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ABSTRACT 

The work i s conveniently d i v i d e d i n t o two sections:-
( i ) the e l e c t r i c a l p r o p e r t i e s of cadmium sulphide and ( i i ) 
the o p t i c a l p r o p e r t i e s of cadmium sulphide. 

( i ) Measurements have been made on t h i n pure 
p l a t e l e t s of cadmium sulphide from which i t i s clear t h a t 
e l e c t r i c a l conduction i n these samples i s governed by two 
complex defect centres w i t h associated l e v e l s w i t h i n the 
forbidden gap (0.41 eV - 0.61 eV; 0.25 eV - 0.83). This 
has been deduced from measurements of the s t a t i c current-
voltage curves made over a wide range of temperatures 
coupled w i t h an i n v e s t i g a t i o n of thermally stimulated currei 
curves obtained a f t e r e l e c t r o n i n j e c t i o n and o p t i c a l 
e x c i t a t i o n . The measurements also demonstrate th a t Lampert' 
theory of Space Charge Limited Current Flow i n an i n s u l a t o r 
w i t h traps i s applicab l e at low current d e n s i t i e s but t h a t 
t r a p emptying occurs when high current d e n s i t i e s are passed 
through a c r y s t a l . 

( i i ) Measurements of the s p e c t r a l d i s t r i b u t i o n of 
u l t r a - v i o l e t s t i m u l a t e d fluorescence at 77°K and 300°K, 
demonstrate the existance of e l e c t r o n i c energy l e v e l s w i t h i r 
the forbidden gap which can be co r r e l a t e d w i t h those deter
mined from the e l e c t r i c a l experiments. The s p e c t r a l d i s t r i 
b u t i o n of luminescent emission has been measured i n pure 



and doped samples from which i t i s concluded t h a t edge 
emission i s associated w i t h both sulphur vacancies and 
i n t e r s t i t i a l s (0.13 eV below the conduction band and 0.16 ev| 
above the valence band respectively.). The two emission 
s e r i e s can be separate i n s u i t a b l e c r y s t a l s . Further work, 
w i t h b e t t e r r e s o l u t i o n of the emission bands should c l a r i f y 
the p o s i t i o n f u r t h e r . Electro-luminescence, due t o the 
recombination of i n j e c t e d electrons and holes, i s a t t r i b u t e | 
t o bulk processes which produce the edge emission series, 
surface and i m p u r i t y recombination. 
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INTRODUCTION 

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 cadmium sulphide 
have been studied by several workers over a period of many 
years. Progress i n the understanding of these p r o p e r t i e s has 
been i n h i b i t e d by the d i f f i c u l t y of growing large, pure s i n g l e 
c r y s t a l s w i t h good homogeneity and c o n t r o l l e d stoichiometry. 
S t o i c h i o m e t r i c s i n g l e c r y s t a l s are i n s u l a t o r s and consequently 
many experimental techniques which have been applied t o semi
conductors cannot be used i n the i n v e s t i g a t i o n of cadmium 
sulphide. The development of new techniques, and the i n t e r 
p r e t a t i o n of established ones i n the context of semi-insulators, 
have f u r t h e r retarded progress i n the understanding 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 of I I - V I compounds. 

P o t e n t i a l l y , cadmium sulphide has important uses i n the 
d e t e c t i o n of electromagnetic r a d i a t i o n w i t h wavelengths extending 
from those of Gamma rays t o l i g h t i n the v i s i b l e and i n f r a - r e d 
r e g i o n of the spectrum. There are many possible uses i n purely 
e l e c t r o n i c devices. The most serious problems experienced 
w i t h the use of cadmium sulphide as a detector i n the v i s i b l e 
r egion today are the long response time at low l i g h t l e v e l s , 
together w i t h the problem of preparing detectors w i t h c o n t r o l l e d 



and reproducible p r o p e r t i e s . The present d i f f i c u l t i e s may 
be overcome, and the f u l l p o t e n t i a l of the mater i a l r e a l i s e d 
once the basic e l e c t r o n i c p r o p e r t i e s are more f u l l y understood. 
I n p a r t i c u l a r , an understanding of the type of c r y s t a l now 
a v a i l a b l e should lead t o the production of b e t t e r c r y s t a l s 
or c r y s t a l s more s u i t e d t o a p a r t i c u l a r purpose. The work 
reported here i s d i r e c t e d towards t h a t end. 

The f i r s t three chapters of t h i s t h e s i s are devoted t o 
a discussion o f the e l e c t r i c a l and o p t i c a l p roperties of 
semiconductors and i n s u l a t o r 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 cadmium sulphide are discussed i n the next two 
chapters. The growth of s i n g l e c r y s t a l s of cadmium sulphide 
i n our labo r a t o r y i s described i n chapter s i x . The remaining 
chapters deal w i t h the experiments c a r r i e d out, t h e i r analysis 
and the conclusions t h a t can be drawn. Measurements of space 
charge l i m i t e d currents and thermally stimulated currents 
are reported. I n p a r t i c u l a r , photochemical changes are shown 
t o take place and a voltage threshold i s confirmed f o r the 
i n j e c t i o n of excess charge i n t o these c r y s t a l s . The v a r i a t i o n s 
i n s p e c t r a l d i s t r i b u t i o n of the luminescent emission at 77°K 
from several d i f f e r e n t c r y s t a l s , e x c i t e d by u l t r a - v i o l e t 
r a d i a t i o n , are presented. The s p e c t r a l d i s t r i b u t i o n of 
luminescence, e x c i t e d by the simultaneous e l e c t r i c a l i n j e c t i o n 
of e lectrons and holes, i s compared w i t h the photoluminescent 
spectrum. A d d i t i o n a l measurements include the s e n s i t i v i t y 
of cadmium sulphide t o Gamma rays, and v i s i b l e and i n f r a - r e d 



l i g h t at d i f f e r e n t temperatures. 



ACKNOWLEDGMENTS 

The author wishes t o thank C.V.D. Admiralty f o r 
the f i n a n c i a l support t h a t made t h i s work possible. He 
i s indebted t o Professor D. A. Wright f o r the use of h i s 
lab o r a t o r y f a c i l i t i e s ; t o Dr. J. Woods f o r h i s supervision 
and the many h e l p f u l suggestions made during the course of 
preparation of t h i s manuscript; t o the Technical S t a f f of 
the Department of Applied Physics headed by Mr. F. Spence 
and t o Miss A. K e l l y f o r her care i n ty p i n g t h i s t h e s i s . 



CONTENTS 

Page 

Chapter I . General I n t r o d u c t i o n 

1.1. Band Theory 1 
1.2. E f f e c t i v e Mass 2 
1.3. Equivalent Number of Carriers 5 
1.4. To t a l Current 6 
1.5. Density of Carr i e r s 6 
1.6. I n j e c t i o n of Excess Carriers 9 
1.7. Ca r r i e r M o b i l i t y 10 
1.8. Sc a t t e r i n g Mechanisms 12 
1.9. Contacts 15 

Chapter I I O p t i c a l Properties of Semiconductors 
2.1. I n t r o d u c t i o n 17 
2.2. O p t i c a l Constants 17 
2.3. Absorption by Free Carriers 19 
2.4. Absorption Across the Energy Gap 23 
2.5. Absorption due t o Levels w i t h i n the Gap 26 
2.6. Determination of O p t i c a l Constants 27 
2.7. Luminescent Emission from Semiconductors 28 
2.8. Photoconduct i v i t y 29 

Chapter I I I Space Charge L i m i t e d Conduction 
3.1. I n t r o d u c t i o n 34 



Page 

3.2. Lamport*s Theory of Single Carrier 35 
Conduction 

3.3. Two Ca r r i e r s . c . l . Conduction 36 

Chapter IV E l e c t r i c a l Conduction i n Cadmium Sulphide 
4.1. I n t r o d u c t i o n 38 
4.2. C r y s t a l Growth 38 
4.3. Forbidden Energy Gap 39 

4.4. Band Structure of Cadmium Sulphide 40 
4.5. The E f f e c t i v e Mass of Electrons and 41 

Holes 
4.6. C a r r i e r M o b i l i t y and Scatte r i n g 42 

Mechanisms 
4.7. Defect Levels 44 
4.8. Contact t o Cadmium Sulphide 46 

Chapter V O p t i c a l Properties of Cadmium Sulphide 
5.1. Absorption i n Cadmium Sulphide 47 
5.2. Photoconductivity 50 
5.3. Edge Emission 51 
5.4. I n j e c t i o n Luminescence 54 
5.5. Photoconductive Spectral Response 54 

Chapter VI Cr y s t a l Growth 
6.1. Growth of Pure Crystals 56 
6.2. P u r i t y of Crystals 57 



Page 

6.3. Impure Crystals 58 
6.4. Conclusions 61 

Chapter V I I E l e c t r i c a l Measurements 
7.1. I n t r o d u c t i o n 63 
7.2. Apparatus 63 
7.3. Contacts and Mounting of Crystals 66 
7.4. Temperature V a r i a t i o n of Direct Current- 70 

Voltage C h a r a c t e r i s t i c 
7.5 Thermally Stimulated Currents 73 

7.6. I n v e s t i g a t i o n of Spurious Voltages 76 
7.7. Thermal E q u i l i b r i u m Conductivity of 77 

Cr y s t a l B 

7.8. Current-Voltage C h a r a c t e r i s t i c s of 78 
Cr y s t a l B 

7.9. Thermally Stimulated Currents i n Cryst a l 79 
B 

7.10. S e n s i t i v i t y of Cr y s t a l B 81 
7.11. S e n s i t i v i t y of Cryst a l B t o Gamma-rays 81 

Chapter V I I I O p t i c a l Measurements 
8.1. I n t r o d u c t i o n 83 
8.2. Apparatus 83 

8.3. Emission Spectrum of Pure Cadmium Sulphide 88 
8.4. Emission Spectra of Oxygen Doped Cadmium 88 

Sulphide 
8.5. Emission Spectrum of Hydrogen Doped 89 

Cadmium Sulphide 



Page 
8.6. Emission from Crystals Grown i n Water 89 

Vapour 
8.7. Emission from Crystals Doped w i t h 90 

Chlorine 
8.8. Emission from S i l v e r Doped Cadmium 90 

Sulphide 

8.9. Emission from Indium Doped Cadmium 90 
Sulphide 

8.10. Emission from Crystals Grown by Iodine 90 
Transport 

8.11. Spectral D i s t r i b u t i o n of E l e c t r o - 91 
luminescence 

8.12. Emission Measurements from 0.5 t o 3.5 91 
microns 

Chapter IX I n t e r p r e t a t i o n of E l e c t r i c a l Measurements 
9.1. Analysis of the Temperature V a r i a t i o n of 94 

the D i r e c t Current-Voltage C h a r a c t e r i s t i c s 
9.2. Analysis of Thermally Stimulated Current 97 

Curves 
9.3. Consideration of the Spurious Voltages 107 
9.4. The Ohmic Conductivity of Cryst a l B 110 
9.5. Thermally Stimulated Currents i n Cryst a l 115 

B 
9.6. P h o t o - s e n s i t i v i t y of C r y s t a l B 118 
9.7. I n t e r p r e t a t i o n of the T r a p s - f i l l e d - l i m i t 121 

Chapter X Analysis of O p t i c a l Measurements 
10.1. The spectrum'of Pure Cadmium Sulphide 122 
10.2. Analysis of the Spectra of Oxygen Doped 124 

Crystals 



Page 

10.3. Analysis of the Spectrum of Cadmium 
Sulphide Grown i n Hydrogen 125 

10.4. Analysis of the Emission Spectrum of 126 
Crystals Grown i n Water Vapour 

10.5. Emission of Chlorine and S i l v e r Doped 126 
Crystals 

10.6. Emission Spectrum of Indium Doped 128 
Crystals 

10.7. Iodine Doped Cadmium Sulphide 128 
10.8. Electro-luminescent Emission of Pure 129 

Cadmium Sulphide 
10.9. Long Wavelength and I n f r a - r e d Emission 130 

Measurements 
10.10. Defect Centres Responsible f o r the 132 

Observed E f f e c t s 

Chapter XI Conclusions. 135 



CHAPTER I 

E l e c t r i c a l Conduction i n C r y s t a l l i n e Solids 

1.1. Band Theory. 
The band theory of s o l i d s i s described i n many t e x t s 

on s o l i d s t a t e physics ( 1 ) . This theory explains s a t i s f a c t o r i l y 
the d i f f e r e n c e s between i n s u l a t o r s , semiconductors and metals. 
The quantum mechanically allowed states f o r electrons i n 
c r y s t a l l i n e s o l i d s are d i v i d e d i n t o bands of energy. The 
bands which determine 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 s o l i d 
are the highest f i l l e d band and the next highest allowed band. 
The former band derives from the valence electrons and i s 
termed the valence band while the l a t t e r i s c a l l e d the con
duction band. An i n s u l a t o r has a band s t r u c t u r e as" shown i n 
f i g . 1.1.(a). The separation between the conduction band 
and the valence band i s us u a l l y more than about 2eV, the lower 
l i m i t being chosen such t h a t there i s n e g l i g i b l e thermal 
e x c i t a t i o n of electrons across the forbidden gap at room 
temperature. A semiconductor has a smaller gap which allows 
thermal e x c i t a t i o n at ordinary temperatures and hence conduction, 
f i g . 1.1.(b). Metals are characterised by e i t h e r a p a r t i a l l y 
f i l l e d valence band or over-lapping conduction and valence 
bands. I n both instances conduction i s possible as there are 
higher energy states a v a i l a b l e to the el e c t r o n s , and an e l e c t r o n 
can gain energy from an applied f i e l d . M e t a l l i c types of 
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band s t r u c t u r e are i l l u s t r a t e d i n f i g . l . l . ( c ) . ( d ) . 

The s o l u t i o n of the Schrodinger equation f o r an ele c t r o n 
i d a one dimensional p e r i o d i c p o t e n t i a l , V = V(x + a n) w i t h 
p e r i o d a, y i e l d s an e l e c t r o n wave equation 

y j^(x) = Uj^(x) exp ( i k x ) 1.1 

where Uj^(x) i s p e r i o d i c w i t h period a, and k i s the wave 
number vector. I f the p o t e n t i a l were known i t would, i n 
p r i n c i p l e , be possible t o c a l c u l a t e a l l the ele c t r o n states 
and hence the band s t r u c t u r e of a s o l i d . In p r a c t i c e the 
p o t e n t i a l experienced by an e l e c t r o n , and the e l e c t r o n c o r r e l 
a t i o n e f f e c t s , are not accurately known. Further the magnitude 
and complexity of the c a l c u l a t i o n s necessitate d r a s t i c s i m p l i 
f y i n g assumptions ( 2 ) . At present, band s t r u c t u r e c a l c u l a t i o n s 
are i n q u a l i t a t i v e agreement w i t h experiment. 

The one dimensional model does not p r e d i c t the over-lapping 
band scheme of metals. The s o l u t i o n of the three dimensional 
problem however, s a t i s f a c t o r i l y includes t h i s case, and also 
i n d i c a t e s the p o s s i b i l i t y of d i f f e r e n t band st r u c t u r e s f o r 
d i f f e r e n t d i r e c t i o n s of the k-vector. 

1.2. E f f e c t i v e Mass. 

A l o c a l i s e d e l e c t r o n i n a s o l i d may be described by a 
group of f u n c t i o n s s i m i l a r t o t h a t given i n equation 1.1. The 
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e l e c t r o n v e l o c i t y can then be shown t o equal the group 

v e l o c i t y of the wave packet ^ . The angular frequency w 
E 

i s r e l a t e d t o the energy, E, by la = 2iry = ^ . Thus we have 

Elect r o n v e l o c i t y v = ^ = . ^ 1.2.1. 
dk dk 

I n the case of an e l e c t r o n moving i n a p e r i o d i c p o t e n t i a l , 
the energy E i s r e l a t e d t o the wave vector k by a f u n c t i o n of 
the form p l o t t e d i n f i g . 1.2. A l l values of E can be included 
i f values of k are r e s t r i c t e d t o the range 0 < k < — . The 
exact dependence of E on k i s determined by the p o t e n t i a l V̂ -

Consider an e l e c t r i c f i e l d , F, applied t o the c r y s t a l , then 
the r a t e of increase of energy i s 

§ = e.F. V 1.2.2. 

By s u b s t i t u t i n g f o r v from equation 1.2.1., we have 

dk e.F. 
dt " 

D i f f e r e n t i a t i o n of equation 1.2.1. gives f o r the 
a c c e l e r a t i o n 

1.2.3. 

dv _ ,--1 / d^E\ dk , ^ ^ 
- « {•^J a t 

dk 

Using 1.2.3. f o r the a c c e l e r a t i o n becomes 

dv 
dt = '̂ i • • e.F. 1.2.5. 
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The a c c e l e r a t i o n produced by t h e f o r c e a c t i n g on a f r e e 
e l e c t r o n i s 

dv e.F. 
dt m 1.2.6. 

Comparison o f e q u a t i o n s 1.2.5. and 1.2.6. shows t h a t by 

d e f i n i n g an e f f e c t i v e mass 

•2 / d E) 
" * I — 7 / \dk7 

t h e m o t i o n o f an e l e c t r o n i n a s o l i d can be con s i d e r e d t o be 

the same as t h a t o f a f r e e e l e c t r o n w i t h mass m i n an a p p l i e d 

f i e l d F. 

The t h r e e s i t u a t i o n s o f p a r t i c u l a r i n t e r e s t are those 

i n w h i c h : -

( i ) E l e c t r o n s l i e near t h e bottom o f t h e c o n d u c t i o n band 
o n l y . 

( i i ) A r e l a t i v e l y s m a l l number of e l e c t r o n s are absent 
f r o m t h e t o p of t h e valence band. 

( i i i ) Two bands o v e r l a p , or a band i s p a r t i a l l y f i l l e d . 

S i t u a t i o n ( i ) corresponds t o e l e c t r o n or n-type semi-

c o n d u c t i v i t y . The motion o f t h e e l e c t r o n s may be d e s c r i b e d 

by a s s i g n i n g an a p p r o p r i a t e p o s i t i v e e f f e c t i v e mass t o each 

e l e c t r o n i n t h e c o n d u c t i o n band. 

Case ( i i ) corresponds t o h o l e , or p-type c o n d u c t i v i t y 

which a r i s e s f r o m t h e c o l l e c t i v e behaviour o f t h e r e m a i n i n g 

e l e c t r o n s i n t h e valence band i n an a p p l i e d f i e l d . The e f f e c t i v e 

mass now becomes n e g a t i v e . I t i s common p r a c t i c e t o con s i d e r 
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the. c o l l e c t i v e m o t i o n o f t h e e l e c t r o n s as e q u i v a l e n t t o 

t h a t o f h o l e s which have a p o s i t i v e mass and p o s i t i v e charge. 

( i i i ) H a l f f u l l o r o v e r l a p p i n g bands are c h a r a c t e r i s t i c 

o f m e t a l s . The valence e l e c t r o n s a v a i l a b l e f i l l t h e band t o 

some energy Ê .̂ E l e c t r o n s w i t h i n kT of t h i s energy are 

p r i n c i p a l l y r e s p o n s i b l e f o r t h e e l e c t r i c a l p r o p e r t i e s o f t h e 

m e t a l . I f t h i s energy i s above t h e p o i n t o f i n f l e x i o n i n t h e 

E ve r s u s k curve a l l t h e e l e c t r o n s w i t h i n kT o f E^ w i l l behave 

l i k e h o l e s and t h e m e t a l w i l l be a p-type conductor ( l . a p.318) 

Thus a met a l w i t h a p o s i t i v e H a l l c o e f f i c i e n t has a n e a r l y 

f i l l e d band. A m e t a l i n which=the band i s f i l l e d t o a p o i n t 

E^ below t h e p o i n t o f i n f l e x i o n behaves as an n-type conductor. 

1.3. E q u i v a l e n t Number o f C a r r i e r s . 

The a c c e l e r a t i o n produced by an e x t e r n a l e l e c t r i c f i e l d 

i s i n v e r s e l y p r o p o r t i o n a l t o t h e e f f e c t i v e mass o f t h e c a r r i e r 

concerned. A c a r r i e r w i t h an e f f e c t i v e mass of one h a l f t h e 

f r e e e l e c t r o n mass has a response t o an e x t e r n a l e l e c t r i c 

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

T h e r e f o r e , t h e e q u i v a l e n t number of c a r r i e r s i s 

m 

where t h e summation i s ta k e n over a l l t h e occupied s t a t e s i n 

t h e band. For a band f i l l e d t o some energy, E^, N̂ , can be 
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shown t o be g i v e n by 

\T 2 am (al) 
The e q u i v a l e n t number of c a r r i e r s t h e r e f o r e i n c r e a s e s 

f r o m z e r o a t t h e bottom o f a band, passes t h r o u g h a maximum 

at t h e p o i n t o f i n f l e x i o n i n t h e E versus k curve and f i n a l l y 

decreases t o z e r o a t t h e t o p o f a band. 

1.4. T o t a l C u r r e n t . 

The c u r r e n t f l o w i n g i n a semiconductor comprises two 

components, due t o t h e motion o f e l e c t r o n s and h o l e s . The 

c o n d u c t i v i t y , <S , can be expressed as 

«' = n.e.|i + p.e.|i 1.4. 
e ^ "̂ p 

where n and p a r e t h e d e n s i t i e s o f e l e c t r o n s and holes i n t h e 

c o n d u c t i o n and v a l e n c e bands r e s p e c t i v e l y . The symbols j i ^ and 

(ip a r e t h e c o r r e s p o n d i n g m o b i l i t i e s , i . e . the d r i f t v e l o c i t i e s 

o f t h e c a r r i e r s per u n i t f i e l d . C a r r i e r m o b i l i t i e s are 

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

1.5. D e n s i t y o f C a r r i e r s . 

At any t e m p e r a t u r e above a b s o l u t e z e r o , t h e r m a l e x c i t a t i o n 

processes r a i s e a f i n i t e number of e l e c t r o n s t o t h e c o n d u c t i o n 

band. The number o f c u r r e n t c a r r i e r s a v a i l a b l e i n t h e conduction 

and v a l e n c e bands can be d e r i v e d i n a s i m p l e form. 
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The c o n c e n t r a t i o n o f e l e c t r o n s n(E)dE w i t h energies 

l y i n g between E and/dE must equal t h e p r o d u c t of the con

c e n t r a t i o n o f a v a i l a b l e energy l e v e l s i n t h i s range and t h e 

p r o b a b i l i t y t h a t an e l e c t r o n w i l l possess an energy E. 

Thus n(E)dE = g ( E ) f ( E ) d E 1.5.1. 

I n t e g r a t i o n o f e q u a t i o n 1.5.1. over t h e a p p r o p r i a t e band 

y i e l d s t h e number of c a r r i e r s a v a i l a b l e i n t h a t band. The 

f u n c t i o n g(E) i s t h e d e n s i t y of s t a t e s per u n i t volume. 

I n t h e s i m p l e s t case, w i t h s p h e r i c a l c o n s t a n t energy 

s u r f a c e s i n k-space, where t h e c o n d u c t i o n band minimum occurs 

a t k = 0, and t h e E versus k r e l a t i o n i s p a r a b o l i c near t h i s 

p o i n t , we have f o r e l e c t r o n s 

/ 2 m \ 1/2 
g(E) = ^ 1 _ f _ j E 1.5.2. 

E i s measured f r o m t h e bottom of t h e c o n d u c t i o n band. The 

f u n c t i o n f ( E ) i s t h e F e r m i - D i r a c d i s t r i b u t i o n f u n c t i o n 

f ^ ( E ) = .^-^ 1.5.3. 

e kT + ^ 

Ej, i s t h a t energy a t which the p r o b a b i l i t y o f a s t a t e 

b e i n g occupied i s one h a l f . For a non-degenerate semiconductor 

o r i n s u l a t o r , where c a r r i e r s o n l y occupy s t a t e s near t h e band 

edges, E - Ej,»kT and e q u a t i o n 1.5.3. reduces t o 
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E - E 
f (E) = exp — 1.5.4. 
® kT 

The c o r r e s p o n d i n g f u n c t i o n s f o r t h e valence band are found by 

r e p l a c i n g E by - E^ - E (where E^ i s t h e energy gap) and t h e 

e f f e c t i v e m a s s m^ by m^ i n e q u a t i o n 1.5.2. Wit h holes 

e q u a t i o n 1.5.3. i s r e p l a c e d by 

f ^ ( E ) = 1 - f ^ ( E ) 

T h i s e q u a t i o n s t a t e s t h a t t h e p r o b a b i l i t y o f f i n d i n g a hole 

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

s t a t e . 

The c o n c e n t r a t i o n of f r e e e l e c t r o n s , n, can be found by 

s u b s t i t u t i n g e q u a t i o n s 1.5.2. and 1.5.4. i n e q u a t i o n 1.5.1. 

and i n t e g r a t i n g over t h e c o n d u c t i o n band. 

Thus ' * '3/2 ^ 

n = 2 I — 7 ) exp ( — ) 1.5.5. 
kT 

The c o n c e n t r a t i o n of f r e e h o l e s , p, i s 
\3/2 -iE + E^) 

p = 2 l I exp ^ 1.5.6, 
kT 

The f a c t o r s m u l t i p l y i n g t h e e x p o n e n t i a l terms on t h e 

r i g h t hand s i d e o f t h e above e q u a t i o n s are commonly w r i t t e n 

and r e s p e c t i v e l y . and are c a l l e d t h e e f f e c t i v e 

d e n s i t i e s o f s t a t e s . 

I n i n t r i n s i c semiconductors n = p and e q u a t i o n s 1.5.5. and 
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1.5.6. can be equated t o g i v e 

E„ = - ^ + ^ I n X - 1.5.7. 
^ 2 4 m ^ 

e 

I n an e x t r i n s i c n-type semiconductor, where t h e r e are 

donors near t h e c o n d u c t i o n band, e q u a t i o n 1.5.5. i s v a l i d 

p r o v i d e d E - Ej, ̂  kT. Thus t h e p o s i t i o n o f t h e Fermi l e v e l 

can be found f r o m e q u a t i o n 1.5.5. i f n i s known. Equation 

1.5.6. can a l s o be used f o r t h e e q u i v a l e n t s i t u a t i o n o f 

a c c e p t o r l e v e l s near t h e valence band. M u l t i p l y i n g equations 

1.5.5. and 1.5.6. y i e l d s „ 
-E^ 

n p = N N exp ( — ) 1.5.8. 
^ ^ kT 

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

There a r e a wide v a r i e t y o f s i t u a t i o n s which can a r i s e when 

donors and a c c e p t o r s are p r e s e n t i n t h e same c r y s t a l ( 1 ) . 

1.6. I n j e c t i o n o f Excess C a r r i e r s . 

An a l t e r n a t i v e way i n which c a r r i e r s can be s u p p l i e d t o 

t h e c o n d u c t i o n bands of semiconductors and i n s u l a t o r s i s by 

i n j e c t i o n f rom m e t a l c o n t a c t s . I n such an event t h e d e n s i t y 

o f c a r r i e r s i s determined by t h e cap a c i t a n c e o f t h e c r y s t a l s . 

When an e l e c t r i c f i e l d i s a p p l i e d , t h e c u r r e n t i s l i m i t e d by 

t h e space charge of t h e c a r r i e r s . T h i s i s i m p o r t a n t i n 

i n s u l a t o r s because o n l y s m a l l a p p l i e d v o l t a g e s are r e q u i r e d 

f o r t h e i n j e c t e d c u r r e n t t o become l a r g e compared t o t h a t 
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l l 

c a r r i e d by t h e e q u i l i b r i u m d e n s i t y o f c a r r i e r s . Space charge 

l i m i t e d c o n d u c t i o n i s di s c u s s e d i n a l a t e r c hapter. 

1.7. C a r r i e r M o b i l i t y . 

The e q u a t i o n o f mot i o n o f an e l e c t r o n or h o l e i n an a p p l i e d 

e x t e r n a l f i e l d F i s 

dv eF J . • T o c ^ = —^ see e q u a t i o n 1.2.5. 
m 

I n t h e absence o f any s c a t t e r i n g mechanism an i s o l a t e d 

e l e c t r o n would g a i n energy from t h e f i e l d and consequently 

move up t h e E versus k curve o f f i g . 1.2. As i t d i d so t h e 

e f f e c t i v e mass would i n c r e a s e a t f i r s t , become d i s c o n t i n u o u s , 

change s i g n and t h e n c o n t i n u e t o become l e s s n e g a t i v e . At t h e 

t o p o f t h e E versus k curve t h e e l e c t r o n would s u f f e r Bragg 

r e f l e c t i o n w i t h a r e v e r s a l i n s i g n o f i t s momentum. F i n a l l y 

i t w ould complete t h e r e m a i n i n g h a l f o f t h e c y c l e . T h i s i s 

i l l u s t r a t e d i n f i g . 1.7. where p l o t s o f energy, v e l o c i t y and 

e f f e c t i v e mass a r e shown as f u n c t i o n s o f momentum. Thus, i f 

t h e r e a r e no s c a t t e r i n g mechanisms t h e e l e c t r o n c o u l d not 

c o n t r i b u t e t o a c u r r e n t . I n t h e absence of s c a t t e r i n g 

mechanisms, t h e e l e c t r o n d i s t r i b u t i o n cannot be made a s y m e t r i c a l 

I n t h e i n s t a n c e o f a f u l l band, s c a t t e r i n g cannot occur as 

t h e r e a r e no s t a t e s a v a i l a b l e f o r s c a t t e r e d e l e c t r o n s t o take 

up. Thus t h e e l e c t r o n s execute t h i s c y c l e w i t h no r e s u l t a n t 

c u r r e n t . 
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I n r e a l c r y s t a l s , t h e r e can be s e v e r a l s c a t t e r i n g 

mechanisms. When e x t e r n a l e l e c t r i c or magnetic f i e l d s are 

a p p l i e d a n o n - e q u i l i b r i u m d i s t r i b u t i o n i s produced. A 

r e l a x a t i o n t i m e can t h e n be d e f i n e d as t h e c h a r a c t e r i s t i c 

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

r e t u r n t o t h e r m a l e q u i l i b r i u m . 

Thus . 

V p ( t ) = Vp(0) exp ^ 1.7.1. 

where Vj^(O) r e p r e s e n t s t h e i n i t i a l n o n - e q u i l i b r i u m v e l o c i t y 

d i s t r i b u t i o n and V p ( t ) i s t h e d i s t r i b u t i o n a f t e r t i m e t . 

From e q u a t i o n 1.7,1. t h e d e c e l e r a t i o n o f t h e e l e c t r o n can 

be w r i t t e n as V p ( t ) d i v i d e d by T, The e q u a t i o n of motion 

may now be w r i t t e n 

d V ( t ) V ( t ) 
^ + — = ^ 1,7.2. 
d t T m 

d v^it) 
I n e q u i l i b r i u m , t h e d r i f t v e l o c i t y i s constant and — ^ 

i n e q u a t i o n 1,7.2, i s zero. Thus 

m 

and t h e m o b i l i t y , which i s t h e d r i f t v e l o c i t y per u n i t f i e l d 

I S 

A m o b i l i t y can s i m i l a r l y be d e f i n e d f o r h o l e s . I n 
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non-degenerate semiconductors i t i s necessary t o con s i d e r 
t h e mean r e l a x a t i o n t i m e averaged over a l l e l e c t r o n 

e n e r g i e s . I n me t a l s and degenerate semiconductors t i s 

t h e r e l a x a t i o n t i m e o f e l e c t r o n s w i t h t h e Fermi energy. 

The s c a t t e r i n g mechanism a l l o w s an a s y m e t r i e a l e l e c t r o n 

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

su p p o r t a c u r r e n t . I f t h e s c a t t e r i n g mechanism i s i s o t r o p i c , 

t h e n t h e r e l a x a t i o n t i m e i s equal t o t h e mean f r e e t i m e 

between c o l l i s i o n s and t h e mean f r e e p a t h i s V p ( t ) . T . 

1,8. S c a t t e r i n g Mechanisms. 

There are two main t y p e s o f s c a t t e r i n g mechanism i n 

semiconductors, ( a) those a s s o c i a t e d w i t h t h e t h e r m a l 

v i b r a t i o n s o f t h e s t r u c t u r e and (b) those caused by v a r i o u s 

i m p e r f e c t i o n s , ( 3 ) ( 4 ) . Other i n t r i n s i c s c a t t e r i n g mechanisms 

which may be s i g n i f i c a n t a re ( c ) c a r r i e r - c a r r i e r s c a t t e r i n g 

and (d) i n t e r v a l l e y s c a t t e r i n g i n semiconductors w i t h com

p l i c a t e d band s t r u c t u r e s . The expr e s s i o n s f o r v a r i o u s forms 

o f s c a t t e r i n g a re i n g e n e r a l complex and i t i s more appro

p r i a t e i n t h i s d i s c u s s i o n t o c o n s i d e r t h e temperature v a r i 

a t i o n o f m o b i l i t y which might be expected i n t h e more 

i m p o r t a n t cases. 

