s of the s o l a r c e l l s f a b r i c a t e d on P-doped 

s u b s t r a t e s w i t h both Au and C contacts are shown i n F i g s 7.1a and 7.1b. 

The diode c h a r a c t e r i s t i c s were f a i r l y r e c t i f y i n g f o r both types of 

d e v i c e , although with Au there was a higher s e r i e s r e s i s t a n c e . Also, the 

i d e a l i t y f a c t o r A was g r e a t e r than two, r e s u l t i n g from the 

p o l y c r y s t a l l i n e nature of the CdS l a y e r . The value of the r e v e r s e 

s a t u r a t i o n c u r r e n t J f o r the Au and C-contact d e v i c e s was 'V' 3 x 10 ^ 
o 

and 10~^ A/cm^ r e s p e c t i v e l y . A r e c t i f i c a t i o n r a t i o of 3.6 x 10^ a t 0.8V 

was measured f o r the C-contact c e l l s i n comparison with 5 x 10^ f o r 

the Au-contact c e l l s a t the same b i a s v o l t a g e . 
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The p h o t o v o l t a i c output c h a r a c t e r i s t i c s , f o r the c e l l s were 

measured under AMI i l l u m i n a t i o n and are shown i n F i g s 7.1a and 7.1b. 

The v a l u e s of SCC, OCV, FF and e f f i c i e n c y n are l i s t e d i n Table 7.1. 

TABLE 7.1: C e l l parameters with Au and C c o n t a c t s . 

Device OCV FF SCC n 

v o l t s (Z) mA/cm^ % 

C-contact 0.72 47 21.00 7.20 

Au-Contact 0.69 29 15.85 3.10 

The carbon c o n t a c t device e x h i b i t s a r e l a t i v e l y low s e r i e s 

r e s i s t a n c e , g i v i n g a b e t t e r f i l l f a c t o r , and hence a higher e f f i c i e n c y 

( 7 . 2 % ) . The higher s e r i e s r e s i s t a n c e of the Au-contact devices could 

have a r i s e n both from the s u b s t r a t e and/or the contact r e s i s t i v i t y , but 

s i n c e the s u b s t r a t e s f o r both types of device were nominally i d e n t i c a l , 

i t would seem reasonable to b e l i e v e that the higher s e r i e s r e s i s t a n c e 

r e s u l t e d from the c o n t a c t , and i s r e s p o n s i b l e f o r the poor e f f i c i e n c y i n 

these c e l l s . A s l i g h t bending of the photovoltaic c h a r a c t e r i s t i c of the 

Au d e v i c e towards the voltage a x i s i n the f i r s t quadrant ( F i g 7.1a) i s 

i n d i c a t i v e of the non-ohmic behaviour of the contacts and supports the 

above mentioned i d e a . S i g n i f i c a n t l y , there i s no such bending of the 

c h a r a c t e r i s t i c f o r the C-contact d e v i c e s . However, the f i l l f a c t o r 

(47Z) i n the carbon contact devices i s s t i l l low i n an absolute sense. 

T h i s i s probably the r e s u l t of the r e l a t i v e l y high s u b s t r a t e r e s i s t i v i t y 

(p 125 n-cm). 
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Both types of device a l s o d i s p l a y e d a c r o s s - o v e r e f f e c t between the 

dark and i l l u m i n a t e d 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 s i m i l a r e f f e c t 

has been observed i n Cu2Te/CdTe^"^^^ and Cu2S/CdS^'^^"-'-^^ c e l l s . T h i s i s 

g e n e r a l l y a t t r i b u t e d to photoconductive behaviour as described i n 

Chapter 9, and i s o f t e n a s s o c i a t e d with the presence of s e n s i t i z i n g 

(14) 

i m p u r i t i e s 

I n order to i n v e s t i g a t e the e f f e c t of c o n t a c t s on the s p e c t r a l 

s e n s i t i v i t y of the d e v i c e s the s p e c t r a l responses of t h e i r OCVs and SCCs 

were measir ed at room temperature, see F i g s 7.2a and 7.2b r e s p e c t i v e l y . 

I n both c e l l s , the t h r e s h o l d f o r OCV s t a r t s at a photon energy of 

|.2 eV and peaks at about 1.5 eV. The OCV response f o r the C-contact 

c e l l s was l a r g e r and broader than that f o r the Au c e l l s . The Increased 

response of the C-contact c e l l s i s more pronounced f o r the SCC 

( F i g . 7 . 2 b ) . 

The c h a r a c t e r i s t i c s of d e v i c e s t h a t had been stored i n the 

l a b o r a t o r y f o r up to four weeks were a l s o measured, and are a l s o 

i ncluded i n F i g s 7.1a and 7.1b. Devices w i t h C-contacts proved to be 

more s t a b l e than t h e i r counterparts w i t h Au-contacts, showing 

e s s e n t i a l l y no degradation a f t e r storage f o r four weeks. I n f a c t the 

SCC improved s l i g h t l y - I n c o n t r a s t the performance of the c e l l s w ith 

Au-contacts was found to have s e v e r e l y degraded a f t e r only two weeks. 

Importantly, very s i m i l a r v alues of V^^ were measured fo r both 

types of device and d i d not show any pronounced change w i t h time even i n 

Au d e v i c e s . The V^^ i s mainly a f f e c t e d by the j u n c t i o n between the CdS 
(14) 

and the CdTe r a t h e r than by contact e f f e c t s . Thus the f a c t that the 
V d i d not change w i t h the c o n t a c t s suggests that the a c t u a l 
oc 

h e t e r o j u n c t i o n s were s i m i l a r , and i m p l i e s that the degradation e f f e c t s 

observed i n the Au c e l l s were r e l a t e d to the contact degradation. 

Moreover, the decrease i n the f i l l f a c t o r with ageing i n these c e l l s 

a l s o i m p l i e s an i n c r e a s e i n the contact r e s i s t i v i t y w ith time. 
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7.2.4 D i s c u s s i o n 

Gold c o n t a c t s were found to be i n f e r i o r to the carbon c o n t a c t s . 

S o l a r c e l l s w ith Au c o n t a c t s had poor performance parameters as i s 

evident from Table 7.1, p a r t i c u l a r l y the low f i l l f a c t o r because of the 

high contact r e s i s t i v i t y , and correspondingly a low e f f i c i e n c y . 

Moreover, these c e l l s were unstable as compared to C-contact c e l l s and 

t h i s behaviour a l s o r e s u l t e d from the degradation of Au c o n t a c t s . 

According to the theory of ohmic c o n t a c t s , a b a r r i e r f r e e contact 

to a p-type semiconductor i s obtained when the work function of the 

metal i s g r e a t e r than that of the semiconductor ( i . e . ^ ><> ) . An 
m s 

a l t e r n a t i v e p o s s i b i l i t y i s to produce a tunneling contact through a 

Schottky b a r r i e r , and t h i s i n turn r e q u i r e s the a b i l i t y to dope the 
(19) 

s u r f a c e of the semiconductor h e a v i l y under the contact . The work 

f u n c t i o n of gold i s ^^^-^ 5.1 eV^^^^ and of p-type CdTe i s ^ 5.9 eV^^K 

Consequently, an accepted minimum value of A should be about 5.9 eV to 
m 

make an ohmic contact to p-CdTe. Thus the r e c t i f y i n g behaviour and high 

r e s i s t i v i t y of Au c o n t a c t s can be explained i n terms of the mismatch 

between the work f u n c t i o n s of the p-CdTe and Au. 

Carbon c o n t a c t d e v i c e s were however, much more e f f i c i e n t and 

s t a b l e . Table 7.1 c l e a r l y shows the s u p e r i o r performance of these 

c e l l s . P a r t i c u l a r l y noteworthy are the high (compared to Au d e v l c e s ) F F , 

and o v e r a l l e f f i c i e n c y of 7.2Z i n c o n t r a s t to 3.1% f o r the Au-contact 

c e l l s . 

I t i s p o s s i b l e t h a t the heat treatment administered during carbon 

c o n t a c t f a b r i c a t i o n may have reduced the r e s i s t i v i t y of the CdS l a y e r , 

l e a d i n g to an improvement i n f i l l f a c t o r and hence e f f i c i e n c y , through a 

r e d u c t i o n i n s e r i e s r e s i s t a n c e . However, t h i s alone cannot e x p l a i n the 

i n c r e a s e I n the SCC and moreover, s i m i l a r heat treatments of Au-contact 

d e v i c e s d i d not improve performance to the same extent. 
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The work f u n c t i o n of carbon i s 5.05 eV^^^^ which i s very close to 

th a t of Au. There i s the r e f o r e no p o s s i b i l i t y t h a t carbon w i l l make a 

d i r e c t ohmlc contact to p-CdTe and some other mechanism must be invoked 

to e x p l a i n the ohmlc nature of these contacts. The carbon paste 

(Aquadag) used t o make the contacts contains many accep t o r - l i k e 
(11 21 22) 

i m p u r i t i e s i n c l u d i n g copper and l i t h i u m ' ' . These may w e l l 

d i f f u s e i n t o the p-CdTe surface during annealing. The CdTe surface 

could thus become comparatively h e a v i l y doped, reducing the width of the 

carbon-CdTe b a r r i e r w i t h a corresponding reduction i n contact 

r e s i s t a n c e . 

I n a d d i t i o n , the annealing stage i n contact formation could r e s u l t 

i n a pronounced acceptor im p u r i t y concentration g r a d i e n t , leading i n 
(23) (23) 

t u r n t o a Back Surface F i e l d (BSF) e f f e c t . Hovel has shown tha t 
the BSF e f f e c t may enhance both SCC and OCV since such c e l l s have a very 

(24) 

small recombination v e l o c i t y at the back contact . S i l i c o n c e l l s 

w i t h improved parameters as a r e s u l t of the i n t r o d u c t i o n of BSF have 

been reported i n the l i t e r a t u r e . Further, the current c o l l e c t i o n 

e f f i c i e n c y of the c e l l may also be s i g n i f i c a n t l y improved, i f the 

c a r r i e r d i f f u s i o n I s aided by the b u i l t - i n e l e c t r i c f i e l d r e s u l t i n g from 
(27) 

dopant concentration gradients . A number of authors have considered 
t h i s case t h e o r e t i c a l l y and s i l i c o n solar c e l l s containing 

(23) 

b u i l t - i n f i e l d s have shown the expected increase i n e f f i c i e n c y 

The f i l l f a c t o r i n the C-CdTe c e l l s was s t i l l low by normal 

standards. This was probably due t o r e l a t i v e l y high substrate 

r e s i s t i v i t y . P a r a d o x i c a l l y t h i s would tend to increase the deple t i o n 

r e g i o n at the j u n c t i o n and hence the c o l l e c t i o n w i d t h , but would r e s u l t 

i n a lower value of OCV('V/ 0.7 V) than expected and a reduced f i l l f a c t o r 

as observed. 
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The charge c a r r i e r s which e s t a b l i s h a photovoltage across the p-n 

j u n c t i o n are generated mainly by absorption i n the CdTe, and the d i r e c t 

t r a n s i t i o n s i n CdTe are expected to dominate the spectrum. The bandgap 

of CdTe i s 1.5 eV̂ ''̂  at room temperature and thus the peak at about 

1.5 eV f o r both the OCV and the SCC corresponds to the energy gap of 

CdTe. However, the response at photon-energies less than the energy gap 

can be explained i n terms of i m p u r i t i e s or defect states close to the 
(27) (32) valence band and the e f f e c t of the j u n c t i o n f i e l d . The improved 

s p e c t r a l response i n the C-contact devices may also r e s u l t from the BSF 

e f f e c t and the b u i l t - i n e l e c t r i c f i e l d s due to dopant concentration 

g r a d i e n t s . 

The Au-contact devices degraded very q u i c k l y w i t h time and t h i s was 

r e l a t e d to the Au contact degradation. I n the l i t e r a t u r e , i t i s 

reported t h a t the resistance of Au contacts increases w i t h time, and i s 

p o s s i b l y due t o oxygen d i f f u s i o n towards the i n t e r f a c e ^ ^ \ Tyan et 

a l ^ ^ ^ ^ and Fahrenbruch et a l ^ ^ ^ have also reported the i n s t a b i l i t y of Au 

contacts on p-CdTe. I n comparison, C-contact devices were more stable 

( w i t h small increase I n SCC which may have r e s u l t e d from the i n d i f f u s i o n 

of acceptor i m p u r i t i e s at room temperature). 

7.3 Substrate Doping 

7.3.1 I n t r o d u c t i o n 

As already pointed out i n Section 7.1, the as-grown CdTe c r y s t a l s 

had a h i g h r e s i s t i v i t y and were s l i g h t l y p-type, and hence were not 

s u i t a b l e f o r the f a b r i c a t i o n of s o l a r devices without a f u r t h e r 

r e d u c t i o n i n r e s i s t i v i t y . Although the phosphorus doped substrates 

(Sect. 4.3.3.) were found to give the best r e s u l t s as shown i n Section 

7.2, other a l t e r n a t i v e s were also i n v e s t i g a t e d i n an attempt t o f i n d the 

best possible dopant t o o b t a i n optimum e f f i c i e n c y . 
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The d i f f e r e n t a l t e r n a t i v e s examined f o r the reduction of CdTe 

r e s i s t i v i t y included copper and t e l l u r i u m doping. On one occasion an 

as-grown c r y s t a l of CdTe was found to have a low p-type r e s i s t i v i t y , f o r 

unknown reasons ( p o s s i b l y a c c i d e n t a l contamination). This was also 

i n v e s t i g a t e d as a substrate m a t e r i a l and the r e s u l t s are given i n 

Section 7.3.2. The d e t a i l s of the t e l l u r i u m and copper doping 

procedures are o u t l i n e d i n Sections 4.3.1 and 4.3.2. The photovoltaic 

devices f a b r i c a t e d on copper and t e l l u r i u m doped substrates are 

described i n Sections 7.3.3 and 7.3.4, and discussed together w i t h the 

p-doped and nominally undoped CdTe devices i n Section 7.3.5. 

7.3.2 Nominally Undoped Substrates 

Generally the as-grown CdTe was h i g h l y r e s i s t i v e but unusually one 

boule (BA36) had a low as-grown r e s i s t i v i t y Ĉ- 250-350 ft-cm). This boule 

l i k e others was not i n t e n t i o n a l l y doped. I t was used to f a b r i c a t e 

n-CdS/p-CdTe h e t e r o j u n c t i o n s without f u r t h e r doping. The CdTe 

substrates were cut and polished (Section 4.4); and a CdS layer was 

deposited. Both Au and C were used to make ohmic contacts to the 

p-CdTe. 

The diode c h a r a c t e r i s t i c s of two t j r p i c a l s olar c e l l s , one w i t h Au 

contact (device A) and the other w i t h carbon contact (device B) are 

shown i n Figure 7.3. The diode c h a r a c t e r i s t i c of a t h i r d device(C) i s 

also included. This c e l l d i f f e r e d from device A i n tha t the CdTe 

surface was s l i g h t l y doped w i t h copper before the Au was evaporated. 

As w i t h t h e i r P-doped counterparts the Au-contact c e l l s had higher 

s e r i e s resistances than C-contact devices. The value of the i d e a l i t y 

f a c t o r A i n these devices was measured to be '^2. As w i t h the C-contact 

c e l l s described i n Section 7.2, the r e c t i f i c a t i o n r a t i o at 0.8V f o r 
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device B was 2.3 x 10'̂  whereas f o r the other devices (A and C) i t was 

a few hundred. The reverse s a t u r a t i o n currents f o r devices A, B and C 
—7 —8 —7 —2 were 3 x 10 , 6 x 10 and 2 x 10 mA cm r e s p e c t i v e l y . 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s f o r these devices are also 

shown i n Fig.7.3. The values of the SCC, OCV, FF and n are given i n 

Table 7.2. The output c h a r a c t e r i s t i c f o r device A bends towards the 

vol t a g e axis i n the f i r s t quadrant, i n d i c a t i n g a r e c t i f y i n g (non-ohmic) 

a c t i o n at the Au-CdTe contact as discussed i n Section 7.2.3. Such 

behaviour was not observed i n devices B and C. The Au-contact device 

(A) also showed a higher s e r i e s resistance. 

TABLE 7.2: Parameters of devices formed on d i f f e r e n t substrates 
using Au and C contacts. 

Device OCV 
v o l t s 

FF 
(Z) 

SCC_2 
mA cm 

n 
% 

P-doped-C 0.72 47 21.00 7.20 

P-doped-Au 0.69 29 15.85 3.10 

Undoped-C 0.69 42 19.85 5.98 

Undoped-Cu-Au 0.6 38 18.49 4.15 

Undoped-Au 0.57 25 15.60 2.25 

Cu-doped-C 0.56 31 7.12 1.24 

Cu-doped-Au 0.49 25 4.46 0.54 

Te-doped-Au 0.53 23 3.90 0.36 
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The improvement i n device B again appears to r e s u l t from the use of 

carbon contacts as discussed i n Section 7.2.4. With the device C, the 

improved contact behaviour, and consequently higher e f f i c i e n c y (than 

device A) was probably because of the surface doping w i t h Cu t h a t 

provided a p^ region under the Au contact. Although the improved 

contacts i n these devices (B & C) l e d to higher values of t h e i r 

parameters, they s t i l l have low f i l l f a c t o r s r e s u l t i n g from high series 

r e s i s t a n c e . This i s the r e s u l t of the substrate r e s i s t i v i t y . 

7.3.3 Copper Doped Substrates 

The CdTe dice were doped w i t h d i f f e r e n t concentrations (100, 500, 

1000, 1500, 2000 ppm) of copper as described i n Section 4.3.2. The 

optimum value of copper concentration was found to be 1000 ppm t o give a 

r e s i s t i v i t y of 300-450 O-cm. The CdS/CdTe c e l l s were then f a b r i c a t e d 

on substrates doped w i t h 1000 ppm concentration of copper. Evaporated 

Au and carbon paste were used as contacts t o the p-CdTe substrates as 

p r e v i o u s l y . 

The diode c h a r a c t e r i s t i c s were however, poor w i t h poor 

r e c t i f i c a t i o n r a t i o s a t 0.5 V of 6 and 16 and high reverse s a t u r a t i o n 
—5 —6 —2 currents 10 and 10 mA cm r e s p e c t i v e l y f o r Au and C-contact 

devices. The p h o t o v o l t a i c output c h a r a c t e r i s t i c s of t y p i c a l devices are 

shown i n Fig . 7.4. The performance parameters are also given i n Table 

7.2. The c e l l parameter f o r the C-contact device although b e t t e r than 

the Au-CdTe devices, were much lower than f o r the nominally undoped and 

P-doped devices w i t h e i t h e r C or Au contacts. The b e t t e r performance of 

C-contact devices i s again presumably due to the lower r e s l s t i v l e 

contact. However, w i t h these c e l l s the dominant e f f e c t s seem to have 

a r i s e n from the Cu-doplng. 
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7.3.4 Te l l u r i u m Doped Substrates 

The p r o p e r t i e s of Te-doped CdTe substrates were i n v e s t i g a t e d i n 

CdS/CdTe heterojunctions w i t h Au contacts only, but the r e s u l t s are 

s u f f i c i e n t to show the behaviour of these substrates. The as-grown CdTe 

dice were annealed i n Te vapour at % 550°C f o r one week, to reduce t h e i r 

r e s i s t i v i t y to 700-800 fi-cm. The dice were processed t o produce 

n-CdS/p-CdTe solar c e l l s w i t h evaporated indium and gold contacts. 

As w i t h the Cu doped h e t e r o j u n c t i o n s , the diode c h a r a c t e r i s t i c s 

were very poor w i t h a r e c t i f i c a t i o n r a t i o at 0.5V of 4 and reverse 
-5 -2 

s a t u r a t i o n current of 3 x 10 mA cm . The photovoltaic output 

c h a r a c t e r i s t i c f o r a t y p i c a l device i s shown i n Fig.7.5. The values of 

SCC, OCV, FF and n presented i n Table 7.2 are, except f o r the OCV, the 

lowest of a l l devices w i t h Au contacts. The gold contact appears to be 

non-ohmlc as i n d i c a t e d from the output curve. The series resistance of 

the device was also high as evidenced by the low FF of 23%. Attempts t o 

improve p w i t h Te annealing were not successful. I t was concluded t h a t 

t h i s was not a good procedure f o r c o n t r o l l i n g substrate r e s i s t i v i t y . 

7.3.5 Discussion 

The device parameters f o r the d i f f e r e n t types of b u l k c r y s t a l 

substrate c e l l s are summarized i n Table 7.2 f o r ease of comparison. The 

P-doped substrates gave the most e f f i c i e n t device while Cu-doplng and 

Te-annealing were unable t o produce low r e s i s t i v i t y CdTe. Devices 

f a b r i c a t e d on the nominally undoped substrates were reasonably 

e f f i c i e n t , p a r t i c u l a r l y w i t h C-contacts but the reasons f o r such 

behaviour of these undoped substrates are not known. 

I n s p i t e of the high l e v e l of Cu doping, the r e s i s t i v i t y of the 

CdTe was s t i l l r a t h e r high and would have c o n t r i b u t e d towards series 
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r e s i s t a n c e as w e l l . This could have re s u l t e d from the amphoteric 

character of Cu i n CdTe^^\ Normally, l i k e Au, copper acts as an 

acceptor i m p u r i t y i n CdTe but i n high concentrations i t also forms 
(34) 

i n t e r s t i t i a l donors and so acts as compensating centre-: . 

Annealing CdTe at elevated temperatures under f i x e d p a r t i a l 

pressures of i t s elements (Cd or Te) can modify the defect s t r u c t u r e of 

the material^^'"'^^. As discussed i n Chapter 6, energy l e v e l s found at 

the middle of the bandgap of CdTe may be due e i t h e r to I m p u r i t i e s or 

they can ar i s e d i r e c t l y from the annealing processes. S i m i l a r annealing 

procedures have been found to produce sub-grain boundaries i n CdS, which 

have subsequently been associated w i t h deep l e v e l s ^ ' ^ ^ * ^ ^ ^ I t has also 
been shown i n CdTe that d i s l o c a t i o n polygonization produces sub-grain 

(38) 

boundaries and i t i s possible t h a t Te annealing process could, i n 

analogy w i t h CdS, produce a d d i t i o n a l deep l e v e l s . These l o c a l i z e d 

l e v e l s can act as recombination centres and s t r o n g l y reduce c a r r i e r 

l i f e t i m e s and consequently a f f e c t device performance. 

To conclude the P-doping was the most e f f i c i e n t procedure t o 

produce low r e s i s t i v i t y CdTe substrates f o r f a b r i c a t i o n of e f f i c i e n t 

s o l a r c e l l s , whereas Cu and Te doping were u n s a t i s f a c t o r y f o r reducing 

the CdTe r e s i s t i v i t y . 

7.4 E f f e c t of Heat Treatment on Contacts 

7.4.1 Heat Treatment of Carbon Contacts 

The carbon contacts were made by applying carbon paste onto the 

CdTe substrates and then heating them i n a ni t r o g e n ambient. I n i t i a l l y , 

t h i s heat treatment was found t o produce v a r i a b l e r e s u l t s and i t was 

t h e r e f o r e necessary to optimize the annealing c o n d i t i o n s . A set of 

c e l l s were f a b r i c a t e d w i t h carbon paste contacts using nominally undoped 

CdTe substrates and then annealing at temperatures of 250, 300 and 

350°C f o r about 30 mins i n a n i t r o g e n ambient. 
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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 of the devices were measured under 

AMI i l l u m i n a t i o n and the output c h a r a c t e r i s t i c s of three t y p i c a l devices 

heat t r e a t e d a t 250, 300 and 350''C are recorded i n Fig.7.6. Values of 

SCC, OCV, FF and r\ are l i s t e d I n Table 7.3. 

TABLE 7.3: Parameters of devices heated at d i f f e r e n t temperatures 

Annealing Temp. OCV SCC FF n 

rc) ( v o l t s ) ^ -2 mA cm (%) (Z) 

250 0.58 18.75 28 3.00 

300 0.57 19.39 33 3.61 

350 0.59 16.10 24 2.32 

Although the OCV was almost unaffected by the heat treatment, FF, 

SCC and n were, w i t h the highest values being obtained f o r devices 

heated at 300°C. Devices annealed at 350°C had contacts that displayed 

non-ohmic behaviour as i n d i c a t e d by the shape of the c h a r a c t e r i s t i c i n 

the f i r s t quadrant. For devices heated at 250°C the contact remained 

ohmlc but was more r e s i s t i v e than f o r c e l l s t r e a t e d a t 300'C. 

