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ELECTRON TRAPPING EFFECTS IN CADMIUM SULPHIDE 

ABSTRACT 

This work i s an attempt to determine the o r i g i n and. 

behaviour of the d e f e c t c e n t r e s i n the forbidden gap of 

cadmium s u l p h i d e . The methods of measurement used were 

therm a l l y s t i m u l a t e d c u r r e n t and i n f r a - r e d luminescence 

techniques. A f t e r i n t r o d u c t o r y chapters on semiconductor 

theory and the m a t e r i a l , cadmium s u l p h i d e , the p u b l i s h e d 

r e s u l t s on T.S.C. and i n f r a - r e d luminescence measurements 

are surveyed and analysed. R e s u l t s are then given for* a 

s e r i e s of samples w i t h v a r y i n g degrees of sulphur doping. 

During the work, the need f o r a more acc u r a t e method of 

T.S.C. curve a n a l y s i s arose, and the curve f i t t i n g 

technique was developed f o r t h i s purpose. I t was found 

to have many advantages over e x i s t i n g techniques. The 

combination of T.S.C. and i n f r a - r e d techniques l e d to 

the i d e n t i f i c a t i o n of the c e n t r e s i n v o l v e d i n the i n f r a 

r e d luminescence. Important t r a p s a t O.48, 0.62 and O.84 

eV below the conduction band are i d e n t i f i e d , and t h e i r 

photochemical r e a c t i o n s with the luminescent c e n t r e s 

d e s c r i b e d . I t i s shown t h a t the luminescent c e n t r e s are 

i d e n t i c a l w i t h the s e n s i t i s i n g c e n t r e s . 

v i . 
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CHAPTER ONE 

ELECTRONS IN CRYSTALS 

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

The II-VT compound cadmium sulphide has sev e r a l 
p o s s i b l e a p p l i c a t i o n s . The most i m p o r t a n t o f these 
i s as a ve r y s e n s i t i v e r a d i a t i o n d e t e c t o r . Other 
p o s s i b l e a p p l i c a t i o n s i n c l u d e i t s use f o r s o l a r b a t t e r i e s , 
a c o u s t o - e l e c t r i c a m p l i f i c a t i o n and el e c t r o l u m i n e s c e n t 
lamps. Single c r y s t a l s o f cadmium sulphide can have 
values o f r e s i s t i v i t y v a r y i n g over more than t e n orders 

12 - 1 
of magnitude, from 10 t o 10 ohm cm., depending upon 
the d e v i a t i o n from s t o i c h i o m e t r y and p u r i t y o f t h e samples. 
The p h o t o s e n s i t i v i t y and photo-response time can also 
vary g r e a t l y w i t h p u r i t y . I n order t o have a u s e f u l 
device, i t i s t h e r e f o r e necessary t o know what p a r t t h e 
i m p u r i t i e s p l a y i n c o n t r o l l i n g o r causing the u s e f u l 
p r o p e r t y , and also t o be able; t o a c c u r a t e l y c o n t r o l the 
p u r i t y o f the sample. Any study o f a u s e f u l p r o p e r t y o f 
a m a t e r i a l must aim a t understanding the mechanism t h a t 
gives r i s e t o t h a t p r o p e r t y . I t must t r y t o e x p l a i n 
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what p a r t s o f the m a t e r i a l are i n v o l v e d , and i n what 
way these- a c t . Furthermore, i n order t o c o n t r o l any 
pr o p e r t y , an attempt must be made t o understand t h e 
e f f e c t o f any othe r c o n s t i t u e n t s o f the sample, such 
as i m p u r i t y o r l a c k o f s t o i c h i o m e t r y , upon the 
mechanism t h a t gives r i s e t o the u s e f u l phenomenon. 
I t i s the aim o f t h i s work t o study the behaviour 
and o r i g i n o f def e c t s i n cadmium sulphi d e , and t h e 
e f f e c t t h a t these w i l l have upon i t s u s e f u l p r o p e r t i e s . 

To understand the i n t e r e s t i n g phenomena t h a t can 
occur i n cadmium sulphide and make i t a m a t e r i a l worth 
studying, i t i s necessary t o discuss the behaviour o f 
e l e c t r o n s i n c r y s t a l s i n general, and i n semiconductors 
i n p a r t i c u l a r . There are two basic methods o f approach 
t o t h i s problem, the t i g h t b i n d i n g model, and t h e band 
theory. The former considers the i n t e r a c t i o n between 
the e x t r a n u c l e a r e l e c t r o n s as the i n d i v i d u a l atoms are 
gr a d u a l l y brought t o g e t h e r t o form a c r y s t a l . The 
d i s c r e t e allowed e l e c t r o n energy l e v e l s then widen i n t o 
allowed energy bands. On t h e ot h e r hand, the band 
theo r y , ( 1 ) (2) which i s t h e method t r e a t e d here, i s 
concerned w i t h t h e behaviour o f e l e c t r o n s i n t h e 
p e r i o d i c a l l y changing p o t e n t i a l o f t h e c r y s t a l l a t t i c e . 
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2. The Band Theory 

For t h e one dimensional case o f an e l e c t r o n moving 
i n the x - d i r e c t i o n , i n a p o t e n t i a l V x» the wave f u n c t i o n 
d e s c r i b i n g i t s "behaviour i s a s o l u t i o n o f the d i f f e r e n t i a l 
wave equation, known as Schrodinger's equation:-

-ft 2 32l/> = ( E - Y J U / eq. 1.1 

where Hi = h/2H , h = Planck's constant, m = t h e mass o f 
t h e p a r t i c l e , and E = t h e energy o f t h e e l e c t r o n . 

I n u s i n g t h i s equation, the w a v e - p a r t i c l e d u a l i t y o f 
nature i s assumed, since i t i s used t o describe t h e 
behaviour o f p a r t i c l e s , e l e c t r o n s , i n terms o f a wavelength 
^ . This wavelength i s r e l a t e d t o the momentum o f the 

p a r t i c l e p, by the de B r o g l i e e quation:-

p = h/A eq. 1.2 
A wave v e c t o r k can be d e f i n e d such t h a t : -

k = P/4& eq. 1.3 
The p r i n c i p l e o f d u a l i t y also a l l o w s the energy o f 

t h e e l e c t r o n t o be r e l a t e d t o the angular frequency <0, 
by the expression:-

E = "fi «*) eq. 1. 4 
Two important q u a n t i t i e s t h a t are associated w i t h 

these equations are:-

1) the phase v e l o c i t y v f = <o/k, eq. 1.5 

2) the group v e l o c i t y v = du^dk = l/n.dE/dk eq. 1.6 
S 
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The group v e l o c i t y represents t h e v e l o c i t y o f 
propogation o f a wave packet, o r narrow band w i t h 
angular frequencies centred aroundW, and as such 
can be considered as t h e v e l o c i t y o f an i n d i v i d u a l 
e l e c t r o n . 

I n order t o solve Schrodinger 1s equation, i t 
i s necessary t o give some value t o the p o t e n t i a l V x» 
i n which the p a r t i c l e i s moving. For a one dimensional 
system o f p e r i o d i c p o t e n t i a l w e l l s : -

V = V eq. 1.7 
x x+a H 

where a i s t h e p e r i o d i c i t y . 
Bloch ( 3 ) showed t h a t s o l u t i o n s o f Schrodinger 1s 

equation f o r a p o t e n t i a l o f t h i s form, a re:-
v|/ k(x) = u i { - ( x ) e x p ( i k x ) eq. 1.8 

u ^ ( x ) i s a p e r i o d i c f u n c t i o n o f x, o f p e r i o d a, 
and k, t h e wave v e c t o r , i s a constant, which can be 
used t o l a b e l the s t a t e described by the wave f u n c t i o n 
i n eq. 1.8. 

I n order t o o b t a i n s p e c i f i c s o l u t i o n s t o the wave 
equation, some assumptions must be made concerning the 
shape o f t h e p e r i o d i c p o t e n t i a l . K r o n i g and Penney ( 4 ) 
i n v e s t i g a t e d a p e r i o d i c p o t e n t i a l v a r i a t i o n o f the form 
o f f i g . 1.1, and then l e t b s h r i n k t o zero, w i t h t h e 
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product V Qb remaining constant = S 
The r e s u l t o f these assumptions i s the requirement:-

mSa sinQCa + cos oC a = cos ka eq. 1.9 * 2 a a 
where OC = /2mE 

The magnitude o f & i s a measure o f the t i g h t n e s s o f 
"binding o f t h e e l e c t r o n s t o t h e atoms. I f S = 0, i . e . 
Y = 0, then OC = k. This i s t h e f r e e e l e c t r o n case, and 
t h e r e f o r e : -

E = "n 2k 2/2m eq. 1.10 
A p l o t o f E against k i s a parabola f o r an e l e c t r o n 

i n f r e e space, and t h e r e are no r e s t r i c t i o n s on t h e 
allowed values o f E. 

Pig. 1.2, i s a p l o t o f the l e f t hand side o f eq. 1.9, 
f o r m S a/n 2 = 1. The values o f cos ka, must l i e between 
- 1 and + 1, and t h e r e f o r e ; the allowed values o f oca, and 
thus E, c o n s i s t o f a s e r i e s o f allowed and f o r b i d d e n bands. 
F i g . 1.2 shows t h a t the p o i n t o f t r a n s i t i o n between 
allowed and f o r b i d d e n bands whenever eta = n|J , and f o r 
these cases eq. 1.9 reduces t o r -

cos OC a = cos ka 
Therefore t r a n s i t i o n occurs f o r values o f k = n n/a. 

The corresponding p l o t o f E,against k from eq. 1.9 i s 
shown i n f i g . 1.3, w i t h the parabola f o r the e l e c t r o n 
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i n free space f o r comparison. I f increments of n H/a are 
added to k i n eq. 1.3 i t can "be shown th a t the wave 
function i s unchanged. For t h i s reason, the whole of 
the E against k diagram can "be p l o t t e d f o r values of k 
"between - n/ a and + Ĥ a-i ^° give a reduced representation. 

The r e s u l t of the existence of the periodic c r y s t a l 
l a t t i c e i s t h a t the allowed electron energies are divided 
up i n t o "bands separated lay gaps of forbidden energy. 

Using eqs. 1.2 and 1.3, and the fac t that t r a n s i t i o n 
"between allowed and forbidden "bands occurs f o r values of 
k = n n/a, i t i s seen t h a t t r a n s i t i o n occurs f o r values 
of :-

n ^ = 2a eq. 1.11 
This i s the value of energy, and thus wavelength, 

f o r which Bragg r e f l e c t i o n of the electron takes place, 
according to the r e f l e c t i o n law, nX = 2a s i n 9 , f o r the 
special case of 9 = H/2. 

3. B r i l l o u i n Zones 
A l l the previous treatment has "been concerned w i t h 

"behaviour i n one dimension. I n d i f f e r e n t d i r e c t i o n s , the 
p e r i o d i c i t y of the l a t t i c e can "be d i f f e r e n t , and so Bragg 
r e f l e c t i o n w i l l occur f o r d i f f e r e n t values of k. Therefore, 
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i n order "to obtain a complete p i c t u r e of the way an 
electron w i l l behave i n a certain l a t t i c e , E must "be 
known as a function of k i n three dimensions. I f the 
values of energy f o r which t r a n s i t i o n occurs are 
p l o t t e d against k i n three dimensions, a model i s 
obtained t h a t consists of volumes of allowed and 
forbidden values of E i n what i s cal l e d k-space. 
These volumes are known as B r i l l o u i n zones. Their 
shape depends upon the c r y s t a l structure, and can be 
very complicated. 

4. Insulators, Semiconductors and Metals 
I t i s the outermost bands containing electrons 

tha t control the e l e c t r i c a l properties of a s o l i d . I f 
the uppermost allowed band which contains electrons i s 
completely f u l l , then the electrons cannot absorb small 
amounts of energy from an applied e l e c t r i c f i e l d . The 
exclusion p r i n c i p l e prevents the electrons from moving 
from one energy t o another w i t h i n the same band, as a l l 
the allowed states are completely occupied, and i n order 
to enter the allowed band above i t , i t i s necessary to 
absorb much larg e r energies. Because electrons i n such 
a c r y s t a l cannot be accelerated by the applied f i e l d , 

the s o l i d i s an i n s u l a t o r . For conduction to occur, the 
electrons must be capable of accepting energy. 
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I f the energy gap "between the uppermost f i l l e d "band 
and the next highest allowed "band i s small, of the order 
of 1 eV, then at room temperature electrons can a"bsor"b 
enough thermal energy to "be excited from the top of the 
f i l l e d "band, called the valence "band, to the empty "band 
above, the conduction "band. Once i n the conduction 
"band the electron can contribute to e l e c t r i c a l conduction, 
"because only small energies are needed to move i t "between 
two states i n the conduction "band, and these states are 
now empty. More electrons are excited to the conduction 
"band, the higher the temperature of the s o l i d , so t h a t 
e l e c t r i c a l conductivity increases w i t h temperature. Such 
a s o l i d i s an i n t r i n s i c semiconductor. The unoccupied 
state i n k-space l e f t i n the valence "band by the e x c i t a t i o n 
of an electron to the conduction "band, allows some 
contribution to be made t o conduction by the electrons 
remaining i n the valence band. There now exists a state 
to which adjacent electrons can be excited by r e l a t i v e l y 
small energies. As an electron moves i n one d i r e c t i o n to 
occupy the vacant state, i t leaves a vacant state behind, 
and the r e s u l t i s that the "hole" moves i n the opposite 
d i r e c t i o n . The c o l l e c t i v e movement of the electrons i n 
the valence band can be considered as the movement of a 
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hole i n the opposite d i r e c t i o n . The hole "behaves as 
a p o s i t i v e charge, of equal magnitude to the charge 
of the electron. 

I n metals the uppermost band containing electrons 
i s only p a r t i a l l y f i l l e d , so tha t the electrons can 
easily absorb small increases i n energy, and thus 
contribute to conduction. I n some anisotropic metals 
the band structure i s d i f f e r e n t i n d i f f e r e n t d i r e c t i o n s , 
and, although the top band should be empty, the valence 
band i n one d i r e c t i o n overlaps the conduction band i n 
another. Some of the electrons from the valence band 
f i l l s i t e s i n the conduction band, as these are at a 
lower energy, and the c r y s t a l , by v i r t u e of these 
p a r t i a l l y f i l l e d bandsi can conduct e l e c t r i c i t y . The 
difference between a metal and a semiconductor i s t h a t 
at absolute zero of temperature, the metal w i l l have 
electrons i n the conduction band so that the material 
can conduct, w h i l s t the semiconductor, at t h i s temperature 
has an empty conduction band and cannot conduct. 

5. E f f e c t i v e Mass 
Aa electron i n a c r y s t a l i s subject to forces from 

the c r y s t a l l a t t i c e , as w e l l as external forces, so that 
the equation of motion, P = m.dv/dt, cannot be applied 
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i f F i s -the externally applied force only. For t h i s 
reason i t i s convenient to define an e f f e c t i v e mass, 
m*, that i s found to obey t h i s kind of r e l a t i o n s h i p . 

I f a force F acts upon an electron, then the rate 
of change of momentum th a t i t produces, i s equal to th a t 
force. That i s j -

F = dp/dt eq. 1.12 
From eq. 1.3, P= "nk, and therefore :-

F = -B.dk/dt eq. 1.13 
But from eq. 1.6, the group v e l o c i t y i s : — 

v = 1/&. aE/dk 
I f an e f f e c t i v e mass, m*, i s now defined such t h a t : — 

dVg/dt = F/m* eq. 1.14 
equation 1.14, can now be r e w r i t t e n , using eqs. 1.6 

and 1.13:-
F 1 d 2E dk F d 2E N -, C — - — . — * . — = — 0 . — % eq. 1.15 
m * 1i dk^ dt -n dk^ 
This leads to the value of m* 

m* = -EL2/ d 2E a n T N FI ' A ea. 1.1b 
dk 

From the E against k diagram i t can be seen that 
near the top of a band m* w i l l be negative, and near the 
bottom of the band i t w i l l be p o s i t i v e . The meaning of 
negative e f f e c t i v e mass i s th a t the acceleration produced 
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"by a force i s i n the opposite d i r e c t i o n to that force. 
This i s another way of looking at the holes previously 
mentioned. Instead of considering electrons w i t h 
negative charge and negative mass, one can t h i n k i n 
terms of holes with p o s i t i v e charge and p o s i t i v e mass. 

The e f f e c t i v e mass i s a parameter that allows one 
to consider electrons and holes as i f they were free 
inside the l a t t i c e . I t i s an extremely useful concept, 
since i t reduces to manageable terms the r e s u l t s of 
the very complex i n t e r a c t i o n s of the charge c a r r i e r s 
w i t h the l a t t i c e . 

I n eq. 1.16, the e f f e c t i v e mass has been deduced 
f o r simple spherical band surfaces. More generally i t 
should be w r i t t e n i n the form of a tensor:-

2 
( V f o * L n = ^> — (oC»(3 = x» y» z») eq.1.17 

*.|3 4* dk^dk/j 
' I t can be seen tha t evaluation of ra*f could give 

much information about the shape of the energy bands. 
The most d i r e c t way of measuring m* i s by the method of 
cyclotron resonance. The equations of motion f o r an 
electron moving i n a constant magnetic f i e l d of induction 
B along the z-axis are:— 

m*v = - eBv ) 
_ < eq. 1.18 m*v = eBv ) H 

y x ) 
v z = 0 ) - 11 -



I f v i s i n i t i a l l y zero, the p a r t i c l e describes 
a c i r c l e i n the x-y plane, and:-

p 
m*v / r = Bev eq. 1.19 

where r i s the radius of the c i r c l e . The electron 
describes the c i r c l e w i t h frequency:-

J = Be/2 H m* eq. 1.20 
which i s independent of the radius of the c i r c l e . 

This frequency may be determined by the a p p l i c a t i o n of 
a small radio frequency f i e l d , and determination of the 
value of B at which resonance:! occurs. This gives 
d i r e c t l y a value of m*. (5) ( 6 ) . 

6. Energy Levels i n the Forbidden Gap 
I f the p e r i o d i c i t y of the c r y s t a l l a t t i c e i s 

disturbed, then l o c a l i s e d energy l e v e l s can be found i n 
the forbidden gap. The main causes of c y r s t a l 
imperfections are:-

a. i m p u r i t i e s 
b. vacancies 
c. dislocations 
d. i n t e r s t i t i a l atoms 
e. the existence of a surface 
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I f one considers a group I ion M+ substituted f o r 
Cd + + i n CdS, one has a l o c a l i s e d s i t e around which there 
i s a lack of p o s i t i v e charge. The r e s u l t of t h i s w i l l 
he to reduce the energy needed to remove an electron 
from a nearby S ion to the conduction "band. This can 
"be considered as a l o c a l i s e d s i t e j u s t above the valence 
"band "by an amount equal to the decrease i n energy needed 
to release an electron. Once t h i s s i t e has l o s t an 
electron to the conduction band i t can easi l y accept an 
electron from the valence: hand since i t i s separated 
from i t by only a small energy. Because i t can so easily 
accept electrons from the valence hand, t h i s s i t e i s 
called an acceptor. When electrons are excited to such 
acceptor l e v e l s , holes remain i n the valence "band. The 
holes promote e l e c t r i c a l conduction, and because the 
charge c a r r i e r s are p o s i t i v e l y charged, the semiconductor 
i s r e f e r r e d to as p-type. 

+++ 

Substitution of a cation M f o r cadmium i n CdS 
means that near the s i t e one of the three valence electrons 
of the cation i s very loosely bound t o the spare p o s i t i v e 
charge of the ion. This esists a s a s i t e j u s t below t h e 
conduction band, and i s ca l l e d a donor because the extra 
electron can easily be raised to t h a t band. A semiconductor 
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containing donor centres i s described as n-type. 
Similar arguments can "be used t o show tha t the other 

types of c r y s t a l imperfection can produce discrete energy 
le v e l s which l i e i n the forbidden gap. 

Rather d i f f e r e n t l o c a l i s e d l e v e l s i n the forbidden 
gap are those due to excitons. An electron excited from 
the valence band to the conduction band has a coulombic 
a t t r a c t i o n f o r the hole i t leaves behind. The two can 
become bound together without recombining, and have 
allowed energy levels- analogous to the .levels of an 
electron around a hydrogen atom. Such an e n t i t y i s an 
exciton, and i t can lead to energy l e v e l s i n the forbidden 
gap. These centres are d i f f e r e n t from the others, since 
normally the electrons and holes only determine the 
occupancy of a s i t e , but i n the case of excitons they are 
the cause: of the energy l e v e l s . An electron i n i t s ground 
state e x i s t s i n the valence band of a semiconductor, so 
t h a t i f i t becomes excited to form an exciton w i t h the 
hole i t leaves behind, then i t w i l l have an energy value 
w i t h i n the forbidden gap. Between the lowest value of 
energy f o r the exciton, i t s ; ground state, and the 
conduction band, there w i l l be an i n f i n i t i v e number of 
possible l e v e l s which approach the bottom of the 
conduction band i n the same way as the e l e c t r o n i c energy 
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l e v e l s i n a hydrogen atom.approach the energy value 
of an electron i n free space. 

7. The Fermi Level 
To determine the density of c a r r i e r s i n a hand 

wi t h energies w i t h i n the range E to E+dE, i t i s 
necessary to know, f i r s t l y , the density of allowed 
states, N(E)dE i n that range, and secondly, the 
p r o b a b i l i t y of t h e i r being f i l l e d , f ( E ) . 

The number of c a r r i e r s n per cm^, between energies 
1^ and E 2 i s then:-

n = J 1 f(E) N(E) dE eq. 1.21 

The p r o b a b i l i t y f u n c t i o n f ( E ) , i s the Fermi-Dirac 
d i s t r i b u t i o n f u n c t i o n : -

f ( E ) = * eq. 1.22 
exp(E - Ep) /kT +1 

where k = Boltzmann's constant, T » absolute 
temperature and Ej, i s called the Fermi energy. I f 
E = E-p, f(E) =- i?, and therefore the Fermi energy can be 
considered as the energy at which a state has an equal 
chance of being empty or f i l l e d . 

To be able to evaluate N(E) dE, i t i s necessary to 
know the form of the appropriate part, of the E against 
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k diagram. I f one assumes t h a t a cubic c r y s t a l has a 
conduction hand minimum and a valence "band maximum at 
k = 0, then f o r small values energy i n t o e i t h e r of 
these hands, i t can "be assumed t h a t the shape of the: 
E against k f i g u r e i n three dimensions i s spherical, 
and t h a t the hole and electron e f f e c t i v e masses are 
scalar. I f the energy zero i s taken as the "bottom of 
the conduction "band, and E^ i s the width of the energy 
gap, then:-

N(E)dE = 2 n ( 2 m * ) ^ h ~3E*dE eq. 1.23 
f o r the conduction "band, wherer m* i s the electron 

e 
e f f e c t i v e mass. For the d i s t r i b u t i o n of states i n the 
valence hand the appropriate expression i s : -

N( E) dE = 2 n (2m* ft1 h" 3 (-E&-B)*dE eq. 1.24 
To determine the concentration n, of electrons i n 

the conduction "band, eqs. 1.22 and 1.23 are substituted 
i n eq. 1.21, and the l i m i t s zero and i n f i n i t y are taken 
f o r the i n t e g r a l : -

n = 4n(2m*) 3 /^h" 3 E^dE eq.1.25 
0 [exp (E - E p ) A T ] 

To obtain eq. 1.25 i t was assumed that (E - E^))^kT. 
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This means t h a t : -
a. i t i s permitted to take eq. 1.23 as v a l i d 

f o r a l l E, 
b. i n f i n i t y can "be taken as the upper l i m i t 

of the i n t e g r a l , 
c. the Fermi-Dirac d i s t r i b u t i o n reduces to 

the Boltzmann d i s t r i b u t i o n 
f ( E ) = 1 eq. 1.26 

exp [ ( E - E p ) A T ] 

I n t e g r a t i o n of eq. 1.25 gives:-
n = N c exp [ ( E P ) A t ] eq. 1.27 

and s i m i l a r l y f o r holes:— 
p = N v exp [ - < E P + E G ) / k T ] eq. 1.28 

Where Nrt „ = 
2(2 nm a .kTA 2) eq. 1.29 6 f n 

and i s the e f f e c t i v e density of states i n the 
conduction (valence) band. 