Above a b s o l u t e z e r o , t h e t h e r m a l o s c i l l a t i o n s i n a 

s o l i d w i t h two atoms per u n i t c e l l can be d i v i d e d i n t o two 

c l a s s e s . I n t h e f i r s t c l a s s b6t:h atoms i n a u n i t c e l l 
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o s c i l l a t e i n t h e same d i r e c t i o n . Such o s c i l l a t i o n s form 
t h e a c o u s t i c a l branches o f t h e l a t t i c e v i b r a t i o n a l spectrum. 
The waves have s m a l l wave number and correspond t o sound 
waves i n t h e c r y s t a l . The second c l a s s o f v i b r a t i o n s are 
tho s e i n which t h e atoms i n a u n i t c e l l move i n o p p o s i t e 
d i r e c t i o n s . The d i p o l e produced can couple s t r o n g l y t o 
e l e c t r o m a g n e t i c waves. These o s c i l l a t i o n s form t h e o p t i c a l 
modes o f t h e v i b r a t i o n a l spectrum. There are t h r e e components, 
two t r a n s v e r s e , and one l o n g i t u d i n a l , -for each t y p e o f 
o s c i l l a t i o n . The quantum mechanical s o l u t i o n of t h e e q u a t i o n 
o f m o t i o n o f a s e t o f l i n e a r o s c i l l a t o r s i s w e l l known.(1). 
Only c e r t a i n e n e r g i e s are a l l o w e d , which f o r a l a t t i c e are 
g i v e n by 

E. = (n + i) w. 1 ^ 1 

where = 2ITV.^ i s t h e frequency o f t h e i t h a l l o w e d 

o s c i l l a t i o n . The s t a t e i n which each atom i s a t r e s t a t i t s 

p o s i t i o n o f e q u i l i b r i u m i s not a l l o w e d . The l a t t i c e can 

exchange quanta o f energy ^lu, which by analogy w i t h photons 

a r e termed phonons. 

S c a t t e r i n g i n t r o d u c e d by t h e l o n g i t u d i n a l a c o u s t i c a l 

modes leads t o a c a r r i e r m o b i l i t y which i s p r o p o r t i o n a l t o 
-3/2 

T , S c a t t e r i n g by o t h e r modes produces more complex 

v a r i a t i o n s . E l e c t r o n - e l e c t r o n s c a t t e r i n g and e l e c t r o n - h o l e 

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

The f ormer depends on t h e v e l o c i t y dependence o f t h e 
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r e l a x a t i o n t i m e , and t h e l a t t e r i s s i m i l a r t o 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 d i s c u s s e d below. I n t e r v a l l e y s c a t t e r i n g 

a r i s e s when a s o p h i s t i c a t e d band model i s considered. The 

E versus k curve can have s e v e r a l minima which depend not 

o n l y on t h e magnitude but a l s o on t h e d i r e c t i o n of t h e k 

v e c t o r . E l e c t r o n s conduct i n these v a r i o u s minima, which 

are c a l l e d v a l l e y s , and can be s c a t t e r e d between them. 

Momentum i s conserved e i t h e r by t h e emission or a b s o r p t i o n 

o f a phonon. T h i s s c a t t e r i n g process i s u n l i k e l y a t low 

t e m p e r a t u r e s but i n c r e a s e s w i t h i n c r e a s i n g temperature as 

more phonons become a v a i l a b l e . The e v a l u a t i o n of i n t r i n s i c 

s c a t t e r i n g mechanisms a t low temperatures can be c o m p l i c a t e d 

i f t h e n o n - e q u i l i b r i u m phonon d i s t r i b u t i o n has a l o n g 

r e l a x a t i o n t i m e . The l a t t i c e has d i f f i c u l t y i n r e t u r n i n g t o 

e q u i l i b r i u m a f t e r r e c e i v i n g energy from a s c a t t e r e d e l e c t r o n 

and i t becomes necessary t o c o n s i d e r t h e e f f e c t of t h i s 

n o n - e q u i l i b r i u m d i s t r i b u t i o n on subsequent s c a t t e r i n g events. 

S c a t t e r i n g by i o n i s e d i m p u r i t i e s i s dependent upon th e 

c o n c e n t r a t i o n of i m p u r i t i e s and t h e temperature. At 

o r d i n a r y t e m p e r a t u r e s and s m a l l i m p u r i t y c o n c e n t r a t i o n s t h e 
3/2 

m o b i l i t y v a r i e s a p p r o x i m a t e l y as T , At low temperatures 
and h i g h c o n c e n t r a t i o n s o f i m p u r i t y t h e m o b i l i t y v a r i e s a s i 
-1/2 

T , S c a t t e r i n g by n e u t r a l i m p u r i t i e s i s independent o f 

t e m p e r a t u r e , 

S c a t t e r i n g by g r a i n boundaries, d i s l o c a t i o n s and t h e 

deformed p o t e n t i a l due t o t h e c r y s t a l s u r f a c e are l i k e l y t o 
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be s m a l l i n reasonable q u a l i t y c r y s t a l s , and overshadowed 

by a more prominent mechanism. 

The m o b i l i t y i s independent o f e l e c t r i c f i e l d i f t h e 

e l e c t r o n s are i n e q u i l i b r i u m w i t h the l a t t i c e . T h i s i s 

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

e l e c t r o n t e m p e r a t u r e may become c o n s i d e r a b l y h i g h e r than t h a t 

o f t h e l a t t i c e . The m o b i l i t y of t h e hot e l e c t r o n s as they 

a r e c a l l e d i s i n v e r s e l y dependent upon some power of t h e 

f i e l d between one h a l f and one. At v e r y h i g h f i e l d s , electrons 

may l o s e energy i n e x c i t i n g o p t i c a l phonons and t h e c u r r e n t 

s a t u r a t e s . 

A c r i t i c a l r e v i e w o f s c a t t e r i n g processes i n germanium, 

and t h e c a l c u l a t e d m o b i l i t i e s can be found i n r e f e r e n c e ( 4 ) . 

T h i s r e v i e w c o n t a i n s a comprehensive l i s t of r e f e r e n c e s t o 

o r i g i n a l work, 

1,9, Contacts. 

I n the p r e c e d i n g s e c t i o n s i t has been shown how 

e l e c t r i c a l c u r r e n t s can f l o w i n c r y s t a l l i n e s o l i d s . The 

s u p p l y o f e l e c t r o n s and holes t o semiconductors depends 

upon t h e r e l a t i v e magnitude o f t h e work f u n c t i o n s of t h e 

semiconductor and m e t a l c o n t a c t . T h i s i s i l l u s t r a t e d i n 

f i g , 1.9, The r e s p e c t i v e work f u n c t i o n s are 0g and 0̂ ,̂ 

The e l e c t r o n a f f i n i t y o f t h e semiconductor i s X g = '̂S ~ ^F' 

The c o n t a c t between m e t a l and semiconductor f o r 0jj^0S has 
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r e c t i f y i n g p r o p e r t i e s . On making c o n t a c t t h e r e i s a f l o w 
o f e l e c t r o n s f r o m t h e semiconductor t o t h e metal and a 
d e p l e t i o n l a y e r i s e s t a b l i s h e d i n t h e semiconductor. 
E l e c t r o n s f l o w i n g i n t o t h e c o n d u c t i o n band have t o surmount 
t h e p o t e n t i a l b a r r i e r formed by t h i s l a y e r . T h i s i s t h e 
r e v e r s e d i r e c t i o n o f t h e r e c t i f y i n g c o n t a c t . E l e c t r o n s 
f l o w i n g out o f t h e valence band do not have t h i s b a r r i e r t o 
c r o s s . Such a c o n t a c t , t h e r e f o r e , has a poor e l e c t r o n 
i n j e c t i o n e f f i c i e n c y but good hole i n j e c t i n g p r o p e r t i e s , 
(The e l e c t r o n s moving out o f the valence band are r a i s e d t o 
t h e Fermi l e v e l i n t h e me t a l by t h e a p p l i e d f i e l d ) . 

S i m i l a r r e a s o n i n g a p p l i e d t o a c o n t a c t where 0^ ^ 0g 

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

e f f i c i e n t f o r e l e c t r o n i n j e c t i o n but poor f o r hole: i n j e c t i o n . 

The l i m i t a t i o n s o f m e t a l c o n t a c t s are discussed i n r e f e r e n c e 

( 5 ) , 
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CHAPTER I I 
Op t i c a l Properties of Semiconductors 

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

The i n t e r a c t i o n of l i g h t w i t h semiconductors, where the 
word l i g h t i s used t o include u l t r a - v i o l e t and i n f r a - r e d 
r a d i a t i o n , provides a powerful basis f o r the i n v e s t i g a t i o n 
of the p r o p e r t i e s of s o l i d s . Two of the most important 
measurements are those of the transmission and r e f l e c t i o n 
of unpolarised and plane p o l a r i s e d l i g h t . The measurements 
can be made at d i f f e r e n t temperatures and w i t h the c r y s t a l 
i n e l e c t r i c and magnetic f i e l d s or under physical stress i f 
re q u i r e d . The i n t e r p r e t a t i o n of the r e s u l t s of the numerous 
possible experiments helps t o c l a r i f y the d e t a i l s of the 
band s t r u c t u r e of semiconductors. 

The i n v e s t i g a t i o n of photoconductivity enables 
i n f o r m a t i o n t o be gained about the i n t e r n a l e l e c t r o n i c 
processes. The property of photoconductivity arises from 
the increase i n the number of c a r r i e r s a v a i l a b l e f o r conduction 
when l i g h t i s absorbed. Suitable contacts t o the cr y s t a l -
surfaces are re q u i r e d i n order t h a t a f i e l d may be applied 
t o induce a photocurrent t o flow. 

2.2. O p t i c a l Constants 
The propagation of an electromagnetic wave through 
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a s o l i d may be described by so l v i n g Maxwell's equations 

assuming there i s no permanent charge density. The e l e c t r i c a l 

component of the wave can be shown t o be (6) 

E = E exp exp i u ( t - ^ ) X o ^ c c 2.2.1, 

This equation represents a wave of frequency U/2TT t r a v e l l i n g 

w i t h v e l o c i t y c/n, the amplitude of which i s damped by the 

f i r s t exponential term. The r e f r a c t i v e index, N, i s complex 

and expressed as 

N = n - i k 2.2.2. 

The r e a l and imaginary parts of N are sometimes r e f e r r e d t o 
as the r e f r a c t i v e index, n, and the c o e f f i c i e n t of e x t i n c t i o n , k 

1/2" 

1 + (1 + ) 2 n' = € 2^2^ 2 
o 

and 2 k^ 
1/2 

1 - (1 + 
2 2 2 

2.2.3, 

2.2.4, 

The symbols c and c ̂  are the d i e l e c t r i c constants of 
the c r y s t a l and f r e e space and 0" i s the c o n d u c t i v i t y at the 
o p t i c a l frequency u/2ir. Equations 2.2.1. t o 2.2.4. describe 
the general behaviour of a c r y s t a l i n an electromagnetic 
f i e l d . I t i s convenient f o r our purpose t o d i s t i n g u i s h 
between th r e e s i t u a t i o n s . ( i ) absorption by f r e e electrons 



- 19 -

( i i ) absorption across the energy gap, ( i i i ) absorption 
due t o l e v e l s w i t h i n the forbidden energy gap. L a t t i c e 
absorption w i l l not be discussed i n d e t a i l . 

2.3. Absorption by Free Carriers 
Free e l e c t r o n absorption i s predominant i n metals, 

but only becomes important i n semiconductors at wavelengths 
above one micron. In a semiconductor the absorption i s 
l i m i t e d by the width of the band concerned. Five phenomena 
have been widely e x p l o i t e d i n determining d e t a i l s of the band 
s t r u c t u r e of some s o l i d s . 

( i ) Cyclotron Resonance i s a technique which can be 
used t o determine the e f f e c t i v e mass m ( 7 ) . Apparatus i s set 
up t o observe microwave absorption i n a semiconductor placed 
i n a magnetic f i e l d . The r a d i a t i o n f i e l d i s po l a r i s e d w i t h i t s 
e l e c t r i c vector perpendicular t o the magnetic f i e l d . When 
u = • the ele c t r o n s absorb energy continuously from the 

m C 
i n c i d e n t r a d i a t i o n and execute a s p i r a l motion about the 
magnetic f i e l d . A measure of the frequency at which the 
resonance occurs provides an estimate of m . The sharpness 
of the l i n e absorption depends upon the qua n t i t y of energy 
the e l e c t r o n can gain from the f i e l d before i t s u f f e r s a 
s c a t t e r i n g event. Thus the absorption depends upon the 
r e l a x a t i o n time. (Section 1.7.). Cyclotron resonance can only 
be observed when U'C»1. Cyclotron resonance has been 
measured at i n f r a - r e d frequencies, where u i s large, i n 
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indium antimonide. ( 8 ) . A steady magnetic f i e l d of 60,000 
gauss was used and resonance observed at 41 microns. Pulsed 
magnetic f i e l d s have been used t o study i n f r a - r e d c y c l o t r o n 
resonance i n indium arsenide. ( 7 ) . 

( i i ) The Plasma E f f e c t i s associated w i t h the large 
decrease i n the r e f l e c t i o n of i n f r a - r e d r a d i a t i o n which 
occurs at a c e r t a i n frequency up, the plasma frequency. The 
magnitude of up can be obtained from the expression f o r the 
r e f r a c t i v e index using equations (2.2.2.), (2.2.3.), (2.2.4.) 
We have 

iff = (n - i k ) ^ = € - 2.3.1, 

The c o n d u c t i v i t y at a frequency u i s given by equations 
1.7.3. and 1.4. wifti T = 1/iu, i f losses are neglected. 

Equation 2.3.1. can then be expressed as 

(n - i k ) ' = € 1 - Ne 
U € € Q m 

= € 1 - up 
u 

2.3.2. 

where N i s the density of c a r r i e r s 
2 2 / * 

Ne /mccQ, corresponds The plasma frequency, up* 
t o a large change i n r e f l e c t i o n of a semiconductor. This 
frequency corresponds t o the lower l i m i t f o r propagation of 
an electromagnetic wave through a semiconductor. Incident 
r a d i a t i o n of frequency u < u p i s t o t a l l y r e f l e c t e d . From 
equation 2.3.2. the r e f r a c t i v e index n i s zero. At a 
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frequency above up given by ŵ ^̂ ^ = up^ 1 -€ ~^ ~^, 
the r e f r a c t i v e index i s u n i t y and the semiconductor i s matched 
i n t o f r e e space. The r e f l e c t i v i t y i s zero and the semi
conductor transmits the r a d i a t i o n . At frequencies higher than 

2 
t h i s minimum, the r e f l e c t i v i t y r i s e s and n —•€ (equation 2.3.2, 
The i n c l u s i o n of absorption losses shows tha t the r e f l e c t i v i t y 
f o r u < up i s s l i g h t l y less than u n i t y and the r e f l e c t i v i t y 
minimum i s not q u i t e zero. The e f f e c t i v e mass can be deter
mined from t h i s change i n r e f l e c t i v i t y i f the d i e l e c t r i c 
constant i s measured at high frequency and N, the density of 
c a r r i e r s , i s determined from a H a l l e f f e c t measurement. 

( i i i ) The magneto-Plasma e f f e c t i s s i m i l a r t o t h a t 
j u s t described. A magnetic f i e l d i s applied p a r a l l e l t o 
the d i r e c t i o n of propagation of the i n c i d e n t l i g h t . The 
magnetic f i e l d r e s u l t s i n a s p l i t t i n g of the plasma edge 
i n t o two. The amount of s p l i t t i n g i s equal t o the c y c l o t r o n 
resonance frequency. This permits a d i r e c t determination 
of the e f f e c t i v e mass m . 

( i v ) Faraday Rotation i s observed at frequencies 
above the plasma frequency i n magnetic f i e l d s w e l l below the 
c y c l o t r o n frequency. The experiment i s c a r r i e d out by pro
pagating a l i n e a r l y p o l a r i s e d wave p a r a l l e l t o the magnetic 
f i e l d . The plane of p o l a r i s a t i o n i s r o t a t e d due t o the 
d i f f e r e n t i n d i c e s of r e f r a c t i o n of the two c i r c u l a r l y 
p o l a r i s e d components. Ty p i c a l values of the r o t a t i o n f o r 
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indium antimonide are H = lO"* gauss, N = lO"*"̂  cm~^ and A 

= 15 microns, 0 = 250°/mm. The angle of r o t a t i o n i n c.g.s. 

u n i t s i s given by 

9 = ^^^^ ^ ̂  2 2.3.3. 

where K i s the d i e l e c t r i c constant. 
(v) The Voigt E f f e c t i s observed under s i m i l a r 

c o n d i t i o n s t o Faraday r o t a t i o n . A plane p o l a r i s e d beam 
i s p e r p e n d i c u l a r l y i n c i d e n t on a semiconducting slab w i t h 
the plane of p o l a r i s a t i o n at 45° t o the magnetic f i e l d . The 
magnetic f i e l d i s p a r a l l e l t o the plane of the slab. Since 
the two components of the i n c i d e n t l i g h t have d i f f e r e n t 
i n d i c e s of r e f r a c t i o n they emerge w i t h a phase d i f f e r e n c e 
a f t e r passing through the specimen. The transmitted wave i s 
e l l i p t i c a l l y p o l a r i s e d . The magnetic f i e l d can be varied 
t o o b t a i n c i r c u l a r l y p o l a r i s e d l i g h t which i s then detected. 
The phase d i f f e r e n c e i s given by 

S = — i ^ ^ ^ ^ 2.3.4. 

16ir VK c m 
The e f f e c t i v e mass can be determined d i r e c t l y by 

combined measurements of Faraday r o t a t i o n and Voigt e f f e c t . 
More d e t a i l of the e f f e c t s ( i ) - (v) can be found i n 

references (7 - 14). 
An important consequence of the v a r i a t i o n of e f f e c t s 
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( i i ) t o (v) w i t h the density of c a r r i e r s i s tha t the band 
s t r u c t u r e may be explored. Crystals w i t h d i f f e r e n t doping 
l e v e l s are measured. The v a r i a t i o n of m i s then a measure 
of the curvature of the band. Cyclotron resonance requires 
(J > wp and f o r semiconductors w i t h a high density of c a r r i e r s 
impossibly large magnetic f i e l d s would be required t o achieve 
resonance ( 7 ) . 

Absorption w i t h i n a band i s only possible by i n d i r e c t 
t r a n s i t i o n s . This w i l l be discussed i n the next section. 
The e f f e c t s ( i ) - (v) are also observed f o r holes, and 
separate measurements are made f o r holes of d i f f e r e n t masses 
i n a s p l i t valence band. 

2.4. Absorption Across the Energy Gap 
An e l e c t r o n i n the valence band of a semiconductor can 

be considered as a bound e l e c t r o n . When the e l e c t r o n s u f f e r s 
a d i s t u r b i n g f o r c e , the r e s t o r i n g force can be taken t o be 
p r o p o r t i o n a l t o the displacement, and the damping p r o p o r t i o n a l 
t o the v e l o c i t y . Thus according t o c l a s s i c a l mechanics 

2 2 m d x + mgdx + mu x =eE exp i u t 2.4.1. 
n- o 

dt dt 

where g i s the damping term. This i s the equation of motion 
f o r an e l e c t r o n i n an applied e l e c t r i c f i e l d E exp i u t . 
S o l u t i o n of t h i s equation i n terms of x enables the p o l a r i -
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z a b i l i t y t o be obtained. This i s r e l a t e d t o the d i e l e c t r i c 
constant and hence an expression f o r the o p t i c a l constants 
may be obtained. This gives the r e l a t i o n s between n, k and 
frequency shown i n f i g . 2.4.1. Although t h i s i s the c l a s s i c a l 
approach (11) there i s good q u a l i t a t i v e agreement w i t h the 
d e t a i l e d quantum-mechanical r e s u l t . The c l a s s i c a l method 
neglects four main p o i n t s . ( i ) The electrons are subject 
to the p e r i o d i c f i e l d of the l a t t i c e . ( i i ) The d i s t r i b u t i o n 
of e l e c t r o n s over a number of states i s ignored. ( i i i ) The 
existence of a constant r e l a x a t i o n time T = 1/g i s assumed, 
( i v ) No p r o v i s i o n i s made f o r t r a n s i t i o n s between states. 

A more d e t a i l e d quantum-mechanical treatment (6) gives 
expressions f o r the o p t i c a l constants 

- k^ - 1 = > ^ 5—^ 2.4.2 
^ , 2 2.2 2 2 . (u. - u ) + u g. 
J J J 

(ne^f./m€„)ug. 
2nk = \ ^ ^ 2.4.3. -I- f 2 2.2 2 2 . (u. - u ) + u g 

J J J 
The i n t e r a c t i o n of the f i e l d i s the sum of the in t e r a c t i o n s 

of l i n e a r o s c i l l a t o r s . The c o n t r i b u t i o n from each o s c i l l a t o r 
depends on the o s c i l l a t o r s t r e ngth f . Each of the resonance 
frequencies corresponds t o an allowed t r a n s i t i o n between 
e l e c t r o n i c s t a t e s . 

Absorption by electrons l y i n g i n bands below the valence 
band occurs only w i t h wavelengths i n the x-ray region of the 
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spectrum. This range i s beyond the scope of t h i s discussion. 

Photons i n c i d e n t upon a semiconductor w i t h energy 
s u f f i c i e n t t o r a i s e a valence e l e c t r o n t o the conduction band 
are absorbed. Photons w i t h energy less than t h a t of the 
forbidden gap are not absorbed. Mathematically, very many more 
o s c i l l a t o r s are a v a i l a b l e t o c o n t r i b u t e t o the absorption 
when the photon energy exceeds the forbidden gap. 

The quantum mechanical s e l e c t i o n r u l e states t h a t the 
d i f f e r e n c e i n wave number of the i n i t i a l and f i n a l s t a t e of 
the e l e c t r o n s h a l l be equal t o the wave vector of the r a d i a t i o n . 
The wave vector of the r a d i a t i o n i s small compared w i t h t h a t 
of the e l e c t r o n . Thus the t r a n s i t i o n i s v e r t i c a l between the 
bands on the E versus k diagram f o r the t r a n s i t i o n t o be h i g h l y 
probable, f i g . 2.4.2. Non- v e r t i c a l t r a n s i t i o n s are very much 
less l i k e l y . The momentum i n such t r a n s i t i o n s i s conserved by 
the absorption or emission of a phonon ( s ) . Germanium and 
s i l i c o n have i n d i r e c t gaps so t h a t n o n - v e r t i c a l , as w e l l as 
v e r t i c a l t r a n s i t i o n s occur. D i r e c t t r a n s i t i o n s only are obtained 
i n semiconductors w i t h simple energy surfaces w i t h minima at 
k = 0. This i s discussed l a t e r w i t h p a r t i c u l a r regard t o cadmium 
sulphide which has energy band s t r u c t u r e of the l a t t e r type. 
As s t a t e d i n the l a s t s e c t i o n d i r e c t t r a n s i t i o n s w i t h i n a band 
are not allowed, since energy and momentum cannot both be 
conserved i n such circumstances. As the energy of an e l e c t r o n 
increases w i t h i n a band i t s wave vector must change. •FroO' 
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Free c a r r i e r absorption i s due t o t r a n s i t i o n s of the 
i n d i r e c t type, and the nature of the absorption i s therefore 
dependent on the type of s c a t t e r i n g which i s operative. 

Electrons e x c i t e d t o the conduction band and the 
accompanying holes can c o n t r i b u t e t o a current through the 
c r y s t a l . A t y p i c a l absorption curve f o r a semiconductor i s 
shown i n Fig. 2.4.3. The absorption on the long wavelength 
side of the main band may be due t o an i n d i r e c t t r a n s i t i o n 
or t o l e v e l s close t o the band edges. 

Lax and Zwerdling (14) have reviewed magneto-optical 
phenomena i n semiconductors. E f f e c t s corresponding t o ( i ) -
(v) s e c t i o n 2.3., have been measured which are associated 
w i t h interband t r a n s i t i o n s . 

2.5. Absorption due t o Levels w i t h i n the Gap. 

Absorption by e l e c t r o n s bound t o i m p u r i t y centres or 
n a t i v e defects, or e x c i t a t i o n t o these l e v e l s i n the forbidden 
gap from the valence band can also c o n t r i b u t e t o an increase 
i n f r e e c a r r i e r concentration. The i d e n t i f i c a t i o n and source 
of these l e v e l s i s perhaps the most important, outstanding 
problem i n an i n v e s t i g a t i o n of wide band gap c r y s t a l s . An 
important series of energy states are associated w i t h excitons. 
An e x c i t o n i s a region of l o c a l i s e d e x c i t a t i o n energy, i n 
which an e x c i t e d e l e c t r o n i n t e r a c t s w i t h a hole i n the valence 
band. An e x c i t o n has no charge and cannot c o n t r i b u t e d i r e c t l y 
t o conduction processes. The i n t e r a c t i o n between hole and 
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e l e c t r o n introduces a se r i e s of hydrogen-like l e v e l s below 
the conduction band w i t h the conduction band as the series 
l i m i t . Excitons have been extensively i n v e s t i g a t e d i n 
cadmium sulphide. Further d e t a i l s can be found i n chapter 
f i v e . 

Absorption by o p t i c a l modes of the l a t t i c e , mentioned 
i n s e c t i o n 1.8., i s a prominent e f f e c t . This u s u a l l y occurs 
i n the wavelength range from 10 t o 50 microns and provides 
i n f o r m a t i o n concerning the c r y s t a l bonding. The absorption 
spectrum contains the *Reststrahlen' or r e s i d u a l ray bands a 
name which o r i g i n a t e s from e a r l y measurements of r e f l e c t i o n 
spectra. The term a r i s e s from the use of t h i s e f f e c t i n 
s e l e c t i o n of s p e c i f i c wavelengths by r e f l e c t i o n from c r y s t a l s , 

2.6. Determination of O p t i c a l Constants. 
The r e f l e c t i v i t y of a surface i s r e l a t e d t o the o p t i c a l 

constants as f o l l o w s 

R = (£zi)i±JE! 2.6.1. 
(n+l)2 + k^ 

With many semiconductors the transmission i s high f o r 
wavelengths i n the i n f r a - r e d shorter than those corresponding 
t o the plasma frequency. I n t h i s event k i n equation 2.6.1. 
may be neglected. The r e f l e c t i v i t y then gives a d i r e c t 
measure of the r e f r a c t i v e index. 

I f the absorption i s not n e g l i g i b l e two independent 
r e f l e c t i v i t y measurements are r e q u i r e d t o determine n and k. 
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Further d e t a i l s can be found i n reference (15). 

2.7. Luminescent Emission from Semiconductors. 
Luminescent emission from semiconductors may be 

st i m u l a t e d by the production of e x c i t e d e l e c t r o n i c states. 
The e x c i t a t i o n can be produced by electromagnetic r a d i a t i o n , 
e l e c t r o n bombardment or by the i n j e c t i o n of m i n o r i t y c a r r i e r s 
from the contacts. I n t e r n a l e x c i t a t i o n i s also possible by 
impact i o n i s a t i o n or f i e l d i o n i s a t i o n . The i n t e r n a l heating 
of a c r y s t a l during d i e l e c t r i c breakdown i s another mechanism 
which can lead t o the emission of l i g h t . Electro-luminescence 
e f f e c t s i n powders are probably due t o impact or f i e l d 
i o n i s a t i o n ( 1 6 ) . 

I t i s usual t o d i s t i n g u i s h somewhat a r b i t r a r i l y between 
phosphorescence and fluorescence by the length of the decay 
time of the emission. Phosphorescence has a long decay and 

—8 
i s the l i g h t emitted a f t e r a time > 10 sees of the e x c i t a t i o n 
event. Phosphorescence i s associated w i t h the exc i t e d 
e l e c t r o n s spending some time i n a trapping centre. Fluores-

—8 
cence has a decay time ^ 10~ sees which i s c h a r a c t e r i s t i c 
of the l i f e t i m e of an i s o l a t e d e x c i t e d atom(17). The ac t u a l 
decay time i s not a good measure of which process i s pre
dominant. Where doubt a r i s e s as t o the mechanism, the 
v a r i a t i o n of the decay time w i t h temperature may enable the 
d i s t i n c t i o n t o be made. I n t h i s work, emission stimulated 
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by u l t r a - v i o l e t r a d i a t i o n w i l l simply be termed luminescence, 
and t h a t s t i m u l a t e d by i n j e c t i o n of electrons and holes 
electroluminescence. 

The photon energy of the emitted l i g h t i s always less 
than t h a t of the e x c i t a t i o n . This arises because, according 
t o the Franck-Condon p r i n c i p l e , the absorption process i s 
so r a p i d t h a t the e x c i t e d e l e c t r o n immediately afterwards 
i s not i n thermal e q u i l i b r i u m w i t h i t s surroundings. This 
i s the r e s u l t of a change i n e l e c t r o s t a t i c p o l a r i s a t i o n w i t h 
the e x c i t e d atom. A f t e r the e x c i t a t i o n t r a n s i t i o n the system 
rel a x e s , and v i b r a t i o n a l energy i s d i s s i p a t e d i n the l a t t i c e . 
There i s a s i m i l a r loss of energy t o the l a t t i c e on emission 
which takes place when the e l e c t r o n r e t u r n s t o the ground 
s t a t e . The whole process explains the Stokers s h i f t , which 
r e q u i r e s the energy of the absorbed photon t o be greater than 
t h a t of the emitted quantum. 

The quantum mechanical s e l e c t i o n r u l e f o r emission i s 
• s i m i l a r t o t h a t f o r absorption, and the t r a n s i t i o n s are 

e s s e n t i a l l y v e r t i c a l unless c r y s t a l momentum i s conserved by 
the emission or absorption of a phonon(s). 

2.8. Photoconductivity 

Photoconductivity i s a consequence of the production of 
f r e e c a r r i e r s by absorbed electromagnetic r a d i a t i o n . The 

a d d i t i o n a l c a r r i e r s c o n t r i b u t e t o the current flow i n an 
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ap p l i e d f i e l d . (18), Free electrons and holes can be created 
by e x c i t i n g an e l e c t r o n across the band gap. A fr e e e l e c t r o n 
can also be produced by e x c i t a t i o n from a f i l l e d l e v e l w i t h i n 
the gap, and a hole by e x c i t a t i o n of an e l e c t r o n from the 
valence band t o an acceptor l e v e l . I n each case c a r r i e r s are 
made a v a i l a b l e t o enhance those already present i n thermal 
e q u i l i b r i u m . The s e n s i t i v i t y or gain of a photoconductor i s 
determined by the f r e e c a r r i e r l i f e t i m e T. The gain w i l l be high 
i f T i s large so t h a t many electrons can enter and leave the 
c r y s t a l before recombination occurs. The gain w i l l be reduced 
i f the c a r r i e r spends some f r a c t i o n of i t s t o t a l f ree l i f e t i m e 
i n a t r a p p i n g l e v e l . Trapping l e v e l s may enhance photoconductivity 
by t r a p p i n g a c a r r i e r of one type and reducing the p r o b a b i l i t y 
of recombination. The d i s t i n c t i o n between trapping and recom
b i n a t i o n centres i s made by comparing the r e l a t i v e p r o b a b i l i t i e s 
of thermal e j e c t i o n of the trapped e l e c t r o n t o the conduction 
band and recombination w i t h a f r e e hole. Levels near the band 
edge gen e r a l l y behave as t r a p p i n g centres. Levels near the 
centre of the forbidden gap, once they have captured a c a r r i e r 
have a high p r o b a b i l i t y of capturing a c a r r i e r of the opposite 
k i n d and behave as recombination centres. A p a r t i c u l a r centre 
may act i n both c a p a c i t i e s at d i f f e r e n t temperatures. 

The response time of a photoconductor t o a change 
i n i n c i d e n t l i g h t f l u x i s determined by the t o t a l l i f e t i m e 
of e x c i t e d c a r r i e r s . This time i s the sum of the f r e e 
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l i f e t i m e and the time spent i n trapping l e v e l s . E ither 
mechanism may predominate i n a p a r t i c u l a r semiconductor 
under d i f f e r e n t conditions of temperature and i l l u m i n a t i o n . 
The response time i s c r i t i c a l l y dependent on the e l e c t r o n i c a l l y 
a c t i v e defect centres w i t h i n the forbidden gap. The gain, 
G, of a photoconductor i s defined as 

G = ^ 2.8.1. 
eF 

where i s the photocurrent, and F the t o t a l number of 
e l e c t r o n - h o l e p a i r s being created per second i n the photo-
conductor. The gain can also be expressed as, the r a t i o of 
the f r e e l i f e t i m e of a charge c a r r i e r , t o i t s t r a n s i t time 
between electrodes. For a m a j o r i t y c a r r i e r photoconductor 
t h i s becomes 

G = - 2.8.2. 
T 

^2 
where T i s the t r a n s i t time. The t r a n s i t time i s T = — y 
Thus equation 2.8.2. can be w r i t t e n 

G = X 11 \ 2.8.3. 
d 

where d i s the electrode separation. There i s no l i m i t t o 

the gain of a photoconductor according t o equation 2,8.3. 