The carbon paste used f o r the f a b r i c a t i o n of a contact, acts not 

only as a p o s i t i v e electrode f o r the solar c e l l but also as a source of 

acceptor i m p u r i t i e s f o r CdTe. The paste i s thought t o contain traces of 
(11 21 22) 

group I and V elements^ ' ' ^ such as Cu and P. Heat treatment at 

250''C was probably i n s u f f i c i e n t t o cause the i m p u r i t i e s t o d i f f u s e I n t o 

CdTe. This r e s u l t e d i n a r e l a t i v e l y high series resistance and 

consequently low f i l l f a c t o r . At the higher annealing temperature of 

SOO'C the i m p u r i t i e s d i f f u s e more r e a d i l y i n t o the CdTe producing the 
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desired h i g h l y doped region below the contact. The r e c t i f y i n g behaviour 
of contacts heated at 350''C may have resulted from a net reduction of 
the acceptor doping i n the CdTe surface as the i m p u r i t i e s d i f f u s e d more 
deeply i n t o the s u b s t r a t e . A l t e r n a t e l y , i t may be the r e s u l t of 
compensation e f f e c t s i n the CdTe. 

7.4.2 E f f e c t of Heat Treatment on Au Contacts 

Although Au has been widely used as a contact i t was found (Section 

7.2) that an evaporated layer of gold d i d not produce a low resistance 

ohmic contact to p-CdTe. I t was also observed that an annealing process 

was e s s e n t i a l i n o b t a i n i n g ohmic contacts between carbon and CdTe. 

Moreover, i t has also been reported t h a t low resistance Au contacts t o 

CdTe substrates can be produced a f t e r f i r i n g at 200''C i n a hydrogen 
(39) 

ambient . I t was t h e r e f o r e , necessary to i n v e s t i g a t e the e f f e c t s of 

annealing on Au contacts. Devices were f a b r i c a t e d as usual, and 

evaporated gold contacts were applied to the p-CdTe. The device was 

c h a r a c t e r i z e d and then heat t r e a t e d i n an Ar ambient f o r 7-15 mlns at 

180°C. 

Figure 7.7 shows 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 of the device 

a f t e r heating f o r periods of 7, 10 and 15 mins together w i t h the 

c h a r a c t e r i s t i c of the as-made device. I t i s evident t h a t the SCC and 

f i l l f a c t o r Improved a f t e r heating from 7 to 10 minutes but t h e r e a f t e r 

began to degrade. The shape of the graph i n the f i r s t quadrant also 

shows the e f f e c t of heating on the nature of the contacts. A f t e r 10 mlns 

heat treatment the contact was ohmic i f s t i l l r e s i s t i v e , and there was a 

s i g n i f i c a n t improvement i n the SCC. However, a f t e r 15 mins the 

c h a r a c t e r i s t i c i n d i c a t e s non-ohmic behaviour and the SCC was reduced 

n e a r l y to i t s o r i g i n a l value. The values of the SCC, OCV, FF and n are 

shown i n Table 7.4. 
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TABLE 7.4: Parameters of a device heat t r e a t e d f o r d i f f e r e n t time 

periods 

Heat Treatment OCV SCC _2 FF n 
v o l t s mA cm (Z) (Z) 

As^ade 0.54 12.87 18 1.23 

7 mins 0.55 16.78 28 2.64 

10 mins 0.55 18.10 34 3.30 

15 mins 0.53 10.61 22 1.25 

(3) 

I n h i s e a r l y work, de Nobel , used AuCl^ to make ohmic contacts 

to p-CdTe. Cd ions were believed to t r a s n f e r to the AuCl^ s o l u t i o n 

l e a v i n g behind a t e l l u r i u m l a y e r on the CdTe surface, and i n order t o 

maintain the n e u t r a l i t y of the m a t e r i a l Au atoms p r e c i p i t a t e onto t h i s 

l a y e r forming a Te-CdTe Schottky b a r r i e r ^ ^ \ This model i s supported by 

RBS measurements^^^^ and by atomic absorption analysis of the gold 
(41) 

S t r u c t u r a l s t u d i e s of these cont/tts on p-CdTe r e v e a l e d t h a t , i n 

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

a d d i t i o n to the model proposed by de Nobel, gold d i f f u s e d i n t o the 

semiconductor and introduced dopant s i t e s which were responsible f o r the 

increase i n current through a t u n n e l i n g mechanism when compared to a 
(42) 

simple Au or Te surface b a r r i e r . Arienzo has also shown t h a t the 

r e s i s t i v i t y of the as-made AuCl^ contacts was very high but heat 

treatment i n Ar-H2(85 + 15)percent mixture f o r 15 mins at 425'C produced 

lower resistance contacts. The e f f e c t of the heat treatment I n our 

devices can be explained i n terms of the observations made on AuCl^ 

contacts. 
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The work f u n c t i o n of gold (Ji = 5 . 1 eV^^^^ i s not w e l l matched to 
A U 

t h a t of p-CdTe f o r the d i r e c t formation of ohmic contacts. The Au-CdTe 

contact t h e r e f o r e appears to f u n c t i o n through a Schottky b a r r i e r 

t u n n e l i n g process and the b a r r i e r height may be reduced by producing a 

h e a v i l y doped layer under the metal contact. This has been produced i n 

the form of an excess t e l l u r i u m layer by etching i n bichromate 

s o l u t i o n ^ ^ ^ and by i m p l a n t a t i o n of As^ ions onto the CdTe surface 

The contact between a s t o i c h i o m e t r i c CdTe surface and Au w i l l have a 

high b a r r i e r h e i g h t . Moreover, gold has a low doping e f f i c i e n c y as an 
(44) 

acceptor i n CdTe and t h e r e f o r e does not give a large t u n n e l i n g 

e f f e c t . 

I n the present study when the samples were annealed f o r 7-10 mins 

at 180'*C, gold d i f f u s e d i n t o the CdTe to produce a more h i g h l y doped 

surface under the metal contact and consequently improved the tunn e l i n g 

e f f e c t i n a manner s i m i l a r to the C contacts. I t i s also possible t h a t 

Cd ions l e f t the CdTe surface during heating, l e a v i n g behind excess 

t e l l u r i u m as w i t h the e l e c t r o l e s s gold contact w i t h a consequent 

r e d u c t i o n of the b a r r i e r h e i g h t . A second p o s s i b i l i t y i s t h a t a t h i n 

l a y e r of Te may be l e f t on the CdTe surface a f t e r the Br-Methanol p o l i s h 

(Sect.4.4) and t h i s could w e l l d i f f u s e during heating t o give a b e t t e r 

contact. 

I t would seem t h a t the optimum heat treatment r e s u l t s i n the 

d i f f u s i o n of Au and/or Te i n t o the CdTe c r e a t i n g a p^ lay e r between the 

Au and the CdTe. The conduction would therefore be through a narrow 

Schottky b a r r i e r . However, heat treatment f o r longer times would be 

expected t o cause the Te/Au t o d i f f u s e more deeply, e f f e c t i v e l y reducing 

the concentration under the contact and so leading to a reduction i n the 
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t u n n e l i n g . The r e s u l t s suggest that extending the heat treatment to 15 

mins i s s u f f i c i e n t to prevent any s i g n i f i c a n t t unneling e f f e c t and the 

contact returns to i t s i n i t i a l non-ohmic s t a t e . 

I t i s also possible t h a t w i t h excessive heating a s o l i d - s o l i d 

r e a c t i o n between Au and CdTe takes place to form gold t e l l u r i d e . This 

could not be expected t o form an ohmlc contact. 

These studies suggest t h a t annealing of Au-p-CdTe contacts at 180°C 

i n an Ar ambient f o r 7-10 mlns gives improved contacts but the carbon 

contacts are much b e t t e r than Au contacts. 

7.5 Substrate Preparation 

7.5.1 I n t r o d u c t i o n 

Surface preparation s t r o n g l y Influences the p r o p e r t i e s of layers 

used t o form h e t e r o j u n c t i o n s and o f t e n governs the I n t e r f a c e p r o p e r t i e s 

of a metal/semiconductor j u n c t i o n ^ ^ ^ \ When substrates are cut from 

bulk c r y s t a l s the surfaces of the substrates s u f f e r severe saw damage. 

This has to be removed i n some way, o f t e n e n t a i l i n g mechanical lapping 

f o l l o w e d by chemical etching. However, the amount of m a t e r i a l removed 

du r i n g the chemical p o l i s h stages should be minimized I n order to 

maint a i n u n i f o r m i t y since p r e f e r e n t i a l etching along p a r t i c u l a r 

d i r e c t i o n s w i l l lead t o an uneven surface I n a prolonged process^^^^ 

The choice of an e f f e c t i v e method should provide a means f o r the 

supply of fr e s h e t c h i n g s o l u t i o n t o the surface, remove the residue 

e f f e c t i v e l y and prevent the formation of any unwanted surface l a y e r . 

CdS/CdTe het e r o j u n c t i o n s o f t e n s u f f e r from reduced open c i r c u i t voltage 
(47) 

as a r e s u l t , i t i s thought, of recombination at I n t e r f a c l a l defects 

So, a primary aim of any p o l i s h i n g technique f o r CdTe substrate 

p r e p a r a t i o n must be the pre s e r v a t i o n of the c r y s t a l l i n e p r o p e r t i e s of 

the b u l k m a t e r i a l w i t h o u t the i n t r o d u c t i o n of any a d d i t i o n a l defects as 
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a consequence of the prep a r a t i o n a l procedures. D i f f e r e n t p o l i s h i n g 

techniques were studied during the course of the present work and t h e i r 

i n f l u e n c e on surface s t r u c t u r e and device performance was in v e s t i g a t e d . 

7.5.2 S t r u c t u r a l Studies 

Following o r i e n t a t i o n by the Laue X-ray back r e f l e c t i o n technique, 

b u l k c r y s t a l s were cut i n t o wafers using a diamond saw. They were then 

polished i n one of the f o l l o w i n g ways (Section 4.4.). 

(1) Alumina p o l i s h : Substrates were mechanically lapped using a paste 

of alumina powder ( p a r t i c l e size 1-0.05 pm) i n water on Buehler (TM) 

nylon p o l i s h i n g c l o t h to remove saw damage. The samples were washed i n 

deionized water and then immersed i n 2% Br-Methanol s o l u t i o n f o r various 

periods of time before a f i n a l r i n s i n g i n methanol. 

This process gave a shiny and h i g h l y r e f l e c t i v e surface, but RHEED 

stu d i e s revealed the presence of some deposit on the surface. A RHEED 

d i f f r a c t i o n p a t t e r n taken from a CdTe substrate polished i n 2X Br i n 

methanol s o l u t i o n f o r two minutes i s shown In Fig 7.8a. This contains a 

set of continuous and " s p o t t y " r i n g s which are i n d i c a t i v e of a 

p o l y c r y s t a l l l n e surface layer on the s i n g l e c r y s t a l substrate. An 

ana l y s i s of the r i n g s i s presented i n Table 7.5 and they were found t o 

be r e l a t e d to both alumina and CdTe. I t seemed therefore t h a t alumina 

p a r t i c l e s became embedded i n the surface during the lapping process and 

were not removed during a 2 minute chemical etch. Increasing the etch 

time reduced the I n t e n s i t y of the r i n g s i n the d i f f r a c t i o n p a t t e r n but 

d i d not e l i m i n a t e them. Fig 7.8b shows a d i f f r a c t i o n p a t t e r n taken from 

a sample etched f o r 10 minutes f o l l o w i n g p o l i s h i n g w i t h alumina. A 

q u a n t i t a t i v e analysis of the p a t t e r n i s given i n Table 7.6. I t i s 

obvious (Fig 7.8b) th a t even a f t e r etching f o r 10 minutes 



Fig. 7.8(a) : RHEED p a t t e r n from an alumina-polished CdTe surface 
a f t e r 2 mlns. Br/methanol p o l i s h . 

F i g . 7.8(b) : RHEED p a t t e r n from an alumina-polished CdTe surface 
a f t e r p o l i s h i n g I n Br/methanol s o l u t i o n f o r 10 minutes. 
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p o l y c r y s t a l l i n e r i n g s were s t i l l present, though weaker, i n d i c a t i n g t h a t 

reduced p o l i s h i n g damage s t i l l remained. Careful examination and 

an a l y s i s (Table 7.6) also showed that the " s p o t t y " rings were also s t i l l 

present, showing t h a t the alumina p a r t i c l e s had not been removed. 

When these samples were f u r t h e r etched i n HNÔ  a t h i c k grey deposit 

appeared on the surface. This was not analysed but was believed to be 

some compound of alumina w i t h n i t r i c a cid. I t thus became apparent t h a t 

a procedure e n t a i l i n g the use of alumina powder was not capable of 

producing s a t i s f a c t o r y surfaces. 

(2) Cerium oxide pad p o l i s h : The alumina paste was replaced by a 

cerium oxide s l u r r y and samples were then lapped, and chemically 

polished i n 21 Br i n methanol s o l u t i o n as before. RHEED analysis 

revealed a d i f f e r e n t r i n g p a t t e r n from t h a t w i t h alumina polished 

samples. Fig 7.9a shows such a d i f f r a c t i o n p a t t e r n from a sample 

chemically etched f o r 4 minutes. I t i s probable t h a t the rings resulted 

from a combination of reduced surface damage and possibly, the presence 

of a cerium oxide l a y e r on the surface. As w i t h alumina, i t was 

observed t h a t Increasing the chemical p o l i s h i n g time reduced the 

i n t e n s i t y o f the r i n g s but they were not t o t a l l y removed i n about 15 mln 

p o l i s h i n g . 

(3) Pad p o l i s h : With t h i s method samples were f i r s t b r i e f l y lapped on 

600 grade SIC paper to remove the worst of the saw damage. The samples 

were then washed i n deionized water and polished by the Pad Polish 

technique as described i n Section 4.4.2, using a 2% s o l u t i o n of Br i n 

methanol. The samples were then studied by RHEED i n the usual way. 

The d i f f r a c t i o n p a t t e r n of a pad polished sample i n Fig 7.9b shows 

an ordered spot p a t t e r n t y p i c a l of s p h a l e r i t e CdTe. Kikuchi l i n e s were 



' r » f t f f 

F i g . 7.9(a) : RHEED p a t t e r n from a cerium oxide polished CdTe surface 
a f t e r 4 mlns Br/methanol p o l i s h . 

F i g . 7.9(b) : T y p i c a l spot p a t t e r n from a pad polished CdTe substrate. 
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also seen i n these samples as f u r t h e r evidence of the high q u a l i t y of 

the surface. The p o l i s h i n g time w i t h t h i s technique was found to depend 

on the i n i t i a l surface c o n d i t i o n s . I f the samples were f i r s t 

mechanically polished on SIC paper, then a p o l i s h i n g time of 3-5 mlns 

was r e q u i r e d to o b t a i n a good surface. However, w i t h as-sawn samples a 

p o l i s h i n g time of 5 to 7 mins was necessary. 

7.5.3 E l e c t r i c a l C h a r a c t e r i s t i c s of Devices 

Layers of CdS, 10 jjm t h i c k , were deposited under nominally 

i d e n t i c a l c o n d i t i o n s (source and substrate temperatures of 900°C and 

ISO'C, growth r a t e of 0.69 inn/min) on to alumina polished and pad 

po l i s h e d CdTe substrates. The alumina polished substrates had been 

etched f o r 3 minutes i n 2% Br-methanol s o l u t i o n . 

The diode and 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 of both types of device 

were measured i n the dark and under AMI i l l u m i n a t i o n . Fig 7.10 shows the 

diode and p h o t o v o l t a i c output c h a r a c t e r i s t i c s of two t y p i c a l devices, 

one alumina p o l i s h e d , the other pad polished. The l a t t e r device had a 

highe r OCV although the SCC and FF were almost s i m i l a r f o r the two 

devices. Consequently, a higher e f f i c i e n c y of 3.1% was found f o r the 

pad p o l i s h e d c e l l as compared w i t h 2.4Z f o r the alumina/Br-Methanol 

po l i s h e d device. The diode c h a r a c t e r i s t i c s revealed less reverse bias 

leakage f o r pad polished samples. 

These r e s u l t s are very much as one might expect. The RHEED study 

c l e a r l y demonstrated the superior q u a l i t y of pad polished CdTe surfaces. 

Heterojunctions formed on these surfaces should therefore have a reduced 

d e n s i t y of I n t e r f a c e s t a t e s , compared to those formed on alumina 

p o l i s h e d substrates. I n t e r f a c l a l recombination would be l e s s , r e s u l t i n g 

I n a lower l e v e l of reverse s a t u r a t i o n c u r r e n t , as observed i n the diode 

c h a r a c t e r i s t i c s . T his, i n t u r n , could give increased OCV, as was 
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F i g . 7.10 (a) : Diode c h a r a c t e r i s t i c s of devices f a b r i c a t e d on pad polished 
and alumina polished substrates 
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observed experimentally. The low FF and SCC measured i n both types of 

device was due p r i m a r i l y to the r e s i s t i v i t y of the CdTe. As t h i s was 

the dominant i n f l u e n c e i n a l l the devices studied, any secondary e f f e c t s 

due t o the p o l i s h i n g on SCC and FF (through improved c a r r i e r 

c o l l e c t i o n , etc) were not d i s t i n g u i s h a b l e . However, i t would seem 

reasonable to suppose t h a t there might be some di f f e r e n c e on p o l i s h i n g . 

7.6 EBIC Studies 

Measurement of 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 length i s important 

I n determining the volume of the semiconductor near the j u n c t i o n from 

which l i g h t generated c a r r i e r s are c o l l e c t e d . D i f f u s i o n length i s 

r e a d i l y measured using the EBIC technique i n the SEM̂ '''̂ '̂ '̂̂ ^̂  as 

described i n Section 5.3.3. EBIC may also be used to image p o t e n t i a l 

b a r r i e r s , and comparison w i t h the corresponding secondary e l e c t r o n (SE) 

image can o f t e n help i n i d e n t i f y i n g e l e c t r i c a l l y a c t i v e f e a t u r e s . 

The d i f f u s i o n l ength measurements were made using a si n g l e 

l i n e s c a n across the cleaved s e c t i o n through the j u n c t i o n and analysed i n 

accordance w i t h equation 5.12 (Section 5.3.3). A l l the measurements 

were made w i t h a beam energy of 25 KeV, to ensure t h a t surface 

recombination e f f e c t s could be neglected. However, the generation 

volume w i l l be correspondingly l a r g e r , r e s u l t i n g i n a loss of s p a t i a l 

r e s o l u t i o n . 

A t y p i c a l EBIC linescan of a device f a b r i c a t e d on nominally undoped 

CdTe and employing a carbon contact i s shown i n Fig 7.11a. A p l o t f o r 

lo g I ( x ) vs X f o r the linescan I s shown I n Fig 7.12. The values of 
iT^) 

d i f f u s i o n l ength L ( i n CdTe) and L ( I n CdS) obtained were 2.35 ym and 
n p 

0.74 pm r e s p e c t i v e l y . A s i m i l a r device w i t h a gold contact gave a value 

of L t h a t was almost h a l f the value f o r the C-contact device as shown n 



Fig. 7.11(a) : A t y p i c a l EBIC llnescan taken across a CdS/CdTe cleaved 
Junction fabricated on a noainally undoped CdTe with 
carbon contacts. 

F i g . 7.11(b) S p l i t screen SE/EBIC image taken across the j u n c t i o n of 
the same device ( F i g . 7.11(a)). 
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i n Table 7.7. The r e s u l t s show that the d i f f u s i o n length of m i n o r i t y 

c a r r i e r s was l a r g e r i n undopedpCdTe than i n the p-doped m a t e r i a l . 

TABLE 7.7: M i n o r i t y c a r r i e r d i f f u s i o n length i n d i f f e r e n t CdTe 
substrates w i t h Au and C contacts 

Substrate Contact used L^ (m) Lp (pm) 

Undoped 

P-doped 

C 

Au 

2.35 

1.20 

1.12 

0.74 

0.66 

0.80 

A s p l i t - s c r e e n SE-EBIC image of a se c t i o n across the j u n c t i o n of a 

c e l l f a b r i c a t e d on P-CdTe, and w i t h a C-contact i s shown i n Fig 7.11b. 

This demonstrates t h a t the p-n j u n c t i o n was located at m e t a l l u r g i c a l 

i n t e r f a c e and the c e l l was t h e r e f o r e a t r u e h e t e r o j u n c t l o n r a t h e r than a 

bur l e d homojunctlon. I n a d d i t i o n , the m a j o r i t y of the EBIC b r i g h t 

c o n t r a s t was on the CdTe side of the j u n c t i o n i n d i c a t i n g t h a t most of 

the d e p l e t i o n region i s i n the CdTe. 

The values of L and L measured f o r these devices are higher than n p 
the values reported i n the l i t e r a t u r e . M i t c h e l l ^ ^ ^ ^ has measured L^ = 

0.4 Mm and L = 0.43 pm using a beam energy of 21 KeV f o r a c e l l 
19 -3 

f a b r i c a t e d on a P-doped CdTe (10 cm concentration) w i t h vacuum 

evaporated CdS. Yamaguchi et al^^'''^ found the d i f f u s i o n length of 

ele c t r o n s i n P-CdTe t o be 0.7 pm. 

As discussed i n Chapter 2 the d i f f u s i o n length of the m i n o r i t y 

c a r r i e r s depends among other things on i m p u r i t y concentration, 

c r y s t a l l l n i t y and stol c h l o m e t r y . The s i n g l e c r y s t a l s , used i n the 

present work were grown from the vapour phase. The generally higher 
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values of measured i n Durham grown m a t e r i a l would suggest that i t i s 

of b e t t e r c r y s t a l l i n i t y and stoichlometry than the P-doped s i n g l e 

c r y s t a l s used by M i t c h e l l and Yamaguchi et a l which were grown by the 

Bridgman technique. However, the f a c t that the d i f f u s i o n length i n 

nominally undoped CdTe was higher than t h a t f o r the phosphorus doped 

substrates suggests that the lower values of observed i n Bridgman 

grown CdTe were due more to the p-dopant than to c r y s t a l l i n e defects. 

The Increase observed i n the d i f f u s i o n length of m i n o r i t y e l e c t r o n s 

I n devices w i t h carbon contacts can be explained i n terms of the BSF and 

the b u i l t - i n f i e l d established i n the contact region due to the doping 

concentration gradient. This a s s i s t s the m i n o r i t y c a r r i e r s to d i f f u s e 

towards the j u n c t i o n . The Increase I n d i f f u s i o n length i n the C-contact 

devices can explain i n p a r t the higher values of SCC and e f f i c i e n c y 

observed i n these devices. The EBIC and SE micrograph shown i n Fig 

7.11b i n d i c a t e d t h a t the j u n c t i o n was a true h e t e r o j u n c t l o n and t h i s 
(45) 

agrees w i t h previous studies . This i s important, because the short 

anneal given to the carbon contacts might have been expected to produce 

a b u r i e d homojunctlon i n the CdTe due to donor i m p u r i t y d i f f u s i o n but i t 

i s shown c l e a r l y t h a t t h i s d i d not occur. 

7.7 Conclusion 

The work described i n t h i s chapter was concerned w i t h CdS/CdTe 

he t e r o j u n c t i o n s formed on b u l k s i n g l e c r y s t a l CdTe. Contacts, dopants 

and substrate preparation techniques were a l l i n v e s t i g a t e d to determine 

t h e i r e f f e c t s on the device c h a r a c t e r i s t i c s . M i n o r i t y c a r r i e r d i f f u s i o n 

lengths and e f f e c t s of ageing were also i n v e s t i g a t e d . 

The performances of evaporated Au and C paste contacts to p-CdTe 

were compared i n d e t a i l . Generally, C contacts gave an Improvement I n 
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FF and n of about two times compared w i t h i d e n t i c a l devices w i t h Au 
contacts. The r e s u l t s suggest t h a t C contacts had a s i g n i f i c a n t l y lower 
r e s i s t a n c e , w i t h correspondingly l a r g e r values of FF and SCC. The 
reason f o r t h i s i s thought to be due to the d i f f u s i o n of acceptor 
i m p u r i t i e s from the C paste i n t o the surface of the CdTe, c r e a t i n g a 
h i g h l y doped region under the contact which l e d to a tunneling contact. 
M i n o r i t y c a r r i e r d i f f u s i o n lengths were also found to be l a r g e r i n the 
C-contact devices, probably as a r e s u l t of the BSF e f f e c t associated 
w i t h the i m p u r i t y concentration p r o f i l e under the contact. 