These, equations define the p o s i t i o n of the Fermi 
l e v e l i f p or n are known. For a semiconductor w i t h 
no donors or acceptors, which i s an i n t r i n s i c semiconductor, 
n = p, since holes and electrons are created i n pa i r s , and 
the Fermi l e v e l i s given by:-

E P = - Eq/2 + 3kT ln|m*/m*j eq. 1.30 
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As long as i s not very d i f f e r e n t from m*, 
i n t r i n s i c semiconductors have a Fermi l e v e l near the 
centre of the forbidden gap. For materials containing 
i m p u r i t i e s the Fermi l e v e l can he s h i f t e d e i t h e r way. 
A semiconductor that i s predominately n-type has a 
Fermi l e v e l nearer the conduction hand. Since E-c i s 
the only parameter of eqs. 1.27 and 1.28 that i s not 
a property of the c r y s t a l l a t t i c e , the Fermi l e v e l 
defines the extent to which the material i s n- or p-type. 
E can "be eliminated from thes© two equations to give:-

n p = N QN v exp.(''-EGAT) eq. 1.31 
This expression holds tr u e f o r a l l specimens of a 

given material. I t means t h a t the product np i s a 
property of the material, and does not depend upon 
impurity concentrations. 

8. Conductivity 
Electrons and holes i n an i d e a l l a t t i c e under the 

influence of a force F, would move unhindered according 
to eq. 1.13. This means t h a t the c a r r i e r s would o s c i l l a t e 
around f i x e d centres w h i l s t repeatedly crossing the 
B r i l l o u i n zone, leaving i t , and reappearing at the other 
side. The r e s u l t would "be tha t no energy would he absorbed, 
and the d i r e c t current conductivity would be zero. Real 
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semiconductors contain defects and i m p u r i t i e s that 
s p o i l the re:gularity of the l a t t i c e , and these 
i r r e g u l a r i t i e s cause c a r r i e r s to lose t h e i r momentum 
due t o several mechanisms. Because of these defects, 
the electrons can now absorb energy, and can therefore 
contribute to conduction. The electrons have an average 
d r i f t v e l o c i t y v^ which i s equal t o zero i f no. external 
f o r c e . i s applied. I n the presence of an external force, 
the net d r i f t v e l o c i t y i s produced which i s equivalent 
to a displaced d i s t r i b u t i o n of c a r r i e r s . I n order t o 
give some q u a n t i t a t i v e value to the c o l l i s i o n process 

tha t allows the c a r r i e r to absorb energy, i t i s assumed 
that the average time between c o l l i s i o n s i s a constant,Z . 

This i s cal l e d the r e l a x a t i o n time. This i s equivalent 
to saying t h a t any disturbance.; from equilibrium dies out 
exponentially, ors-

v d ( t ) = v d(0).exp(-t/7;) eq. 1.32 
With a f i n i t e value of r e l a x a t i o n time, the equation 

of motion i n a constant e l e c t r i c f i e l d E » i s : -
m*( dv/dt + V^/t) = eE g eq. 1.33 

The s o l u t i o n of t h i s equation i s : -
v, = e Z E /m* eq. 1.34 
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The e l e c t r i c current density, j , i s the e l e c t r i c 
charge carried through u n i t area i n u n i t time. I f n 
i s the number of electrons per u n i t volume, then:-

j = nev d eq. 1.35 
This leads t o : -

j = ne E _/m* eq. 1.36 
E l e c t r i c a l conductivity i s defined by the equation:-

j = CE e eq. 1.37 
Therefore the conductivity Cr , i s given by:-

C = ne 2fc/m* eq. 1.38 
The conductivity i s proportional to the charge 

density ne, and also t o the time between c o l l i s i o n s . 
The f a c t o r e/m* enters because the acceleration i n a 
f i e l d i s proportional to the el e c t r o n i c charge, and 
inversely proportional to. the mass m*. A c a r r i e r 
m o b i l i t y can be defined such t h a t : -

C = ne/u eq. 1.39 
where? JJL = e Z/m* eq. 1.40 

The m o b i l i t y describes the c o n t r i b u t i o n of the 
c r y s t a l l a t t i c e t o the conductivity, since n can be a 
vari a b l e , but Z and m* depend upon the properties of 
the sample. The m o b i l i t y i s defined as d r i f t v e l o c i t y 
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per u n i t e l e c t r i c f i e l d , since i t can "be r e w r i t t e n 
i n the form:-

Z1 = V d / E
e
 e q ' 1 - 4 1 

Eq. 1.39 applies to the conductivity due to 
one type of c a r r i e r only, the electron. To allow 
f o r the p o s s i b i l i t y of conduction by holes, t h i s i s 
r e w r i t t e n : -

C = n e ^ + p e ^ eq. 1.42 

where p i s the density of holes, andyUp i s called 
the hole m o b i l i t y . 

The e f f e c t s that can cause; c a r r i e r s c a t t e r i n g , 
and therefore a f f e c t the value of m o b i l i t y , include:-

a. thermal l a t t i c e v i b r a t i o n s 
b. ionised i m p u r i t i e s 
c. dislocations and grain boundaries 
d. other c a r r i e r s 
e. neutral i m p u r i t i e s . 
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8.a. Thermal L a t t i c e Vibrations 

As the c a r r i e r s t r a v e l through the c r y s t a l at a 
temperature above absolute zero, they have t h e i r 

h 

mobility reduced by i n t e r a c t i o n with the thermal 
vib r a t i o n of the l a t t i c e . The l a t t i c e can vibrate 
i n both acoustic and o p t i c a l modes. For covalent 
elemental semiconductors the interaction with the 
acoustic mode i s the most important factor e f f e c t i n g 
the mobility. I t i s found that ( 7 ) : -

yu o< T /m* eq. 1.43 
I t can be seen t h i s e f f e c t w i l l be important 

at higher temperatures. 
For compound semiconductors, the movement of the 

dif f e r e n t constituent atoms cause dipoles i n the 
c r y s t a l that can i n t e r a c t strongly with the c a r r i e r s . 
The dependence of mobility upon temperature for 
o p t i c a l mode l a t t i c e s c a t t e r i n g i s found to be(8):-

JU OC exp T / m*3/* eq. 1.44 

8.b. Ionised Impurities 
Large s c a t t e r i n g e f f e c t s can occur as a r e s u l t of 

charged impurity scattering. The importance of t h i s 
e f f e c t w i l l obviously depend upon the density of the 
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impurities. The s c a t t e r i n g due to t h i s process gives 
a mobility dependence'upon temperature ( 9 ) : -

oc TJ/2/m** eq. 1.45 

8. c. Dislocations and Grain Boundaries 
The s c a t t e r i n g caused by these defects that e x i s t 

on a la r g e r than atomic scale are r e l a t i v e unimportant. 
The temperature v a r i a t i o n of mobility i s found to be 
l i n e a r . 

8.d. C a r r i e r - c a r r i e r Scattering 
The s c a t t e r i n g of c a r r i e r s by other electrons and 

holes i s d i f f i c u l t to analyse because of screening 
e f f e c t s that occur at the high current d e n s i t i e s at 
which c a r r i e r c a r r i e r s c a t t e r i n g i s important. The 
e f f e c t of the sc a t t e r i n g upon the mobility w i l l also 
depend upon the mode of thermal s c a t t e r i n g dominant 
at lower c a r r i e r d e n s i t i e s . 

8.e. Neutral Impurities 
Neutral impurity s c a t t e r i n g i s r e l a t i v e l y 

unimportant, and i s found to be almost independent of 
temperature. 
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The thermal vi b r a t i o n aspect of mobility w i l l 
"be important at high temperatures, wh i l s t the charged 
impurity s c a t t e r i n g w i l l predominate at low temperature 
The importance of d i s l o c a t i o n s at any temperature-
depends upon t h e i r density. Neutral impurity 
sca t t e r i n g shows very l i t t l e temperature dependence, 
and c a r r i e r - c a r r i e r s c a t t e r i n g i s only important at 
very high c a r r i e r d e n s i t i e s . 
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CHAPTER TWO 

CADMIUM SULPHIDE 

1. Introduction 

Cadmium sulphide i s one of the group I I - V I compounds 
that are i n general wide hand gap semiconductors or semi-
in s u l a t o r s . Conduction i n cadmium sulphide i s nearly 
always n-type. The only p-type conduction observed has 
been i n heavily doped samples i n which i t i s thought 
that conduction i s i n impurity bands i n the forbidden 
gap. The r e f r a c t i v e index of cadmium sulphide i s 2.6 
at a wavelength of 5000 J?, and i t s low frequency 
d i e l e c t r i c constant i s 11.6. 

2. Band G-ap of Cadmium Sulphide 
The band gap of a semiconducting or i n s u l a t i n g 

material can be measured by several b a s i c methods. 
These? include the determination of the free c a r r i e r 
density as a function of temperature, and the study of 
photoconductivity, absorption or luminescence as a 
function of incident wavelength. Cadmium sulphide i s 
found to give a value around 2.4 eV for a l l these 

- 26 -



methods at room temperature ( 1 ) ( 2 ) ( 3 ) . The temperature 
v a r i a t i o n of hand gap E & , i s found to he of the form:-

EG = EGo ~ f 5.2 x 1 ( T 4 x T) eq. 2.1 
This v a r i a t i o n i s due to both the change i n 

temperature, and the expansion of the c r y s t a l due to 
increased temperature ( 4 ) ( 5 ) . 

3. Mobility and E f f e c t i v e Mass 
The electron mobility i n cadmium sulphide i s found 

to depend strongly upon the purity of the sample, so 
that higher values of mobility are continually being 
quoted, as i t becomes possible to produce purer specimens. 
The temperature dependence? of mobility suggests that the 
p r i n c i p l e s c a t t e r i n g mechanisms are o p t i c a l and piezo
e l e c t r i c acoustic mode l a t t i c e scattering. Values of 

2 
mobility vary from 250 cm / v o l t sec. at room temperature, 
to 10 4 cm2/ v o l t sec. at 44°K. ( 6 ) ( 7 ) ( 8 ) . Zook and 
Dexter (9) determined the ratio.: of the m o b i l i t i e s 
p a r a l l e l and perpendicular to the c-axis, / \ / » a*1*3-
found a value of 1.3 at 77°K. This anisotropy i n 
mobility also supports the idea that p i e z o - e l e c t r i c 
scattering i s one of the p r i n c i p l e s c a t t e r i n g mechanisms. 
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Hopfield and Thomas (10) determined an electron 
e f f e c t i v e mass value of m* = (0.204 ± 0.010)m , from 
a study of the exciton absorption and r e f l e c t i o n 
spectra of cadmium sulphide. Piper and Marple (11) 
obtained a s i m i l a r value, m* = (0.22 + 0.01)m , from 
a study of the free electron absorption i n the i n f r a 
red spectrum. The structure of the conduction band 
minimum has thus been well established as being 
characterised by an e f f e c t i v e mass m* = 0.21 m . There 
i s some doubt as to whether t h i s i s i s o t r o p i c or not, 
for although a f a i r l y consistent small anisotropy has 
been found, i t i s generally l e s s than the experimental 
error. 

4. The E l e c t r o - a c o u s t i c E f f e c t 
The most important electron s c a t t e r i n g mechanism 

i n cadmium sulphide i s p i e z o - e l e c t r i c acoustic mode. 
l a t t i c e s c a t t e r i n g . This means that the c a r r i e r s are 
scattered by t h e i r i n t e r a c t i o n with the strong e l e c t r i c 
f i e l d s of p i e z o - e l e c t r i c origin. (12). I f an e l e c t r i c 
f i e l d i s applied to a c r y s t a l of cadmium suJtphide, the 
sample obeys ohm1s law at low f i e l d s . As the f i e l d i s 
increased, the c a r r i e r s i n t e r a c t more strongly with the 
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p i e z o - e l e c t r i c f i e l d s , and eventually a current 
saturation i s observed, when the c a r r i e r d r i f t 
v e l o c i t y equals the acoustic wave v e l o c i t y (13). 
Instead of acc e l e r a t i n g the c a r r i e r s , the energy of 
the applied f i e l d "becomes u l t r a s o n i c energy, and 
ul t r a s o n i c waves are seen to "build up as the current 
saturates. An acoustic wave f l u x i s created. This 
consists of a spectrum of frequencies, although only 
a narrow "band of t h i s i s observed, since the detecting 
transducers are tuned to a single frequency. Instead 
of allowing t h i s f l u x to build up, Hutson ©t a l . (14) 
applied an u l t r a s o n i c signal to the sample, and observed 
the effect of high d r i f t f i e l d s upon i t . I t was found 
the amplification of the acoustic signal could be 
obtained for large applied f i e l d s . I n t h i s case the 
d r i f t f i e l d energy i s transferred to the applied 
u l t r a s o n i c s i g n a l , when the d r i f t v e l o c i t y of the 
c a r r i e r s becomes lar g e r than the acoustic wave v e l o c i t y . 
Gains of 38 dB at 45 Mc/s were reported i n a 7 cm. 
length of cadmium sulphide. A radio frequency signal 
i s applied to the sample through a quartz transducer, 
and the u l t r a s o n i c signal i s detected by a second 
transducer at the other end of the sample. Although 
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the u l t r a s o n i c signal amplification may "be quite 
large, the l o s s e s that occur i n the transducers are 
so great that o v e r a l l amplification of the RP signal 
i s not possible. Work i s "being done on the p o s s i b i l i t y 
of using evaporated films of cadmium sulphide as 
transducers (15). These should show much greater 
e f f i c i e n c y than the mechanically applied quartz 
transducers used at present. 

5. Cadmium Sulphide as a Photoconductor 
Cadmium Sulphide i s an extremely s e n s i t i v e 

photoconductor. (The? mechanics of photoconductivity 
i n CdS i s treated i n Chapter F i v e ) . I t i s used i n 
some cameras as a l i g h t meter, and can he used for 
X-ray and Y-ray detection. I t can operate at high 
enough power l e v e l s to he used d i r e c t l y i n r e l a y c i r c u i t s 
without amplification, and can thus "be used f o r such 
devices as simple "burglar alarms and automatic headlight 
dippers. A l i m i t a t i o n i n the use of CdS for radia t i o n . 
detection i s that i t has a very slow response to X-rays 
and T-rays. I t can, however, be used as a quantum 
counter, since, the material can "be made to show current 
spikes, corresponding to the passage of high energy 
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photons through the hulk of the device. Extremely 
small detectors can he produced, and as such can "be 
used for medical purposes, e.g. there i s a requirement 
for a s e n s i t i v e probe, small enough to*be placed 
inside the body, and l e f t there, i n order to monitor 
continuously the amount of radioactive material i n any 
p a r t i c u l a r organ. 

Cadmium sulphide can be treated to render i t 
s e n s i t i v e to i n f r a - r e d radiation. Since i t has a band 
gap of 2.4 eV, t h i s seems surprising, but electrons 
can be excited to the conduction band by a two stage 
process. One excitation takes an electron from the 
valence, band to a defect centre i n the forbidden gap, 
and a second excitation can. take i t to the conduction 
band where, i t can be detected. The electrons excited 
to the conduction band by t h i s process can, under some 
circumstances, recombine to give green band gap 
radiation. I f such a mechanism could be properly 
controlled, i t could be the basis of a very u s e f u l 
image converter, changing d i r e c t l y an i n f r a - r e d signal 
to a v i s i b l e output. 
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The disadvantages of cadmium sulphide as a 
photodetector are twofold. F i r s t l y , although very 
high s e n s i t i v i t i e s are possible, these are accompanied 
"by a pronounced increase i n response time. Secondly, 
for very s e n s i t i v e material i t i s found to be d i f f i c u l t 
to obtain good s t a b i l i t y . The photoresponse i s found 
to vary greatly both with time and with the illumination 
that the sample has received. 

6. The Cadmium Sulphide Solar C e l l 
An evaporated f i l m of cadmium sulphide on p-type 

copper sulphide forms a p-n junction that i s the basis 
of a good photovoltaic c e l l . E f f i c i e n c i e s of 6$ over 

p 
quite large areas (50 cm ) have been reported (16). 
Cadmium su l p h i d e - s i l i c o n heterojunctions have also been 
used. Shirland (17) has written a review of the use of 
cadmium sulphide for s o l a r c e l l s , and has summarised 
the present state of the a r t , and future p o s s i b i l i t i e s . 
7. The Thin Film Transistor 

The cadmium sulphide t h i n f i l m t r a n s i s t o r i s a f i e l d 
e f f e c t t r a n s i s t o r . I t consists of a s t r i p of cadmium 
sulphide, about ten microns wide evaporated on to a glass 
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substrate, with a contact evaporated on to e i t h e r side 
(source and drain). The conductivity i s modulated by 
a t h i r d electrode (gate). De Graaff and Koelmans (18) 

have constructed t r a n s i s t o r s with an input resistances 
4 ? of 1CT megohms, covering an area of only 0.02 mm . 

Power amplification was found to be possible up to 
200 Mc/s. At present, however, the spread i n properties 
from device to device i s too large for economic production. 
A second disadvantage of the device i s that i t s properties 
tend to show h y s t e r e s i s e f f e c t s . 

8. Cadmium Sulphide L a s e r 

Electroluminescent cadmium sulphide emits rad i a t i o n 
i n the middle of the v i s i b l e region of the spectrum. 
Since i t i s very desirable to have a s o l i d state l a s e r 
i n the v i s i b l e region, cadmium sulphide would seem a 
promising material to work on. However, because of the 
high density of electron traps that e x i s t i n cadmium 
sulphide, i t i s extremely d i f f i c u l t to obtain the 
population inversion that i s needed for l a s i n g action. 
Basov et a l . have obtained l a s i n g for both electron 
bombardment pumping (19) (200 keV electron beam, at 
1 amp/cm ), and for o p t i c a l pumping (20). Lasing was 
observed at three wavelengths, 5035> 4966 and 4891 S. 
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Hurwitz (21) observed l a s i n g at 4900 jj i n cadmium r i c h 
samples, and obtained a power output of 350 watts. The 
o v e r a l l e f f i c i e n c y was 26.5$ at 110°K which was 
equivalent to an i n t e r n a l e f f i c i e n c y of 35%. He also 
obtained l a s i n g action up to a temperature of 250°K. 
This high e f f i c i e n c y was thought to be due to very good 
c r y s t a l uniformity, and to the high e f f i c i e n c y of the 
radia t i v e t r a n s i t i o n through the recombination centres 
introduced by the cadmium r i c h growth conditions. 
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CHAPTER THREE 

THERMALLY STIMULATED CURRENTS 

1. Introduction 
An important method of detecting and studying 

trapping centres i n a semi-insulator, i s to study i t s 
conductivity or luminescence as f i l l e d traps are 
emptied thermally he r a i s i n g the temperature of the 
sample. Strong illumination at l i q u i d nitrogen 
temperatures r a i s e s the electron Fermi l e v e l so that 
electrons excited into the conduction "band from the 
valence hand can f a l l into trapping centres and remain 
trapped. I f , a f t e r equilibrium hias been reached, the 
exc i t i n g r a d i a t i o n i s removed, then most of the electrons 
i n the conduction band return to the valence band through 
recombination centres. When the sample i s heated up, the 
electrons i n the shallowest f i l l e d traps w i l l f i r s t 
acquire enough thermal energy to be released from the 
traps to the conduction band. As these electrons can now 
contribute to conduction,, they can be detected by 
monitoring the current through the c r y s t a l under a fixed 
potential difference. They can also be detected by the 
luminescence that may be emitted as the electrons return 
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t o t h e valence "band through recombination centres. As 
th e temperature i s increased f u r t h e r , t he deeper t r a p s 
w i l l "be emptied; and f o r each set o f d i s c r e t e t r a p s 
t h e r e w i l l "be a corresponding peak i n the c o n d u c t i v i t y . 
A p l o t o f c o n d u c t i v i t y against temperature under these 
c o n d i t i o n s i s c a l l e d a t h e r m a l l y s t i m u l a t e d c u r r e n t 
curve. I f the luminescence i s measured as the temperature 
i s r a i s e d , i t i s known as t h e method o f thermal glow. 

Determination o f depth, capture c r o s s - s e c t i o n and 
d e n s i t y o f t r a p s from 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 
i s n ot a s t r a i g h t f o r w a r d process f o r several reasons. One 
d i f f i c u l t y i s t h a t t he shape o f the T.S.C. curve, depends 
on the extent t o which e l e c t r o n s are retra p p e d a f t e r 
e x c i t a t i o n , and an equation t o describe the curve can 
on l y "be d e r i v e d f o r t h r e e s p e c i a l cases. Another d i f f i c u l t y 
i s t h a t f u r t h e r s i m p l i f i c a t i o n s need t o "be made before 
expressions f o r t h e t r a p parameters can he obtained from 
these equations. Many d i f f e r e n t methods have been proposed 
f o r o b t a i n i n g t h e a p p r o p r i a t e values, but as these depend 
upon d i f f e r e n t approximations, i t i s not s u r p r i s i n g t h a t 
q u i t e l a r g e d i s c r e p a n c i e s can be found between them. 
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2. K i n e t i c s o f _Trap Emptying 

An e l e c t r o n e x c i t e d t h e r m a l l y from a t r a p t o the 
conduction "band can e i t h e r r e t u r n t o t h e valence "band 
through a recombination c e n t r e , o r el s e i t can "be re?-
trapped one o r more, times hefore recombining. To 
o b t a i n equations t o describe the T.S.G. curves, t h r e e 
cases are considered. The e l e c t r o n s released from 
t r a p s : -

1) spend time % i n t h e conduction band 
b e f o r e recombination takes place. This 
i s t he case o f monomolecular k i n e t i c s . 

2) have an equal p r o b a b i l i t y o f being 
r e t r a p p e d or recombining. This case 
i s described by b i m o l e c u l a r k i n e t i c s 

3) are retrapped s e v e r a l times before 
r e t u r n i n g t o t h e valence band. This 
also leads t o bi m o l e c u l a r k i n e t i c s , 
but w i l l be c a l l e d t he case o f f a s t 
r e t r a p p i n g t o avoid confusion. 

Before c o n s i d e r i n g these p o s s i b i l i t i e s , we s h a l l 
d e f i n e some o f t h e parameters common t o a l l t h r e e . We 
s h a l l consider a sample cooled t o T°K, having Hi^ t r a p s 
per cm"̂  at depth E eV below the conduction band, o f which 
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n t o a r e i ^ ' t i a H y f i l l e d . The p r o b a b i l i t y o f an e l e c t r o n 
at depth E be i n g t h e r m a l l y e x c i t e d from the t r a p i s given 
by:-

f = ^ e " E / k T E ( l - 3 * 1 

where V i s t h e attempt t o escape frequency, and 

= N cvS T f o r a semiconductor w i t h simple energy band 
surfaces. N i s the d e n s i t y o f s t a t e s i n the conduction 
band, v i s t h e thermal v e l o c i t y o f the e l e c t r o n s , and 
i s the capture c r o s s - s e c t i o n o f t h e t r a p s . I f at any 
time t h e r e are n^ f i l l e d t r a p s , then the r a t e o f e x c i t a t i o n 
o f e l e c t r o n s t o the conduction band i s : -

For a constant h e a t i n g r a t e /3 » "the temperature 
increases l i n e a r l y w i t h t i m e , and:-

dT = ft dT 

2.a. Monomolecular K i n e t i c s 
I f t he recombination process o f the e l e c t r o n s can 

be described i n terms o f a f r e e l i f e t ime, then the r a t e 
o f change o f e l e c t r o n c o n c e n t r a t i o n , n i n the conduction 
band a t any time t , i s described by:-

g c = - n / f c - d n t / d t Eq. 3-3 
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n , = - z I f t 
c ax 

I f *C i s very s m a l l , then dn /dt^Cn /1 , and 
c c 

Eq. 3.4 

Prom eq. 3.4., Randall and W i l k i n s (1) d e r i v e d an 
expression f o r thermal glow carves. The eq u i v a l e n t o f 
t h i s f o r T. S. C. data i s given by:-

J* I 
J T . p 

exp(-E/kT)dT 0 = nceyU = n £ e^u P exp(-E/kT)exp 

Eq. 3.5 
where 0* i s t h e change i n c o n d u c t i v i t y , a n d a n d e 

are the m o b i l i t y , and charge o f the f r e e e l e c t r o n s . 