I t can be shown, however, t h a t maximum gain i s achieved at 

the onset of space charge l i m i t e d conduction (discussed i n 
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the f o l l o w i n g chapter). The maximum gain i s (5) 
T 

G = ^ M 2.8.4. max X^^ 

M = ^ 2.8.5. 
^2 

where i s the response time of the photoconductor and 
i s the d i e l e c t r i c r e l a x a t i o n time. M i s the r a t i o of the 
p o s i t i v e charges on the anode, N^,to the t o t a l increase i n 
photoexcited c a r r i e r s , Ng, accompanying an increase i n the 
absorbed l i g h t f l u x . i s only dependent on the e l e c t r o n i c 

s t r u c t u r e and the i n t e n s i t y of i l l u m i n a t i o n . Space charge 
l i m i t e d conduction begins when N̂^ ^ •^2' "^^is occurs when 
the i n j e c t e d c a r r i e r density equals the bulk c a r r i e r density 
at some voltage V. At higher voltages the number of charges 
on the anode increases w i t h the number of i n j e c t e d c a r r i e r s 
and M r e t a i n s a value of u n i t y . Recombination centres w i t h 
l e v e l s i n the forbidden gap may increase M t o a value 
approaching 500. The net e f f e c t i s t h a t the space charge 
l i m i t e d t h r e s h o l d i s r a i s e d but the f r e e electrons are not 
i n thermal e q u i l i b r i u m w i t h the recombination centres. From 
equation 2.8.4. w i t h M r e s t r i c t e d t o a value ^ 1 the product 
of gain, G, and bandwidth, i s constant. Thus a 

s e n s i t i v e photoconductor must have a long response time. 
The response time of the contact puts a f u r t h e r l i m i t 
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on the gain-bandwidth product (19) i f t h i s i s longer than 

the response time determined by the bulk of the photo

c o n d u c t i v i t y . A more complete treatment of the gain-bandwidth 

product and the contact response time i s given i n reference 5 

which includes many o r i g i n a l references. 
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CHAPTER I I I 

Space Charge Limited Conduction 

3.1. I n t r o d u c t i o n 
Conduction i n a c r y s t a l l i n e s o l i d can u s u a l l y be 

described i n terms of the r e l a t i o n 0" = ne|i + pefi . The 
e p 

d e n s i t i e s of electrons and holes are given by equations 
1.5.^". and 1.5.6. or t h e i r equivalents f o r a s o l i d w i t h 
l e v e l s i n the forbidden gap. Mott and Gurney (20) pointed 
out t h a t under c e r t a i n circumstances excess c a r r i e r s could 
be supplied t o an i n s u l a t o r at the contacts. These i n j e c t e d 
c a r r i e r s would lead t o a current i n excess of t h a t expected 
from the e q u i l i b r i u m concentration of c a r r i e r s . The excess 
curr e n t i s l i m i t e d purely by i t s own space charge. To 
observe space charge l i m i t e d ( s . c . l . ) currents three 
c o n d i t i o n s must be s a t i s f i e d , ( i ) The contacts must permit 
the i n j e c t i o n of excess c a r r i e r s , ( i i ) The c a r r i e r s must 
remain i n the appropriate band t o c o n t r i b u t e t o the current, 
( i i i ) The i n j e c t e d c a r r i e r density must be high w i t h respect 
t o the r e s i d u a l c a r r i e r density. Under these circumstances the 
current i s l i m i t e d by the space charge of the i n j e c t e d 
c a r r i e r s . By n e g l e c t i n g d i f f u s i o n , Mott and Gurney showed 
t h a t the current density i s 
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J = 3.1. 

where f i s the p e r m i t t i v i t y of the s o l i d and d the electrode 
separation. Equation 3.1. r e f e r s t o a s i n g l e c a r r i e r 
conduction mechanism i n a p l a n e - p a r a l l e l slab i n one dimen
si o n . A t h i n c r y s t a l i s necessary to observe s . c . l . currents 
due t o the t h i r d power dependence of current on electrode 
separation. Single c a r r i e r , and two c a r r i e r , s . c . l . con
ductio n have been described i n a previous t h e s i s ( 5 ) . A 
b r i e f o u t l i n e only w i l l be given here f o r reference purposes 
i n d e s c r i b i n g the experimental r e s u l t s . 

3.2. Lampert*s Theory of Single C a r r i e r Conduction 
A s i m p l i f i e d theory of s . c . l . conduction i n the 

presence of traps has been proposed by Lampert (21). He 
considered an i n s u l a t o r w i t h one d i s c r e t e t r a p p i n g l e v e l 
and a s i n g l e c a r r i e r conduction mechanism. The r e s u l t of 
h i s a nalysis can be explained w i t h the a i d of Fig. 3.2.1. 
The current i s confined w i t h i n three l i m i t i n g c h a r a c t e r i s t i c s . 
I t cannot be below the Ohm's law value f o r the n e u t r a l 
c r y s t a l , curve a. Fig. 3.2.1. I t cannot be above curve b 
which i s a p l o t of equation 3.1. and represents the current 
when a l l the i n j e c t e d c a r r i e r s are f r e e . The current cannot 
be t o the r i g h t of curve c which corresponds t o the s i t u a t i o n 
where a l l the i n j e c t e d c a r r i e r s are trapped. The l i n e c 
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i s r e f e r r e d t o as the t r a p s - f i l l e d - l i m i t . Lampert showed 
t h a t the a c t u a l current i s given by a reduced square law 

J - i i U L ^ j ! 3.2.1. 

where 9 i s the r a t i o of f r e e t o trapped c a r r i e r s and i s 
independent of voltage, provided the Fermi.level at the 
anode ( f o r e l e c t r o n s ) l i e s below the t r a p depth. He also 
showed t h a t the traps f i l l e d l i m i t voltage i s given by 

V___ = ^ Nt 3 2 2̂  
TFL 2f 

where Nt i s the density of tr a p s , and the Ohmic t o square 
law t r a n s i t i o n takes place when the applied voltage reaches 
a value 2 

V = ^ ^ 3.2.3. 
26 Q 

where n i s the thermal e q u i l i b r i u m c a r r i e r density. This 
theory does not apply where the current i s dominated by 
c a r r i e r d i f f u s i o n r a t h e r than d r i f t i n the e l e c t r i c f i e l d . 

3.3. Two C a r r i e r s . c . l . Conduction 

Two c a r r i e r s . c . l . conduction has been t r e a t e d by 
several authors.(19.22-25). The current density i s r e l a t e d 
e i t h e r t o the square or cube of the voltage depending on 
the mechanism of the recombination of the two c a r r i e r s , the 
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l i f e t i m e s of the c a r r i e r s and the p o s s i b i l i t y of n e u t r a l i s 
a t i o n of the i n j e c t e d charge by the c a r r i e r of opposite sign. 
Lampert (19.25) has considered the v a r i a t i o n of l i f e t i m e 
of a c a r r i e r w i t h increasing c a r r i e r i n j e c t i o n . He pre
d i c t e d a negative resistance e f f e c t since at high i n j e c t i o n 
l e v e l s the c r y s t a l must remain e l e c t r i c a l l y n e u t r a l . 

Two c a r r i e r s . c . l . conduction a f f o r d s a means of 
o b t a i n i n g low f i e l d electro-luminescence. The recombination 
of c a r r i e r s i s accompanied by emission of photons w i t h energy 
corresponding t o t h a t released during the recombination. 
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CHAPTER IV 

E l e c t r i c a l Conduction i n Cadmium Sulphide 

4.1. I n t r o d u c t i o n 

Cadmium sulphide c r y s t a l l i z e s i n the hexagonal close 
packed ( w u r t z i t e ) l a t t i c e (26). I t can be thought of as 
two i n t e r l o c k i n g hexagonal arrays, of cadmium and sulphur. 
Each cadmium atom i s bonded t o four sulphur atoms w i t h an 
in t e r a t o m i c distance of 2.52 S. Pauling (27) established 
a c r i t e r i o n f o r expressing the percentage of i o n i c bonding 
i n terms of the e l e c t r o n e g a t i v i t y d i f f e r e n c e of the atoms, 
i . e . the a b i l i t y of the atoms t o a t t r a c t electrons. Cadmium 
sulphide has 22% i o n i c bonding according t o t h i s f o r m a l i 
z a t i o n . (14). This degree of i o n i c character i n the bonding 
i s the cause of the wide band gap i n cadmium sulphide. The 
i n t e r a c t i o n of i n d i v i d u a l atomic o r b i t a l s when the atoms 
are brought together t o form a c r y s t a l i s not as great as 
t h a t i n a covalent c r y s t a l , such as germanium, where a l l 
valence electrons are shared between the atoms. 

4.2. C r y s t a l Growth 

Single c r y s t a l s of cadmium sulphide can be prepared by 
sublimation from powder i n the temperature range 900°C t o 
1200°C using e i t h e r an i n e r t atmosphere or vacuum. I n 
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many v a r i a t i o n s of the basic technique the sublimation i s 
a s s i s t e d by passing a c a r r i e r gas over the charge (28,29,30). 
Single c r y s t a l s can also be prepared from the constituent ele
ments, and by a t r a n s p o r t technique which u t i l i s e s iodine 
as a c a r r i e r ( 5 ) . The c r y s t a l s formed are generally small 
rods (1 cm by 1 mm diameter) or t h i n plates (0.1 mm by 
0.5 cm square.). Large c r y s t a l s can be grown by modifying 
the basic technique (31). 

The comparatively high temperatures required make the 
st o i c h i o m e t r y and i n c o r p o r a t i o n of unwanted i m p u r i t i e s i n 
cadmium sulphide d i f f i c u l t t o c o n t r o l . Growth from the melt 
r e q u i r e s high pressures (of the order of 100 atmospheres) 
t o prevent d i s s o c i a t i o n of the cadmium and sulphur. Temper
atures needed are i n the region of 1300°C. Good c o n t r o l 
of the growth parameters under these conditions would at 
the present time be even more d i f f i c u l t t o achieve than i n 
the vapour phase techniques. 

4.3. Forbidden Energy Gap 
The width of the forbidden gap at any p a r t i c u l a r 

temperature depends on the c r i t e r i a chosen t o define i t . 
Sommers et a l (32) from photoelectromagnetic (PEM) measure
ments give a value of 2.48eV at room temperature. Curie (17, 
p.81) quotes a value of 2.43eV at the same temperature from 
measurements of the fundamental o p t i c a l absorption l i m i t . 
I t i s usual t o define the band gap as the energy at which 
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the absorption c o e f f i c i e n t i s 100 mm""*". Using t h i s 
c r i t e r i o n , the band gap f o r cadmium sulphide w i l l be taken 
as 2.52 eV and 2.43 eV at l i q u i d n itrogen and room temper
ature r e s p e c t i v e l y (17.p.109). 

4.4. Band Structure of Cadmium Sulphide 
Elaborate c a l c u l a t i o n s of the band s t r u c t u r e of 

cadmium sulphide by Balkanski and des Cloizeaux (33) 
i n d i c a t e t h a t the valence band i s s p l i t i n t o three sub-bands. 
The suggested s t r u c t u r e i s shown i n Fig. 4.4. The lowest 
band arise s from the s - o r b i t a l s of the sulphur ions, the 
next band from the p - o r b i t a l s p a r a l l e l t o the c-axis of the 
c r y s t a l , and the upper band from the p - o r b i t a l s perpendi
c u l a r t o the hexagonal a x i s . The upper band i s s p l i t by 
about 0.016 eV at 4.3°K by s p i n - o r b i t coupling. A review 
of the e v o l u t i o n of t h i s concept of the band s t r u c t u r e i s 
given i n reference (17), along w i t h a comprehensive l i s t 
of references. Thomas and H o p f i e l d (34,35), i n p a r t i c u l a r , 
from a study of r e f l e c t a n c e and luminescence i n cadmium 
sulphide support t h i s theory. Their work, and other o p t i c a l 
work i n support of t h i s band s t r u c t u r e , i s discussed i n 
more d e t a i l i n the f o l l o w i n g chapter. I t should be noted 
from F i g . 4.4. t h a t the p r o b a b i l i t y of i n t e r a c t i o n of an 
electromagnetic wave w i t h electrons i n the two uppermost 
l e v e l s of the valence band depends on the o r i e n t a t i o n of 



C . B . 

E J . C 
E J . C 

V.B.i T 
I 

B A N D STRUCTURE O F Cd S 

( B A L K A N S K I , des C L O I Z E A U X ) 

F I G 4 . 4 . 



- 41 -

the plane of p o l a r i z a t i o n of the wave w i t h respect t o 

the c-axis of the c r y s t a l . 

4.5. The E f f e c t i v e Mass of Electrons and Holes 
I t has been shown e a r l i e r t h a t the e f f e c t i v e mass 

of a f r e e c a r r i e r depends on the shape of the E vs k 
curve. The shapes of the energy surfaces are not w e l l known 
f o r cadmium sulphide. An estimate of the el e c t r o n e f f e c t i v e 
mass has been given by Krbger et a l (36) from H a l l e f f e c t ^ 

r e s i s t i v i t y and th e r m o e l e c t r i c power measurements. To 
evaluate t h e i r r e s u l t s they assumed an el e c t r o n m o b i l i t y 
dependent upon acoustic and o p t i c a l mode s c a t t e r i n g which 
gave 0.20 m <. m <. 0.27 m . Estimates from the temperature 
dependence of the H a l l e f f e c t and the Zeeman e f f e c t of the 
r e f l e c t a n c e and absorption spectra are summarized by Zook 
and Dexter (37). Their galvomagnetic measurements are i n 
agreement w i t h the values obtained by the e a r l i e r methods 
g i v i n g m = 0.21 m . Further agreement i s provided by a 
study of the f r e e e l e c t r o n absorption i n doped cadmium 
sulphide. (38). A l l these experiments i n d i c a t e t h a t the 
conduction band minima occurs a t k = 0 and t h a t the e f f e c t i v e 
e l e c t r o n mass i s e s s e n t i a l l y i s o t r o p i c . 

The e f f e c t i v e mass of holes i s d i f f e r e n t i n each of 
the valence bands. Values of 0.7 m and 5.0 m have been 

e e 
determined f o r the upper and lower l e v e l of the uppermost 



- 42 -

valence band, by Thomas and Hopfield (35). They observed 
the change i n ex c i t o n absorption of in c i d e n t plane po l a r i z e d 
l i g h t , on r e v e r s a l of a magnetic f i e l d , f o r the two per
pendicular d i r e c t i o n s of p o l a r i z a t i o n . 

Cyclotron resonance has been r e c e n t l y observed i n 
cadmium sulphide using microwaves w i t h a wavelength of s i x 
m i l l i m e t r e s (39). An e l e c t r o n e f f e c t i v e mass of 0.17 m̂  
and a hole e f f e c t i v e mass of 0.81 m^ are reported. These 
values are i n reasonable agreement w i t h e a r l i e r work. 

4.6. C a r r i e r M o b i l i t y and Scatte r i n g Mechanisms. 

The e l e c t r o n m o b i l i t y i n doped cadmium sulphide can 
be determined from r e s i s t i v i t y and H a l l e f f e c t measurements. 

2 
I t i s of the order of 210 cm /V.sec. at room temperature 
and f o l l o w s a T"̂ '̂ ^ temperature v a r i a t i o n i n the range 150°K 
t o 700°K.(36). Below 150°K ionized i m p u r i t y s c a t t e r i n g may 
predominate. Krttger et a l f i t t e d the high temperature 
v a r i a t i o n of m o b i l i t y t o an expression i n v o l v i n g the 
a c o u s t i c a l and o p t i c a l modes. The acoustic s c a t t e r i n g i s 

-3/2 
responsible f o r the dominant T m o b i l i t y v a r i a t i o n at 
the higher temperatures. 

Spear and Mort (40) have measured the el e c t r o n and 
hole m o b i l i t i e s i n undoped cadmium sulphide i n the range 
80°K t o 500°K using a d r i f t technique. I t should be pointed 
out t h a t the d r i f t m o b i l i t y w i l l only be equal t o the 
c o n d u c t i v i t y m o b i l i t y i f there i s no tra p p i n g . This arises 
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because the m o b i l i t y i s defined as the d r i f t v e l o c i t y of 
f r e e c a r r i e r s per u n i t f i e l d . Spear and Mort i n t e r p r e t e d 
the experimental v a r i a t i o n of the e l e c t r o n m o b i l i t y i n terms 
of a t r a n s i t i o n from a l a t t i c e c o n t r o l l e d t o a t r a p c o n t r o l l e d 
m o b i l i t y as the temperature decreased below 250°K. They 
f u r t h e r suggested t h a t the depth of the trapping l e v e l 

decreases w i t h an increasing concentration of the i m p u r i t i e s 
onsil 
-3/2 

responsible f o r the t r a p s . Above 250°K the m o b i l i t y v a r i e d 

as T 
The hole m o b i l i t y was observed t o decrease from a 

2 
maximum of 15 cm / v o l t . s e c . above and below room temperature. 
The high temperature v a r i a t i o n may be i n t e r p r e t e d i n terms 

/ 
of l a t t i c e s c a t t e r i n g , while the law temperature v a r i a t i o n 
was explained i n terms of t r a n s i t i o n s between the two upper 
l e v e l s of the valence band. Mort and Spear's measurements 
were c a r r i e d out w i t h the applied f i e l d perpendicular t o 
the c-axis. The m o b i l i t y they measured was consequently 
dependent upon the s c a t t e r i n g i n t h i s d i r e c t i o n of current 
f l o w . 

Zook and Dexter (37), using measurements of H a l l and 
magnetoresistance e f f e c t s , concluded th a t m o b i l i t y i n 
cadmium sulphide can be s a t i s f a c t o r i l y a t t r i b u t e d t o a com
b i n a t i o n of o p t i c a l mode and p i e z o e l e c t r i c s c a t t e r i n g . 
P i e z o e l e c t r i c s c a t t e r i n g i s brought about by the e l e c t r i c 
f i e l d s which are set up by the acoustic v i b r a t i o n s i n a 
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p o l a r c r y s t a l (41). Zook and Dexter point out t h a t piezo
e l e c t r i c s c a t t e r i n g i s a n i s o t r o p i c and f o r complete agreement 
between theory and experiment they suggest a n i s o t r o p i c 
i m p u r i t y s c a t t e r i n g i s also important at low temperatures. 
(77°K). The H a l l m o b i l i t y i s not equal t o the c o n d u c t i v i t y 
m o b i l i t y but r e l a t e d t o i t by a weighting f a c t o r which takes 
account of the a c t u a l v e l o c i t y d i s t r i b u t i o n of c a r r i e r s i n 
a p a r t i c u l a r c r y s t a l . Zook and Dexter*s work was done on 
low r e s i s t i v i t y (of the order of 1 ohm.cm.) cadmium sulphide 
and r e f e r s t o e l e c t r o n s . The measurements were taken 
p a r a l l e l and perpendicular t o the c-axis. 

4.7. Defect Levelsar 

Cadmium sulphide prepared as pure as possible i s 
a high r e s i s t i v i t y n-type m a t e r i a l . The r e s i s t i v i t y i s • 
10''"̂  ohm. cm. or higher. Cadmium sulphide i n t h i s s t a t e could 
be c a l l e d a semi-insulator. I t can be converted i n t o a 
low r e s i s t i v i t y n-type semiconductor by the s u b s t i t u t i o n 
of c h l o r i n e bromine or i o d i n e , a l l of which s u b s t i t u t e f o r the 
sulphur atoms producing shallow donor l e v e l s approximately 
0.03 eV below the conduction band. S i m i l a r l y s u b s t i t u t i o n 
of aluminium, g a l l i u m or indium f o r cadmium produces shallow 
donor l e v e l s and low r e s i s t i v i t y m a t e r i a l . ( 4 2 ) . A s t o i c h i o 
m e t r ic excess of cadmium has a s i m i l a r e f f e c t (41). The 
p r o d u c t i o n of p-type cadmium sulphide i s not yet possible 
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and t h i s may be due t o the high a c t i v a t i o n energy of acceptors 
which i s g e n e r a l l y put at the order of 1 eV above the 
conduction band (43,44). Copper or s i l v e r s u b s t i t u t i n g 
f o r cadmium, or a cadmium vacancy are examples. The exception 
t o t h i s i s the production of i m p u r i t y band p-type conduction 
a t t a i n e d w i t h a very high doping l e v e l of copper (45). 

Defects w i t h l e v e l s i n the forbidden gap between the 
above extremes are very important i n determining the photo-
conductive p r o p e r t i e s of cadmium sulphide, A recent analysis 
by Nicholas (46) summarises the trapping l e v e l s found i n 
t h i s region f o r c r y s t a l s grown under s i m i l a r conditions t o 
those used i n t h i s work. The l e v e l s were i n v e s t i g a t e d 
using the t h e r m a l l y s t i m u l a t e d current method. With t h i s 
technique the c r y s t a l i s cooled and the l e v e l s f i l l e d w i t h 
e l e c t r o n s by intense i l l u m i n a t i o n . On heating the c r y s t a l , 
a t a uniform r a t e , and monitoring the current passed by 
the c r y s t a l , various maxima are observed which correspond 
t o the release of electrons from l e v e l s i n the forbidden gap. 
A c a r e f u l analysis of the thermally stimulated current carve 
provides values f o r the various l e v e l s . Using t h i s technique 
Nicholas i d e n t i f i e d t r a p p i n g l e v e l s at 0.05, 0.14, 0.25, 
0.41, 0.63 and 0.83 eV below the conduction band. The 0.14, 
0.41 and 0.83 eV t r a p s are associated w i t h a photochemical 
r e a c t i o n . I n p a r t i c u l a r i t was suggested t h a t the 0.83 eV 
l e v e l might i n f a c t be the a c t i v a t i o n energy required t o 
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destroy a t r a p complex. The 0.63 eV l e v e l has a high cross 
s e c t i o n f o r e l e c t r o n capture ( i . e . high p r o b a b i l i t y of 
captu r i n g an e l e c t r o n ) and has been separately i d e n t i f i e d 
as the compensating l e v e l which produces high r e s i s t i v i t y , 
pure cadmium sulphide. ( 5 ) . The possible o r i g i n s of the 
various l e v e l s are as f o l l o w s ( i ) 0.05 eV i s a double 
ne g a t i v e l y charged sulphur vacancy ( i i ) 0.14 eV i s also 
associated w i t h sulphur vacancies ( i i i ) 0.25 eV i s a s i n g l y 
charged sulphur vacancy ( i v ) 0.41 eV i s an u n i d e n t i f i e d 
n e u t r a l l e v e l (v) 0.63 eV i s a s i n g l y p o s i t i v e charged 
cadmium vacancy ( v i ) 0.83 eV i s an a c t i v a t i o n energy f o r 
the d e s t r u c t i o n of a t r a p complex. These are merely 
t e n t a t i v e suggestions. Only c e r t a i n l e v e l s are observed i n 
a p a r t i c u l a r c r y s t a l under given conditions. 

4.8. Contact t o Cadmium Sulphide 
The problem of making ohmic contact t o cadmium 

sulphide has already been covered i n some d e t a i l ( 5 ) . 
Experimentally, i t i s found t h a t evaporated indium on a 
surface of cadmium sulphide, which has previously been 
cleaned by e l e c t r o n or hydrogen i o n bombardment, makes a 
s a t i s f a c t o r y ohmic or i n j e c t i n g contact. Conversely, t h i s 
type of contact i s hole blocking. Silver, copper and graphite 
make good hole i n j e c t i n g contacts, and can be applied e i t h e r 
by e v a p o r a t i o n or i n an a i r - d r y i n g suspension. 
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CHAPTER V 

O p t i c a l Properties of Cadmium Sulphide 

5.1. Absorption i n Cadmium Sulphide 
The absorption spectrum of cadmium sulphide has been 

measured by Balkanski and Waldron (47), at the fundamental 
absorption edge, f o r l i g h t p o l a r i z e d perpendicular and 
p a r a l l e l t o the c-axis of the c r y s t a l . The absorption i s 
s h i f t e d by 0.016 eV as expected due t o the s p l i t t i n g of 
the upper valence band. Button (48) has observed two 
peaks i n the r e f l e c t i v i t y spectrum at the absorption edge 
and confirms t h i s value. Bube (49) has observed two maxima 
i n the pho t o c o n d u c t i v i t y e x c i t a t i o n spectra. The s p l i t t i n g 
of the maxima i s 0.018 eV. K e l l y and Fredericks (68), from 
s i m i l a r measurements, f i n d a d i f f e r e n c e of 0.019 eV i n the 
maxima f o r l i g h t p o l a r i z e d perpendicular and p a r a l l e l t o 
the c-axis. These photoconductivity measurements correspond 
t o the same band s t r u c t u r e . 

D e t a i l e d i n f o r m a t i o n about the band s t r u c t u r e has 
been obtained by Thomas and Hopfield (34,35,50,51). They 
have studied the ex c i t o n absorption close t o the absorption 
edge by i n v e s t i g a t i n g the associated r e f l e c t i o n spectra of 
p o l a r i z e d l i g h t . Thomas and Hopfield found three exciton 
s e r i e s corresponding t o the three valence bands.(34). 
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Further work (50) has l e d t o the i d e n t i f i c a t i o n of 

numerous absorption l i n e s due t o i m p u r i t i e s and the 
i n t e r a c t i o n of these i m p u r i t i e s w i t h excitons. 

Exciton emission spectra have been studied i n the 
u l t r a - v i o l e t s t i m u l a t e d fluorescence spectra of cadmium 
sulphide by B e i l and Broser (52). They obtained estimates 

2 
of the hole m o b i l i t y , [i^ of 25 cm / v o l t . s e c , and a hole 

—6 l i f e t i m e T, < 10 sees. These values were deduced from h 
measurements of the decay of the emission w i t h time. B e i l 
and Broser*s values of ii^ and agree w i t h Mort and 
Spear's estimates discussed i n se c t i o n 4.6. 

C o l l i n s (53) has measured the r e f l e c t i o n (Restrahlen) 
of unpolarized r a d i a t i o n from cadmium sulphide i n the f a r 
i n f r a - r e d . The r e f l e c t i o n has a maximum near 38 microns 
due t o the i n t e r a c t i o n of the i n c i d e n t r a d i a t i o n w i t h the 
transverse o p t i c a l modes of the l a t t i c e . C o l l i n s f i t t e d 
the r e f l e c t i o n data t o the c l a s s i c a l dispersion r e l a t i o n s 
and Fresnel equations. ( 6 ) . From t h i s work, the wave 
number of the transverse o p t i c a l mode frequency, vt, i s 

ina 
1/2 

241 cm""̂ . vt i s r e l a t e d t o the l o n g i t u d i n a l o p t i c a l 

frequency by the equation Vr = vtir—) , (54), and 
-1 ° 

gives a value of 305 cm f o r the wave number of l o n g i t u d i n a l 

v i b r a t i o n s . 
Balkanski and Besson (69) have studied the absorption 

and r e f l e c t i o n spectra of t h i n p l a t e l e t s of cadmium sulphide 
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i n the wavelength range 15 t o 30 microns. Seven 
absorption maxima were observed which Balkanski and Besson 
i n t e r p r e t e d as combinations of four basic phonon frequencies 
of 295 cm"''', 276 cm"""", 260 cm'"*" and 199 cm"""". Marshall 
and M i t r a (55) have extended t h i s work by measuring the 
transmission up t o 40 microns. They observed t h i r t y 
absorption peaks which could be =»ttributed to multiphonon 
processes. Marshall and Mit r a assign the maxima t o com
b i n a t i o n s of basic frequencies v i z ( i ) l o n g i t u d i n a l o p t i c a l 

Vj^Q = 295 cm~''' ( i i ) transverse o p t i c a l Vr^Q = 261 cm~''" 
-1 ^ 

( i i i ) transverse o p t i c a l v^,^ = 238 cm ( i v ) l o n g i t u d i n a l 
-1 2 

a c o u s t i c a l Vj^^ = 149 cm (v) transverse a c o u s t i c a l ŷ p̂  = -1 -1 ^ 79 cm ( v i ) transverse a c o u s t i c a l v^p^ = 70 cm . Marshall 
2 

and M i t r a also review e a r l i e r work i n reference 55. 
The r e f r a c t i v e index of cadmium sulphide i s 2.6 

at 5000 S (56) and the s t a t i c d i e l e c t r i c constant 11.6 (36). 
Dexter (57) and Sawamato (39) have measured c y c l o t r o n 
resonance, and Piper and Marple have studied the i n f r a - r e d 
f r e e c a r r i e r absorption, as mentioned e a r l i e r . Piper 
and Marple measured the transmission and r e f l e c t a n c e spectra 
of g a l l i u m doped cadmium sulphide i n the s p e c t r a l range 1 to 
35 microns. The e f f e c t i v e mass, m , was calculated from 
the f r e e e l e c t r o n c o n t r i b u t i o n t o the r e f r a c t i v e index t o 
be 0.22 m . The c a r r i e r concentration was determined from e 
a H a l l e f f e c t measurement. 
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5.2. Photoconductivity 

Cadmium sulphide i s an extremely s e n s i t i v e photo-
conductor. The current f l o w i n g through a c r y s t a l can 

Q 

be increased, by a f a c t o r of about 10 under i l l u m i n a t i o n 
w i t h l i g h t of 1 f t . candle i n t e n s i t y . The high photocon-
d u c t i v e gain i s generally ascribed t o the trapping of 
f r e e holes i n recombination ceatres w i t h a small e l e c t r o n 
capture cross-section which leads t o a long e l e c t r o n l i f e 
time (58,59). Such recombination l e v e l s , which are c a l l e d 
s e n s i t i s a t i o n centres, have a small p r o b a b i l i t y of capturing 
an e l e c t r o n once a hole has been captured. Thus, t h i s 
type of centre increases the f r e e e l e c t r o n l i f e t i m e and 
hence the s e n s i t i v i t y ( s e c t i o n 2.8.). I n f r a - r e d r a d i a t i o n 
can release these trapped holes which then recombine w i t h 
e l e c t r o n s through f a s t recombination l e v e l s . This reduces 
the gain and r e s u l t s i n the e f f e c t known as i n f r a - r e d 
quenching. A summary of t h i s e f f e c t , and a comprehensive 
l i s t of references has been given by Lambe and K l i c k . (60). 
The c o r r e l a t i o n of the p r o p e r t i e s of the centres w i t h 
l e v e l s i n the forbidden gap w i t h the response time and 
s e n s i t i v i t y of a photoconductor was discussed i n section 
2.8. 

The v a r i a t i o n i n s e n s i t i v i t y of cadmium sulphide w i t h 
i n c r e a s i n g e x c i t a t i o n i n t e n s i t y can be less than or greater 

t h a n u n i t y depending on the i n t e n s i t y of i l l u m i n a t i o n and 
the temperature (18. p.335 f f . ) . The departures from 
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l i n e a r i t y a r i s e from the opposing e f f e c t s of temperature 
and e x c i t a t i o n l e v e l on the c r y s t a l . An increase i n 
temperature reduces the e f f e c t of the s e n s i t i s i n g centres, 
since holes, thermally freed from these l e v e l s , can then 
recombine through f a s t recombination channels. This i s 
the mechanism of temperature quenching of photoconductivity. 
An increase i n the i n t e n s i t y of i l l u m i n a t i o n leads t o 
a decrease i n the f r e e e l e c t r o n l i f e t i m e as trapping l e v e l s 
become f i l l e d and begin t o act as recombination centres. 
Both these e f f e c t s lead t o a r e l a t i o n s h i p I a between 
the photocurrent, I , and the i n t e n s i t y of e x c i t a t i o n L 
where ^<n<.l. I n contrast w i t h t h i s type of behaviour, 
s u p e r - l i n e a r i t y may occur, i . e . n > 1. On increasing the 
i n t e n s i t y of i l l u m i n a t i o n the d i s t r i b u t i o n of trapped holes 
between the two types of recombination centre can change. 
This leads t o a p h o t o s e n s i t i v i t y dependent upon a power 
of the e x c i t a t i o n of the order of 1.7, when the m a j o r i t y 
of the holes remain i n the s e n s i t i s i n g centres. This 
behaviour provides a f u r t h e r i l l u s t r a t i o n of the importance 
of l e v e l s w i t h i n the forbidden gap i n determining the 
photoconductive p r o p e r t i e s . 