The annealing temperatures required f o r the contacts were 

i n v e s t i g a t e d , and the optimum value f o r C contacts was found t o be 

300°C. Carbon contacts were also found to be stable w i t h time. I n 

c o n t r a s t , the heat treatment of Au contacts made r e l a t i v e l y l i t t l e 

d i f f e r e n c e to performance, although a 10 mln anneal at 180°C i n Ar was 

found t o be optimum. Au contacts were not sta b l e w i t h time. 

The e f f e c t s on r e s i s t i v i t y of doping the CdTe substrates were also 

i n v e s t i g a t e d . Devices formed on CdTe doped w i t h Cu, P or Te and on 

undoped m a t e r i a l , were compared. P doping was found to be the best, 

y i e l d i n g a higher FF than the other dopants. However, 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 length was l a r g e r i n the undoped m a t e r i a l . 

Substrate p o l i s h i n g procedures were also i n v e s t i g a t e d i n terms of 

surface s t r u c t u r e and morphology as w e l l as i n device performance. A 

procedure i n v o l v i n g pad p o l i s h i n g i n a 2% Br-methanol s o l u t i o n was found 

to give the best r e s u l t s . P o l i s h i n g w i t h alumina or cerium oxide paste 

gave poor r e s u l t s and l e f t residues on the surface. 

I n summary the best s i n g l e c r y s t a l CdS/CdTe devices were f a b r i c a t e d 

on P-doped CdTe using carbon contacts. These gave a SCC, FF, OCV and n 

of 21 mA cm~^, 472, 0.72 V and 7.2% r e s p e c t i v e l y . 
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CHAPTER 8 

THIN FILM CdS/CdTe SOLAR CELLS 

8.1 I n t r o d u c t i o n 

The primary aim of current research i n t o t e r r e s t r i a l solar c e l l s i s 

t o reduce the manufacturing cost while maintaining respectable 

conversion e f f i c i e n c i e s and device l i f e t i m e s . I n t h i s connection t h i n 

f i l m s t r u c t u r e s have been prominent because of t h e i r smaller m a t e r i a l 

u t i l i z a t i o n and low cost d e p o s i t i o n a l procedures. Of the various 

m a t e r i a l systems t h a t have been i n v e s t i g a t e d ^ ^ ^ , amorphous s i l i c o n , 
copper indium d i s e l e n l d e and cadmium t e l l u r i d e have emerged as leading 

(2—6) 

contenders . A l l these are amenable to t h i n f i l m processing of one 

form or another and the l a t t e r two have p a r t i c u l a r l y s u i t a b l e band gap 

energies. 

I n p a r a l l e l , t h e r e f o r e , w i t h the bulk c r y s t a l c e l l studies 

described i n the previous chapter, an i n v e s t i g a t i o n i n t o a l l - t h i n f i l m 

CdS/CdTe s t r u c t u r e s was c a r r i e d out where both the CdS and CdTe were 

deposited by vacuum evaporation. Acceptor i m p u r i t i e s such as copper, 

antimony and elemental t e l l u r i u m were studied as possible dopants t o 

produce p-type CdTe of s u i t a b l e r e s i s t i v i t y . The e l e c t r i c a l and 

s t r u c t u r a l p r o p e r t i e s of the f i l m s (CdS & CdTe) were inv e s t i g a t e d and 

c o r r e l a t e d w i t h the performance of CdS/CdTe heterojunctions produced. 

Thin f i l m devices w i t h e f f i c i e n c i e s i n excess of 3Z were achieved. 

8.2 Properties of Cadmium Sulphide Films 

8.2.1 I n t r o d u c t i o n 

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 the CdS f i l m s t r o n g l y 

i n f l u e n c e s the o v e r a l l e f f i c i e n c y of the CdS/CdTe sol a r c e l l . The 

pr o p e r t i e s of these f i l m s i n t u r n depend on the substrate temperature. 



150 

Therefore, the s t r u c t u r a l and e l e c t r i c a l properties of the thermally 

evaporated CdS f i l m s were In v e s t i g a t e d as a f u n c t i o n of the 

pr e p a r a t i o n a l c o n d i t i o n s . 

The CdS f i l m s were deposited on t i n oxide coated glass substrates 

(from P i l k i n g t o n p i c ) by thermal evaporation (Sect.4.5.1). Substrate 

temperatures ranged from 120 t o 300''C and the source temperature was 

held at between 800 and UOO'C. 

For the s t r u c t u r a l i n v e s t i g a t i o n s , RHEED studies were made of the 

f i l m s grown at d i f f e r e n t substrate temperatures. The texture of the 

f i l m s was i n v e s t i g a t e d using the SE mode of the SEM. X-ray d i f f r a c t i o n 

studies were also made w i t h a d i f f r a c t o m e t e r using CoKa r a d i a t i o n 

(Sect.5.4). The r e s i s t i v i t y of the f i l m s was also measured. 

8.2.2 S t r u c t u r a l Studies 

The RHEED d i f f r a c t i o n patterns of CdS f i l m s grown at 120, 180 and 

300*'C substrate temperatures are shown i n Fig 8.1. I t i s evident that 

the Un^lk of the arcs i s a minimum when the substrate temperature I s 

'V'180''C, whereas they are wider at lower and higher temperatures. As the 

extent of the arcs i n RHEED in d i c a t e s the degree of ordering, these 

observations suggest t h a t the optimum c r y s t a l l l n l t y was obtained a t 

180»C. 

X-ray d i f f r a c t i o n studies were made i n order to determine the 

s t r u c t u r e and i d e n t i f y the phases present i n the f i l m s . Fig 8.2 shows 

the X-ray d i f f r a c t i o n spectra of a t y p i c a l f i l m grown at 180''C. There 

i s a sharp peak at an angle 29 equal to 30.9° which corresponds to a 

d i f f r a c t i o n from (0002) planes of the hexagonal phase. The i n t e n s i t y of 

the d i f f r a c t i o n at an angle of 30.9" decreased when the substrate 

temperature exceeded 200°C and a d d i t i o n a l peaks appeared at 29 equal t o 

28.9 and 32.8 degree which correspond t o d i f f r a c t i o n from ( l O l l ) a n d ( l O l O ) 

planes of the hexagonal phase. 
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Fig. 8.1 : RHEED patterns of CdS f i l m s grown at substrate temperatures 
of : (a) 120°C; (b) 180°C; and (c) 300°C. 
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The morphology of the f i l m s was also studied i n the scanning 

e l e c t r o n microscope. Fig 8.3 represents the SE micrographs of three 

f i l m s grown at d i f f e r e n t temperatures. I t i s cle a r t h a t the f i l m grown 

at 180''C had the best columnar growth w i t h the c-axis perpendicular to 

the s u b s t r a t e . At other substrate temperatures columnar growth was less 

evident and there was a greater p r o p o r t i o n of randomly oriented 

m a t e r i a l . 

8.2.3 Film R e s i s t i v i t y 

The e l e c t r i c a l p r o p e r t i e s of the f i l m s were not studied extensively 

except t o measure the r e s i s t i v i t y . Three d i f f e r e n t source temperatures 

(800, 900, lOOO^C) were selected to give d i f f e r e n t evaporation rates of 

0.54, 0.69 and 1.08 per minute. E l e c t r i c a l measurements revealed 

t h a t the f i l m r e s i s t i v i t y increased w i t h increasing substrate 

temperature whereas there was a gradual decrease i n r e s i s t i v i t y at 

higher rates of evaporation. The growth r a t e of f i l m s deposited a t 

temperatures above 200'*C was slower than at lower temperatures. Table 

8.1 shows the r e l a t i o n between the r e s i s t i v i t y and deposition conditions 

of the f i l m s . 

TABLE 8.1; E f f e c t of substrate and source temperature on the r e s i s t i v i t y 

of CdS f i l m s 

E f f e c t of Substrate Temperature E f f e c t of Evaporation Rate 

Substrate 
Temp .CC) 

Thickness R e s i s t i v i t y 
ym fl-cm 

Charge 
Temp CC) 

Evaporation 
Rate pm 

R e s i s t i v i t y 
n-cm 

120 15 34 
800 0.54 670 

160 15 50 

180 11 230 
900 0.69 215 

200 6 540 

240 4 878 
1000 1.1 65 

300 3 1050 



(a) 120*C 

(b) 180"C 

• 

« 

i 

(c) 300»C 

F i g . 8.3 : SE micrographs of the f r a c t u r e d edges of CdS f i l m s 
deposited at : 120''C; (b) 180''C; and (c) 300"C. 
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8.2.4 Discussion 

There has been a s u b s t a n t i a l volume of research i n t o the 

p r e p a r a t i o n of thermally evaporated CdS f i l m s ^ ^ which has been 

reviewed by Stanley and by H i l l ^ ' ' ' ^ ' ' ' " ^ ^ The e f f e c t s that d i f f e r e n t 

d e p o s i t i o n a l c o n d i t i o n s have on the s t r u c t u r a l and e l e c t r i c a l p r o p e r t i e s 

of f i l m s 1-25 jjm t h i c k range has also been exte n s i v e l y studied i n t h i s 
, , ^ (16,17) l a b o r a t o r y 

The f i l m s examined during the present work were 1-20 pm t h i c k . The 

substrate temperature appeared to be the main parameter c o n t r o l l i n g the 

c r y s t a l l i n i t y , the optimum temperature was 180°C. The e l e c t r i c a l 

p r o p e r t i e s were also governed by the substrate temperature and to a 

lesser extent by the evaporation r a t e . 

During thermal evaporation the CdS i s believed to d i s s o c i a t e 

accordin|g to the f o l l o w i n g r e a c t i o n ^ ^ ^ 

(8 1) 
CdS » Cd(g) + i S (g) 

2 

I t has also been suggested t h a t the stable c o n f i g u r a t i o n of sulphur 

i n the vapour at lower and higher temperatures i s Sg and S2 
(22 23) 

r e s p e c t i v e l y * . At lower temperatures when the cadmium and sulphur 

recombination rates on the substrate are d i f f e r e n t from the impingement 

r a t e of the species, the unreacted Sg molecules re-evaporate and hence 

f i l m s r i c h i n cadmium are obtained. When the substrate temperature i s 

increased the s t o i c h i o m e t r y of the f i l m improves, possibly due to the 

f a c t t h a t the r e a s s o c i a t i o n r a t e becomes more equal to the Impingement 

r a t e . At substrate temperatures above 200°C, re-evaporation takes place 
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r e s u l t i n g i n thinner l a y e r s . The decrease i n the textured growth of the 

f i l m at temperatures above 200°C may be r e l a t e d to the increase i n the 

adsorbed sulphur^''"^^ This would also e x p l a i n the increased r e s i s t i v i t y 

of layers deposited at higher substrate temperatures ̂''"̂^ . The inverse 

r e l a t i o n s h i p between f i l m r e s i s t i v i t y and evaporation rate i s possibly 

r e l a t e d to excess Cd. I t i s thought t h a t higher impingement rates lead 

to Cd r i c h l a y e r s ^ ^ ^ ^ . 

8.3 Properties of Cadmium T e l l u r i d e Films 

8.3.1 S t r u c t u r a l Properties 

A l l the f i l m s were prepared i n a conventional vacuum evaporation 

system as described i n Section 4.5.2. CdTe synthesized i n Durham, was 

used as s t a r t i n g m a t e r i a l and was evaporated from a quartz c r u c i b l e at 

temperatures between 800-1200''C. The substrate temperature was va r i e d 

from 18 t o 400"*C. Evaporation rates ranged between 1.5-2.5 pm/min. The 

f i l m s had a smooth shiny surface when deposited at lower temperatures 

but w i t h temperatures above 250''C were grey i n colour. Film adhesion on 

gold coated glass s l i d e s was reasonably good. 

Fig.8.4 shows the RHEED d i f f r a c t i o n p a t t e r n of f i l m s grown at 

150,200 and 300''C. As w i t h the CdS f i l m s the arc he^nj^ decreased w i t h 

i n c r e a s i n g substrate temperature T , becoming a minimum at 'V' 200'"C. The 
s 

(fln^tk of the arcs stayed approximately constant up to T^ at 250°C 

when they began t o Increase i n wi d t h . I t f o l l o w s t h a t the f i l m s grown 

at substrate temperatures i n the range 200-250''C had the b e t t e r 

c r y s t a l l l n i t y . 

X-ray d i f f r a c t i o n studies were also c a r r i e d out on f i l m s grown 

simultaneously on plane glass s l i d e s ( i . e . without the Au coating) at 

temperature of 100, 150, 200, 250 and 300°C. The d i f f r a c t i o n spectra 

f o r a t y p i c a l f i l m grown at 200°C i s shown i n Fig 8.5. There were three 

p r i n c i p a l peaks at 29 equal to 27.6, 45,9 and 54.5° which corresponded 



(a) 150'C 

# r • ^ i 1 » 

1 ; « . ' 

(b) 200"C 

(c) 300'*C 

Fi g . 8.4 : RHEED patterns of CdTe f i l m s deposited at substrate 
temperatures of : (a) 150''C; (b) 200°C and (c) 300''C. 
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to d i f f r a c t i o n s from the (111), (220) and (311) planes of cubic CdTe. 

The i n t e n s i t y of the (111) d i f f r a c t i o n l i n e increased w i t h increasing 

substrate temperature up t o 250°C, p r o v i d i n g c o n f i r m a t i o n f o r the RHEED 

r e s u l t s . Annealing a f i l m (grown at 150''C) at 325°C f o r 25 mins i n 

ni t r o g e n l e d to an increase i n the i n t e n s i t i e s of peaks corresponding to 

the (111), (220) and (311) d i f f r a c t i o n s . This was probably due to an 

increase i n p r e f e r e n t i a l growth. A small peak at about 26.2'*(see Fig 

8.5) was observed at temperatures below 300''C but could not be f u l l y 
(24) 

resolved. I t could be due to excess t e l l u r i u m . Table 8.2 
summarizes the X-ray d i f f r a c t i o n r e s u l t s 

TABLE 8.2: X-ray d i f f r a c t i o n data of CdTe f i l m s 

Deposition 
Temperature ("C) 

Relative 
( H I ) 

I n t e n s i t i e s 
(2 20) (311) 

* 
standard 100 60 30 

100 100 0.5 0.1 

150 100 43 11 

200 100 72 50 

250 100 - -
300 100 26 48 

* Relative i n t e n s i t i e s f o r r^i^omly oriented CdTe powder, from ASTM 
X-ray powder data f i l e Card No.15-770 (CuKa r a d i a t i o n ) . 

The morphology of the f i l m s was examined by scanning e l e c t r o n 

microscopy. Fig 8.6 shows the micrograph of a cross-section through a 

f i l m deposited a t 200°C. The f i l m displayed good columnar growth which 

was found to improve w i t h increasing substrate temperature up t o 250°C. 

As w i t h CdS, CdTe f i l m s deposited at T^>250''C were thinner than those 

grown w i t h the same evaporation r a t e s but at lower substrate 

temperatures. 



4 | i . 

F i g . 8.6 : SE micrograph of a c r o s s - s e c t i o n through a CdTe f i l m 
deposited at 200°C. 
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8 . 3 . 2 R e s i s t i v i t y 

The r e s i s t i v i t y of the CdTe f i l m s d i d not show a pronounced 

dependence on substrate temperature. A l l the f i l m s grown had 

r e s i s t i v i t i e s of the order of 10^ fi-cm. As a r e s u l t , H a l l measurements 

could not be made. Attempts to make the f i l m s more p-type conducting by 

doping them during growth w i t h Cu, Sb and elemental Te were 

unsuccessful. However, post-growth doping w i t h copper did reduce the 

r e s i s t i v i t y as discussed i n Section 8 . 5 . Post-deposition heating I n 

oxygen has been reported to have a dramatic e f f e c t on the performance of 
C25 26) 

CdS/CdTe s o l a r c e l l s prepared by close space vapour transport ' 

This p o s s i b i l i t y was inv e s t i g a t e d by growing the CdTe f i l m s i n an oxygen 

ambient and by p r o v i d i n g a post growth heat treatment i n oxygen at 

AOO'C f o r 30 mins. This reduced the r e s i s t i v i t y by a fa c t o r of three 

o n l y . 

8 . 3 . 3 . Discussion 

Thin f i l m s of cadmium t e l l u r l d e prepared by conventional vacuum 
(27-34) 

evaporation have been Investigated I n the past . Their 

r e s i s t i v i t i e s were very high (10^ fi-cm at room temperature) despite the 

a d d i t i o n of dopants i n t o the charge. Menezes, however, produced low 

r e s i s t i v i t y (10-100 fl-cm) p-type CdTe f i l m s u t i l i z i n g a hot w a l l f l a s h 
(35) 

evaporation (HWFE) technique , although e l e c t r o n microprobe analysis 
("If.) 

revealed the presence of 25-50Z of fr e e t e l l u r i u m . Myers et a l used 

a molecular beam deposi t i o n technique to produce good CdTe la y e r s , but 

t h i s i s very expensive and cannot be employed f o r low cost c e l l s . 

The r e s i s t i v i t i e s of the f i l m s deposited during the present work 

were s i m i l a r to those discussed by other workers^^^ The high 

r e s i s t i v i t y i s believed to be due to n a t i v e d e f e c t s G l a n g et 

a l ^ " ^ ^ ^ have a t t r i b u t e d the high r e s i s t i v i t y t o very low e f f e c t i v e 

c a r r i e r m o b i l i t i e s , or low c a r r i e r concentrations, or both. The low 
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e f f e c t i v e m o b i l i t i e s may be caused by e l e c t r i c a l b a r r i e r s at the g r a i n 
(29) 

boundaries s i m i l a r to those postulated by Goldstein and Pensak and 
(33) 

H u tsin t o e x p l a i n the large photovoltages observed i n CdTe f i l m s 
(38) 

prepared under an oblique angle of d e p o s i t i o n . de Nobel has also 

measured large p o t e n t i a l drops across g r a i n boundaries i n CdTe c r y s t a l s . 

The low density of charge c a r r i e r s may be due to the f a c t t h a t at 

the d e p o s i t i o n temperatures used, CdTe does not have the a b i l i t y t o 

d i s s o l v e an appreciable excess of i t s c o n s t i t u e n t s . Although the 

accommodation c o e f f i c i e n t s of Cd atoms and Te^ molecules d i f f e r 

s u b s t a n t i a l l y ( t o allow the condensation of unreacted t e l l u r i u m up t o 

150°C), a s i g n i f i c a n t d e v i a t i o n from stoichiometry i n the compound i s 

not produced. This conclusion i s supported by the data published by de 

Nobel who determined the excess of Cd or Te dissolved i n CdTe 

c r y s t a l s using H a l l measurements. He was able to show tha t the 

s o l u b i l i t i e s of both the constituents decreased toward lower 

temperatures. Assuming t h a t the trend of decreasing s o l u b i l i t i e s 

extends t o temperatures below those I n v e s t i g a t e d ( I . e . room temperature 

to AOO^C) the d e v i a t i o n from stoichiometry i n CdTe f i l m s condensed at 

these lower temperatures must be small leading to l e v c a r r i e r 

c o n c e n t r a t i o n s . 
When f i l m s are I n t e n t i o n a l l y doped w i t h I m p u r i t i e s such as Cu, Sb 

and Te, a r e d u c t i o n i n r e s i s t i v i t y i s not necessarily to be expected. 
(39) 

Kroeger et a l have shown t h a t i n con t r a s t t o Si and Ge, the 

i n c o r p o r a t i o n of i m p u r i t i e s i n t o semiconducting compounds may occur by 

d i f f e r e n t mechanisms. The ambient conditions during preparation are 

important i n determining whether the i n t r o d u c t i o n of an impurity w i l l 

c o n t r i b u t e charge c a r r i e r s or not. I n CdTe, indium has been found to be 

an e f f e c t i v e donor only i f the c r y s t a l s are annealed i n Cd vapour t o 

e s t a b l i s h a metal excess. S i m i l a r l y , c r y s t a l s doped w i t h Cu or Au show 
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p-type c o n d u c t i v i t y only i f treate d i n excess t e l l u r i u m . I f CdTe f i l m s 

deposited at temperatures below 300'*C do not show s i g n i f i c a n t d e v i a t i o n 

from s t o l c h l o m e t r y , then n e i t h e r acceptor nor donor i m p u r i t i e s would be 
(39) 

expected to be e l e c t r i c a l l y a c t i v e , on the basis of Kroeger et a l 
and de Nobel's work. 

CdTe sublimes i n t o i t s const i t u e n t s according to the 
(34.38,40) 

r e a c t i o n 

CdTe(s) = Cd(g) + i Te2(g) (8.2) 

and the cadmium and t e l l u r i u m condense on the substrate. The f r e e 

t e l l u r i u m expected i n f i l m s (X-ray spectra peak at 26.2°) deposited at 

lower temperatures (< 250°C) may be explained i n terms of d i f f e r e n t 

s t i c k i n g c o e f f i c i e n t s of Cd and Te at the various substrate 

temperatures, i . e . Te would appear to have a much larg e r s t i c k i n g 

c o e f f i c i e n t at 150°C than Cd. S i m i l a r l y t h i n n e r f i l m s were obtained at 

higher substrate temperatures (> 250*C) as a r e s u l t of the 

re-evaporation of the f i l m s when the s t i c k i n g c o e f f i c i e n t s become too 
(34) 

s m a l l . Glang et a l found the same e f f e c t . I n t e r e s t i n g l y , t h i s 

behaviour was not r e f l e c t e d i n the r e s i s t i v i t y of the f i l m s . The f a c t 

t h a t post-growth annealing i n oxygen d i d not produce f i l m s w i t h low 
(25) 

r e s i s t i v i t y as reported by MaCandless et a l may be due to the rath e r 

low annealing temperature employed here. 

8.4 Contact Studies 

8.4.1 I n t r o d u c t i o n 

The question of contacts to bulk CdS and CdTe was discussed I n some 

d e t a i l I n Section 7.2. The problems of making r e l i a b l e , ohmlc and low 

res i s t a n c e contacts to p-CdTe were emphasised. The best contacts were 

made w i t h C paste. S i m i l a r r e s u l t s were found w i t h the t h i n f i l m 

devices, so t h a t the discussion w i l l be l i m i t e d to a b r i e f p resentation 

of the f i n d i n g s . 
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The h e t e r o j u n c t i o n s were formed by the successive evaporation of 

CdS and CdTe onto t i n oxide coated glass s l i d e s , to form 

SnO -CdS-CdTe-(Au or C) s t r u c t u r e s . Occasionally, evaporated indium was 

used instead of SnO as the contact to n-CdS. 
x 

8.4.2 Devices w i t h Au Contacts 

Fig.8.7 shows the diode c h a r a c t e r i s t i c of a t y p i c a l device using 

evaporated Au and SnO^ as the contacts to the CdTe and CdS r e s p e c t i v e l y . 

This c h a r a c t e r i s t i c shows the device to have a r e c t i f i c a t i o n f a c t o r of 

380 at 0.6 V. The corresponding p h o t o v o l t a i c output c h a r a c t e r i s t i c s are 

shown i n Fig.8.8 f o r both f r o n t and back-wall i l l u m i n a t i o n s ( i . e . l i g h t 

i n c i d e n t through the CdTe and through the CdS r e s p e c t i v e l y ) . The values 

of sec, OCV, FF and e f f i c i e n c y are l i s t e d i n Table 8.3. 

TABLE 8.3; Device parameters w i t h d i f f e r e n t contacts i n d i f f e r e n t 
operation modes 

Contact Mode of Operation OCV FF sec _2 n 
v o l t s X mA cm % 

C Back-wall 0.36 33 0.460 5.6x10"^ 

Au F r o n t - w a l l 0.34 27 0.065 5.9x10"^ 
If Back-wall 0.39 32 0.320 4.02x10"^ 

AuCl^ Back-wall 0.38 34 0.490 6.5x10'^ 
s o l u t i o n 

Although the device parameters are very low because of the high series 

resistance of the CdTe (as discussed i n Section 8.3) they were higher i n 

the back-wall mode than i n the f r o n t - w a l l mode. This i s e n t i r e l y 

expected since i n the f r o n t - w a l l mode, most of the electron-hole 

generation w i l l occur close to the CdTe surface, and w i l l be l o s t t o 

surface and bu l k recombination before d i f f u s i o n to the j u n c t i o n can 
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occur. I n the b a c k-wall mode, absorption takes place close to the 

CdTe/CdS i n t e r f a c e , where c a r r i e r c o l l e c t i o n i s most e f f i c i e n t . 

