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ABSTRACT 

Large area sprayed or s i l k screen printed CdS/Cu^S solar c e l l s 

are p o t e n t i a l l y cheap and e f f i c i e n t devices for the d i r e c t conversion 

of sunlight into e l e c t r i c a l energy. They do not require the expend­

i t u r e of large amounts of energy during fabrication as do s i l i c o n 

c e l l s . There are, however, various degradation processes associated 

with the operation of the c e l l s and the major mechanism i s thought to 

be associated with a gradual oxidation of the copper sulphide. I t i s 

c l e a r therefore that the degradation of single c r y s t a l and evaporated 

thin film c e l l s must be better understood before the more d i f f i c u l t 

problems associated with the fabrication and operation of sprayed or 

printed layer c e l l s can be solved. 

This t h e s i s describes an investigation into the photovoltaic 

properties of CdS/C^S heterojunctions. The c e l l s were prepared by 

forming layers of Cu^S- on single c r y s t a l s and thin films of CdS. 

Undoped c r y s t a l s with both high and low r e s i s t i v i t y have been used 

as have low r e s i s t i v i t y samples containing grown-in copper, indium 

and chlorine impurities. A study of the spect r a l dependence of the 

open c i r c u i t voltage and of the current-voltage c h a r a c t e r i s t i c s , a f t e r 

o 

baking i n a i r at 200 C,shows that the maximum spectral s e n s i t i v i t y 

of the c e l l s i n the range 0.6 to 0.7 um i s associated with a photo-

conductive region i n the cadmium sulphide caused by a d i f f u s i o n of 

copper into the cadmium sulphide. The e f f e c t s of forming the cuprous 

sulphide layers on basal planes of opposite p o l a r i t y have also been 

investigated. I t was shown that the conversion of cadmium sulphide 

to cuprous sulphide proceeds 1.5 times f a s t e r on sulphur than on 

cadmium planes and the photcvoltages of unbaked c e l l s with the cuprous 



sulphide formed on sulphur faces are some 20% larger than the photo-

voltages from c e l l s i n which the cuprous sulphide i s formed on 

cadmium faces. I t was further shown that the plating temperature 

must be c a r e f u l l y controlled at 90°C to ensure production of 

stoichiometric Cu„S. 



CONTENTS 

Page 

CHAPTER 1 INTRODUCTION 1 

CHAPTER 2 PHOTOEFFECTS AND I I - V I COMPOUNDS 4 

2 .1 Photoelectric E f f e c t s 4 

2 .2 Solar C e l l s 8 

2 . 3 I I - V I Compounds 12 

2 .4 Properties of Cadmium Sulphide 16 

2 . 5 Properties of Copper Sulphide 18 

2 . 6 Conclusions 21 

CHAPTER 3 THE CdS SOLAR CELL 23 

3.1 B r i e f History of CdS solar c e l l 23 

3 .2 Alternative I I - V I photovoltaic devices 26 

3 .3 Formation of a Photovoltage a t a 

p-n Junction 27 

3 .4 Suggested Mechanisms at the CdS/Cu2S Junction 27 

3 . 5 . The C l e v i t e model for solar c e l l s 30 

3 . 6 Equivalent c i r c u i t of CdS c e l l 33 

3 .7 C e l l parameters 34 

3 . 8 Calculation of parameters 35 

3 . 9 Optimisation of parameters 37 

3 . 9 . 1 Influence of cadmium sulphide 37 

3 . 9 . 2 Cu 2S layer influence 38 

3.10 Conclusion 40 

CHAPTER 4 CdS THIN FILMS 41 

4 .1 Introduction 41 

4 . 2 Preparation of Thin Films 42 

4 . 3 Properties of CdS Thin Films 46 

4 .4 Conclusion 50 



CHAPTER 5 PREPARATION OF CdS THIN FILMS 51 

5.1 Vacuum Systems 51 

5 .2 Vacuum Chamber Fixtures 52 

5 . 3 The I.R.D. System 53 

5 .4 Source Material 53 

5 . 5 Substrates 54 

5 . 5 . 1 Cleaning Procedures 54 

5 . 5 . 2 Production of Au/Cr on Glass 
Substrates 55 

5 .6 The CdS Evaporation Cycle 56 

5 . 7 The Totally Enclosed System 57 

5 . 8 Measurement of Film Thickness 59 

5 . 9 Conclusion 60 

CHAPTER 6 GROWTH OF Cu 2S ON CdS 61 

6 .1 Introduction 61 

6 . 2 Mechanism of Displacement Reaction 61 

6 . 3 Preparation of the cuprous Ion Bath 62 

6 . 3 . 1 Oxidation of the Plating Solution 63 

6 . 4 X-ray- Orientation of C r y s t a l s 64 

6 . 5 Sample Preparation 65 

6 . 6 Thickness of the Plated Layer 65 

6 . 6 . 1 Experimental Results 66 

6.7 Electron Microscope Examination of the 

Copper Sulphide Layers 67 

6 . 8 Reflection Electron D i f f r a c t i o n 68 

6 . 9 Examination of CdS Single C r y s t a l s 69 

6.10 Examination of Copper Sulphide formed on CdS 70 

6.11 Examination of Copper Sulphide phase formed 

at low temperatures 74 

6 .12 Examination of CdS Thin Films 75 

6 .13 R.E.D. Examination of Converted Thin Films 76 

6.14 Investigation of Surface Layers using E.S.C.A. 77 

6 .15 Orientation E f f e c t s of Cadmium Sulphide films 77 
6 .16 Evaporation of Cadmium Sulphide on to single 

c r y s t a l substrates 78 
6 .17 Summary of Conclusions 79 



CHAPTER 7 PHOTOVOLTAIC AND PHOTOCONDUCTIVE SPECTRAL RESPONSE 82 

7.1 Introduction 82 

7 . 2 Ohmic Contacts 82 

7 . 3 Measurement of Spectral Response 83 

7 . 3 . 1 General Description 83 

7 . 3 . 2 Setting up Procedure 84 

7 .4 Bulk Photoconductive Behaviour 85 

7 . 4 . 1 Photoconductivity 85 

7 . 4 . 2 Photoconductive Sample Preparation 8G 

7 . 4 . 3 Photoconductive Spectral 
D i s t r i b u t i o n 88 

7 . 4 . 4 Discussion of Photoconductive 
Responses 88 

7 . 5 Fabrication of CdS/Cu S Solar C e l l s 

(Single Crystal) 89 

7 . 6 Dependence of O.C.V. on junction p o l a r i t y 90 

7.7 E f f e c t of Crystallographic P o l a r i t y on 
spectral response 91 

7 . 8 O.C.V. Spectral response as a function of 

CdS doping and r e s i s t i v i t y 92 

7 . 8 . 1 Low r e s i s t i v i t y undoped CdS 92 

7 . 8 . 2 High r e s i s t i v i t y undoped CdS 93 

7 . 8 . 3 Copper doped low r e s i s t i v i t y c r y s t a l s 94 

7 . 8 . 4 Indium doped very low r e s i s t i v i t y CdS 95 

7 . 8 . 5 Chlorine doped CdS 96 

7 . 9 Fabrication of Thin Film Cells; 96 

7 .10 Spectral response of Thin Film C e l l s 99 
7.11 Measurement of Current-voltage(I-V) 

C h a r a c t e r i s t i c s 101 

7 .12 Measurement of the S.C.C. 103 

7 . 1 2 . 1 Introduction 103 

7 . 1 2 . 2 Design of Current to Voltage 
Converter 104 

7 .13 Discussion of Results 106 



CHAPTER 8 OPTIMISATION AND DEGRADATION OF SOLAR CELLS 112 

8.1 Introduction 112 

8 .2 Heat Treatment of Devices 112 

8 . 2 . 1 Experimental 112 

8 . 2 . 2 Results 113 

8 . 2 . 3 Heat treatment of thin films i n 
di f f e r e n t ambients 115 

8 .3 Oxidation and Reduction of C e l l s 116 

8 .4 Control of stoichiometry by 
Electrochemical methods 119 

8 . 4 . 1 Introduction 119 

8 . 4 . 2 Device preparation 120 

8 . 4 . 3 Measurement of C e l l Degradation 121 

8 . 4 . 4 Results 122 

8 . 5 O.C.V. as a Function of the.Intensity of 
Illumination 123 

8 .6 Removal of Impurities by Solvent 
Extraction 126 

8 .7 Influence of Plating Temperature on the 
Properties of C e l l s 128 

8 . 7 . 1 Introduction 128 

8 . 7 . 2 Experimental Details 129 

8 . 7 . 3 Results 130 

8 . 8 Assessment of Stoichioroetry by Observation 
of Phase Transformation 131 

8.4 Discussion of Results 133 

CHAPTER 9 SUMMARY OF CONCLUSIONS 140 

9.1 CdS Thin Films ® 140 

9 . 2 CdS/Cu2S Photovoltaic C e l l s 141 

9 .3 Suggestions for future work 143 

APPENDIX 1 CORRECTIONS TO SPECTRAL RESPONSE CURVES 145 

REFERENCES 147 



- 1 -

CHAPTER 1 

INTRODUCTION 

Since the l a t e 1960's, there has been great i n t e r e s t i n cadmium 

sulphide/copper sulphide heterojunction photovoltaic c e l l s . Such 

devices show promise for space and t e r r e s t r i a l use. S i l i c o n c e l l s are 

a t present used as s a t e l l i t e power sources but they degrade severely 

when exposed to cosmic and other radiation. On earth, s i l i c o n solar 

c e l l s are used as power sources i n remote places such as marker buoys 

but much e l e c t r i c a l energy i s consumed during t h e i r production. Cadmium 

sulphide solar c e l l s are known to be more radiation r e s i s t a n t than 

s i l i c o n solar c e l l s and large area devices can be fabricated i n thin 

fil m form. The production of such c e l l s i s inherently l e s s energy 

consuming than the s i l i c o n technology. However, the power output of 

cadmium sulphide/copper sulphide solar c e l l s degrades during exposure 

to illumination or on-thermal cycling. To combat these e f f e c t s , 

better attempts must be made to understand the operation of the device 

so that more stable and e f f i c i e n t devices can be fabricated. 