5.3. Edge Emission 

An important property of cadmium sulphide i s associated 
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w i t h the l i g h t emitted when a c r y s t a l i s cooled t o 77°K 
or below and e x c i t e d w i t h r a d i a t i o n i n the fundamental 
absorption band. An example of the s p e c t r a l emission 
d i s t r i b u t i o n of a pure s i n g l e c r y s t a l i s i l l u s t r a t e d i n 
F i g . 5.3. I t i s c a l l e d edge emission since i t occurs 
close t o the o p t i c a l absorption edge. The more recent 
explanations of edge emission associate i t w i t h e l e c t r o n -
hole recombination v i a e i t h e r a sulphur vacancy or a 
sulphur i n t e r s t i t i a l (53. 61-63.70). I t i s not yet clear 
whether the emission i s due t o the recombination of a 
f r e e e l e c t r o n w i t h a trapped hole or a trapped e l e c t r o n 
w i t h a f r e e hole. H o p f i e l d (70) has shown t h a t the heights 
of the d i f f e r e n t peaks, I ^ , f o l l o w a Poisson d i s t r i b u t i o n 

I = I ^ : — 5.3. n o ^, 

The f i r s t emission l i n e l o i s a t t r i b u t e d t o e l e c t r o n -
hole recombination without the emission of a phonon. The 
n t h l i n e i s recombination w i t h the emission of n phonons. 
The mean number of emitted photons, N, i s 0.87 t o f i t the 
experimental data. The Poisson d i s t r i b u t i o n i n d i c a t e s t h a t 
the multi-phonon i n t e r a c t i o n s are a random process. 

An emission at shorter wavelengths w i t h a s i m i l a r 
s t r u c t u r e i s a t t r i b u t e d t o recombination v i a surface states. 
(61) . A t h i r d r e g i o n of emission occurs at s t i l l shorter 
wavelengths and i s ascribed t o e x c i t o n t r a n s i t i o n s (34,35,52) 
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The main edge emission i . e . t h a t a t the longest wavelengths, 
e x h i b i t s f i n e s t r u c t u r e which i s a t t r i b u t e d t o the coupling 
of the emission w i t h the l o n g i t u d i n a l o p t i c a l phonons of 
the l a t t i c e . Thus the spacing between adjacent maxima 
corresponds i n wave number t o the l o n g i t u d i n a l o p t i c a l 

'phonon frequency of approximately 300 cm"''", which agrees 
w i t h C o l l i n s (53) estimation of Vj^ of 305 cm"'''. The emission 
i s p o l a r i z e d i n accordance w i t h the s e l e c t i o n r u l e s appro
p r i a t e t o the s p l i t t i n g of the upper valence band i n t o 
two l e v e l s . ( 6 2 ) . The emitted l i g h t i s pola r i z e d perpendi
c u l a r and p a r a l l e l t o the c-axis of the c r y s t a l i n the 
i n t e n s i t y r a t i o of approximately ten t o one at 77°K. From 
the temperature v a r i a t i o n of t h i s i n t e n s i t y r a t i o , C o l l i n s 
and H o p f i e l d (62) deduced the separation of the two valence 
bands t o be 0.014 eV. The experimental arrangement was 
i n s u f f i c i e n t l y s e n s i t i v e t o determine t h i s separation from 
the s h i f t i n the p o s i t i o n of the peaks. 

The surface emission shows multi-phonon s t r u c t u r e 
i n the same way as the edge emission. The exciton s t r u c t u r e 
a r i s e s from electron-hole i n t e r a c t i o n and the accompanying 
s e r i e s of hydrogen-like l e v e l s close t o the conduction 
band. These l e v e l s have been studied i n emission spectra 
by B e i l and Broser (52) and C o l l i n s (53). The former 

e x c i t e d the c r y s t a l s w i t h u l t r a - v i o l e t r a d i a t i o n , whereas 
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C o l l i n s used 1 MeV electrons. The study of these l e v e l s 
i n r e f l e c t i o n experiments has already been discussed i n 
se c t i o n 5.1. A study of the edge emission of a v a r i e t y of 
d i f f e r e n t l y doped cadmium sulphide c r y s t a l s forms the 
subject matter of chapter eight of t h i s t h e s i s . 

5.4. I n j e c t i o n Luminescence 

Electro-luminescence at low f i e l d s has been observed 
i n s i n g l e c r y s t a l s of cadmium sulphide (5.64). Smith 
i n v e s t i g a t e d t h i s emission at room temperature using c r y s t a l s 
w i t h indium contacts. In order t o obtain a v i s i b l e l i g h t 
emission the anode had t o be formed e l e c t r i c a l l y . Similar 
emission can be obtained without contact forming by using 
s u i t a b l e anode m a t e r i a l s . (65). The s p e c t r a l d i s t r i b u t i o n 
r eported by Smith shows a maximum coincident w i t h the 
o p t i c a l l y s t i m u l a t e d edge emission of cadmium sulphide, 
together w i t h a second maximum at shorter wavelengths. 
Further measurements of i n j e c t i o n electro-luminescence are 
presented l a t e r i n t h i s t h e s i s . 

5.5, Photoconductive Spectral Response 
The s p e c t r a l s e n s i t i v i t y of h i g h l y photoconductive 

cadmium sulphide i s i l l u s t r a t e d i n Fig. 5.5. The response 
i s a maximum at the absorption edge. Bube (18) has i n t e r 
p r e t e d the shape of the curve i n terms of a t r a n s i t i o n from 
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volume t o surface s e n s i t i v i t y as the wavelength decreases 
beyond the absorption edge. At wavelengths shorter than 
the absorption edge the inc i d e n t r a d i a t i o n i s absorbed at 
the surface, and the r a p i d surface recombination l i m i t s the 
s e n s i t i v i t y . At the absorption edge the r a d i a t i o n i s 
absorbed by the bulk of the c r y s t a l and the c a r r i e r s 
generated have a longer l i f e t i m e . At wavelengths longer 
than the absorption edge, the p h o t o s e n s i t i v i t y decreases 
due t o the i n a b i l i t y of the in c i d e n t l i g h t t o create 
electron-hole p a i r s . This i n t e r p r e t a t i o n i s supported by 
the observation t h a t the decay time of the photo-current 
i s a maximum at the absorption edge, and tha t i t decreases 
r a p i d l y a t shorter wavelengths becoming constant some 300 8 
on the high energy side. Several workers have studied t h i s 
e f f e c t (66). The photoconductive response t o l i g h t p o l a r i z e d 
p a r a l l e l and perpendicular t o the c-axis has been mentioned 
i n s e c t i o n 5.1. Cadmium sulphide i s more s e n s i t i v e t o 
l i g h t p o l a r i s e d p a r a l l e l t o the c-axis (49). The photo-
ocnductive response can also be used t o study exciton absorptioi 
(67). 
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CHAPTER VI 

Cr y s t a l Growth 

6.1. Growth of Pure Crystals 
The experimental arrangement used i n t h i s laboratory 

t o grow s i n g l e c r y s t a l s of cadmium sulphide has previously 
been described i n some d e t a i l . ( 5 ) . Pure p l a t e - l i k e 
c r y s t a l s were required f c r the e l e c t r i c a l measurements 
described i n the f o l l o w i n g chapter. Cadmium sulphide powder, 
supplied by L i g h t and Company, was de-gassed f o r 3 t o 5 hours 

o —5 at 500 C under a high vacuum ( < 10 mms. Hg). The de-gassed 

powder was then sublimed at a temperature of 1175°C i n a 

s i l i c a tube placed i n a t u b u l a r furnace. The sublimation 
was a s s i s t e d by a flow of high p u r i t y argon (99.995% w/v) 
which passed over copper heated t o 400°C t o remove traces 
of oxygen, and through a drying tower containing aluminium 
calcium s i l i c a t e t o remove water. Single c r y s t a l s of cadmium 
sulphide were formed on the w a l l s of the s i l i c a tube at 
temperatures i n the range 850 t o 950°C. This temperature regioi 
was displaced approximately 10 cms from the charge of powder 
which was s i t u a t e d i n the h o t t e s t zone of the furnace. The 
argon f l o w r a t e was approximately 200 mL/min. Growth was 

ma i n t a i n e d f o r 70 minutes. The temperature was c o n t r o l l e d 
by an Ether T r a n s i t r o l Type 991 c o n t r o l l e r t o + 6°C. A l l 
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the e l e c t r i c a l measurements described i n t h i s work r e f e r t o 
c r y s t a l s grown by t h i s technique w i t h no d e l i b e r a t e l y added 
i m p u r i t y . T y p i c a l c r y s t a l s are shown during i n i t i a l growth 
i n F i g . 6.1.1. and the experimental arrangement i n Fig. 6.1.2. 

•V) 

6.2. P u r i t y of Crystals. 
The p u r i t y of the s t a r t i n g m a t e r i a l and the e f f e c t i v e 

ness of the usual outgassing procedure were not known. The 
method of growth l e d t o the removal of many i m p u r i t i e s by 
d i f f e r e n t i a l sublimation. The technique of using previously 
grown c r y s t a l s as a s t a r t i n g charge, which was o f t e n done, 
helped t o provide c r y s t a l s of higher p u r i t y . Powder x-ray 
photographs of c r y s t a l s showed no im p u r i t y l i n e s , but t h i s 
method of analysis i s r e l a t i v e l y i n s e n s i t i v e . Powder photo
graphs of the residue near the cooler p o r t i o n of the growth 
zone d i d show elemental cadmium. This suggests t h a t d i s 
s o c i a t i o n of the charge was occurring, so t h a t the c r y s t a l s 
were probably d e f i c i e n t i n sulphur. Sulphur was deposited 
f u r t h e r down the s i l i c a tube i n the cooler regions. In some 
t r i a l s the s t a r t i n g powder was de-gassed at 950*̂ C f o r two 
hours under high vacuum. This l e d t o considerable dissocation 
and the appearance of green spots i n the mass of yellow 
cadmium sulphide. No i m p u r i t i e s were detected i n t h i s green 
powder by x-ray photographs. The green cadmium sulphide 
d i d not show edge emission at l i q u i d n i t rogen temperatures, 
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whereas the remainder of the de-gassed charge d i d . The 
p o s s i b i l i t y e x i s t s t h a t the appearance of a green spot 
might have been due t o an excess of cadmium at th a t p a r t i c u l a r 
p o i n t . The mechanism of c r y s t a l growth was e n t i r e l y d i f f e r e n t 
when cadmium sulphide, which had been de-gassed at 950°C 
instead of 500°C, was used as the s t a r t i n g charge. I t was 
found t o be very d i f f i c u l t t o grow good p l a t e - l i k e c r y s t a l s , 
presumably as a r e s u l t of the excess preliminary d i s s o c i a t i o n 
t o cadmium and sulphur. 

An attempt was made t o c o r r e l a t e edge emission w i t h 
s t o i c h i o m e t r y by observing the edge emission of c r y s t a l s as 
grown i n the s i l i c a tube. The s i l i c a tube, when cooled t o 
room temperature a f t e r a growth run, was placed i n a l i q u i d 
n i t r o g e n bath. The tube was then i r r a d i a t e d w i t h a high 
pressure mercury vapour lamp which emitted preponderently at 
3650 S. The green edge emission was most intense i n the 
growth region. However, i n the midst of the green e m i t t i n g 
r e g i o n some red and orange e m i t t i n g c r y s t a l s wese observed. 
This suggested t h a t edge emission, i f i t i s due t o non-
s t o i c h i o m e t r y or i m p u r i t i e s i n the c r y s t a l s , depends very 
s t r o n g l y upon the l o c a l growth conditions w i t h i n the tube. 

6.3. Impure Crystals 
Seven types of impure c r y s t a l were grown p r i n c i p a l l y 
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f o r o p t i c a l measurement purposes. The c r y s t a l s were pre
pared w i t h the f o l l o w i n g i m p u r i t i e s ( i ) oxygen ( i i ) hydrogen 
( i i i ) water ( i v ) iodine (v) c h l o r i n e ( v i ) s i l v e r and ( v i i ) 
indium. 

Crystals ( i ) were grown by removing the heated copper 
and mixing small q u a n t i t i e s of oxygen w i t h the argon flow. 
To produce yellow p l a t e - l i k e c r y s t a l s i t was necessary 
f o r the oxygen fl o w r a t e t o be less than 10 mL/min. 
I f the flow r a t e was higher the r e s u l t i n g c r y s t a l s became 
brown i n colour and the c r y s t a l l i n i t y d e t e r i o r a t e d , moreover 
the c r y s t a l s were non-luminescent. A large brown c r y s t a l 
of cadmium sulphide was grown by sublimation i n a i r , using 
a s i l i c a tube open t o the atmosphere at both ends, without 
the assistance of a c a r r i e r gas. This c r y s t a l d i d not 
show edge emission. Cadmium oxide was also formed i n the 
cooler p o r t i o n s of the tube i n the form of small i r r e g u l a r 
Ofystals. The m a j o r i t y of c r y s t a l s grown i n oxygen contained 
a strong red component i n t h e i r luminescence. The presence 
of oxygen could conceivably lead t o c r y s t a l s w i t h an excess 
of cadmium, since the sulphur can be oxidised t o sulphur 
d i o x i d e . The presence of small q u a n t i t i e s of oxygen l e d t o 
enhanced growth r a t e s . ( 5 ) . Care had t o be taken t o preserve 
the luminescence, which was destroyed i f the oxygen flow 
was too great. 

( i i ) C r y s t a l s were al s o grown i n hydrogen using a 
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s i m i l a r gas mixing technique. With a hydrogen flow r a t e of 
50 mL/min. good p l a t e s were obtained. A flow of 100 mL/min 
however l e d t o the production of i r r e g u l a r l y shaped brown 
c r y s t a l s . This was s i m i l a r t o the residue produced when 
the high oxygen fl o w was used. The hydrogen may also p r e f e r 
e n t i a l l y remove sulphur i n the form of hydrogen sulphide. 

( i i i ) The argon was bubbled through de-ionised 
water t o grow c r y s t a l s i n the presence of water vapour. The 
edge emission appeared t o be i n t e n s i f i e d i n these c r y s t a l s 
compared w i t h pure c r y s t a l s . 

( i v ) C r ystals doped w i t h iodine were grown using the 
io d i n e t r a n s p o r t method ( 5 ) . These c r y s t a l s were grown i n a 
closed, evacuated, s i l i c a tube. A small q u a n t i t y of iodine 
t r a n s p o r t e d the cadmium sulphide down a temperature gradient 
maintained along the tube. Transport occurred i n the form of 
cadmium iodide and sulphur. A f t e r the cadmium sulphide had 
been deposited, at the cooler end of the tube, the iodine 
d i f f u s e d back t o the charge and the cycle was repeated. 
C r y s t a l s grown i n t h i s way were hexagonal rods w i t h c o l o r a t i o n 
ranging from orange t o deep red. 

(v) Chlorine was incorporated by bubbling the argon 
through d i l u t e h y d r o c h l o r i c acid. The c r y s t a l s are also 
orange i n colour. 

( v i ) , ( v i i ) Crystals w i t h s i l v e r and indium were 
pro v i d e d by J. Woods of t h i s department. These were grown 
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at G.E.C. L t d . , by s i m i l a r techniques. The i m p u r i t i e s 
were incorporated by passing the argon c a r r i e r gas over 
molten s i l v e r and indium r e s p e c t i v e l y . 

6.4. Conclusions 

High r e s i s t i v i t y p l a t e - l i k e c r y s t a l s can be conveniently 
prepared by a sublimation technique. The stoichiometry and 
i m p u r i t y content of these c r y s t a l s , however, i s d i f f i c u l t 
t o determine and c o n t r o l . No s e n s i t i v e a n a l y t i c a l techniques 
were a v a i l a b l e t o determine the im p u r i t y content. Recent 
work by L. Clark of t h i s laboratory suggests th a t zinc i s 
present i n s i m i l a r h i g h l y de-gassed powder. This was 
i n d i c a t e d by x-ray fluorescent spectra. The amount i s of 
the order of 10*s of parts per m i l l i o n . Analysis of c r y s t a l s 
grown from t h i s powder, by sublimation i n an atmosphere of 
sulphur, shows t h a t the f i n a l zinc content i s very much lower. 
Crystals grown from a s t a r t i n g charge of known im p u r i t y 
content would be more s a t i s f a c t o r y , and an accurate analysis 
of grown c r y s t a l s i s h i g h l y desirable. The p o s s i b i l i t y of 
contamination of the c r y s t a l s by the s i l i c a growth tube 
must also be borne i n mind. 

The type of c r y s t a l on which the e l e c t r i c a l measure
ments were made i s shown i n Fig. 6.4.1. The dimensions 
o f the p l a t e s were of the order of 5 x 4 x 0.02 mms. The 
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samples used were f r e e from surface s t r i a t i o n s which are 
o f t e n apparent i n many c r y s t a l s . 

O p t i c a l measurements were made on both plates and 
rods. Typical rods are shown i n Fig. 6.4.2. For these 
measurements c r y s t a l dimensions are not c r i t i c a l and c r y s t a l s 
were selected f o r maximum i n t e n s i t y of edge emission 

The e f f e c t of various i m p u r i t i e s and the stoichiometry 
of the c r y s t a l s i s discussed i n the section concerned w i t h the 
o p t i c a l p r o p e r t i e s of the c r y s t a l s . 



I 
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CHAPTER V I I 

E l e c t r i c a l Measurements 

7.1. I n t r o d u c t i o n 
The experiments described i n t h i s chapter are con

cerned e n t i r e l y w i t h s i n g l e c a r r i e r ohmic and space charge 
l i m i t e d currents. (Section 3,2.). The measurements were 
c a r r i e d out i n an attempt to extend the ideas and resolve 
some of the problems described i n the e a r l i e r work ( 5 ) . The 
apparatus used was e s s e n t i a l l y the same, The main aspects 
of the e a r l i e r work on s i n g l e c a r r i e r space charge l i m i t e d 
c u r r e n t s can be found i n reference 65, A r e p r i n t of t h i s 
paper i s appended at the end of t h i s t h e s i s . Minor m o d i f i 
c a t i o n s were made t o the apparatus. These are described 
below. The scope of the work was extended t o include thermally 
s t i m u l a t e d current measurements (Section 4.7,), t o obtain 
some d i r e c t i n f o r m a t i o n of the r o l e of trapping processes. 
The e l e c t r o n t raps were f i l l e d i n two ways, e i t h e r o p t i c a l l y 
or e l e c t r i c a l l y . I n the l a t t e r case, traps were f i l l e d by 
the i n j e c t i o n of c a r r i e r s from the negative contact. Some 
measurements of the response of cadmium sulphide t o v i s i b l e , 
i n f r a - r e d and gamma r a d i a t i o n are also presented, 

7.2. Apparatus 
Thin p l a t e - l i k e c r y s t a l s only were used. They were 
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mounted i n the copper c r y o s t a t which i s shown i n Fig. 7.2,1. 
The c r y s t a l s were soldered w i t h indium on t o a glass or s i l i c a 
cover s l i p w i t h dimensions of 22 x 22 x 0.18 mms. The cover 
s l i p was held against the c e n t r a l copper block. The mounting 
of the c r y s t a l s i s described i n the next section. The outer 
n i c k e l - s i l v e r , v e r t i c a l tube and the body of the cryostat 
acted as a vacuum j a c k e t . The inner n i c k e l - s i l v e r , v e r t i c a l 
tube supported the c e n t r a l copper block, which was hollowed out 
i n t e r n a l l y . The space between the two tubes was evacuated. 
N i c k e l - s i l v e r was used f o r the v e r t i c a l tubes t o i n s u l a t e the 
c r y s t a l thermally from i t s surroundings. Two, four way 
metal-glass seals, soldered i n t o the bottom corners of the 
c r y o s t a t , provided e l e c t r i c a l access f o r current and thermo
couple leads. These seals were not l i g h t t i g h t , so t h a t i t 
was necessary t o shroud the whole of the cryostat i n t h i c k 
black c l o t h . The side of the c r y o s t a t was covered by a 
copper p l a t e sealed t o the body by an 0-ring. The face of 
the c r y o s t a t opposite the c r y s t a l had a s i m i l a r 0-ring seal. 
This could be blanked o f f or used, w i t h a s u i t a b l e window, 
t o allow l i g h t t o f a l l on t o the c r y s t a l . The two current 
leads e n t e r i n g the c r y o s t a t were terminated at two 6.B.A. b o l t s 
supported near the c e n t r a l block by two copper s t r i p s . The 
b o l t s were i n s u l a t e d e l e c t r i c a l l y by P.T.F.E. washers. Two 
phosphor bronze s p r i n g contacts, l a t e r t inned w i t h indium, 
l e d from these b o l t s t o the cover s l i p . Freezing mixtures. 
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, and a platinum heater, encased i n a s i l i c a jacket, were 
i n s e r t e d i n t o the copper block d i r e c t l y behind the c r y s t a l . 
With l i q u i d n i t r o g e n and the heater, the temperature of the 
c r y s t a l could be v a r i e d from 80°K t o 453*^K. The high 

temperature l i m i t was imposed by the p o s s i b i l i t y of melting 
the s o f t solder holding the c e n t r a l copper block to the 
inner n i c k e l - s i l v e r tube. 

Voltages up t o 2 v o l t s , w i t h an accuracy of + 0.05% 
were derived from a Pye portable potentiometer. This i s i n 
contrast to the e a r l i e r work where a high tension b a t t e r y , 
w i t h a s u i t a b l e p o t e n t i a l d i v i d e r c i r c u i t and voltmeter, 
were used. The accuracy then was of the order + 5%. Voltages 

from 2 t o 200 v o l t s were obtained using the high tension 
b a t t e r y . The current through the c r y s t a l s was measured w i t h 
a v i b r a t i n g reed electrometer, E l e c t r o n i c Instruments Ltd., 
model 33B and current measuring u n i t model A33B. The current 
was measured by determining the voltage developed across a 
s u i t a b l e resistance i n se r i e s w i t h the c r y s t a l . Values of 
10^, 10^, 10^^ ohms were a v a i l a b l e i n the current measuring 
u n i t . Resistors of from 10 t o 10^ ohms, i n steps of x 10 
were s u b s t i t u t e d t o measure the higher currents. The input 

13 
impedance of the electrometer was 10 ohms. The f u l l scale 
d e f l e c t i o n could be changed by a d j u s t i n g the gain, from 10 
m i l l i v o l t s t o 1 v o l t , i n steps of x 3. The o v e r a l l accuracy 



- 66 -

of the system was of the order of + 5%. The output of the 
electrometer was fed t o a pen recorder. The speed of t h i s 
recorder could be v a r i e d between 12 inches per minute and 
2 inches per hour w i t h interchangeable gears and d r i v e . The 
e.m.f. of the copper-constantan thermocouple i n the cryostat 
was measured w i t h reference t o a second j u n c t i o n i n an o i l 
bath at room temperature. A second Pye portable potentiometer, 
w i t h a Scalamp galvanometer, were used t o determine the 
thermocouple e.m.f.*s. 

7.3. Contacts and Mounting of Crystals 

Throughout t h i s work, the technique of mounting thie 
c r y s t a l has been improved. I n the i n i t i a l stages, the c r y s t a l 
was supported on a glass cover s l i p . One phosphor bronze 
wire made d i r e c t contact t o the top of the c r y s t a l , w h i l s t 
the second wire made contact v i a indium melted on t o the 
cover s l i p . This arrangement was used i n a l l the e a r l i e r work. 
( 5 ) . Spurious voltages, discussed l a t e r i n t h i s chapter, 
were observed which might have been due t o any one of the 
f o l l o w i n g e f f e c t s , ( i ) S t r a i n which could be introduced i n 
the c r y s t a l when the cover s l i p was inser t e d i n t o the cr y o s t a t . 
( i i ) i i S t r a i n introduced i n the glass at d i f f e r e n t temperatures 
by d i f f e r e n t i a l thermal expansion and co n t r a c t i o n , ( i i i ) 
S t r a i n caused by the pressure of the phosphor bronze contact 
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on top of the c r y s t a l (cadmium sulphide i s p i e z o e l e c t r i c ) , 
( i v ) The d i f f e r e n t metal j u n c t i o n s i n the cryostat could 
introduce thermal e.m.f.*s (v) Thomson e.m.f.*s could be 
present i n the leads from the glass-metal seal. 

The mounting procedure which was f i n a l l y evolved 
was designed t o reduce e f f e c t s ( i ) - (v) t o a minimum. 
However, no s i g n i f i c a n t reduction of the spurious voltages 
was e f f e c t e d by these improvements. This negative r e s u l t 
i n d i c a t e s t h a t the e f f e c t s described l a t e r i n t h i s chapter 
are genuine p r o p e r t i e s of cadmium sulphide. 

The procedure adopted was as f o l l o w s . A s u i t a b l e , 
c l e a r , p l a t e - l i k e c r y s t a l was selected. The mean thickness 
was measured on the v e r n i e r scale of a m e t a l l u r g i c a l micro
scope. The microscope was focussed on t o the bottom and 
top surfaces of the c r y s t a l i n several regions over the 
c r y s t a l . A c o r r e c t i o n was applied t o obtain r e a l from 
apparent depths using a value of r e f r a c t i v e index of 2.6.(56) 
This method of estimating the thickness agreed t o w i t h i n 5 
microns w i t h measurements made w i t h a vernier t r a v e l l i n g 
microscope while viewing the edge of the c r y s t a l . Typical 
thicknesses were of the order of 50 microns. 

Indium contacts were evaporated on t o both faces of the 
cadmium sulphide c r y s t a l . The surfaces of the c r y s t a l were 
cleaned by bombardment w i t h hydrogen ions before evaporation. 
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This was done i n an Edwards Model 6E coating u n i t equipped 

w i t h a 2keV d i r e c t current discharge head. Care was taken 
during t h i s , and subsequent, operations t o ensure that the 
c r y s t a l was at room temperature before exposure to the 
atmosphere. The indium was evaporated through a hole i n a 
brass mask t o provide a c i r c u l a r contact area of about 

-2 
2.5.10 sq. cms. 

The s i l i c a cover s l i p used t o support the sample was 
thoroughly cleaned i n acetone and de-ionised water. The 
use of s i l i c a , instead of glass, minimised thermal s t r a i n ( i i ) . 
Secondary considerations f o r making the change were associated 
w i t h the higher r e s i s t i v i t y of s i l i c a and the e l i m i n a t i o n 
of possible e l e c t r o l y t i c a c t i o n i n the glass. A f t e r cleaning 
the s i l i c a , three s t r i p s of indium, i s o l a t e d from each other, 
were soldered t o the surface. The c r y s t a l was placed on 
one of the indium s t r i p s and heated t o 300°C f o r 3 minutes 
i n an atmosphere of high p u r i t y argon. This was c a r r i e d out 
w i t h a small s t r i p heated placed under a b e l l j a r . The 
contact, made i n t h i s way, was used as the cathode i n the 
experiments described l a t e r i n t h i s chapter. A small b a l l 
of indium was next sweated, under argon, on t o the exposed 
upper, evaporated layer on the c r y s t a l . Care was taken t o 
ensure t h a t the indium dot' d i d not overlap the evaporated 
l a y e r and hence increase the p o s s i b i l i t y of hole i n j e c t i o n 
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from t h i s anode. A gold w i r e , tinned w i t h indium, was then 
soldered i n t o t h i s top contact. The other end of the gold 
wire was soldered on t o one of the two remaining indium 
s t r i p s on the cover s l i p . These operations were c a r r i e d 
out under argon. This technique produced mechanically 
robust contacts. With t h i s method s t r a i n caused by the 
pressure of a s p r i n g contact on the c r y s t a l was eliminated 

( i i i ) . The gold wire was tinned w i t h indium t o reduce 
t h e r m o e l e c t r i c e.m.f.*s ( i v ) The strength of the whole 
c o n s t r u c t i o n i s i l l u s t r a t e d by the f a c t that attempts t o 
remove the contacts by force led t o the f r a c t u r e of the 
c r y s t a l . At t h i s stage the c r y s t a l and cover s l i p were 
ready f o r i n s e r t i o n i n the c r y o s t a t . 

A small q u a n t i t y of s i l i c o n vacuum grease was smeared 
on t o the c e n t r a l copper block of the c r y o s t a t . This served 
t o improve the thermal contact between the c r y s t a l on i t s 
s i l i c a support and the copper block. The cover s l i p was then 
placed on the copper block and the springs adjusted t o make 
contact w i t h the appropriate indium s t r i p s while pressing 
the s i l i c a against the block . The phosphor bronze springs 
were also t i n n e d w i t h indium to reduce thermoelectric e.m.f.'s 

( i v ) The thermocouple was soldered t o the t h i r d indium 
surface on the cover s l i p , w i t h i n a few m i l l i m e t r e s of the 
c r y s t a l , but i s o l a t e d e l e c t r i c a l l y from i t . F i n a l l y the 
c r y o s t a t was evacuated and the c r y s t a l and cover s l i p raised 
t o a temperature of approximately 160°C, t o melt the indivup 
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contacts, and solder the indium-tinned, phosphor bronze 
contacts t o the cover s l i p . This process also helped t o 
reduce the s t r a i n set up w i t h i n the c r y s t a l by the mounting 
procedure ( i ) The melting of the indium (155°C) was observed 
through a window on the side of the c r y o s t a t . Thermo
e l e c t r i c e.m.f.'s i n the c i r c u i t from the glass-metal seal 
t o the spring contacts ( i v ) (v) were reduced by making both 
leads i d e n t i c a l i n length and by ensuring t h a t they were 
symmetrically placed i n the c r y o s t a t . 

A p r e l i m i n a r y experiment i n d i c a t e d t h a t the thermocouple 
temperature recorded was w i t h i n 2°C of the c r y s t a l temperature 
over the whole range i n v e s t i g a t e d . A subsidiary experiment 
was also c a r r i e d out w i t h no c r y s t a l on the cover s l i p t o 
t e s t f o r leakage currents. No measurable current was detected 
w i t h applied voltages of up t o 200 v o l t s . The i n s u l a t i o n 

impedance across the face of the cover s l i p was therefore 
15 12 greater than 2.10 ohms. A f i n a l check w i t h a 10 ohm 

r e s i s t o r i n place of the c r y s t a l showed tha t the leakage 
impedance across the measuring r e s i s t o r was greater than 5. 
lO''"'̂  ohms. A c r y s t a l i s shown i n place on the c e n t r a l copper 
block i n Fig. 7.2.1. 

7.4. Temperature V a r i a t i o n of D i r e c t Current-Voltage 
C h a r a c t e r i s t i c 
A t y p i c a l room temperature, current-voltage character-
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i s t i c of a t h i n p l a t e l e t of cadmium sulphide i s shown i n 
Fi g . 7.4.1. According t o Lampert's s i n g l e c a r r i e r space 
charge l i m i t e d ( s . c . l . ) current theory ( s e c t i o n 3.2.) the 
c h a r a c t e r i s t i c i s s p l i t i n t o four regions, shown i n Fig. 
7.4.1. as ( a ) , ( b ) , ( c ) , ( d ) . Region (a) i s the r e s u l t of 
t r u e ohmic conduction by c a r r i e r s thermally present i n the 
conduction band of the c r y s t a l . Region (b) i s a s . c . l . 
conduction i n the presence of t r a p s , equation 3.2.1. 
According t o Lampert the steep r i s e i n current, (c) i s due 
t o the f i l l i n g of a l l the t r a p s as the voltage increases 
beyond what he c a l l e d the traps f i l l e d l i m i t . The traps f i l l e d 
l i m i t occurs at a voltage V^p^j given by equation 3.2.2. 
Region (d) i s the t h e o r e t i c a l square law f o r an i n s u l a t o r , 
equation 3.1. This region w i l l not be observed i f the wattage 
d i s s i p a t e d leads t o thermal breakdown of the c r y s t a l . 

In the e a r l i e r work an estimate was made of the t o t a l 
t r a p density from the v a r i a t i o n w i t h temperature of the voltage 
at which the t r a n s i t i o n from (a) t o (b) occurs. This was 
compared w i t h the t o t a l t r a p density deduced by applying equa
t i o n 3.2.2. t o the measured traps f i l l e d l i m i t voltage. The 
two estimates d i d not agree (see paper at end of t h e s i s ) . 
This type of measurement has now been c a r r i e d out on a number 
of other c r y s t a l s . The r e s u l t s are reported below. 

A s e r i e s of p r e l i m i n a r y experiments were conducted t o 
ensure t h a t excess trapped charge was removed from the 
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mounted c r y s t a l . The c r y s t a l was heated t o some temperature 
T, above room temperature, f o r a time, t . During t h i s time 
the c r y s t a l was shorted t o earth. The current-voltage 
c h a r a c t e r i s t i c was measured a f t e r cooling t o room temperature. 
This cycle was then repeated f o r various combinations of 
temperatures T and times t . Typical room temperature 
c h a r a c t e r i s t i c s obtained are shown i n Fig. 7.4.2. As the 
cycle progressed, the resistance of the c r y s t a l decreased 
before i t f i n a l l y increased t o a stable value. Before 
measurements were made over the temperature range 77°K t o 
373°K a procedure t o e s t a b l i s h a reproducible temperature 
c h a r a c t e r i s t i c was determined. Even when the room temperature 
c h a r a c t e r i s t i c was reproducible, small negative e.m.f.'s 
( 1^ 10 mV) were apparent across the c r y s t a l i n thermal e q u i l i 
brium, i . e . the cathode electrode became s l i g h t l y p o s i t i v e . 
These voltages were biased o f f w i t h a s u i t a b l e voltage from 
t h e potentiometer. 