Some devices were made using an aqueous s o l u t i o n of AuCl^ to form 

the gold contact to p-CdTe. These had a b e t t e r response as shown i n Fig 

8.8 and Table 8.3 f o r back-wall i l l u m i n a t i o n . The o v e r a l l performance 

however, i s s t i l l dominated by the CdTe r e s i s t i v i t y . 

The s p e c t r a l response was i n v e s t i g a t e d by measuring the SCC and OCV 

as a f u n c t i o n of the wavelength of i n c i d e n t monochromatic r a d i a t i o n . The 

s p e c t r a l responses of an evaporated Au-contact device i n both the f r o n t 

and back-wall modes of operation are shown i n Fig 8.9. The response i n 

the back-wall mode i s higher than t h a t i n the f r o n t - w a l l mode as 

expected. The SCC response i n the f r o n t - w a l l mode i s very narrow. I n 

both modes the long wavelength threshold corresponds to the CdTe band 

gap and i n d i c a t e s t h a t absorption occurs i n the CdTe. On the short 

wavelength side, the response of f r o n t - w a l l devices f a l l s o f f r a p i d l y 

due t o surface recombination e f f e c t s . However, i n the back-wall mode, 

the response i s more ne a r l y t h a t expected of the window e f f e c t . 

8.4.3 Devices w i t h Carbon Contacts 

Carbon contacts to p-CdTe f i l m s were made by applying a small 

q u a n t i t y of carbon paste t o the p-CdTe f i l m s and annealing i n ni t r o g e n 

at temperatures between 330 and 340''C f o r about t h i r t y minutes. The 

h e t e r o j u n c t i o n s were otherwise no d i f f e r e n t from those w i t h Au contacts. 

Since the carbon la y e r was t h i c k and absorbed the Incide n t l i g h t , these 

devices were studied i n the back-wall mode. 
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The diode and 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 of a t y p i c a l device are 

included i n Figs 8.7 and 8.8 r e s p e c t i v e l y . As w i t h bulk c r y s t a l devices 

the diode c h a r a c t e r i s t i c s w i t h carbon contacts were much more r e c t i f y i n g 

than those w i t h gold contacts. The r e c t i f i c a t i o n f a c t o r at 0.7 V, of 

2 X 10^ was more than 6 times higher than t h a t of the Au-contact 

devices. The values of SCC, OCV and FF (Table 8.3) were correspondingly 

l a r g e r , p a r t i c u l a r l y compared w i t h the devices w i t h evaporated Au 

contacts. Nevertheless, the p h o t o v o l t a i c output c h a r a c t e r i s t i c shows 

t h a t these devices s t i l l had a high series resistance (mainly due to the 

CdTe) and thus a very low conversion e f f i c i e n c y . The s p e c t r a l response 

of SCC and OCV f o r devices w i t h C contacts d i d not d i f f e r markedly from 

those w i t h Au contacts, except f o r magnitude ( F i g 8.9). 

As w i t h the bu l k s i n g l e c r y s t a l s , carbon contacts were superior t o 

Au, although the performance of the t h i n f i l m devices was l i m i t e d by the 

high CdTe r e s i s t i v i t y , r a t h e r than by the contact. 

8.5 Optimization of Devices 

8.5.1 Copper Doping of CdTe Layers 

The as-grown CdTe la y e r s had high r e s i s t i v i t i e s leading t o the hi g h 

s e r i e s resistance of the devices. Attempts to dope the CdTe f i l m s p-tjrpe 

w i t h acceptor i m p u r i t i e s during growth proved unsuccessful. However, a 

s u b s t a n t i a l r e d u c t i o n i n r e s i s t i v i t y was achieved using a 

pos t - d e p o s i t i o n Cu doping procedure. This e n t a i l e d the evaporation of a 

ca l c u l a t e d q u a n t i t y of copper onto the CdTe/CdS/SnO devices. Carbon 

paste f o r the contacts was then applied to the copper layer and the 

whole assembly was heated i n n i t r o g e n at 330-340''C f o r 30 minutes. 

The Improvement I n the diode c h a r a c t e r i s t i c s of devices t r e a t e d i n 

t h i s way I s evident from Fig 8.10 which compares the I-V c h a r a c t e r i s t i c s 

of undoped devices w i t h those doped w i t h (nominal) concentrations of 
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I n general the noble metals Au, Cu and Ag s u b s t i t u t e f o r the 

cadmium i n CdTe where they act as acceptors. However, they may also 

occupy I n t e r s t i t i a l p o s i t i o n s where they behave as donors (Section 

7.3.5). With copper doping i t i s usually found that the free hole 

concentration i s much less than the a c t u a l q u a n t i t y of copper 

incorporated^"^^^ suggesting that copper i s being accommodated at both 

types of s i t e , w i t h a correspondingly high l e v e l of compensation. The 

degradation i n performance at higher concentrations of Cu may i n d i c a t e 

t h a t an increased p r o p o r t i o n of Cu ions were being located at 

i n t e r s t i t i a l s i t e s , w i t h a r e s u l t i n g increase i n compensation. I n 

a d d i t i o n i t i s possible t h a t copper was p r e c i p i t a t e d at g r a i n 

boundaries 
(42) 

A s i m i l a r e f f e c t has been reported by Akutagawa et a l and de 

Nobel who found t h a t f o r large doping concentrations of Au, the 

r e s i s t i v i t y of CdTe increased. 

8.5.2 E f f e c t of CdTe Thickness 

I f the absorber generator layer i s t h i c k e r than required f o r 

complete absorption of the incid e n t s u n l i g h t then the e f f i c i e n c y i s 

reduced, since the resistance of the device w i l l be l a r g e r than 

necessary. This i s p a r t i c u l a r l y important f o r devices using evaporated 

CdTe, where the r e s i s t i v i t y i s very high and a modest increase i n the 

f i l m thickness can add s i g n i f i c a n t l y t o the series resistance. 

Consequently, a range of devices w i t h d i f f e r e n t CdTe layer thickness was 

studied i n order to determine the optimum thickness. Devices w i t h 

d i f f e r e n t CdTe thicknesses of 10, 6 and 4 m, but which were otherwise 

nominally I d e n t i c a l and which had been doped w i t h Cu as described i n 

Section 8.5.1, were f a b r i c a t e d f o r t h i s study. 
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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 are given i n Fig 8.12 ; 
performance parameters are given i n Table 8.5. 

TABLE 8.5: Solar c e l l parameters w i t h d i f f e r e n t CdTe layer thickness. 

CdTe Thickness OCV SCC_2 FF n 
ym v o l t s mA cm % % 

10 0.49 8.4 43 1.8 

6 0.50 17.7 32 2.9 

4 0.41 11.3 30 1.4 

/J as U/t̂ ^ 

These Jshow t h a t reducing the CdTe.. thickness from 10 to 6 um increased 

the SCC by a f a c t o r of 'v- 2. However, t h i s trend was not maintained and 

instead both the SCC and the OCV began to decrease when the thickness 

was reduced to 4 pm. These r e s u l t s i n d i c a t e d that a thickness of 6 

was the optimum. However, the photovoltaic c h a r a c t e r i s t i c s also showed 

t h a t the best FF was obtained w i t h a 10 m t h i c k l a y e r . This r e s u l t was 

unexpected, since one would suppose t h a t the FF would be reduced w i t h 

t h i c k e r l a y e r s due to Increased series resistance. The reason f o r t h i s 

i s not c l e a r , but may i n d i c a t e t h a t the Cu doping procedure was not 

f u l l y optimized f o r the thinner l a y e r s . I t may have been t h a t copper 

had d i f f u s e d i n t o the CdS and consequently increased i t s r e s i s t i v i t y . 

The increase i n the SCC w i t h reducing thickness from 10 to 6 pm can 

be a t t r i b u t e d t o the reduction i n the series resistance of the devices. 
43) 

I t has been estimated t h a t a minimum thickness of 5 pm f o r the CdTe 

la y e r I s necessary t o ensure complete absorption of the l i g h t , so t h a t 

the decrease i n SCC and OCV w i t h decreasing thickness from 6 t o 4 pm may 

be p a r t i a l l y due to incomplete absorption of l i g h t . 
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8.5.3 E f f e c t of CdTe Layer Structure 

I t i s important f o r e f f i c i e n t operation of most t h i n f i l m s olar 

c e l l s t h a t the c r y s t a l l o g r a p h i c axis be c o r r e c t l y aligned w i t h respect 

t o the substrate Many t h i n f i l m s have a p r e f e r r e d axis along which 

the c r y s t a l l i t e s grow, and i f deposition does not take place at normal 

incidence, then t h i s p r e f e r r e d axis w i l l not necessarily be 

perpendicular to the substrate. Instead i t w i l l l i e at an angle between 

the substrate normal and the angle of incidence and w i l l be dependent on 

f i l m thickness 

I t was found t h a t f i l m s grown at T = 200°C had the best 
s 

c r y s t a l l i n i t y . Therefore, a l l the CdTe t h i n f i l m s f o r CdS/CdTe devices 

were prepared at a substrate temperature of 200''C. I n oder to determine 

whether an i n c l i n a t i o n of the substrate to the vapour beam during 

d e p o s i t i o n of CdTe would a f f e c t performance, devices were f a b r i c a t e d 

w i t h the CdS substrate located e i t h e r d i r e c t l y above the CdTe cr u c i b l e 

or t o one side of i t . 

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 of two devices - one w i t h CdTe 

vapour beam normal t o the substrate and the other at an i n c l i n a t i o n of 

40-50° are given i n Fig 8.13. I t i s clear t h a t the parameters of the 

device w i t h vapour beam normal t o the substrate are superior to th a t 

grown o f f the normal incidence. 

This can be explained i n terms of the o r i e n t a t i o n of the 

c r y s t a l l i t e s w i t h respect to the substrate normal. When the substrate 

was e x a c t l y over the charge c r u c i b l e the o r i e n t a t i o n of the c r y s t a l l i t e s 

was normal t o the substrate (RHEED and SEM micrograph i n Figures 8.4 and 

8.6). I n t h i s case the charge c a r r i e r s can fl o w down the columnar 

c r y s t a l l i t e s w i t h o u t crossing g r a i n boundaries. With c r y s t a l l i t e s 

i n c l i n e d to the substrate normal, as shown by the RHEED d i f f r a c t i o n 
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p a t t e r n i n Fig 8.14, the charge c a r r i e r s would have to cross d i f f e r e n t 
c r y s t a l l i t e s d u ring t r a n s p o r t , which would lead to increased 
recombination losses and a higher series resistance. Performance would 
n e c e s s a r i l y be poorer. Moreover, the devices formed on f i l m s i n which 
grains were not perpendicular to the substrates had a higher reverse 
s a t u r a t i o n c u r r e n t . This would explain the small value of OCV (0.28 V) 
obtained w i t h these devices. 

8.5.4 E f f e c t of Annealing Temperature 

I n order t o optimize the annealing temperature, devices were 

f a b r i c a t e d under the same conditions but annealed at d i f f e r e n t 

temperatures f o r 30 minutes i n n i t r o g e n . Temperatures of 250, 330 and 

450°C were used. 

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 of the devices measured under AMI 

i l l u m i n a t i o n are shown i n Fig 8.15 and the performance parameters are 

l i s t e d i n Table 5.6. 

TABLE 8.6; E f f e c t of annealing temperature on f e v i c e parameters 

Annealing Temp. OCV SCC _2 PF n 
"C v o l t s mA cm Z Z 

250 0.40 1.8 27 0.1 

330 0.49 8.4 45 1.9 

450 0.32 1.1 35 0.2 

I t i s c l e a r t h a t devices annealed at 250 and 450°C had small values 

of SCC and OCV, and t h e i r c h a r a c t e r i s t i c s i n d i c a t e d that they suffered 

from a high s e r i e s resistance. The best performance was obtained when 

the devices were annealed at ^ 330'*C. This improved performance was 

also evident from the diode c h a r a c t e r i s t i c s . The r e c t i f i c a t i o n r a t i o 

was grea t e r than 10^. 



Fig. 8.14 : RHEED p a t t e r n from a CdTe f i l m (grown at 200''C) w i t h the 
vapour beam I n c l i n e d at an angle of % 45" to the substrate 
normal. 
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The s p e c t r a l response of the SCC and OCV i s shovm i n Figs 8.16 and 

8.17 where the greatest response i s obviously f o r the devices annealed 

at 330°C. The device annealed at 450''C e x h i b i t e d a sharp dip I n the SCC 

and OCV c h a r a c t e r i s t i c s at a photon energy of 1.52 eV. 

As i s evident from Fig 8.15 the series resistance of the devices 

annealed at 250 and 450''C was very high. The high series resistance f o r 

the devices annealed at 250°C could i n d i c a t e t h a t 250''C was too low f o r 

adequate d i f f u s i o n of the copper i n t o the CdTe layer . Conversely, a 

temperature of 450''C was too hig h , r e s u l t i n g possibly i n the f a s t 

d i f f u s i o n of Cu i n t o the CdS la y e r . This idea i s supported by the d i p 

i n the SCC and OCV s p e c t r a l response of these devices which may i n d i c a t e 

the presence of some i m p u r i t y trapping l e v e l s i n the CdS. Kurlbayashi 
(45) 

et a l have reported an otpimum annealing temperature of 400''C f o r 

the screen p r i n t e d CdS/CdTe c e l l s . 

8.5.5 E f f e c t of CdS Deposition Conditions 

As already discussed i n Section 8.2 the s t r u c t u r a l and e l e c t r i c a l 

p r o p e r t i e s of the CdS f i l m s are s t r o n g l y influenced by the substrate 

temperature T^. The e f f e c t of these p r o p e r t i e s on t h i n f i l m s device 

performance was th e r e f o r e i n v e s t i g a t e d and I s reported I n t h i s section. 

Heterojunctlons were f a b r i c a t e d w i t h CdS f i l m s deposited at substrate 

temperatures of 120,160, 180 and 300°C. A l l other conditions such as 

CdTe d e p o s i t i o n , copper concentration, annealing temperature etc. were 

kept nominally the same ( i . e . at optimum v a l u e s ) . 

The diode c h a r a c t e r i s t i c s of the devices f a b r i c a t e d on CdS layers 

grown at d i f f e r e n t temperatures are shown i n Fig 8.18, and the log J vs 

volt a g e p l o t of a device f a b r i c a t e d w i t h a lay e r at 180''C i s shown I n 

Fig 8.19. I t i s evident t h a t the diode c h a r a c t e r i s t i c was very 

r e c t i f y i n g f o r the device on the CdS layer deposited at 180*C ( F i g 8.18) 
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and was q u i t e good f o r devices made using a temperature of 160°C. The 

I d e a l i t y f a c t o r was 1.6 f o r the 180°C CdS device, whereas i t lay between 

two and three f o r other devices. The value of the reverse s a t u r a t i o n 

c u r r e n t f o r devices i n which the CdS was grown at 120, 160 and 300''C was 

high. 

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 of the devices under AMI 

I l l u m i n a t i o n are shown i n Fig 8.20. The performance parameters are 

l i s t e d i n Table 8.7. The SCC, OCV, FF and e f f i c i e n c y n were highest f o r 

the 180*'C device. These parameters improved w i t h Increasing substrate 

temperature (during CdS deposition) from 120-180°C and degraded when the 

temperature was increased beyond 180'"C. 

TABLE 8.7; E f f e c t of CdS deposition temperature on device parameters 

CdS Substrate OCV SCC _^ FF n 
Temp. v o l t s mA cm Z Z 

120 0.25 1.00 29 0.1 

160 0.43 6.16 30 0.2 

180 0.49 8.40 45 1.9 

300 0.24 1.10 27 0.1 

The OCV s p e c t r a l responses are shown i n Fig 8.21. The threshold 

occurs a t 'v* 1,0 eV, w e l l below the energy of the CdTe bandgap. 

Moreover, the peak response ('v 1.5 eV) f o r devices f a b r i c a t e d on CdS 

deposited at 160 and 180°C was very much higher than i n the other 

devices. The SCC response was s i m i l a r except t h a t the threshold 

occurred at % 1.37 eV. 
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The e f f e c t of substrate temperature on the properties of CdS f i l m s 

(Sect. 8.2) was f u l l y r e f l e c t e d i n the device performance. The 

c r y s t a l l i n i t y of the f i l m improved w i t h increasing substrate temperature 

T from 120 to 180°C and i t d e t e r i o r a t e d t h e r e a f t e r . The r e s i s t i v i t y of s 

the f i l m s was also found to behave s i m i l a r l y . At the optimum substrate 

temperature of 180°C, the layer displayed a good columnar s t r u c t u r e (Fig 

8.3), w i t h a reasonable g r a i n s i z e . This c o r r e l a t e s w e l l w i t h the 

b e t t e r p h o t o v o l t a i c p r o p e r t i e s of the devices w i t h a CdS substrate 

temperature of 180°C. 

The v a r i a t i o n i n OCV w i t h the CdS substrate temperature has been 

observed by Anthony et al^^^\ This dependence may be a t t r i b u t e d t o ; 
(47) 

(a) a change i n the CdS c a r r i e r density w i t h substrate temperature 

and the consequent changes i n j u n c t i o n p r o f i l e (Rothwarf^^^^ has 

described a s i m i l a r mechanism f o r CuInSe2 solar c e l l s ) or (b) chemical 

changes at the CdS/CdTe i n t e r f a c e , such as the formation of a CdS Te. 

I n t e r l a y e r as described by Uda et a l ^ ^ ^ . Since the substrate 

temperatures involved are not very h i g h , the p r o b a b i l i t y of chemical 

changes at the i n t e r f a c e are remote. The low values of OCV observed at 

other CdS d e p o s i t i o n temperatures are more probably the r e s u l t of higher 

reverse s a t u r a t i o n c u r r e n t s . These i n t u r n may be associated w i t h the 

poor c r y s t a l l i n i t y and reduced shunt resistance. The low f i l l f a c t o r s 

of devices f a b r i c a t e d w i t h 120, 160 and 300*C CdS substrate temperature 

are I n d i c a t i v e of a higher s e r i e s resistance. For CdS layers deposited 

at 300''C, t h i s was probably the r e s u l t of excess sulphur^'^^^ as 

discussed i n Section 8.2.1. However, at the lower temperatures, the high 

s e r i e s resistance was more p o s s i b l y the r e s u l t of reduced c r y s t a l order. 

The OCV t h r e s h o l d at photon energies w e l l below the bandgap edge of 

CdTe may be due t o defect or I m p u r i t y states and p o s s i b l y to the 
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(44). Franz-Keldysh e f f e c t Here the f i e l d i n the j u n c t i o n can enable the 

generation of electron-hole p a i r s at photon energies below the bandgap, 

by a t u n n e l i n g assisted t r a n s i t i o n . 

8.5.6 E f f e c t of C e l l Dimensions 

The f a b r i c a t i o n of large area solar c e l l s f o r t e r r e s t r i a l 

a p p l i c a t i o n s i s one of the u l t i m a t e aims of s o l a r c e l l research. I n 

t h i s work small scale devices w i t h d i f f e r e n t dimensions were studied. I n 

an attempt to understand the e f f e c t of the size of the a c t i v e area of 

the c e l l s . Generally the devices were f a b r i c a t e d i n c i r c u l a r shape (5 

mm d i a ) but f o r o p t i m i z a t i o n of the c e l l area, devices w i t h rectangular 

geometries were used. I n these s t r u c t u r e s a uniform layer of CdS was 

deposited on a t i n oxide coated glass s l i d e and then CdTe was evaporated 

through a s t e e l mask w i t h rectangular s l i t s of f i x e d length (12 mm) and 

v a r i a b l e w i d t h (3,4,5 and 6 lan). Other f a b r i c a t i o n conditions were kept 

nominally i d e n t i c a l . 

The diode c h a r a c t e r i s t i c s of four t y p i c a l devices w i t h widths of 

3,4,5 and 6 mm are shown i n Fig 8.22a and the photovoltaic output 

c h a r a c t e r i s t i c s are given i n Fig 8.22b. The device parameters are 

summarized i n Table 8.8. 

TABLE 8.8; E f f e c t of c e l l dimensions on performance parameters 

CdS Dimension OCV SCC ^ 
(Width i n ram) v o l t s mA cm X I 

3 0.48 13.75 39 2.6 

4 0.51 14.80 41 3.1 

5 0.29 9.34 41 1.1 

6 0.17 2.35 40 0.2 
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I t i s clear from Fig 8.22a, that the 4 mm wide devices had the best 

diode c h a r a c t e r i s t i c s . As the width was Increased beyond t h i s the 

devices became progressively less r e c t i f y i n g . A s i m i l a r s i t u a t i o n was 

obtained f o r the pho t o v o l t a i c c h a r a c t e r i s t i c s . Again, the best 

performance occurred f o r the 4 mm width devices, although 3 mm devices 

were only marginally less good. When the c e l l width was increased beyond 

4 mm the OCV and SCC f e l l sharply. The reduction i n OCV was i n l i n e 

w i t h the increase i n reverse s a t u r a t i o n current observed i n the diode 

c h a r a c t e r i s t i c s . These r e s u l t s approximately confirm the f i n d i n g s of 

Matsumoto et a l ^ ^ ^ ^ i n screen p r i n t e d c e l l s t h a t the optimum width of 

CdTe was around 5 mm. I n the present case the most e f f i c i e n t device had 

an area of 0.48 cm^ when an e f f i c i e n c y of 3.1% was achieved. The reason 

why large area devices had poor c h a r a c t e r i s t i c s i s not e n t i r e l y c l e a r , 

but may be r e l a t e d to decreased shunt resistance and the greater chance 

of j u n c t i o n defects being present. 

8.5.7 Degradation Studies 

The e f f e c t s of ageing on device performance were also studied. 

SnO^/CdS/CdTe/C devices were f a b r i c a t e d i n the usual way w i t h 300 ppm 

Cu, and then given a 30 mln anneal i n n i t r o g e n . The photovoltaic output 

c h a r a c t e r i s t i c s were recorded and subsequently remeasured a f t e r several 

months storage i n the la b o r a t o r y . S u r p r i s i n g l y , i t was found t h a t the 

o v e r a l l e f f i c i e n c y of the devices Improved w i t h time. The output 

c h a r a c t e r i s t i c of a t y p i c a l device (180'*C CdS) measured immediately 

a f t e r f a b r i c a t i o n and 10 months l a t e r are shown i n Fig 8.23. The SCC 

had s l i g h t l y degraded over t h i s period but at the same time the value of 

the OCV and the f i l l f a c t o r had improved so th a t the o v e r a l l e f f i c i e n c y 

of the device had increased from 2.2 t o 2.4Z. The c h a r a c t e r i s t i c s show 

t h a t the series resistance of the device decreased during t h i s period. 
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I n another device (CdS deposited at 160°C) there was a s i g n i f i c a n t 

Improvement I n the SCC and the o v e r a l l e f f i c i e n c y Improved from 0.2% to 

1.0% over a period of 6 months. The PV c h a r a c t e r i s t i c s of t h i s device 

are shown i n Fig 8.23. The spect r a l response of the SCC and OCV of the 

as-made and aged devices were also measured. The sp e c t r a l response of 

I 
the devices had again Improved w i t h ageing. 

The Improvement was due to a decrease i n the series resistance of 

the devices w i t h time. The reason f o r t h i s i s not known, but may be 

r e l a t e d to a d d i t i o n a l I n - d i f f u s i o n of acceptor i m p u r i t i e s i n t o the CdTe 

from the carbon paste used to form the ohmic contacts. I t was also 

found t h a t w i t h the device made on CdS layer deposited at ISO'C there 

was an improvement i n SCC and o v e r a l l e f f i c i e n c y but a s l i g h t reduction 

i n the OCV and f i l l f a c t o r . As observed during the s t r u c t u r a l studies 

the f i l m s grown at 160''C had poor c r y s t a l l l n l t y and a smaller g r a i n size 

than the f i l m s grown at ISO'C. This could lead to an Increase i n number 

of the shunting paths and the I n - d l f f u s l o n of i m p u r i t i e s may have 

r e s u l t e d I n the re d u c t i o n of shunt resistance and hence a s l i g h t 

decrease I n the OCV and FF. 