Vhe work i n t h i s t h e s i s has been carr i e d out under the Science 

Research Council's C.A.S.E. award Scheme i n collaboration with the 

International Research and Development Company of Newcastle upon Tyne. 

This company has been involved i n the research and development of thin 

film s o l a r c e l l s since the middle of the l a s t decade. 

I t i s possible to fabricate thin fi l m and single c r y s t a l c e l l s . 

The basic structure of both types of device consists of some so r t of 

substrate which serves as an ohmic contact to the CdS. A copper sulphide 

•barrier' layer i s formed on the CdS and f i n a l l y an ohmic contact usually 

i n the form of a grid i s formed on the copper sulphide. Such devices may 

be encapsulated to retard the various degradation processes. 
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e a r l i e r work c a r r i e d out a t I.R.D. and Durham has been concerned mainly 

with the properties of the CdS layer. Although the ultimate aim was to 

produce evaporaved layers of CdS for eventual device fabrication, work 

was c a r r i e d out on single c r y s t a l material to give basic information 

about the material. Evaporated layers of good quality and optimum 

r e s i s t i v i t y have been produced i n these e a r l i e r studies. 

More recently i n the f i e l d of solar c e l l research, attention has 

been increasingly focused on changes which occur on the copper sulphide 

side of the boundary. The Cu-S phase diagram i s complex and several 

workers have explained the degradation e f f e c t s i n terms of the gradual 

oxidation of the copper sulphide to a copper d e f i c i e n t phase. 

The studies reported i n t h i s t h e s i s are a l l concerned with the 

factors controlling the properties of CdS/CUjS photovoltaic c e l l s . 

Solar c e l l s i n both single c r y s t a l and thin f i l m form were fabricated 

during t h i s study. Chapter 2 i s a general review of photo-effects i n 

group I I - group VI compounds. The photovoltaic e f f e c t i n the cadmium 

sulphide/copper sulphide heterojunction i s discussed i n Chapter 3. 

Since the aim i s to produce large area devices, Chapters 4 and 5 are 

concerned with general methods of production of thi n films and the 

p a r t i c u l a r arrangements used at Durham and I.R.D. The formation of 

copper sulphide topotaxially on cadmium sulphide i s described i n Chapter 

o together with a method for the d i r e c t i d e n t i f i c a t i o n of the phase of 

copper sulphide produced by standard procedures i n t h i s laboratory. A 

study was also made of the influence of the heat treatment i n a i r of 

c e l l s fabricated on single c r y s t a l CdS of d i f f e r e n t r e s i s t i v i t i e s and 

dopants. This i s described i n Chapter 7. Photoconductive e f f e c t s 

associated with device c h a r a c t e r i s t i c s are shown to be related to the 

di f f u s i o n of copper from the copper sulphide into the cadmium sulphide. 
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Investigations of the e f f e c t s of heat treatment are continued i n 

Chapter 8 when the e f f e c t s of surface oxidation are discussed. 

Attempts were made to produce stoichiometric cuprous sulphide by 

applying potentials to the Cu^S surface during i t s formation. The 

importance of controlling the formation temperature i s also reported 

and c e l l s p e c t r a l response c h a r a c t e r i s t i c s are correlated with the 

phase of copper sulphide present as i d e n t i f i e d d i r e c t l y by techniques 

discussed i n e a r l i e r chapters. 



- 4 -

CHAPTER 2 

PHOTOEFFECTS AND I I - V I COMPOUNDS 

2.1 Photoelectric E f f e c t s 

The three main photoelectric e f f e c t s were discovered i n the 

nineteenth century and have descriptive names i n contrast to many con­

temporary physical e f f e c t s which were named afte r t h e i r discoverer or 

a leading investigator. The photovoltaic e f f e c t (P.V.E.) forms the 

basis of the work to be described i n t h i s t h e s i s , although the other 

two main e f f e c t s of photoconducLion and photoemission have been i n ­

vestigated to a much greater extent by other workers and are exploited 

i n many applications. 

The f i r s t of the photoelectric e f f e c t s to be discovered was 

the P.V.E. (Becquerel 1839). I t required' a wet c e l l comprising two 

non-identical electrodes immersed i n an e l e c t r o l y t e . When one electrode 

was illuminated with photons of c e r t a i n energies, a potential difference 

developed between the two electrodes and on connecting a load, a current 

was observed to flow. 

The Becquerel type P.V.E. i s one of the most d i f f i c u l t photo-

e f f e c t s to explain f u l l y and not many theories were put forward u n t i l 

the work on Cu/C^O photocouples had been performed. E a r l y models 

proposed by Frenkel ( 1 9 3 3 , 1 9 3 5 ) , Landau and L i f s h i t z ( 1 9 3 6 ) , Davydov 

(1938) and Mott (1939) concluded c o r r e c t l y that the photo-emf arose as 

a consequence of the production of a non-equilibrium concentration of 

minority c a r r i e r s . A more recent exposition of the Becquerel P.V.E. 

was given by Williams ( 1 9 6 0 ) . Both cadmium sulphide (CdS) and gallium 

arsenide (GaAs) were investigated as electrode materials, but t h i s wet . 

c e l l arrangement does not appear to have any applications or p a r t i c u l a r 
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advantage. When Chapin e t a l (1954) discovered the photovoltaic e f f e c t 

i n p-n homojunctions i n s i l i c o n , much of the then recently developed 

semiconductor dovice theory was used to explain the processes involved. ' 

However, attempts by Reynolds et a l (1954) to apply t h i s theory to the 

Cu/CdS or Cu^S/CdS heterojunction c e l l , which had also been reported by 

them at about the same time, were not so successful, and even now no 

model for t h i s device i s universally accepted. 

The second photoelectric phenomenon discovered was the photo-

conductive e f f e c t (P.C.E.). I t was f i r s t observed i n selenium by 

Smith (1873). The r e s i s t i v i t y of a bulk sample decreased when i t was 

illuminated with l i g h t of the appropriate' photon energy. I d e n t i c a l 

electrodes were used and no photor-emf was generated. Consequently a 

power source was needed to operate the device. Most of the compounds 

formed from the elements of groups I I and VI of the periodic table have 

large photoconductive e f f e c t s . Cadmium sulphide i n p a r t i c u l a r has high 

dark r e s i s t i v i t y and good s e n s i t i v i t y and CdS photoconductive c e l l s are 

used i n the exposure meters of many cameras. I n many p r a c t i c a l devices, 

a compromise has to be reached between the speed of response and sen­

s i t i v i t y (Rose 1963, Bube 1 9 5 5 , 1 9 6 0 ) . 

The t h i r d major photoelectric process i s the phctoemissive 

e f f e c t which Hertz (1887) f i r s t observed during h i s s e r i e s of experiments 

on e l e c t r i c induction. I t was found that a spark i n a secondary c i r c u i t 

passed more e a s i l y across a gap when the gap was illuminated with the 

l i g h t from the primary spark (which was a source of u l t r a - v i o l e t l i g h t ) . 

Hallwachs (1888) corroborated these r e s u l t s and concluded that negative 

charge was emitted from the cathode under ex c i t a t i o n from high energy 

photons. 
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E l s t e r and G e i t e l (1895) discovered that the electron emission 

was much larger from the electrochemically p o s i t i v e metals such as 

sodium or cesium. This eventually led to the development of present 

day photocathodes such as Cs^Sb and Cs-O-Ag which are used i n the f i r s t 

stage of modern photomultipliers for example. 

For completeness, other r e l a t i v e l y minor photoelectric phen­

omena should be mentioned although at present they do not form the basis 

of any p r a c t i c a l devices nor have they been investigated i n t h i s present 

work. They are however used i n the determination of material parameters 

such as c a r r i e r mobility for example. These are: 

(a) The Dember ef f e c t i n which a voltage i s produced i n a sample 

i n a di r e c t i o n p a r a l l e l to that of illumination by incident photons. 

The voltage i s produced as a r e s u l t of the d i f f e r e n t recombination 

ra t e s of electrons and holes which do not possess the same mobilities 

and therefore diffuse at d i f f e r e n t r a t e s . 

(b) The photopiezoelectric e f f e c t which a r i s e s from a small l o c a l 

change i n energy gap of a semiconductor when the bulk material between 

two opposite contacts i s compressed and the sample i s illuminated. 

This phenomenon gives r i s e to a small photovoltage. 

(c) The photoelectromagnetic e f f e c t which i s analogous to the Hall 

e f f e c t . When a magnetic f i e l d i s applied to a sample which i s being 

illuminated i n a direction perpendicular to the f i e l d , a potential d i f ­

ference appears across the c r y s t a l i n the t h i r d orthogonal d i r e c t i o n . 

The electrons and holes which are created by the absorption of photons 

are separated by the magnetic f i e l d , and a potential difference i s 

developed across the sample. 
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A l l of these e f f e c t s are discussed i n Tauc's book (1962) but 

the detailed theory may require modification i n the l i g h t of more recent 

developments. 

A photovoltaic e f f e c t can be produced i n several d i f f e r e n t 

s i t u a t i o n s : -

(1) A bulk e f f e c t may occur i f a sample i s illuminated non-uniformly 

or i f i t has a non-uniform impurity d i s t r i b u t i o n contained within i t . 

This e f f e c t was reported by Wallmark (1957) who observed a 

transverse photovoltaic e f f e c t i n c e r t a i n materials when they were 

illuminated non-uniformly. A po t e n t i a l difference p a r a l l e l to a junction 

j u s t below the surface was produced when the junction was illuminated 

perpendicularly to the surface. The magnitude and sign of the voltage 

produced wts very s e n s i t i v e to the location of the focused spot of 

incident l i g h t . The e f f e c t could be exploited i n a position indicator. 