Typical current-voltage c h a r a c t e r i s t i c s , measured over 
the range -28°C t o 76°C, are shown i n Fig. 7.4.3. I n order 
t o avoid possible damage t o the c r y s t a l the c h a r a c t e r i s t i c 
was not measured beyond the steeply r i s i n g p o r t i o n . A f t e r 
each measurement the c r y s t a l was shorted and heated t o 100°C 
f o r several minutes, t o eli m i n a t e i n j e c t e d , stored charge. 
A f t e r these c h a r a c t e r i s t i c s had been obtained the traps 
f i l l e d l i m i t voltage was determined at room temperature. 
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The analysis of the c h a r a c t e r i s t i c s shown i n Fig. 
7.4.3., i s presented i n section 9.1. Results are also given 
of s i m i l a r experiments on two other c r y s t a l s . The conclusions 
are compared w i t h those from e a r l i e r work. 

7.5. Thermally Stimulated Currents 

The object of the experiments described i n t h i s section 
was t o determine whether the steep r i s e i n current, (c) 
Fig . 7.4.1. could be associated w i t h t r a p f i l l i n g or t r a p 
emptying. I f traps were emptying i n t h i s region, by f i e l d 
or c o l l i s i o n i o n i s a t i o n , the discrepancy between the two 
techniques of determining the t r a p density, N^, would be 
resolved. 

Thermally stim u l a t e d currents were measured i n cadmium 
sulphide p l a t e l e t s a f t e r the current-voltage c h a r a c t e r i s t i c 
had been determined. The same cryos t a t and current measuring 
apparatus were used. I n i t i a l l y the measurements were made 
i n the temperature range 20°C t o 140°C. A stable room 
temperature r e s i s t i v i t y was f i r s t established as described 
i n the l a s t s e c t i o n . The technique was then as f o l l o w s . 
The c o n d u c t i v i t y of the c r y s t a l was measured while the c r y s t a l 
was heated at a uniform r a t e . Typical heating rates were 
10°C/minute, obtained by d i s s i p a t i n g 11 watts i n the platinum 
heater. This r a t e was uniform t o w i t h i n + 10% over the 
temperature range r e q u i r e d . The c o n d u c t i v i t y was measured by 
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applying ;:a voltage below th a t required f o r i n j e c t i o n , 
i . e . lay i n region (a) Fig. 7.4.1. The current passed by 
the c r y s t a l was displayed on the pen recorder as the 
temperature increased. The voltage was less than the 
i n j e c t i o n voltage over the whole range of measurement. This 
procedure established the e q u i l i b r i u m ohmic r e s i s t i v i t y 
over the range of temperature employed. The c r y s t a l was then 
shorted and allowed t o cool t o room temperature. A voltage 
V2 was then applied, which was s u f f i c i e n t l y large t o allow 
the i n j e c t i o n of excess c a r r i e r s t o occur. The current passed 
by the c r y s t a l was above the Ohm*s law current f o r the 
n e u t r a l c r y s t a l , i . e . the current was i n region b. Fig. 7.4.1. 
The i n i t i a l current decayed w i t h time f o r a period of minutes 
before i t became s t a b l e . A f t e r the passage of t h i s current 
the a p p l i e d voltage was reduced t o and the c o n d u c t i v i t y 
of the c r y s t a l again monitored over the range 20°C t o 140°C. 
This cycle was then repeated using higher values of Vg. 
Currents were passed which corresponded t o regions ( b ) , ( c ) 
of F i g . 7.4.1. Care had t o be taken at the high current 
end of the c h a r a c t e r i s t i c t o avoid destroying the c r y s t a l 
by the heat d i s s i p a t e d . However, i t was j u s t possible t o 
reach the beginning of region (d) Fig. 7.4.1 without a f f e c t 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 the c r y s t a l , i f the high current 
was only passed f o r 1 minute. 

T y p i c a l experimental r e s u l t s are shown i n Fig. 7.5.1. 
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where the change i n c o n d u c t i v i t y 4 ^ i s p l o t t e d against 
temperature. The f u l l c urrent-voltage curve at room temper
ature i s shown i n F i g . 7.5.2. I t was necessary t o c a l c u l a t e 
the c o n d u c t i v i t y at each temperature as the s i g n a l voltage 
was, i n general, a s i g n i f i c a n t f r a c t i o n of the applied 
voltage. The four regions of the c h a r a c t e r i s t i c , ( a ) , ( b ) , 
( c ) , ( d ) , discussed i n the l a s t s e c t i o n are i n d i c a t e d i n 
Fi g . 7.5.2. From Fi g . 7.5.1. i t may be seen t h a t the change 
i n c o n d u c t i v i t y due t o the release of trapped i n j e c t e d 
e l e c t r o n s was small unless currents w e l l i n t o region (c) 
had p r e v i o u s l y passed through the sample. I f a voltage Vg 
was used, which was above the t r a p s - f i l l e d - l i m i t voltage, 
i . e . the current was near the top of region ( c ) , the change 
i n c o n d u c t i v i t y was high. This i n d i c a t e d t h a t traps are 
being f i l l e d as the current r i s e s steeply. I t has already 
been pointed out (5) t h a t f o r voltages near V,pj,ĵ  the i n i t i a l 
c u r r e n t , instead of decreasing w i t h time tends t o increase 
over a period of minutes. This e f f e c t was again observed 
here. At l i q u i d n i t r o g e n temperatures, t h i s p a r t i c u l a r 
c r y s t a l obeyed the t h e o r e t i c a l Child's law at voltages above 

^TFL' 
A s i m i l a r experiment was performed w i t h the monitoring 

voltage i n region ( b ) , i . e . above the t r a n s i t i o n from Ohmic 
conduction. The voltage l a y w e l l below V^j,j^. I n t h i s region 
the e q u i l i b r i u m current i s given by the reduced square llaw, 
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equation 3.2.1. An e f f e c t i v e c o n d u c t i v i t y , K, was therefore 
2 

defined, such t h a t I = KV . The r e s u l t s of t h i s experiment 
are p l o t t e d i n Fig. 7.5.3. where the v a r i a t i o n of K w i t h 
temperature i s shown before and a f t e r i n j e c t i o n . 

The analysis of the curves of Fig. 7.5.1. and 7.5.3., 
together w i t h an analysis of curves s i m i l a r t o Fig. 7.5.1. 
obtained on a d i f f e r e n t c r y s t a l , i s presented i n section 9.2. 

7.6. I n v e s t i g a t i o n of Spurious Voltages 

The term spurious voltages i n t h i s section r e f e r s t o 
those voltages which appeared across the measuring r e s i s t o r 
when the voltage source was shorted out. A f t e r mounting a 
c r y s t a l , spurious negative voltages were observed across the 
10'^^ ohm series r e s i s t o r . These voltages increased w i t h 
temperature and sometimes became as large as 400 mV at 140°C. 
The v a r i a t i o n of t h i s e.m.f. w i t h temperature, and the e f f e c t s 
of the successive heating on the c r y s t a l , are shown i n Fig. 
7.6.1. I n the sample i l l u s t r a t e d , the negative voltage was 
i n i t i a l l y high, and i t was necessary t o heat the c r y s t a l 
at 140°C f o r several hours t o reduce the voltage t o a few 
m i l l i v o l t s . The e f f e c t of c a r r i e r i n j e c t i o n on t h i s e.m.f. 
i s shown i n Fi g . 7.6.2. 

With some specimens, the spurious voltage was small 
immediately a f t e r mounting the c r y s t a l i n the cryostat. 
The e f f e c t of c a r r i e r i n j e c t i o n i n t h i s case i s shown i n 
F i g . 7.6.3. When the c r y s t a l was i r r a d i a t e d w i t h l i g h t w i t h 
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wavelength close t o t h a t of the absorption edge, the 
spurious voltage became large. The magnitude of the voltage 
at a p a r t i c u l a r temperature increased w i t h the i n t e n s i t y 
and d u r a t i o n of the i l l u m i n a t i o n . To eli m i n a t e t h i s voltage 
i t them became necessary t o heat the c r y s t a l f o r several 
hours at 140°C. On the other hand, i n f r a - r e d l i g h t w i t h 
mvelength > one micron, d i d not have t h i s e f f e c t . This 
suggests t h a t the spurious voltages are associated w i t h 
trapped e l e c t r o n space charges. The e f f e c t of band-gap 
l i g h t on the thermal e q u i l i b r i u m dark current i s described 
i n d e t a i l i n s e c t i o n 7.9., which also includes a d e s c r i p t i o n 
of the l i g h t source employed. A l l the o p t i c a l measurements 
i n t h i s chapter were made w i t h the l i g h t s t r i k i n g the anode 
(top) contact f i r s t . I t was noted, however, t h a t i f the 
e l e c t r i c a l connections t o the c r y s t a l were reversed, the 
spurious voltage was reversed, Thus the l i g h t always made 
the upper face of the c r y s t a l negatively charged w i t h 
respect t o the face soldered t o the cover s l i p . 

7.7. Thermal E q u i l i b r i u m Conductivity of Crystal B. 

The measurements described i n t h i s , and the subsequent 
sections, of t h i s chapter r e f e r t o one p a r t i c u l a r c r y s t a l , 
termed B. A f t e r c r y s t a l B had been mounted the spurious 
voltages shown i n Fig. 7.6.3. were observed. On completion 
of these measurements, c r y s t a l B was heated t o 140°C f o r 
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several minutes. This eliminated the spurious voltages 
completely. The c r y s t a l was then cooled t o 77°K and i t s 
Ohmic c o n d u c t i v i t y measured as the temperature was raised 
u n i f o r m l y t o 140°C. A p l o t of the dark current as a f u n c t i o n 
of temperature i s shown i n Fig. 7.7.1, A large peak i n 
the dark c o n d u c t i v i t y was observed near 10°C, The same 
peak was also observed when the c r y s t a l was cooled. The 
temperature of the c r y s t a l was rais e d and lowered at d i f f e r e n t 
r a t e s i n the range -10°C t o +30°C repeatedly. The peak 
remained unchanged. The voltage used t o monitor the current 
( e i t h e r 100 mV or 200 mV) was reversed. The peak was s t i l l 
present. The curve of Fig. 7.7.1. remained unaltered when 
the c r y s t a l was heated f o r periods of 20 hours at 140°C. I t 
was concluded t h a t the curve of Fig. 7.7.1. represents the 
v a r i a t i o n w i t h temperature of the e q u i l i b r i u m Ohmic conduct
i v i t y of the sample. The maximum i s not associated w i t h 
trapped charge. 

7.8. Current-Voltage C h a r a c t e r i s t i c s of Crystal B 
The s t a t i c , dark current-voltage c h a r a c t e r i s t i c s of 

c r y s t a l B are shown i n Fi g . 7.8.1. Before each curve of 
Fi g . 7.8.1. was obtained the c r y s t a l was shorted t o earth 
f o r 2 hours at the p a r t i c u l a r temperature of measurement. 
This was t o allow thermal e q u i l i b r i u m t o be established 
between the electrons i n the conduction band and the l e v e l s 
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w i t h i n the forbidden gap. The c r y s t a l was heated t o 140°C 
a f t e r each current-voltage curve was obtained. No spurious 
voltages were observed. The curves i n Fig. 7.8.1. also 
i n d i c a t e t h a t the maximum i n the c o n d u c t i v i t y at 10°C i s 
a genuine e f f e c t . The i n t e r p r e t a t i o n of the r e s u l t s reported 
i n t h i s and the preceding section, can be found i n section 
9.4. The c o n d u c t i v i t y maximum i s a t t r i b u t e d t o a change i n 
the s t r u c t u r e of the defect l e v e l s w i t h i n the forbidden gap, 
and a consequent change i n the density of c a r r i e r s thermally 
present i n the conduction band. 

7.9. Thermally Stimulated Currents i n Crystal B. 

Thermally s t i m u l a t e d current curves f o r c r y s t a l B 
are shown i n Fig. 7.9.1. I t was not possible t o pass a 

12 o s i g n i f i c a n t current ( > 1 0 ~ amps) at 80 K using applied 
voltages up t o 200 v o l t s . However by passing 5 milliamps 
at room temperature and cooling w i t h the f i e l d s t i l l applied, 
the c r y s t a l could be e x c i t e d at low temperature. Thus a 
the r m a l l y s t i m u l a t e d current curve was obtained from 80°K 
to 413°K. 

Thermally s t i m u l a t e d currents were also measured i n 
c r y s t a l B using o p t i c a l e x c i t a t i o n . The c r y s t a l was i l l u m i n 
ated at 80°K w i t h f i l t e r e d tungsten l i g h t from a Beck 
microscope lamp. The l i g h t was focussed on t o the c r y s t a l 
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through a s i l i c a window covering the side entrance of the 
cryostat., A f t e r i l l u m i n a t i o n the c r y s t a l was heated i n the 
dark i n the usual way. Chance glass f i l t e r s were used t o 
give predominantly band-gap or i n f r a - r e d e x c i t a t i o n . The 
former was obtained by i n s e r t i o n of a f i l t e r type 0N22 i n t o 
the beam. The l a t t e r was obtained by i n s e r t i o n of f i l t e r s 
0X2, 0B2 and ORl. The transmission curves of these f i l t e r s 
are i l l u s t r a t e d i n Fig. 7.9.2. The s i l i c a window was 
e s s e n t i a l l y t r a n s m i t t i n g up t o 3.5. microns. 

The thermally s t i m u l a t e d current curves obtained using 
o p t i c a l e x c i t a t i o n are shown i n Fig. 7.9.3. In marked 
cont r a s t to the curve obtained by e l e c t r i c a l i n j e c t i o n the 
curve obtained w i t h band-gap e x c i t a t i o n shows a depression 
at about 85°C. 

Band-gap l i g h t at 80°K d i d not introduce s i g n i f i c a n t 
spurious voltages across the c r y s t a l , (section 7.6.) a f t e r 
the t h e rmally s t i m u l a t e d current measurement of Fig. 7.9.3. 
(4). However, the thermal e q u i l i b r i u m dark current was 
depressed. The new dark current i s shown i n Fig. 7.9.4.(2). 
Successive heating of the c r y s t a l showed tha t the dark current 
increased t o i t s e q u i l i b r i u m value. This i s also i l l u s t r a t e d 
i n F i g . 7.9,4. The depression of the dark current was not 
associated w i t h the spurious e.m.f.'s. I n f r a - r e d i l l u m i n a t i o n 
i n the temperature range 80°K t o 413°K d i d not introduce 
t y p i c a l spurious voltages. A p o s i t i v e voltage was observed 
across the s e r i e s r e s i s t o r , at 140°C, when the c r y s t a l was 
i r r a d i a t e d w i t h i n f r a - r e d l i g h t . This voltage disappeared 
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w i t h i n minutes of removing the e x c i t a t i o n . 

7.10. S e n s i t i v i t y of C r y s t a l B. 

The response of t h i s c r y s t a l t o d i f f e r e n t i n t e n s i t i e s 
of v i s i b l e and i n f r a - r e d l i g h t has been measured. This was 
achieved by performing a number of experiments i n which the 
c r y s t a l was i l l u m i n a t e d w i t h a v a r i e t y of constant 
i n t e n s i t i e s w h i l e the temperature was increased slowly. 
The r e s u l t s are shown i n Fig. 7.10. 

Five i n t e n s i t i e s were obtained i n the v i s i b l e region 
by changing the input t o the microscope lamp and making use 
of an a d d i t i o n a l chance f i l t e r ONIO. The f i l t e r ONIO i s 
a n e u t r a l f i l t e r w i t h 7% v i s i b l e transmission. Three i n f r a 
red i n t e n s i t i e s were used. These were obtained by a l t e r i n g 
the input t o the microscope lamp. The i n t e n s i t y of band-gap 
e x c i t a t i o n was measured w i t h a selenium photovoltaic l i g h t 
fluxmeter. The i n f r a - r e d i n t e n s i t y was measured w i t h a 
lead sulphide p h o t o c e l l . The i n t e n s i t y of the l i g h t f a l l i n g 
on t o the c r y s t a l i n absolute u n i t s was not determined. 

7.11. S e n s i t i v i t y of Cr y s t a l B t o Gamma-rays 

The response of t h i s c r y s t a l t o j^-rays i s also shown 
i n F i g . 7.10. A radium 226 source was used which emits 
p^-rays w i t h an energy of 0.187 MeV. The h a l f - l i f e of radium 
226 i s 1620 years. The source was on loan from the Radio-
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chemistry Department and i t s h i s t o r y i s uncertain. The 
exact j^-ray emission spectrum a r i s i n g from decay products 
was t h e r e f o r e not known. The approximate strength of the 
source was one m i l l i ^ c u r i e . The tube containing the 
radium 226 was placed outside the cryostat approximately 7 cms 
from the c r y s t a l . I n view of the small response, measurements 
w i t h lower i n t e n s i t i e s of i r r a d i a t i o n were not attempted. 
I t was not possible t o increase the i n t e n s i t y by moving the 
source closer t o the c r y s t a l w i t h the present c r y o s t a t . 

C r y s t a l B responded t o the j^-rays i n a time of the 
order of one second. No changes i n the dark c o n d u c t i v i t y 
were apparent, a f t e r an exposure of several hours, a f t e r 
removal of the source. At room temperiature and above the 
^-induced current was of the order of 10 times the dark 
c u r r e n t . Below room temperature the s e n s i t i v i t y decreased 
r a p i d l y w i t h temperature. 
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CHAPTER V I I I 
O p t i c a l Measurements 

8.1. I n t r o d u c t i o n 
The s p e c t r a l emission d i s t r i b u t i o n of the luminescence 

of cadmium sulphide c r y s t a l s , e x c i t e d by u l t r a - v i o l e t l i g h t , 
has been measured over the range 0.48 t o 3.5 microns. I n 
the apparatus w i t h the best r e s o l u t i o n the wavelength range 
covered was between 4800 8 and 1 micron. The measurements 
were performed at l i q u i d n i t r o g e n temperature using pure 
c r y s t a l s , and c r y s t a l s doped as described i n section 6.3. 
The s p e c t r a l d i s t r i b u t i o n of the electro-luminSscent emission 
at 77°K has also been measured over the same wavelength range 
f o r pure c r y s t a l s . I n a second apparatus the long wavelength 
l i m i t was extended and the u l t r a - v i o l e t e xcited photo-
emission, at room temperature and 77°K, was measured from 
0.5 t o 3.5 microns. The c r y s t a l used i n the f i r s t apparatus 
t o determine the electro-luminescent spectrum, was also 
examined i n the second. 

8.2. Apparatus 
(a) Measurements between 4800 8 and 1 micron. 
The c r y s t a l under observation was placed opposite the 

s i l i c a window of the glass c r y o s t a t i l l u s t r a t e d diagram-
m a t i c a l l y i n F i g . 8.2.1. A r a l d i t e was used t o obtain a 
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vacuum t i g h t seal between the s i l i c a window and the w a l l 
of the c r y o s t a t . The c r y s t a l was f i x e d on t o the outer 
face of the inner glass w a l l w i t h a binder which consisted 
of n i t r o c e l l u l o s e i n b u t y l acetate. The space between the 

-2 
w a l l s of the c r y o s t a t was evacuated t o about 10 mms w i t h a 
r o t a r y o i l pump. L i q u i d n i t r o g e n i n the container formed by 
the inner glass w a l l of the c r y o s t a t cooled the c r y s t a l t o 
77°K. The luminescence was ex c i t e d by using a condensing 
lens (10 cm. diameter) t o focus the output of a 125 watt 
Osram high pressure mercury vapour lamp on t o the c r y s t a l . 
The lamp emitted most of i t s r a d i a t i o n at 3650 8 . V i s i b l e 
l i g h t was f i l t e r e d out by the Woods' glass envelope surrounding 
the discharge tube. The cryostat was arranged i n f r o n t of 
the entrance s l i t of the spectrophotometer. Experimentally, 
i t was found t h a t a maximum amount of l i g h t was detected when 
a p l a t e - l i k e c r y s t a l was aligned edge-on t o the entrance s l i t 
o f the spectrophotometer. This i s due t o the high r e f r a c t i v e 
index of cadmium sulphide, (2.6), which means t h a t most of 
the emission i s t o t a l l y i n t e r n a l l y r e f l e c t e d and i s eventually 
emitted at the edge of the p l a t e . When r o d - l i k e c r y s t a l s 
were being examined, the axis of the rod was placed p a r a l l e l 
t o the s l i t . This gave s a t i s f a c t o r y r e s u l t s although the most 
intense emission appeared from the ends of the rods. 

The f i r s t apparatus used t o analyse the emission was an 
Optica spectrophotometer, Model CF4/DR. I am g r a t e f u l t o 
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the Chemistry Department f o r permission t o use t h i s instrument, 
and t o J. C o l l i e r f o r advice as t o i t s operation. The CF4/DR 
i s a single-pass, double beam, g r a t i n g instrument. The 
monochromator employs a r u l e d g r a t i n g w i t h 15,000 l i n e s per 
inch, and has a maximum r e s o l u t i o n of the order of 2 2. I n 
the experiments t o be described the r e s o l u t i o n varied between 
8 S and 36 8 depending on the s l i t width required t o obtain a 
measurable s i g n a l . The r e s o l u t i o n i s marked on each s p e c t r a l 
diagram presented l a t e r i n t h i s chapter. Two p h o t o m u l t i p l i e r 
d e t e c t o r s are used i n the instrument t o cover the spectrum 
over the v i s i b l e and i n f r a - r e d t o 1 micron. The E.M.I. 
No. 6256B covers the range 1850 t o 6700 S, while the Dumont 
6911 i s used from 6700 8 t o 1 micron. To employ the CF4/DR 
f o r luminescent^emission measurements, the instrument has t o be 
operated i n i t s s i n g l e beam mode. With t h i s arrangement, 
the input s i g n a l i s compared w i t h a steady reference s i g n a l . 
The d i f f e r e n c e i s a m p l i f i e d and fed t o a Honeywell p o t e n t i o -
metric chart recorder. The recorded trace of the emission 
spectrum requires a c o r r e c t i o n t o allow f o r the s p e c t r a l 
response of the detector. The s p e c t r a l response of an E.M.I. 
6256B p h o t o m u l t i p l i e r i s shown i n Fig. 8.2.2. This detector 
i s a t h i r t e e n stage device w i t h a CsSbO photo cathode deposited 
on quartz. The response of the Dumont p h o t o m u l t i p l i e r was 
not known. Although edge emission was r e a d i l y measurable 
no luminescence i n the wavelength range 6000 2 t o 1 micron 
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was detected w i t h t h i s apparatus. However the n i t r o 
c e l l u l o s e binder, used t o mount the c r y s t a l i n the c r y o s t a t , 
showed several strong absorption peaks i n t h i s range, and i t s 
absorption became strong at 5900 S. The f a c t t h a t no emission 
was observed between 6000 8 and 1 micron may have been due t o 
absorption i n the binder r a t h e r than an inherent i n s e n s i t i v i t y 
of the detector. No s i g n a l a t a l l was discernable over the 
whole wavelength range when the c r y s t a l was maintained at 
room temperature. 

The s p e c t r a l d i s t r i b u t i o n of the electroluminescence 
emitted from a p l a t e l e t of cadmium sulphide was also obtained 
using the spectrophotometer j u s t described. The c r y s t a l was 
mounted i n a copper c r y o s t a t s i m i l a r t o the one described 
i n s e c t i o n 7.2. Further d e t a i l s of t h i s experiment are 
given l a t e r i n t h i s chapter. 

(b) Measurements between 0.5 and 3.5 microns. 
In the second apparatus, i n which the wavelength range 

was extended t o 3.5. microns, the c r y s t a l under observation 
was placed i n the c r y o s t a t shown i n Fig.' 8.2.1. Care was 
taken i n mounting t h i s c r y s t a l t o ensure t h a t the binder was 
confined t O ' t h e rear face of the c r y s t a l . The sample was 
p l a t e - l i k e , and had been previously used f o r the e l e c t r o 
luminescent experiment. 

The c r y s t a l was e x c i t e d by the more intense r a d i a t i o n 
from an Osram 250 watt high pressure mercury vapour lamp. 
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This compact discharge lamp emits predominantly at 3650, 
4040, 4358, 5460, and 5790 8. The 3650 8 r a d i a t i o n was 
selected using four f i l t e r s as f o l l o w s : - Two Chance f i l t e r s 
0N22 t o absorb i n f r a - r e d ; a Chance f i l t e r 0X7 t o absorb i n 
the v i s i b l e ; and a 1 cm path of a 10% aqueous s o l u t i o n of 
copper sulphate t o e l i m i n a t e the i n f r a - r e d . The output from 
the lamp was f i l t e r e d , c o l l e c t e d by a 10 cm diameter condensing 
lens, and focussed on t o the c r y s t a l w i t h a 5 cm diameter, 
5 cm f o c a l l e n g t h , convex lens. 

The emission from the c r y s t a l was analysed using a 
H i l g e r and Watts prism monochromator, Model D285. A rock s a l t 
prism was employed. The emission entering the monochromator 
was chopped at 800 cycles/sec using a multi-bladed disc. A 
Mullard lead sulphide photo c e l l , type 61 SV, was used i n 
conjunction w i t h a tuned a m p l i f i e r , t o detect the r a d i a t i o n 
at the e x i t s l i t . The Barr and Stroud a m p l i f i e r , type 
EL7921, fed from a s t a b i l i s e d power supply type EL7907, 
provided a maximum gain of 5.10 w i t h an inherent noise l e v e l 
of 0.04 [iV. A d i r e c t current bias, v a r i a b l e up t o 250 v o l t s , 
was a v a i l a b l e from t h i s equipment f o r the operation of the 
p h o t o c e l l . The output s i g n a l was displayed on a 6 inch meter. 
The maximum r e s o l u t i o n of the monochromator var i e d from a 
few angstoms to' 80 angstroms w i t h a s l i t width of 0,02 mms. 

The r e s u l t s of experiments made w i t h t h i s apparatus 
are described l a t e r i n t h i s chapter. 
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8.3. Emission Spectrum of Pure Cadmium Sulphide 
The s p e c t r a l d i s t r i b u t i o n of the u l t r a - v i o l e t excited 

edge emission of a pure c r y s t a l of cadmium sulphide i s shown 
i n F i g . 8.3.1. Small luminescence peaks can be seen on 
the short wavelength side of the main emission bands. A 
broad emission band, near 5800 8 i s also present. This band 
i s shown more c l e a r l y i n Fig. 8.3.2. which was obtained by 
repeating the measurement using wider s l i t s . A discussion of 
the emission spectra described here i s deferred u n t i l 
Chapter X. 

8.4. Emission Spectra of Oxygen Doped Cadmium Sulphide 
The emission spectrum of a cadmium sulphide c r y s t a l 

grown i n the presence of oxygen i s shown i n Fig. 8.4.1. Two 
prominent peaks can be seen oh the high energy side of 
the main emission. I t was found t h a t a f t e r passing a high 
frequency gas discharge(using a Tesla c o i l ) i n the v i c i n i t y 
of the c r y s t a l , the heights of these short wavelength peaks' 
were reduced r e l a t i v e t o those of the main bands. The e f f e c t s 
of a two minute discharge between measurements led t o the 
re d u c t i o n i n r e l a t i v e magnitude i l l u s t r a t e d i n Fig. 8.4.2. 
This suggests t h a t the short wave bands are associated i n some 
way w i t h the surface of the c r y s t a l . The spectrum of a 
second c r y s t a l c o n t a i n i n g oxygen i s shown i n Fig. 8.4-3. and 
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F i g . 8.4.4. The emission from t h i s sample was s i m i l a r t o 
t h a t of a pure c r y s t a l , but a d d i t i o n a l s t r u c t u r e was apparent 
i n the edge emission. The broad band at 5800 8 was also 
very prominent i n some c r y s t a l s . Fig. 8.4.5. This yellow 
band was not observed i n c r y s t a l s which displayed large peaks 
on the high energy side of the main emission. 

8.5. Emission Spectrum of Hydrogen Doped Cadmium Sulphide 
The emission spectrum of a c r y s t a l grown i n the 

presence of hydrogen i s shown i n Fig. 8.5.1. A d d i t i o n a l 

s t r u c t u r e i s again apparent i n the edge emission spectrum. 

No other peaks were recorded outside t h i s wavelength region 

( i . e . 5100 - 5600 8). 

8.6. Emission from Crystals Grown i n Water Vapour 
Crystals grown i n water vapour had the emission spectrum 

shown i n Fig. 8.6.1. Only the edge emission l i n e s were 
observed. Though the luminescence appeared more intense t o 
the eye, d i f f i c u l t y was experienced i n recording these spectra 
because of the low l e v e l of l i g h t e n t e r ing the spectrophoto
meter. The explanation may l i e i n the f a c t t h a t the surface 
t e x t u r e was such t h a t the l i g h t emitted was more d i f f u s e from 
these c r y s t a l s . 
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8.7. Emission from Crystals Doped w i t h Chlorine 
A marked change i n the emission spectra was found 

w i t h c h l o r i n e doped c r y s t a l s . This i s i l l u s t r a t e d i n Fig. 
8.7.1. The f i r s t peak of the edge emission series was 
depressed r e l a t i v e t o the remainder. No band outside the 
range of t h i s s e r i e s was observed. 

8.8. Emission from S i l v e r Doped Cadmium Sulphide 
The s i l v e r doped c r y s t a l s a v a i l a b l e were r a t h e r small. 

The emission spectrum was obtained by e x c i t i n g a small number 
of these s i n g l e c r y s t a l s simultaneously. The spectrum i s 
i l l u s t r a t e d i n F i g . 8.8.1. The edge emission series was 
a f f e c t e d i n a manner s i m i l a r t o the previous section. These 
c r y s t a l s may also contain c h l o r i n e i n a d d i t i o n t o s i l v e r . 

8.9. Emission from Indium Doped Cadmium Sulphide 
The indium doped c r y s t a l s l e d t o the spectrum depicted 

i n F i g . 8.9.1. The edge emission i s very nearly swamped by 
the broad s t r u c t u r e l e s s band produced by the in c o r p o r a t i o n of 
indium. A small emission band was also observed at a higher 
energy than the main band. 

8.10. Emission from Crystals Grown by Iodine Transport 
Crystals grown containing iodine had the emission 

spectrum shown i n Fig. 8.10.1. The r e l a t i v e i n t e n s i t i e s of 
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the f i r s t two edge emission peaks are di f f e r e n t from those 
of a pure c r y s t a l . The broad band at 5800 8 was also 
observed i n these crystals. 

8.11. Spectral D i s t r i b u t i o n of Electro-luminescence 
Low f i e l d electro-luminescence was produced i n a t h i n , 

pure p l a t e l e t of cadmium sulphide by attaching suitable 
electron and hole i n j e c t i n g contacts. The indium cathode 
was prepared i n the usual way (section 7.3.). The anode was 
s i l v e r painted on to the crystal from a c o l l o i d a l suspension 
prepared by Acheson Colloids Ltd. The crystal was mounted 
on to a copper plate which i n turn was secured to the central 
copper block of a metal cryostat i n order to assist the 
dissipation of heat. I am grateful to A. Rushby of t h i s 
department for applying the contacts to t h i s c r y s t a l , A 
current of 50 milliamps passed through the crystal when a 
constant voltage of 40 volts was applied at 77°K, The 
spectral d i s t r i b u t i o n of the recombination luminescence i s 
i l l u s t r a t e d i n Fig. 8.11,1. Bands, corresponding to those 
of the u l t r a - v i o l e t stimulated edge emission, were observed, 
together with two bands at shorter wavelengths. The thickness 
of the cr y s t a l was of the order of 30 microns, and the area 

-2 
of the contacts 2.5.10 sq.cms. 

8.12. Emission Measurements from 0.5 to 3.5 microns. 
The c r y s t a l which provided the electro-luminescent 
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measurements was also used as a fluorescent source with the 
apparatus described i n section 8.2.(b). The spectrum 
obtained under u l t r a - v i o l e t excitation i s shown i n Fig. 
8.12.1. The emission was measured at 77°K and room temper
ature. The results are corrected f o r the variation i n 
dispersion of the prism monochromator. I t was necessary 
to use the manufacturer's data to correct for the spectral 
s e n s i t i v i t y of the lead sulphide c e l l , because the d i f f e r e n t i a l 
thermopile contained a broken compensating junction. The 
resolution decreased from approximately 50 2 to 0.2 microns 
with the wide s l i t s ("̂  0.5 mms) required to obtain a detectable 
signal. The bias across the lead sulphide photocell was 
100 v o l t s . The s i l i c a window was t h i n (1 mm) and did not 
cause appreciable absorption. The effect of water vapour i n 
the atmosphere, with an absorption band at approximately 
2.7 microns was not known. A discussion of the peaks 
observed, p r i n c i p a l l y at 0.66 iJ,, 1.3 (i and above 3.5 \i, w i l l 
be found in.Chapter X. A subsidiary experiment was carried 
out to detect possible reflected radiation from the mercury 
discharge lamp. This was done by focussing the f i l t e r e d 
r a d i a t i o n from the lamp d i r e c t l y into the monochromator. The 
spectrum obtained has a maximum at 2.3 microns and showed 
that the contribution from t h i s lamp to the measured spectrum 
was neg l i g i b l e . During the course of t h i s investigation i t 
was observed that the infra-red emission above 2.5 microns 
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could be quenched with radiation from a small lamp with 
a peak output at 1.6 microns. 