8.5.8 Devices w i t h CdS on CdTe 

(a) Carbon contacts: Most of the devices f a b r i c a t e d during t h i s 

work had the t i n oxide glass/CdS/CdTe/contact s t r u c t u r e , but some 

devices, i n which the CdS and CdTe layers (and t h e i r respective 

contacts) were Inter-changed, were also i n v e s t i g a t e d . I n t h i s s t r u c t u r e 

a t h i n l a y e r of carbon paste was screen p r i n t e d onto an ordinary glass 

s l i d e . Copper was then evaporated onto the carbon laye r . Next, CdTe 

and CdS were deposited s e q u e n t i a l l y (Sect. 4.5) and f i n a l l y Indium was 

evaporated to provide the ohmlc contact t o the n-CdS. 
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The I-V c h a r a c t e r i s t i c s of these devices were measured i n the dark 

and under i l l u m i n a t i o n as usual. A t y p i c a l set of c h a r a c t e r i s t i c s i s 

shown i n Fig 8.24. The reverse s a t u r a t i o n current was much higher than 

f o r corresponding devices w i t h the m i r r o r s t r u c t u r e . The device 

parameters were also low. Heat treatment 'v- 330°C f o r 30 minutes i n 

n i t r o g e n produced a s l i g h t improvement w i t h the SCC increasing from 3.4 
-2 

to 4 mA cm , but the o v e r a l l performance was s t i l l poor. The s p e c t r a l 

response of the SCC and OCV of the as-made and heat treate d devices d i d 

not d i f f e r g r e a t l y from those of the m i r r o r devices, except i n 

magnitude. 

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 show that the series resistance 

was higher than t h a t i n the more usual s t r u c t u r e . This Indicates that 

the copper d i d not d i f f u s e f u l l y i n t o the CdTe at the substrate 

temperatures ("^ 200''C) employed f o r the CdTe and CdS evaporation. 

Nevertheless, the value of SCC which wa6 achieved was s t i l l greater than 

t h a t f o r undoped devices, i n d i c a t i n g that some d i f f u s i o n of copper had 

occurred. The high value of reverse s a t u r a t i o n current and lower copper 

concentration at the CdTe/CdS h e t e r o j u n c t i o n i n t e r f a c e would give r i s e 

to a small b a r r i e r height at the j u n c t i o n and consequently a low OCV. 

The high value of reverse s a t u r a t i o n current may have been due to the 

f a c t t h a t the surface of the screen p r i n t e d carbon was not smooth enough 

to ensure t h a t short c i r c u i t i n g through a few micron t h i c k CdTe d i d not 

occur. These shunting paths would lead t o an increase i n reverse 

s a t u r a t i o n c u r r e n t . 

(b) Cr/Au contact: A few devices were f a b r i c a t e d where the cadmium 

t e l l u r l d e layer was deposited onto a glass s l i d e coated w i t h successive 

layers of chromium and gold. A CdS layer was then evaporated onto the 

CdTe i n the usual way. The gold layer was intended to make an ohmic 
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contact to the CdTe while an evaporated indium dot ("̂  1mm diameter) was 

used to make contact to the n-CdS. The CdTe layers were undoped. When 

these devices were characterised, i t was found t h a t t h e i r photovoltaic 

performance was very poor w i t h a very small short c i r c u i t current and a 

low OCV of 0.35 V. This behaviour resembled t h a t of devices w i t h a 

t i n oxlde/CdS/CdTe/Au s t r u c t u r e (Sect.8.4.2). A f t e r heat treatment I n 

vacuum at 375°C f o r 20 minutes the device performance was found to 

degrade. 

Since the SCC was very low the photovoltaic output c h a r a c t e r i s t i c s 

were not measured i n d e t a i l . However, the s p e c t r a l responses of the SCC 

and OCV were measured both before and a f t e r heat treatment. Fig 8.25 

shows the OCV and SCC s p e c t r a l response of an as-made and a heat treated 

device. The threshold f o r the SCC and OCV responses occurred at 1.2 eV 

and 1.0 eV r e s p e c t i v e l y . A sharp dip at photon energies of 1.5 eV 

appeared i n the SCC response of the as-made device. I n the heat treated 

devices the s p e c t r a l response of the OCV and SCC can be seen t o reverse 

d i r e c t i o n over the wavelength range 1.3 t o 0.85 pm (Fig.8.25a)i.e. v̂ hen 

the photon energy was less than the band gap of CdTe, the device showed 

a negative response. 

The poor performance of these devices can be a t t r i b u t e d f i r s t l y t o 

the high r e s i s t i v i t y of the CdTe layer and secondly to the high contact 

r e s i s t i v i t y between CdTe and gold. The sharp dip at 1.5 eV I n the SCC 

response may be r e l a t e d to i m p u r i t y ( a c c i d e n t a l ) l e v e l s i n the CdS, 

wh i l e the low energy thresholds ( at photon energies below the band gap 

of CdTe) probably i n d i c a t e d the presence of defect states near the 

valence band of CdTe^^^\ The most i n t e r e s t i n g e f f e c t of the 

chromium-gold contact appeared when the devices were heat t r e a t e d . The 

change I n p o l a r i t y of the response probably implies the presence of two 
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j u n c t i o n s w i t h opposite senses ( t h i s i n d i c a t e s that the annealing 

temperature was too h i g h ) . This argument i s supported by the f a c t t h a t 

excessive heat treatment of Au or Nl contacts on p-CdTe causes a 

s o l i d - s o l i d r e a c t i o n and the formation of Nl/Au t e l l u r l d e ^ ^ ^ ^ which 

forms a h e t e r o j u n c t i o n w i t h the underlying CdTe. This would appear t o 

have happened here. The corresponding j u n c t i o n would give a 

p h o t o v o l t a i c e f f e c t i n the reverse d i r e c t i o n to the CdS/CdTe 

h e t e r o j u n c t i o n as i s in d i c a t e d by the sp e c t r a l response. 

8.6 Photocapacltance Measurements 

In order to gain a f u l l understanding of the devices, the s p e c t r a l 

dependence of steady s t a t e photocapacltance (PHCAP) was measured. For 

t h i s , SnO /CdS/CdTe/C s t r u c t u r e s were f a b r i c a t e d i n the usual way but 

w i t h 300 and 400 ppm (nominal) concentrations of Cu. 

Fig 8.26 shows the PHCAF spectra of a device w i t h 300 ppm of Cu, 

measured at 300 and 85K. I t I s evident from the room temperature 

spectrum t h a t the main p o s i t i v e going threshold occurred at 1.14 eV. 

This would correspond t o the t r a n s i t i o n of electrons t o the conduction 

band from a l e v e l 0.36 eV above the valence band of CdTe. Independent 

c o n f i r m a t i o n of t h i s was provided by DLTS (Sect.6.4) which indicated the 

presence of a m a j o r i t y c a r r i e r (hole) trap 0.35 eV above the valence 

band. The steady decreasing trend i n the photocapacltance at energies 

below 1.14 eV, probably arises from the f i l l i n g of t h i s l e v e l w i t h 

valence e l e c t r o n s . Had the instrumentation been capable of re s o l v i n g 

lower energies (lower energy l i m i t was 'V' 0.6 eV) then one would have 

expected t o observe a negative going threshold at "v* 0.35 eV. This l e v e l 

I s probably due t o the copper dopant, which would be expected to give 
(37 38) 

r i s e to an acceptor l e v e l at t h i s energy ' . The 1.14 eV threshold 

would move to higher energies at lower temperatures i n proportion to the 
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increase i n the width of the CdTe bandgap. However, t h i s threshold i s 

not w e l l resolved due to the presence of another threshold of an unknown 
CM) 

o r i g i n at 'V' 0.73 eV (Zanio^ ^ has reported l e v e l s at the middle of CdTe 

band gap). 

There was an a d d i t i o n a l p o s i t i v e threshold at 1.86 eV at 85 K 

which, since t h i s energy i s greater than the CdTe bandgap, must have 

corresponded to an energy l e v e l at about 0.64 eV above the valence band 

I n the CdS. There i s a pronounced threshold at 2.22 eV (85 K) which 

i n d i c a t e s the presence of a l e v e l 0.28 eV below the conduction band of 

CdS. A s i m i l a r l e v e l has been reported by Pande^^^^ who suggested that 
(52) 

i t might be associated w i t h s u b s t i t u t i o n a l c h l o r i n e (CI was not 

i n t e n t i o n a l l y used i n the present devices). The negative going 

t h r e s h o l d a t ^ 1.55 eV (85 K) may be r e l a t e d to e i t h e r bandgap 

absorp t i o n or a l e v e l I n the CdS. There i s also some evidence f o r a 

negative going threshold i n the room temperature photocapacltance around 

2.2 eV but I t i s not w e l l resolved. 

The PHCAP of the device w i t h 400 ppm of Cu was measured at room 

temperature only and i s Included i n Fig 8.26. This spectrum i s very 

s i m i l a r to t h a t f o r the device w i t h 300 ppm Cu (at L.N.) except t h a t the 

thresholds are more pronounced, presumably as a r e s u l t of higher copper 

co n c e n t r a t i o n . The p o s i t i v e thresholds at 1.18 and 1.80 eV (as 

discussed e a r l i e r ) correspond to energy l e v e l s of 0.35 and 0.64 eV 

above the valance band of CdTe and CdS r e s p e c t i v e l y . The sharp negative 

going t h r e s h o l d at about 1.5 eV may, as before, be a t t r i b u t e d e i t h e r to 

some l e v e l i n the CdS or t o bandgap absorption i n CdTe. The second 

negative going threshold at 2.28 eV in d i c a t e s the presence of a donor 

l e v e l l i k e s t a t e 0.12 eV below the conduction band of CdS. Such a l e v e l 

has been observed by Pande^^^^ and Balabanov^^^^ and i s believed to be a 

surface s t a t e t r a p formed during the co o l i n g . 
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An important po i n t to be noted i s t h a t the negative trend i n PHCAP 

at low energies i s missing i n the spectrum at l i q u i d n i trogen. The 

absence of t h i s threshold was unexpected because normally such d e t a i l s 

should be enhanced at lower temperatures due to the reduction i n thermal 

quenching. Photocapacltance i s thermally quenched when the thermal 

capture and emission rates exceed the o p t i c a l r a t e s , so that o p t i c a l 

e x c i t a t i o n cannot s u f f i c i e n t l y a l t e r the steady state trap occupancy to 

produce any measurable change i n capacitance. I t i s probable that a t 

room temperature t h i s l e v e l lay above the Fermi l e v e l and thus i n 

e q u i l i b r i u m would be at least p a r t i a l l y empty. However, on c o l l i n g to 

85 K i t i s possible t h a t the Fermi l e v e l may have r i s e n above t h i s l e v e l 

thus i n c r e a s i n g i t s e q u i l i b r i u m occupancy. I n such a s i t u a t i o n , there 

would be no re d u c t i o n i n PHCAP at 1.15 < hv< 0.35 eV due to f i l l i n g of 

t h i s l e v e l . 

8.7 Conclusions 

The work reported i n t h i s chapter was r e l a t e d to an i n v e s t i g a t i o n 

o f the e l e c t r i c a l and s t r u c t u r a l p r o p e r t i e s of thermally evaporated CdS 

and CdTe f i l m s as a f u n c t i o n of de p o s i t i o n c o n d i t i o n s , p a r t i c u l a r l y the 

substrate temperature, and the o p t i m i z a t i o n of the t h i n f i l m CdS/CdTe 

h e t e r o j u n c t i o n f a b r i c a t i o n process. The e f f e c t s of ageing on device 

performance and s p e c t r a l dependence of photocapacitance were also 

i n v e s t i g a t e d . 

As expected, d e p o s i t i o n c o n d i t i o n s were found to a f f e c t the 

s t r u c t u r a l and e l e c t r i c a l p r o p e r t i e s of both CdS and CdTe f i l m s , w i t h 

corresponding e f f e c t s on the f i n a l device performance. The optimum 

substrate temperature f o r the deposi t i o n of CdS and CdTe was found to be 

180 and 200°C r e s p e c t i v e l y , which produced layers w i t h good c r y s t a l l i n e 

order and e x c e l l e n t columnar growth. Devices f a b r i c a t e d w i t h such f i l m s 
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gave the most e f f i c i e n t performance. As-grown undoped CdTe f i l m s had 

very high r e s i s t i v i t y (10^ ft-cm) and attempts to dope the f i l m s during 

growth were unsuccessful. Post-deposition doping w i t h copper, however, 

gave more encouraging r e s u l t s . The r e s i ^ l v l t y of the CdS f i l m s , 

although comparatively low, was found to increase w i t h increasing 

substrate temperature from 120 - 300''C. Increasing the evaporation r a t e 

had the reverse e f f e c t . 

O p t i m i z a t i o n studies i n d i c a t e d t h a t many f a c t o r s such as CdTe lay e r 

t h i c k n e s s , concentration of Cu dopant, s i n t e r i n g temperature during 

contact f a b r i c a t i o n and dimension of the c e l l played an Important r o l e 

i n producing e f f i c i e n t devices. The most e f f i c i e n t devices were 

obtained w i t h a CdTe layer thickness of 6 m, copper concentration of 

300 ppm, using carbon contacts which were annealed at "v- 330°C i n a 

n i t r o g e n ambient. The optimum c e l l dimensions were found to be 12 x 4 

mm̂  (0.48 cm^). The hete r o j u n c t l o n s had respectable values of SCC but 

su f f e r e d from comparatively low OCV and poor f i l l f a c t o r . E f f i c i e n c i e s 

i n excess of 3% were recorded. A c r u c i a l feature of these devices was 

t h a t none of them degraded over a period of a few months; Indeed t h e i r 

e f f i c i e n c y improved s l i g h t l y w i t h time. 

Photocapacltance studies suggested t h a t the copper l e v e l i n CdTe 

l i e s ^ 0.35 eV above the valence band. Other l e v e l s were observed at 

0.64 eV above the valence band i n CdS, 0.26 and 0.12 eV below the 

conduction band i n CdS. 
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CHAPTER 9 

COPPER TELLURIDE-CADMIUM TELLURIDE SOLAR CELLS 

9.1 I n t r o d u c t i o n 

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

based on CdTe i s the p-Cu2Te/n-CdTe heterojunction^''"'^^ This I s 

analogous to the Cu2S/CdS c e l l and should o f f e r a number of advantages 

over the more widely studied CdS/CdTe c e l l . I n the l a t t e r the CdTe 

provides the p-type side of the j u n c t i o n , and t h i s has led to some 

problems, as i t i s d i f f i c u l t to make p-CdTe s u f f i c i e n t l y conducting. As 

a r e s u l t CdS/CdTe c e l l s o f t e n d i s p l a y r e l a t i v e l y high values of series 
(3 4) 

r e s i s t a n c e w i t h correspondingly low values of f i l l f a c t o r ' 

However, I n the Cu2Te/CdTe device, the CdTe i s n-type and can be made 

h i g h l y conducting. Series resistance i s the r e f o r e lower i n these 

devices and f i l l f a c t o r s as high as 60-70Z may be obtained without 
( 1 2 ) 

problems . A second p o t e n t i a l advantage i s tha t the c e l l 

f a b r i c a t i o n i s s i m i l a r t o the Cu2S/CdS process^^'^^ and i s t h e r e f o r e , 

s t r a i g h t f o r w a r d and inexpensive. T h i r d l y , since the d i f f u s i o n r a t e o f Cu 

i s lower i n CdTe^^^ than i n CdS, and the phase diagram f o r Cu2Te I s less 
(8) 

complex than t h a t of CU2S , Cu2Te/CdTe devices should be much more 

s t a b l e than t h e i r Cu2S/CdS counterparts. 

The work reported i n t h i s chapter Includes a d e s c r i p t i o n of the 

f a b r i c a t i o n of Cu2Te/CdTe devices by the chemiplatlng of n-CdTe 

substrates I n an aqueous s o l u t i o n of cuprous c h l o r i d e . The s t r u c t u r a l 

and e l e c t r i c a l p r o p e r t i e s of the c e l l s are also described. The e f f e c t s 

of chemlplatlng time, annealing and ageing, have been s y s t e m a t i c a l l y 

i n v e s t i g a t e d t o determine the optimum preparative c o n d i t i o n s . Most of 
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the devices used were prepared on oriented single c r y s t a l CdTe 

substrates so t h a t the c r y s t a l s t r u c t u r e could be more r e a d i l y studied 

by RHEED and scanning e l e c t r o n microscopy. I n p a r t i c u l a r , m i n o r i t y 

c a r r i e r d i f f u s i o n lengths were measured by EBIC i n as-made and heat 

t r e a t e d devices. These observations were then correlated w i t h the 

measured e l e c t r i c a l c h a r a c t e r i s t i c s to gain an i n s i g h t i n t o the 

operation of the c e l l . 

9.2 S t r u c t u r a l Studies of Copper T e l l u r i d e 

I n i t s n a t u r a l form copper t e l l u r i d e i s found as e i t h e r R i k a r d l t e 
(9) 

(Cu^Te) or Weissite (Cu2Te) . The l a t t e r has a c r y s t a l s t r u c t u r e 

which i s predominantly hexagonal^^^^ w i t h c:7.27 A and a = 4.23 A. I n 

copper d e f i c i e n t ( t e l l u r i u m r i c h ) samples ('̂  Cu^ 95^^^ values of c 

and a are found to decrease s l i g h t l y t o 7.24 A and 4.19 A r e s p e c t i v e l y . 

As described i n Section (2.3.3) the atom-to-atom distances i n Cu2Te are 

estimated t o be Cu-Cu-2.33 A, Te-Te=2.82 A and Cu -Te=2.67 A. From these 

s t u d i e s i t i s reasonable to believe t h a t copper t e l l u r i d e has phases 

which are analogous t o those of cuprous sulphide. Cu2Te also has a cubic 

m o d i f i c a t i o n (a = 6.11 A) (ASTMS) known to e x i s t at higher temperatures 

(-x. 640''C). 

I n order t o study the c r y s t a l l i n l t y and phase s t r u c t u r e of copper 

t e l l u r i d e , l a yers were deposited on s i n g l e c r y s t a l CdTe substrates grown 

from the vapour phase (Section 4.2.3) and or i e n t e d along the (111) 

planes. The substrates were doped n-type, then cut (5x5x2 mm' dice) and 

po l i s h e d , and t h e i r o r i e n t a t i o n checked by RHEED. To grow a t o p o t a x i a l 

l a y e r of copper t e l l u r i d e , a polished dice was f i r s t covered w i t h 

lacomlt v a r n i s h on a l l sides except f o r the surface to be chemiplated. 

The dice was then dipped i n t o a hot (95°C) cuprous ion s o l u t i o n f o r 

various i n t e r v a l s of time during which a Cd-Cu exchange r e a c t i o n took 

place, t o produce a t h i n l a y e r of Cu2Te i n the CdTe surface. 
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Fig (9.1) shows an el e c t r o n d i f f r a c t i o n p a t t e r n from a f r e s h l y 

p o l i shed (111) o r i e n t e d CdTe substrate w i t h the beam along the [110] 

d i r e c t i o n . The d i f f r a c t i o n p a t t e r n of the substrate w i t h a t o p o t a x i a l 

l a y e r of copper t e l l u r i d e w i t h the e l e c t r o n beam along the three 

d i f f e r e n t azimuths i s shown i n Fig (9 . 2 ) . Of i n t e r e s t i s the asymmetry 

i n the d i s t r i b u t i o n of spots i n the columns on opposite sides of the 

substrate normal i n the RHEED p a t t e r n , taken w i t h the electron beam 

i n c i d e n t along f l l O ) d i r e c t i o n ( F i g 9.2a). The p a t t e r n i s reversed when 

the substrate i s r o t a t e d through 60° so t h a t the elec t r o n beam l i e s 

along the [101] azimuth (Fig 9.2c). Rotation through 30°, i . e . the 

[211] beam d i r e c t i o n , y i e l d s a completely symmetrical p a t t e r n (Fig 

9.2b). There i s no evidence f o r the presence of any p o l y c r y s t a l l i n e 

phase as has been observed i n , f o r example, Cu^Se formed by a s i m i l a r 

chemiplating technlque^^"''^ 

These observations i n d i c a t e t h a t there i s a close t o p o t a x i a l 

r e l a t i o n s h i p between the (111) CdTe substrate and the layer of copper 

t e l l u r i d e formed on i t . The spot p a t t e r n s are however, complex and are 

probably composite containing d i f f r a c t i o n spots from both the CdTe 

substrate and one or more phases of Cu2Te. Nevertheless, the 

predominant phase would appear to be the cubic Cu^Te as the f o l l o w i n g 

observations imply: 

(1) The three l a r g e s t measured i n t e r p l a n a r spacings, 3.42 A, 2.2 A and 

1.87 A are i n good agreement w i t h the published values f o r the cubic 

phase of Cu^Te; 3.51 A (111), 2.16 A (220) and 1.84 A (311) (ASTMS). 

(2) The asymmetry r e f e r r e d t o above cannot be explained i n terms of the 

hexagonal phase of Cu2Te, and provides conclusive evidence t h a t the 

Cu2Te i s predominantly cubic. 



F i g . 9.1 : RHEED p a t t e r n from a f r e s h l y polished (111) oriented CdTe 
substrate w i t h the e l e c t r o n beam along a <110> d i r e c t i o n . 



(a) r i l O ] 

(b) [2111 

• (c) [101] 

F i g . 9.2 : RHEED pa t t e r n s from a t o p o t a x i a l layer of Cu.Te w i t h the 
e l e c t r o n beam along d i r e c t i o n s : (a) [110]; (B) [211J; and (c) 
[1011. 
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C l e a r l y , the p a t t e r n ( F i g 9.2a) i s very complex and contains more 

spots than can be explained i n terms of a cubic phase alone. No attempt 

has been made to index a l l the d i f f r a c t i o n spots present, and I n f a c t 

many of them may w e l l have ar i s e n from double d i f f r a c t i o n e f f e c t s . I t 

i s possible t h a t the complexity i n d i c a t e s the presence of some hexagonal 

m a t e r i a l . However, there are a number of i n d i c a t i o n s which suggest t h a t 

some of the spots are due to d i f f r a c t i o n from the substrate, 

p a r t i c u l a r l y the a d d i t i o n a l r e f l e c t i o n s seen at A I n Fig (9.2a). The 

i n t e r p l a n a r spacings, calculated f o r the d i f f r a c t i o n spot at A and f o r 

th a t at B, y i e l d a r a t i o of 1.05 which i s i n good agreement w i t h the 

r a t i o of 1.06 f o r the l a t t i c e parameters of CdTe and cubic Cu2Te. 

The observation of a dominant cubic phase contrasts w i t h the 

r e s u l t s of s i m i l a r chemlplating experiments w i t h s i n g l e c r y s t a l s 

which i n d i c a t e d the growth of a hexagonal phase of Cu2Te. As mentioned 

e a r l i e r , the only cubic phase of copper t e l l u r i d e recorded i n the ASTM 

powder index data i s a high temperature m o d i f i c a t i o n at 640*'C. The 

growth of the cubic phase at lower temperature (95°C) could have 

r e s u l t e d from the cubic CdTe substrate which compelled the cubic growth 

of Cu2Te. Moreover, i t should be emphasized t h a t t o p o t a x i a l growth of 

Cu2Te Implies t h a t only the cubic phase can form without any d i s r u p t i o n 

of the t e l l u r i u m s u b l a t t l c e . 

T o p o taxial l a y e r s grown on (111) CdTe substrates were heat t r e a t e d 

i n vacuum f o r 10-15 mlns and then also i n v e s t i g a t e d using RHEED. The 

e l e c t r o n d i f f r a c t i o n p atterns of the heat t r e a t e d samples were 

i n d i s t i n g u i s h a b l e from those obtained from as-made Cu2Te l a y e r s . The 

heat t r e a t e d samples were then l e f t t o age I n the laboratory f o r a 

period of up t o 2 months, a f t e r which time again showed no change I n the 

d i f f r a c t i o n p a t t e r n . These studies suggest t h a t the phase of Cu2Te i s 

s t a b l e , although i t has been reported I n the l i t e r a t u r e that Cu2Te f l l n s 

change w i t h tlme^''-^'-'^^^ 
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9.3 E l e c t r i c a l Properties of Copper Telluride/Cadmium T e l l u r i d e 

Heterojunctions 

9.3.1 Diode C h a r a c t e r i s t i c s 

Oriented (111) CdTe substrates were cut and annealed i n molten Cd 

(Section 4.3.4) to make them conducting n-type and pad-polished i n 

Br-methanol s o l u t i o n (Section 4.4.2) to obt a i n a damage free m i r r o r - l i k e 

surface. T y p i c a l l y , devices were f a b r i c a t e d by dipping the substrates 

i n t o the cuprous c h l o r i d e s o l u t i o n f o r 40 sec t o form a t o p o t a x i a l layer 

of CUjTe. An indium dot was then evaporated onto the CdTe side of the 

device, while an Au g r i d p a t t e r n was evaporated onto the Cu2Te face. 