2.b. Bimolecular Kine.tics 
& a r l i c k and Gibson ( 2 ) f i r s t considered t h i s case, 

and obtained t h e expression f o r the T.S.C. curve:-

Or = e y u n t Q t exp(-EAT) 

1 + ^ t o c T exp(-EAT)dT 
J T, 

eq. 3.6 

An important d i f f e r e n c e between t h i s and eq. 5, i s 
t h a t i n the b i m o l e c u l a r case, the shape o f the T.S.C. 
curve depends upon the e x t e n t t o which the t r a p s are 
i n i t i a l l y f i l l e d . 
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2. c. Fast Retrapping 

Haering and Adams (3) obtained an expression t o 

describe t h e T.S. C. curve f o r t h e f a s t r e t r a p p i n g case:-

I" T 
(T = N c e A i t o e x p ( - E A T ) - e IT exp(-E/kT)dT 

C 

T Q Eq. 3-7 N t N t ? Z 

This equation does no t contain J , and so a value 
o f S T cannot be obtained f o r f a s t r e t r a p p i n g . However, 
Boer, Oberlander and V o i g t ( 4 ) have shown t h a t S,.,, the 
capture c r o s s - s e c t i o n o f t h e recombination centres can 
be obtained, and i s given by:-

S Rv = E /5 
kT* n*T* 

where th e a s t e r i s k denotes values at the maximum 
o f the T. S. 0. curve. 

3. Methods o f Analysis 

3.a. Monomolecular K i n e t i c s 
( a ) Randall and W i l k i n s Method 

The approximation:-
E = 25kT* was proposed by Randall and W i l k i n s 

(1) t o o b t a i n t r a p depths from thermal glow measurements. 
This i s o b v i o u s l y an o v e r s i m p l i f i c a t i o n which would mean 

* 
t h a t T i s independent o f h e a t i n g r a t e . 
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(b) Grossweiner' s Method 

Grossweiner (5) s i m p l i f i e d the Randall and Wilkins 
equation for monomolecular trap emptying and obtained 
the expression:-

(T - T ) 
t 

where T i s the temperature at the h a l f height on 
the low temperature side of the peak. This expression 
i s stated as being v a l i d provided that E/kT* i s greater 
than 20, and N^s^/^S i s greater thai* 10 7. 

Grossweiner also obtained an expression f or the 
capture cross-section, Ŝ ,, by d i f f e r e n t i a t i n g l n ^ ( T ) J 
with respect to T i n equation 3.5i and equating the 
r e s u l t to zero to find the conditions for maximum 
conductivity. This gives:-

2 
exp (E/kT*) = N c v S T k T * Eq. 3-9 

/3 E 
Prom equations 3*8 and 3.9.» Grossweiner obtained:-

_ 3T'exp(E/kT») , 1 0 

°T - 2N vT*lT*-T' ) ^' - > , x 

c ' 
( c ) Keating's Method 

Randall and Wilkins i n t h e i r derivation of eq. 3-5» 
assumed that NqVS^ i s independent of temperature. This 

-2 3/2 i s equivalent to assuming ST<JCT , since Nc0C T J' ' and 
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v«T^. K e a t i n g (6) f o l l o w e d a s i m i l a r procedure t o 
t h i s except t h a t he put SToCT""a, and obtained t h e 
expression:- „, 

Using an asymptotic expansion K e a t i n g obtained the 
r e s u l t : -

kT*/E = T"; T' (1.2 t - 0.54) + 5.5 x 10" 3 - ( X - 0.75) 2 

2 
Eq. 3.12 

where i =- (T" - T*)/(T* - T'), and T" i s t h e 
temperature a t t h e h a l f h e i g h t on t h e h i g h temperature 
side: o f the curve. He showed t h a t t h e approximations 
he used are v a l i d as l o n g as lO^EAT* <35, and 0.75<tf(0.9 

(d) V a r i a t i o n o f Heating Rate 
iFrom equation 3.9 i t can r e a d i l y be seen t h a t the 

use o f two d i f f e r e n t h e a t i n g r a t e s w i l l y i e l d a value 
o f t r a p depth which i s given by the e x p r e s s i o n : ~ 

l n ( O-/ O- ) = b InT - E/kT - ̂  I b exp (-E/kT) dT 
P JT 

Eq. 3.11 
where b and B are i d e n t i f i e d by N c v s T = BT . 

T 

T 

E = 
kT, T 

I n 
/ 3 2 T 

Eq. 3.13 
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This method was f i r s t proposed independently by 
Booth (7) and Bohun ( 8 ) . Hoogenstraten (9) l a t e r 
suggested t h e use o f several h e a t i n g r a t e s , f o r which 
a p l o t o f ln(T* 2/£ ) again s t 1/T* should y i e l d a 
s t r a i g h t l i n e from the slope o f which value o f E can 
be determined. A value o f 3^ f o r t h i s monomolecular 
case can be determined by s u b s t i t u t i n g the value o f 
E i n equation 3.9. 

3.b. Methods a p p l i c a b l e t o a l l Recombination K i n e t i c s 
(a) Haering and Adams 

Haering and Adams (3) used the technique o f 
d i f f e r e n t i a t i n g t he expression f o r the T.S.C. curve t o 
f i n d t he c o n d i t i o n s f o r the maximuiii. They a p p l i e d t h i s 
t o the l i m i t i n g cases o f no r e t r a p p i n g and f a s t 
r e t r a p p i n g , and obtained s i m i l a r expressions f o r the 
c o n d u c t i v i t y a t the maximum:-

C ( T * ) = O"oexp (-E/kT -1) eq. 3.14 
where f o r the case o f no r e t r a p p i n g 

*o = N c V A ^ n t o 
and f o r the case o f f a s t r e t r a p p i n g 
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For e i t h e r case, a p l o t o f ln(KT ) against 1/T 
f o r several d i f f e r e n t h e a t i n g r a t e s w i l l y i e l d a 
value o f E. This i s also t h e technique proposed "by 
Boer, Oberlander and Y o i g t ( 1 0 ) , although t h e i r 
c a l c u l a t i o n s were "based on a f a s t r e t r a p p i n g model 
only. 

("b) G-arlick and Gibson 

As a set o f t r a p s begins t o empty when the-
temperature i s r a i s e d , the i n t e g r a l s i n equations 
3.5, 3.6 and 3.7 are a l l s m a l l , and the equations 
reduce t o the form:-

0*= const., x exp(-E/kT) eq. 3*15 
This technique was suggested by G-arlick and 

Gibson ( 2 ) , and allows a value o f E t o be determined 
from a p l o t o f InC* against 1/T f o r the i n i t i a l p a r t 
o f the curve. 

( c ) H a l p e r i n and Braner 
H a l p e r i n and Braner (11) made the geometrical 

approximation t h a t the T.S.C. curve can be represented 
by a t r i a n g l e , and d e r i v e d the f o l l o w i n g equations 
f o r the value o f E:-

E = (0.72/T* - T1 ) k T * 2 ( l - 2. 58 A ) Eq. 3-16 
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f o r molecular k i n e t i c s , and:-

E = (2/T* - T' ) k T * 2 ( l - 3 A ) Eq. 3.17 
f o r b i m o l e c u l a r k i n e t i c s . I n "both equations 

A = 2kT*/E. To d i s t i n g u i s h between the two p o s s i b l e 
recombination processes, they proposed the f o l l o w i n g 
r u l e s : -

i f ^ 4 + f )> the centre behaves mono-
mo l e c u l a r l y , and i f e _ 1 ( l + V ) , t h e centre i s 
bimolecular. 
( d ) Schoen,ls Method 

The work o f Schoen (12) was concerned o n l y w i t h 
thermoluminescence, and f o r several d i f f e r e n t cases 
he came . t o t h e conclusion t h a t : -

* * kT, T 9 

E = t I n 
j3,T *V2 1 

2 Eq. 3.18 

This i s t h e same as equation 3.13> except t h a t T 
2 

replaces T i n the f i n a l bracket. 

3.c. Fast Retrapping Theories 
( a ) Bube's Theory 

For the extreme case; o f f a s t r e t r a p p i n g , t h e 
conduction e l e c t r o n s can be considered as being i n thermal 
e q u i l i b r i u m w i t h the e l e c t r o n s s t i l l i n t r a p s . . This means 
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t h a t : -

E = kT I n u Eq. 3.19 
n 0(l-»l) 

where n Q i s the d e n s i t y o f f r e e e l e c t r o n s , and 
i s t h e f r a c t i o n o f t r a p s occupied a t temperature T. 

Bube (13) assumed t h a t at the T.S.C. maximum the 
quasi Fermi l e v e l c o i n c i d e s w i t h the depth o f the 
t r a p p i n g l e v e l s . This would mean t h a t 1 ^ = |-, and a l l 
t h a t needs t o "be done i s t o c a l c u l a t e the p o s i t i o n o f 
the Fermi l e v e l at the peak. Equation 3.19 then 
becomes:-

* W_ 
E = kT I n — E q . 3.20 

n c 
This equation o b v i o u s l y cannot be used f o r the case 

o f monomolecular k i n e t i c s , 
( b ) Luschik 

Luschik (14) used a geometrical approximation, and 
proposed the f o l l o w i n g expression f o r t r a p depth:-

kT** 
E = * Eq. 3 • 21 

(T" - T ) 

This i s s i m i l a r t o t h a t o f Grossweiner, except t h a t 
i t r e q u i r e s measurement o f t h e h a l f h e i g h t temperature on 
t h e h i g h temperature side o f the peak. 
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4. Discussion o f the D i f f e r e n t Methods 
Two pub l i s h e d papers, Nicholas and Woods (15) and 

D i t t f e l d and Voigt ( 1 6 ) , have surveyed the v a r i o u s 
methods o f T.S.C. curve a n a l y s i s , hut have, u n f o r t u n a t e l y , 
a r r i v e d a t opposite conclusions. 

Nicholas and Woods analysed the peaks i n twenty 
samples "by nine d i f f e r e n t methods, and demonstrated the 
d i f f e r e n t c o n d i t i o n s under which the v a r i o u s methods may 
"be c o r r e c t l y a p p l i e d . They observed a t o t a l o f s i x sets 
o f t r a p s a t 0.05, 0.14, 0.25, 0.41, 0.63, and O.83 eV 
below th e conduction band, and showed t h a t these f i t t e d 
w e l l w i t h p r e v i o u s l y p u b l i s h e d r e s u l t s , i f allowance? 
was made f o r i n c o r r e c t l y a p p l i e d a n a l y s i s methods. Most 
o f the methods were found t o give r e s u l t s i n agreement 
w i t h these t r a p depths, as l o n g as t h e methods o f a n a l y s i s 
were a p p l i e d o n l y t o peaks f o r which they could be 
c o r r e c t l y used. Babe's method was found t o give 
c o n s i s t e n t l y h i g h r e s u l t s f o r the monomolecular t r a p s , and 
r e s u l t s t h a t were too low f o r t h e b i m o l e c u l a r t r a p s . I t 
gave a c o r r e c t value f o r the t r a p s a t 0.41 eV - perhaps 
f o r t u i t o u s l y . Support f o r these r e s u l t s was given by 
Bueget and Wright (17) who obtained t r a p depths from more 
than a hundred samples t h a t were- grouped around 0.16, 0.24 
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0.45, 0.63 and 0.82 eV "below t h e conduction hand. 
Their r e s u l t s were based on measurements o f H a l l e f f e c t , 
c o n d u c t i v i t y and space-charge-limited c u r r e n t . 

D i t t f e l d and Voigt analysed t h r e e peaks o c c u r r i n g 
i n t h r e e samples, and found t h a t Bube's method gave t h e 
most r e l i a b l e a n a l y s i s . They found peaks at 0.22, 0.34, 
and 0.42 eV. The 0.42 eV peak gave c o n s i s t e n t r e s u l t s 
u s i n g the o t h e r methods, as was found by Nicholas and 
Woods. The peaks a t 0.22 and 0.34 eV gave values o f 
0.16 and 0.22, r e s p e c t i v e l y i f analysed by Grossweiner"s 
method. D i t t f e l d and Voigt c a l c u l a t e d the t r a p 
d i s t r i b u t i o n from the experimental curves f o r d i f f e r e n t 
h e a t i n g r a t e s , u s i n g both mono- and bimo l e c u l a r k i n e t i c s . 
Prom t h e e x t e n t t o which these d i s t r i b u t i o n s f o r 
d i f f e r e n t h e a t i n g r a t e s agreed, they decided whether t h e 
t r a p emptying was mono- or b i m o l e c u l a r . Having decided 
t h a t two o f t h e i r samples emptied monomolecularly, they 
s t i l l used Bube's c a l c u l a t i o n t o work out t r a p depths. 
They p r e f e r Bube's method because.it gives more' c o n s i s t e n t 
r e s u l t s , which o f n e c e s s i t y , i t must do, because t h e 

measured parameters f a l l i n s i d e a l o g a r i t h m when used 
t o c a l c u l a t e E. Most o t h e r methods r e q u i r e measurement 
o f small temperature d i f f e r e n c e s , which can l e a d t o much 
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l a r g e r i n a c c u r a c i e s . The o t h e r main reason f o r t h e i r 
choice o f Bute's method was t h e agreement between t h e i r 
t r a p depths and those o f N i e k i s c h (18) obtained from a 
method based on modulated l i g h t i n t e n s i t y measurements. 
The r e s u l t s o f Nieki s c h , however, were also based on 
the assumption o f e q u i l i b r i u m between f r e e and trapped 
e l e c t r o n s . 

Babe (19) compares t h e method o f Fermi l e v e l a n a l y s i s 
w i t h t h a t o f G a r l i c k and Gibson, and shows very good 
agreement between the two methods f o r one peak i n one sample 
o f GdS. However, the author admits t h a t t h i s may be 
f o r t u i t o u s , f o r i n some GdS-CdSe samples also considered 
i n t h a t paper, G a r l i c k and Gibson's method was found t o 
give r e s u l t s t h a t were more c o n s i s t e n t w i t h p o s i t i o n o f 
the maximum temperature, and w i t h the associated s h i f t i n 
band gap from CdS t o GdSe. 

I n a more recent paper Bube (20) measured t h e t r a p 
d i s t r i b u t i o n i n CdSQ ^^-CdSeQ ^ c r y s t a l s by u s i n g (a) 
the Fermi l e v e l method o f a n a l y s i s , and (b) v a r i o u s 
photoconductive decay experiments. He found a qu a s i -
continuous t r a p d i s t r i b u t i o n and obtained good agreement 
between t h e two methods. Again the p h o t o c o n d u c t i v i t y 
r e s u l t s depended upon the same assumption o f e q u i l i b r i u m 
between f r e e and trapped e l e c t r o n s . I f t h e r e i s a 
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continuous t r a p d i s t r i b u t i o n , t h i s e q u i l i b r i u m i s more 
l i k e l y t o e x i s t , and t h e co n d i t i o n s f o r c o r r e c t 
a p p l i c a t i o n o f t h i s method are most l i k e l y t o be met. 

I n a l a t e r paper Bube et a l . (21) repeat t h e 
a s s e r t i o n t h a t t he Fermi l e v e l method o f a n a l y s i s can 
be used t o determine t r a p depth i n CdS-CdSe c r y s t a l s 
i n which a quasi-continuous d i s t r i b u t i o n i s found. 
However, a d i s c r e t e t r a p a t 0.73 eV was also found, 
which had an apparent capture c r o s s - s e c t i o n o f 10" cm . 
A t r a p w i t h such a l a r g e capture c r o s s - s e c t i o n should 
be associated w i t h f a s t r e t r a p p i n g but according t o Bube 
et a l . , t he t r a p obeys monomolecular k i n e t i c s , and the 
Fermi l e v e l method gives an erroneous value o f t r a p 
depth. (For p o s s i b l e e x p l a n a t i o n s , see Chap. 5 ) . 

5. Conclusions 
Most o f tf i e methods mentioned w i l l g ive values o f 

t r a p depth t h a t are c o r r e c t t o w i t h i n the experimental 
e r r o r s , p r o v i d e d t h a t t h e l i m i t a t i o n s o f each method are 
recognised, I f t h i s i s done, the d i f f e r e n c e s i n t h e o r y 
between the methods are not l a r g e , but some o f them are 
found t o have experimental advantages over o t h e r s . 
Peaks t h a t overlap t o a l a r g e extent w i t h o t h e r peaks, 
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can have "the i r l e a d i n g edges cleaned by the process 
o f thermal decay, i n which shallower t r a p s are f i r s t 
emptied t h e r m a l l y "before r e c o r d i n g a p a r t i c u l a r peak. 
The h i g h temperature side, o f the curve cannot he so 
e a s i l y cleaned, and t h e r e f o r e methods t h a t r e q u i r e 
knowledge o f T" are somewhat l i m i t e d i n t h e i r use. The 
most g e n e r a l l y a p p l i c a b l e method seems t o he t h e i n i t i a l 
r i s e method o f G a r l i c k and Gibson, because measurements 
can be made u s i n g repeated thermal c l e a n i n g processes. 
The o n l y l i m i t a t i o n t o the use o f t h i s method are, (a) 
w i t h g r o s s l y o v e r l a p p i n g peaks, f o r which none o f the 
methods can be used ( a l t h o u g h d i f f e r e n t h e a t i n g r a t e s 
can be used t o help separate t h e peaks), and (b) low 
temperature peaks j u s t above t h e i l l u m i n a t i o n temperature. 
I n the l a t t e r case, the d i f f i c u l t i e s are the experimental 
one o f o b t a i n i n g a constant h e a t i n g r a t e , and t h e 
t h e o r e t i c a l one o f observing o n l y a c c e l e r a t i o n o f t r a p 
emptying a l r e a d y begun at t h e low temperature, and not 
t r u e t r a p emptying. 

The conclusion drawn i s t h a t t he work o f Nicholas 
and Woods i s a f a r more r e l i a b l e guide t o the use o f 
T.S.C. curve methods o f a n a l y s i s , because o f the v e r y 
wide scope o f t h e i r work, and because o f th e support 
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from the r e s u l t s o f Bueget and Wright who obtained t h e 
same t r a p depths i n CdS on a l a r g e number o f c r y s t a l s 
"by completely independent methods. 
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CHAPTER FOUR 

PHOTO-LUMINESCENCE IN CADMIUM SULPHIDE 

1. I n t r o d u c t i o n 
Photoluminescence i s the luminous emission produced 

"by the a b s o r p t i o n o f l i g h t , u s u a l l y v i s i b l e o r u l t r a 
v i o l e t . The two p o s s i b i l i t i e s t h a t e x i s t f o r t h i s are 
fluorescence and phosphorescence. I n f i g . 4.1, fluorescence-
occurs when an e l e c t r o n i n t h e ground s t a t e o f an a c t i v a t o r 
centre absorbs energy a-̂ , and then emits energy e^ ( ^ a ^ ) , 
when r e t u r n i n g t o the ground s t a t e . The emission i s 
delayed i n the case o f phosphorescence by the i n t e r m e d i a t e 
t r a p p i n g of t h e e l e c t r o n i n a metastable s t a t e m, from 
where i t must r e t u r n t o the e x c i t e d s t a t e before emission 
can take place. The phosphorescence:1 e^ can have t h e same 
wavelength as the fluorescence, but the r e l a t i v e 
i n t e n s i t i e s may be d i f f e r e n c e . 

I n the case o f CdS type phosphors, the lowest s t a t e 
i s the valence band, and the highest e x c i t e d s t a t e the 
conduction band. Between the two bands e x i s t t h e t r a p s , 
donors and recombination centres t h a t must be taken i n t o 
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account t o e x p l a i n the luminescence. F i g . 4.2 shows 
the type o f energy l e v e l diagram t h a t can e x p l a i n most 
o f the luminescence phenomena i n CdS phosphors. <f 
and ^ h are the capture cross-sections o f the 
recombination centres f o r t h e e l e c t r o n s and holes 
r e s p e c t i v e l y . For these centres c and <r are o f the 

6 XT 
same order o f magnitude. For t h e t r a p s and donors 

0"e)) °*h' "*"n f a c ^ V a l u e °f ffh i s 3 0 s m a 1 1 'tiia"t 

the p r o b a b i l i t y o f capture o f a hole can he neglected. 
I f a centre close t o the conduction band i s nor m a l l y 
empty i t i s c a l l e d a t r a p , i f normally f u l l i t i s 
c a l l e d a donor. The centre can, o f course, be made t o 
change i t s f u n c t i o n under d i f f e r e n t c o n d i t i o n s , e.g. 
changes o f temperature or i l l u m i n a t i o n . Hole t r a p s and 
acceptors are d e f i n e d by t h e opposite r e l a t i o n s h i p , 

<Th» °V 

2. Conservation o f Momentum 
I f e l e c t r o n - h o l e p a i r s are produced by the a b s o r p t i o n 

of l i g h t , then t h e e l e c t r o n s w i l l accumulate at t h e bottom 
of t h e conduction band, and holes at the top o f t h e 
valence band. This i s caused by the i n t e r a c t i o n s o f t h e 
e l e c t r o n s and holes w i t h the c r y s t a l l a t t i c e . Since the 
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mean f r e e p a t h o f the e l e c t r o n s i s ~ 1 0 cms, and t h e 
mean v e l o c i t y i s "10 cms/sec, i t i s a very f a s t process, 
and e q u i l i b r i u m can "be reached i n 1 0 ~ 1 2 t o 1 0 ~ 1 0 sees. 
I t i s t h i s t h a t a l lows us t o use the concept o f a 
quasi-I'ermi l e v e l . The quantum mechanical s e l e c t i o n 
r u l e f o r r a d i a t i v e t r a n s i t i o n s s t a t e s t h a t the d i f f e r e n c e 
between i n i t i a l and f i n a l values o f t h e wave v e c t o r 
(k and k r e s p e c t i v e l y ) o f the e l e c t r o n must equal the 
wave v e c t o r o f the r a d i a t i o n . I n general the photon 
wavelength i s larg e ' compared w i t h t h a t o f the e l e c t r o n 
( > = 1.22 x 10 cms f o r a 1 eV e l e c t r o n ) . This means 
t h a t k = k , and t r a n s i t i o n s i n v o l v i n g o n l y an e l e c t r o n 
and a photon must be v e r t i c a l i n t h e E against k 
diagram. Since e x c i t e d e l e c t r o n s and holes r a p i d l y 
migrate t o the p o i n t s o f lowest energy i n the conduction 
and valence bands, an< e l e c t r o n t r a n s i t i o n downwards 
w i l l o n l y be p o s s i b l e i n m a t e r i a l s t h a t have simple 
energy surfaces w i t h conduction band minima and valence 
band maxima a t k = 0. Germanium, f o r example ( 1 ) has 
a conduction band minimum a t k = 0, but also has e i g h t 
e q u i v a l e n t minima at t h e band e x t r e m i t i e s t h a t are lower 
by approximately 0.16 eV. The valence band maximum i s 
at k = 0, but i t i s complex, ( f i g . 4.3). At low 
temperatures, o n l y the lowest minima c o n t a i n e l e c t r o n s , 
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and so e l e c t r o n t r a n s i t i o n s t o the valence "band cannot 

take place. At higher temperatures, k T « E 0 , t r a n s i t i o n s 
IT 

can take place "because, t h e k = 0 minimum has appreciable 
p r o b a b i l i t y , P, o f c o n t a i n i n g an e l e c t r o n . The 
p r o b a b i l i t y o f t h i s t r a n s i t i o n i s given by P&exp(-E^/kT). 
The t r a n s i t i o n s, can o n l y take place w i t h the simultaneous 
emission o r abs o r p t i o n o f a phonon t h a t i s necessary t o 
absorb the excess momentum. However, the energy absorbed 
by t h e phonon i s small. 