Unfortunately i t proved impossible to measure the 
edge emission from t h i s c r y s t a l using the grating spectro
photometer because i n s u f f i c i e n t l i g h t could be directed into 
the entrance s l i t . 
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CHAPTER IX 

Interpretation of E l e c t r i c a l Measurements 

9.1. Analysis of the Temperature Variation of the Direct 
Current-Voltage Characteristics 
The large v a r i a t i o n found i n the r e s i s t i v i t y of 

cadmium sulphide as the result of successive heat treatments 
at temperatures above 100°C, see Fig. 7.4.2., indicates 
that care must be taken to establish reproducible current-
voltage characteristics. In order to achieve t h i s the 
crystals used here had to be heated i n the dark f o r a minimum 
period of 2 hours at 140°C, whilst shorted to earth. 

The current voltage curves shown i n Fig. 7.4.3, and 
simila r ones fo r two other crystals, have been analysed, 
assuming that two discrete sets of centres exist within the 
forbidden gap (65). These centres are associated with (1) 

—3 
shallow donor levels of density cm and (2) deep acceptor 

-3 
levels with a density cm and depth E^ eV below the 
conduction band. The acceptors compensate the shallow donors 
to produce high r e s i s t i v i t y crystals. (71), The thermal 
equilibrium electron concentration i n these circumstances i s ^c Â n = _£ exp - — 9.1.1. 

X kT 

i f X = N./Nt. » 1. N i s the e f f e c t i v e density of states 
A. D C 
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i n the conduction band, (equation 1,5.5.). Assuming 
-3/2 

that the mobility varies as T i n the temperature range 
employed (40), the e l e c t r i c a l conductivity, 6 , can be 
expressed as 

° o / e > exp - — 9.1.2, 
kT \ 2 T r 

where i s the mobility at temperature T̂ . A plot of log 6 

against l/T should y i e l d a straight l i n e from which X and 
E^ can be determined. A t y p i c a l experimental plot i s shown 
i n Fig. 9.1.1. Below room temperature the points do not 
l i e on the st r a i g h t l i n e , since i n t h i s range the conductivity 
was too high. Values of X and E^ determined from the 
s t r a i g h t l i n e portion of the curves for the three crystals 
mentioned are ( i ) X = 240. E^ = 0.61 eV. ( i i ) X = 1.8.10^. 
E^ = 0.61 eV. ( i i i ) X = 141. E^ = 0.61 eV. Values of 
p. = 210 cm /volt,sec. (36) and 0.2 m (37) were assumed o © 
f o r the electron mobility at 300°K (T^) and the effective 
Bdass respectively. 

A second analysis can be made from the characteristics 
of Fig, 7.4,3. as follows. According to equation 3.2.3, 
the voltage, V̂ , at which the curve departs from Ohm's 
law i s 

ed^ -
V = — n 9.1.3, 
° 2€0 

where 0 i s the r a t i o of free to trapped charge (21) and 



Ha l i s 
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N E 
0 = exp - _A 9,1,4. 

N, kT 

Equations 9.1.3. and 9.1.4. can be combined to eliminate 0. 
I f II = |i T T"̂ /̂  then '̂o o 

2ii. T . .3/2 
f = J ^ H ^ 2 e x p - ^ 9.1.5. 
^o d^ \2Tr kT 

A plot of log ̂/V̂  against l/T should also lead to 
a str a i g h t l i n e from which and E^ can be determined. Such 
a p l o t i s shown i n Fig. 9.1.1, i n addition to the log 6 
versus l/T l i n e already described. Above room temperature, 
a satisfactory straight l i n e i s again obtained. Values 
of N and E obtained i n t h i s way fo r the three crystals 

A. 
are ( i ) = 2.4.10-'-̂  cm"̂ . E^ = 0.61 eV. ( i i ) = 3.1.10^^ 
cm"2. E^ = 0.61 eV. ( i i i ) = 6.8.10̂ "̂  cm"̂ . E^ = 0.61 eV. 

The two sets of values obtained from the two independent 
lines of Fig. 9.1.1. can be combined to determine the density 

12 -3 
of donors N̂ . The values obtained are ( i ) = 10 cm 
( i i ) Np = 1.7.10-'--'- cm"2 ( i i i ) Nj^ = 4.8.10^2 cm"̂ . 

According to Lampert's theory of s.c.l. current-flow 
with trapping, the t o t a l trap density, N̂ , can be determined 
by inserting the t r a p s - f i l l e d - 1 imit voltage, ̂ 'pfL' 
equation 3.2.2. The experimental values of are ( i ) 

= 3.0.10-̂ 2 cm"2 ( i i ) = 1.7.10^^ cm"̂  ( i i i ) = 4.8.10^^ 
cm" . I f Lampert's theory i s correct one would expect that 



- 97 -

The values of N^, N^, N^, E^ and X for the three 
crystals examined are tabulated i n Table 9.1.2. The results 
marked ( i ) r e f e r to a similar analysis of yet another crystal 
described i n e a r l i e r work (65), From Table 9.1.2. i t can 
be seen that = i n one crystal only. The value of 
fo r crystal ( i i ) i s f i v e orders of magnitude smaller than 
N^. The calculations based on the temperature variation of 
the current-voltage characteristics clearly give a more 
r e a l i s t i c estimate of the t o t a l trap density, but immediately 
require an explanation for the f a i l u r e of Lampert's theory. 
In an attempt to resolve t h i s problem the technique measuring 
thermally stimulated currents was used to obtain independent 
information concerning the trapping spectrum, 

9,2, Analysis of Thermally Stimulated Current Curves, 
1. Methods of Analysis 
There are many methods by which a thermally stimulated 

current curve (section 7.5.) can be evaluated. Nicholas (46) 
has recently investigated the v a l i d i t y of several methods 
of analysing glow curve data obtained from crystals similar 
to those used i n t h i s work. The following four methods 
have been applied here, 
a) The Garlick and Gibson method. 

The method used by Garlick and Gibson (72) r e l i e s on the 



E^(eV) N^(em-2) Njj(cm-2) N^(T.F.L.)(cm' •2) X 

( i ) 0.61 2.4.10-^^ 1.0.10^2 3.0.10 240 
( i i ) 0.61 3.1.10^^ 1.7.10-'--̂  3.0.10''"''- 1.8.10^ 
(iiO 0.61 14 

6.8.10 4.8.10^2 1.0. lO"''̂  141 
(iv) 0.61 2.2.10-'-2 9 . I . I 0 I O 2.0.10 242 

Values of N , N̂ , and E^ 

TABLE 9.1.2. 
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fact that a f t e r the traps have been f i l l e d at room temperature 
or 77°K the current carried by electrons released from the 

E 
traps i s given by A l = const, exp. (-j£̂ > provided the 
cr y s t a l i s heated at a uniform rate. This relationship i s 
independent of the kinetics of the recombination mechanism 
of the excited carriers. In the present work, the concept 
of recombination i s rather d i f f e r e n t from that usually 
considered and refers to the removal of trapped electrons 
which have been injected into the cryst a l and therefore 
constitute a net negative charge. In the normal s i t u a t i o n , 
charge n e u t r a l i t y prevails and free electrons recombine 
with trapped holes. A plo t of log A I against l/T for the 
i n i t i a l r i s e of the thermally stimulated current should give 
a str a i g h t l i n e of slope -E/k. Energy depths obtained from 
these plots w i l l be referred to as E^Q* 
b) Grossweiner*s Approximation 

An approximation due to Grossweiner (73) i s applicable 
when thermally freed carriers are not appreciably retrapped 
before recombination occurs. The depth of the trapping levels 
according to Grossweiner i s given by 

* » 
1.5 kT T 

^ T - T 
* 

where T i s the temperature of the thermally stimulated 
current maximum and T- the temperature, lower than T , at 
which the thermally stimulated current reaches one half i t s 
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maximum v a l u e . 

c) Lushchik*s Method 

The method d e v i s e d by Lushchik (74) i s a p p l i c a b l e 

when f a s t r e t r a p p i n g o c c u r s . The t r a p depth i s the n g i v e n 

by 
kT* 2 E = H 
T - T 

Here T i s t h e temperature above t h e maximum a t which 

t h e t h e r m a l l y s t i m u l a t e d c u r r e n t i s one h a l f i t s peak va l u e . 

d) Bube^s Fermi L e v e l A n a l y s i s 

Another t e c h n i q u e which can be used under f a s t r e t r a p p i n g 

c o n d i t i o n s i s due t o Bube (18. p.292). Bube assumes t h a t 

t h e t r a p p i n g l e v e l s are h a l f f i l l e d when t h e s t i m u l a t e d 

c u r r e n t reaches i t s maximum v a l u e . The depth o f t h e t r a p p i n g 

l e v e l s t h e n c o i n c i d e s w i t h t h e q u a s i Fermi l e v e l . 

* N 
^B = kT l o g ̂ 4 

n 

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

band when t h e s t i m u l a t e d c u r r e n t reaches a maximum. 

2. R e s u l t s o f t h e A n a l y s i s a p p l i e d t o Measurements 

made under Ohmic Conduction C o n d i t i o n s 

T h e r m a l l y s t i m u l a t e d c u r r e n t s have been measured i n 

two c r y s t a l p l a t e s u s i n g a m o n i t o r i n g v o l t a g e i n t h e Ohmic 

range, ( s e c t i o n 7.5.). The t r a p depths determined u s i n g 

t h e above f o u r analyses a r e t a b u l a t e d i n Table 9.2.1. The 

v a l u e s l i s t e d under ( i v ) a , ( i v ) b r e f e r t o two sep a r a t e s e t s 



E B 
E, GG 

Peak a t 54"C 

( i v ) a ( i v ) b ( i i ) 

0.76 0.79 1.57 eV 

1.02 0.68 0.73 eV 

0.59 0.63 0.85 eV 

0.71 0.42 0.87 eV 

Peak a t 121°C 

( i v ) a ( i v ) b ( i i ) 

0.49 - 0.84 eV 

0.63 0.78 0.96 eV 

0.75 0.75 0.93 eV 

0.28 0.18 0.64 eV 

( i v ) a , ( i v ) b a p p l y t o c r y s t a l ( i v ) Table 9.1.2. 
See a l s o curves 4 and 5 r e s p e c t i v e l y 
F i g . 7.5.1. 

( i i ) a p p l y t o c r y s t a l ( i i ) Table 9.1.2. 

A n a l y s i s o f T h e r m a l l y S t i m u l a t e d Currents 

TABLE 9.2.1. 
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o f measurements made on t h e same c r y s t a l , and are those 

o b t a i n e d f r o m t h e curves 4 and 5 o f F i g . 7.5.1. r e s p e c t i v e l y . 

T y p i c a l G a r l i c k and Gibson p l o t s of JinAI versus 1/T are 

shown i n F i g . 9.2.2. The t o t a l t r a p d e n s i t i e s o b t a i n e d 

f r o m t h e two analyses of t h e l a s t s e c t i o n showed t h a t = 

f o r t h i s c r y s t a l . The v a l u e s l i s t e d under ( i i ) r e f e r 

t o t h e c r y s t a l i n which t h e l a r g e s t discrepancy between 

and was f o u n d , (see Table 9.1.2.). 

N i c h o l a s ( 4 6 ) , u s i n g s i m i l a r c r y s t a l s , observed t h r e e 

c o n d u c t i v i t y glow maxima i n t h e temperature range 20°C t o 

140°C, namely a double peak near 50°C, and a s i n g l e peak 

near 120°C. The double peak was a s s o c i a t e d w i t h energy 

l e v e l s a t 0.41 eV and 0.83 eV, w h i l e t h e 120°C peak was 

t h o u g h t t o be due t o a t r a p a t 0.63 eV. This t r a p had a 

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

.was p u t f o r w a r d t h a t an energy of 0.83 eV was r e q u i r e d t o 

d e s t r o y a complex d e f e c t w h i l e s i m u l t a n e o u s l y e j e c t i n g an 

e l e c t r o n . A l l t h r e e maxima disappeared a f t e r h e a t i n g t h e 
o 

c r y s t a l above 100 C i n t h e dark. I t w i l l be seen t h a t t h e 

t h r e e major glow peaks observed i n t h e present work can be 

i d e n t i f i e d w i t h t h e 0.41 and 0.83 eV double peak and t h e 

0.63 eV l e v e l d e s c r i b e d by N i c h o l a s . 

The two c o n d u c t i v i t y glow curves shown i n F i g . 7.5.1. 

i n d i c a t e t h a t t h e i n j e c t i o n o f excess charge a l t e r s t h e 

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

are n o t t h e same i n t h e two experiments which were performed 

u s i n g t h e same i n j e c t i o n c u r r e n t . A r e d u c t i o n i n the 

maximum near 120°C i s accompanied by an i n c r e a s e i n t h e peak 

near 50°C. The passage o f a h i g h c u r r e n t , a l t e r i n g t h e 

d i s t r i b u t i o n o f the 0.41 eV and 0.63 eV l e v e l s , c o u l d a s s i s t 

i n e x p l a i n i n g t h e d i s c r e p a n c i e s i n t o t a l t r a p d e n s i t i e s 

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

t e c h n i q u e s d e s c r i b e d i n t h e p r e c e d i n g s e c t i o n . The t r a p s -

f i l l e d - l i m i t v o l t a g e would not th e n n e c e s s a r i l y be r e l a t e d 

t o t h e t o t a l t r a p d e n s i t y as suggested by Lampert, even 

though a t r a p - f i l l i n g mechanism s t i l l determines t h e main 

f e a t u r e s o f t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c . This i s 

discus.sed f u r t h e r a t t h e end of t h i s c h a p t e r . 

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

methods t o c o n d u c t i v i t y glow curves o b t a i n e d a f t e r charge 

i n j e c t i o n must be t r e a t e d w i t h r e s e r v e f o r two main reasons; 

( i ) t h e n e g l e c t o f d i f f u s i o n and (2) t h e f a c t t h a t no t h e r m a l 

c l e a n i n g was done. 

(1) The c o n t r i b u t i o n o f c a r r i e r d i f f u s i o n processes 

t o t h e c u r r e n t f l o w has been n e g l e c t e d . The d i f f u s i o n t erm 

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

a p p l i e d v o l t a g e >> 25 mV ( 2 0 ) . The values ( i v ) a . b . were 

o b t a i n e d w i t h an a p p l i e d v o l t a g e o f between 50 and 100 mV 

( d e p e n d i n g on t h e v o l t a g e across t h e measuring r e s i s t o r , 

s e c t i o n 7.5.) and t h e ^ d i f f u ^ n c o n t r i b u t i o n t o t h e t o t a l 
" 2 ̂  Dt"-
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c u r r e n t may have been s i g n i f i c a n t . I n c o n t r a s t t h e values 

( i i ) were o b t a i n e d w i t h an a p p l i e d v o l t a g e between 2.4 and 

2.5 v o l t s . Then, a l t h o u g h d i f f u s i o n would have been 

n e g l i g i b l e t h e r e may have been some i n j e c t i o n t a k i n g p l a c e 

w h i l e t h e t h e r m a l l y s t i m u l a t e d c u r r e n t was being measured. 

(2) No t h e r m a l c l e a n i n g of t h e maxima was done. 

Thermal c l e a n i n g i s a t e c h n i q u e advocated by N i c h o l a s (46) 

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

i s as f o l l o w s . The t h e r m a l l y s t i m u l a t e d c u r r e n t i s monito r e d 
* 

up t o some te m p e r a t u r e below T . The c r y s t a l i s then r e c o o l e d 

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

way, e l e c t r o n s are removed f r o m unwanted t r a p s and t h e e f f e c t s 

o f o v e r l a p p i n g peaks can be e l i m i n a t e d . There was c o n s i d e r a b l e 

o v e r l a p p i n g o f t h e peaks i n our experiments. D i f f e r e n c e s 

i n t h e r m a l glow peaks, due t o t h e d i f f e r e n t r e c o m b i n a t i o n 

mechanism mentioned e a r l i e r , are discus s e d i n 9, 5 . ( a ) , 

N i c h o l a s (46) a l s o found t h a t t h e peaks near 50*̂ C 

were a s s o c i a t e d w i t h monomolecular r e c o m b i n a t i o n processes 

so t h a t t h e methods o f Bube and L u s c h i k are not a p p l i c a b l e . 

Grossweiner's t e c h n i q u e s h o u l d be v a l i d , but cannot be 

used because o f t h e i n d e t e r m i n a t e w i d t h o f t h e double peak, 

and t h e l a c k o f t h e r m a l c l e a n i n g . The reasons f o r r e l a t i n g 

t h e peaks found i n t h i s work w i t h t h e double peak discussed 

by N i c h o l a s a r e t h e p o s i t i o n s o f c u r r e n t maxima on t h e 

t e m p e r a t u r e s c a l e and t h e va l u e s 0.71, 0.42 and 0.87 eV 
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o b t a i n e d f r o m t h e G a r l i c k and Gibson method of a n a l y s i n g 

glow curves. 

On t h e o t h e r hand, a c c o r d i n g t o N i c h o l a s t h e 120°C 

peak s h o u l d be a s s o c i a t e d w i t h f a s t r e t r a p p i n g . Thus 

Grossweiner*s a n a l y s i s cannot be employed i n t h i s case. 

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

accounts f o r t h e low va l u e s o f E ^ quoted i n Table 9.2.1. 

However, Bube's method s h o u l d now a p p l y . U n f o r t u n a t e l y i t 

r e l i e s on t h e c r y s t a l dimensions, and u n c e r t a i n t y i n these 

can e x p l a i n t h e h i g h v a l u e s o b t a i n e d u s i n g t h i s method 

on t h e 120°C peak. S i m i l a r u n c e r t a i n t y i n t h e p o s i t i o n o f 

T f o r t h i s peak, which was near t he h i g h temperature l i m i t 

o f measurement, makes Ej^ u n c e r t a i n . The one v a l u e o f 0.63 eV 

i n Table 9.2.1. i s t h e o n l y j u s t i f i c a t i o n , a p a r t from t h e 

tem p e r a t u r e o f t h e maximum, f o r r e l a t i n g t h e 120°C peak 

w i t h t h i s energy l e v e l . 

A l l t h e energy l e v e l s l a b e l l e d ( i i ) Table 9.2.1. 

were h i g h e r t h a n those determined f o r t h e o t h e r c r y s t a l ( i v ) . 

T h i s may be due t o t h e h i g h e r a p p l i e d v o l t a g e causing some 

i n j e c t i o n o f excess charge, o r a l t e r n a t i v e l y t h e h i g h values 

may be a s s o c i a t e d w i t h t h e h i g h t r a p d e n s i t y (N^) o f t h i s 

c r y s t a l (see Table 9.1.2.). 

The a c t i v a t i o n energy o f t h e curve marked 3 i n F i g . 

7.5.1. c a l c u l a t e d f r o m a G a r l i c k and Gibson p l o t was 0.51 eV. 

T h i s s u g g e s t s t h a t a t low i n j e c t i o n l e v e l s t h e 0.41 and 
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0.63 eV l e v e l were not be i n g f i l l e d . The e x p e r i m e n t a l 

e r r o r s i n measuring t h e s t i m u l a t e d c u r r e n t a f t e r even 

s m a l l e r i n j e c t i o n ( c u rves 1 and 2, F i g . 7.5.1.) were t o o 

l a r g e t o j u s t i f y a l o g A I versus l / T p l o t . The value o f 

0.51 eV r e f e r s t o c r y s t a l ( i v ) and i s t o be compared w i t h 

t h e v a l u e s o f Ê ,̂, o b t a i n e d a t h i g h e r i n j e c t i o n l e v e l s , 

g i v e n i n Table 9.2.1. No s i g n i f i c a n t t h e r m a l l y s t i m u l a t e d 

c u r r e n t s were observed a t low i n j e c t i o n l e v e l s when t h e 

m o n i t o r i n g v o l t a g e was <- 200 mV. T h i s i s a t t r i b u t e d t o 

s p u r i o u s v o l t a g e s ( s e c t i o n 7.6.) and i s discussed i n t h e 

f o l l o w i n g s e c t i o n . 

The v a r i a t i o n o f t h e dark c o n d u c t i v i t y w i t h temperature 

measured d u r i n g t h e course o f t h e t h e r m a l l y s t i m u l a t e d 

c u r r e n t e x p e r i m e n t s , can be analysed a c c o r d i n g t o e q u a t i o n 

9.1.2. C r y s t a l ( i v ) i s a g a i n t y p i c a l and a p l o t of t h e 

l o g a r i t h m o f dark c o n d u c t i v i t y versus l / T i s shown i n F i g . 

9.2.3. f o r t h i s c r y s t a l . The h i g h s l o p e below 50°C i s 

t y p i c a l of a l l c r y s t a l s measured. The a c t i v a t i o n energy o f 

0.87 eV suggests i t may be a s s o c i a t e d w i t h t h e d e s t r u c t i o n 

o f t h e complex d e f e c t . T h i s e f f e c t would e x p l a i n why t h e 

s t a t i c c u r r e n t - v o l t a g e curve a n a l y s i s of s e c t i o n 9.1. c o u l d 

not be a p p l i e d below room temperature. The complex d e f e c t 

i s d i s c u s s e d i n more d e t a i l l a t e r i n t h i s c hapter. The 

s l o p e s o f a l l p l o t s l i k e t h a t i n F i g . 9.2.3. gave an 

a c t i v a t i o n energy o f 0.61 eV above 50°C, i n agreement w i t h 
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t h e t r a p depth o b t a i n e d f r o m t h e s t a t i c c u r r e n t - v o l t a g e 

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

v a l u e s o f X. The c o n c l u s i o n s t o be drawn from these f a c t s 

a r e t h a t t h e 0.61 eV l e v e l i s pr e s e n t i n t h e e l e c t r i c a l l y 

n e u t r a l c r y s t a l , and t h a t above 50°C t h i s l e v e l governs 

t h e Ohmic c o n d u c t i v i t y . On t h e o t h e r hand, below room 

t e m p e r a t u r e t h e Ohmic c o n d u c t i v i t y i s determined by t h e 

0.41 eV l e v e l a s s o c i a t e d w i t h t h e complex d e f e c t . An 

energy o f t h e o r d e r o f 0.83 eV i s r e q u i r e d t o d i s s o c i a t e 

t h i s l e v e l . 

3. Conduction C o n d i t i o n s Non-Ohmic 

The c o n d u c t i v i t y glow curves o f F i g . 7.5.3., which 

were o b t a i n e d i n t h e s o - c a l l e d t r a p - f i l l i n g r e g i o n , can be 
2 

an a l y s e d as f o l l o w s . The " c o n d u c t i v i t y " K = I/V i n the 

reduced square law r e g i o n i s g i v e n by e q u a t i o n 3.2.1. 
K = ^ _ 0 ^ 3 

8 a d"* 

S u b s t i t u t i n g f o r 0 fr o m e q u a t i o n 9.1.4. we have 

9 t II N E 
K = ^ exp - — 9,2.2. 

8 a d^ kT 

A p l o t o f l o g K versus l / T s h o u l d be a s t r a i g h t l i n e . T h i s 

i s i l l u s t r a t e d i n F i g . 9.2.4. where i t can be seen t h a t above 

75°C t h e s l o p e o f t h e l i n e g i v e s a v a l u e f o r of 0.15 eV. 

Between 75°C and 50°C t h e s l o p e i s 0.61 eV and below 50°C a 
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a s t r a i g h t l i n e i s not o b t a i n e d . The h i g h temperature 

b e h a v i o u r i s almost c e r t a i n l y due t o t h e t r a n s i e n t behaviour 

o f t h e s . c . l . c u r r e n t as t h e temperature i n c r e a s e d . The 

b e h a v i o u r below 50°C may a g a i n be a t t r i b u t e d t o t h e complex 

l e v e l a t 0.41 eV i n terms of t r a n s i e n t e f f e c t s as t h e 

c r y s t a l i s heated w h i l s t p a s s i n g a s . c . l . c u r r e n t . The 

i n t e r c e p t o f t h e l i n e w i t h a s l o p e o f 0.61 eV g i v e s a v a l u e 
12 3 

o f 2.1.10 traps/cm . T h i s i s t o be compared w i t h a v a l u e 
13 

o f 2.2.10 deduced f r o m t h e v a r i a t i o n o f t h e c u r r e n t -

v o l t a g e c h a r a c t e r i s t i c w i t h t e m p e r a t u r e . 

T h e r m a l l y s t i m u l a t e d c u r r e n t maxima were o b t a i n e d 

by s u b t r a c t i n g t h e dark " c o n d u c t i v i t y " i n t h e reduced square 

law r e g i o n f r o m t h e measured curve F i g . 7.5.3. The r e s u l t 

i s shown i n F i g . 9.2.5. The e r r o r a s s o c i a t e d w i t h t he lower 

peak was t o o l a r g e t o j u s t i f y any d e d u c t i o n s . A v a l u e of 

0.73 eV was o b t a i n e d f o r 'the h i g h e r temperature peak u s i n g 

Grossweiner's method. The e r r o r i n c u r r e d by s u b t r a c t i n g 

t h e c o n d u c t i v i t i e s made t h e G a r l i c k and Gibson method unsound. 

N e i t h e r i s i t c l e a r how Bube's method i s a p p l i c a b l e t o 

measurements i n t h e s . c . l . r e g i o n . Furthermore, T - l a y 

o u t s i d e t h e range of measurement and t h e r e f o r e L u s c h i k * s 

t e c h n i q u e c o u l d not be a p p l i e d . However, i t does seem 

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

c o n d i t i o n s . I f t h i s t e c h n i q u e i s developed, analyses of 
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curves t a k e n w i t h v o l t a g e s ^ 25 mV can e l i m i n a t e d i f f u s i o n 
—9 

e f f e c t s . The peaks were observed w i t h a low (6.4 10" amps) 

i n j e c t i o n l e v e l . 

9.3. C o n s i d e r a t i o n o f t h e Spurious Voltages. 

The s p u r i o u s v o l t a g e s d i s c u s s e d i n s e c t i o n 7.6. are 

o f t h e wrong p o l a r i t y t o be a t t r i b u t e d t o t h e Dember e f f e c t 

( 7 5 ) . The Dember e f f e c t a r i s e s when l i g h t i s s t r o n g l y 

absorbed a t a semiconductor s u r f a c e c r e a t i n g e l e c t r o n - h o l e 

p a i r s . I f t h e e l e c t r o n s have t h e h i g h e r m o b i l i t y , as they 

do i n cadmium s u l p h i d e , t h e y w i l l d i f f u s e away from 

t h e s u r f a c e more r a p i d l y t h a n the h o l e s . I n consequence, 

t h e s u r f a c e becomes p o s i t i v e l y charged. I n t h i s work, t h e 

anode was i r r a d i a t e d and became n e g a t i v e . 

Ludwig (76) has observed p h o t o v o l t a g e s i n cadmium 

s u l p h i d e w i t h t h e same p o l a r i t y as t h e s p u r i o u s v o l t a g e s 

we have found. He a t t r i b u t e d t h e e f f e c t t o a d i f f e r e n c e i n 

b a r r i e r h e i g h t s o f t h e two c o n t a c t s . 

The e f f e c t s d e s c r i b e d i n s e c t i o n 7.6. were observed 

w i t h two Ohmic c o n t a c t s o f t h e t y p e i l l u s t r a t e d i n F i g . 1,9. 

I n t h e r m a l e q u i l i b r i u m , t h e r e i s an excess of e l e c t r o n s i n 

t h e c r y s t a l near each c o n t a c t . I t i s convenient f o r c l a r i t y 

t o d i s c u s s t h e s i t u a t i o n where the anode i s n e u t r a l and 

t h e cathode i s Ohmic f o r e l e c t r o n f l o w . T h i s i s i l l u s t r a t e d 

i n e x a g g e r a t e d f o r m i n F i g . 9.3. ( a ) . The d i f f e r e n c e i n 
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work f u n c t i o n s o f t h e c r y s t a l s u r f a c e s may be due t o 

sti r f a c e l a y e r s o r the b e t t e r cathode c o n t a c t may be 

a s s o c i a t e d w i t h an n"*" - n j u n c t i o n ( 7 7 ) . I t w i l l be assumed 

t h a t our c r y s t a l s have some such asymmetry o f t h e two in d i u m 

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

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

c r y s t a l i s non-uniform. More e l e c t r o n s are t r a p p e d i n 

the v i c i n i t y o f t h e cathode th a n near t h e anode. T h i s i s 

i l l u s t r a t e d i n F i g . 9 . 3 . ( a ) . With l i g h t which i s t o t h e 

l o n g wavelength s i d e o f t h e a b s o r p t i o n edge a b s o r p t i o n 

t h r o u g h o u t t h e b u l k o f t h e c r y s t a l c r e a t e s e l e c t r o n - h o l e 

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

T h i s i n t u r n f i l l s a l l t h e t r a p p i n g l e v e l s and renders t he 

d i s t r i b u t i o n o f t r a p p e d charge u n i f o r m . F i g . 9 . 3 . ( b ) . On 

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

n e g a t i v e charge near t he anode which i s r e s p o n s i b l e f o r the 

observed v o l t a g e s . A mechanism of t h i s n a t u r e may be used 

t o e x p l a i n t h e s i g n o f t h e observed v o l t a g e s . T h i s appears 

t o be a genuine e f f e c t and i t would be more a p p r o p r i a t e 

t o r e f e r t o the s p u r i o u s v o l t a g e s as c o n t a c t v o l t a g e s . I n f r a 

r e d l i g h t would n o t have t h e same e f f e c t because f r e e 

e l e c t r o n s a re not c r e a t e d , i n f a c t i n f r a - r e d quenching 

reduces t h e c o n c e n t r a t i o n o f bot h f r e e and t r a p p e d e l e c t r o n s . 

Thus t h e o b s e r v a t i o n o f a p o s i t i v e e.m.f. a t h i g h temperature 

w i t h i n f r a - r e d e x c i t a t i o n can be e x p l a i n e d i n terms o f 

t h e p r e f e r e n t i a l r e l e a s e o f t r a p p e d e l e c t r o n s near t h e anode. 
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A p o s s i b l e way t o e l i m i n a t e contact voltages might be t o 
solder a blob of indium t o the evaporated cathode layer 
before mounting the c r y s t a l on the cover s l i p ( s e c t i o n 7.3.) 
t o provide two more nearly symmetrical contacts. 

An a l t e r n a t i v e explanation f o r the observed e f f e c t s 
might be sought i n terms of the temperature d i s t r i b u t i o n 
across the sample. Thermo-e.m.f.*s are u n l i k e l y t o be 
i n v o l v e d because of the c o n t r o l l e d and reproducible way i n 
which the contact voltage can be eliminated, Fig. 7.6.1. 

The observation of peaks i n the contact voltage 
versus temperature curves, measured a f t e r the i n j e c t i o n of 
e l e c t r o n s , F i g . 7.6.2. and Fig. 7.6.3. suggests t h a t at 
low i n j e c t i o n l e v e l s the d i s t r i b u t i o n of excess trapped, 
i n j e c t e d charge i s non-uniform. At high i n j e c t i o n l e v e l s 
the peaks disappear. This i s probably due t o the trapped 
excess i n j e c t e d charge becoming uniformly d i s t r i b u t e d 
throughout the bulk of the c r y s t a l although the t o t a l 
negative charge d i s t r i b u t i o n remains non-uniform. The 
release of the trapped i n j e c t e d charge i s observed when 
an e x t e r n a l voltage i s a p p l i e d , (previous s e c t i o n ) . These 
measurements i n d i c a t e t h a t , at low i n j e c t i o n l e v e l s , the 
contact voltages introduced by i n j e c t i o n can have a pronounced 
e f f e c t on thermally s t i m u l a t e d current measurements. The 
contact voltage can be invoked t o explain why thermally 
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st i m u l a t e d currents were not observed u n t i l high current 
d e n s i t i e s had passed through the c r y s t a l . At low i n j e c t i o n 
l e v e l s there i s p r e f e r e n t i a l t r a p ping near the anode opposing 
f u r t h e r i n j e c t i o n . The f i e l d set up w i t h i n the c r y s t a l i s 
i n the opposite d i r e c t i o n t o the monitoring voltage and 
e f f e c t i v e l y reduces i t . I f the i n t e r n a l voltage i s a s i g n i 
f i c a n t f r a c t i o n of the applied voltage, thermally stimulated 
current curves can not be observed. This explanation does 
not apply when the monitoring voltage i s much greater than 
the contact voltage. Under such circumstances, thermally 
s t i m u l a t e d current maxima can be observed f o l l o w i n g q u i t e 
low l e v e l s of i n j e c t i o n Fig. 9.2.5. The contact voltages 
were too small t o have a s i g n i f i c a n t e f f e c t on V^^j^. The 
reason f o r the reappearance of contact voltages a f t e r passing 
high currents at high temperatures, Fig. 7.6.2.(3), i s 
not c l e a r . The voltage might be associated w i t h a non
uniform d i s t r i b u t i o n of trapped charge i n one l e v e l only. 
Thus i t may only be observed when t h a t p a r t i c u l a r l e v e l 
( p o s s i b l y 0.61 eV) begins t o empty as the temperature i s 
increased. 