The diode c h a r a c t e r i s t i c s of a t y p i c a l device are given i n Fig 

9.3 while the l o g j vs V p l o t s of the c e l l i n the forward and reverse 

b i a s c o n d i t i o n are shown i n Fig 9.4. The diodes were found to be h i g h l y 
3 

r e c t i f y i n g w i t h a r e c t i f i c a t i o n r a t i o at 0.5V of 'V' 6 x 10 . The value 

of the i d e a l i t y f a c t o r was 1.5. 

The l a t t i c e mismatch ( d i f f e r e n c e in l a t t i c e constants) between the 

components of a h e t e r o j u n c t i o n produces, i n p r i n c i p l e , a periodic array 

of dangling bonds or edge d i s l o c a t i o n s . These i d e a l l y form a net at the 

I n t e r f a c e and each d i s l o c a t i o n w i l l be associated w i t h a region of 

l a t t i c e s t r a i n . Such a d i s l o c a t i o n may or may not be e l e c t r i c a l l y 

a c t i v e . I t has been found t h a t a large amount of compensation takes 

place and so only a small f r a c t i o n of these bonds remain a c t i v e and 
(14) 

accounts f o r the observed e l e c t r i c a l phenomena . S i m i l a r l y , 

i m p u r i t i e s or defects introduced during f a b r i c a t i o n may r e s u l t i n energy 

sta t e s I n the v i c i n i t y of the i n t e r f a c e . The pr^esence^of large density 

of i n t e r f a c e states provides a high density of recombination centres 

near the i n t e r f a c e . So u n l i k e homojunctions, the c a r r i e r t r a n s p o r t 

p r o p e r t i e s of HJs are generally dominated by phenomena i n the i n t e r f a c e 

region. The current t r a n s p o r t i n the d e p l e t i o n layer i s v a r i o u s l y 

a t t r i b u t e d t o recombination, to t u n n e l i n g or t o combination of t u n n e l i n g 
and recombination i n v o l v i n g energy l e v e l s near the i n t e r f a c e ^ ^ ^ ^ * 
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I n the present CdTe/Cu2Te heterojunctions the Cu2Te layer was found 

to c o n s i s t of more than one phase ( i . e . cubic and hexagonal) and t h i s 

would also lead t o an increase i n defect states w i t h a loss of 

performance. The l a t t i c e mismatch between CdTe and the cubic Cu2Te I s 

6.2% and would be expected to generate a small density of m i s f i t 

d i s l o c a t i o n s w i t h an accompanying reduction i n i n t e r f a c i a l 

recombination. The c a r r i e r transport should therefore be c o n t r o l l e d by 

the recombination and a value f o r the I d e a l i t y f a c t o r 1.5 I s 

co n s i s t e n t w i t h t h i s argument. The lower value of the I d e a l i t y f a c t o r 

(A) as compared to Cusano^^^ could have r e s u l t e d from the predominant 

cubic phase of Cu2Te. 

Cu2Te/CdTe heterojunctions have been p r e v i o u s l y f a b r i c a t e d by 

Cusano^^^ using a s i m i l a r wet b a r r i e r process. The diode 

c h a r a c t e r i s t i c s of Cusano's c e l l s appeared to be less i d e a l , w i t h a 

diode f a c t o r of 2.7 and r e c t i f i c a t i o n r a t i o a t 0.5V of several hundreds. 

One Important d i f f e r e n c e between the present c e l l s and those of Cusano 

i s t h a t i n h i s c e l l s the s t r u c t u r e of the Cu2Te layer was l a r g e l y 

hexa^ngal. This might w e l l have led to Increased I n t e r f a c i a l disorder 

w i t h correspondingly greater recombination losses and hence a higher 

i d e a l i t y f a c t o r . 

9.3.2 Photovoltaic Output C h a r a c t e r i s t i c s 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s f o r a t j r p l c a l Cu2Te/CdTe 

h e t e r o j u n c t i o n c e l l are given i n Fig 9.3 f o r AMI i l l u m i n a t i o n . For t h i s 

p a r t i c u l a r device shown, the OCV, SCC, FF and e f f i c i e n c y were 0.49 

v o l t s , 14 mA/cm^, 62.5Z and 4.1Z r e s p e c t i v e l y . While the SCC i s 

acceptable, the OCV i s d i s a p p o i n t i n g l y low. I n p a r t , t h i s r e f l e c t s the 

f a c t t h a t the c e l l i s not a window-absorber s t r u c t u r e . However, the 

f i l l f a c t o r i s r e l a t i v e l y high. Considering t h a t no steps had been 

taken t o optimise the device e f f i c i e n c y ( i . e . there were no 

A.R.coatings, e t c ) , t h i s value compares favourably w i t h the best 
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(4) performance obtained w i t h CdS/CdTe c e l l s . This may be a t t r i b u t e d to 
two f a c t o r s . F i r s t l y , the n-type CdTe can be made more h i g h l y 
conducting than i t s p-type counterpart. Secondly, the use of indium i s 
expected to provide a lower resistance ohmic contact to n-CdTe than can 
normally be obtained to p-type m a t e r i a l . 

The cross-over of the dark and I l l u m i n a t e d c h a r a c t e r i s t i c i n the 

f i r s t quadrant i n d i c a t e s a change i n parameters from dark to l i g h t 

I t suggests t h a t some photoconductive process i s i n operation. When the 

l i g h t generated c u r r e n t i s Increased, the current increases more r a p i d l y 

w i t h V and cross-over occurs. Such a cross-over has been observed i n 

Cu2S/CdS^ ^ and CdS/CdTe c e l l s b u t not i n | s i l i c o n devices. 

9.3.3 Spectral Response 

The sec and OCV sp e c t r a l responses were measured at 85 and 300K, 

and are shown together w i t h the lamp response In Fig 9.5 f o r a t y p i c a l 

device. The thr e s h o l d f o r the OCV response s t a r t s at about 0.95 eV and 

a second sharp r i s e occurs at 1.37 eV ( a t room temperature) w i t h the 

peak at 1.50 eV. At 85K, the onset of the second r i s e i s s h i f t e d to 

higher photon energies and correspondingly the peak value i s 1.65 eV. 

S i m i l a r behaviour was observed i n the SCC response, although here there 

was no detectable Increase u n t i l about 1.04 eV. At 85K the p r i n c i p a l 

change was In the width of the peak which had become much broader. 

As i n d i c a t e d i n Fig 9.5b, the p r i n c i p a l response i n the dependence 

of OCV occurred at about 1.5 eV at 300K. This corresponds to the 

bandgap of CdTe and i s consistent w i t h Cusano's^^^ observations. The 

new f e a t u r e of the response i n Fig (9.5b) i s the presence of a second 

peak which i s only c l e a r l y resolved at 85K, at which temperature i t 

e x h i b i t s a maximum value at -v- 1.2 eV. The o r i g i n of t h i s second peak i s 

not yet c l e a r , but could be r e l a t e d e i t h e r to the presence of copper 

l e v e l s i n the CdTe or a l t e r n a t e l y to band-to-band t r a n s i t i o n s i n the 
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cubic phase of Cu2Te. However, i n the l i t e r a t u r e Cu s u b s t i t u t e d on Cd 
(18 19) 

s i t e s i s reported to have energy l e v e l s at -x. 0.35 eV ' and 

0.15 eV^^°\ I n the l a t t e r case the copper l e v e l would be expected to 

give a response at 1.5 eV at 85K (or at 1.35 eV at 300K) which could 

be too high to e x p l a i n the presence of the second peak i n Fig 9.5b. 

S i m i l a r l y , a value f o r the Cu l e v e l of ^ 0.35 eV also f a l l s to explain 

t h i s response which would then be at 'v 1.3 eV. Thus, i t appears t h a t 

cross d i f f u s i o n of copper i s not responsible f o r t h i s second peak. I t IS 

t h e r e f o r e suggested t h a t t h i s response arises from absorption i n the 

Cu2Te. Un f o r t u n a t e l y , the bandgap of the cubic phase of Cu2Te i s not 

known. However, i t i s i n t e r e s t i n g to note that Cusano d i d not observe 

t h i s second peak and concluded t h a t Cu2Te was o p t o - e l e c t r o n i c a l l y 

I n a c t i v e . 

9.3.4 Capacitance-Voltage C h a r a c t e r i s t i c s 

The capacitance-voltage measurements were made at 1 MHz frequency 
-2 

using the technique described i n Section 5.6. AC vs V c h a r a c t e r i s t i c 

f o r a t y p i c a l device i s shown i n Fig 9.6. I t i s a s t r a i g h t l i n e i n the 

reverse bias range up to 2.0 V w i t h an i n t e r c e p t of ^ 2.8 V on the 

v o l t a g e a x i s . The donor density deduced from the slope of the C ^ vs V 
, „ ,„16 -3 p l o t was 1.9 X 10 cm 

_ 2 

Although the C vs V p l o t s were s t r a i g h t l i n e s f o r lower values of 

reverse b i a s , there was a departure from l i n e a r i t y at large reverse 

b i a s . This behaviour i s very s i m i l a r to that f r e q u e n t l y observed i n the 

CdS/CdTe^^^^ devices. I t may be a t t r i b u t e d to i n t e r - d i f f u s i o n at the 

j u n c t i o n I n t e r f a c e , or from the t a i l i n g i n t o the bulk of defect states 
(21) 

created during f a b r i c a t i o n , or from l a t t i c e mismatch 

I n t e r - d i f f u s i o n i s believed to introduce a more h i g h l y compensated layer 

at the I n t e r f a c e . Such an e f f e c t has also been reported i n CdS/Cu2S and 
(22) 

ZnCdS/Cu2S h e t e r o j u n c t i o n s . I n the present case t h i s could w e l l 
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r e s u l t from the c r o s s - d i f f u s i o n of copper i n t o the n-CdTe substrate 

which would lead to a decrease i n the c o n d u c t i v i t y of the CdTe. The 

la r g e value of the i n t e r c e p t on the voltage axis may i n d i c a t e the 

presence of an i n t e r f a c i a l layer as observed w i t h Schottky devices . 

The i n t e r f a c i a l l a y e r may be produced during processing and can a r i s e 

due to chemical r e a c t i o n s , c r o s s - d i f f u s i o n , o u t - d i f f u s i o n , oxide layers 
(24) 

et c . '. (ZnCd)S/Cu2S heterojunctions f a b r i c a t e d by the chemiplating 
process have been reported to have very high values of voltage 

(22) 

i n t e r c e p t s 

9.3.5 Photocapacltance Studies 

The photocapacitance of the diodes was measured at room and l i q u i d 

n i t r o g e n temperature using the experimental arrangement described i n 

s e c t i o n 4.6. Fig 9.7 shows the photocapacltance spectra of a t y p i c a l 

device chemlplated f o r 40 sec. I n general, the photon energy was 

scanned from 0.59 eV to 2.5 eV. Between 0.59 eV and the f i r s t 

p o s i t i v e going threshold at 0.88 eV the capacitance was found t o 

decrease u n i f o r m l y , though not steeply, suggesting the existence of a 

negative going threshold at some photon energy less than 0.59 eV. A 

second more pronounced increase was observed near 1.36 eV (room 

temperature) and 1.44 eV ( l i q u i d n i t r o g e n temperature). The 

photocapacltance decreased sharply at L.N. temperature f o r photon 

energies above 1.58 eV. 

The I n i t i a l decrease i n photocapacitance as the photon energy was 

increased was d i f f i c u l t to i n t e r p r e t since the capacitance was not 

I n v e s t i g a t e d at photon energies below 0.59 eV. I t i s l i k e l y t h erefore 

t h a t the t r u e t h reshold would have occurred at lower energy. O r d i n a r i l y 

a decrease i n capacitance would i n d i c a t e a net Increase I n stored 

negative charge p o s s i b l y through the f i l l i n g of acce p t o r - l i k e l e v e l s , 

w i t h e l e c t r o n s 
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The sharp r i s e i n capacitance at aboa"t 1.44 eV (at L.N) i s due to 

j u n c t i o n f i e l d a s s i s t e d interband t r a n s i t i o n s . The steep negative going 

threshold at 1.58eV may be r e l a t e d to t r a n s i t i o n s across the bandgap. 

However, the bandgap of CdTe at 80K i s 1.595 eV^ ' and i t i s possible 

t h a t t h i s peak i n d i c a t e s the presence of a shallow donor l e v e l 

approximately 0.015 eV below the conduction band. This feature was not 

observed at room temperature. The donor l e v e l s w i t h i o n i z a t i o n energies 

of 0.014 eV below the conduction band have been reported i n the 

l i t e r a t u r e . Moreover, the p o s i t i v e going threshold around 0.88 eV 

i s not easy to e x p l a i n . The Increase i n photocapacitance i s associated 

w i t h the t r a n s i t i o n of electrons from the l e v e l to the conduction band 

so t h i s threshold could be r e l a t e d to emptying of a l e v e l w i t h 

i o n i z a t i o n energy less than 0.88 eV and burled i n the background. I t i s 

important to note t h a t defect l e v e l s w i t h energy 0.6-0.9 eV have been 
C26^ 

reported by Zanio . 

9.4 E f f e c t of Substrate Pr o p e r t i e s 

I n t h i s s e c t i o n , the e f f e c t s of the substrate p r o p e r t i e s on the 

behaviour of h e t e r o j u n c t i o n s are reported. The substrate properties such 

as r e s i s t i v i t y , m i n o r i t y c a r r i e r d i f f u s i o n length and surface 
(27) 

p r e p a r a t i o n s t r o n g l y a f f e c t the f i n a l behaviour of the device , and 

consequently, t h e i r e f f e c t s on device performance were In v e s t i g a t e d . 

9.4.1 Measurements of D i f f u s i o n Length 

The d i f f u s i o n length can be measured i n several ways. O p t i c a l 

methods^^^"^^^ and surface photovoltage measurements^^^'^^^ generally 

r e q u i r e a knowledge of the absorption c o e f f i c i e n t of the m a t e r i a l at the 

wavelength of r a d i a t i o n used f o r e x c i t a t i o n . The absorption I s st r o n g l y 
(38) 

dependent on I m p u r i t y concentration i n the semiconductor . Another 

method of f i n d i n g the d i f f u s i o n length employs a modulated e l e c t r o n 
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(3P) 

beam i n a scanning e l e c t r o n microscope. Unfortunately, beam 

modulation was not a v a i l a b l e w i t h the Cambridge Instrument Stereoscan 

600 microscope used i n the present study. An a l t e r n a t i v e method 

described by W i t t r y and Kyser^^^\ makes use of the voltage dependence 

of cathodoluminescence to determine the d i f f u s i o n length. There are 

problems w i t h t h i s method, however. F i r s t l y , i t requires the s t r u c t u r a l 

and chemical s t a t e of the sample surface t o be known and t h i s i s not 

always the case. Secondly, the c o n t r i b u t i o n to the measured current 
(41) 

from the s e l f absorption of recombination r a d i a t i o n i s i n general 

not determined. Consequently, there i s f r e q u e n t l y some un c e r t a i n t y i n 

the measurements. By comparison, the EBIC method o u t l i n e d i n Section 

5.3.3 i s r e l a t i v e l y easy to i n t e r p r e t ( p r o v i d i n g the assumptions are 

f u l f i l l e d ) and since i t was a v a i l a b l e , i t was used i n the present study. 

As described I n Section 5.3.3 the short c i r c u i t e l e c t r o n beam 
(38) 

induced c u r r e n t c o l l e c t e d by a planar p-n j u n c t i o n i s given by 

J - J(o) exp (-x/L) 9.1 

where 7r«)ls the t o t a l c urrent c o n t r i b u t e d by the m i n o r i t y c a r r i e r s 

generated by the i n c i d e n t e l e c t r o n beam, x i s the distance of the p o i n t 

o f incidence of the e l e c t r o n beam from the Ju n c t i o n , and L I s 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 . From equation (9.1) the value of L 

can be determined from a semi-logarithmic p l o t of I ( x ) / I ( o ) vs x 
(38) 

provided the f o l l o w i n g c o n d i t i o n s are s a t i s f i e d 

(1) The e l e c t r o n - h o l e p a i r s are generated from a p o i n t source, t h a t i s 

f a r from the j u n c t i o n ; 

(2) Surface e f f e c t s ( i . e . excessive surface recombinations may be 

neglected, and excess c a r r i e r s are assumed to t r a v e l only by d i f f u s i o n ; 

(3) The i n t e n s i t y of the curr e n t generated by the m u l t i p l e process 

( e l e c t r o n - h o l e p a i r generation near the Impact p o i n t , r a d i a t i v e 

recombination and photocurrent generation near the j u n c t i o n ) i s small 
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compared w'lt^the i n t e n s i t y of the m i n o r i t y c a r r i e r current generated by 

the i n c i d e n t e l e c t r o n beam. 

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 length was measured i n the as-made 

Cu2Te/CdTe sol a r c e l l s f a b r i c a t e d on n-type CdTe substrates which had 

been e i t h e r doped w i t h c h l o r i n e or annealed i n cadmium. Devices were 

studied i n both the SE and EBIC modes of the SEM. For d i f f u s i o n length 

measurements the devices were cleaved through the j u n c t i o n and 

perpendicular to I t . The sample was then mounted i n the SEM such t h a t 

the beam was i n c i d e n t normally to the cleaved edge so that the EBIC 

s i g n a l across the j u n c t i o n could be monitored. A t y p i c a l llnescan 

showing the v a r i a t i o n of the electron-beam Induced current w i t h beam 

p o s i t i o n across the j u n c t i o n i s shown i n Fig 9.8. There i s a maximum 

response at the j u n c t i o n which decays on e i t h e r side. Measurements of 

the c u r r e n t r e l a t i v e to the peak as a f u n c t i o n of the distance from the 

j u n c t i o n were made and a p l o t of log I ( x ) / I ^ vs x were p l o t t e d and 

f i t t e d t o equation (9. 1 ) . A t y p i c a l example f o r a device on a Cd doped 

substrate I s shown i n Fig 9.9 i n which the d i f f u s i o n lengths were 0.76 

pm and 3.80 ym on the Cu2Te and CdTe sides of the j u n c t i o n r e s p e c t i v e l y . 

The m i n o r i t y hole d i f f u s i o n length I n Cd annealed CdTe (3.8 pm) was 

l a r g e r compared w i t h 0.78 pm i n Cl-doped substrates. However, l i k e 

Cu^S/CdS c e l l s the m i n o r i t y e l e c t r o n d i f f u s i o n length i n Cu2Te was less 

than m i n o r i t y hole d i f f u s i o n l e n g t h . 

The d i f f u s i o n length of mi n o r i t y - h o l e s i n Cl-doped CdTe was smaller 

than t h a t f o r m i n o r i t y holes i n cadmium doped CdTe. This d i f f e r e n c e i s 
(42) 

a t t r i b u t e d t o the nature of the dopant used. B e l l et a l ^ have 

explored the dependence of the hole d i f f u s i o n length i n CdTe w i t h the 

k i n d of n-type dopant used. They made measurements on Brldgman-grown 

CdTe doped w i t h I , Br, and CI and found t h a t the shortest d i f f u s i o n 

lengths were observed w i t h Cl-doped CdTe, while the larg e s t occurred 

w i t h I doped m a t e r i a l . 



F i g . 9.8 : A t y p i c a l linescan taken across a cleaved Cu2Te/CdTe j u n c t i o n 
f a b r i c a t e d on a Cd annealed substrate. 
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F i g . 9.9 : A p l o t of l J b g l ( x ) / I ( o ) VS distance from the j u n c t i o n f o r 
the linescan shown i n F i g . 9.8. 
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This suggests t h a t to produce e f f i c i e n t solar c e l l s using CdTe some 

means of c o n t r o l l i n g the r e s i s t i v i t y must be found, that does not cause 

short d i f f u s i o n lengths. This was t r u e of our CdTe/Cu2Te 

he t e r o j u n c t i o n s . Devices made on Cl-doped substrates gave c o n s i s t e n t l y 

low values of SCC where^as c e l l s on cadmium t r e t e d CdTe resulted i n much 

higher values. 

9.4.2 R e s i s t i v i t y E f f e c t s 

The e f f e c t of substrate r e s i s t i v i t y on device c h a r a c t e r i s t i c s was 

studied using CdTe substrates w i t h a range of r e s i s t i v i t i e s . Three 

devices were f a b r i c a t e d on cadmium annealed n-CdTe w i t h r e s i s t i v i t i e s of 

20 n cm, 7 n cm and 0.1 Q cm. These devices were designated as a, b and 

c r e s p e c t i v e l y . The substrates were chemlplated f o r 40 sec i n hot 

(90°C) cuprous c h l o r i d e s o l u t i o n . 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s of the c e l l s measured under 

AMI l l l u m l n a t i / * are shown i n Fig 9.10. The values of SCC, OCV, FF and n 

f o r the c e l l s are given i n Table 9.1. 

TABLE 9.1: Solar C e l l Parameters w i t h D i f f e r e n t Substrate R e s i s t i v i t i e s 

Device Substrate R e s i s t i v i t y OCV SCC FF n 

p (Q cm) v o l t s mA/cm^ (%) 

a 20 0.48 18 46 3.3 

b 7 0.5 13.4 62 A . l 

c -x* 0.1 0.34 8.5 41 1.1 
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The r e s i s t i v i t i e s of the semiconductors forming a p-n j u n c t i o n 

p h o t o v o l t a i c device can a f f e c t i t s operation i n two ways: f i r s t l y , when 

the r e s i s t i v i t y i s very low ( i . e . high doping concentration) the 

d e p l e t i o n region i s reduced ; secondly, 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 i s also reduced. Copper t e l l u r i d e i s a h i g h l y conducting near 

degenerate semiconductor, and the j u n c t i o n between i t and a low 

r e s i s t i v i t y substrate would r e s u l t i n a very narrow depletion region. 

This i n t u r n would give large values of reverse s a t u r a t i o n current I 
o 

and a correspondingly low open c i r c u i t voltage (Section 2.1.3). This 

was p r e c i s e l y what was observed f o r device C (p 0.1 fl-cm). Low values 

of sec may also be explained i n terms of reduced d i f f u s i o n length and 
(43) 

narrow d e p l e t i o n region associated w i t h very low r e s i s t i v i t y values . 

I n t h i s s i t u a t i o n , the SCC i s reduced because the a c t i v e region of the 

device ( i . e . d e p l e t i o n region + one d i f f u s i o n length) i s correspondingly 

narrow, and a smaller proportion of the absorbed r a d i a t i o n i s able to 

c o n t r i b u t e t o the c u r r e n t . 

The h e t e r o j u n c t i o n on 20 fl-cm m a t e r i a l (device a) e x h i b i t e d the 

highest short c i r c u i t current of 18 mA/cm^. I n t h i s case the width of 

the d e p l e t i o n region was s i g n i f i c a n t l y increased so that the 

c o n t r i b u t i o n t o the short c i r c u i t current from generation w i t h i n the 

d e p l e t i o n region was also h i g h l y increased. The low f i l l f a c t o r , 

however, f o r t h i s h e t e r o j u n c t i o n (device a) was possibly the r e s u l t of 

increased series resistance. 

Cusanô ''"̂  also studied the e f f e c t of r e s i s t i v i t y and s i m i l a r l y 

e s t ablished t h a t h i g h l y doped m a t e r i a l ( w i t h i t s consequently narrow 

j u n c t i o n width) leads to poor e f f i c i e n c y . Although our r e s u l t s are not 

conclusive i n determining the optimum value of r e s i s t i v i t y they do 

demonstrate the undesirable e f f e c t s of too low a r e s i s t i v i t y . 
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9.4.3 E f f e c t o f Surface Preparation 

The substrate surface preparation conditions can exert a strong 
(27) 

I n f l u e n c e on the performacne o f the heterojunctions . Two methods o f 

substrate p r e p a r a t i o n were compared, namely contactless pad p o l i s h i n g i n 

Br-methanol (Section 4.4.2), and a procedure I n v o l v i n g an i n i t i a l 

mechanical p o l i s h using alumina followed by a chemical p o l i s h i n 

Br-methanol s o l u t i o n (Section 4.4.1). The n-CdTe substrates w i t h 

i d e n t i c a l r e s i s t i v i t i e s (-v 7 £2-cm) were prepared using p o l i s h i n g 

techniques described above and chemiplated f o r about f o r t y seconds i n 

cuprous ion s o l u t i o n to f a b r i c a t e CdTe/Cu2Te heterojunctions. 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s of two t y p i c a l devices 

f a b r i c a t e d on CdTe substrates prepared by; (a) the contactless pad 

p o l i s h and (b) the mechanical/chemical procedure are compared i n Fig 

9.11. The OCV and f i l l f a c t o r were low f o r device (b) [alumina polished 

surface] although the SCC was s l i g h t l y higher. The e f f i c i e n c y (4.0Z) of 

device (a) [pad polished surface] was ^ 30% greater than t h a t of device 

(b) (3.0Z) as a r e s u l t of the greater OCV and FF. The superior 

performance of the pad polished device was also revealed by the diode 

c h a r a c t e r i s t i c s which showed r e c t i f i c a t i o n r a t i o at 0.5 V bias that were 

6 times higher than f o r the chemical/mechanical polished devices 

(6x10',10^). The s p e c t r a l responses of the OCVs are shown i n Fig 9.12. 