3. The Band S t r u c t u r e o f Cadmium Sulphide 
The s t r u c t u r e o f t h e valence-1 band o f CdS, as proposed 

by Balkanski and Cloiseaux ( 2 ) , i s shown i n f i g . 4.4. The 
band i s d i v i d e d i n t o f o u r p a r t s , o f which the lowest i s 
due t o the s - o r b i t a l s o f t h e sulphur atoms, and t h e o t h e r 
three, arise, from t h e p - s t a t e s . The p - o r b i t a l s along the 

z 

hexagonal a x i s are more s t r o n g l y bound t h a t t h e p - and 
p - o r b i t a l s . This i s due t o t h e f a c t t h a t t h e c/a r a t i o 
i n t h e CdS l a t t i c e i s n o t t h e same as the value o f (8/3) 1 

i n an i d e a l hexagonal s t r u c t u r e . The p - and p - o r b i t a l s 
also l o s e t h e i r degeneracy due t o s p i n - o r b i t coupling. 
The higher energy s t a t e i s t h a t f o r which spin i s p a r a l l e l 
t o o r b i t a l momentum ( symmetry), and t h e lower i s t h a t 
f o r which s p i n i s a n t i p a r a l l e l ( symmetry). 
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4. Edge Emission 

A t y p i c a l edge emission spectrum o f CdS i s shown 
i n fig. 4.5, which, although i t i s s o - c a l l e d because o f 
i t s p r o x i m i t y t o the o p t i c a l a b s o r p t i o n edge, i s not 
due t o band t o band t r a n s i t i o n s . The l a r g e e q u i d i s t a n t 
bands w i t h a l i n e spacing o f approximately 300 cm"1, 
occur a t 0.15 eV t o the l o n g wavelength side o f t h e 
fundamental a b s o r p t i o n edge. These bands are thought 
t o be due t o e i t h e r recombination o f a f r e e hol.e^ w i t h 
an e l e c t r o n trapped 0.15 eV below t h e conduction band, 
(model I ) , o r a f r e e e l e c t r o n w i t h a hole trapped 0.15 
eV above t h e valence band, (model I I ) w i t h the 
simultaneous emission o f O , 1, 2, 3 • • • l o n g i t u d i n a l 
o p t i c a l phonons t o e x p l a i n the m u l t i p l i c i t y o f t h e bands. 
Model I , f i r s t proposed by Schoen ( 4 ) , found support i n 
the work o f Lambe et a l . ( 3 ) , who compared the green 
luminescence? decay w i t h t h e photoconductive decay 
produced by i n f r a - r e d quenching a t 4° K. Model I I was 
proposed by Klasens (5)> and supported by the work o f 
Broser et a l . ( 6 ) who observed a decay o f luminescence 
i n step w i t h t h e p h o t o - c u r r e n t , and i n t e r p r e t e d t h i s i n 
favour o f model I I . Recently Spear and Bradbury (7) 
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have compared experimental r e s u l t s w i t h those computed 
from a t h r e e centre model, and have shown t h a t model I I 
gives r e s u l t s which are more c o n s i s t e n t w i t h those o f 
t h e i r experiments than does model I . However, t h e 
problem i s s t i l l unresolved. 

The s e r i e s o f the f i n e s t r u c t u r e i s due t o t h e 
simultaneous emission o f 0,1,2,3, e t c . phonons, and the 
frequency d i f f e r e n c e corresponds t o t h a t o f the 
l o n g i t u d i n a l o p t i c a l phonons (8). A su b s t r u c t u r e i s 
sometimes seen a t 4.2°K, which c o n s i s t s o f a weak set 
of s i m i l a r l i n e s w i t h t h e same sepa r a t i o n , but s h i f t e d 
by 150 wave numbers t o t h e short wavelength end o f the 
spectrum. These could be due t o recombination through 
the second l e v e l a t the top o f the valence, band. However, 
recent work (9), (10) has suggested t h a t the weak l i n e s 
are those n o r m a l l y observed a t h i g h e r temperatures, and 
the s t r o n g l i n e s a t 4.2°K are due t o a bound e l e c t r o n -
bound hole recombination. * 

The emission c l o s e r t o t h e a b s o r p t i o n edge i n f i g . 
4.5, c o n s i s t s of two p a r t s . One o f these i s a t t r i b u t e d 
t o recombination through surface s t a t e s and has been 
observed by many workers (3)« I t shows multiphonon 
s e r i e s s i m i l a r t o t h a t o f edge emission. The o t h e r p a r t , 
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a t even s h o r t e r wavelengths i s asc r i b e d t o f r e e and 
"bound e x c i t o n recombination and has been s t u d i e d 
e x t e n s i v e l y by B e i l and Broser (11), and Thomas and 
H o p f i e l d (12) , (13) , (14) . The emission takes t h e form 
o f a hydrogen-like s e r i e s , due t o t h e recombination 
o f e l e c t r o n s i n the v a r i o u s s t a t e s o f the e x c i t o n , w i t h 
holes i n the valence band. Emission l i n e s can a r i s e 
from e x c i t o n s bound t o v a r i o u s d e f e c t centres. The 
main e x c i t o n peaks are seen a t 49301 ( L ^ ) , 4 8 8 5 5(I 2) 
and 4 8 6 9 S(I 5), at 4.2°K. The 1^ l i n e i s thought to, be 
due t o an e x c i t o n bound t o a cadmium vacancy (15). 1-̂  

i s due t o a n e u t r a l acceptor centre, p o s s i b l y associated 
w i t h an i n t e r s t i t i a l sulphur atom. The 1^ l i n e i s 
thought t o o r i g i n a t e i n an e x c i t o n bound t o a sulphur 
vacancy, o r t o i t s complex. 

5. Luminescent Centres 
Most o f the work on luminescent centres i n I I - V I 

compounds has been done on z i n c su l p h i d e , but since t h e 
value o f t h e band gap f o r mixtures o f zinc and cadmium 
sulphides v a r i e s almost l i n e a r l y between the two extreme 
compositions, w i t h no d i s c o n t i n u i t i e s , r e s u l t s from the 
two m a t e r i a l s are d i r e c t l y comparable (16). 

The main luminescent bands i n z i n c sulphide are a 
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"blue band a t 4,450 A* (2.79 eV), and a green "band a t 
5,230 1 (2.37 eV), and the se are eq u i v a l e n t t o "bands a t 
0.82 microns (1.51 eV) and 1.02 microns (1.22 eV) i n 
cadmium sulphide. The energy l e v e l schemes f o r the 
two m a t e r i a l s are shown i n f i g . 4.6. As can be seen 
from t h i s diagram, the se p a r a t i o n o f the luminescent 
centres from the valence band does not change v e r y much 
from ZnS t o GdS. Experiment associates these-, luminescent 
bands w i t h the presence o f copper i m p u r i t i e s t h a t act 
as a c t i v a t i o n centres. Prom measurements o f magnetic 
s u s c e p t i b i l i t y as a f u n c t i o n o f temperature, i t can be 
shown t h a t t he copper e x i s t s i n the l a t t i c e ; as a Cu + 

i o n ( 1 7 ) . This i o n replaces a Z n + + o r Cd + + i o n , and 
reduces the bond slxengths o f th e surrounding sulphur 
i o n s . E l e c t r o n s on these- i o n s are l e s s t i g h t l y bound 
and t h e r e f o r e have a l a r g e r e l e c t r o s t a t i c energy. This 
gives rise-, t o allowed e l e c t r o n l e v e l s somewhat above 
th e valence band, and e x p l a i n s why th e l e v e l s should 
be a f i x e d d i s t a n c e from t h e valence band f o r b o t h z i n c 
and cadmium sulphides. 

W i l l i a m s (18) f i r s t showed t h a t t h e green luminescence 

band i n ZnS i s enhanced by the s u b s t i t u t i o n o f a halogen 

as an i m p u r i t y f o r sulphur. This process o f c o - a c t i v a t i o n 

does not produce any s h i f t i n t h e p o s i t i o n o f t h e 
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luminescent peaks, whatever t h e halogen used. This 
suggests t h a t t he e f f e c t i s due t o the s u b s t i t u t i o n a l 
charge -e o f the a c t i v a t o r i n the l a t t i c e . The 
t r i v a l e n t elements A l , Ga and I n may also he used as 
c o - a c t i v a t o r s , and oxygen i s "believed t o have a s i m i l a r 
e f f e c t . Many models have "been proposed t o e x p l a i n these 
luminescent "bands ( 1 9 ) , (2$, ( 2 1 ) . Pig. 4.7 shows t h e 
model due t o Curie and Curie ( 2 2 ) . They suggest t h a t 
the "blue luminescence i s due t o the r e t u r n o f an e l e c t r o n , 
e i t h e r from t h e Conduction "band, o r from an e x c i t e d s t a t e 
o f the copper l e v e l j u s t "below the conduction "band, t o 
th e ground s t a t e o f the copper l e v e l . The green 
luminescence a r i s e s from t h e r e t u r n o f an e l e c t r o n t o t h e 
same ground s t a t e , but t h i s time from the c o - a c t i v a t o r 
donor levels.. One reason f o r the b e l i e f t h a t t h e ground 
s t a t e i s t h e same f o r both the green and blue luminescence 
i s t h a t the i n f r a - r e d quenching band i s t h e same f o r both 
bands. 

Further luminescent bands are f r e q u e n t l y observed 
i n ZnS and CdS. G a r l i c k and Dambleton (23) f i r s t 
observed some o f these i n ZnS at 1.5 and 1.7 microns. 
Browne (19) s t u d i e d these incpa-red bands f u r t h e r , i n the 
CdS-ZnS system, and found t h a t the peaks s h i f t e d v ery 
l i t t l e d u r i n g the t r a n s i t i o n from z i n c t o cadmium sulphide. 

- 65 -



(Peaks were seen at 1.6 and 1 . 85 microns i n OdS.) He 
also found a peak a t the l o n g wavelength end o f the 
spectrum at 1 . 8 5 f o r zin c and 2 .05 microns f o r cadmium 
sulphide. The f a c t t h a t the emission "bands do not 
s h i f t very much, suggests t h a t they are associated 
w i t h p e r t u r b e d l e v e l s o f the valence band. Browne 
found more support f o r t h i s i n the f a c t t h a t the 
e x c i t a t i o n "bands coincide w i t h the spectra f o r i n f r a 
r e d quenching o f v i s i b l e emission and photoconduction, 
and also t h a t the dependence o f emission i n t e n s i t y 
upon c r y s t a l p r e p a r a t i o n p o i n t e d t o c a t i o n vacancies 
as the cause o f the emission. G a r l i c k (21) proposed 
the energy "band model shown i n f i g . 4 . 8 t o account 
f o r the luminescent and i n f r a - r e d quenching spectra 
o f cadmium sulphide. T r a n s i t i o n s a and c are the 
0 . 78 and 1.02 micron emissions t h a t are e q u i v a l e n t 
t o the blue and green bands i n zin c sulphide, where A 
i s the e x c i t e d s t a t e o f l e v e l B. The t r a n s i t i o n s b and 
d are those t h a t cause i n f r a - r e d quenching, and e, f , g 
are the i n f r a - r e d emission l e v e l s a t 1.6, 1 . 8 5 and 2 .05 

microns. The l e v e l B i s the same as B', on l y the energy 
f o r a b s o r p t i o n must be g r e a t e r than t h a t o f the emission. 
M e i j e r (24) measured the i n f r a - r e d emission, i n f r a - r e d 
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quenching and the i n f r a - r e d s t i m u l a t i o n o f the v i s i b l e 
luminescence i n copper a c t i v a t e d ZnS, and concluded 
t h a t the emission peaks a t 1.57 and 1.72 microns are 
due t o the r e t u r n o f an e l e c t r o n t o the valence "band 
from the ground and e x c i t e d s t a t e s o f a l e v e l caused 
"by the s u b s t i t u t i o n o f a copper i o n f o r a zin c . 
However, G a r l i c k et a l . (25) i n measuring the e f f e c t 
o f Co-60 gamma r a d i a t i o n upon the luminescent i n t e n s i t y 
o f samples c o n t a i n i n g v a r y i n g amounts o f copper, could 
f i n d no evidence f o r the b e l i e f t h a t copper i s t h e 
cause o f the luminescence. They considered t h a t the 
gamma r a d i a t i o n was i n s u f f i c i e n t t o produce new p o i n t 
d e f e c t s , and could o n l y cause readjustment o f e x i s t i n g 
complexes. Since the r a d i a t i o n caused changes i n the 
i n f r a - r e d luminescence and not i n the "green" and "blue" 
bands, they concluded t h a t t h e l a t t e r are due t o p o i n t 
d e f e c t s , and the 1.6, 1.85 micron bands are associated 
w i t h centres t h a t r e q u i r e much smaller energies o f 
fo r m a t i o n . 

Bryant and Cox (26) proposed a model f o r z i n c 
sulphide i n which i t was not necessary f o r the d e f e c t 
centre t o have more than one l e v e l i n the f o r b i d d e n 
gap. Prom the f a c t t h a t the complete luminescent 
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spectrum could be e x c i t e d by the "bands at both 0.89 
and 1.49 microns, they deduced t h a t t h e i n f r a - r e d 
quenching hands must he due t o e x c i t a t i o n s from t h e 
p and s-states o f the valence hand, and not due t o 
e x c i t a t i o n s from a p - s t a t e t o two l e v e l s i n the 
f o r b i d d e n gap. I t i s i n t h i s respect o n l y t h a t t h e i r 
model d i f f e r s from t h a t o f G a r l i c k p r e v i o u s l y mentioned 
( f i g . 4.8). They also considered t h a t the s i n g l e l e v e l 
i n t he f o r b i d d e n gap i s the same as t h a t proposed by 
Curie and Curie ( f i g . 4.7) t o e x p l a i n the 0.8 and 1.02 
micron bands i n CdS. I n Curie's model t h i s would 
r e q u i r e a t r a p a t 0.49 eV below the conduction band 
(see f i g . 4.7). I n a f u r t h e r paper Bryant and Cox (27) 
s t u d i e d the p o l a r i s a t i o n o f t h e i n f r a - r e d luminescence, 
and i n a d d i t i o n t o the s p l i t t i n g o f the valence band 
considered the s p l i t t i n g o f t h e recombination centre 
l e v e l due t o s p i n - o r b i t and c r y s t a l f i e l d c o u p l i n g . 
This p r o p o s i t i o n overcomes the o u t s t a n d i n g d i f f i c u l t y 
o f t h e i r e a r l i e r model, which was the d i f f e r e n c e i n 
energy between the s p l i t t i n g o f the i n f r a - r e d peaks 
and t h e s p l i t t i n g o f the valence band. 

Bryant and Cox (28) s t u d i e d f u r t h e r luminescence 
i n the r e g i o n 2.0 t o 2.8 microns, and found a s i m i l a r 
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s t r u c t u r e t o t h a t o f the 1.6 t o 1.8 micron "bands. 
With the appearance of t h i s l o n g wavelength band 
they found an associated s h i f t o f t h e 1.02 micron 
emission t o s h o r t e r wavelengths. To e x p l a i n t h i s 
they suggested t h a t the emission i s due t o a centre 
s i m i l a r t o t h a t p r e v i o u s l y proposed, except t h a t i t 
i s s h i f t e d 0.2 eV towards the valence band. This 
gives the 2.0 t o 2.8 micron s t r u c t u r e s i m i l a r t o the 
normal 1.6, 1.8 micron bands, and also gives r i s e t o 
emission a t 0.9 microns, which appears as a s h i f t i n 
the o r i g i n o f t h i s new centre. 

6. Conclusions 
The model o f Bryant and Cox f o r the i n f r a - r e d 

luminescence spectrum i n CdS gives t h e most complete 
p i c t u r e o f a l l the v a r i o u s phenoma observed. I t does 
no t , however, give any clue t o the process o f co-
a c t i v a t i o n . There i s also no e x i s t i n g evidence f o r 
t h e i r p o s i t i o n i n g o f the s - l e v e l s o f the valence band, 
but e q u a l l y there, i s no evidence t o r e f u t e i t . 
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CHAPTER FIVE 

DEPECT CENTRES IN CADMIUM SULPHIDE 

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

The d e f e c t centres t h a t give r i s e t o 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 and i n f r a - r e d luminescence 
have been t r e a t e d i n e a r l i e r chapters. Another 
important p r o p e r t y o f a c r y s t a l which the de f e c t 
centres can i n f l u e n c e i s the phenomenon o f photo
c o n d u c t i v i t y . E l e c t r o n and hole t r a p s , and 
recombination centres determine t o a great extent the 
v a r i a t i o n o f photocurrent w i t h temperature, w i t h 
e x c i t a t i o n i n t e n s i t y , and w i t h e x c i t i n g wavelength. 
They also c o n t r o l the response time o f the photo
c o n d u c t i v i t y and the luminescence. Measurement o f 
a l l these parameters can thus y i e l d i n f o r m a t i o n about 
the most i m p o r t a n t centres i n the m a t e r i a l , p r o v i d e d 
t h a t the r e s u l t s can be made t o f i t some s o r t o f 
p a t t e r n . This has been adequately done by Bube whose 
r e s u l t s are given i n the next s e c t i o n . 

A f u r t h e r problem a r i s e s w i t h cadmium sulphide 
because the important d e f e c t s seem t o be caused by 

- 72 -



sulphur or cadmium vacancies, o r complexes o f these 
two. D i f f i c u l t i e s a r i s e "because these centres are 
very mobile, and can be e a s i l y r e d i s t r i b u t e d . 
R e d i s t r i b u t i o n r e q u i r e s o n l y small energies and so 
can be brought about by heat treatment at q u i t e low 
temperatures o r by the a c t i o n o f v i s i b l e l i g h t . The 
regrouping o f these centres causes changes i n the 
p r o p e r t i e s o f the m a t e r i a l , and t h i s means t h a t care 
must always be taken t o ensure t h a t t he t a k i n g o f a 
measurement does not a l t e r the p r o p e r t i e s being 
i n v e s t i g a t e d . A survey o f the work done on t h e e f f e c t s 
o f low temperature heat treatment and on photochemical 
e f f e c t s i s given i n the l a t e r s e c t i o n s o f t h i s chapter. 

2. Photo c o n d u c t i v i t y 
2a. Babe's Model 

Models t o describe the behavious o f p h o t o c o n d u c t i v i t y 
i s CdS u s i n g two d i f f e r e n t types o f centre i n t h e 
fo r b i d d e n gap, have been proposed by many authors, among 
whom are Schon (1) and Klasens ( 2 ) . The model given here 
i s t h a t due t o Bube (3) who g e n e r a l i s e d t h e o t h e r models 
by d i v i d i n g t he t r a p s i n t o two sets, deep and shallow 
t r a p s . The deep t r a p s can also be considered as 
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recombination centres. Bube s t a r t e d w i t h the h y p o t h e t i c a l 
model shown i n f i g . 5.1. The symbols used are as f o l l o w s : -

= d e n s i t y o f s t a t e s i 
n^ = d e n s i t y o f f i l l e d s t a t e s i 
S n i = c a P " t u r e c r o s s - s e c t i o n o f s t a t e s i f o r e l e c t r o n s 
S . = capture c r o s s - s e c t i o n o f s t a t e s i f o r holes 
n = d e n s i t y o f f r e e e l e c t r o n s 
p = d e n s i t y o:f f r e e holes 

i i 

S = c r o s s - s e c t i o n f o r recombination between f r e e c a r r i e r s n 
P = d e n s i t y o f e l e c t r o n - h o l e p a i r s created by e x c i t a t i o n 
v n = thermal v e l o c i t y o f an e l e c t r o n 
v = thermal v e l o c i t y o f a hole 
P 
P-̂  = p r o b a b i l i t y o f e j e c t i o n o f hole from centres 1 
?2 = p r o b a b i l i t y o f e j e c t i o n o f e l e c t r o n from centres 3 

Prom t h e equation f o r charge n e u t r a l i t y , and from 
f i v e equations expressing t h e r a t e s o f change o f d e n s i t i e s 
o f t he v a r i o u s s t a t e s , Bube obtained equations t h a t give 
P i n terms o f n. These a r e : -

p = n - % - N 2 + N j l + V p lP/(S n lnv p
 + V] 

- 1 

+ N
2 ( l + a p 2 v p P y ( S n 2 v n n 2 n ) - 1 + N 3 [ l + ( S p 3 v p p + P 3 J / S ^ v ^ i ] 

Eq. 5.1 
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[VW1 + ( S p l V P P + P l ) / S n i v n n ] 
- 1 

P = p + 

+ S p 2 V 2 ( 1 + Sp2V / Sn2 Vn^ 
- 1 + 

( l + ( 3 ) / S n 3 v n j 
- 1 

+ S_.vn n 
+ S ,v N-j 

P3 p 3 
SP3V + P 

Eq. 5 .2 

2"b. V a r i a t i o n o f P h o t o s e n s i t i v i t y w i t h E x c i t a t i o n I n t e n s i t y 

I n order t o make a r i t h m e t i c a l c a l c u l a t i o n s on the 

"basis o f these equations Bube made c e r t a i n assumptions 

and i n s e r t e d reasonable values f o r some o f the parameters 

i n them. He assumed t h a t centres 2 and 3 are o f the same 

type w i t h equal capture c r o s s - s e c t i o n s f o r holes and 

e l e c t r o n s . (These could be replaced by a s i n g l e set o f 

l e v e l s t h a t are o n l y p a r t i a l l y f i l l e d i n the dark, t o give 

t h e two centre model o f Schon.) Centres 1 were assumed t o 

have the same capture c r o s s - s e c t i o n s f o r holes as 2 and 3» 

but much smaller c r o s s - s e c t i o n f o r e l e c t r o n s . The values 

i n s e r t e d were:-
N x = H 2 = 1 0 1 5/cm 3 

S = S 
P l 

= S p2 P3 n2 n3 

S = n l = 10 19—2 cm 
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" -?0 2 S n = 10 ^ ucnT 

P 1 = l O ^ s e c " 1 a t 300°K ( i . e . = 0.7 eV) 

P 3 = 1 0 " 4 s e c _ 1 at 300°K ( i . e . E 3 = 0.9 eV) 

Biibe then c a l c u l a t e d t h e v a r i a t i o n o f n w i t h P 
f o r v a r i o u s d e n s i t i e s o f the recombination centres 3. 