9.4. The Ohmic Conductivity of C r y s t a l B 

The maximum i n the e q u i l i b r i u m Ohmic dark c o n d u c t i v i t y 
versus temperature curve of c r y s t a l B, i l l u s t r a t e d i n Fig. 
7.7.1, can not be a t t r i b u t e d t o a change i n e l e c t r o n 
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m o b i l i t y associated w i t h the e f f e c t s of ionised i m p u r i t y 

s c a t t e r i n g . The ionised impurity m o b i l i t y i s given by 

(3.p.166). 

2̂ /V ( k T ) ^ / ^ 
''l = 3/2 ^1/2 3 

TT m q N. 
log (1 + b) — 

1 + b 

-1 

where b = 
2 m * K kT(3kT) e 

IT q l i Nj 

Nj. i s the density of i m p u r i t y centres w i t h charge q and K 

i s the d i e l e c t r i c constant. 
14 

Using t h i s expression the m o b i l i t y l i m i t e d by 10 
3 

s i n g l y charged i m p u r i t i e s per cm would be of the order of 
8 2 

10 cm / v o l t . s e c . a t room temperature. As m o b i l i t i e s 
add r e c i p r o c a l l y , a change from n e u t r a l impurity to ionised 
i m p u r i t y s c a t t e r i n g could not cause the observed change 
i n c o n d u c t i v i t y . 

When the experimental r e s u l t s were p l o t t e d i n the form 
of l o g 6 against 1/T, the curve shown i n Fig. 9.4.1, i s 
obtained. The two a c t i v a t i o n energies of 0.77 eV and 0.41 eV 
obtained from the low temperature part of the curve suggest 
t h a t the complex defect, discussed e a r l i e r , is. prominent i n 
t h i s c r y s t a l . I t seems probable t h a t the d i s s o c i a t i o n of 
the defect causes the decrease i n c o n d u c t i v i t y as the temper
a t u r e r i s e s . Below room temperature the density of c a r r i e r s 
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i n the conduction band i s determined by the l e v e l at 
0.41 eV. Above room temperature t h i s l e v e l i s replaced 
by the 0.61 eV acceptor l e v e l w i t h a consequent reduction 
i n the c o n d u c t i v i t y . 

The p o i n t s obtained from the s t a t i c - c u r r e n t voltage 
c h a r a c t e r i s t i c s (Fig. 7.8.1.) are also p l o t t e d i n Fig. 9.4.1. 
These p o i n t s show t h a t the change i n c o n d u c t i v i t y i s more 
abrupt than i n d i c a t e d by the measurements taken when the 
temperature was varying slowly. The s t a t i c current voltage 
measurements above room temperature l i e on a l i n e w i t h a 
slope 0.89 eV. This contrasts w i t h other c r y s t a l s where 
s i m i l a r p l o t s y i e l d a c t i v a t i o n energies of 0.61 eV (secti o n 
9.1.). The energies of 0.77 eV and 1.3 eV, obtained from the 
s t r a i g h t l i n e regions of Fig. 9.4.1. above room temperature, 
are probably due t o t r a n s i e n t e f f e c t s . However the value 
of 0.89 eV may also be associated w i t h the complex defect. 

I f i t can be assumed t h a t the decrease i n c o n d u c t i v i t y 
which leads t o the maximum i n the curve i s associated w i t h 
the thermal d e s t r u c t i o n of an associated complex w i t h the 
simultaneous e j e c t i o n of an e l e c t r o n , a n a l y t i c a l techniques 
appropriate t o thermally stimulated currents can be employed 
on the peak. Thus values of can be calculated f o r the 
peak i n c o n d u c t i v i t y using the methods of section 9.2. These 
give values of Ej^ = 0.55 eV, Ê , = 0.50 eV and Eg = 0.70 eV. 
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Grossweiner's method may w e l l provide the best r e s u l t 
since the other two techniques r e q u i r e f a s t r etrapping t o 
occur. This would not happen i f the defect were destroyed. 
However the vailie 0.50 i s very low and none of the three 
methods may be s u i t a b l e . 

A more s a t i s f a c t o r y explanation of the shape of curve 
7.7.1. i n terms of a complex defect i s as f o l l o w s . Assume 
equation 9.1.1. i s v a l i d and t h a t X 5 ^A^^D constant, 
The r a p i d changes i n c o n d u c t i v i t y are the r e s u l t of the 
d e s t r u c t i o n of a defect w i t h a l e v e l at = and the 
simultaneous c r e a t i o n of a l e v e l at E^ = E^. Therefore, 

the d e n s i t i e s of c a r r i e r s , at lower and higher temperatures 
than the c o n d u c t i v i t y maximum, are given by 

^c ^1 n^ = _£ exp - — 9.4.1. 

N E 
n„ = -£ exp - -i 9.4.2. 

^ X kT 

I f two p o i n t s are considered, on e i t h e r side of the peak 
where the values of n are i d e n t i c a l , equations 9.4.1. and 
9.4.2. can be equated. Then 

T^ and are the temperatures at which the f r e e 
c a r r i e r d e n s i t y i s n. Comparing p o i n t s on the curve of 
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F i g . 7.7.1. the two energy depths are i n the r a t i o of 
E^/Eg 0.7. Thus, assuming the peak i s due t o the 
d e s t r u c t i o n of the 0.41 eV centre. Eg » 0.60 eV. The 
conversion of a complex defect centre w i t h an associated 
l e v e l of 0.41 eV i n t o a centre w i t h an associated l e v e l 
at 0.61 eV, on a one t o one basis, seems the most probable 
explanation f o r the r e d u c t i o n i n c o n d u c t i v i t y . The 
a c t i v a t i o n energy f o r the transformation i s probably of 
the order of 0.83 eV. 

The r a t i o of the dark c o n d u c t i v i t y at the peak t o 
t h a t at the minimum (measured at constant temperature) was 

2 3 
between 3.4 x 10 and 4.7 x 10 . This compares w i t h a value 

3 
of 1.56 X 10 c a l c u l a t e d from the r a t i o of the r i g h t hand 
sides of equations 9.4.1. and 9.4.2. This agreement lends 
f u r t h e r support t o the proposed mechanism. 

The small peak near -44°C may be due t o the double 
nature of the complex defect. A more probable explanation 
i s t h a t i t i s associated w i t h the complex nature of a 
d i f f e r e n t and shallower l e v e l . Nicholas (46) observed a 
t r a p p i n g l e v e l at 0.25 eV which dissociated during intense 
i l l u m i n a t i o n t o be replaced by two centres w i t h l e v e l s at 
0.41 eV and 0.83 eV. The r e a c t i o n could be reversed by 
heating i n the dark at 100°C. This e f f e c t was observed i n 
c r y s t a l s r i c h i n cadmium which d i d not contain a centre 
w i t h a l e v e l at 0.63 eV. Nevertheless, i t i s possible 
t h a t both complex defects could be present i n the same c r y s t a l , 
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9.5. Thermally Stimulated Currents i n Crystal B. 
Thermally s t i m u l a t e d current measurements have been 

made on c r y s t a l B using both e l e c t r i c a l and o p t i c a l 
e x c i t a t i o n . 

a) E l e c t r i c a l E x c i t a t i o n . 
Three curves obtained a f t e r various l e v e l s of e l e c t r i c a l 

i n j e c t i o n are shown i n Fig. 7.9.1. These curves have been 
analysed using a l l f o u r methods discussed e a r l i e r i n t h i s 
chapter. The values obtained f o r the depth of the defect 
g i v i n g r i s e t o the peak near 85°C are l i s t e d i n Table 9.5.1. 
With the exception of Bube's technique, a l l the methods 
gave very high values. These high values can be discounted 
since the methods are e i t h e r not v a l i d or e a s i l y applied t o 
t h i s case. Bube's method, however, does give s a t i s f a c t o r y 
values. The f a i l u r e of Luschik's method even though the 
recombination can be regarded as a f a s t r e t r a p p i n g mechanism 
may be due t o d i f f u s i o n e f f e c t s . Luschik bases h i s analysis 
on a geometrical approximation t o the shape of the peak. 
Thus i t would be p a r t i c u l a r l y s e n s i t i v e t o anomalies i n t r o 
duced when the d i f f u s i o n component of the current becomes 
large w i t h respect t o the d r i f t component. The minimum 
voltage applied t o the c r y s t a l under these experiments was 
of the order of 70 mV. 

A more p h y s i c a l explanation of the f a i l u r e of the 
v a r i o u s methods of e v a l u a t i n g glow curves generally may be 



2. 3. 4. 

E^ 1.45 eV 1.57 eV 1.85 eV 
Ej^ 1.23 eV 1.27 eV 2.5 eV 
Eg 0.62 eV 0.63 eV 0.64 eV 
E^^ 0.73 eV 0.73 eV 0.73 eV 

2. 3. 4., r e f e r t o Fig. 7.9.1. 

Thermally Stimulated Currents i n Crystal B. 

TABLE 9.5.1. 
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due t o the d i f f e r e n t mechanisms involved i n a s i t u a t i o n 
where the traps are f i l l e d by i n j e c t i o n compared w i t h one 
where the traps are f i l l e d by o p t i c a l e x c i t a t i o n . With 
e l e c t r i c a l i n j e c t i o n , excess negative charge w i t h i n the 
c r y s t a l i s compensated by p o s i t i v e charge on the anode. The 
thermal release of the trapped charge and i t s subsequent 
removal from the c r y s t a l t o recombine w i t h and n e u t r a l i s e the 
charge on the anode r e s u l t s i n the observed maxima. With 
o p t i c a l t r a p f i l l i n g , the c r y s t a l remains n e u t r a l . The 
release of trapped electrons and t h e i r eventual recombination 
w i t h holes i s responsible f o r the normal thermally stimulated 
c u r r e n t . I t i s probable t h a t the peaks observed a f t e r 
e l e c t r i c a l i n j e c t i o n are much sharper than the normal peaks 
because the r e l a x a t i o n of e x c i t e d charge i s more r a p i d , 
( i . e . the recombination process i s d i f f e r e n t the gain f a c t o r 

< 1 s e c t i o n 2,8.). Further electrons can not enter and 
leave the c r y s t a l as r e a d i l y as they do when o p t i c a l 
e x c i t a t i o n i s used t o f i l l the traps and the c r y s t a l i s 
n e u t r a l . The narrow peaks observed experimentally can be 
explained on the basis of these considerations. The narrow 
peaks i n t u r n lead t o the abnormally high calculated energy 
values quoted i n Table 9,5,1. Bube's method r e l i e s on the 
p o s i t i o n of the Fermi l e v e l c o i n c i d i n g w i t h the t r a p depth 
at the maximum of the glow peak. Such a method should be 
v a l i d f o r both e x c i t a t i o n mechanisms, provided the recombinatior 
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process can be described as one of f a s t retrapping. 
A peak i s also observed i n the thermally stimulated 

c u r r e n t curves of Fig. 7.9.1. near room temperature. This 
i s probably due t o the thermal emptying of i n j e c t e d charge 
from the l e v e l at 0.41 eV. The peak may also be associated 
w i t h an increase i n the density of the l e v e l at 0.4leV by 
the passage of a high current (discussed i n section 9.2.2.). 
No t h e r m a l l y s t i m u l a t e d current due t o the emptying of the 
suggested l e v e l at 0.25 eV was observed. Thus t h i s shallow 
l e v e l was probably not being f i l l e d by the i n j e c t e d current. 

b) O p t i c a l e x c i t a t i o n . 
The thermally -stimulated current curves obtained 

w i t h c r y s t a l B a f t e r o p t i c a l e x c i t a t i o n are shown i n Fig. 
7.9.3. When band-gap l i g h t was employed, the peak near room 
temperature was large but the thermally stimulated current 
near 85*^0 was less than the Ohmic dark current. The absence 
of the maxima near 85°C associated w i t h the 0.61 eV l e v e l 
can be i n t e r p r e t e d as due t o transformation of t h i s l e v e l 
i n t o a l e v e l at 0.41 eV. Thus band-gap l i g h t increases the 
d e n s i t y of the 0.41eV complex l e v e l at the expense of the 
0,61 eV l e v e l . This i s a s i m i l a r e f f e c t t o t h a t observed 
by e l e c t r i c a l i n j e c t i o n ( s e c t i o n 9.2.2.). The depression 
of the thermally s t i m u l a t e d current below the Ohmic dark 
current requires some deep l e v e l i n the forbidden gap. 
S i m i l a r l y , the depression of the Ohmic dark current a f t e r 
t h i s measurement. Fi g . 7.9.4, can only be explained i n terms 
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of a deep t r a p p i n g l e v e l . I t seems probable t h a t these 
l a t t e r e f f e c t s are due t o the d e s t r u c t i o n of a second 
complex defect a t 0.25 eV, mentioned i n the l a s t section. 
Thus band-gap l i g h t d i s s o c i a t e d t h i s second defect and 
creates l e v e l s at 0.41 eV and 0.83 eV. This i s consistent 
w i t h the work of Nicholas (46). The small peak near - 145°C, 
Fig. 7.9.3. may be due t o a l e v e l at 0.15 eV. Nicholas (46) 
observed a t h e r m a l l y s t i m u l a t e d current peak i n t h i s temper
ature range w i t h t h i s value. 

I n f r a - r e d e x c i t a t i o n produced a peak near room 
temperature, no peak near 85°C and d i d not depress the 
c o n d u c t i v i t y . Fig. 7.9.3.(3). This could be due t o an 
increase i n the 0.41 eV complex, again at the expense of the 
0.61 eV l e v e l , w i t hout the d i s s o c i a t i o n of the defect g i v i n g 
r i s e t o the 0.25 eV l e v e l . This i s supported by the f a c t 
t h a t a f t e r t h i s measurement, the thermal e q u i l i b r i u m con
d u c t i v i t y was not depressed. 

In view of the complexity of these e f f e c t s i t i s not 
reasonable t o attempt any f u r t h e r analysis of the curves of 
Fi g . 7.9.3. and Fig. 7.9.4. 

9.6. P h o t o - S e n s i t i v i t y of Crystal B 

From the curves of Fig. 7.10, which show the photo
c o n d u c t i v i t y as a f u n c t i o n of temperature at various i n t e n s i t i e s 
of i l l u m i n a t i o n , a s e r i e s of p l o t s can be made of photo-
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c u r r e n t versus e x c i t a t i o n i n t e n s i t y at d i f f e r e n t temperatures. 
These p l o t s are shown i n F i g . 9.6.1. and Fig. 9.6.2. f o r 
( i ) band-gap and ( i i ) i n f r a - r e d e x c i t a t i o n . 

( i ) The s e n s i t i v i t y of the c r y s t a l varied as the 
square root of the e x c i t a t i o n i n t e n s i t y over the temperature 
range 180°K t o 410°K. This behaviour i s consistent w i t h f a s t 
recombination through a centre (18,78). The f r e e l i f e t i m e 

i s p r o p o r t i o n a l t o the one h a l f power of the e x c i t a t i o n 
i n t e n s i t y ( s e c t i o n 5.2.). I t could be a t t r i b u t e d t o recom
b i n a t i o n through the 0.83 eV l e v e l , created by the d e s t r u c t i o n 
of the 0.25 eV complex on i l l u m i n a t i n g the c r y s t a l . 

( i i ) The s e n s i t i v i t y of the c r y s t a l t o i n f r a - r e d l i g h t 
v a r i e d as tie square of the e x c i t a t i o n i n t e n s i t y below 70°C 
and as the square r o o t above t h i s temperature. This can be 
i n t e r p r e t e d ats f o l l o w s . Below 70°C the c r y s t a l contains 

a l e v e l at 0.61 eV and the complex defect w i t h a l e v e l at 
0.41 eV. The second complex defect w i t h i t s shallow l e v e l 
of 0.25 eV i s also present but has l i t t l e e f f e c t on the form of 
the p h o t o s e n s i t i v i t y versus e x c i t a t i o n i n t e n s i t y curve. The 
i n f r a - r e d i l l u m i n a t i o n has the e f f e c t of transforming the 
0.61 eV l e v e l i n t o the 0.41 eV complex. Thus the more intense 
the i l l u m i n a t i o n , the fewer w i l l be the 0.61 eV centres w i t h 
t h e i r large e l e c t r o n capture cross sections. This w i l l lead 
t o a f r e e e l e c t r o n l i f e t i m e which increases w i t h i n t e n s i t y 
of i l l u m i n a t i o n . This could lead t o a dependence of s e n s i t i v i t j 
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as the square of the e x c i t a t i o n . Above 70°C, the r a t e of 
conversion of 0.61 eV l e v e l s i n t o l e v e l s 'at 0.41 eV becomes 
less than the r a t e of thermal d e s t r u c t i o n at the i n t e n s i t i e s 
employed and the 0.61 eV l e v e l dominates. Thus the s e n s i t i v i t y 
reduces t o a square root dependence as the recombination 
becomes bimolecular. 

The sharp increase i n photocurrent w i t h temperature 
near -llO^C using v i s i b l e e x c i t a t i o n , F i g . 7.10, i s probably 
associated w i t h a shallow trapping l e v e l . As the temperature 
r i s e s , t h i s centre ceases t o t r a p electrons w i t h a consequent 
increase i n t h e i r f r e e l i f e t i m e . Plots of log I versus l/T 
are shown f o r the photocurrents, i n t h i s temperature range, 
i n F i g . 9.6.3. The slope of the l i n e gives a value of t r a p 
depth of 0.15 eV. This value again agrees w i t h the work of 
Nicholas and t h i s shallow l e v e l i s probably associated w i t h 
luminescent e m i s s i o n i n cadmium sulphide discussed i n the 
f o l l o w i n g chapter. 

The s e n s i t i v i t y of c r y s t a l B t o j^-rays. Fig. 7.10. 
has a maximum near room temperature. No depression of the 
thermal e q u i l i b r i u m dark current was observed. This suggests 
t h a t 5^-radiation has an e f f e c t s i m i l a r t o t h a t of i n f r a - r e d 
i l l u m i n a t i o n , ( i . e . i t can convert the 0.61 eV l e v e l i n t o the 
0.41 eV complex but i s u n l i k e l y t o a f f e c t the 0.25 eV complex). 
The comparatively quick response of the c r y s t a l t o t h i s low 
i n t e n s i t y of i r r a d i a t i o n i 1 sec. sec t i o n 7.11.) indicates 
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that cadmium sulphide may be useful as a small, f a i r l y 
sensitive, detector. Further work i s needed, however, to 
c l a r i f y the nature and behaviour of the complex defect 
centres discussed i n t h i s chapter. 

9.7. I n t e r p r e t a t i o n of the T r a p s - f i l l e d - l i m i t . 
Since e l e c t r i c a l i n j e c t i o n decreases the density of the 

0.61 eV level and increases the density of the 0.41 eV 
complex, i t seems highly unlikely that V̂ ^̂ ĵ ^ w i l l be simply 
related to the t o t a l trap density. However, as V,j,j,j^ i s 
related to the t o t a l excess trapped charge, whether at 
0.41 eV or 0.61 eV i t i s d i f f i c u l t to see how a corrected 
analysis could give a higher value of N̂ . The suggested 
reason f o r the discrepancies between and of Table 
9.1.2. i s as follows. As the voltage increases, t r a p - f i l l i n g 
occurs some way up the steep r i s e i n current. The 0.61 eV 
levels then s t a r t to be transformed int o the complex at 
0.41 eV as the voltage increases s t i l l further. F i n a l l y , 
f i e l d ionisation or c o l l i s i o n ionisation removes some or a l l 
of the trapped charge from the 0.41 eV lev e l . These mechanisms 
are f a r more l i k e l y from a level at 0.41 eV compared to 
ioni s a t i o n from a le v e l at 0.61 eV (65). V^pL then be 
related to the residual density of trapped charge after 
suitable allowances have been made for the ionisation process. 
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CHAPTER X 

Analysis of Optical Measurements 

10.1. The Spectrum of Pure Cadmium Sulphide 
The results of the analysis of the spectrum of 

pure cadmium sulphide, Fig. 8.3.1., Fig. 8.3.2., are shown 
i n Table 10.1. The emission bands marked 0 to 7, Fig. 8.3.1. 
can be s a t i s f a c t o r i l y a t t r i b u t e d to electron-hole recombination 
accompanied by the emission of 0, 1, 2, 3 phonons.The 
energy of the strongest, no phonon, band i s 2.39 eV (see 
section 10.5.). This value i s consistent with recombination 
through a level 0.13 eV from the band edge, assuming the 
energy of the forbidden gap i s 2.52 eV at 77°K (section 4.3.). 
The separation of the emission band maxima is of the order 
of 300 cm""*" which i s consistent with coupling of the emission 
to longitudinal o p t i c a l phonons. (section 5.1.). 

The approximate i n t e n s i t i e s of the emission peaks 
1.2.3. r e l a t i v e to that of the f i r s t peak f i t a Poisson 
d i s t r i b u t i o n , (equation 5.3.). The broad band, near 5800 8, 
could be responsible for the high r e l a t i v e i n t e n s i t i e s 
measured for bands 4 to 7. The r e l a t i v e i n t e n s i t i e s were 
calculated a f t e r correcting the peak in t e n s i t i e s for the 
va r i a t i o n i n s e n s i t i v i t y of the detector. Fig. 8.2.2. 

The broad band near 5800 8 corresponds to emission 
of photons with an energy of 2.12 eV. Thus t h i s luminescence 



Wave No. Separation from Separation from 
Peak Wavelength A loVcm 1st peak /cm 2nd peak /cm 

0 5157 1.939 0 
1 5233 1.911 280 1.300 0 
2 5314 1.882 570 2.300 1. 300 
3 5429 1.842 970 3.300 2. 300 
4 ~ 5500 1.820 1190 4.300 3. 300 
7 5619 1.780 1590 5.300 4. 300 
6 ^ 5700 1.755 1840 6.300 5. 300 
7 5790 1.727 2120 7.300 6. 300 
i 4914 2.035 0 
i i 4971 2.012 230 
i i i 5043 1.983 520 

Approximate 
Relative Intensity 

5233/5157 
0. 100 
1. 78 
2. 40 
3. 12 
4. 3.9 
5. 1.4 
6. 0.9 
7. 0.8 

n 
= I (0-87)" 

o n! 
100 
87 
38 
11 
2.6 
0.4 
0.06 
0.007 

Approximate 
Relative Intensity 

5314/5233 

100 
51 
15.5 
3.7 
1.8 
0.15 

Analysis of the Edge Emission of Pure Cadmium Sulphide 
TABLE 10.1. 
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could be due to recombination through a level approximately 
0. 4 eV from a band edge. The exact position of the maximum 
of t h i s emission i s uncertain f o r two reasons. 
1. The s e n s i t i v i t y of the detector was beginning to f a l l 
r a p i d ly with increasing wavelength i n the region. 
2. Absorption i n the binder was becoming large (section 8.2.). 
I t seems probable that t h i s emission i s due to recombination 
through the level which l i e s 0.41 eV below the conduction band 
edge as discussed i n the la s t chapter. 

The small emission bands on the high energy side of 
the edge emission, bands, ( i ) , ( i i ) and ( i i i ) Fig. 8.3.1. 
are probably due to recombination via a centre near one of 
the band fedges. The smaller separation between these higher 
energy bands («^ 260/cm) i s probably due to coupling with 
the transverse o p t i c a l phonon ( ̂ T̂Q̂ ^ 261 cm"''', (55), section 
5.1.). This agrees with usual observations ( 17 p.87). 
Better resolution i s required, however, to j u s t i f y any f i r m 
conclusion. The energy of the f i r s t peak of t h i s series ( i ) 
was 2.516 eY. This indicates recombination through a 
le v e l only 0.004 eV from the band edge and the emission might 
be due to band to band transitions which have a low probability 
Similar emission bands from other crystals are discussed 
below. 
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10.2. Analysis of the Spectra of Oxygen Doped Crystals 
The emission spectrum of an oxygen doped crystal, 

shown i n Figs. 8.4.1. and 8.4.2., has edge emission bands 
similar to those of pure crystals. However two short 
wavelength bands are prominent. These bands are centred 
at wavelengths of ( f ) 4898 (e) 5019. They are not identical 
with the short wave bands observed i n pure crystals. The 
ef f e c t of a high frequency gas discharge was to reduce the 
in t e n s i t y of peaks (e) ( f ) r e l a t i v e to that of the most 
intense emission band from 27% to 9.7%. This reduction was 
measured aft e r passing the discharge for 2 minutes. A 
further reduction was apparent af t e r a second discharge. 
This suggests that the emission i s due to the adsorption of 
surface impurities which are removed by the discharge and 
pumped out of the cryostat. 

In a second type of oxygen doped cr y s t a l , an example 
of which i s shown i n Fig. 8.4.5. a broad emission band near 
5800 8 was apparent. This band i s similar to that discussed 
e a r l i e r , i.e. associated with a level at 0.41 eV. As stated 
i n section 8.4., t h i s emission was not observed i n conjunction 
with the bands (e) ( f ) . I t i s not known at t h i s stage whether 
t h i s indicates that the 5800 8 band i s associated with a 
d i f f e r e n t absorbed surface layer or not. The work of Nicholas 
(46) indicates that the 0.41 eV level i s associated with a 
bulk defect. 
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The emission spectrum of an oxygen doped crystal 
i s sometimes very d i f f e r e n t from that of a pure cr y s t a l , 
Figs. 8.4.3. and 8.4.4. The positions of the main emission 
bands are marked on the figures. In a l l , f i f t e e n emission 
bands were t e n t a t i v e l y i d e n t i f i e d . These are l i s t e d i n 
Table 10.2.1. The structure can be associated with the 
phonon frequencies determined by Marshall and Mitra (section 
5.1.) provided the highest energy band (5157 8) i s ignored. 
The second (5210 8) and subsequent bands may be te n t a t i v e l y 
f i t t e d to no phonon emission, and emission with one or more 
phonons as i l l u s t r a t e d i n Table 10.2.2. The f i r s t emission 
band (at 5157 8) did not f i t t h i s pattern and i s probably 
due to recombination through a d i f f e r e n t centre. More emission 
measurements are required at lower temperatures to c l a r i f y 
the position. An emission band at 4971 8 was also observed 
i n t h i s c r y s t a l , which corresponds to a similar peak observed 
i n the luminescent spectrum of a pure c r y s t a l . The position 
of the most intense l i n e suggests recombination through a 
level 0.13 eV from the band edge. 

10.3. Analysis of the Spectrum of Cadmium Sulphide Grown i n 
Hydrogen. 
The emission spectrum of cadmium sulphide grown i n 

hydrogen shows a d i s t i n c t l y d i f f e r e n t structure from that 
of a pure c r y s t a l , see Fig. 8.5.1. The maximum of the f i r s t 



Angstroms Intensity % Angstroms 

5157 100 5486 
5210 77 5648 
5229 72 5702 
5252 61 5810 
5295 40 5895 
5338 30 5948 
5412 12 5995 
5438 4971 ( i i ) 

Emission Bands i n Oxygen Doped Cadmium Sulphide 

TABLE 10.2.1. 



Distance i n wave 
nos from 1st band 

Distance i n wave 
nos from 2nd band 

Suggested 
Combinations 

197 
267 

0 
70 

No phonon 
TA„ 

351 
505 
657 
914 

1002 

154 
308 
460 
717 
805 

TA^+ TAg 
LO 
LO + LA 
LO + TÔ  + LA 
LO + TÔ  + TOg 

-1 LO = 295 cm 

LA = 149 cm"'"'. 

TÔ  = 261 cm"-'-. 

TA^ = 79 cm"-''. 

TOg = 238 cm -1 

TAg = 70 cm -1 

Phonon Emission i n Oxygen Doped Cadmium 
Sulphide 

TABLE 10.2.2. 
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peak i s again displaced by 0.13 eV from a band edge but 
the remaining emission bands a l l l i e at multiples of 
approximately 120 wave numbers on the long wavelength side 
of the most intense band. The emission bands are l i s t e d 
i n Table 10.3. together with the estimated r e l a t i v e i n t e n s i t i e s . 
One p o s s i b i l i t y that the structure suggests i s that the emission 
i s due to two levels, separated by 120 /cm, the emission from 
each level having structure associated with phonons of 
frequency 240 jcm. ( ^ rj^Q^ 238 cm""*" , section 5.1.). 
Al t e r n a t i v e l y , the separation of the two series may be due 
to emission between the two levels of the s p l i t Valence 
band (section 4.4.) and an impurity level 0.13 eV below 
the conduction band. The s p l i t t i n g of the valence band i s 
«'0.016 eV which i s approximately 120 cm""*". 

10.4. Analysis of the Emission Spectrum of Crystals Grown 
i n Water Vapour 
The emission spectrum of a crystal grown i n water 

vapour. Fig. 8.6.1., showed bands corresponding to those of 
a pure c r y s t a l at 5162 8, 5219 8, 5305 8, 5371 8. No other 
emission was detected i n t h i s c r y s t a l . 

10.5. Emission of Chlorine and Silver Doped Crystals 
The emission spectra of crystals doped with chlorine 

and s i l v e r were very simil a r to one another Fig. 8.7.1. and 



Separation from 
Wavelength S 1st peak /cm 

5157 
5221 
5290 
5324 
5371 
5398 
5467 
5576 

0 
238 
487 
608 
772 
866 
1099 
1457 

2. 120 
4. 120 
5. 120 
6. 120 
7. 120 
9. 120 
12. 120 

Separation from 
2nd peak /cm 

0 
2. 120 
3. 120 
4. 120 
5. 120 
7. 120 

10. 120 

Relative Intensity 
(5221/5157) 

100 
94 
60 
52 
32 
25 
13 
5 

T _ T (0.87) 
h " -̂o -TT 

100 
87 
38 
11 
2.6 
0.4 
0.06 
0.007 

n 

Emission from Cadmium Sulphide Grown i n 
Hydrogen 

TABLE 10.3 
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Fig. 8.8.1. The s i l v e r doped crystals were grown at 
G.E.C. Ltd. by a vapour phase technique using hydrogen 
sulphide. The was prepared using hydrochloric acid 
and i t seems l i k e l y , therefore, that the form of the emission 
spectrum of the s i l v e r doped crystal i s due to substitutional 
chlorine. 

A d i s t i n c t feature of these spectra was that the emission 
band at 5157 2 was less intense than that at 5233 2. The 
positions of the emission bands were the same as those of 
a pure crystal,T<J;bla 10.1. I t i s d i f f i c u l t to see how only 
the f i r s t emission band of a series could be depressed i n 
t h i s manner. The suggested interpretation offered here i s 
that the band at 5157 2 i s due to a separatejtentre. The 
f i r s t l i n e of the edge emission series i s at 5233 S, corres
ponding to recombination through a level 0.16 eV from the 
band edge. The number of phonons associated with each band 
according to t h i s assignment i s indicated i n Tables 10.1. 
and 10.3. The r a t i o s of the i n t e n s i t i e s of the peaks at 
5157 d o ) , 5233 (1^^) and 5314 2, Ig have been estimated for 
a l l the pure and doped crystals used i n t h i s work. The r a t i o 
I ^ / I ^ was found to vary between 74% and 120%, whereas ^2^^\ 
only varied between 50% and 65%. The wide flu c t u a t i o n i n the 
r e l a t i v e i n t e n s i t i e s of the f i r s t two emission bands supports 
the argument that the f i r s t l i n e of the edge emission series 
i s at 5233 2. The estimates of the i n t e n s i t i e s of the bands 
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are only approximate because of the severe overlapping 
of peaks, and the d i f f e r e n t resolutions employed i n the various 
experiments. The discrepancies between the expected 
r e l a t i v e i n t e n s i t i e s and those observed may be c l a r i f i e d 
when more measurements are made at a lower temperature 
(Table 10.1.). 

The emission spectra of chlorine and s i l v e r doped 
crystals did not show the broad band at 5800 8 nor any short 
wavelength emission bands. The associated levels were either 
not present i n these crystals or the emission was too weak 
to be detected. 

10.6. Emission Spectrum of Indium Doped Crystals 
The edge emission spectrum of indium doped cadmium 

sulphide was almost completely masked by the strong emission 
band centred at 5176 8. This i s probably due to recombination 
through a shallow donor 0.14 eV below the band edge. (Fig. 
8.9.1.). The emission does not appear to be coupled to 
the l a t t i c e as i s the normal edge emission. The short wave
length band can be a t t r i b u t e d to surface recombination. 

10.7. Iodine Doped Cadmium Sulphide 
The emission spectrum of iodine crystals did not show 

any structure which has not already been discussed. (Fig. 
8.10.1.) and i s similar to that of a chlorine doped crysta l . 
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The broad band at 5800 2 was present as were two short 
wavelength bands due to surface recombination. The 
i n t e n s i t i e s of the two most intense bands were very nearly 
equal. This suggests that iodine depresses the band 
at 5157 2 r e l a t i v e to that at 5233 2 i n the same way as 
chlorine. 