The SCC response also had s i m i l a r behaviour. Fig 9.12 c l e a r l y shows 

t h a t the s p e c t r a l response f o r the pad polished device i s greater i n 

magnitude at a l l wavelengths. 

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 described i n Fig 9.11 r e f l e c t 

the q u a l i t y of the surface produced by the two preparatlonal methods. 

As described i n Section (4,4.2), pad p o l i s h i n g produces a very clean and 

smooth surface, whereas surfaces polished by the mechanical-chemical 

method had small p a r t i c l e s of alumina embedded i n the surface i n 
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a d d i t i o n to a considerable amount of surface damage. Mechanical 
(44) 

p o l i s h i n g i s known to produce a he a v i l y damaged surface . The 

f u n c t i o n of the Br-methanol p o l i s h i s to remove the damaged surface 

l a y e r s . Although i t does reduce mechanical damage to a large extent, 

CdTe surfaces were s t i l l not damage f r e e . The surface damage would be 

expected to lead t o a higher density of i n t e r f a c e states i n the 

h e t e r o j u n c t i o n and hence an i n t e r f a c i a l recombination. This, i n t u r n , 

would lead to an Increase i n I ^ and consequently, lower values of OCV as 

observed i n these devices. 

Alumina p a r t i c l e s embedded i n the surface would also hinder the 

forma t i o n of a good e p i t a x i a l layer of CujTe and u l t i m a t e l y poor 

performance of the device. 

9.5 E f f e c t of Chemiplating Time 

9.5.1 I n t r o d u c t i o n 

C l e a r l y , the time f o r which the CdTe substrates are immersed i n the 

cuprous i o n chemiplating bath w i l l a f f e c t the thickness of the Cu2Te 

l a y e r s . A systematic i n v e s t i g a t i o n of the e f f e c t s of varying the 

chemiplating time was t h e r e f o r e , c a r r i e d out. I n order to t r y and 

i s o l a t e the e f f e c t s of chemiplating time from those of substrate 

r e s i s t i v i t y , only CdTe substrates cut from a boule doped w i t h CI were 

used f o r t h i s exercise. I n f a c t , CI doped substrates are not i d e a l , as 

discussed above (Section 9.4), but they do have the merit of u n i f o r m i t y . 

Thus, i t was possible to ensure t h a t the substrate r e s i s t i v i t y d i d not 

vary from device t o device, so t h a t d i f f e r e n c e s i n c e l l performance 

could be a t t r i b u t e d w i t h greater c e r t a i n t y t o the Cu2Te layer. 

The devices were a l l f a b r i c a t e d i n conditions i d e n t i c a l to those 

described i n Section 9.3 except, of course, f o r the chemiplating time. 

This was v a r i e d from 20 sec t o 120 sec. The current-voltage, 

photoresponse c h a r a c t e r i s t i c s were then i n v e s t i g a t e d . 
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9.5.2 Current-Voltage C h a r a c t e r i s t i c s 

The diode c h a r a c t e r i s t i c s of f i v e devices made w i t h d i f f e r e n t 

chemlplating times are shown i n Fig 9.13. A l l had l i t t l e reverse bias 

leakage although the r e c t i f i c a t i o n r a t i o s were found to vary w i t h 

p l a t i n g time (Table 9.2). The r e c t i f i c a t i o n r a t i o a t 0.5 V was highest 

2000) f o r a p l a t i n g time of about 30 seconds. I t decreased 

s i g n i f i c a n t l y f o r sh o r t e r and longer p l a t i n g times. Similar behaviour 

was observed w i t h Cd annealed substrates, when a r e c t i f i c a t i o n r a t i o a t 

0.5 V of 'V/ 6000 was measured f o r devices p l a t e d f o r 40 seconds. On 

Increa s i n g the p l a t i n g time t o 50 seconds the r e c t i f i c a t i o n r a t i o f e l l 

to 600. 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s measured under AMI 

i l l u m i n a t i o n are shown i n Fig 9.14. Devices p l a t e d f o r 30-40 sees 

y i e l d e d short c i r c u i t c u r r e n t s twice as large as those f o r c e l l s p l a t e d 

f o r 20 and 90 sees. The OCV f o r these devices was low and d i d not vary 

s i g n i f i c a n t l y nor s y s t e m a t i c a l l y w i t h p l a t i n g time. A summary of the 

v a r i a t i o n of device parameters w i t h p l a t i n g time i s given i n Table 9.2. 

TABLE 9.2: Device parameters f o r d i f f e r e n t p l a t i n g times 

Chemlplatlng 
Time 
(sec) 

OCV 
(mV) 

SCC 
mA/cm* 

FF 
Z 

R e c t i f i c a t i o n 
Factor a t 0.5 V 

n 

20 407 4.5 26 620 0.8 

30 330 8.34 39 2000 1.1 

50 422 8.78 33 589 1.3 

90 420 4.74 30 389 0.7 

120 423 1.21 26 90 0.2 
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The v a r i a t i o n of the SCC w i t h p l a t i n g time can be explained i n 

terms of the thickness of Cu^Te layer . For 20 sec p l a t i n g the copper 

t e l l u r l d e layer was c l e a r l y too t h i n and c o n t r i b u t e d to the se r i e s 

resistance as evident from Fig 9.14. At the same time, i f the Cu2Te 

f i l m i s very t h i n , i t s transparency w i l l be too high and low energy 

photons w i l l c o n t r i b u t e p r o p o r t i o n a t e l y less towards the SCC. The 

decrease i n the SCC w i t h increasing time beyond 50 seconds I s probably 

due to the greater thickness of Cu2Te. I f the layer thickness exceeds 

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 length then the c a r r i e r s generated near 

the surface w i l l not be separated at the j u n c t i o n and w i l l not 

t h e r e f o r e , c o n t r i b u t e to the short c i r c u i t c u r r e n t . I n t h i s respect. I t 

should be remembered th a t Cu2Te i s not a window m a t e r i a l l i k e CdS I n 

CdS/CdTe h e t e r o j u n c t l o n s . 

The gen e r a l l y low values of SCC and OCV were probably r e l a t e d t o 

the substrates (Cl-doped) which were very h i g h l y conducting w i t h low 

m i n o r i t y c a r r i e r d i f f u s i o n lengths (Section 9.4.2). At low 
(43) 

r e s i s t i v i t i e s the t r a n s i t i o n region becomes very narrow w i t h a 

consequential r e d u c t i o n i n SCC and OCV. A s i m i l a r observation has been 

made by Cusano f o r In-doped CdTe w i t h very low r e s i s t i v i t y , where the 

Ju n c t i o n w i d t h was t h i n and c a r r i e r s generated beyond the small 

d e p l e t i o n region were not c o l l e c t e d . These studies imply t h a t the 

optimum p l a t i n g time i s about 30-40 sees. 

9.5.3 Spectral Response 

The s p e c t r a l response of the devices was measured at room 

temperature. The OCV reponses f o r devices chemlplated f o r d i f f e r e n t 

periods of time are shown I n Fig 9.15. The s p e c t r a l responses f o r the 

shor t c i r c u i t c u r r e n t s were s i m i l a r . A l l these c e l l s showed a 

p h o t o v o l t a i c response at photon energies less than the bandgap of CdTe 

t h a t Increased i n magnitude w i t h increasing p l a t i n g time. 
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This response probably arises from absorption i n the Cu^Te layer 

and the change i n i t s magnitude would be expected to f o l l o w the 

v a r i a t i o n i n thickness. C l e a r l y , f o r short chemlplating times, the 

Cu2Te layer would be t h i n and so h i g h l y transparent ( p a r t i c u l a r l y near 
(45) 

i n f r a r e d ) w i t h a corresponding small response. For very long 

p l a t i n g times, the layer becomes very t h i c k so th a t the el e c t r o n hole 

p a i r s , generated near the surface, do not reach the j u n c t i o n and the 

response i s again reduced. 

9.6 E f f e c t of Heat Treatment 

I n order to study the e f f e c t of heat treatment on the 

c h a r a c t e r i s t i c s of Cu2Te/CdTe devices, they were heated i n vacuum at 

200''C f o r about 7 minutes. The c h a r a c t e r i s t i c s of the as-made and heat 

t r e a t e d devices were measured under s i m i l a r i l l u m i n a t i o n (AMI) 

co n d i t i o n s . The I-V c h a r a c t e r i s t i c s were found t o be a f f e c t e d s t r o n g l y 

by the heat treatment. The ph o t o v o l t a i c output c h a r a c t e r i s t i c s of an 

as-made, and a heat t r e a t e d device are shown i n Fig 9.16. A f t e r heat 

treatment the SCC was g r e a t l y reduced while the OCV was s l i g h t l y 

increased. 

To i n v e s t i g a t e the e f f e c t of heat treatment on 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 , the d i f f u s i o n length was measured before and a f t e r 

heat treatment at 200"*C f o r 5-7 minutes. The heat treatment reduced 

the hole d i f f u s i o n l ength i n CdTe from 3.8^im to 1.3 pm, while the 

e l e c t r o n d i f f u s i o n l e n g t h i n Cu2Te improved from 0.76 to 1.2 pm. 

The s p e c t r a l responses of the SCC and OCV were also recorded t o 

observe any changes due to t h i s annealing. The appropriate SCC and OCV 

responses are shown i n Fig 9.17. I t i s cle a r t h a t the s p e c t r a l response 

from the Cu2Te t o t a l l y disappeared on heating. Moreover, the SCC 

response of the heat t r e a t e d devices showed a steep decrease at photon 

energies s l i g h t l y greater than the bandgap of CdTe. A s i m i l a r s i t u a t i o n 

was observed w i t h the OCV (Fig 9.17b). 
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The observed degradation i n the performance of the annealed devices 

cannot be r e l a t e d to changes of s t r u c t u r e since there were none (Section 

9.2). However, I t I s l i k e l y that cross d i f f u s i o n of Cu from the Cu2Te 

I n t o the n-CdTe substrate would have taken place. I t i s known to occur 

i n the Cu^S/CdS c e l l and the e f f e c t s on the I-V c h a r a c t e r i s t i c s of the 

heat treatment are w e l l documented. G i l l and Bube^^^^ have pointed out 

th a t copper d i f f u s i o n would Introduce deep a c c e p t o r - l i k e states I n a 

region near the j u n c t i o n . This would have a number of e f f e c t s , but I n 

p a r t i c u l a r would r a i s e the CdS r e s i s t i v i t y and thus the series 

resistance of the device. S i m i l a r arguments seem pl a u s i b l e i n the 

present case. Copper d i f f u s i o n i n t o the n-CdTe substrate would also 

Introduce deep acceptor l e v e l s and thus reduce the n-CdTe c o n d u c t i v i t y . 

This would r a i s e the series resistance which i n t u r n would reduce the 

SCC of the device. I n a d d i t i o n the d i f f u s i o n of copper i n t o the CdTe 

would move the j u n c t i o n deeper i n t o the substrate, leading to greater 

losses, and some c a r r i e r s generated by absorption near the surface of 

Cu2Te would be less l i k e l y t o reach the j u n c t i o n . This i s evident from 

the absence of any c o n t r i b u t i o n to the s p e c t r a l response of OCV and SCC 

from the l i g h t of energy greater than the CdTe band gap. A small r i s e i n 

OCV a f t e r heating can be a t t r i b u t e d to a photoconductive l - l a y e r 

produced by copper d i f f u s i o n i n CdTe. 

S i m i l a r l y , changes observed i n the hole d i f f u s i o n length a f t e r 

heating would be expected because of the m i g r a t i o n of copper I n t o CdTe. 

The improvement i n the m i n o r i t y e l e c t r o n d i f f u s i o n length i n Cu2Te could 

be explained i n terms of a reduction i n the concentration of Cd ions 

i n Cu2Te on heat treatment. When devices are f a b r i c a t e d by the 

chemiplating, C d ^ ions are replaced by Cu"*" ions. As the Cu2Te lay e r 

grows i n thickness, Cd ions f a l l to d i f f u s e to the surface to be 

dissolved i n the bath s o l u t i o n and are trapped i n the Cu2Te layer where 
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they may act as recombination centres, hence g i v i n g smaller d i f f u s i o n 

lengths. But on heating these ions may d i f f u s e to the surface and 

reduce the density of recombination centres i n Cu2Te, thereby improving 

the m i n o r i t y e l e c t r o n d i f f u s i o n length. I t i s known that w i t h CdS 

substrates, about 0.27 mol % cadmium e x i s t s i n the CU2S layer formed by 

aqueous ion exchange 

9.7 E f f e c t of Ageing 

I n order to study the e f f e c t s of ageing, the photovoltaic output 

c h a r a c t e r i s t i c s and the s p e c t r a l response were measured p e r i o d i c a l l y 

d u ring storage i n the laboratory. I n general, the devices d i d not show 

degradation over a period of 6 to 8 weeks. However, i n some c e l l s the 

device parameters improved w i t h ageing. These devices were f a b r i c a t e d 

on Cd annealed substrates and were chemiplated f o r about 50 sees. 

The p h o t o v o l t a i c output c h a r a c t e r i s t i c s of such a device i n the 

as-made c o n d i t i o n and a f t e r 6 months ageing are shown i n Fig 9.18. The 

output c h a r a c t e r i s t i c s of the as-made device i n d i c a t e d a high series 

r e s i s t a n c e as w e l l as non-ohmic behaviour of the contact. The I-V 

c h a r a c t e r i s t i c (under AMI i l l u m i n a t i o n ) a f t e r 6 months showed a marked 

r e d u c t i o n i n s e r i e s resistance and an Improved ohmic contact. The 

values of the SCC, OCV and FF f o r the as-made and aged device are shown 

i n Table 9.3. 
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TABLE 9.3: Performance parameters f o r an as-made and aged device 

OCV SCC FF n 

Device ( v o l t s ) mA/cm̂  (%) (Z) 

As-made 0.53 18.23 26.36 2.55 

Aged (6 months) -v̂  0.60 17.29 43.56 4.51 

The s p e c t r a l responses of the OCV and SCC f o r the as-made and aged 

device are shown i n Fig 9.19. Fig 9.19b i n d i c a t e s t h a t the SCC sp e c t r a l 

response from the copper t e l l u r i d e was low i n magnitude, and was more 

pronounced i n the OCV response, as has been observed f o r most of the 

devices i n v e s t i g a t e d . However, the o v e r a l l magnitude of the SCC 

response decreased w i t h time. The OCV s p e c t r a l response also showed a 

re d u c t i o n i n the c o n t r i b u t i o n from the Cu2Te a f t e r 6 months. 

Copper t e l l u r l d e f i l m s are believed to change w i t h time^^^'^^^ due 

t o the e f f e c t s of moisture, absorbed oxygen and d i f f u s i o n of copper. 

This u l t i m a t e l y r e s u l t s i n the degradation of CdTe/Cu2Te solar c e l l s . 

However, i n some of our c e l l s the e f f i c i e n c y improved by a f a c t o r of 

two. This behaviour was probably a contact e f f e c t which Improved w i t h 

time. 

The exact nature of any changes th a t might have occurred over t h i s 

p e r i o d i s unclear. RHEED studies of Cu2Te a f t e r ageing showed that no 

s t r u c t u r a l changes had taken place. However, the s p e c t r a l response of 

the device a f t e r 6 months d i d show a reduction i n the s p e c t r a l 
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s e n s i t i v i t y of the Cu2Te la y e r . This suggests that copper had d i f f u s e d 

i n t o the CdTe r e s u l t i n g i n a reduction i n the c o n t r i b u t i o n from the 

Cu2Te. The higher values of OCV at L.N. temperature are due t o 

redu c t i o n i n I ^ which gave higher OCV. The reduction i n the SCC w i t h 

time could be due to a reduced d i f f u s i o n length i n the CdTe due to 

copper d i f f u s i o n . 

9.8 Conclusions 

A study of Cu2Te/CdTe heterojunctlons i n single c r y s t a l form has 

been c a r r i e d out. S t r u c t u r a l properties of Cu2Te grown on s i n g l e 

c r y s t a l (111) CdTe were i n v e s t i g a t e d . The Cu2Te was predominantly cubic 

and the s t r u c t u r e was stable w i t h no change of phase observed w i t h 

heating i n vacuum a t 200''C f o r 10—15 mins, or w i t h ageing over a period 

of two months. 

Single c r y s t a l devices displayed good diode c h a r a c t e r i s t i c s w i t h a 

r e c t i f i c a t i o n r a t i o o f 6 x 10^ at 0.5 V and an i d e a l i t y f a c t o r of 1.5. 

The values of SCC, OCV, FF and e f f i c i e n c y n f o r a device chemiplated f o r 

the optimum time ('V' 40 sec) were 14 mA/cm^, 0.5 V, 63Z and 4.1Z 

r e s p e c t i v e l y . The s p e c t r a l response measurements revealed that Cu2Te 

appeared t o be o p t o - e l e c t r o n i c a l l y a c t i v e . There was some evidence from 

steady s t a t e photocapacltance studies of an ac c e p t o r - l i k e l e v e l l y i n g 

close t o the valence band. I t s precise p o s i t i o n could not be 

determined, but an upper l i m i t of 0.59 eV was found. A donor l e v e l 

s i t u a t e d at a 0.015 eV below the conduction band was also observed I n 

the low temperature spectra. There also appeared to be an a d d i t i o n a l 

l e v e l midway i n the bandgap. 

The e f f e c t of the substrate on the c e l l behaviour i n terms of 

r e s i s t i v i t y , surface preparation procedure and dopant used to c o n t r o l 

the r e s i s t i v i t y was i n v e s t i g a t e d . D i f f u s i o n length measurements 

i n d i c a t e d t h a t Cl-doped substrates were undesirable, while Cd annealed 
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substrates gave improved d i f f u s i o n lengths. This was f u l l y r e f l e c t e d i n 
the device performance. Solar c e l l s prepared on pad polished substrates 
gave a 30% improvement i n e f f i c i e n c y as compared to altnnlna polished. 
Studies r e l a t i n g t o the e f f e c t of substrate r e s i s t i v i t y showed t h a t 
devices w i t h very low r e s i s t i v i t y (< 0.1 fi-cm) gave narrow j u n c t i o n s 
which r e s u l t e d i n poor performance of the devices. 

The e f f e c t of chemiplatlng time on device e f f i c i e n c y was also 

i n v e s t i g a t e d . With short dipping times C'̂ ' 20 sec) the devices were not 

very e f f i c i e n t . S i m i l a r l y , longer chemiplatlng times (> 50 sec) gave 

reduced performance. The optimum dipping time was found to be 40 sec. 

The e f f e c t of heat treatment and ageing on the e l e c t r i c a l 

p r o p e r t i e s of the devices was also studied. Heat treatment f o r about 7 

mlns i n vacuum at 'v* 200"'C d i d not lead t o improved e f f i c i e n c y . Rather i t 

reduced the SCC d r a s t i c a l l y . Ageing studies showed that devices were 

s t a b l e over at l e a s t two months sVielj Stor<Vj€ , 
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CHAPTER 10 

EPITAXIAL GROWTH OF CdS ON CdTe 

10.1 Introduction 

The fabrication of CdS/CdTe solar c e l l s usually entails the 

deposition of thi n polycrystalline CdS on CdTe substrates or vice-versa. 

The two materials have a l a t t i c e mismatch of 9.8%̂ "̂ ^ and also belong 

to d i f f e r e n t crystal systems, i.e. CdTe i s cubic sphalerite whereas CdS 

i s hexagonal wurtzite. Consequently, epitaxial structures have not 

generally been considered viable, however, we report i n th i s chapter on 

the e p i t a x i a l growth of CdS onto CdTe. 

Crystalline defects and non-uniformities can often trap free charge 

carriers or act as recombination centres and so affect carrier 

l i f e t i m e s , with deleterious effects on c e l l performance. With CdS/CdTe 

heterojunctions the interface between CdS and CdTe, and grain boundaries 

i n the polycrystalline CdS films lead to high recombination rates for 

ca r r i e r s . To achieve maximum efficiency, i t is essential to minimize 

the recombination losses at the Interface and at grain boundaries. One 

possible solution to these problems would be to fi n d orientations of the 

substrates which might result i n e p i t a x i a l growth of one material on the 

other, thus reducing the density of defects responsible for 

recombination losses. 
(2 3) 

Yamaguchi et a l ' have reported the epi t a x i a l growth of CdS onto 

{111} CdTe by sublimation of the compound i n a flow of hydrogen. They 

achieved an efficiency of 10.5% i n their devices and also predicted that 

an e p i t a x i a l n-CdS/p-CdTe c e l l could i n principle y i e l d an efficiency of 

19.7% under AMD conditions. They concluded that t h e i r cells were buried 
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homojunctions, probably due to the high substrate temperatures involved. 

In the present study (Chapter 7) the junctions were formed at a 

substrate temperature of 180"C and were true heterojunctions. The 

ep i t a x i a l deposition of CdS on CdTe reported i n this Chapter was carried 

out at the same low substrate temperature. Unfortunately, the CdTe 

substrates were semi-insulating so that the resulting heterojunctions 

could be used for structural studies only. However, i t i s hoped to 

extend t h i s work with a more systematic study of the photovoltaic 

properties of these types of c e l l l a t e r . 

10.2 Growth of CdS on {221} CdTe Surfaces 

The e p i t a x i a l growth of CdS on {221} CdTe was f i r s t observed during 

a wider investigation of CdS/CdTe heterojunctions, using evaporated thin 
(4) 

films of CdS deposited onto oriented single crystal CdTe substrates . 

I n i t i a l l y , the l a t t e r were cut p a r a l l e l to the {lOO} plane from single 

c r y s t a l boules grown i n house from the vapour phase (Sect.4.3.3). The 

CdTe slices were then manually pad polished (Sect. 4.2.2) i n a 2Z 

solution of Br i n methanol before being loaded into the CdS evaporation 

system. CdS was evaporated onto the CdTe with a source temperature of 

900'*C and substrate temperature ISO'C. 

Growth on the {lOO} face always resulted i n polycrystalline layers, 

though these layers often exhibited a high degree of preferred 

orientation as shown by the 100 KV RHEED pattern i n Fig 10.1. On one 

occasion, i t was observed that i n a region of the (100) CdTe substrate 

where a narrow lamellar twin band had intersected the substrate surface, 

the CdS was q u a l i t a t i v e l y d i f f e r e n t i n appearance from the rest of the 

f i l m . In pa r t i c u l a r , the CdS i n the twinned region was smooth and 

shiny, while that i n the untwinned part had a matt appearance. More 

Importantly, further investigation i n RHEED showed that the CdS 



Fig. 10.1 : RHEED pattern taken from a CdS f i l m deposited onto an 
untwinned region of a {100} oriented CdTe substrate. 

» 

I 

Fig. 10.2 : RHEED pattern recorded from a CdS layer deposited onto a 
twinned region of the same substrate 
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deposited on the twinned area was single crystal as demonstrated by the 

d i f f r a c t i o n pattern i n Fig.10.2. This pattern was recorded from the 

same layer which yielded the pattern of Fig.10.1, after simply 

translating the sample across the beam without changing i t s orientation. 

An attempt was then made to determine the orientation of the twinned 

region and to reproduce the epit a x i a l growth on deliberately oriented 

substrates. 

10.3 Determination of Twin Orientation 

Crystals were generally oriented, using Laue X-ray back r e f l e c t i o n 

and subsequently the orientation was confirmed i n RHEED. The orientation 

of the twinned region was f i r s t determined with Laue X-ray back 

r e f l e c t i o n . The CdTe with the twin was fixed onto the goniometer such 

that the X-ray beam from the X-ray source was incident normally on the 

surface. The X-ray micrograph obtained from the twin region showed that 

the twin surface was t i l t e d away from the ( i l l } plane through an angle 

of ^ 16" towards {001}. Reference to standard tables of angles between 

cr y s t a l p l a n e s i n cubic crystals indicated that t h i s was probably the 

{221} orientation. Unfortunately, t h i s could not be confirmed by RHEED 

because of the small width of the twin band. 