15 -3 
The r e s u l t s f o r N-j = 10 cm are shown i n f i g . 5.2. 
P i s p r o p o r t i o n a l t o t h e e x c i t a t i o n i n t e n s i t y , and n 
i s p r o p o r t i o n a l t o the ph o t o c u r r e n t . For low l i g h t 
i n t e n s i t i e s t h e quasi Fermi l e v e l f o r e l e c t r o n s l i e s 
below centres 3, and t h e d e n s i t y o f f r e e e l e c t r o n s 
v a r i e s as the square r o o t o f t h e i n t e n s i t y since many 
c a r r i e r s are trapped i n centres 3» When Svn exceeds 
P^ the e l e c t r o n Fermi l e v e l passes through the centres 
3, and t h e d e n s i t y o f f r e e e l e c t r o n s i s p r o p o r t i o n a l 
t o the i n t e n s i t y , because a l l the centres 3 are now 
f u l l , and do not cause any f u r t h e r t r a p p i n g . At h i g h e r 
l i g h t i n t e n s i t i e s the hole Fermi l e v e l passes through 
the energy l e v e l o f centres 1, which causes them t o 
capture holes. Since they have small capture cross-
s e c t i o n f o r e l e c t r o n s t h e y are not very e f f i c i e n t 
recombination centres, and so they e f f e c t i v e l y remove 
holes t h a t otherwise could take p a r t i n recombination 
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through centres 2 and keep the p h o t o s e n s i t i v i t y down. 
I n t h i s r e g i o n the d e n s i t y o f f r e e e l e c t r o n s v a r i e s 
s u p e r l i n e a r l y w i t h l i g h t i n t e n s i t y . At h i gher 
i n t e n s i t i e s , when the hole demarcation l e v e l f o r 
centres 1 l i e s w e l l "below l e v e l s 1, a l l the centres 
c o n t a i n t r a p p e d holes, and the f r e e e l e c t r o n d e n s i t y 
again v a r i e s l i n e a r l y or s u b l i n e a r l y w i t h e x c i t a t i o n 
i n t e n s i t y . 

These c a l c u l a t i o n s describe q u a l i t a t i v e l y the 
v a r i a t i o n o f p h o t o s e n s i t i v i t y w i t h l i g h t i n t e n s i t y 
f o r many samples o f CdS and also CdSe". Bube's 
c a l c u l a t i o n s w i t h o t h e r values o f showed s i m i l a r 
r e s u l t s , except t h a t f o r values o f N^N-^ and N̂ > 
s u p e r l i n e a r i t y i s not found. 

2c. V a r i a t i o n o f P h o t o s e n s i t i v i t y w i t h Temperature 
The photoresponse against temperature can be 

d i v i d e d i n t o t h r e e r e g i o n s : -
a) at low temperatures Sv nn, Sv p » P y and»P- L 

and the c r y s t a l i s s e n s i t i v e since the hole demarcation 
l e v e l f o r centres 1 l i e s below 1, and the e l e c t r o n 
demarcation l e v e l f o r centres 3 l i e s above 3« 

b) at i n t e r m e d i a t e temperatures Sv n, Sv n » p 
n ' *^, 

but Sv n, Sv p^P . and the c r y s t a l passes through n p 1 
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a thermal quenching temperature and has less s e n s i t i v i t y , 
"because the hole demarcation l e v e l now l i e s above the 
centres 1. These l a t t e r now act as hole traps and not 
as recombination centres, and so the e f f i c i e n t 
recombination centres 2 can cause fa s t e r recombination. 

c) at higher temperatures 8v vn, Sv^p^P^, and^P-^ 
The electron demarcation l e v e l l i e s below centres 3, 
and these centres cease to contribute to recombination. 
The p h o t o s e n s i t i v i t y begins to r i s e again because the 
number of recombination centres i s reduced. The 

15 -3 
calculated curve f o r = N 2 = = 10 cm , and f o r 

16 —1 
P = 10 sec , i s shown i n f i g . 5.3 f o r the regions a) 
and b) above. 

Again these calculations describe the "behaviour or 
photoconductivity w i t h temperature i n a q u a l i t a t i v e way 
f o r cadmium sulphide and selenide. The opposing e f f e c t s 
of l i g h t i n t e n s i t y and temperature can "be seen, since 
increased l i g h t i n t e n s i t y causes the electron and hole 
demarcation l e v e l s to move away from each other, and 
increased temperature causes them to converge towards 
the centre of the forbidden gap. I n practice the whole 
range of i n t e n s i t y v a r i a t i o n s cannot "be observed at a 
single temperature, because of the experimental d i f f i c u l t i e s 
of obtaining a s u f f i c i e n t l y large range of e x c i t a t i o n 
i n t e n s i t i e s . Suitable use of d i f f e r e n t temperatures, - 78 -
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however, allows the d i f f e r e n t parts of the curve to 
he observed. 

Prom the consideration of the onset and cessation 
of s u p e r l i n e a r i t y i n CdSe, Bube obtained a value of 

5 
8 x 10 f o r the ratio^ji of the cross-section f o r hole 
capture to tha t f o r electron capture f o r centres 1. 
He also found that these centres l i e O.64 eV above the 
valence band. Using the same r a t i o f o r hole t o electron 
capture cross-section, Bube determined that the 
s e n s i t i s i n g centres l i e 1.0 eV above the valence band 
f o r cadmium sulphide. 
3. Photochemical and Heat Treatment Effects 
3a. Methods of Measurement 

The e f f e c t s of l i g h t and low temperature heat 
treatment upon the properties of cadmium sulphide have 
been studied by many workers who have used a v a r i e t y 
of techniques to study tthe changes t h a t arise. The 
techniques include measurement of dark Resistance, 
photoresistance, photocurrent against e x c i t i n g wavelength, 
quenching spectra, thermally stimulated currents and 

measurement of photoluminescence both i n the v i s i b l e 
and i n f r a - r e d ranges. 
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3b. Photochemical Changes i n Recombination Centres 

Boer (4) observed changes i n photoconductivity 
that could not he explained by ordinary e x c i t a t i o n or 
trapping of electrons. He found that only at temperatures 
below 50°C d i d the cessation of i l l u m i n a t i o n cause the 
monotonic f a l l to the stationary value of the photocurrent 
which i s expected. Above t h i s temperature the photo-
current undershot the steady state value by as much as 
two orders of magnitude. S i m i l a r l y f o l l o w i n g the onset 
of i l l u m i n a t i o n overshoot was observed which could be 
f i v e orders of magnitude greater than the f i n a l steady 
state value. Babe (5) has maintained t h a t the phenomena 
of undershoot and overshoot can he explained by the 
r e l a t i v e l y slow changes i n occupation of two d i f f e r e n t 
types of recombination centre. However, Boer found that 
i l l u m i n a t i o n at temperatures above 50°C and subsequent 
cooling to room temperature, caused the photoconductivity 
to be much less than i t had been previously at tha t 
temperature. The o r i g i n a l state could be regained by 
heating i n the dark to above 50°C, and again recooling. 
This phenomenon could not be explained i n terms of Bube's 
theory, and i t was found necessary to introduce the idea 
of photochemical changes. To explain the observed e f f e c t s , 
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Boer suggested that the e f f e c t of the l i g h t at high 
temperatures i s to create recombination centres, that 
can be destroyed by baking i n the dark at these 
temperatures. He gave no suggestions as to the 
chemical o r i g i n of these centres. 

I n special samples of copper doped CdSe, and iodine 
doped, sulphur compensated CdS, Bube (6) observed 
changes i n photoconductivity which are si m i l a r to those 
described by Boer. Crystals th a t had been photochemically 
treated by i l l u m i n a t i o n at high temperatures (PGT samples) 
were found to have greatly reduced s e n s i t i v i t y over the 
whole range of temperatures from -200 to +100°C. 
Calculations from measurements of photocurrent against 
l i g h t i n t e n s i t y , yielded the normal value of 1 eV f o r 
the distance of the recombination centres from the 
valence band, f o r samples i n the untreated state. 
However, f o r the PCT samples a d i s t r i b u t i o n of 
recombination centres, spread from 0.15 to 1.0 eV above 
the valence band was found. (A possible a l t e r n a t i v e 
explanation i s that a centre ex i s t s i n t h i s region w i t h 
a strongly temperature dependent cross-section.) Bube 
considered t h a t these photochemically created centres 
took over the function of the normal s e n s i t i s i n g centres 
which l i e 1.0 eV from the valence band. He proposed that 

- 81 -



the new centres were an agglomeration of cation 
vacancies or Cu+ ions, and that the e f f e c t of the 
l i g h t was to remove the repulsive h a r r i e r s between 
the components, and thus f a c i l i t a t e agglomeration. 
Bube found th a t the photochemical e f f e c t s could be 
produced by i l l u m i n a t i o n at room temperatures, and 
that the heating to above 150° c was necessary to 
restore the o r i g i n a l condition of the samples. He 
stressed t h a t these were specially prepared samples, 
and that no photochemical changes were found i n the 
centres with l e v e l s 1 eV above the valence band. 

Borchardt (7) studied the changes produced i n 
the spectra of i n f r a - r e d quenching of photoconductivity 
by the occurrence of photochemical e f f e c t s . The two 
generally recognised quenching bands at about 1.45 and 
0.92 microns, were seen, f o r both the normal and PCT 
samples, but the l a t t e r type of c r y s t a l showed much 
stronger quenching at both wavelengths. He found that 
temperatures of about 300°C were necessary f o r the 
effe c t s to occur, and tha t heating to temperatures of 
the same order i n the dark was required to destroy 
these e f f e c t s . I n a l a t e r paper Borchardt (8) studied 
the overshoot e f f e c t previously reported by Boer, and 
found that the c r i t i c a l temperature, above which the 

- 82 -



photochemical e f f e c t s took place, varied a great deal 
from sample to sample, and could be as low as -35°C 
f o r pure CdS crystals. This was raised t o +130°C 
f o r the same samples a f t e r tempering i n sulphur 
vapour. For t h i s reason, i t was considered that 
sulphur vacancies were the chief components of the 
centre affected. Measurement of photocurrent against 
e x c i t i n g i n t e n s i t y f o r two sta.tes showed a linear-
response f o r the normal samples, and a superlinear 
response f o r the PCT samples. Prom t h i s he concluded 
that the extra centres being created photochemically 
are the s e n s i t i s i n g centres 1, of the photoconductivity 
model, (at 1 eV above the valence band.) These are 
also the centres involved i n i n f r a - r e d quenching. 
Borchardt considered t h a t these centres are due to the 
sulphur vacancies becoming associated with cadmium 
vacancies under the influence of i l l u m i n a t i o n above a 
certain c r i t i c a l temperature. The complexes formed, 
disassociate i n the dark above t h i s temperature. 

Albers (9) measured the ted luminescence of cadmium 
sulphide (0.73 microns) over a range of temperatures, 
and found t h a t the luminescent i n t e n s i t y dropped as the 
temperature was raised. However, i f the temperature was 
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then lowered again, i t was found th a t the high temperature 
value of i n t e n s i t y was "frozen i n " . The higher value 
could he regained by heat treatment i n the dark at 
"between 150 and 200°c. This cycle was found to be 
repeatable i n d e f i n i t e l y . He also found analogous 
behaviour of the green luminescence. I n order to 
measure the true luminescent i n t e n s i t y v a r i a t i o n with 
temperature, without causing photochemical e f f e c t s , 

—2 
Albers (10) used l i g h t pulses of 4 x 10 seconds duration, 
and a b a l l i s t i c method of measurement. The temperature 
v a r i a t i o n of luminescence on the basis of the Schon-
Klasens model, i s of the form:-

- 1 = G exp (E t t i/kT) Eq. 5-3 

I 1 i s the maximum i n t e n s i t y of the luminescence, 
I i s the i n t e n s i t y at temperature T, and C i s a constant, 
"^th i s "thermal © n ergy separation of the centre from 
the valence band. A p l o t of I n £(I* - I ) / l J against 1/T 
yi e l d s a value of Ê .̂  from the slope of the s t r a i g h t l i n e 
obtained. The presence of photochemical e f f e c t s 
obviously makes t h i s calculation., meaningless, and i n 
practice, s t r a i g h t l i n e s cannot usually be obtained. 
Albers 1 use of l i g h t pulses overcame t h i s d i f f i c u l t y and 
yielded a value f o r Ê .̂  of 0.49 eV f o r the red luminescence. 
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The o p t i c a l energy p o s i t i o n f o r t h i s band E i s 
0.87 eV above the valence band, when allowance i s 
made f o r the s h i f t i n band gap with temperature and 
so the r a t i o E^/E^ i s 1.77. Albers also measured 
the decrease of luminescence w i t h time at a constant 
temperature, and found th a t the exponential decay 
obtained could be described by an equation of the 
form:-

I ( t ) = ( I Q - I , * ) exp (- 1ft) + I M Eq. 5.4 
I i s the i n i t i a l , maximum i n t e n s i t y ; 1 ^ i s 

the value to which i t decays f o r large t ; and If i s a 
constant. 

Values of Y can be obtained from the experimental 
r e s u l t s at d i f f e r e n t temperatures, and these are 
rela t e d to temperature by the equation:-

YW = K Q exp(-E)KAT) Eq. 5-5 
where E )f i s the energy of creation f o r the photo

chemical e f f e c t involved. Albers obtained a value f o r 
ElT of 0.74 eV. Kulp and Kelley (11) had shown tha t 
the energy required to remove a sulphur atom from i t s 
s i t e i n the l a t t i c e , i s 8*7 eV. This value was obtained 
by using a technique of electron bombardment. Albers 1 

value of energy of formation was obviously i n s u f f i c i e n t 
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to achieve displacement of a native atom from the 
l a t t i c e , and so he concluded that the e f f e c t of the 
l i g h t i s to cause association of e x i s t i n g vacancies 
to form a complex. The e f f e c t of the l i g h t at 
elevated temperatures, i s to create new recombination 
centres t h a t thus reduce the number of electron hole 
pairs recombining through the luminescent centres. 
This i s the same explanation proposed by Bube and 
Borchardt, although no information i s obtained as to 
whether the new recombination centres are at 1 eV 
above the valence band, as suggested by Borchardt, 
or are at shallower depths as proposed by Bube. 

3c. Photochemical Changes i n Electron Traps 
Woods and Wright (12) noted t h a t the e f f e c t of 

strong i l l u m i n a t i o n at temperatures above -40°C on 
t h e i r samples of cadmium sulphide, was to cause^f the 
disappearance of a sharp T.S.C. peak w i t h a maximum 
at 0°G, ..and greatly to enhance a second peak at +60°C. 
The photocurrent against temperature curves showed a 
s i m i l a r behaviour to t h a t reported by Bube ( 6 ) . The 
0°C peak could be regained by heating i n the dark at 
lOO^c. The trap causing t h i s peak was assigned a 
depth of 0.50 e"V below the conduction band, using 
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Bute's method of T.S.C. analysis. Because t h i s 
behaviour was found only i n cadmium r i c h samples, 
i t was assumed that the trap was due to sulphur 
vacancies. Thejf proposed that the e f f e c t of the 
l i g h t was to produce cadmium vacancies by a process 
of photochemical deposition of cadmium from the 
l a t t i c e at dislocations. The sulphur vacancies then 
associate w i t h the cadmium vacancies, and give r i s e 
to the peak at 60°C. As t h i s happens, the trap 
emptying at 0°C i s destroyed. Heating at 100°C 
causes dissoc i a t i o n of the cadmium and sulphur 
vacancies complex. I n a l a t e r paper Woods (13) 
obtained f u r t h e r evidence f o r the above hypothesis, 
when he noted t h a t the o r i g i n a l state cannot be 
completely regained from the PCT samples by heat 
treatment i n the dark. The e f f e c t of the heat 
treatment i s to cause some loss of cadmium, and so 
r e p e t i t i o n of the cycle of treatment causes a gradual 
increase i n the concentration of cadmium vacancies. 
This i s seen as a gradual decrease i n the height of 
the 0°C peak, and also as an increase i n the height 
of a peak with a maximum at -100°C. I n the f i r s t 
paper,. Woods and Wright had associated t h i s peak wi t h 

cadmium vacancies. 
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Woods and Nicholas (14) divided t h e i r samples 
i n t o two categories, i . e . cadmium r i c h and sulphur 
r i c h . They found photochemical e f f e c t s i n both kinds 
of c r y s t a l , although of very d i f f e r e n t natures. From 
measurement of T.S.C. curves they found that i n cadmium 
r i c h samples a set of traps at 0.25 eV below the 
conduction band could be changed by photochemical 
treatment i n t o two new traps at 0.41 and 0.83 eV below 
the conduction band. The process was reversible, and 
the 0.25 trap could be regained by heat treatment at 
100°C i n the dark. The 0.25 eV trap was not found i n 
sulphur r i c h samples, and heat treated crystals showed 
no T.S.C. peaks. The 0.41 and 0.83 eV traps could be 

o 
produced by i l l u m i n a t i o n at around 0 C, and a f u r t h e r 
set of traps was observed at 0.63 eV a f t e r i l l u m i n a t i o n 
at above +80°C. The trap at 0.83 eV below the 
conduction band was found to have a capture cross-

-14 2 
section of 10 cm , which meant t h a t i t should have 
been a f a s t retrapping centre. However, photoconductive 
decay measurements showed that i t emptied monomolecularly. 
Essentially the same theory i s used to explain the 
behaviour of these traps as had been used i n the e a r l i e r 
papers. (The trap at 0.5 eV i n the previous paper could 
be the same as the 0.83 eV trap proposed here, because 
of the d i f f e r e n t methods of analysis used.) The reason 
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f o r the anomalous behaviour of the O.83 eV trap i s 
th a t although i t has a large capture cross-section, 
i t cannot take part i n retrapping since i t dissociates 
as soon as i t loses an electron. 

Trofimenko et a l . (15) found very s i m i l a r 
behaviour f o r sulphur doped c r y s t a l s to t h a t found by 
Y/oods et a l . Two T. S. C. peaks at around 0°C could be 
removed by i l l u m i n a t i o n between +15 and -75° G w h i l s t 
cooling from 100°C, and they could be replaced by a 
t h i r d peak at 65°C. To explain these phenomena, they 
proposed the energy scheme shown i n f i g . 5^4. Three 
traps closely associated i n the l a t t i c e are surrounded 
by a p o t e n t i a l b a r r i e r of height E when, empty, which 
becomes even higher when any of the traps are f i l l e d . 
The traps have capture cross-sections f o r electrons Ŝ , 
S2 and which vary w i t h temperature, so that at above 
+15°C, S-L) S 2 , S 3 ; and below -75°G, S 2 , S 3 . At low 
temperatures E 2 and E-^ f i l l p r e f e r e n t i a l l y , and raise 
the height of the b a r r i e r , so that E-j^ cannot be f i l l e d . 
At high temperatures E-j^ f i l l s , and does not allow E 2 

and E ^ to be f i l l e d . They obtained values f o r E-^ E 2 

and E ^ of O.65, 0.45 and 0.4 eV. One d i f f i c u l t y w i t h 
t h e i r model i s that they obtained a value of E between 
0.7 and 1.0 eV, and i t i s d i f f i c u l t t o see.'how E 2 
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Trapping Centre Surrounded by-
Potential B a r r i e r 
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E-j can be less than E. Bube et a l . (16), obtained 
s i m i l a r r e s u l t s on CdS-CdSe cr y s t a l s , and proposed 
a s i m i l a r explanation to th a t j u s t described. They 
found a trap at 0.73 eV below the conduction band 
which could be created by photochemical treatment. 
This trap also had a large capture cross-section, 
but emptied monomolecularly, as had been found f o r 
the O.83 eV trap studied by V/oods and Nicholas. Bube 
obtained a b a r r i e r height of 0.28 eV. 

Korsunskaya et a l . (17) found one low temperature 
peak i n T.S. G. measurements on samples of pure CdS, 
a f t e r cooling i n the dark, and a f u r t h e r four maxima 
f o r samples cooled i n the l i g h t . Two of these new 
sets of traps occurred at low temperatures, and two at 

1 

around 0°G. Because the two low temperature traps 
could be r e f i l l e d at the lowest temperature a f t e r 
thermal emptying, as long as the high temperature traps 
were not emptied, they discounted the p o s s i b i l i t y of 
a p o t e n t i a l b a r r i e r , and again proposed the existence 
of photochemical e f f e c t s . Once more the cause i s 
a t t r i b u t e d to the association of sulphur and cadmiu m 

vacancies, and i t i s proposed that a l l four traps are 
connected w i t h one o r i g i n a l complex. They also studied 
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the photochemical creation of recombination centres by-
measurement of photoconductive decay and spectral 
response of photocurrent, and found that new 
recombination centres are farmed at the same time as 
the new traps. These were considered also to be part 
of the same complex. The energies of creation f o r a l l 
the types of centre were between 0.15 and 0.3 eV, 
although the reason f o r d i f f e r e n t parts of the same 
complex having d i f f e r e n t energies of creation i s 
d i f f i c u l t to understand. 

Bryant and Cox (18) correlated the photochemical 
changes observed i n the i n f r a - r e d luminescence of CdS, 
wi t h the changes seen i n the T.S.C. curves. *They used 
a temperature of 220°C f o r l i g h t treatment, and found 
that t h i s caused the 1.02 micron emission band to grow 
larger, and the 0.73 micron band to decrease w i t h a 
reaction enthalpy of 1.32 eV. The opposite e f f e c t was 
produced by heat treatment i n the dark at t h i s temperature, 
but t h i s time w i t h an associated energy constant of 0.42 
eV. The i n t e n s i t y of emission bands at 1.5 to 2.2 
microns was found to be enhanced by heat treatment under 
i l l u m i n a t i o n at high temperatures. Por t h i s process a 
range of a c t i v a t i o n energies of 0.19 to 0.30 eV was 
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found. A maximum i n the T.S.G. measurements a t 100°C 
was found t o appear as the luminescence grew, and 
Bryant and Cox proposed t h a t "both are due t o t h e same 
centre. The t r a p depth was c a l c u l a t e d t o be 0.86 e'V, 
and as the o p t i c a l energy o f the luminescence would 
be 1.68 eV a t 100°C, t h i s gives a r a t i o o f 1.95 f o r 
the o p t i c a l t o the thermal depth o f t h e centre. 

3d. The E f f e c t o f the Ambient Atmosphere 
The e f f e c t s o f oxygen and o t h e r gases upon 

d i f f e r e n t types o f measurement on CdS have "been r e p o r t e d 
"by many workers. The purpose o f t h i s s e c t i o n i s not t o 
summarise these, hut j u s t t o mention the work o f Mark 
(19) (20) i n t h i s connection. He has s t u d i e d t h e 
phenomenon o f overshoot o f p h o t o c o n d u c t i v i t y i n CdS, and 
has a t t r i b u t e d . i t t o t h e presence, o f Pxygen on the 
surfaces o f t h e samples. I n - h i s work t h i s may w e l l 
have "been t h e cause, hut the other r e s u l t s on t h i s 
s u b j e c t , p r e v i o u s l y mentioned, have "been taken from 
measurements i n a v a r i e t y o f atmospheres and degrees o f 
h i g h vacuum. For t h i s reason i t i s assumed t h a t these 
are genuine photochemical e f f e c t s , and cannot he due t o 
the presence o f oxygen. Mark obtain e d a value o f 0.90 
eV f o r the a c t i v a t i o n energy o f t h e a d s o r p t i o n process, 
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which agrees w e l l w i t h the values obtained f o r t h e 
photochemical process r e p o r t e d "by o t h e r workers. 

4. Conclusion 
From t a b l e I , i t can be seen t h a t the values o f 

a c t i v a t i o n energy f o r t h e photochemical c r e a t i o n f a l l 
n e a t l y i n t o two groups. The low energy group ranges 
from 0.15 t o 0.3 eV and t h e values a t hi g h energy from 
0.7 t o 1.0 eV. The o n l y exceptions t o t h i s are the 
values obtained by Bryant and Cox f o r the c r e a t i o n and 
d e s t r u c t i o n o f th e 1.02 micron emission band i n CdS. 
(1.32 and 0.42 e\C) The low energy value o f the a c t i v a t i o n 
energy i s associated w i t h t h e c r e a t i o n o f one or two 
T.S.C. peaks at around 0°c, (one o f depth 0.83 eV, 
according t o Woods and Nicholas) and i s seen i n pure o r 
cadmium doped c r y s t a l s . The hig h e r value o f a c t i v a t i o n 
energy i s seen i n sulphur doped o r hi g h r e s i s t a n c e 
samples, and i s associated w i t h the c r e a t i o n o f both a 
T.S.C. maximum a t 60 t o 65°C, and recombination centres 
i n the bottom h a l f of the f o r b i d d e n energy gap. Estimates 
o f t h e exact l o c a t i o n o f the new recombination centres 
v a r y from 0.15 t o 1.0 eV above the valence band. 
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The i d e a o f a p o t e n t i a l "barrier having an e f f e c t 
upon t r a p f i l l i n g may "be c o r r e c t , although t h i s s o r t 
o f e f f e c t cannot e x p l a i n the changes i n luminescence 
observed. Photochemical e f f e c t s do occur i n CdS, and 
since the energies o f c r e a t i o n obtained from overshoot 
and luminescence f i t w i t h those obtained from T.S.C. 
curves, i t seems probable t h a t the changes i n T. S.C. 
t r a p spectra are also due t o a photochemical e f f e c t . 