10.8. Electro-luminescent Emission of Pure Cadmium Sulphide 
The electro-luminescent emission of pure cadmium 

sulphide has three components (Fig. 8.11.1.). (1) The 
weak band near 5800 2 i s associated with recombination through 
a le v e l at Q.41 eV. (2) A stronger series of four emission 
bands which can be related to u l t r a - v i o l e t stimulated 
emission forms the second component. The highest energy band 
of the four centred at 5147 2 ( 1 . Fig. 8.11.1.) i s probably 
not associated with the phonon assisted edge emission series 
(2.3.4.) but i s i d e n t i c a l with the band at 5157 2 found i n a l l 
photo-luminescent spectra. The separation of the four bands 
was of the order of 300 ĉm., but the resolution was not 
p a r t i c u l a r l y good as only a small quantity of l i g h t entered 
the spectrophotometer. (3) The t h i r d and major region of 
emission was concentrated int o two bands at 4981 and 5019 2 
(y. X. Fig. 8.11.1.). The band at 5019 2 corresponds to 
the surface recombination observed i n oxygen doped cadmium 
sulphide, (e. Fig. 8.4.1.). However the band at 4981 does not 
correspond t o the second surface band at 4898. ( f . Fig. 8.4.1.>. 
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Thus, the band may correspond to recombination through 
an impurity 0.03 eV from a band edge i.e. ( i i ) Fig. 8.3.1. 
I t has previously been suggested (5) that recombination 
luminescence i s associated with free holes recombining 
with electrons trapped near the cathode. This suggestion 
was based on the observation of a delay i n the l i g h t output 
with respect to the current after applying a voltage pulse 
to a c r y s t a l . The level at 0.03 eV may therefore be 
associated with a shallow level near the cathode contact 
which would be especially active when electrons are injected. 
Nicholas also found a trap approximately 0.05 eV below 
the conduction band. Better resolution of t h i s emission is 
required before a d i s t i n c t i o n can be made between surface 
and bulk recombination. 

10.9. Long Wavelength and Infra-red Emission Measurements. 
The curve of Fig. 8.12.1., showing emission at room 

temperature and 77°K, indicates that the overall s e n s i t i v i t y 
of the second measuring system was approximately 20 times 
greater than that of the spectrophotometer (section 8.2.), 
The room temperature spectrum shows a broad structureless 
emission band a t t r i b u t a b l e to edge emission and another band 
at 0.66 microns. This l a t t e r band corresponds to recombination 
through a level 0.65 eV from a band edge and may be the 
0.61 eV l e v e l discussed i n the last chapter. The increase 
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i n emission above 3 microns i s probably due to the large 
error on the measurements i n t h i s spectral region as the 
s e n s i t i v i t y of the detector i s f a l l i n g rapidly. 

The emission spectrum at 77°K has three interesting 
regions apart from the edge emission, ( i ) the band at 0.66 
microns, ( i i ) a series of bands near 1.3 microns ( i i i ) 
emission above 3 microns, ( i ) The emission at 0.66 microns i s 
unaffected by the decrease i n temperature. This indicates 
that the level near 0.65 eV is acting as a recombination 
centre with a capture cross-section which i s high r e l a t i v e 
to other recombination mechanisms. This agrees with Nicholas* 
conclusions that the 0.61 eV trap has a large capture cross 
section, ( i i ) The series of bands near 1.3 microns were only 
j u s t resolved. The main band is at 1.3 microns and corresponds 
to recombination through a level 0.95 eV from a band edge. 
Other emission bands are te n t a t i v e l y put at 1.06, 1.14, 
1.42 microns. They have associated photon energies which 
indicate levels at 1.16, 1.08, and 0.87 eV from a band edge. 
The f i r s t two of these levels and that at 0.95 eV may be 
acceptor levels approximately 1 eV above the valence band 
(section 4.7.). The level of 0.87 may be associated with 
the level 0.83 eV below the conduction band discussed i n the 
last chapter, ( i i i ) The increase i n the emission above three 
microns, which occurs when the crystal i s cooled suggests that 
more emission bands might be observed i f the resolution and 
detector s e n s i t i v i t y were improved. There i s some indication 
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of an emission band near 3.1 microns which could be 

a s s o c i a t e d with the l e v e l 0.4 eV below the conduction band 

edge which would imply that the 3.1 micron and 5800 S bands 

are complementary. The quenching of the emission above 

2.5 microns by r a d i a t i o n from a small lamp with a peak 

output at 1.6 microns f u r t h e r i n d i c a t e s that the observed 

s i g n a l was genuine. 

10.10. Defect Centres Responsible f o r the Observed E f f e c t s 

The edge emission s e r i e s on the long wavelength s i d e 

of 5233 S, the emission at 5157 8 and the broad band at 

5800 S are a l l observed with pure c r y s t a l s . They are probably 

a s s o c i a t e d with sulphur vacancies or i n t e r s t i t i a l s ( s e c t i o n 

5.3.). I n the n e u t r a l c r y s t a l , such defects would be 

present i n approximately equal numbers and would give r i se 

to the edge emission s e r i e s and the band at 5157 S. Cadmium 

sulphide grown i n hydrogen or oxygen i s probably d e f i c i e n t 

i n sulphur ( s e c t i o n 6.3.), leading to an excess of sulphur 

v a c a n c i e s and fewer sulphur i n t e r s t i t i a l s . The edge emission 

spectrum of such c r y s t a l s was d i f f e r e n t from that of a pure 

c r y s t a l whereas the band at 5157 S was unaffected. I t appears 

t h e r e f o r e , that the edge emission s e r i e s i s a s s o c i a t e d with 

sulphur i n t e r s t i t i a l s and the band at 5157 2 with sulphur 

v a c a n c i e s . The strongest emission band at 5800 S was observed 

i n a c r y s t a l grown i n oxygen and consequently the l e v e l 
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at 0.41 eV i s probably a s s o c i a t e d with sulphur vacancies. 

The observation of t h i s emission i n pure c r y s t a l s i n d i c a t e s 

t hat these are a l s o d e f i c i e n t i n sulphur. The double 

s t r u c t u r e , which may be a s s o c i a t e d with the s p l i t valence 

band, i n the emission spectrum of a c r y s t a l grown i n 

hydrogen supports the above i n t e r p r e t a t i o n . The s t r u c t u r e 

was probably observed because the normal edge emission was 

very much reduced due to the decreased concentration of 

i n t e r s t i t i a l atoms of sulphur. The incorporation of c h l o r i n e 

or iodine would f i l l the sulphur vacancies s u b s t i t u t i o n a l l y 

and reduce the emission at 5157 8 as observed experimentally. 

B e t t e r r e s o l u t i o n i s r e q u i r e d before f u r t h e r conclusions can 

be drawn with regard to the short wavelength emission bands. 

A s i m i l a r i n t e r p r e t a t i o n of the emission s p e c t r a 

d i s c u s s e d i n t h i s chapter i s p o s s i b l e i n terms of cadmium 

vac a n c i e s r a t h e r than sulphur i n t e r s t i t i a l s . However, s i n c e 

I n ^ ^ ^ when s u b s t i t u t e d would lead to (Cd^^) vacancies an 

indium doped c r y s t a l should show intense edge emission bands. 

The edjge emission s t r u c t u r e of an indium doped c r y s t a l i s 

not very intense and hence the balance of evidence i s i n 

favour of sulphur i n t e r s t i t i a l s r a t h e r than cadmium vacancies 

forming the 0.16 eV l e v e l . 

The s e p a r a t i o n of the band at 5157 8 from the 

absorption edge i n d i c a t e s that sulphur vacancies introduce 

l e v e l s approximately 0.13 eV below the conduction band edge. 
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S i m i l a r l y , the f i r s t emission band of the edge emission 

s e r i e s i s due to recombination v i a a centre (probably a 

sulphur i n t e r s t i t i a l ) with a l e v e l approximately 0.16 eV 

above the valence band, i n which case the double s t r u c t u r e 

would not be expected. The shallow trapping l e v e l introduced 

by sulphur vacancies i s p o s s i b l y the same l e v e l near the 

conduction band di s c u s s e d i n s e c t i o n 9.6.(b). A l t e r n a t i v e l y , 

the l a t t e r l e v e l may be due to indium donors l e v e l s 0.14 eV 

below the conduction band. In a pure c r y s t a l , d i f f u s i o n 

at the contacts could introduce t h i s l e v e l causing the 

observed i n c r e a s e i n photocurrent of s e c t i o n 9.6.(b). 
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CHAPTER XI 

Conclusions 

Conduction processes i n t h i n p l a t e l e t s of cadmium 

sulphide are governed by the behaviour of complex defect 

c e n t r e s with l e v e l s i n the forbidden gap. The measured 

t r a p s - f i l l e d - l i m i t voltage i s not d i r e c t l y r e l a t e d to the 

t o t a l t r a p density due to the a s s o c i a t i o n and d i s s o c i a t i o n 

of these defect c e n t r e s . The steep r i s e i n current i s 

a s s o c i a t e d with the f i l l i n g of traps followed by the 

removal of t h i s trapped charge by an i o n i s a t i o n process 

i n v o l v i n g a complex defect. A l l the e l e c t r i c a l phenomena 

can be explained i n terms of two complex defect centres 

(0.41 eV - 0.61 eV; 0.25 eV - 0.83 eV). The observation 

of both defects i n the same c r y s t a l , i n c o n t r a d i c t i o n of 

the work of Nicholas, may be due to the more s e n s i t i v e 

c u rrent measuring apparatus used i n t h i s work and the f a c t 

t h a t the 0.61 eV l e v e l i s transformed into the 0.41 eV 

complex by v i s i b l e l i g h t . The i n t e r p r e t a t i o n of the behaviour 

of c r y s t a l B should only be used as a broad framework on 

which to base f u r t h e r work. In order to explore the d i s s o c 

i a t i o n of complex d e f e c t s , i t would be p a r t i c u l a r l y u s e f u l 

to study the s p e c t r a l response of cadmium sulphide c r y s t a l s 

between 5000 2 and 3.5 microns at d i f f e r e n t temperatures 
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and a f t e r a v a r i e t y of heat treatments. 

The o p t i c a l emission experiments show good c o r r e l a t i o n 

with a l l the defect l e v e l s proposed to explain the e l e c t r i c a l 

measurements. The e x i s t e n c e of an emission band close to 

the edge emission s t r u c t u r e i s probably due to recombination 

v i a a sulphur vacancy with a l e v e l approximately 0.13 eV 

below the conduction band edge. The edge emission s e r i e s , 

on the other hand, i s probably a s s o c i a t e d with recombination 

through a l e v e l 0.16 eV above the valence band which i s due 

to sulphur i n t e r s t i t i a l s . Emission bands on the high energy 

s i d e of the main emission l i n e s are probably due to surface 

and impurity recombination and perhaps band to band processes. 

T h i s needs c l a r i f i c a t i o n i n f u r t h e r work but two separate 

s e r i e s are undoubtadly apparent. The i n j e c t i o n of e l e c t r o n s 

and holes produces recombination again a t t r i b u t a b l e to 

s u r f a c e and impurity recombination as w e l l as recombination 

at sulphur vacancies and i n t e r s t i t i a l s . Further i n v e s t i g a t i o n 

i s again required. 

Measurements at lower temperatures with better r e s o l u t i o n 

may d i s t i n g u i s h the emission from c h l o r i n e and iodine doped 

c r y s t a l s and may make p o s s i b l e some estimate of the s t o i c h i o - • 

metry of cadmium sulphide c r y s t a l s . 
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Abstract In order to test whether Lampert's theory (1956) of one carrier space-
charge-limited currents can be applied to cadmium sulphide it is necessary to 
ensure that the electrical contacts to the crystals, exclude the possibility of minority 
carriers entering the crystal. The use of many materials, including indium, can lead 
to hole injection at the anode at sufficiently high voltages. However, evaporated 
indium forms good electron injecting cathodes and hole blocking anodes, when it is 
deposited pn surfaces previously subject to hydrogen ion bombardment. With 
these contacts current-voltage characteristics were measured over a r^nge from. 
— 183 °c to 83 °C. Analysis of the results shows that a typical crystal contained 

, 2 -5 X10'* traps per cm' at a distance of 0-61 ev below the conduction band. About 
1012 cm~^ of these were filled with electrons which ori|;inated from shallow donors. ;̂ 
According to Lampert's traps-filled theory the crystal contained 2-5xlOi ' traps . 
per cm'. I t is coiicluded that the steep rise in current, attributed in Lampert's. 
theory to the complete filling of traps, is in fact associated with trap emptying in this 

. crystal. • -.• . • , • • . , 

I 
§ 1 . I N T R O D U C T I O N • : . 

T is well known that currents considerably in excess of those predicted by Ohm's 
A law can, under certain circumstances, be drawn through insulators when sufficiently 
large voltages are applied. Such currents are limited by the space charge of the free and 
trapped carriers. In order to obtain large space-charge-limited currents three con
ditions must be observed; (i) the insulator must be relatively free from traps, (ii) the 
anode-cathode separation must be small and (iii) one or both of the electrodes must 
provide a large reservoir of current carriers with easy access to the appropriate con
duction band. I t is usual to refer to an electrode with the required properties as an 
ohmic contact. 

Mott and Gurney (1948) first discussed the problem of a metal-insulator contact. 
They showed that with a trap-free insulator the space-charge-limited current density 
j due to the passage of electrons from the metal to the insulator is 

- ' - : ^ ^ = ; - . . . . . 

where V is the applied voltage, e is the dielectric constant of the insulator, fie is the 
electron mobility and d is the electrode separation. The square law (1) is the solid 
state analogue of Child's three-halves power law in the vacuum diode. 

Smith (1955) and Smith and Rose (1955) first showed that space-charge-limited 
currents could be obtained in thin, single crystal, plates of cadmium sulphide when 
indivmi was used as the material of the negative electrode. The requirements (ii) and' 
(iii) for large space-charge-limited currents were met by using crystals between 10 and 
100 /im thick, and by using indium, which is widely accepted to form ohmic contacts 
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on cadmium sulphide (Smith 1955, Kroger, Diemer and Klasens 1956). The 
question as to whether the condition (i) requiring a low trap density is met in cadmium 
sulphide, is one which has been widely debated recently. Some authors have suggested 
that measurements of space-charge-limited currents in some cadmiurn sulphide crystals 
indicate the presence of an effective trap density as low as lO^^ pgr ^m^. The present 
paper is chiefly concerned with methods of calculating trap densities from experimental 
space-charge-limited current-voltage characteristics. 

§2. CURRENT-VOLTAGE CHARACTERISTIC OF A N INSULATOR W I T H TRAPS 

I t was clear from Smith's work that his crystals contained an appreciable density of 
electron traps, so that the large currents , predicted by equation (1) were not readily 
obtained. To account for this Lampert (1956) developed a theory of one-carrier space-
charge-limited conduction in an insulator with traps. According to this theory the 
current-voltage characteristic shows several distinct regions. At low voltages, when 
the injection of excess charge carriers at the cathode is negligible. Ohm's law is obeyed, 
and the slope of the current-voltage curve defines the true resistivity po of the crystal. 
l//)o = nô /xe, where «o is the concentration of electrons in the conduction band in 
thermal equilibrium. ' 

At some applied potential, V\, the current begins to increase more rapidly than 
linearly with applied voltage. I f the existence of traps were ignored this would occur when . 
the charge injected equalled the carrier concentration already present. According to 
Lampert this happens when ' 1 

; , , ^ = - ^ « o - : . . . (2) 

However with a real insulator some of the injected charge becomes localized in traps, 
where it contributes to the space charge, but not to the current flow. I f there is one 
discrete set of electron traps of density A'̂ t cm~3 at a depth Ex below the conduction 
band, and if the Fermi level lies below the trapping levels, the current will increase as 
F2 for sufficiently large V. However, since most of the injected charge is trapped the 
current density will not be given by equation (1) but by -

9 .MeF3^ - (3) 

8 dz 

where 0 is the ratio of free to trapped charge. ' . , ' 
n Nc / Et\ 

where n is the density of free electrons, nt is the density of trapped electrons and 
Â c = 2{27Tm*kT/h^)^''^ is the eflFective density of states in the conduction band. 

Since most of the injected charge is trapped, the transition voltage, Vi, given by 
equation (2) must be modified by the trapping factor 6, so that 

ed^ 
. . . K, = - , „ . ( 5 ) 

Now according to Lampert at some still higher voltage, VTFL, all the available traps 
- become filled. When this happens the current which has been following the reduced 

square law (3) increases discontinuously by the large factor 1/5 to the theoretical space-
charge-limited current in a trap free insulator, given by equation (1). When this large 
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abrupt increase in current occurs the crystal is said to have reached the traps-filled 
limit. Lampert has shown that at this limit • _ . \ 

ed^ 

VTFL = —Nt. _ ' ^ (6) . 

Thus i f Lampert's theory applies, a measure of FTFL leads directly to an estimate of 
A^f, and i f 6 can be determined from the reduced square law characteristic, Et can be 
calculated from (4)., ' ' C 

Some recent workers have used these ideas'to. calculate A''t, and have concluded that 
their crj'stals contain surprisingly small numbers of traps. Thus Wright (1958, 1959) 
interpreted his data as indicating a trap density of lO^^ cm-3. Allen (1960) found similar low . 
densities in semi-insulating gallium arsenide. Since these densities would appear to be 
improbably low, Allen explained his results by postulating a mechanism of almost com
plete compensation of traps by shallow donors. Recently Page, Kayali and Wright 
(1962) have invoked Allen's suggestion to explain the continued low values of A t̂ they 
obtain by applying equation (6). 

One of the objects of the present work is to show that equation (6) must be used with 
extreme caution, since the steep increase in current miay not be due to the' complete 
filling of traps but rather to their emptying. Recent work by Ruppel (1961) and Bube 
(1962) suggests similar conclusions. ' . .. ^ : , .. 

§ 3 . ELECTRON I N J E C T I N G CONTACTS ' . 

Cadmium sulphide is essentially an n-type material with an electron mobility about 
twenty times as large as the hole mobility. I t is necessary, therefore, in testing the 
applicability of Lampert's one carrier theory to cadmium sulphide crystals, to ensure 
that the cathode contact is ohmic, i.e. electron injecting, and that the anode does not 
permit the entry of holes into the crystal. . " 

I t is widely accepted that indium forms an ohmic contact on cadmium sulphide. ' 
Our results indicate that indiiun does indeed form an electron injecting contact, provided 
the indium is applied in the proper manner. I f the indium is not properly applied, 
contacts with relatively large barrier heights {<f>m-x) obtained. The significance 
of (^m-x) is evident in figure 1, where a contact between a metal with work function 
<f)m and an insulator with electron affinity x, is illustrated. Our results also show that 
indium contacts with appreciable barrier heights become hole injecting when used as 
anodes. A satisfactory hole blocking electrode is one which would provide copious 
electron injection i f it were used as a cathode. " 

Three methods of preparing indium contacts have been used. They were (i) soldering 
to the crystal in air at a temperature of about 170 °C, (ii) heating an indium bead in 
contact with the crystal surface to 300 °C for 3 min in an atmosphere of argon,-and (iii) 
evaporating a layer of indium on to the crystal in a vacuum of 10"^ mmHg or better. 
When contacts were appljed using the first two methods no pre-cleaning of the crystal 
was carried out. With method (iii) the crystal surfaces were bombarded, with either 
2 key electrons or hydrogen ions, prior to the deposition. 

Contacts of type (i) were unsatisfactory and were soon discarded. They were noisy 
and it was impossible to obtain reproducible results with them. Furthermore the 
current decayed steadily for hours (with some samples for days) before a stationary 
value was reached. This lengthy decay was reduced to a few minutes simply by using 
contacts of type (ii) or (iii). The long decay appears to be associated with oxygen 
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impurity, since crystals grown in the presence of oxygen exhibit the slow decay no matter 
how the contacts are applied. 

Contacts of type (ii), formed by melting indium on to crystals at 300 °c in argon, 
tend to saturate at high current densities. The broken curve in figure 2 is a current-
voltage characteristic obtained for a crystal with both electrodes of this type. Region 

BoHom level ot conduction 

band-in equilibrium 

Bottom level ot conduction 

bond-before contact 
- 6 

-7 

Insutatof 

Figure 1. Energy band diagram of the 
contact between a metal with' work 
function 4 and an insulator with elec

tron affinity X- ^metal < ^Insulator. 

-9 

-10 

-12 
/ 

'O-OI W 100 

Volloge (V) 

Figure 2. Current-voltage cur\-es, at 
room temperature, for two cr>'stals with 
melted indium contacts of tj'pe (ii). 

, area, Q x l Q - ' c m ^ ; thickness, 
8x10-3 cm; , area, 10"= cm=; thick
ness, 5 X 10-' cm. For explanation of 

lettering see text. 

B is what would be ascribed to the 'traps-filled limit' according to Lampert's theory. 
With the higher applied voltages in region C the theoretical Child's square law for _ 
solids, equation (1), is not observed. Instead the current is proportional to the applied 
voltage. This is due to the fact that in region C the current is limited not by space charge 
but by the finite barrier height, { j > m - x \ ^t the cathode. Mott and Gurney (1948) 
showed that under conditions of contact limitation Ohm's law would be obser\-ed and 

j = eiiMVld (7) 

where No is the concentration of free electrons just inside the insulator at the cathode. 

In fact 
iVo = iVcexp{-(^m-x)/Ar}. . (8) 

Assuming an electron mobility /xe = 250 cm^ v - i sec~i, the region C of the broken 
curve in figure 2 yields a value of A'̂ o of 9-0 x lO^" electrons cm~3, which corresponds, 
according to equation (8), to a barrier height of 0-46 ev. 
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No crystal with contacts of type (ii) has been observed to follow the space-charge-
limited square law, predicted by equation (1). However, some crystals with two electrodes 
of type (ii) have produced characteristics similar to that of the solid curve in figure 2. 
The negative resistance regime is associated with the appearance of recombination 
luminescence at liquid nitrogen temperature, which clearly indicates the participation 
of free holes (this will be discussed below). I t is concluded therefore that many anodes 
of type (ii) become hole injecting at sufl^ciently high voltages, and presumably have 
barrier heights greater than 0-46 ev. - • • . 

In contrast with this behaviour, evaporated electrodes of type (iii) form good electron 
injecting cathodes and hole blocking anodes.. At high current densities the current-
voltage characteristic of crystals with two evaporated electrodes displays the square law 
dependence on voltage predicted by equation (1). No saturation effects have been, 
observed up to the highest measurable currents, where the power dissipation sets the 
limitation. These results show that with this type of contact the cathode barrier height 
must be less than 0-3 ev. We have not found any evidence for hole injection with these 
electrodes and consequently they have been used exclusively in our study of single-
carrier space-charge-limited currents. 

§ 4 . ELECTRON B L O C K I N G CONTACTS 

Other types of contact have also been examined. These include painted colloidal 
dispersions of either silver or graphite, and evaporated layers of copper, silver or gold. 

• • , - / - • 

1 - 8 

-9 
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-12' 
10 100' 0-001 OOl 0-1 I 

Voltage tv) • • • . 

Figure'3. Current-voltage curves, at room temperature, for a crystal with an 
electron injecting cathode (indium contact of type (iii)), and a hole mjectmg 
anode (graphite). Area, IQ-^ cm^; thickness, l ^ x l O - ' c m . For explanation of 

lettering see text. 
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All these electrodes formed electron blocking contacts. Excellent rectification ratios 
of 10̂  for applied voltages up to 20 v were obtained with crystals with one evaporated 
indium electrode and one electron blocking contact. . 

Hole injection at the anode occurred with all the electron blocking electrodes listed 
above. This was demonstrated by the emission of recombination radiation at 77 °K, 
and by the region of negative resistance which was always observed when such anodes 
were used in conjunction with electron injecting cathodes. A typical characteristic 
is illustrated in figure 3. A square law variation at high voltages (D, figure 3) was usually 
found. • 

• § 5 . D E T E R M I N A T I O N OF TRAP DENSITY ) 

In order to determine the electron trap density in one of our typical plate-like 
crystals, evaporated indium contacts were used to ensure that the observed currents 
were due to the motion of electrons alone. The cr}'stal was about 50 fim thick and had 
been grown by condensation, from a stream of argon carrying cadrnium sulphide 
vapour. The argon flow had earlier been passed over a charge of purified cadmium 
sulphide at a temperature near 1100 °c. The crystal was mounted in a cryostat so that 
its temperature could be varied over the range 77-400 °K. A series of current-voltage 
curves was then taken with the crystal in the dark, and the residts are shown in figure 4. 
At no stage of these measurements was a voltage applied which was sufficiently 
large to bring about the steep increase in ciirrent usually associated with the traps-
filled limit. Results were accurately reproducible provided that before commencing 
measurements at any temperature the crystal was short-circuited and heated to 100 °c 
for several minutes. This treatment was sufficient to remove the excess charge which 
had become trapped in the crystal while previous measurements were being made. 

At low voltages all the curves of figure 4 are ohmic, and all curves have a clearly 
defined kink, where the current begins to increase more rapidly than linearly with voltage. 
From the ohmic part of each curve we can calculate no, the density of free electrons,. 
provided the electron mobility is known. I t is not practicable to make Hall effect 
measurements on the highly insulating crystals used in these experiments. To calculate 
values of no, therefore, a value of rriobility of 210cm2 v~i sec ~̂  at 300 °K has been assumed, 
together with a variation with temperature as T^^'^ (Kroger, Vink and Volger 1955). 

We have analysed our results using a model in which one discrete set of traps 
A'A cm~3 at a depth Ej, below the conduction band are partially filled with electrons 
from A'p cm~3 shallow donors. With such a model the free electron concentration is 
given by 

A plot of \og{7iolT^'^) against IjT should yield a straight line. The plot obtained 
using values of no derived from figure 4 is shown by + in figure 5. The slope of the 
very good straight line gives EA = 0-61 ev, while from'the intercept a value of A'A/ATD 
equal to 240 is obtained. . 

The characteristics of figure 4 can be evaluated in a different way when it is apprecia
tes that the deviation from Ohm's law occurs at a voltage determined by equation (5). 
Thus from the kink points of the curves in figure 4, values of 8, the ratio of free to trapped 
charge, can be deduced. According to equation (4) 

^ ATc / Et\ 
(4) 

r.' • 
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To maintain conformity with the present notation A^t should be replaced by Nx 
and Ei by Ex- A plot of log {d/T'^'^) against l / T should also yield a straight line. The 
experimental plot is shown by circles in figure 5. The slope of this line gives a value of trap 
depth of 0-61 ev, in complete agreement with the result obtained using equation (9) 
and the intercept leads to a value of Nt = Nx = 2-4 x lO^^ cm~^. Since JVA/A^D = 240, 
it follows that Nj) = 1012 cm-3. . . . / 

- 8 

-4 

r - I I 
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Figure 4. Current-voltage curves over a range 
of temperatures for a crystal with two 
evaporated indium contacts (no hole injec
tion). Area, 5 0 x lO"' cm^; thickness, 

• 5 0 x l O - » c m . -

^ 2 

20 40 60 80 

lOVr i r in deijK) 

+ 

8" 

100 -

Figure 5. Line obtained by plotting: 
+ , log (7io/r»'2) against 1 IT (equation 9) 

and o, log(fl/r"2) against IjT 
(equation 4). Values of no and B 

obtained from figure 4. 

The interpretation of the results of figures 4 and 5 therefore, is that the crystal 
contained 2-4 x acceptor-like electron traps per cm^ at a depth of 0-61 ev below the 
conduction band. Of these lO^^ cm~3 were filled with electrons which originated from 
that number of shallow donors. • -

After the series of curves shown in figure 4 had been determined, the applied voltage 
was increased so that the so-called traps-filled-limit voltage, F I F L ) could be measured. 
Then using equation (6) a trap density A^t of 3 x 10̂ 3 cm~3 was obtained. This is an 
order of magnitude smaller than the value deduced from the curves of figure 4. I t 
would appear therefore that equation (6) does not apply, which means that the steep 
increase in current is not associated, in this crystal at least, with the complete filling 
of traps. _ 

Values of «o and 6 taken from the characteristic in figure 4 which was measured at 
-183 °c do not give points which lie on the straight line of figure 5. The currents 
measured at —183 °c were too high, and were probably associated with surface .con
duction which would cause significant leakage at such low temperatures. 
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§ 6 . L U M I N E S C E N T E F F E C T S AND D O U B L E I N J E C T I O N 

Crystals with suitable contacts emitted a green band of recombination radiation 
at 77 °K, centred near 2 4 ev, when constant currents of the order of 100 m A cm~2 
were passed. This luminescence was obtained using indium cathodes, and anodes of 
graphite, gold, copper, silver or indium heated in argon. No luminescence could be 
detected when evaporated indium anodes were used. The threshold voltage, at which the 
luminescent emission first appeared, was a function of crystal thickness. With most 
crystals the luminescence was first observed with mean fields of the order of 10̂  v cm~^, 
and since many crystals were only a few micrometres thick the applied voltage was then 
of the order of 3 v. The lowest threshold actually observed was 2-2 v for a crystal 
with a graphite anode. The lowest threshold voltages were obtained when graphite 
anodes were used. The luminescence was always associated with a current-voltage 
characteristic which displayed a region of negative resistance, and the light first appeared 
as the crystal entered this regime. The emission was too weak for any structure to be 
resolved with the apparatus available. However, it seems highly probable that the 
luminescence is of the same nature as the well-known phonon-assisted edge emission. 

Al l these observations support the conclusion that hole injection occurs with all the 
anodes used here except those of evaporated indium. The injection of holes in appreciable 
quantities neutralizes the space charge of the free and trapped electrons. This process 
is responsible for the negative resistance regime. Whether the recombination takes 
place through a centre, which is close to the conduction band or the valence band, 
remains unresolved. , . • 

§7 . DISCUSSION 

The work described here shows that many electrode materials lead to the injection 
of holes when sufficiently large voltages are applied. This conclusion is supported by 
the observation of a negative resistance region, and the emission of recombination 
radiation at 77 °K. Alternative mechanisms by which the luminescent emission might 
have been produced seem very improbable. For example, luminescence could be 
initiated by a process of ionization of a luminescent centre by collision with an accelerated 
electron. However, the recombination radiation consists of photons of about 2-4 ev 
energy and has been observed with total applied voltages of 2-2 v. I t is clearly unlikely 
that an accelerated electron could gain sufficient energy from the field to bring about 
the emission of a photon with greater energy. An alternative process, by which light 
might have been produced without the participation of free holes, is that of field ioniza
tion of luminescent centres. However, the fields required for such a mechanism are 
greater than 10'' v cm-^. I t is concluded therefore that it is much more probable that 
the recombination radiation is good evidence for the presence of free holes. 

The negative resistance effect is the result of the annihilation of negative space 
charge by injected holes. According to Lampert (1961) the threshold voltage for the 
onset of negative resistance is 

Ftt = ^f2/2 , .pTp (10) 

where /xp is the hole mobility and T p is the hole lifetime at low injection levels. Inserting 
the experimental values from figures 2 (solid curve) and 3, / i p X p ~ 2-5 x 10"'' cm^ v - i 
for both crystals. Assuming a hole mobility of 10 cm^ y - i sec"-i (Spear and Mort 1962), 
the corresponding hole lifetime is 2*5 x 10~* sec. 

According to Lampert and Rose (1961) the square law at high applied voltages in 
figure 3 is to be expected for space-charge neutralization by double injection. The 
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current density then becomes 
j = eT êMp"oF2/̂ /3 (11) 

where T is now the common lifetime of electron and holes. Fitting region D of figure 3 
to this equation and assuming / i g ~ 210 cm^ v~i sec-i gives T ~ 2-5 x 10-5 sec. 

This indicates that over the negative resistance region of the, curve the hole lifetime 
increased by at least three orders of magnitude, which is in agreement with the general 
considerations put forward by Lampert (1961) to explain the negative resistance. The 
estimates of hole lifetime obtained here should be treated with reserve, since the applica
tion of equations (10) and (11) to our results implies a number of assumptions which 
may not all be valid. I n particular since r/rp ~ 1000 the negative resistance region 
should, according to Lampert's ideas, extend between two voltage limits which are in 
the ratio of r/xp, i.e. 1000 : 1. This is obviously not true for the curve in figure 3. 

The chief contribution of this work, however, is concerned with single carrier 
space-charge-limited currents. Using contacts which prevent the entry of holes, and 
making measurements over a rarfge of temperature, it has proved possible to show 
that the steep increase in current at the so-called traps-filled-limit voltage is not associated 
with the complete filling of traps. A measure of that voltage, therefore, cannot be used 
to estimate the effective trap density. Whether the trap filling mechanism does occur in 
some crystals of cadmium sulphide, so that F T F L gives an accurate estimate of the 
number of traps, can only be proved by making independent measurements of the trap 
density on crystals in which such a trap-filling mechanism is suspected. 

Since with our crystals at least'the trap filling process does not occur, the large 
increase in current to the theoretical trap-free square law must be associated with a 
process of electron extraction from traps. Electron extraction would remove the trapped 
space charge and could occur either by ionization by collision or by field ionization. 
Recently Bube (1962) using independent methods of estimating trap densities, and 
Ruppel (1961) from measurements of charge stored in crystals, have come to similar 
conclusions. • . 
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