(2) B a r r i e r e f f e c t s a r i s e whenever an e l e c t r o s t a t i c b a r r i e r i s 

present i n a sample. These e f f e c t s cause charge separation of the 

o p t i c a l l y created electron-hole pairs.. As a r e s u l t of which, an el e c t r o ­

s t a t i c p o t e n t i a l difference occurs across tre b a r r i e r . The b a r r i e r may 

a r i s e i n several d i f f e r e n t ways. I t may be due to a di f f u s i o n potential 

between an n-type and a p-type region, or to an int e r f a c e region between 

semiconductors with d i f f e r e n t band gaps or simply to a blocking contact 

between a metal and a semiconductor. The CdS so l a r c e l l which i s so 

c a l l e d for h i s t o r i c a l reasons, but which i s r e a l l y a heterojunction 

between p-type copper sulphide and n-type cadmium sulphide f a l l s into 

the f i r s t category. Further complications a r i s e from the probable 

existence of a copper compensated cadmium sulphide interface region 

which i s present i n at l e a s t some CdS solar c e l l s . 
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(3) A photovoltage many times larger than the energy gap may a r i s e 

i n single c r y s t a l s of c e r t a i n group I I -group VI compounds. The poten­

t i a l gradient may be several hundred volts psr centimetre of length 

(Goldstein andPensak 1959.,. Brandhorst e t a l 1968) and depends on sample 

perfection or the method of production of the thin f i l m s . One explanation 

of,the e f f e c t suggests that the cubic/hexagonal stacking f a u l t s which are 

present i n some group I I - group VI compounds (especially zinc sulphide) 

are i n e f f e c t p o t e n t i a l b a r r i e r s ( E l l i s e t a l 1958). I t i s further 

suggested that the d i f f e r e n t band gaps of the cubic and hexagonal materials 

cause a s e r i e s of d i s c o n t i n u i t i e s i n potential energy v/hich i s additive, 

hence a t o t a l b a r r i e r of several hundred electron v o l t s i s formed (Cutter 

and Woods 1975). However the high impedance of samples which show t h i s . 

e f f e c t has prevented any useful application up to the present time. 

2.2 Solar C e l l s 

Semiconducting photovoltaic devices were i n i t i a l l y used only 

to detect or measure radiation i n such applications as photographic 

exposure meters, l i g h t actuated switches and l i g h t detectors with lower 

noise and f a s t e r response than photoconductive devices. However, during 

the past two decades, technological improvements have led to photovoltaic 

c e l l s i n which the electrons and holes can be co l l e c t e d much more 

e f f i c i e n t l y , and useful conversion of solar energy into e l e c t r i c a l power 

has been achieved. 

On a cloudless sunny day at latitude 55°N at s e a - l e v e l , about 

-2 

800 W m of solar energy f a l l s on the earth's surface. At present, most 

of our power i s generated from the burning of f o s s i l f u e l s such as coal 

and o i l ; These were produced i n d i r e c t l y by the sun i n the f i r s t place 

by photosynthesis. This i s an inherently i n e f f i c i e n t and time consuming 



process and i t would c l e a r l y be better to convert the sun's energy 

d i r e c t l y into e l e c t r i c i t y . Solar c e l l s were recognised to have great 

potential as energy, converters as s i l i c o n technology developed and other 

materials with low conversion losses were found. A 20% "lim i t i n g con­

version e f f i c i e n c y " was calculated for s i l i c o n p-n junctions and even 

higher values for materials such as aluminium antimonide, gallium arsenide 

and indium phosphide (Cummerow 1954, Pfann and Roosbroek 1954, Rittner 

1954, Prince 1955, Rappaport 1959 and Wolf 1960). Much recent work has 

been directed towards r e a l i s i n g these e f f i c i e n c i e s and the greatest 

advances have been mads as a r e s u l t of the U.S.A. space pr o j e c t s . Beyond 

-2 

the earth's atmosphere, the available solar energy i s ̂ 1.4 kW m . A 

commonly occurring term used to describe the r e l a t i v e power f a l l i n g on 

a s o l a r c e l l i s that of r e l a t i v e a i r mass. The o p t i c a l a i r mass i s a 

function of height above sea l e v e l , i . e . atmospheric pressure and the 

length of path i n the atmosphere through which the sunrays must pass 

and hence the global position of the c e l l i s important. A power of 

-2 
1.4 kW m i s received at the equator a t midday outside the earth's 
atmosphere and these are a i r mass zero conditions (A.M.O.) . The A.M.1 

condition occurs cn a cloudless day at sea l e v e l a t the equator and 

-2 

corresponds to a received power density of 1 kW m . Equivalent A.M.O 

or A.M.I conditions assume that the power source has the same sp e c t r a l 

response as that of the sun. Since such a large amount of solar power 

i s a vailable i n space, even assuming a low power conversion e f f i c i e n c y 

of say 10%, communication s a t e l l i t e s can be powered from a solar c e l l 

array of acceptable dimensions (several tens of square metres i n area ) . 

When solar c e l l materials and array designs are chosen,the 

following c r i t e r i a must be considered. 
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( i ) The cost of materials should be low. 

( i i ) The processes used i n making the materials and the devices 

should not consume excessive amounts of energy. 

( i i i ) The method of fabrication should lend i t s e l f to mass production. 

In addition the solar c e l l should be designed to f u l f i l the following 

conditions:-

(a) I t should have a high radiation resistance e s p e c i a l l y for space 

use. 

(b) I t should have a large area to reduce c e l l interconnection 

problems. 

(c) The c e l l s should be f l e x i b l e . 

(d) They should have a high power to weight' r a t i o . 

(e) There should be low r e f l e c t i o n losses a t the surface . 

(f) The c e l l must have a high e f f i c i e n c y for production of 

electron-hole'pairs from absorbed photons. 

(g) The c a r r i e r m o b i l i t i e s should be high to reduce recombination 

los s e s . 

(h) A c e l l should have a high f i l l factor ( r a t i o of maximum power 

rectangle to product of open c i r c u i t voltage and short c i r c u i t 

c urrent). 

(1) The i n t e r n a l s e r i e s resistance should be low (this has been 

pa r t l y solved by better grid design). 

The f i r s t devices to be fabricated were based on single c r y s t a l s . 

Although s i l i c o n solar c e l l s were the most e f f i c i e n t for a long time, 

gallium arsenide c e l l s and cadmium sulphide/indium phosphide have been 

reported more recently as having higher e f f i c i e n c i e s (Wagner and Shay 1975). 
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A l l of these c e l l s however are fabricated from thin s l i c e s of material 

cut from single c r y s t a l s which have to be grown a t high temperatures. 

Not only i s t h i s process wasteful of materials, i t i s also wasteful of 

energy. Moreover the areas of the c e l l s are limited to a few square 

centimetres by the c r y s t a l growth processes and the thin wafers are 

exceedingly f r a g i l e . 

Present day e f f i c i e n c i e s of s i l i c o n c e l l s are quoted as ^15% 

but 12 to 13% i s more t y p i c a l . Most of the present applications of 

s i l i c o n c e l l s are i n space environments and the c e l l s degrade to an 

e f f i c i e n c y of about 6% i n a few months because they are subjected to 

p a r t i c l e and cosmic radiation i n space. I t has been suggested (Brucker 

e t a l 1966) that t h i s damage can be minimised by using a s i l i c o n e coating 

or by heavily doping the s i l i c o n with lithium. This l a t t e r modification 

i s thought to promote a s e l f repairing mechanism. 

Up to the present time, the power l e v e l requirement of the 

single c r y s t a l s i l i c o n " c e l l s used i n unmanned space missions has been 

l e s s than 1 kW. Future missions w i l l probably require power l e v e l s of 

several kilowatts and i t w i l l not be possible to meet t h i s using body 

mounted devices. A space deployable array w i l l be required and much 

research sponsored by N.A.S.A. has been done on a f l e x i b l e thin film 

c e l l for use in such an array. Thin fi l m c e l l s (Moss 1961) offer the 

advantages of pote n t i a l cheapr.t-ss, l i g h t weight, mechanical f l e x i b i l i t y 

and a large t o t a l output power l e v e l from an array of p r a c t i c a l s i z e . A 

comparison between the parameters of s i l i c o n single c r y s t a l solar c e l l s 

and cadmium sulphide thin f i l m c e l l s i s given i n Table 2.1 which i s 

taken from Mytton, 1973. 

Although some of the production problems can be overcome using 

more advanced technology, the basic properties of the materials which 



Parameter 
CdS R o l l up 

Array 
S i R o l l up 

Array 

150 um c e l l s 

E f f i c i e n c y when f i r s t 
fabricated 7% 1.1% 

E f f i c i e n c y a f t e r 5 years 
i n synchronous o r b i t 5.9% 

i 

9.6% 

Power to weight r a t i o 

W Kg" 1 82.1 71.2 

Cost per watt 

In 1973 £30 £120 

Table 2.1: Comparison between CdS and S i solar 

c e l l s (mainly for space ap p l i c a t i o n s ) . 
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make up the h e t e r o j u n c t i o n s are the r e a l l i m i t i n g f a c t o r s of the cadmium 

sulphide/copper sulphide c e l l . A curve of e f f i c i e n c y as a f u n c t i o n of 

energy gap has besen deduced t h e o r e t i c a l l y ( L o f e r s k i 1956, Wolf 1960) 

and t h i s suggests t h a t a maximum performance should be a t t a i n e d w i t h an 

energy gap of 1.6 eV when A.M.O. i l l u m i n a t i o n i s employed. On t h i s basis 

s i l i c o n (energy gap ^1.1 eV) i s worse than g a l l i u m arsenide (1.34 eV) 

or aluminium arsenide (1.52 eV). Indium phosphide (1.27 eV) ought t o be 

s l i g h t l y b e t t e r than s i l i c o n and t h i s has r e c e n t l y been demonstrated t o 

be t r u e (Wagner and Shay 1975). From energy gap c o n s i d e r a t i o n s , i t was 

o r i g i n a l l y assumed t h a t CdS s o l a r c e l l s would be v e r y poor, but the band 

gap of cadmium sulphide o f 2.4 eV should, "from t h i s p o i n t o f view, be 

replaced by an e f f e c t i v i * band gap o f 1.2 eV which i s a t t r i b u t a b l e t o the 

copper sulphide l a y e r . 