The e x p l a n a t i o n o f t h e r e s u l t s o f Bryant and Cox 
may be t h a t they were s t u d y i n g a d i f f e r e n t k i n d o f 
photochemical e f f e c t from t h a t seen by the o t h e r 
workers, o r i t may be t h a t i n t h e i r samples th e y had 
ot h e r recombination centres changing photo chemically 
at the same time as t h e ones under study. This could 
have caused some d i s t o r t i o n o f t h e i r r e s u l t s . 

I t would seem t h a t a t l e a s t two types o f photo
chemical e f f e c t take place i n cadmium sulphide; perhaps 
one i n v o l v i n g p r i n c i p a l l y sulphur vacancies w i t h an 
a c t i v a t i o n energy o f ~ 0 . 2 eV, and t h e oth e r w i t h an 
a c t i v a t i o n energy o f "0.8 eV i n v o l v i n g mainly cadmium 
vacancies. 
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CHAPTER SIX 

EXPERIMENTAL APPARATUS 

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

The measurements made can "be d i v i d e d i n t o two types -
e l e c t r i c a l and o p t i c a l . Although these two were o f t e n 
made simultaneously, the d e s c r i p t i o n o f the apparatus 
i n v o l v e d i s d i v i d e d i n t o two p a r t s . F i r s t , however, the 
cr y o s t a t and the method o f temperature measurement w i l l 
be described, since these are necessary f o r both k i n d s 
o f experiment. 

2. The Cryostat 
The c r y o s t a t i s shown i n f i g . 6.1. I t s main chamber 

was m i l l e d out o f a copper block. I t contained a window 
(window 1) i n one o f i t s sides. The double w a l l e d neck 
consisted o f german s i l v e r tubes soldered t o each oth e r 
through a brass r i n g . The s o l i d copper block on which 
th e sample was mounted was soldered t o the i n n e r o f the 
two tubes. I t was bored out i n th e middle t o a l l o w the 
heater t o lodge i n i t . One octagonal face o f th e c r y o s t a t 
was open t o a l l o w access. The face could be closed by a 
copper p l a t e c o n t a i n i n g another window (window 2 ) . Both 
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windows were quartz g l a s s , and could be made l i g h t proof 
by s p e c i a l covers. The thermocouple and H.T. leads were 
l e d out o f the c r y o s t a t through glass-to-metal seals. 
The H.T. leads were f u r t h e r connected t o a c o a x i a l socket. 
A s i l i c a microscope cover s l i p was f i x e d t o the copper 
bl o c k w i t h a r a l d i t e , and t h e sample mounted on top o f 
t h i s . The sample was h e l d down by t h e indium c o n t a c t s 
t h a t were melted on. The thermocouple j u n c t i o n was 
immersed i n one o f these contacts. The thermocouple 
c o n s i s t e d o f copper-constantan, and t h e reference j u n c t i o n 
was kept i n a mixture o f water and i c e . The thermocouple 
v o l t a g e was read by means o f a potentiometer, and was 
recorded by marking the thermocouple readings on the 
c u r r e n t t r a c e from the pen recorder. The c r y o s t a t was 

-5 
evacuated t o a pressure o f 10 t o r r by a mercury d i f f u s i o n 
pump ajid a r o t a r y backing pump. I t was cooled by p o u r i n g 
l i q u i d n i t r o g e n i n t o the i n n e r tube, and was warmed up by 
t h e heater, which could be set f o r d i f f e r e n t h e a t i n g r a t e s . 

3. The C i r c u i t f o r Thermally Stimulated Current Measurement 
The c i r c u i t used f o r the measurement o f t h e r m a l l y 

s t i m u l a t e d c u r r e n t s i s shown i n f i g . 6.2. The v o l t a g e was 

sup p l i e d by a b a t t e r y power pack, and the v o l t a g e across 
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the sample was v a r i a b l e from 0 t o 100 v o l t s . The ammeter 
A, was a microammeter used f o r p h o t o c o n d u c t i v i t y 
measurements. P a r a l l e l r e s i s t a n c e s could be switched 
i n t o a l l o w f o r f u l l - s c a l e d e f l e c t i o n readings o f l O ^ a , 
lOOytta and 1 ma. The D. C. a m p l i f i e r had an i n p u t 
r e s i s t a n c e o f 50 ohms, and allowed d e t e c t i o n o f c u r r e n t s 
down t o 10 1 1 amps. The a m p l i f i e r had f o u r s e n s i t i v i t y 
ranges, 1 0 " 1 1 amps, and lOdB, 20dB and 30dB down on t h i s . 
]Purther r e s i s t a n c e s could also be switched i n p a r a l l e l 
w i t h the a m p l i f i e r t o b r i n g the s e n s i t i v i t y down, by a 
maximum o f 80dB. 

4. I n f r a - r e d Luminescence Measurements 
The arrangement f o r the luminescence measurements i s 

shown i n f i g . 6.3. The e x c i t i n g r a d i a t i o n was p r o v i d e d 
by a mercury p o i n t source arc. This was focussed on t o 
the sample by two s i x i n c h diameter, t e n i n c h f o c a l l e n g t h , 
condenser lenses. Between the source and the lenses was an 
e i g h t h i n c h pyrex p l a t e , t o remove enough o f the i n f r a - r e d 
r a d i a t i o n t o avoid c r a c k i n g the lenses. The remaining 
i n f r a - r e d was removed by two .Chance f i l t e r s , ON 10 and one 
centime-fee o f 10% copper sulphate s o l u t i o n . The v i s i b l e 
r a d i a t i o n was not removed from the i n c i d e n t l i g h t , because 

i t s removal was found t o decrease t h e i n f r a - r e d emission 
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"by two orders of magnitude. The emitted radiation was 
co l l e c t e d and focussed on the s l i t of the spectrometer 
by two focussing mirrors. The spectrometer was a Barr 
and Stroud double prism spectrometer type VL2, containing 
quartz prisms.. The input signal was mechanically chopped 
at 800 c.p.s.., and was detected at the output s l i t by a 
lead sulphide detector. The signal was amplified by an 
a m p l i f i e r tuned to 800 c.p.s., and the output from t h i s 
drove a pen recorder. The wavelength drive on the 
spectrometer could be driven by a s i x speed gear box, 
and had f a c i l i t i e s f or marking the wavelength on the 
recorder paper. The response of the lead sulphide 
detector was calculated by using a thermopile as a 
detector, and a tungsten lamp source. Because of the 
slow response of the thermopile, the input signal could 
only be chopped at 10 c.p.s., and the amplifier had also 
to have i t s f i l t e r s changed to t h i s frequency. 
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CHAPTER SEVEN 

CRYSTALS GROWN IN SEALED TUBES 

1. Introduction 

I n order to study the photochemical e f f e c t s that 
occur i n CdS, i t i s not s u f f i c i e n t to use measurements 
of one i s o l a t e d property only. The heights of T. S. C. 
maxima depend upon the number and kind of recombination 
centres present, as well as the density of trapping 
centres causing the maxima, so that photochemical changes 
i n the T.S.C. spectra can be due to changes i n the 
trapping centres- themselves, or to changes i n the 
recombination centresi I n order to study both kinds of 
centre at the same time, the following procedure was 

o 
used:- The sample was heating to 390 Z i n order to have 
i t i n some known state before each set of measurements. 
I t was then cooled to l i q u i d nitrogen temperature. 
During cooling the i l l u m i n a t i o n was allowed to f a l l , on 
the sample over d i f f e r e n t termperature. ranges i n order 
to produce the photochemical e f f e c t s to be studied. I n 
most cases the illumination was started at a v a r i a b l e 
temperature, T r, and continued down to l i q u i d nitrogen 
temperature. The source of the illumination was 
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described i n chapter s i x . I t s i n t e n s i t y was 5,000 foot 
candles. At l i q u i d nitrogen temperature, the i n f r a - r e d 
luminescence was measured f i r s t , a f t e r which the 
illumination was removed. The sample was then reheated 
to 390°K, at a constant heating rate, and a thermally 
stimulated current was obtained. The measurement of 
the i n f r a - r e d luminescence gave information about the 
state of the recombination centres immediately p r i o r 
to the measurement of the trapping spectra. 

The r e s u l t s described i n t h i s chapter were obtained 
from measurements' on a c r y s t a l of CdS, which had been 
part of a large single c r y s t a l , grown by a p u l l i n g 
technique at a temperature; of 1,3.00° C. The sample had 
a dark r e s i s t i v i t y of 10"1"1 ohm cm. at room temperature. 
The r e s u l t s described below are t y p i c a l of the high 
r e s i s t a n c e samples grown by the p u l l i n g method. 

2. Trapping Spectra 
The thermally stimulated current spectra following 

the d i f f e r e n t i r r a d i a t i o n treatments, a l l showed, four 
peaks, as can be seen i n f i g . 7.1. Values of trap 
depth of 0.2, 0.16, 0.25 and 0.33 eV, were obtained for 
peaks 1, 2, 3 and 4 r e s p e c t i v e l y , using a v a r i e t y of 
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the a n a l y t i c a l methods described i n chapter three, and 
the results^ from several runs. The high temperature 
part of the curves yielded a value of 0.67 e,V, using 
Ga r l i c k and Gibson's method i n conjunction with thermal 
cleaning. 

2. a. Peak at 98°K. 
The lowest temperature peak yielded, a wide spread 

of values for trap depth which varied around a mean value 
of 0.2 eV. I t was assumed that t h i s spread was due to 
two causes:- 1) l i q u i d nitrogen temperature i s not 
s u f f i c i e n t l y low for the whole of the peak to be observed, 
and 2) i t i s experimentally d i f f i c u l t to obtain l i n e a r 
heating r a t e s at temperature?: j u s t above the i n i t i a l 
temperature. To obtain information about these two 
fac t o r s , an attempt was made to plot the t h e o r e t i c a l 
curve for t h i s peak. 

The equation for the T.S.C. curve obtained from the 

thermal emptying of a monomolecular centre i s given by 

eq. 3.5 :-

m 

I f one assumes that v i s temperature independent, 

which i s equivalent to saying S^oC T , t h i s can be 
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r e w r i t t e n : -
Cr = A exp (-t) + B e x p ( - t ) . t d t . Eq. 7.1 

where t = E/kT; A and B are constants; and- B «. Q E. 
The m o b i l i t y i s proportional t o T z , and may also 
be temperature dependent, but f o r the present purposes 
they can be assumed to be e s s e n t i a l l y constant over the 
temperature range of a single peak. 

I n t e g r a t i n g by pa r t s , gives:— C - t f t . -. 
- t + B j - | - 1 e ' ^ . t ^ d t 

^ o 
(T = A exp Eq. 7.2 

The i n t e g r a l i n the above equation i s a standard 
i n t e g r a l f o r which values have been tabulated. However, 
f o r large values of t , i t can be approximated t o : -

S: e - t / t dt = (e"Vt) " (e"Vt 2 + 
J*o. 

Eq. l,2.i 

Resubstitution of t h i s i n eq. 7.2, causes two of the 
terms to cancel out, and the equation becomes:-

- t -2 '* = A exp - t - B(e . t ) Eq. 7.3 

I f the i n i t i a l temperature i s w e l l below the 
temperature span of the T. S.C. curve, then e / t ? ^ e 
and the l i m i t s can be ignored. 

D i f f e r e n t i a t i o n of C w i t h respect to t , gives the 
equation:-
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|£ = A exp [ ] x 1̂-1 + B . e ^ . t ' ^ t + 2) 
Equating t h i s t o zero, to f i n d the conditions at 

the maximum, y i e l d s the expression:-
B = e t # . t * 3 / ( 1 : * + 2) Eq. 7-4 

Since the value of B cannot be determined 
accurately, the experimental value of t * can "be inserted 
i n Eq. 7.4, to give a value of B, f o r which the 
t h e o r e t i c a l curve w i l l have a maximum at the correct 
temperature. This value of B can then he used t o p l o t 
the t h e o r e t i c a l curve using Eq. 7.3 and thus t o decide 
whether the experimental value of trap depth f i t s the 
theory. 

12 
A value of B = 2.9 x 10 was obtained f o r peak 1, 

using eq. 7.4, and a value of E = 0.2 eV. I n f i g . 7.2, 
the experimental curve i s shown as points, and the values 
obtained from the t h e o r e t i c a l eq.. 7-3, are shown as a 
f u l l curve. I t can be seen t h a t although the high 
temperature side of the curve f i t s quite w e l l w i t h theory, 
the leading edge does not. The d i s p a r i t y at low 
temperatures shows t h a t the i n i t i a l temperature was not 
s u f f i c i e n t l y low f o r the t h e o r e t i c a l curve, t o be obtained, 
because the assumptions made i n d e r i v i n g the equation f o r 
the curve, require T Q t o be appreciably lower than the 
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"temperature of the maximum. I n d e r i v i n g eq.. 7.3, i t 
was assumed t h a t e / t e o / t Q . For e 0 / t Q to "be 

— t 2 
one per cent of e / t , t 0 must be lower than t * by 
approximately 4. For t h i s curve, w i t h a maximum at 
about 100°K, i t would mean t h a t a value of T Q = 70°K 
would be needed. I n pr a c t i c e T Q was 85°K, which i s 
obviously too., high. However, i f the curve i s p l o t t e d 
t a k i n g i n t o account the value of T Q, i t i s found t o be 
the same shape as before, and the only difference: i s 
th a t a higher constant i s needed- to normalise the curve 
to the experimental one. The i n s u f f i c i e n t l y low 
s t a r t i n g temperature w i l l , thus only lead to miscalculation 
of t r a p d e n s i t i e s , and not o f trap depth., The reason 
f o r the d i s t o r t i o n of the T. S. C. peak must then be 
i n s u f f i c i e n t l y l i n e a r heating rates at these low 
temperatures, and i t i s t h i s t h a t causes the uncertainty 
i n the values o f trap depth. 

Because of t h i s d i s t o r t i o n of the T.S.C. curve, the 
values of t r a p depth evaluated by most of the methods 
described i n chapter three are too high, so that no very 
exact value of trap depth can be quoted f o r t h i s centre. 

Since B = E^//Sk, and ^ = N cvS T, a value o f s T > 

the electron capture cross-section f o r the t r a p , can be 
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—18 9 
obtained;, once B i s known. A value of 6.7 x 10 cm" i s 
obtained f o r t h i s centre, which suggests th a t i t i s due 
t o a defect t h a t has zero e l e c t r i c a l charge. 

Use of Grossweiner* s equation (eq. 3.10) f o r the 
capture cross-section, y i e l d s a value of = 5.8 x 10 

2 
cm , which i s i n good agreement w i t h the value obtained 
from the previous method. 

Prom eq. 7.1, i t can be seen t h a t : -
A = n^g^ eJ*dj ancl since 0 =. N cvS T, 

A = n t o z e / i N c v S T 

A i s the adjustable f a c t o r required to make the 
t h e o r e t i c a l curve f i t the experimental one. Prom a 
knowledge of A, values of n^.Q can be obtained, provided! 
t h a t one knows the value of Z>. For t h i s peak, a value 

-5 
ofv t = 1.25 i 10 seconds was obtained from measurement 
of the^photoconductive gain. This y i e l d s a trap density 
of n^ Q = 1.3 x 10 per cm . Because of the high 
i n t e n s i t y of the e»citing r a d i a t i o n , and the appreciable 
length of time f o r which the e x c i t a t i o n was maintained, 
i t was assumed t h a t n t Q , the number of traps i n i t i a l l y 
f i l l e d , was the same as the number of traps e x i s t i n g i n 
the l a t t i c e . 
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Because of the d i s t o r t i o n of the T. S.C. curve f o r 
these traps, and the consequent possible error i n the 
value obtained f o r trap depth, f u r t h e r errors w i l l 
have been introduced t o the calculations of trap density 
and capture cross-section. The true value of capture 
cross-section w i l l tend to be less than t h a t obtained 
experimentally; s i m i l a r l y , the value of trap density 
provides an upper l i m i t . 

2.b. Peaks at 120 and 150°K 
Application of the standard techniques of analysis 

to the r e s u l t s from several runs, yielded values of trap 
depth of 0.16 and 0.25 eV f o r these two peaks. The 
large spread of values obtained f o r the peak at 120°E, 
suggests t h a t t h i s peak i s also d i s t o r t e d because the 
heating rate i s not l i n e a r j u s t above the s t a r t i n g 
temperature. The values of trap depth agree w i t h those 
of Nicholas and Woods, who found traps at 0.14 and 0.25 
eV below the conduction band. Pig. 7.3 shows the 
experimental curves p l o t t e d as; continuous l i n e s , and the 
t h e o r e t i c a l shapes as shown as points. I t can be seen 
t h a t i n neither case do the points f i t the curves, and 
i t was necessary to assume values of t r a p depth of 0.18 
and 0.21 eV respectively, i n order t o obtain a good f i t . 
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Values o f capture cross-section of 4.6 x 10 and 
3 x 10~ 2 1cm 2, and trap densities of 2 x 10 1 4 - and 1.3 x 10 
per cm*, were obtained f o r the traps at 0.18 and 0.21 eV 
below the conduction band respectively. 

2.c. Peak at 230°K. 
Because of the f a c t t h a t Nicholas and Woods, u n l i k e 

several other authors, had found no traps at 0.3 eY 
below the conduction band, these centres were studied 
more: thoroughly to t r y and determine the exact value of 
tra p depth. The reason f o r t h i s was t h a t the various 
methods of chapter three:, when applied t o t h i s peak, 
had l e d to a value of 0.33 eV. Using the method of 
analysis described i n section 2.a., a value of B = 5.6 x 
Q 

10 was obtained. Points from the t h e o r e t i c a l curve: f o r 
t h i s trap were p l o t t e d and compared w i t h the experimental 
curve, f i g . 7.4.a. I t can be seen t h a t the points do 
not l i e on the curve. Using a value of 0.30 eV, the 
points can be made to f i t b e t t e r on the leading edge, 
but again the high temperature side of the peak does not 
f i t . This suggests t h a t the trapping centre i s , i n fact,, 
double. To elucidate t h i s s i t u a t i o n , a slower heating 
ra t e was used (0.1 instead of 0.5°C per second), and the 
re s u l t a n t curve shown i n f i g . 7.4.b confirms th a t t h i s * 
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i s a case of severe overlapping. Another f a c t o r t h a t 
had suggested t h i s p o s s i b i l i t y was t h a t a value of 

8 —2^ 2 B = 5.6 x 10 , leads to a value of S T of 10 "cm , 
which i s extremely small. Using values of trap deprth 
of 0.42 and 0.39eY, i t i s possible to p l o t the double 
t h a o r e t i c a l peak to give a good f i t w i t h the 
experimental r e s u l t s . 

I t i s assumed t h a t the major part of the T. S..C. 
peak i s a t t r i b u t a b l e to a t r a p at a depth of 0.42 eV 
below the conduction band, and that the peak was 
d i s t o r t e d by the presence of another trap at a s l i g h t l y 
shallower depth. The capture cross section f o r the 

—1 8 
more populous centre was calculated t o be 2.6 x 10 cm' 

17 3 
the trap density was 2 x 10 per cm . 

2.d. Photochemical Eff e c t s 
I t can be seen i n f i g . - 7.1, t h a t the e f f e c t of 

i r r a d i a t i n g a c r y s t a l w i t h l i g h t at high temperatures 
i s to increase the heights of the T.S.C. peaks. Below 
273°K, i l l u m i n a t i o n had no e f f e c t , and the same curve 
f , was obtained f o r a l l i r r a d i a t i o n treatments* t r i e d 
below t h i s temperature. Because of t h i s , and because 
a l l the peaks changed*proportionately together, i t i s 
assumed t h a t the concentrations of the centres 
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responsible f o r the peaks are not changing themselves, 
but th a t the differences i n height are due t o changes 
i n the number of recombination centres. I t i s supposed' 
th a t new s e n s i t i s i n g recombination centres are produced 
photochemically, and as these have large hole capture 
cross-section, but small electron capture cross-section, 
t h e i r e f f e c t i s to increase the electron free l i f e time 
by removing holes th a t would otherwise recombine r a p i d l y . 
The l i f e time £, i s proportional t o the conductivity at 
a peak, and a consideration of the k i n e t i c s of 
recombination of a simple model containing a disc r e t e 
set of traps and two types of recombination centre, 
shows t h a t : -

\/Z = ^ ( N ^ ) + / 2 ( N 2 - n 2 ) + ^ 3 ( N 3 - n 3 ) 

where N i i s the number of centres i , i s the 
number of these centres f i l l e d w i t h electrons, and J3^ 

i s the product of i ^ . and v, the capture cross-section 
of centres i f o r electrons, and the thermal v e l o c i t y 
of electrons. The subscripts 1, 2 and 3 have the meaning 
given t o them i n chapter four. 

Assuming no retrapping, then:-
/? 3(N 3- n 3 ) = 0 
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and:-

1A = /iCV V + /S2<V n 2 ) 

Now i f p holes are created, and l e v e l s 1 and 2 
have equal p r o b a b i l i t y of capturing holes, the r a t i o 
of holes i n centres 1 and 2 equals the r a t i o of the 
concentration of these centres, i.e..:— 

V °2 

therefore:— 

Eq. 7.5 

1/Z = /3 2<N 2-n 2) + ^1 
N2 

Eq. 7.6 

The t o t a l number of holes created, p, have been 
assumed t o be captured at centres 1 and 2. Therefore: 

( N j - n ^ + (N 2- n 2 ) = p 
Subs t i t u t i n g from eq. 7-5 gives:-

(N 2- n 2 ) ( l + N2/N2) = p 
Substit u t i n g i n eq. 7-6 :-

r 

= (-1 + N-̂ N,,) W i N 2 J 
BTow £ approaches a l i m i t i n g value, fcm, when 

N 2 ) ) B̂ . Then, l / C m = P /^2' s i n c e 8 1 1 "fcne n o l e s a r e 

concentrated i n centres 1. Therefore:-

- 112 -



I t can "be seen from the curves i n f i g . 7.1 t h a t 
the value of Z does not approach a l i m i t i n g value, so 
t h a t Ng cannot he much greater than f o r any of the 
d i f f e r e n t states of the c r y s t a l . For t h i s reason an 
a l t e r n a t i v e theory must he used. 

Since N 2 i s seen to he small compared to i n 
t h i s sample:-

I f p holes are created, they are a l l trapped at 
1/Z = / ^ ( H j - n x ) 

type I centres, that fa - n j = p and: so 

ft 

I f now N« type I I centres are created:-

N„ - n 
N-, - n. 1 

2 
N 
N 

and once again: 

Prom these three equations i t follows t h a t : -

4: -0 eq. 7.8 
I f N 2 varies w i t h an a c t i v a t i o n energy E^, according 

to the equation:-
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N 2 OC exp(-E QAT r) 
then a p l o t of l n ( % ^ -1) against l / T r y i e l d s a 

value of 1^. T p i s the temperature at which the 
i l l u m i n a t i o n i s started, as the sample i s "being cooled. 
Pig. 7-5 shows t h i s curves p l o t t e d f o r peaks 1, 2 and 3. 
A value of of 0.2 eV was obtained from the slopes of 
these curves. 