This i d e n t i f i c a t i o n however, was confirmed by calculating the twin 

matrix transformation. For twinning on a {111} plane the twinning matrix 

i s '̂''̂  

1/9 

-1 - 2 - 2 

-2 - 1 2 

-2 2 -1 

and multiplying this matrix by the surface plane i n the untwinned part 
of the crystal ( i . e . the {100} plane) w i l l give the corresponding plane 
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i n the twinned region, as follows; 

-1 -2 -2 1 1 

Twin =1/9 -2 -1 2 0 = - 1/9 2 
plane 

-2 2 -1 0 2 

10.4 Epitaxial Deposition of CdS on Oriented {221} CdTe 

A single crystal boule of CdTe was deliberately oriented p a r a l l e l 

to the (221) plane. Substrates 2mm thick were cut, pad polished i n 2Z 

Br i n methanol solution and loaded into the CdS evaporator. About 15 

g of pu r i f i e d CdS (Section 4.2.2) was placed i n the evaporation source 

and a layer of CdS was then deposited onto the substrate under nominally 

Id e n t i c a l conditions (substrate temperature 180°C, source temperature 

900''C). 

The CdS films were characterized by RHEED and SEM. The d i f f r a c t i o n 

pattern recorded from a ty p i c a l f i l m grown on {221} CdTe i s shown i n Fig 

10.3. I t i s evident from the spot pattern (Fig 10.3) that the CdS layer 

had grown e p i t a x i a l l y on the {221} CdTe, and there was no evidence of 

any p o l y c r y s t a l l i n i t y i n these films. Analysis of the BIHEED pattern 

showed i t to be characteristic of the [1010] zone axis t i l t e d such that 

the [ O I I 6 3 spot lay on the perpendicular to the shadow edge from the 

o r i g i n . This indicates that the e p i t a x i a l relationships were close to: 

(221) //(0116) 
CdTe CdS 

fiio] // [1010] 
CdTe CdS 
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nil 
Fig. 10.3 RHEED pattern from a CdS layer grown onto a {221} oriented 

CdTe substrate. The electron beam lay along <H0> zone 
axis. 
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Surface morphology studies i n the SEM, and by optical microscopy, 

indicated the presence of small hillocks (< 1 pm) with a density of 10^ 
-2 

cm . Apart from the hillocks these layers were r e l a t i v e l y smooth and 

free from any other surface features. 

10.5 Epitaxial Growth on {111} Oriented CdTe Substrates 

As described e a r l i e r , Yamaguchi et al deposited epitaxial CdS on 

{111} CdTe by a vapour phase process. The CdTe substrates were cut from 

{111} oriented single crystal boules and hydroplane polished (Sect.4.4.3 

CdS was deposited on {111}A and {111}B faces using a substrate 

temperature of 180°C and source temperature of 900''C. 

Layers of CdS deposited onto {111}A CdTe were visually matt and 

uneven i n texture. Nevertheless, these layers were largely single 

c r y s t a l as evidenced by the RHEED d i f f r a c t i o n pattern i n Fig 10.4. 

This was recorded with the beam along the <110> , , or <1010>, , 
° cubic hexagonal 

d i r e c t i o n and shows a well formed, d i s t i n c t spot pattern. The epitaxial 

relations were found to be 
(111) //(0002) 

CdTe CdS 

[ O i l ] //[lOlO] 
CdTe CdS 

In addition to the spot pattern, however, there is a f a i n t pattern of 

rings passing through the spots, indicating the presence of some 

polycrystalline material. 

Examination of the surface morphology i n the SEM and by o p t i c a l 

microscopy revealed the presence of a high density of hillock s on the 

surface of the f i l m as shown i n Fig 10.5. Typically, these were 



Fig. 10.4 : RHEED pattern recorded from a CdS layer deposited onto a 
{111}A CdTe substrate with the electron beam along <110> 
zone axis. 

Fig. 10.5 : Surface morphology of the epitaxial CdS grown on a {111}A 
CdTe substrate. 
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6 —2 
observed to have a density of 10 cm and were generally a few pm 

across. I n between the hillocks the surface was very f l a t and 

featureless, although long cracks, often found to be centred on one of 

the larger surface h i l l o c k s , were observed along crystallographic 

directions (Fig 10.5). The cracks were generally found to run i n 

p a r a l l e l lines across the surface at spaclngs of a few tens of pm. 

Layers of CdS grown on { I I D B CdTe possessed a mirror-like surface. 

When examined i n the SEM these layers were s t i l l found to be 
characterized by the small hillocks but at a very much reduced density 

4 -2 

of 5 X 10 cm . However, these films also displayed long straight 

cracks similar to those i n the films grown on the A face. Again, these 

often seemed to be associated with the h i l l o c k - l i k e features and ran 

along crystallographic directions (Fig 10.6). 

RHEED studies indicated that these layers were s t r u c t u r a l l y 

superior to those grown on the A face. A RHEED pattern recorded from a 

ty p i c a l f i l m grown on the B face i s shown i n Fig 10.7. There i s no 

evidence of any polycrystalline material and streaks perpendicular to 

the shadow-edge indicate that the surface was very f l a t and smooth. 

10.6 Discussion 
The e p i t a x i a l deposition of I I - V I compounds onto foreign substrates 

with a substantial l a t t i c e mismatch has been reported for several (8) (9) systems, most notably (Hg,Cd)Te/GaAs and CdTe/GaAs , where the 
l a t t i c e mismatch i s 14% and ZnS/GaAs^^^^ where the mismatch i s 5%. 

Cross-sectional TEH studies of these systems have shown that the s t r a i n 

i s accommodated i n a variety of ways, depending on the material and 

substrate orientation. When CdTe i s grown e p i t a x i a l l y onto {100}GaAs 

surfaces, the CdTe may adopt either the { i l l } or the {100} 

orientation^^"'^'^^^ I n the l a t t e r case the l a t t i c e mismatch i s taken up 



Fig. 10.6 Surface morphology of epi t a x i a l CdS grown on {111}B CdTe 
substrate. 

J 

Fig. 10.7 : RHEED pattern taken_from an epit a x i a l layer of CdS 
deposited onto a {111}B CdTe substrate with the electron 
beam along <110> axis. 



214 

by a dense array of m i s f i t dislocations which extend to a depth of 

0.5 pm into the epitaxial layer̂ "'•''"'"'••̂ ^ Epitaxial layers of CdTe 

displaying the {111} orientation, whether grown on {100} or { i l l } GaAs 

substrates, are generally found to contain thin lamellar twins lying 

p a r a l l e l to the interface^"'''^^ \rfiich may help to accommodate the l a t t i c e 

mismatch. Similar studies with the ZnS/GaAs heterojunctions have shown 

that there i s a high density of microtwlns which nucleate at the 
(14) 

interface and propagate through the epilayer . In the present case, 

there appears to be no evidence from RHEED of any twinning, nor any 

sig n i f i c a n t density of planar defects (these would give rise to 

characteristic streaking in the RHEED pattern along <111> directions. 

However, the large scale cracking which i s observed i s typical of highly 

strained layers. 

The e p i t a x i a l growth of CdS on CdTe although unexpected, is most 

conceivable on the (111) . ̂  and (0002), , planes, since these 
cubic hexagonal *̂  

are the close packed planes i n both structures. Atomic positions are 

therefore similar, although the l a t t i c e parameters are of course 

d i f f e r e n t . The fact that the CdS layers grown on the (UTiB (Te) face 

of CdTe were superior to those deposited on the {111}A (Cd) face, i s 

consistent with experience i n other ep i t a x i a l systems involving CdTe. 

For example, the morphology of CdTe and (Hg,Cd)Te layers deposited 

e p i t a x i a l l y on CdTe substrates i s s i g n i f i c a n t l y worse where growth takes 

place on the A face rather than the B face^^^\ This may indicate that 

the A(or Cd) faces are more prone to contamination ( i . e . oxide 

formation) than the B(or Te) faces with consequent implications for the 

nucleatlon behaviour of the deposited material. 

The e p i t a x i a l growth of CdS on {221} CdTe i s more unexpected. I t 

i s not immediately clear that the {221}^^^^ and ̂ 0116}^^^ planes are 



215 

equivalent i n the same sense that the (111) , . and (0002). 
cubic hexagonal 

planes are. However, i t i s Interesting to note that the {221} planes 

are inclined to the {111} by 15.79° and the {0116} planes are inclined 

to the {0002} by 17.35°. The difference of 1.56° i s within the 

experimental error ('^2') inherent i n the RHEED measurements. Thus i t 

is possible that the CdS planes which lay pa r a l l e l to the {221} 

substrate planes uoevC actually 'V/ 1.5° o f f the {0116}, since such a 

difference would be d i f f i c u l t to detect. 

10.7 Conclusion 

I t has been demonstrated that deposition of epit a x i a l CdS onto 

{111}A, { i l i } B and {221} oriented CdTe substrates by thermal evaporation 

i n vacuum i s feasible. I t was found that the structural quality of the 

layers grown on the { I I 1 } B CdTe face was superior to that of layers 

deposited on to the A(Cd) face, and were comparable to films produced on 

the {221}CdTe substrates. However, growth on the { l l l } A and { n i } B 

faces led to highly strained layers that cracked along well defined 

crystallographic directions. The layers deposited on a l l three types of 

surfaces displayed an even d i s t r i b u t i o n of small hillo c k s although the 

density was much greater on the layers deposited on {111}A (CdTe) 

surfaces. 

Currently, the main problems with the CdS/CdTe heterojunctlon 

relate to the high r e s i s t i v i t y of CdTe resulting i n a high series 

resistance and d i f f i c u l t i e s i n the fabrication of stable, low resistance 

ohmic contacts to P-CdTe. However, improving the quality of the CdS 

layer, through the removal of grain boundaries which improve carrier 

l i f e t i m e s , would of course result i n better device performance. Of more 
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technical importance, however, would be the reverse procedure of 

e p i t a x i a l deposition of CdTe onto oriented CdS substrates. I f th i s can 

be achieved, i t raises the p o s s i b i l i t y of producing more highly 

conducting p-type CdTe and hence of reducing some of the current 

d i f f i c u l t i e s with t h i s p articular solar structure. 
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CHAPTER 11 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

11.1 I n t r o d u c t i o n 

The major t h r u s t of the work described i n t h i s thesis was t o 

i n v e s t i g a t e the m a t e r i a l and device f a b r i c a t i o n aspects of CdTe based 

so l a r c e l l s . During the development of the p r o j e c t the work was 

subdivided i n t o m a t e r i a l c h a r a c t e r i z a t i o n , f a b r i c a t i o n and 

c h a r a c t e r i z a t i o n of the ph o t o v o l t a i c devices. D i f f e r e n t versions of CdTe 

c e l l s i n v e s t i g a t e d included: 

(1) Bulk s i n g l e c r y s t a l CdTe/CdS het e r o j u n c t i o n s . 

(2) Thin f i l m CdS/CdTe sol a r c e l l s . 

(3) Bulk s i n g l e c r y s t a l CdTe/Cu2Te devices. 

These studies led t o the important observation of e p i t a x i a l growth 

of CdS on CdTe substrates using thermal evaporation. The p r o j e c t was 

t h e r e f o r e , f u r t h e r extended to an i n v e s t i g a t i o n of e p i t a x i a l d e p o s i t i o n 

of CdS on ori e n t e d CdTe substrates, p a r t i c u l a r l y on {221} and {111} 

planes. 

11.2 Summary of Results 

11.2.1 Cha r a c t e r i z a t i o n of M a t e r i a l 

The high r e s i s t i v i t y as-grown CdTe was in v e s t i g a t e d by analysing 

space charge l i m i t e d currents (SCLC). I t was found that the m a t e r i a l 

was e x t r i n s i c (Section 6.2) i n the temperature range 200-360K and an 

a c t i v a t i o n energy of 0.5 eV was measured. 

DLTS measurem^s were made on Schottky b a r r i e r devices, f a b r i c a t e d 

on Te-annealed CdTe substrates, and t h i n f i l m CdS/CdTe heterojunctions 

w i t h Cu doped CdTe f i l m s . The e l e c t r i c a l l y dominant deep l e v e l s I n the 

Te-annealed m a t e r i a l were at 0.53, 0.71 and 0.84 eV above the va^^ce 
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band. The energy l e v e l at 0.53 eV i s believed to be due to a n a t i v e 

d e f e c t , p o s s i b l y a Cd vacancy. The l e v e l at 0.71 eV i s considered to be 

due e i t h e r to i m p u r i t i e s or to defects introduced during the annealing 

process, while the l e v e l 0.84 eV may be due to e i t h e r doubly ionized Cd 

vacancies or Te i n t e r s t i t i a l s . With t h i n f i l m CdS/CdTe c e l l s w i t h a Cu 

doped CdTe l a y e r , an energy l e v e l at 0.35 eV above the valence band was 

observed. This i s most possibly r e l a t e d to the copper impurity. 

11.2.2 Bulk Single C r y s t a l CdS/CdTe Solar Cells 

I n these devices carbon contacts on p-CdTe resulted i n improved 

device parameters, p a r t i c u l a r l y the f i l l f a c t o r and e f f i c i e n c y which 

increased by f a c t o r s of '̂̂  2 compared w i t h i d e n t i c a l devices employing 

evaporated Au contacts. Carbon contact devices had a s i g n i f i c a n t l y lower 

s e r i e s resistance. This was a t t r i b u t e d to the d i f f u s i o n of acceptor 

i m p u r i t i e s from the C paste i n t o the surface of CdTe, crea t i n g a p"*̂  

doped re g i o n under the contact. As a r e s u l t , there was probably a 

narrower Schottky b a r r i e r (between CdTe and C) through which the 

c a r r i e r s were able t o tu n n e l . M i n o r i t y e l e c t r o n d i f f u s i o n lengths were 

also l a r g e r i n the C-contact devices, which i s thought to be due t o the 

back surface f i e l d (BSF) e f f e c t r e s u l t i n g from i m p u r i t y concentration 

gradient under the contact. 

The optimum annealing temperature f o r C-contacts was found to be 

SOCC. These contacts were stable w i t h time. I n comparison, heat 

treatment of Au contacts d i d not improve c e l l performance s i g n i f i c a n t l y , 

although a 10 mln anneal at 180°C i n Ar was found to be optimum. Au 

contacts degraded w i t h time. 

Phosphorus doping was found to be best f o r low r e s i s t i v i t y CdTe 

substrates as compared w i t h Cu and Te doping. Solar c e l l s on p-doped 

substrates were the most e f f i c i e n t , having higher FF and SCC than those 

made on undoped, Cu and Te doped substrates. M i n o r i t y c a r r i e r 
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( e l e c t r o n ) d i f f u s i o n lengths were however, l a r g e r i n the nominally 

undoped CdTe, probably due to b e t t e r c r y s t a l l i n i t y and absence of 

defects introduced d u r i n g post-growth doping. 

Substrates prepared by the pad p o l i s h i n g technique had a damage 

f r e e surface as compared to mechano-chemically polished surfaces. A f t e r 

p o l i s h i n g w i t h alumina and cerium oxide paste, followed by Br-methanol 

e t c h , i t was found t h a t the p o l i s h i n g m a t e r i a l became embedded i n the 

CdTe surface. I n consequence, devices f a b r i c a t e d on pad polished 

substrates gave the best r e s u l t s . The best devices had SCC, FF, OCV and 
-2 

n of 21 mA cm , 47%, 0.72 V and 7.2% r e s p e c t i v e l y . 

11.2.3 Thin Film CdS/CdTe Solar Cells 

The d e p o s i t i o n conditions s t r o n g l y a f f e c t e d the e l e c t r i c a l and 

s t r u c t u r a l p r o p e r t i e s of both CdS and CdTe f i l m s , which i n t u r n 

i n f l u e n c e d the f i n a l device e f f i c i e n c y . The optimum substrate 

temperature f o r CdS f i l m s was 180"C, while f o r CdTe layers i t was 200''C. 

Layers produced at the optimum temperatures displayed a high degree of 

p r e f e r r e d o r i e n t a t i o n and ex c e l l e n t columnar growth, although w i t h the 

CdTe t h i s d i d not r e s u l t i n a reduction i n the r e s i s t i v i t y ( i n f a c t the 

CdTe r e s i s t i v i t y remained r e l a t i v e l y i n s e n s i t i v e to the growth 

temperature, being p r i m a r i l y a f u n c t i o n of the doping). The r e s i s t i v i t y 

of the as-grown undoped CdTe layers was very high and e f f o r t s to reduce 

i t by doping w i t h Cu, Te and Sb during deposition were unsuccessful. 

However, post-growth doping w i t h Cu d i d r e s u l t i n a low r e s i s t i v i t y . 

The r e s i s t i v i t y of the CdS f i l m s , which was r e l a t i v e l y low, was found to 

increase w i t h i n c r e a s i n g substrate temperature from 120-300''C, although 

i n c r e a s i n g the evaporation r a t e had the reverse e f f e c t . 

The CdTe l a y e r thickness, copper concentration, contact s i n t e r i n g 

temperature, c e l l dimensions and c r y s t a l l i n i t y of the f i l m s a l l had 

Important r o l e s t o play i n producing e f f i c i e n t c e l l s . The most 
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e f f i c i e n t device (n > 3%) was obtained w i t h a 6 Mm t h i c k CdTe layer, 300 

ppm copper concentration and contact annealing temperature of 330°C. 

The optimum c e l l dimensions were 12 x 4 mm (Area = 0.48 cm^). The value 
_2 

of SCC (-v 17 mA cm ) was respectable but the OCV and FF were low. These 

devices were very s t a b l e (SCC rather improved). 

Photocapacitance studies were used to I d e n t i f y deep l e v e l s . The 

dominant l e v e l i n the Cu doped CdTe layers was 0.35 eV above the 

valence band and was probably r e l a t e d to Cu. Three other l e v e l s at 0.64 

eV above the valence band i n CdS, and 0.26 eV and 0.12 eV below the 

conduction band I n CdS were also observed. 

Devices w i t h C-Cu/CdTe/CdS/In (screen p r i n t e d carbon contact) and 

Cr-Au/CdTe/CdS/ln s t r u c t u r e had very poor performances as compared to 

reverse s t r u c t u r e on t i n oxide coated s l i d e s . I n p a r t i c u l a r , heat 

t r e a t i n g the l a t t e r a t 375''C f o r 30 minutes degraded the device and 

r e s u l t e d i n the formation of two j u n c t i o n s w i t h reverse p o l a r i t y . 

11.2.4 Bulk Single Crystal Cadmium Telluride/Copper T e l l u r i d e Cells 

The Cu2Te was grown t o p o t a x i a l l y onto (111) oriented n-CdTe 

substrates by dipping i n t o a hot aqueous s o l u t i o n of cuprous c h l o r i d e . 

The substrates were converted from t h e i r as-grown semi-insulating state 

to h i g h l y conducting n-type by annealing i n Cd. Some devices were also 

f a b r i c a t e d on substrates that had been doped w i t h CI during growth. The 

Cu2Te was found to be predominantly cubic i n s t r u c t u r e and stable w i t h 

time. No change of phase was observed a f t e r heating i n vacuum to 200'*C 

f o r 10-15 minutes or a f t e r ageing over a period of two months. The 

r e s u l t i n g devices were, not s u r p r i s i n g l y , also found to be stable. 

The n-CdTe/Cu2Te devices were h i g h l y r e c t i f y i n g w i t h a 

r e c t i f i c a t i o n r a t i o s of 6 x 10^ at 0.5 V and i d e a l i t y f a c t o r s of 1.5. 

Solar c e l l parameters, SCC, OCV, FF and n f o r a device chemiplated f o r 

an optimum time of 40 sec were 14 mA cm , 0.5V, 63X and 4.1Z 
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r e s p e c t i v e l y . I n con t r a s t to the observations of other research 

workers, Cu^Te was found to be o p t o - e l e c t r o n i c a l l y a c t i v e . The s p e c t r a l 

dependence of PHCAP revealed that an acceptor l e v e l some 0,59 eV above 

the valence band of CdTe was present ( t h i s was possibly due to the 

copper c e n t r e ) ; a donor l e v e l was also observed at 0.015 eV below the 

conduction band. 

M i n o r i t y c a r r i e r d i f f u s i o n length i n the Cd annealed substrates was 

almost three times higher than i n the Cl-doped m a t e r i a l and consequently 

devices prepared on Cd t r e a t e d samples were much more e f f i c i e n t . As f o r 

the CdS/CdTe 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 , c e l l s prepared on pad 

polished substrates gave about 30% b e t t e r e f f i c i e n c y than those on 

alumina polished. Heterojunctions on very low r e s i s t i v i t y (p < 0.1 

Q-cm) substrates gave narrow j u n c t i o n s which r e s u l t e d i n poor 

performance. 

The optimum chemiplatlng time was 30-40 sec. Heat treatment f o r 7 

mins i n vacuum at 200°C d i d not improve device e f f i c i e n c y ; rather i t 

reduced the SCC. 

11.2.5 E p i t a x i a l Growth of CdS on CdTe 

I t was demonstrated t h a t i t i s possible to grow e p i t a x i a l layers of 

CdS onto {111} and {221} o r i e n t e d CdTe substrates by thermal evaporation 

i n vacuum. The s t r u c t u r a l q u a l i t y of the f i l m s grown on {111}B faces was 

superior t o t h a t of f i l m s deposited onto the {111}A faces, and 

comparable to t h a t of f i l m s grown on {221} planes. Layers produced on 

a l l three types of surface displayed an even d i s t r i b u t i o n of small 

h i l l o c k s although the density was greater on the layers deposited on the 

{111}A CdTe. 

Growth on the {111}A and {111}B faces l e d to h i g h l y s t r a i n e d layers 

t h a t cracked along w e l l defined c r y s t a l l o g r a p h i c d i r e c t i o n s . 

I m p o r t a n t l y , no cracks were observed f o r CdS layers grown on {221} CdTe 

sub s t r a t e s , suggesting t h a t growth on t h i s plane may be advantageous. 



224 

11.3 Suggestions f o r Future Work 

I n order to extend the scope of the work described 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) Following the success i n depositing e p l t a x C a l CdS layers onto 

CdTe substrates, and the s u i t a b i l i t y of the phosphorus doping technique 

i n reducing the r e s i s t i v i t y of bulk CdTe c r y s t a l s , i t would be 

appropriate to continue the phosphorus doping of CdTe i n order to obtain 

a r e s i s t i v i t y i n the 1-10 Q-cm range. This m a t e r i a l would be i d e a l f o r 

the production of f u l l y e p i t a x i a l CdS/CdTe heterojunctions which should 

have reduced recombination losses at the I n t e r f a c e and at g r a i n 

boundaries i n the CdS. E f f o r t s to dope CdS layers should also be 

f r u i t f u l to reduce s e r i e s resistance and hence improve solar c e l l 

e f f i c i e n c y . 

(2) Since t h i n f i l m CdS/CdTe devices are the p o t e n t i a l candidates 

f o r low cost c e l l s , i t i s e s s e n t i a l to pursue f u r t h e r research on these 

devices. I n the t h i n f i l m c e l l s the SCC was reasonably high (17 mA 
_2 

cm ) while the OCV and FF were low. This may have r e s u l t e d mainly from 

a high s e r i e s resistance ( c o n t r i b u t i o n from the CdS and CdTe l a y e r s ) , 

p a r t i c u l a r l y the high r e s i s t i v i t y at the i n t e r f a c e . I t would be 

i n t e r e s t i n g t o optimize the f a b r i c a t i o n of devices w i t h t h i n CdTe layers 

to avoid d i f f u s i o n of Cu i n t o the CdS and consequently Improve device 

performance. Attempts t o reduce the r e s i s t i v i t y of the window layer 

should also c o n t r i b u t e t o the f a b r i c a t i o n of an e f f i c i e n t low cost t h i n 

f i l m CdS/CdTe s o l a r c e l l . 

(3) With CdTe/Cu2Te c e l l s the OCV was again low, although the FF 

was respectable (63%) and hence e f f o r t s t o optimize the n-CdTe 

r e s i s t i v i t y may help improving the OCV and so produce s o l a r c e l l s w i t h a 

higher e f f i c i e n c y . Moreover, t h i s work could be extended to a t h i n f i l m 

v e r s i o n of n-CdTe/p-Cu2Te devices. 

F i n a l l y , the photocapacitance and DLTS techniques may be used to 

c h a r a c t e r i s e traps involved i n d i f f e r e n t versions of CdTe solar c e l l 