Consideration o f a l l of these f a c t o r s suggests t h a t the f l e x i b l e 

t h i n f i l m CdS/C^S c e l l s may present a s t r o n g challenge t o the o v e r a l l 

supremacy o f s i l i c o n . I n theory and i n p r a c t i c e , h e t e r o j u n c t i o n s f a b ­

r i c a t e d from cadmium t e l l u r i d e (CdTe) (Vodakov e t a l 1960, Cusano 1963), 

aluminium arsenide (AlSb) ( R i t t n e r 1954), and indium phosphide (InP) 

(Wagner and Shay 1975) are b e t t e r than e i t h e r cadmium sulphide or s i l i c o n . 

However i n p r a c t i c e , d i f f i c u l t i e s i n growing s i n g l e c r y s t a l s r u l e out 

most o f these m a t e r i a l s . I n c o n t r a s t CdS/ft^S s o l a r c e l l s can e a s i l y 

fc* prepared i n t h i n f i l m form and e f f o r t s t o produce a sprayed s o l a r 

c e l l are c o n t i n u i n g i n t h i s l a b o r a t o r y . 

2.3 I I - V I Compounds 

We s h a l l d e f i n e I I - V I compounds as the compounds formed between 

elements from groups l i b and VIb of the p e r i o d i c t a b l e . 
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C r y s t a l s o f a l l o f the I I - V I compounds have been grown from 
the m e l t and by vapour phase growth. The growth o f a I I - V I compound from 
the vapour phase was f i r s t r e p o r t e d by Lorenz (1891). The technique was 
used much l a t e r i n a m o d i f i e d form by F r e r i c h s (1947) . I n t h i s l a t t e r 
dynamic method, separate sources o f the elements v/ere r e q u i r e d w i t h a 
c a r r i e r gas s u p p l i e d e x t e r n a l l y . The basic requirement f o r growth i s 
simply t h a t of the p r o v i s i o n o f a vapour c o n t a i n i n g the group I I and 
group V I elements. This can be achieved e i t h e r by the d i s s o c i a t i o n of 
a permanent compound (e.g. CdS) or by the v a p o u r i s a t i o n of the separate 
elements. The gas molecules d i f f u s e or f l o w t o a r e g i o n where super-
s a t u r a t i o n occurs and growth f o l l o w s . 

A s t a t i c method of c r y s t a l growth was developed l a t e r by 

Reynolds and Czyzak (1950) and Greene e t a l (1958) i n which t r a n s p o r t 

occurs by d i f f u s i o n w i t h i n the gas phase. I n t h i s method, t h e . s t a r t i n g 

m a t e r i a l s are r e q u i r e d t o be i n powder form. F u r t h e r m o d i f i c a t i o n s t o 

th e technique were c a r r i e d o u t by Piper and P o l i c h (1961) and since then, 

t h i s method has been used w i t h good r e s u l t s t o grow c r y s t a l s of s e v e r a l 

I I - V I compounds. 

Growth from the m e l t has many advantages i n the p r e p a r a t i o n of 

l a r g e s i n g l e c r y s t a l s . Only c e r t a i n I I - V I compounds which have a r e l a t i v e l y 

low m e l t i n g p o i n t such as cadmium t e l l u r i d e , cadmium selenide and zinc 

teiiuride can be melted w i t h o u t a h i g h pressure being a p p l i e d (Lorenz 1962) . 

The I I - V I compounds c r y s t a l l i z e i n two main forms, namely the 

cubic z i n c blende ( s p h a l e r i t e ) s t r u c t u r e and the hexagonal w u r t z i t e 

s t r u c t u r e s . Although cadmium sulphide and cadmium selenide are dimorphic, 

they normally c r y s t a l l i z e i n the hexagonal form whereas cadmium t e l l u r i d e 

c r y s t a l l i z e s w i t h the cubic s p h a l e r i t e s t r u c t u r e . Polytypes may a l s o 

e x i s t b u t they are e s s e n t i a l l y d e r i v e d from the s p h a l e r i t e or w u r t z i t e 
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s t r u c t u r e s . Some I I - V I compounds (e.g. CdS) e x i s t i n the more s t a b l e 

w u r t z i t e form a t room temperature. However by means o f e x t e r n a l con­

s t r a i n t s i t i s p o s s i b l e t o produce the less s t a b l e s p h a l e r i t e form. 

Co-ordination i s t e t r a h e d r a l i n both cases. The more c o v a l e n t l y bonded 

I I - V I compounds form the s p h a l e r i t e s t r u c t u r e , b u t as i o n i c i t y increases, 

t h e r e i s a tendency t o form the w u r t z i t e s t r u c t u r e . 

Both the w u r t z i t e and s p h a l e r i t e c r y s t a l s t r u c t u r e s o f I I - V I 

3 

and I I I - V compounds are c h a r a c t e r i z e d by a t e t r a h e d r a l Sp bond con­

f i g u r a t i o n of the component elements. The elements are arranged i n 

double l a y e r s p e r p e n d i c u l a r t o the <111> d i r e c t i o n s o f the zincblende 

s t r u c t u r e s or the [oOOl] d i r e c t i o n of the w u r t z i t e s t r u c t u r e ( F i g . 2.1). 

As a r e s u l t o f the g r e a t e r bond d e n s i t y between the close packed l a y e r s 

and the lack of i n v e r s i o n symmetry, both of these s t r u c t u r e s possess a 

c r y s t a l l o g r a p h i c p o l a r i t y . The { i l l } faces o f the zincblende s t r u c t u r e 

and the (0001) face o f the w u r t z i t e s t r u c t u r e terminate w i t h c a t i o n s , 

i . e . ions from groups I I or . I I I , w h i l e the { T i l } faces o f the zincblende 

s t r u c t u r e and the (0001) face o f the w u r t z i t e s t r u c t u r e are composed of 

anions, i . e . ions from groups V I or V. The p o l a r nature leads t o 

d i f f e r e n t e tch r a t e s f o r d i f f e r e n t faces o f these c r y s t a l s . 

C r y s t a l s of I I - V I compounds grown i n p r a c t i c e arc u s u a l l y non-

i d e a l and co n t a i n many d e f e c t s which o f t e n c o n t r o l t h e i r semiconducting 

p r o p e r t i e s . T y p i c a l l y , p o i n t d e f e c t s such as vacancies or i m p u r i t y atoms 

are present as w e l l as l i n e or plane d e f e c t s such as d i s l o c a t i o n s or 

st a c k i n g f a u l t s . The c o o l i n g of the c r y s t a l growth capsule and the sub­

sequent s l i c i n g o f boules produces s t r a i n which i s r e l a x e d mainly by the 

f o r m a t i o n o f d i s l o c a t i o n s . More complex de f e c t s can a r i s e from combina­

t i o n s o f these elementary ones. Some I I - V I compounds such as zin c 

sulphide are prone t o the i n t e r g r o w t h of both c r y s t a l forms, there are 

then gross d e f e c t s t r u c t u r e s associated w i t h t h i s p o l y t y p i s m . 



o o I I 

o o o VI 

o o o I I 

o o VI 

FIG. 2.1 ALTERNATE LAYERS OF GROUP I I AND VI ATOMS PERPENDICULAR 

TO THE [0001] DIRECTION OF A WURTZITE I I - V I COMPOUND. 
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As i s w e l l known, the group IV elemental semiconductors a l l 
c r y s t a l l i z e w i t h the diamond s t r u c t u r e i n which each atom i s i n t e t r a -
h e d r a l c o - o r d i n a t i o n w i t h f o u r l i k e atoms. T'ne i n t e r a t o m i c bonding i s 
predominantly covalent. Ir. the I I - V I compounds, the bonding cannot 
adequately be described as o f any one extreme, b u t i s i n t e r m e d i a t e between 
i o n i c and covalent. Regardless of whether the bonding i s predominantly 
more i o n i c or covalent, the spins of the bonding e l e c t r o n s are p a i r e d and 
the net e l e c t r o n s p i n i s zero. A p e r f e c t d e f e c t f r e e c r y s t a l i s t h e r e ­
f o r e diamagnetic. I n f a c t the i n t e r e s t i n g e l e c t r i c a l , magnetic and 
o p t i c a l e f f e c t s o f the II-VT. compounds a r i s e from the number and nature 
o f d e f e c t s i n c o r p o r a t e d d u r i n g growth. 

Most o f the I I - V I compounds can be made photoconductive. This 

p h o t o e l e c t r o n i c process i s c o n t r o l l e d by charge c a r r i e r s . Both f r e e 

e l e c t r o n s and holes are generated by the e x c i t i n g r a d i a t i o n and i t i s 

the increase i n f r e e c a r r i e r c o n c e n t r a t i o n which i s responsible f o r the 

p h o t o c o n d u c t i v i t y . I t ' i s p o s s i b l e t o reduce the r e s i s t i v i t y by many 

orders of magnitude when the c r y s t a l s are i l l u m i n a t e d . Furthermore the 

l a r g e range o f values o f bandgaps from zinc sulphide (^3.7 eV) t o cadmium 

t e l l u r i d e (^1.45 eV) allows f o r a wide range i n the wavelength o f maximum 

response from the u l t r a v i o l e t t o the i n f r a r e d w i t h d i r e c t band gap 

t r a n s i t i o n s . 

The p h o t o c o n d u c t i v i t y process i n I I - V I compounds can be 

c h a r a c t e r i z e d i n the f o l l o w i n g manner. 

(a) Electrons p r o v i d e the main c o n t r i b u t i o n t o the p h o t o c u r r e n t . 

Although f r e e e l e c t r o n s and holes are created by the a b s o r p t i o n o f photons, 

the holes are r a p i d l y captured a t s i t e s when recombination w i t h f r e e 

e l e c t r o n s occurs a t a l a t e r time. 
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i 

(2) The centres which give r i s e t o the hi g h p h o t o s e n s i t i v i t y are 

compensated acceptors. They have a capture cross s e c t i o n f o r holes 

4 6 

which i s 10 t o 10 times l a r g e r than t h e i r subsequent cross s e c t i o n 

f o r f r e e e l e c t r o n s . These centres are u s u a l l y associated w i t h d e f e c t 

i m p u r i t y complexes or i n t r i n s i c c r y s t a l d e f e c t s . 