3. I n f r a - r e d Luminescence. 
The only i n f r a - r e d luminescence emitted "by t h i s 

sample was the double band w i t h maxima at 1.6 and 1.8 
microns. None was detectable at 1.02 microns f o r any 
of the d i f f e r e n t treatments. The e f f e c t of p r i o r 
i l l u m i n a t i o n at high temperatures was to increase the 
i n t e n s i t y of the r a d i a t i o n emitted, as can be seen i n 
f i g . 7-6. Assuming that the i n t e n s i t y of the emission 
i s proportional to the number of luminescent centres i n 
the l a t t i c e , then:-

I = l Q expt-Ej/kTj.) 
where I i s the lowest value of the luminescent o 

i n t e n s i t y , and i s the energy of creation f o r the 
centres causing the Luminescence. I n f i g . 7.7, I n I 
i s p l o t t e d against l / T r . A value of 0.29 eV was 
obtained from the slope of the curve. 
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4. Conclusions 
At least four discrete electron traps e x i s t i n 

t h i s sample. The f i r s t , which empties thermally at 
very low temperatures can only have a depth of ̂ 0.2 eV 
assigned to i t . The two emptying at 120 and 150°K 
y i e l d values of trap depth of 0.18 and 0.21 eV, i f 
the t h e o r e t i c a l curves are t o f i t the theory. The 
f o u r t h maximum i n the T. S. C. curve seems to "be due t o 
two traps of s i m i l a r depth. Values of 0.-39 and 0.42 eV 
give a good t h e o r e t i c a l f i t t o the experimental curve. 

Photochemical e f f e c t s occur t h a t cause v a r i a t i o n s 
i n the number of s e n s i t i s i n g centres, and also cause 
changes i n the number of centres involved i n the i n f r a 
red luminescence at 1-6/1.8 microns. I f the c r u d i t i e s 
of the theory governing the s e n s i t i s i n g e f f e c t are 
allowed f o r , i t can he considered t h a t the a c t i v a t i o n 
energy i s the same f o r the two processes, and i n f a c t , 
the two centres involved are the same. 
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CHAPTER EIGHT 

CRYSTALS GROWN BY THE FLOW METHOD 

1. I n t r o d u c t i o n 
The r e s u l t s given i n t h i s chapter are those obtained 

from measurements made on a sample of pure CdS i n the form 
of a rod. The c r y s t a l was grown from the powder "by the 
flow method, at a temperature of 900°C. I t had a dark 
r e s i s t i v i t y o f 1 0 ^ ohm cm. at room temperature.. The 
"behaviour of t h i s c r y s t a l , which i s described i n d e t a i l 
"below, i s t y p i c a l of high resistance pure samples as grown. 

With t h i s c r y s t a l the dark current increased w i t h 
time i f the sample was held at a steady temperature above 
100°c.. With other samples, a d i f f i c u l t y had "been to 
determine the state of the sample "before any photo
chemical treatment was carr i e d out, "but the property of 
t h i s c r y s t a l j u s t mentioned, gave some i n d i c a t i o n of the 
state of the sample at high temperatures. 

2. Trapping Spectra 
The same procedure was adopted as i n the previous 

chapter, except that at the beginning of each run, the 
sample was kept at the high temperature (390°K) u n t i l 
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the dark current had reached the value of 10 amps. 
The r e s u l t i n g T. S.C.. curves are shown i n f i g . 8.1. 
The peaks i n the curve overlap so strongly t h a t i t i s 
d i f f i c u l t : to determine a value of tr a p depth f o r any 
of the traps involved. The number of peaks "between 
100 and 250°K cannot be determined since the overlap 
i s so strong, but two d e f i n i t e peaks can be seen at 
290 and 330°K.. 

2.a. Low Temperature Peaks 
Although no information can be obtained about trap 

depths from the low temperature positions of the T. S.C.. 
curves, the curves are i n t e r e s t i n g because they show a 
s i m i l a r behaviour to t h a t observed; at low temperatures 
i n the c r y s t a l grown by the p u l l i n g technique. An 
important difference, however, i s t h a t i n t h i s case 
the l i f e time can be seen to approach a l i m i t , so 
th a t the o r i g i n a l theory of chapter seven, section 2.d., 
can be used t o determine the a c t i v a t i o n energy of 
creation of recombination centres of type 1. The 
appropriate equation i s eq. 7.7 which, since ^ ^ / ^ l 
can be s i m p l i f i e d t o : -

N = H 7 - i ( 1 - Z/U) 
/!2 e. 

-1 
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I f the number of s e n s i t i s i n g centres, N2» i s 
governed by the expression:-

N 2 OC expC-I^ATjJ 
then a p l o t of l n ( ^ ( 1 - ^/frm) - 1) against l/T 

w i l l have a slope of E^/k, and the value of 1^ can be 
determined. The appropriate p l o t i s shown i n f i g . 8.2. 
A good s t r a i g h t l i n e i s obtained w i t h a slope g i v i n g a 
value of 1^ of 0.33 eV. This value i s comparable to 
the value obtained i n chapter seven of 0.2 eV, which 
provides some j u s t i f i c a t i o n f o r using two d i f f e r e n t 
theories f o r the two samples. The e f f e c t of i r r a d i a t i o n 
during cooling i s to produce the s e n s i t i s i n g centres, 
w i t h an energy of creation of 0.33 eV.. 

2.b. Peaks at 290 and 330°K. 
A value of t r a p depth of 0.51 eV was obtained f o r 

the peak at 290°K, using the methods of Grossweiner, 
Luschik and Garlick and Gibson, on the r e s u l t s from a 
number of d i f f e r e n t runs. I t was d i f f i c u l t to thermally 
clean the peak at 330°k, w i t h the r e s u l t t h a t the values 
of trap depth obtained were very scattered. These 
values, however, were spread around a mean of 0.62 eV. 
I n neither case: could the peaks be s u f f i c i e n t l y cleaned 
f o r any attempt at curve f i t t i n g to be made. 
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3. I n f r a - r e d Luminescence 
This sample showed large luminescent peaks at 

"both 1.02 and 1.6/1-8 microns, but because the 
i n t e n s i t i e s seemed to display an almost random 
behaviour, i t was impossible to ohtain any q u a n t i t a t i v e 
r e s u l t s from the experimental curves. I t w i l l be shown 
l a t e r that other centres change photochemically as w e l l 
as the centres involved i n luminescence, and i t i s 
prohably t h i s f a c t that caused the seemingly random 
behaviour of the luminescent bands w i t h i r r a d i a t i o n 
treatment. 

I t was found th a t the dark current at 390° could 
be slowly increased by baking at t h i s temperature: i n 
the dark. To study t h i s further, thermally stimulated 
current curves were obtained by s t a r t i n g from d i f f e r e n t 
dark current values at 390°K, before measurements were 
taken. Pig. 8..3 shows the T. S. C. curves obtained. I t 
can be seen t h a t i n each case, the current through the 
sample returned to the value at which i t started 
before the T.S.C. curve was measured. The 1.02 micron 
luminescent band was absent f o r a l l the runs i n which 
the sample was cooled i n the dark. The absence of t h i s 
"band allows some calculations on the a c t i v a t i o n energy 
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of the 1.6/1.8 micron band t o "be made. Prom f i g . 8.1 
i t can "be seen that i l l u m i n a t i o n during cooling reduces 
the f i n a l dark current at 100°C. Prom t h i s i t i s 
possible to determine the values of T that are 

r 
c 

required to reduce an i n i t i a l dark current of 10 amps 
to f i n a l dark currents; of d i f f e r e n t values. The f i n a l 
dark current values were measured a f t e r each of the 
runs shown i n f i g . 8.1, and the values of T obtained 

r 
from these. The values of T were then used to obtain 

r 
a value of a c t i v a t i o n energy E^, f o r the creation or 
destruction of the centres involved. Pig. 8.4 shows 
the d i f f e r e n t luminescent spectra obtained f o r the 
various i n i t i a l dark current values, i f the sample was 
cooled i n the dark. Pig. 8.5 i s a p l o t of l n ( I ) against 1/T , where T was obtained as described above. This r r 
crude method of ca l c u l a t i o n l e d to a value of E^ of 0.1 
eV.. I t i s proposed that the centres involved i n the 
changing dark current at high temperatures are the 
s e n s i t i s i n g centres observed i n t h i s and the previous 
sample. There are two reasons f o r t h i s statement: 
( i ) the s i m i l a r i t y i n the behaviour of the i n f r a - r e d 
emission from the two samples; ( i i ) the order of 
magnitude agreement between the a c t i v a t i o n energies of 
creation. I t i s re a l i s e d t h a t there exists some 
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discrepancy "between the a c t i v a t i o n energy values, "but 
allowance must "be made f o r the cr u d i t y of the 
calculations. I t i s "believed t h a t the s e n s i t i s i n g 
centres are created "by the action of the l i g h t , and 
destroyed "by "baking at elevated temperatures. At 
these temperatures the centres w i l l "be "behaving as 
acceptors rather than s e n s i t i s i n g recombination centres. 

4. Variation of Dark Current at 390°K. 
Pigs. 8.6 and 8.7 show thermally stimulated current 

curves f o r the same i n i t i a l dark current values as those 
used f o r f i g . 8.3, except t h a t the sample was cooled i n 
the l i g h t from 273° and 390°K, respectively. I t can "be 
seen i n f i g s . 8.3» 8.6 and 8.7 that the height of the 
peak at 330°K i s changing i n r e l a t i o n t o the other peaks. 
I n a l l cases, f o r higher values of i n i t i a l dark current, 
the height of the 330°K peak i s larger. I t seems possible, 
therefore, t h a t i t i s the centres responsible f o r t h i s 
peak, traps at 0.62 eV, th a t are being created from the 
s e n s i t i s i n g recombination centres by baking i n the dark 
at high temperatures. Because of the strong overlapping 
of the peaks i n t h i s part of the T.S.C. spectrum, i t i s 
not possible to obtain any energy of creation value f o r 
t h i s process. 
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5. Conclusion 
The f a c t that the luminescent "bands showed 

d i f f e r e n t patterns of "behaviour w i t h photochemical 
treatment, does not mean t h a t the p o s s i b i l i t y t h a t 
they are associated with t r a n s i t i o n s to or from the 
same centre, i s not tru e . The 1.02 micron band 
involves the t r a n s i t i o n of an electron from a tr a p 
to t h i s centre, w h i l s t the 1.6/1.8 micron band 
involves t r a n s i t i o n from t h i s centre to the valence 
band. The behaviour of the i n t e n s i t y of the 1.02 
micron band w i l l depend upon the magnitude of the 
capture-cross section of the trap involved, r e l a t i v e 
to those of the other traps iin the forbidden gap. 
Since the number of these other traps i s changing, 
i t cannot be expected t h a t the two luminescent bands 
w i l l show p a r a l l e l behaviour. 

The creation of the 0.62 eV t r a p , by the baking 
of the sample at high temperatures, leads to a 
decrease i n the i n t e n s i t y of the luminescence ( f i g . 8 . 4 ) . 
I t could be t h a t the photochemical process destroys 
the trap at 0.62 eV, by causing the centre involved t o 
associate w i t h some other defect, to form the luminescent 
centre, which i s presumed i d e n t i c a l w i t h a s e n s i t i s i n g 
centre* Baking i n the dark at high temperatures has 
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the opposite e f f e c t , and destroys the association that 
forms the luminescent centre to restore the trap at 
0.62 eV. 

Farther evidence; for the r e l a t i o n s h i p "between the 
f i n a l dark current and the luminescence i s shown i n 
f i g . 8.8, where the height of the luminescent peaks at 
1.6/L.8 microns i s plotted against the f i n a l value of 
dark current at 390°K, a f t e r the respective runs. I t 
can "be seen that for high dark current values the 
luminescent i n t e n s i t y i s small,, which again suggests 
that the centres causing the low dark currents: are the 
same' as the luminescent centres. 

I n f i g . 8.9, the i n t e n s i t y of the 1.02 micron hand 
i s plotted against the low temperature peak heights, 
( i . e . against t ). I n t h i s case, as the luminescent 
i n t e n s i t y increases, the value of T, increases, which i s 
some evidence f o r the p o s s i b i l i t y that the luminescent 
centres are the same as the s e n s i t i s i n g centres. For 
t h i s to he true, i t would be necessary for a trap at 
0.49 eV to e x i s t i n the forbidden gap, i n order to 
provide an excited state for an electron i n the correct 
energy position to givejluminescence of 1.02 microns. 
A large peak was found i n the T.S.C. spectra of t h i s 
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sample that corresponded to an energy depth of 0.51 
eV below the conduction "band.. Because of the f a c t 
that the thermal depth should he l e s s than the o p t i c a l 
depth of a trap, there would he some d i f f i c u l t y i n 
assigning t h i s trap to the excited state of the 
luminescent transition.. However, the inaccuracy 
involved i n determining the trap depths from the T.S.C. 
data on t h i s sample could account for t h i s . L a t e r 
samples also show t h i s peak, and more accurate methods 
of measurement y i e l d a value of trap depth of 0.48 eV. 
Prom the T.S.C. curves i t can he seen that the density 
of these centres- remains f a i r l y constant. The centres 
do not seem to he involved i n photochemical changes. 
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CHAPTER NINE 

SULPHUR DOPED CRYSTALS 

1. Introduction 
The r e s u l t s described here are for a s i m i l a r 

c r y s t a l to that used i n chapter eight, i . e . a flow 
o 

c r y s t a l i n the form of a tod, grown at 900 C. The 
sample was, however, treated a f t e r growth "by "baking 
i t f o r 2 hours at 600°C, under a saturation vapour 
pressure of sulphur at t h i s temperature, which i s 
15 atmospheres. This i s f a i r l y l i g h t sulphur treatment, 
and the r e s u l t s for treatment at higher temperatures 
are given i n the next chapter. 

2. Thermally Stimulated Current Curves 
The curves obtained are. shown i n f i g s . 9.1, 9.2 

and 9*3, for the same measurement procedure as that 
used i n chapters 7 and 8.. Although these curves show 
an extremely, complicated pattern, i t should "be 
emphasised that t h i s was completely reproducible, 
provided that the same s t a r t i n g temperature of 390°C 
was used, and the same procedure was adopted as that 
used here. 
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2. a. Trap Depths 
Despite strong overlapping of the T.S.C. peaks, 

there are s i x maxima that can he distinguished. These 
are marked 1 to 6 i n f i g s . 9.1, 9.2 and 9.3. 

The traps which empty to give peaks at 108, 140 
and 185°K, could not he e f f e c t i v e l y cleaned, so that 
the only value of trap depth ohtainahle by normal 
methods, was a value of 0..21 eV obtained for the maximum 
at l85°K by Garlick and Gibson's method. The technique 
of curve f i t t i n g could obviously not be used for these 
traps. However, i f values of capture cross-section are. 
assumed, then trap depths can be determined from knowledge 
of the temperatures at the maxima and the heating r a t e s . 

—18 2 
The assumption that = 10" cm leads to values of E 
of 0.17, 0..23 and 0.32 eV for the three traps. I f S T is-. 
10 - 1^cm 2, then these values-, become 0.16, 0. 20 and 0.27 eV. 
I t i s r e a l i s e d that there: ±b no experimental b a s i s for 
t h i s assumption; however, the values used are reasonable 
f o r traps emptying at these temperatures, and also there 
i s the p o s s i b i l i t y that two of these? three: traps are the 
same as those seen i n the sample grown i n a sealed tube 
(chapter 7) for which values of trap depth of 0.18 and 
0.21 eV were obtained. 
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Trap 4, which empties to give a mgYimmn a t 270°K, 
yielded values of trap depth with a mean of O.48 eV, 
although the r e s u l t s : from several runs, using many of 
the methods, were quite scattered. The methods of 
trap a n a l y s i s used were those due to Grosswelner, 
Luschik, G-arlick and Gibson, and also the heating rate 
method of Hoogenstraaten. I n f i g . 9.4 the continuous 
l i n e i s the experimental r e s u l t , which i t can be seen, 
i s i n good agreement with the points calculated from 
the t h e o r e t i c a l equation f o r the curve, using a value 
of trap depth of O.48 eV. Calculation of trap density 

17 
and capture cross-section yielded values of 3.4 x 10 
per cm , and 7.6 x: 10 ^cm , res p e c t i v e l y . 

The peak marked 5, was so greatly overlapped by 
the other peaks that none of the standard methods of 
measurement could be used. Although no value of trap 
depth can be assigned to t h i s centre? at t h i s stage, a 
T. S.C. maximum at the same temperature:, showing the same 
behaviour, was seen i n l a t e r samples. I n the next 
chapter, the trap causing t h i s peak i s discussed further, 
and a trap depth i s assigned to i t . 

Peak 6, i n f i g . 9*3 could be e a s i l y cleaned, so 
that the complete i s o l a t e d curve could be obtained by 
thermal cleaning. The experimental curve i s shown i n 
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f i g . 9.5 as a continuous l i n e . Again the values of 
trap depth obtained from the d i f f e r e n t methods were 
to some extent scattered, but these yielded an average 
value of O.64 eV.. A trap at t h i s depth has been seen 
by many workers, and i t i s generally considered: to obey 
the laws of f a s t retrapping, so the technique of curve 
f i t t i n g , using the equation derived i n chapter seven, 
i s not applicable. 

The T.S.C. curve for a trap emptying under the 
conditions of f a s t retrapping, i s described by the 
equation 3»2r-

„ N c ^ n t o 
C = — j f — exp 

t 
-eAt - 1 v T 

N exp(-EAT)dT 
T c 

* o 
Using the methods of chapter seven, t h i s can be 

rewritten as :— 

= A exp - t + B : . t V * at] * - t 
. e . t dt 1 eq. 9.1 

J x o 
where A and B are constants, and t = E/kT. Again 

i t can be shown that the i n t e g r a l can be s i m p l i f i e d , 
provided that T Q i s s u f f i c i e n t l y low, to give:-

0- = A exp - t -B e . t J eq. 9-2 
D i f f e r e n t i a t i n g and equating to zero to f i n d the 

conditions at the maximum, y i e l d s a s l i g h t l y d i f f e r e n t 
equation from eq. 7*4, which i s : -
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•o e . t * .. 
B = <t*+3..5) e q - 9 ' 3 

The major difference hetween the two equations, 
i s that for the monomolecular case, B = ^E/|Jk, and 
for the f a s t retrapping case B = N CE /T$gftH*/z k ^ . 
I n t h i s case; the value of B that "best f i t s the 
experimental r e s u l t s can he used to ohtain a value 
of trap density. 

For the peak at 340°K, values of trap depth of 
0.62 and 0.63 eV were assumed, and since the value 
of T* i s known, the corresponding values of B were 
determined from eq. 9.3. These values of B were then 
used to c a l c u l a t e the t h e o r e t i c a l curves f o r these two 
values-of trap depth, using eq. 9.1. The curves are 
shown i n f i g . 9.5. I t can he seen that i n hoth cases 
that the leading edge of the curves f i t quite well., 
and the experimental p o i n t s . l i e neatly hetween the 
two curves on the f a l l i n g side. To f i t with the 
experimental curve i t would he necessary to plot the 
curves for a trap at a depth of hetween 0,62 and 0.63 
eV. This gives a w e l l defined value of trap depth, 
and i s i n quite good agreement with the r e s u l t ohtained 
from the normal methods of a n a l y s i s , of 0.64 eV. 
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3. I n f r a - r e d Lum1ne s oen ce. 

I n f r a - r e d emission at "both 1.02 and 1.6/1.8 microns 
was observed i n t h i s sample. Again photochemical 
reactions occurred, although the behaviour of the 
luminescent i n t e n s i t y was l e s s complex than that 
observed from the sample discussed i n chapter eight. 
Once again the e f f e c t of illumination at elevated 
temperatures was to cause an increase i n the luminescent 
i n t e n s i t y , but t h i s time the two emission bands behaved 
i n a s i m i l a r manner. I n f i g . 9.6 the peak heights are 
plotted against 1/T r for both the 1.02 and 1.6/1.8 
micron bands. I t can be seen that both curves have a 
s i m i l a r slope, leading to a value of a c t i v a t i o n energy 
of 0.1 eV for the photochemical creation of the 
recombination centres involved. 

4. Photochemical E f f e c t s 
Although the normal pattern of behaviour i s 

observed i n the i n f r a - r e d luminescence spectra emitted 
by t h i s sample, the associated v a r i a t i o n i n the value 
of 1 at low temperatures observed i n the other samples 
was not seen here. Instead, the value of Z showed an 
extremely complex behaviour. As T increased from 100 
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to 185 K, the value of I at low temperatures i s seen t o 
decrease s l i g h t l y . For T r at 217°K, Z suddenly increases 
lay three; orders o f magnitude, and f o r T equal to 246°z 

r 
i t i s seen gradually to f a l l again. Although the T.S.C. 
peaks show a complicated pattern of "behaviour, i t seems 
that only peaks 5 and 6 are involved i n photochemical 
changes. The v a r i a t i o n s i n peak height f o r the other 
maxima are due to changes i n the value of electron free 
l i f e time. This assumption i s made "because' the changes 
i n peak height of the low temperature peaks occur 
together.* and none of the i n d i v i d u a l maxima seem to 
change independently.. An important feature i s t h a t the 
photocurrent at low temperatures: increased "by 2& orders 
of magnitude, as the height of peak 5 increased. This 
provides f u r t h e r evidence f o r the p o s t u l a t i o n t h a t the 
l i f e t i m e i s changing by orders of magnitude. 

5. Conclusions 
The "behaviour of the value of l i f ê  time as shown 

"by the heights-of the low temperature T.S.C. peaks i s 
d i f f i c u l t t o explain.. The gradual f a l l i n the value 
of l i f e t i m e f o r low values? o.f T p (see f i g . 9.3) does 
not seem t o "be associated w i t h any changes i n the 
trapping spectrum. For T around 200°K, a sudden jump 
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i n the value of l i f e t i m e occurs which cannot be explained. 
As T i s f u r t h e r increased the l i f e t i m e slowly f a l l s r 
again, but t h i s time i t i s associated w i t h the creation 
of the centres t h a t cause peaks 5 and 6.. I t has "been 
seen that peak 6 i s caused by traps at 0.63 eV "below the 
conduction band, t h a t have a large capture cross-section. 
I t could be these centres t h a t are. causing the drop i n 
l i f e t i m e at low temperatures by acting as recombination 
centres. 