(3) The l o c a t i o n o f the energy l e v e l s o f the s e n s i t i z i n g centres 

i n the forbi d d e n gap determines many of the c h a r a c t e r i s t i c p r o p e r t i e s of 

p a r t i c u l a r II-VT photoconductors such as the dependence of photocurrent 

on i n t e n s i t y , o p t i c a l quenching and speed of response. 

2.4 P r o p e r t i e s o f Cadmium Sulphide 

Cadmium sulphide i s a I l b - V I b s e m i - i n s u l a t i n g compound which 

c r y s t a l l i z e s normally i n the hexagonal w u r t z i t e form and has a d i r e c t 

band gap o f about 2.4 eV. Under c e r t a i n growth c o n d i t i o n s , a metastable 

cubic s p h a l e r i t e s t r u c t u r e may predominate. Thin f i l m s w i t h a cubic 

s t r u c t u r e can be grown on cubic c r y s t a l substrates such as sodium c h l o r i d e 

i f the u n i t c e l l i s s i m i l a r , t o t h a t of cadmium sulphide ( Wilcox and Holt 

1969). 

Since the energy gap i s d i r e c t , the o p t i c a l absorption co­

e f f i c i e n t changes as the square of the i n c i d e n t photo energy and has a 

very l a r g e magnitude f o r photon energies j u s t g r e a t e r than the energy gap. 

Cadmium sulphide begins t o sublime a t about 700°C and melts 

a t about 1750°C, b u t only under many atmospheres pressure. I t i s p o s s i b l e 

t o grow cadmium sulphide from the melt using a h i g h pressure autoclave 

(Fischer 1963, Medcalf and Fahrig 1958), but i t i s much easier t o grow 

c r y s t a l s from the vapour phase. I n f a c t such was the method employed i n 

t h i s l a b o r a t o r y . 
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I t i s o n l y p o s s i b l e t o prepare n-type samples o f cadium sulphide. 

Pure c r y s t a l s of cadmium sulphide or cadmium sulphide c o n t a i n i n g acceptor 

l i k e i m p u r i t i e s are e s s e n t i a l l y i n s u l a t o r s i n the dark w i t h r e s i s t i v i t i e s 

12 

of approximately 10 t)cm. Any attempt t o i n c o r p o r a t e acceptor i m p u r i t i e s 

such as copper r e s u l t s i n s e l f compensation by vacancies o f metal (A) and 

non-metal (B) vacancies, i . e . Schottky d e f e c t s . During c o o l i n g t o room 

temperature, some o f the h i g h temperature vacancy c o n c e n t r a t i o n i s frozen 

i n . I f an undoped c r y s t a l i s f i r e d under c o n d i t i o n s which promote the 

form a t i o n o f one type o f vacancy over the o t h e r , a non-stoichioraetry i s 

produced which leads t o self-doped c o n d u c t i v i t y as i t were. Cadmium 

sulphide f o r instance may be made n-type by heating i n cadmium vapour. 

However f i r i n g i n the vapour of the non-metal c o n s t i t u e n t does not p r o ­

duce p-type c o n d u c t i v i t y . The r a t i o of c a t i o n r a d i u s ( r c ) t o anion 

ra d i u s ( r ) describes the e x p e r i m e n t a l l y observed l i m i t a t i o n s . I f 

r / r > 1, then n-type c o n d u c t i v i t y occurs and i f r / r < 1, p-type 
C Si C cl 

c o n d u c t i v i t y a r i s e s . For c r y s t a l s i n which r / r w 1, amphoteric con-
c a 

d u c t i o n occurs as i n the case of cadmium t e l l u r i d e . A more d e t a i l e d 

account of s e l f compensation i n wide energy gap semiconductors may be 

found i n Fischer 1966. 

At one time i t was thought t h a t p-type cadmium sulphide had 

been formed using bismuth and phosphorous i o n i m p l a n t a t i o n techniques 

(Anderson and M i t c h e l l 1968,Chernow e t a l 1968), b u t the r a d i a t i o n damage 

produced i s now thought t o e x p l a i n the p-type behaviour observed ( T e l l 

and Gibson 1969). Because o f the i m p o s s i b i l i t y of producing p-type 

cadmium su l p h i d e , copper sulphide i n the c h a l c o c i t e phase (Cu^S) has been 

used t o form the p-type side of the h e t e r o j u n c t i o n i n the CdS s o l a r c e l l . 

The c h a l c o c i t e can be grown t o p o t a x i a l l y on the n-type cadmium sulphide 

using a chemical exchange r e a c t i o n which w i l l be described l a t e r . 
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The h i g h r e s i s t i v i t y o f pure c r y s t a l s o f cadmium sulphide 

makes measurements o f t r a n s p o r t p r o p e r t i e s q u i t e d i f f i c u l t . Not o n l y 

does the r e s i s t i v i t y decrease as a f u n c t i o n o f l i g h t i n t e n s i t y , b u t 

the H a l l m o b i l i t y may be dependent on i t a l s o . I n the dark and a t room 

temperature, the H a l l m o b i l i t y o f e l e c t r o n s i s approximately 

2 -1 -1 
300 cm V sec i n good s i n g l e c r y s t a l s , whereas the hole m o b i l i t y 

2 -1 -1 

i s only about 20 cm V sec . I n s i n g l e c r y s t a l s , the m o b i l i t y i s 

l i m i t e d by i o n i s e d i m p u r i t y s c a t t e r i n g a t low temperatures and p o l a r 

o p t i c a l mode s c a t t e r i n g a t higher temperatures. I n t h i n f i l m s t h e r e may 

be a d d i t i o n a l geometrical e f f e c t s l i m i t i n g m o b i l i t i e s and the i n t e r -

g r a n u l a r boundaries w i l l a l s o be important. 

Cadmium sulphide has been e x t e n s i v e l y s t u d i e d over the l a s t 

two decades and has been found t o e x h i b i t many i n t e r e s t i n g phenomena. 

Some of the more important p r o p e r t i e s are l i s t e d below: 

(1) High p h o t o c o n d u c t i v i t y . 

.(2) A l a r g e p i e z o e l e c t r i c e f f e c t (since t h e r e i s no centre of 

i n v e r s i o n symmetry). 

(3) A c o u s t o e l e c t r i c a m p l i f i c a t i o n . 

(4) Luminescence (thermo-, photo-, t r i b o - , cathodo- and 

electroluminescence). 

(5) Laser emission. 

(6) E l e c t r i c a l c o n d u c t i v i t y storage (Wright e t a l 1968). 

For more i n f o r m a t i o n and reference t o o r i g i n a l papers, Aven and Prener 

(1967) or Ray (1969) should be consulted. 

2.5 P r o p e r t i e s o f Copper Sulphide 

C h a l c o c i t e (CU2S) which i s used as the p-type l a y e r i n the 

CdS s o l a r c e l l i s one of the many s t a b l e phases o f copper sulphide. 
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A general review of 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 o f the copper 

sulphides has been given by Abdullae.v e t a l (1968) and Vlasenko and 

Kononets (1971). The performance o f the CdS/Cu^S p h o t o v o l t a i c c e l l i s 

very dependent on the s t o i c h i o m e t r y of the copper sulphide formed d u r i n g 

the f a b r i c a t i o n o f the device and i t i s r e l a t i v e l y easy t o produce a 

copper d e f i c i e n t phase. As a consequence, the copper sulphide i s o f t e n 

r e f e r r e d t o as Cu S w i t h 1.8 < x < 2. x 

A l a y e r o f c h a l c o c i t e can be formed t o p o t a x i a l l y on cadmium 

sulphide by d i p p i n g the c e l l , e i t h e r i n t h i n f i l m or s i n g l e c r y s t a l form, 

i n t o a hot s o l u t i o n of Cu + i o n s . The f o l l o w i n g chemical s u b s t i t u t i o n 

r e a c t i o n then takes place: 

CdS + 2Cu + • Cu2S + C d + + 

On heat i n g i n a i r , c h a l c o c i t e i s p a r t i a l l y converted t o 

d j u r l e i t e , Cu Q,S. Furth e r heating i n a i r produces some d i g e n i t e , 
l . yfa 

Cu. S. More d e t a i l e d ' d i s c u s s i o n on the phase diagram o f the Cu—S 
1 • o 

system and phase transformations w i l l be given l a t e r . 

By means o f t h i s chemical p l a t i n g process, i t i s p o s s i b l e t o 

convert a s i n g l e c r y s t a l o f cadmium sulphide i n t o a s i n g l e b u t cracked 

c r y s t a l o f c h a l c o c i t e (Singer and Faeth 1967, Cook 1970). This process 

w i l l be discussed i n g r e a t e r d e t a i l l a t e r . 

C h a l c o c i t e has an i n d i r e c t band gap o f 1.2 eV and a second 

t h r e s h o l d f o r d i r e c t t r a n s i t i o n s a t about 1.8 eV (Marshall and M i t r a 

1965). The o p t i c a l absorption c o e f f i c i e n t changes sl o w l y w i t h i n c r e a s i n g 

photon energy up t o 1.8 eV and then increases more r a p i d l y . As a r e s u l t , 

h i g h energy photons w i t h energies g r e a t e r than 1.8 eV are absorbed close 

t o the surface o f the c h a l e o c i t e when the c e l l i s used i n the conventional 

f r o n t w a l l mode. This leads t o low conversion e f f i c i e n c i e s f o r s h o r t e r 
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wavelength i l l u m i n a t i o n since the e l e c t r o n s and holes are then created 

nearer t o surface s t a t e s which promotes r a p i d recombination. Some o f 

the photons w i t h energies between 1.2 eV and 2.4 eV w i l l be allowed t o 

pass i n t o the i n t e r m e d i a t e layers between the cadmium sulphide and 

copper s u l p h i d e , and then modify the e l e c t r o - o p t i c p r o p e r t i e s o f the 

device. 

C h a l c o c i t e i s a h e a v i l y degenerate p-type semiconductor which 

2 -1 -1 
has a hole m o b i l i t y o f about 10 cm V sec (Ma r t i n u z z i e t a l 1970). 

I t shows appreciable i o n i c conduction a t room temperature w i t h a m o b i l i t y 

-6 2 -1 -1 + 
o f ~ 3 x l O cm V sec due t o the h i g h d i f f u s i o n r a t e of Gu iond 

i n c h a l c o c i t e which increases w i t h i n c r e a s i n g temperature (Hirahara 1951). 

When c h a l c o c i t e i s heated i n a vacuum, copper whiskers grow on the 

surfa c e , b u t when the h e a t i n g i s done i n a i r , the copper which migrates 

t o the surface i s o x i d i s e d t o copper oxide {Cu^O). This i s an i r r e v e r s i b l e 

r e a c t i o n . A t the same time, the b u l k undergoes a compositional change as 

f o l l o w s : 

C u 2 S — , C ^ . 9 6 S - . C u K 8 S 

I t i s t h i s r e a c t i o n which i s thought t o be responsible f o r the 

degradation i n the e f f i c i e n c y of the CdS s o l a r c e l l . 

The h i g h m o b i l i t y o f the Cu + ions i n c h a l c o c i t e i s thought 

t o account f o r the h i g h resistance of CdS s o l a r c e l l s t o r a d i a t i o n damage. 

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

doped w i t h l i t h i u m . 

The i n t e r f a c e r e g i o n between the n-type cadmium sulphide and 

p-type c h a l c o c i t e i s very important. This r e g i o n of copper compensated 

cadmium sulphide i s about 1 p.m t h i c k . By using r a d i o a c t i v e t r a c e r 

techniques, i t has been shown (Clarke 1959, Woodbury 1965, Szeto and 
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Somorjai 1966) t h a t the d i f f u s i o n r a t e o f copper i n cadmium sulphide i s 

a n i s o t r o p i c . From these i n v e s t i g a t i o n s i t was found t h a t copper d i f f u s e d 

more r a p i d l y i n a d i r e c t i o n perpendicular t o the 'C a x i s than p a r a l l e l 

t o i t . P u r o h i t (1969) showed t h a t the d i f f u s i o n r a t e was much slower 

when the d i f f u s i o n c o e f f i c i e n t of copper i n cadmium sulphide was measured 

using c h a l c o c i t e as a source of Cu + i o n s . This would suggest t h a t o nly 

a very long heat treatment would cause copper ions t o penetrate t o the 

s u b s t r a t e and so a l t e r the shunt r e s i s t a n c e d r a m a t i c a l l y . 

The e f f e c t s o f successive periods of heat treatment i n a i r and 

other ambients on both s i n g l e c r y s t a l and t h i n f i l m c e l l s have been 

i n v e s t i g a t e d and are described i n t h i s t h e s i s . 

2.6 Conclusions 

A t present, the CdS/Cu^S h e t e r o j u n c t i o n s o l a r c e l l appears 

s u f f i c i e n t l y promising t o compete w i t h other p h o t o v o l t a i c c e l l s and has 

the f o l l o w i n g advantages. 

(a) I t i s easy and p o t e n t i a l l y cheap t o f a b r i c a t e i n t h i n f i l m form 

(Clark e t a l 1971) and i t may be p o s s i b l e t o mass produce a sprayed 

powder s o l a r c e l l (Vojdani e t a l 1973). 

(b) The power t o weight r a t i o of t h i n f i l m devices i s very good 

( * 82 W Kgm" 1). 

(c) The c e l l has a h i g h r e s i s t a n c e t o r a d i a t i o n damage which i s 

advantageous f o r space a p p l i c a t i o n s (Brucker e t a l 1966). 

(d) I t i s f l e x i b l e and easy t o s t o r e i n t h i n f i l m form. 

(e) 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 d i s p l a y a l a r g e v o l t a g e 

and curve f a c t o r . 
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The main problem associated w i t h the c e l l s i s the degradation 

which they s u f f e r when subjected t o long term simulated s o l a r i l l u m i n a ­

t i o n . Not only does the cover p l a s t i c darken under u l t r a - v i o l e t i r r a d i a ­

t i o n , b u t there i s a loss o f power output which i s due t o a fundamental 

mechanism known as load e f f e c t degradation. This l a t t e r e f f e c t manifests 

i t s e l f when the c e l l i s exposed t o s u n l i g h t under open c i r c u i t or near 

open c i r c u i t c o n d i t i o n s and can be minimised. The g r e a t e s t problem a t 

present i s t h a t the chemistry o f the copper sulphides i s not t o t a l l y 

• understood and n e i t h e r i s the way i n which the copper/sulphur r a t i o 

changes w i t h time and c e l l treatment. 
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CHAPTER 3 

THE CdS SOLAR CELL 

3.1 B r i e f h i s t o r y of CdS s o l a r c e l l 

The CdS s o l a r c e l l was d i s c o v e r e d by Reynolds e t a l (1954) who 

were studying the p r o p e r t i e s of v a r i o u s r e c t i f y i n g c o n t a c t s on CdS. When 

copper c o n t a c t s were employed and the d e v i c e s were i l l u m i n a t e d by an 

i n t e n s e source of v i s i b l e l i g h t , open c i r c u i t v o l t a g e s of 400 mV and 

2 
s h o r t c i r c u i t c u r r e n t s o f 15 mA/cm were obtained. I t was a l s o r e p o r t e d 

t h a t t h e r e was an anomalous response to wavelengths g r e a t e r than the 

band gap of CdS. Towards the end of 1954, 1% e f f i c i e n t s i n g l e c r y s t a l 

2 

c e l l s of 0.5 cm a r e a were being f a b r i c a t e d . At about t h i s time, t h e r e 

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

doped and undoped CdS. A CdS c e l l i n t h i n f i l m form was f i r s t r e p o r t e d 

by Nadzhakov e t a l (1954). They used a t h i n f i l m of CdS evaporated on 

to a comb-like s t r u c t u r e on aluminium or gold which had p r e v i o u s l y been 

evaporated on to g l a s s s u b s t r a t e s . R e l a t i v e l y low ph o t o c u r r e n t s were 

observed. I n r e t r o s p e c t i t would appear t h a t i f they had i n v e s t i g a t e d 

copper comb p a t t e r n s , they might have obta i n e d high p h o t o c u r r e n t s s i m i l a r 

to those observed by Reynolds. Copper e l e c t r o d e s were l a t e r i n v e s t i g a t e d 

by F a b r i c u s (1962) and found to produce rea s o n a b l e r e s u l t s . I t i s now 

f a i r l y e v i d e n t t h a t the copper e l e c t r o d e s used by Reynolds and F a b r i c u s 

l e d to the formation of a l a y e r of copper s u l p h i d e when the d e v i c e was 

heated and hence a copper sulphide/cadmium s u l p h i d e h e t e r o j u n c t i o n had 

been produced. 

I n 1962, S h i r l a n d e t a l evaporated t h i n f i l m s of CdS on to 

conducting metal s u b s t r a t e s of molybdenum. F l e x i b l e , p l a s t i c s u b s t r a t e s 

which had been m e t a l l i s e d were a l s o under i n v e s t i g a t i o n a t t h i s time f o r 

p o s s i b l e f u t u r e use i n s a t e l l i t e a r r a y s . The techniques of p r e p a r i n g 
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t h i n f i l m s on f l e x i b l e m e t a l l i s e d s u b s t r a t e s , and the p r o d u c t i o n of a 

l a y e r of copper s u l p h i d e on top of them were, w e l l e s t a b l i s h e d by the 

mid 1960's. As a consequence of the high s h e e t r e s i s t a n c e of the copper 

sulphide, the f i r s t t h i n f i l m c e l l s which were prepared had low e f f i c ­

i e n c i e s . A compromise had to be reached over t h i s matter; i f a s m a l l 

c o n t a c t t o the copper s u l p h i d e l a y e r v/as made, the s h e e t r e s i s t a n c e was 

h i g h , whereas i f a l a r g e c o n t a c t was made, the s h e e t r e s i s t a n c e was 

a c c e p t a b l e but a l a r g e a r e a of the c e l l was masked from the incoming 

r a d i a t i o n . The problem was l a r g e l y s o l v e d by bonding a gold p l a t e d 

copper g r i d to the copper s u l p h i d e . I n t h i s arrangement, the o p t i c a l 

t r a n s m i s s i o n was 80-90% and the s h e e t r e s i s t a n c e was a c c e p t a b l e . Much 

other work was c a r r i e d out during t h i s e a r l y p e r i o d on the s u b j e c t s of 

a r r a y d e s i g n and the r e l a t i v e m e r i t s of f r o n t and b a c k w a l l i l l u m i n a t i o n . 

S e v e r a l authors d i s c u s s t h e s e m o d i f i c a t i o n s , see f o r i n s t a n c e S h i r l a n d 

(1966) and McMahan ( 1 9 6 7 ) . . . 

The e f f i c i e n c y of the CdS s o l a r c e l l has i n c r e a s e d g r a d u a l l y over 

the p a s t 10 y e a r s and the v a l u e s quoted a t v a r i o u s c o n f e r e n c e s a r e shown 

i n F i g u r e 3.1. I n the l a t e 1960's, v a r i o u s improvements were implemented. 

These were (1) p r o t e c t i o n from atmospheric humidity and (2) b e t t e r 

s t a b i l i t y of the c e l l s a g a i n s t thermal c y c l i n g . Both of these c r i t e r i a 

were s a t i s f i e d by packaging the c e l l s i n between epoxy coated c o v e r s 

(Hietanen and S h i r l a n d 1967, Spakowski 1967, Bowman e t a l 1967). Evidence 

of the n e x t degradation mechanism then emerged.. T h i s was c a l l e d l o a d 

e f f e c t degradation s i n c e i t s o b s e r v a t i o n depended s t r o n g l y upon the 

degree of c i r c u i t l oading of the c e l l . T h i s type of degradation was 

observed f i r s t by Spakowski and F o r e s t i e r i (1968) and S t a n l e y (1968). 

I t o c c u r s when c e l l s a r e exposed to s u n l i g h t under open c i r c u i t o r near 

open c i r c u i t c o n d i t i o n s or when the c e l l , output r i s e s to a v a l u e g r e a t e r 
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than some t h r e s h o l d v o l t a g e . T h i s was a s c r i b e d (Shiozawa e t a l 1969) 

to the f a c t t h a t during formation of the copper s u l p h i d e l a y e r , s h o r t s 

of t h i s m a t e r i a l to the s u b s t r a t e are formed down c r a c k s and g r a i n 

boundaries i n the cadmium s u l p h i d e f i l n i . Under the i n f l u e n c e of the 

photovoltage which appears a c r o s s t h e s e s h o r t s , copper i o n s migrate 

through the copper s u l p h i d e to the m e t a l l i z e d s u b s t r a t e and m e t a l l i c 

copper i s d e p o s i t e d along the path l e n g t h u n t i l i t r e a c h e s the top 

s u r f a c e . Nodules of copper a t t a c h e d t o the s h o r t i n g w h i s k e r s of copper 

a r e o f t e n f o r c e d oh the s u r f a c e . The degradation a s s o c i a t e d w i t h t h i s 

e l e c t r o l y t i c p r o c e s s was found to be r e v e r s i b l e i n the dark ( P a l z 1968). 

Thermodynamically i t can be shown t h a t a p o t e n t i a l of 390 mV i s 

r e q u i r e d to d i s s o c i a t e Cu^S i n t o Cu and CuS. The whole sequence can 

be avoided by running the c e l l j u s t below t h i s t h r e s h o l d , a t say 380 mV 

which i s u s u a l l y c l o s e to the maximum power p o i n t (see l a t e r ) . However 

s e v e r a l degradation mechanisms s t i l l remain, e s p e c i a l l y f o r sun o r i e n ­

t a t e d a r r a y s when the s u r f a c e temperature can r i s e to 60°C. I t i s these 

which a r e now being i n v e s t i g a t e d . I n r e c e n t p h o t o v o l t a i c c o n f e r e n c e s , 

improvements i n both e f f i c i e n c y and s t a b i l i t y of the c e l l s have been 

re p o r t e d (Bogus and Mattes 1972, P a l z e t a l 1972, Mytton e t a l 1972, 

P a l z e t a l 1974). These r e s e a r c h e r s , working independently, have 

i d e n t i f i e d the major problem as being a s s o c i a t e d w i t h continuous o x i d a ­

t i o n of the copper s u l p h i d e . The r e a c t i o n appears to.be a c c e l e r a t e d 

under i l l u m i n a t i o n and i n c r e a s e s w i t h temperature. P a l z e t a l (1972) 

o 

r e p o r t e d no degradation a t 60 C when c e l l s were t e s t e d under high vacuum 

c o n d i t i o n s (which would be experienced i n s p a c e ) . 

One method of reducing the r a t e of o x i d a t i o n i s to ensure e x a c t 

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

going to be used i n ambients c o n t a i n i n g q u i t e s m a l l amounts of oxygen. 
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I t should a l s o be emphasized t h a t a s t o i c h i o m e t r i c copper s u l p h i d e phase 

produces a more e f f i c i e n t c e l l than a copper d e f i c i e n t one. Much of the 

work being done on CdS s o l a r c e l l s a t the p r e s e n t i s devoted to methods, 

of measuring and c o n t r o l l i n g the s t o i c h i o m e t r y of the copper s u l p h i d e 

p r e s e n t . 

3.2 A l t e r n a t i v e I I - V T p h o t o v o l t a i c d e v i c e s 

During the time t h a t p r o g r e s s was being made on CdS/C^S 

s o l a r c e l l s f the p o s s i b i l i t y of u s i n g o t h e r h e t e r o j u n c t i o n s was a l s o 

being i n v e s t i g a t e d . Reynolds' i d e a of a Pr.V e f f e c t a t a r e c t i f y i n g 

j u n c t i o n u s i n g copper, aluminium or gold on CdS was developed by 

Bockermuehl (1961) and l a t e r by B u j a t t i and M u l l e r (1965). D e v i c e s 

were f a b r i c a t e d by them i n which the photovoltage was a l i n e a r f u n c t i o n 

of l i g h t i n t e n s i t y . . By ev a p o r a t i n g CdS on t o selenium, Kunioka 

and S a k a i (1965) formed a p h o t o v o l t a i c c e l l w i t h a s p e c t r a l response 

c3.ose t o t h a t of the eye. Goryunova e t a l (1970) formed a t h i n f i l m 

of C ^ S on top of s i n g l e c r y s t a l s of CdSnP^ and obtained photovoltages 

Up to 200 mV. The f o l l o w i n g h e t e r o j u n c t i o n s have a l s o been i n v e s t i g a t e d 

CdS-SnS (Stoyanov e t a l 1971), Cu Te-CdTe (Cusano 1963), Cu S-CdSe 

(Otake e t a l 1972), CdS-PbS (Watanabe and Mita 1972) and CdS-InP 

(Wagner and Shay 1975). An e f f i c i e n c y of 6% was r e p o r t e d by Bonnet 

and Rabenhorst (1972) f o r a CdTe-CdS abrupt j u n c t i o n and e f f o r t s a r e 

being made to produce a graded j u n c t i o n between th e s e two m a t e r i a l s . 

However, the CdS/C^S h e t e r o j u n c t i o n i s s t i l l thought to o f f e r the b e s t 

p o s s i b i l i t y f o r commercial a p p l i c a t i o n s although the r e c e n t work on 

InP-CdS d e v i c e s , g i v i n g e f f i c i e n c i e s of about 12%, i s i n t e r e s t i n g . 
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3.3 Formation of a Photovoltage a t a p-n J u n c t i o n 

Although the optimised CdS-Cu 2S s o l a r c e l l i s a p - i - n s t r u c t u r e , 

i t i s e a s i e r i n d i s c u s s i n g the o r i g i n of the photovoltage t o e x p l a i n 

f i r s t how the P-V e f f e c t a r i s e s i n a s t r a i g h t f o r w a r d p-n homojunction. 

I n the bulk m a t e r i a l , of e i t h e r p or n type, absorbed photons w i t h 

s u i t a b l e wavelength impart s u f f i c i e n t energy to r a i s e e l e c t r o n s from 

the v a l e n c e to the conduction band. The e l e c t r o n s and h o l e s produced 

w i t h i n a d i f f u s i o n l e n g t h of the j u n c t i o n , a re swept t o the n and p-

type r e g i o n s r e s p e c t i v e l y ( F i g u r e 3.2) by the b u i l t - i n e l e c t r i c f i e l d . 

T h i s charge s e p a r a t i o n of the e l e c t r o n s and h o l e s causes two e f f e c t s : 

(1) The p-type r e g i o n charges p o s i t i v e l y and n type r e g i o n charges 

n e g a t i v e l y . 

(2) A photogenerated c u r r e n t I flows a c r o s s the j u n c t i o n . I f t h e r e 

a r e no e x t e r n a l connections between the n and p l a y e r s , the c e l l i s i n 

forward b i a s and a forward c u r r e n t I _ j u s t b a l a n c e s out I . When the 
f g 

p and n r e g i o n s are connected through an e x t e r n a l l o a d ( F i g u r e 3 . 3 ) , 

a f r a c t i o n of the photogenerated c u r r e n t flows through the l o a d and the 

d e v i c e a c t s as a s o l a r energy c o n v e r t e r . 

3.4 Suggested Mechanisms a t the .CdS/CUgS J u n c t i o n 

S i n c e the CdS s o l a r c e l l was f i r s t r e p o r t e d i n 1954, many 

models have been put forward to e x p l a i n the e x p e r i m e n t a l o b s e r v a t i o n s . 

I n each model, account has to be taken of the p a r t i c u l a r method of 

c o n s t r u c t i o n used and such models have to e x p l a i n the s t r o n g photo­

v o l t a i c behaviour a t the band edge of CdS and the importance of h e a t 

treatment i n o b t a i n i n g optimum c e l l performance and i t s e f f e c t on 

s p e c t r a l response. Some of the many models p u t forward are mentioned 

below. 
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The f i r s t d e v i c e s were formed by evaporating copper on to 

cadmium s u l p h i d e and Woods and Champion (1959) and Grimmeis and Memming 

(1962) e x p l a i n e d the P.V.E. i n p h o t o v o l t a i c c e l l s on the b a s i s of a p-n 

homojunction of cadmium s u l p h i d e , i . e . a p-type CdS formed by copper 

d i f f u s i o n on ar. n-type CdS s u b s t r a t e . The e x i s t e n c e of an i m p u r i t y band 

i n the forbidden gap was e a r l i e r p o s t u l a t e d by Reynolds and Czyzak (1954). 

L a t e r , W i l l i a m s and Bube (1960) proposed t h a t e l e c t r o n s a r e emitted 

p h o t o e l e c t r i c a l l y from the copper l a y e r i n t o the cadmium s u l p h i d e and 

Bo-_kenmuehl e t a l (1961) proposed a double j u n c t i o n model o f copper on 

high r e s i s t i v i t y copper doped cadmium s u l p h i d e on low r e s i s t i v i t y 

cadmium s u l p h i d e , 

Chamberlin and Skarman (1966) and P a v e l o t s and Federous (1966) 

both propo!~2d a s t r a i g h t f o r w a r d h e t e r o j u n c t i o n between the cadmium and 

copper s u l p h i d e s . I t was suggested by B a l k a n s k i andChone (1966) t h a t 

there i s a ver y l o c a l i s e d P.V.E. a t i n t e r f a c e s t a t e s between p-type Cu^S 

and n-type CdS which r e s u l t s i n e l e c t r o n s being emitted from t h e s e s t a t e s 

i n t o the CdS. The authors f u r t h e r proposed t h a t photon a b s o r p t i o n by 

impu r i t i e r - i n the CdS i n f l u e n c e s the long wavelength response o f these 

types of c e l l . 

The i m p u r i t y P.V.E. a t copper c e n t r e s i n CdS was a t t r i b u t e d to 

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

from the v a l e n c e band to these i m p u r i t y l e v e l s (Due Cuong and B l a i r 

1966). S h i t a y a and Sato (1968) suggested f u r t h e r t h a t the copper con­

t a c t c r e a t e s a s u r f a c e b a r r i e r . 

The P.V.E. has a l s o been a t t r i b u t e d t o photoemission from the 

Cu 2S (Energy gap ss 1.2 eV) and an i m p u r i t y P.V.E. (1.8 eV response) by 

G i l l e t a l (1968). M a s s i c o t (1972) suggested t h a t the s p e c t r a l 
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s e n s i t i v i t y i n the r e g i o n of 1.0 eV i s due to the formation of a t h i n 

l a y e r of d j u r l e i t e (Cu Q S ) . 

I n a d d i t i o n , e l e c t r o l u m i n e s c e n c e observed i n some CdS/Cu^S 

h e t e r o j u n c t i o n d e v i c e s i s thought t o be caused by h o l e i n j e c t i o n from 

the copper s u l p h i d e i n t o the cadmium s u l p h i d e (Keating 1963). 

F u r t h e r models have been suggested by P o t t e r and S c h a l l a 1967 

(Lewis model), H i l l and Keramidas 1966 (Harshaw model), Shiozawa e t a l 

1966 ( C l e v i t e model) and Van Aershodt e t a l 1968 (E.S.R.O. model). These 

models a l l c o n t a i n c e r t a i n common f e a t u r e s but d i f f e r i n the d e t a i l s of 

the way i n which the p o t e n t i a l energy i s supposed t o v a r y w i t h d i s t a n c e 

from the CdS/C^S i n t e r f a c e . However, the C l e v i t e model i s c u r r e n t l y 

a ccepted to be the most s a t i s f a c t o r y s i n c e i t has undergone g r a d u a l 

m o d i f i c a t i o n i n the l i g h t of experimental evidence. 

The experimental o b s e r v a t i o n s which must be e x p l a i n e d by any 

model a r e t h a t : 

(1) There i s a c r o s s o v e r of 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 

measured i n the dark and under i l l u m i n a t i o n w i t h an apparent change i n 

the b a r r i e r h e i g h t . 

(2) The low energy t h r e s h o l d of the p h o t o v o l t a i c response o c c u r s 

a t 1.2 eV, but a sharp d i p i n the s p e c t r a l response of the p h o t o c u r r e n t 

and photovoltage i s observed when the d e v i c e i s i r r a d i a t e d by photon 

e n e r g i e s a t 2.4 eV when the copper s u l p h i d e l a y e r i s t h i n . 

(3) V a r i o u s enhancement and quenching e f f e c t s a r e produced when 

the c e l l i s i r r a d i a t e d by an a d d i t i o n a l monochromatic s o u r c e . 

(4) The response time i s slow, of the order of seconds or more, 

f o r h e a t - t r e a t e d d e v i c e s . 
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(5) There i s a slow s h i f t of p o i n t s on 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 curve during c o n s t a n t c u r r e n t or v o l t a g e measurements 

w i t h the p o s s i b l e formation of copper nodules under or near open c i r c u i t 

v o l t a g e o p e r a t i o n due to an e l e c t r o d e c o m p o s i t i o n p r o c e s s . 

(6) The squareness of 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 improves 

a f t e r h e a t i n g and the j u n c t i o n c a p a c i t a n c e d e c r e a s e s as a f u n c t i o n of 

h e a t treatment. 

(7) I m p u r i t i e s such as indium when i n c o r p o r a t e d i n t o the cadmium 

s u l p h i d e cause a s h i f t i n the enhancement spectrum towards longer 

wavelengths. 

(8) The h i g h e s t recorded open c i r c u i t v o l t a g e of a c e l l a t 4.2 K 

under an i l l u m i n a t i o n i n t e n s i t y of s e v e r a l times AmO i s about 800 mV. 

(9) C e l l s have a h i g h r e s i s t a n c e t o r a d i a t i o n damage but degrada­

t i o n i s r a p i d when a c e l l i s heated to a temperature g r e a t e r than 150°C. 

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

I t i s p o s s i b l e , u s i n g the s o - c a l l e d C l e v i t e model suggested 

by Shiozawa e t a l (1969), t o e x p l a i n most of t h e s e e x p e r i m e n t a l obser­

v a t i o n s . The energy band diagram i s shown i n F i g u r e 3.4 f o r an optimised 

c e l l under both dark and i l l u m i n a t e d s h o r t c i r c u i t c o n d i t i o n s . The 

c e l l i s regarded as a p - i - n h e t e r o j u n c t i o n between degenerate p-type 

C ^ S , copper compensated ( i n t r i n s i c ) CdS and n-type CdS. By v a r y i n g 

the s t o i c h i o m e t r y of the CdS l a y e r , the c a r r i e r c o n c e n t r a t i o n can a l s o 

be a l t e r e d , but v a l u e s i n the range of 1 0 ^ t o 10*** cm ^ a r e u s u a l l y 

encountered. The model i n c o r p o r a t e s the f o l l o w i n g f e a t u r e s . 
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(1) The gold g r i d makes an ohmic c o n t a c t to the p-type C ^ S r and 

the Zn/Ag s u b s t r a t e makes a good ohmic c o n t a c t to n-CdS. 

(2) Most of the photons a r e absorbed i n the t h i n l a y e r of C ^ S -

T h i n f i l m s u s u a l l y have a h i g h l y non-planar topology and t h i s a i d s 

a b s o r p t i o n . 

(3) The copper compensated i - l a y e r r e s u l t s from d i f f u s i o n of copper 

i n t o the CdS during f a b r i c a t i o n and i s r e l a t i v e l y i n s u l a t i n g i n the 

dark w h i l s t being r e l a t i v e l y conducting under i l l u m i n a t e d c o n d i t i o n s . 

T h i s l a y e r i s thus photoconductive and behaves l i k r : weak?.y n-type CdS 

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

(4) I n the dark, the main j u n c t i o n o c c u r s between the n-CdS and 

the i-CdS. Under th e s e c o n d i t i o n s , an e l e c t r o s t a t i c b a r r i e r h e i g h t 

of 1.2 eV i s encountered. There i s , however, a s m a l l r e v e r s e j u n c t i o n 

between the p + C ^ S and i-CdS w i t h a b a r r i e r h e i g h t of 0.35 eV. T h i s 

d i s a p p e a r s under i l l u m i n a t i o n . 

15) Under i l l u m i n a t i o n , the main p-v j u n c t i o n o c c u r s between the 

CUgS a n d i - C d S , when the b a r r i e r h e i g h t i s 0.85 eV. 

A l l of the photons w i t h e n e r g i e s l e s s than 1.2 eV p a s s s t r a i g h t 

through the C ^ S f i-CdS and CdS l a y e r s w ithout a p p r e c i a b l e a b s o r p t i o n . 

They a r e r e f l e c t e d , o r absorbed i n the m e t a l l i c s u b s t r a t e . S i n c e Cu^S 

has an i n d i r e c t band gap (Vlasenko and Kononets 1971), the a b s o r p t i o n 

c o e f f i c i e n t of photons w i t h e n e r g i e s g r e a t e r than 1.2 eV r i s e s r a t h e r 

s l o w l y w i t h i n c r e a s i n g photon energy. Photons w i t h e n e r g i e s between 

1.2 and 2.4 eV are absorbed mainly i n the Cu^S b u t s i n c e the copper 

s u l p h i d e l a y e r i s q u i t e t h i n (0.3 um), a s m a l l but s i g n i f i c a n t number 
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of photons pas s i n t o the i - l a y e r . These may be absorbed t h e r e and 

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

Most of the e l e c t r o n - h o l e p a i r s a re generated i n the Cu^S with' 

the most e n e r g e t i c photons being absorbed c l o s e to the i.'luminated 

s u r f a c e . S i n c e the e l e c t r o n s are m i n o r i t y c a r r i e r s i n the p + C ^ S , 

they must d i f f u s e to the Cu^S-CdSzCu i n t e r f a c e . D i f f u s i o n without recom­

b i n a t i o n i s aided by the a p p a r e n t l y long.minority c a r r i e r l i f e t i m e i n 

Cu^S (Shiozawa e t a l 1969). The e l e c t r o n s p a s s through the i n t e r f a c e 

r e g i o n and are c o l l e c t e d i n t o the n-CdS r e g i o n where they become m a j o r i t y 

c a r r i e r s . E v e n t u a l l y , the c a r r i e r s a re gathered by the ohmic c o n t a c t . 

Assuming t h a t the p and n s i d e s a r e connected to an e x t e r n a l load, the 

e l e c t r o n s flow round the c i r c u i t and a n n i h i l a t e the photqgenerated h o l e s 

a t the ohmic gold c o n t a c t . 

T h i s model e x p l a i n s q u i t e w e l l the c r o s s - o v e r of c u r r e n t - v o l t a g e 

c u r v e s measured i n the dark and under i l l u m i n a t i o n f o r h e a t t r e a t e d c e l l s 

I t a l s o e x p l a i n s why the e f f e c t i v e band gap of the 'CdS' c e l l i s 1.2 eV 

which i s q u i t e c l o s e t o the optimum band gap of ~1.4 eV f o r s o l a r 

energy c o n v e r s i o n ( L o f e r s k i 1956). The improved squareness of the c u r r e n t 

v o l t a g e c u r v e s a f t e r h e a t i n g can a l s o be e x p l a i n e d by the p - i - n s t r u c t u r e 

T u n n e l l i n g can occur i n the abrupt p-n j u n c t i o n but a f t e r the h e a t 

treatment s t a g e s , the i l a y e r would minimize t h e s e e f f e c t s . Moreover, 

the formation of an i l a y e r i n d i c a t e s high copper m o b i l i t y which may 

account f o r the slow displacement of the c u r r e n t - v o l t a g e c u r v e s during 

c o n s t a n t c u r r e n t or v o l t a g e measurements. The high r a d i a t i o n r e s i s t a n c e 

may a l s o be a s s o c i a t e d w i t h the high C u + i o n m o b i l i t y . 

A s l i g h t l y d i f f e r e n t energy band diagram was suggested by 

G i l l e t a l (1968). I n t h e i r scheme the conduction band of CdS was 

p l a c e d 0,1 eV above the bottom of the Cu ?S band i n s t e a d of 0.3 eV below 








































































































































































































































































































































