Again i n t h i s sample, a trap at 270°K i s seen. Here, 
however, a more accurate value of trap depth i s found 
than that obtainable from the previous sample, and the 
value of O.48 eV f i t s very w e l l w i t h the value of 0.49 
eV required t o explain the 1.02 micron luminescence. 
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CHAPTER TEN 

SULPHUR DOPED CRYSTALS I I 

1- I n t r o d u c t i o n 
Samples from the same flow run i n which the two 

previous c r y s t a l s had "been grown, were f u r t h e r t r e a t e d 
under varying sulphur vapour pressures f o r d i f f e r e n t 
lengths of time. I n a l l . , c r y s t a l s subjected to f i v e 
d i f f e r e n t grades of treatment were used:- 1) untreated, 
2) S.V.P.- of sulphur at 600°C (15 atmospheres) f o r 2 
hours* 3) S.V.P.. of sulphur at 65P°'C (20 atmospheres) 
f o r 3 hours, 4) S.V.P.. of sulphur 700°C (27 atmospheres) 
f o r 5 hoursy and 5) S. V.P.. of sulphur at 700°C f o r 24 
hoursi I n a l l cases the samples were kept: at the S.V.P. 
temperature* 

2. Crystal Baked f o r 3 Hours^ under 20 ats. Sulphur 
Cooling of t h i s sample i n the dark resulted i n no 

peaks at a l l from the T. S.,C. measurements. An essen t i a l l y 
s i m i l a r r e s u l t was obtained f o r values of T r up t o 185°K. 
As T^ incre ased f u r t h e r a peak at 270°K began to appear 
which reached a maximum height f o r T r = 245°K.. At s t i l l 
higher values of T r a second peak at 33P°K appeared, and 
t h i s showed an unusual p a t t e r n of behaviour.. The T.S. C. 
curves f o r the two peaks are shown i n f i g . . 10.-1. 
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2.-a. Peak at 330°K. 
I t was at f i r s t thought t h a t two traps emptied i n 

the temperature range 290 t o 340°K "because:; the peak was 
broad, and T* s h i f t e d t o higher temperatures w i t h 
increased temperature. Consideration of the equation 
f o r the T. S. C. curve under conditions of faBt: retrapping, 
shows that the p o s i t i o n of the T. S. C. peak maximum depends 
upon the number of traps i n i t i a l l y e x i s t i n g i n the 
l a t t i c e , before any measurement i s taken. The equation 
f o r the T. S. C. peak i s : - T 

V/^to m 

rr =

 6 XP 
V - N 

t 

-EAT - ^ N exp(-EATdT T c 

o -

eq.. 10.1 
Since any change i n the p o s i t i o n of T* w i l l involve 

only very small changes i n N c, t h i s can be r e w r i t t e n : -
C = A exp^-t + BJ ° e _ t / " t ? . d t j eq. 10.2 

D i f f e r e n t i a t i n g andi equating t o zero gives:-
B as t * 2 x e** eq. 10.3 

N c . E 
Now B = 

Therefore;:-
N E 

N = — 2 eq. 10.4 
x Bk 
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Thus the v a r i a t i o n s i n T* could he due to changes 
i n the magnitude of either. or Z. However, since; the 
330°K peak increases iai height as the 270°K peak f a l l s , 
i t i s assumed t h a t these changes are due to v a r i a t i o n s 
i n and not Z. Although photo current measurements 
showed s l i g h t v a r i a t i o n s i n the value of Z, they were 
not s u f f i c i e n t to explain the s h i f t i n T*.. I f :-

N t ; 0 0 N t o 0XP(-B'ATr) Eq. 10.5 
where E i s the a c t i v a t i o n energy f o r the creation 

of these centres-, then:-
exp(-E'ATr) OC e l j / t ^ . e 1 ^ fc Eq.. 10.6 

and 
l A r OC 2 I n t * + t * Eq.- 10.7 

The trapping l e v e l associated w i t h the T..S. C. 
curves under consideration l a y at a depth of 0.63 ©V 
below the conduction band. Most of the measurements 
t h a t have t h i s r e s u l t came from the curve f o r which 
T = 3i8°Z. (For lower values of T the curve could r r 
not be cleaned s u f f i c i e n t l y f o r i t s leading edge to. bd? 
obtained.) The methods used were those due to Garlick 
and Gibson, Luschik, Hoogenstraaten and Bube. The 
curve f i t t i n g technique was also used. The value 
obtained agrees w e l l w i t h t h a t obtained i n chapter nine, 
f o r a trap emptying at s i m i l a r temperatures*. This value 
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of trap depth was used to calculate the d i f f e r e n t values 
of t * . A p l o t of 1/T against (2 I n t * + t * ) i s shown 
i n f i g . 10.2. The curve i s a reasonable s t r a i g h t l i n e , 
from which a value of E' = 0..07 was obtained.. 

There i s a p o s s i b i l i t y t h a t the differences i n 
p o s i t i o n of the 0.63 eV peak are due to the f a c t t h a t 
the trap i s surrounded by a p o t e n t i a l b a r r i e r of height 
0.07 eV, and so the extent t o which the traps are f i l l e d 
depends upon T r. However, since the height of the T.S.C. 
curve w i t h i t s maximum at 270°K i s f a l l i n g as the 0.63 eV 
peak r i s e s , i t i s proposed tha t a photochemical change 
occurs, and t h a t f o r high values of Tr» the centres 
causing the 270°K peak are converted to those responsible 

f o r the 0.63 eV trap. 

2.b. Peak at 270°K 
The centre causing t h i s peak was found to have a 

depth of 0.88 eV below the conduction band, using the 
heating rate methods, and the methods of Garlick and 
Gibson, Grossweiner and Luschik. This trapping l e v e l i s 
the same as^ t h a t causing peak 5 i n the previous sample, 
f o r which no accurate value of trap depth could be given. 
I n f i g . 10.3 the experimental curve i s p l o t t e d as- a 
continuous l i n e , and the points^ are from the t h e o r e t i c a l 
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equations, using values of E = 0.8 and 0.9 eV. I t can 
"be seen tha t the experimental curve l i e s neatly "between 
the two, so t h a t the f i t of the t h e o r e t i c a l curves would 
suggest a value of E s l i g h t l y lower than 0.88 eV. The 
trap empties under monomolecular conditions, since to 
obtain some sort of f i t to the experimental curve farom 
the equation of f a s t retrapping, would require a value 

12 —} 
of trap density of 10 cm and a value of electron . 

5 2 / 
mo b i l i t y of lO^cm / v o l t sec. which i s impossibly high. 
The f i t obtained from the monomolecular equation gives 

-14 2 
a value of s T = 10 cm , f o r which value f a s t retrapping 
would be expected to occur. This must be the trap 
reported by Nicholas and Woods, wi t h a depth of 0.83 eV 
below the conduction band. They suggested that i t s 
anomalous behaviour was due to the f a c t t h a t a f t e r 
emptying, the trap dissociates, so tha t although i t 
empties w i t h a large cross-section, i t obeys monomolecular 
k i n e t i c s , since i t cannot capture an electron once empty. 
The a l t e r n a t i v e explanation proposed by Trofimenko et a l . , 
i s that a p o t e n t i a l b a r r i e r e x i s t s , surrounding the t r a p , 
so that again, once the electron has been ejected from 
the t r a p , i t cannot surmount the b a r r i e r to be retrapped. 
This would also explain why the trap i s not observed f o r 
low values of T , because, i n t h i s case i l l u m i n a t i o n at a 
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high temperature i s required to l i f t electrons over 
the p o t e n t i a l b a r r i e r to f i l l the traps. I n f i g . 10.4, 
the logarithm of the peak height i s p l o t t e d against 
l / T r . The curve consists of two s t r a i g h t l i n e s , one 
of p o s i t i v e and the other of negative slope. I n t h i s 
case the peak height i s proportional to the density of 
f i l l e d centres. Por high values of T r the slope of the 
ourve gives a value of E = 0.18 eV f o r the a c t i v a t i o n 
energy of destruction of the trapping centre. This 
could be the same reaction which r e s u l t s i n the creation 
of the 0.63 eV t r a p , a process which has an a c t i v a t i o n 
energy of 0.09 eV, i f one such centre i s created from 
two 0.85 eV traps. Some evidence i n support of t h i s 
l a s t contention i s provided by the p l o t i n f i g . 10.5, 
where the 0.85 eV peak height i s p l o t t e d against the 
0.63 eV peak height. I f the peak heights are proportional 
to the density of traps i n the l a t t i c e , then i t would 
seem to suggest that the reaction i s an association of 
two 0. 85 eV traps to form one trap at 0.63 eV deep. I n 
f i g . 10.4, the s t r a i g h t l i n e of negative slope y i e l d s a 
value of 0.32 eV f o r the a c t i v a t i o n energy f o r the f i l l i n g 
or creation of the 0.8S eV tra p . Although i t i s d i f f i c u l t 
to decide between these two p o s s i b i l i t i e s , i t i s suggested 
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t h a t a p o t e n t i a l b a r r i e r surrounds t h i s centre, rather 
than that i t should be involved i n a second type of 
photochemical reaction. The fa c t that t h i s centre i s 
not observed i n T.S.C. measurements f o r low values of 
T , i s probably due to the presence of a p o t e n t i a l 
b a r r i e r around the t r a p , of height 0.32 eV. 

2. c. I n f r a - r e d Luminescence 
Both the bands at 1.02 and 1.6/1.8 microns were 

seen i n t h i s sample, although the i n t e n s i t y of the 
1.02 micron band was less than, and the 1.6/1.8 micron 
band greater than the corresponding i n t e n s i t i e s f o r the 
more l i g h t l y t r e a t e d samples. The behaviour of the two 
bands was very s i m i l a r t o t h a t of the previous sample. 
I n f i g . 10.6 the maximum i n t e n s i t i e s are p l o t t e d against 
1/Tr, and values of a c t i v a t i o n energy of 0.07 and 0.08 
eV were obtained from the slopes of these two curves. 
These are i n reasonable agreement w i t h r e s u l t s f o r the 
previous sample. 

3. Further Sulphur Treatment 
The r e s u l t s from c r y s t a l s subjected to more extensive 

sulphur treatment were e s s e n t i a l l y the same as those 
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j u s t quoted. The same two peaks occur i n the T.S.C. 
spectra, w i t h maxima at 280° and 330°K, and i t was 
found that heating i n increased pressures of sulphur 
vapour produced an increase i n these peak heights. 
This indicates t h a t "both these centres must he associated 
w i t h cadmium Vacancies i n some way. The p o t e n t i a l 
b a r r i e r surrounding the 0.85 eV trap means that i t must 
be negatively charged before i t captures an electron. 
This would be the case i f the centre consisted of a 
cadmium vacancy, or aggregate of cadmium vacancies 
which already contained an electron when empty. The 
f i l l e d trap would be e f f e c t i v e l y created by removing 
a Cd ion from the l a t t i c e , which would leave an e n t i t y 
w i t h two negative charges. A trap at 0.63 eV i s formed 
by the association of two of these cadmium vacancies. 

The e f f e c t of sulphur treatment on the photoluminescent 
spectra i s shown i n f i g . 10.7. a, b, o,od and e are 
the curves obtained f o r increasing temperature of 
sulphur treatment, f o r samples cooled i n the l i g h t . I t 
can be seen t h a t the 1.6/1.8 micron emission increases 
i n general up to d, and then f a l l s again f o r very 
prolonged high temperature sulphur treatment. Because 
of t h i s , i t i s proposed tha t the luminescent centre i s 
a complex association of cadmium vacancies w i t h sulphur 
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vacancies. I n i t i a l l y the number of cadmium vacancies 
increases with heat treatment i n inc r e a s i n g pressures 
of sulphur vapour. As a r e s u l t the luminescence 
increases. For intense sulphur treatment, however, the 
number of sulphur vacancies i s reduced to such an 
extent that i n s u f f i c i e n t of them remain to form the 
association that comprises t h i s centre. 

The band at 1.02 microns decreases with increased 
sulphur treatment. Although i t i s proposed that the 
luminescence involves the same centre as the 1.6/1.8 
micron emission, t h i s "behaviour can be explained "by 
postulating that the electron trap involved i n $he 
t r a n s i t i o n , i s due to a sulphur vacancy. Increased 
sulphur treatment causes the number of these vacancies 
to decrease, with a corresponding drop i n luminescence. 
I t i s suggested that the electron trap at 0.48 eV, 
seen i n the untreated and l i g h t l y sulphur doped 
samples i s the centre involved, because i t i s at the 
correct depth below the conduction band, and "because 
i t seems to be due to a sulphur vacancy. 
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4. Overshoot 

When a sample i s suddenly illuminated, the current 
through i t can r i s e i n i t i a l l y , reach a peak, and then 
f a l l again to a f i n a l steady value. This i s the 
phenomenon of overshoot. The extent to which the 
photocurrent overshoots i s determined "by the temperature, 
and the length of time that the sample has "been i n the 
dark before illumination. This phenomenon was only 
ohserved i n a single sample during the whole of t h i s 
work. 

The r e s u l t s are quoted he cause overshoot has "been 
described "by Mark, who concluded that i t i s due to 
photochemical adsorption (references 19 and 20, Chapter 
F i v e ) . No evidence for photochemical adsorption was 
found during t h i s work, and i t i s possible that some of 
Mark's r e s u l t s could he explained i n the same way as 
the r e s u l t s given here. 

The c r y s t a l was a rod grown "by the flow method 
that had subsequently "been treated under a S.V..P. of 
sulphur at 74-0°C (30 a t s ) for 2 hours. The T.S.C. 
measurements showed two peaks, at 110 and 270°K. The 
f i r s t was found to he at such a low temperature that 
no accurate determination of trap depth could he made. 
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The peak at 273 K gave a value of trap depth of 0.85 eV, 
"by several of the d i f f e r e n t methods. Cooling i n the 
l i g h t caused both peaks to appear, but f o r values of 
T r l e s s than 185°K, neither peak appeared. The peak 
at 110°K i s d i f f i c u l t to explain, but i t i s suggested 
that the peak at 273°K i s due to the same centre as 
that described i n section 2-b, a trap at 0.85 eV, 
surrounded by a potential b a r r i e r . 

Attempts were made to discover whether the 
atmosphere surrounding the sample played any part i n 
the process, i n order to t e s t Mark's theory of 
photochemical adsorption; and although d i f f e r e n t 
curves were: obtained for d i f f e r e n t atmospheres, they 
a l l show the same slope. This does not agree with the 
r e s u l t s of Mark. The differences i n position of the 
curves (see f i g . 10..9) may be due to the d i f f e r e n t 
atmospheres, although i t i s more l i k e l y that they are 
due to i r r e v e r s i b l e changes of some kind i n the sample, 
caused by the prolonged baking at high temperatures 
that i s needed i n order to make measurements. The 
atmosphere surrounding the sample has no e f f e c t on the 
ac t i v a t i o n energy of the process. I t i s proposed that 
the explanation f or t h i s behaviour i s that the electron 
trap for which a depth of 0.85 eV was determined, i s 
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involved i n the process. The phenonmenon of overshoot 
can only "be observed at temperatures at which the O..85 
eV can be f i l l e d . Starting i n the dark, t h i s trap i s 
empty at these temperatures. When the sample i s 
illuminated a c e r t a i n photoresponse i s obtained, but 
as the 0.85 eV trap i s surrounded by a potential b a r r i e r , 
the speed at which i t f i l l s i s slower than the 
corresponding speed for the other traps. Thus the 
photoresponse drops again as the traps gain electrons, 
and remove them from the conduction band. Sim i l a r l y , 
the phenomenon of undershoot can be explained i n the 
same way, whereby t h i s trap loses electrons more slowly 
than the other centres, and so the dark current reaches 
a mini mum before r i s i n g again to a steady state value 
when t h i s trap i s empty. Since; the measurements made 
determined the length of time i n the dark at any 
temperature which was needed for the overshoot to reach 
a c e r t a i n l e v e l , the a c t i v a t i o n energy obtained i s the 
energy for trap emptying, which i s therefore the trap 
depth. The sample was kept at a steady temperature, 
and then illuminated. The photocurrent overshot, and 
f i n a l l y s e t t l e d down to a steady value. The illumination 
was removed and the sample l e f t for a time t , i n the dark. 
Since the number of traps which empty thermally i s 
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proportional to t , the number of traps which have to 
be f i l l e d on r e - i l l u m i n a t i o n i s also proportional to t . 

I f i s the density of the traps involved, and i t 
i s supposed that they are a l l f i l l e d a f t e r the sample 
has been under ill u m i n a t i o n for some time, then when 
the illumination i s removed at time t , the density of 
f i l l e d traps n^ i s changing as:-

^ t s r n.Q exp(-EAT) Eq. 10.8 
d£~ x 

Therefore: -

log n t = - 0 exp(-EAT)"t + C Eq. 10.9 
but, n^ = N.J., at t = 0, therefore:-

log " t = - \? exp(-EAT)t Eq. 10.10 
N t 

The density of empty traps can "be obtained from 
t h i s : -

n =- N t J 1 - exp(- v> exp(-E/kT)tj Eq.. 10.11 e 
At each temperature a value of t was determined, 

such that the overshoot of the photoconductivity reached 
a value twice as high as the f i n a l steady state value. 
See. fig.. 10.8. At higher temperatures, traps w i l l 
empty f a s t e r , and so t w i l l be shorter. The r e s u l t of 
t h i s method of measurement i s that the value of n i s 
being kept e f f e c t i v e l y constant. Therefore, from 
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Eq. 10.11:-

£tfexp(-E/kT)t ] must "be a constant, and 
therefore:-

t oC exp(EAT) Eq. 10.12 
A plot of l o g ( t ) against 1/T, has a p o s i t i v e slope, 

from which a value of the trap depth can he ohtained. 
The four curves i n f i g . 10.9 a l l y i e l d a value of trap 
depth of 0.82 eV. The two determinations of trap depth 
fo r t h i s centre agree very w e l l , and provide good 
evidence for the correctness of the explanation of 
overshoot. I f undershoot had "been measured, i t i s 
suggested that the a c t i v a t i o n energy ohtained would 
have "been the h a r r i e r height, i . e . 0.35 eV. Unfortunately, 
the sample had such a high r e s i s t a n c e , that the measuring 
equipment could not determine the value of dark current, 
and so no undershoot measurements could he made. 
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CHAPTER ELEVEN 
DISCUSSION 

1. Introduction 
The conclusions that can "be drawn from t h i s work 

are b a s i c a l l y twofold. The use. of the technique of 
curve f i t t i n g has helped to provide more accurate 
values of trap depth, and i t has also helped to show 
up and to explain some of the shortcomings of the 
other standard methods of T.S.C. curve a n a l y s i s . The 
second r e s u l t of t h i s work has been an explanation of 
the Extremely complicated patterns that can occur i n 
measurements of T.S.C. and luminescence i n cadmium 
sulphide. 

2. The Curve F i t t i n g Technique 

The basic advantage of t h i s method of curve f i t t i n g 
i s that i t allows determination of more accurate values 
of trap depth. I t i s v i r t u a l l y an extension of the 
method of Garlick and Gibson, one of the most r e l i a b l e 
standard methods. The modified equations for the curves, 
eqs. 7-3 and 9*2, can both be s i m p l i f i e d to give:-

O" = A exp(-EAT) 
for the leading edges. This i s the equation of Garlick 
and Gibson. The curve f i t t i n g technique extends t h i s 
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equation to allow use to be made of the whole curve. 
Most of the other methods are l e s s accurate than that 
of Garlick and Gibson because they r e l y upon measurement 
from only one or two points on the curve. Because i t 
uses a l l the experimental points on a curve, the method 
also gives more accurate values- of trap d e n s i t i e s and 
capture cross-sections. The main inaccuracy i n the 
method l i e s i n the approximation made i n the s e r i e s , 
eq. 7.2.a, to obtain a usable value of the i n t e g r a l 
i n s i d e the exponential term. This inaccuracy can e a s i l y 
be overcome, however, by taking an extra term or two i n 
the s e r i e s , without greatly complicating the mathematics 

The method helped to explain the anomalously high 
values of trap depth found for some of the low 
temperature traps. I t showed that i n s u f f i c i e n t l y low 
s t a r t i n g temperature would not a f f e c t the form of the 
curve, and would only give erroneous values of trap 
density. The explanation for these odd r e s u l t s i s most 
probably the non-linear heating r a t e s at temperatures 
j u s t above the s t a r t i n g point. By assuming a v a r i a t i o n 
of heating rate, ft proportional to (T - T Q ) , i t was 
found possible to obtain an extremely good f i t to the 
curve. This was, i n f a c t , u s e l e s s for measurement 
purposes, because no value of the constant of 
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proportionality i n the ahove assumption could he found, 
and there i s , of course, only empirical reasoning to 
support the p o s s i b i l i t y of t h i s kind of hehaviour. I t 
did show, however, that t h i s kind of mechanism i s the 
most l i k e l y to he the reason for the anomalous curves. 

Another cause of inaccuracy could he the assumption 
that the trap capture cross-section S T, i s proportional 

-2 - l to T . To t e s t t h i s , values of S T proportional to T 
and T~^ were t r i e d f or several curves. The differences 
"between the two curves were so s l i g h t that they could 
not he seen on a graph. This showed that over the range 
of a single peak, any changes i n S T are unimportant 
compared with changes that occur i n exp(-E/kT). 

A trap at a depth of around 0.3 eV has "been 
reported "by several workers, whilst others have found 
no trace of i t s existence. The application of the 
technique of curve f i t t i n g has not proved that i t does 
not. e x i s t , hut i t has shown how values of 0.3 eV can-
he ohtained for trap depth, when i n f a c t , such a trap 
does not e x i s t . The method allowed two c l o s e l y 
overlapping peaks to he analysed, "because5 the leading 
edge of one and the f a l l i n g side of the other could he 
seen. A check could he ohtained on the r e s u l t s , hecause 
addition of the two t h e o r e t i c a l curves allowed comparison 

with the experimental curve. 
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The method of curve f i t t i n g showed that the 0.85 
eV trap must empty under monomolecular conditions, 
although i t has a large capture cross-section, around 
10" cm . The t h e o r e t i c a l curve for the f a s t 
retrapping case could he made to f i t the curve, hut 
i t would have required a very small value of N., of 

T 
12 -3 

about 10 cm , as defined by the constant B. Since 
N̂ . i s also involved i n the constant A, i t would also 
have required a value of mobility l u d i c r o u s l y high to 
obtain a f i t . The value of 0.85 eV was obtained for 
trap depth, because t h i s method of a n l y s i s takes into 
account the shape of the curve:, as w e l l as the position 
of the maximum. Methods which do not do t h i s , such 
as that due to Bube, give values around 0.5 eV for 
t h i s trap. 

A trap at around 0.63 eV has been reported by 
many workers. I t s position i n the temperature scale 
has varied enormously from author to author, and 
sometimes from sample to sample for the same author. 
Values of T for t h i s peak have ranged from 300 to 
400°K. This has sometimes l e d to confusion, since 
i t was not known for sure^ whether two sets of r e s u l t s 
could r e f e r to the same centre or not. For the 
monomolecular case the value of T* depends only upon 
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the heating rate for a given type of centre. For the 

f a s t retrapping case, the position of the maximum 

also depends upon trap density. I t has been shown 

here how the differences i n trap density can cause 

large differences i n the value of T*, and how i t i s 

possible for one type of centre to empty at such a 

range of d i f f e r e n t temperatures. A fa c t o r of 2 i n 

the trap density has been shown to cause a change 

i n the value of T* of 20°K. 

Use of the above methods, and a sel e c t i o n of the 

other mefhods outlined i n chapter three, has given 

trap depths of < 0.2, 0.18, 0.21 eV and a double 

trap at 0.39 and 0.42 eV for the boule c r y s t a l . The 

flow c r y s t a l s showed a number of low temperature 

peaks that could not be analysed, and peaks at 290 

and 330°K. These gave trap depths of 0.51 and 0.62 

eV. L i g h t l y sulphur doped samples showed T.S.C. 

maxima that yielded trap depths of 0.48 and 0.62 eV, 

as well as a range of peaks at low temperatures and 

a maximum at 270°K for which a trap depth could not 

be obtained. Increased i n t e n s i t y of sulphur doping 

caused a l l the T.S.C. peaks to disappear except for 

the 0.62 eV trap, and the peak at 290°K, that was 

found to be due to a trap at a depth of 0.85 eV. 
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3. Photochemical E f f e c t s 

The i n f r a - r e d luminescence measurements have 
shown peaks at 1.02 microns and a double peak at 
1.6 and 1.8 microns. A further peak at 0.78 i s 
often seen i n CdS, "but the ^equipment used here 
could not detect i t , "because i t s s e n s i t i v i t y f e l l 
off very rapidly "below 1 micron. A stated i n chapter 
four, Bryant and Cox have shown that the 1.02 micron 
emission i s due to an electron t r a n s i t i o n from a 
trap at 0.5 eV below the conduction band, to a 
recombination centre 0.7 eV above the valence: band. 
The 1.6/1.8 micron emission i s due to t r a n s i t i o n s 
from t h i s recombination centre to the various valence 
bands. A trap at 0.48 eV below the conduction band 
was found i n untreated and l i g h t l y doped samples. I t 
was not found i n the more heavily sulphur doped 
c r y s t a l s . Since the 1.02 micron emission was also 
only seen i n the untreated and l i g h t l y doped samples, 
i t i s suggested that t h i s T.S.C. peak i s caused by 
the same centre as that involved i n the 1.02 micron 
emission. I t also seems probable that sulphur vacancies 
are involved i n t h i s centre. The 1.6/1.8 micron 
emission increased i n i n t e n s i t y with increased sulphur 
doping, except for extreme treatment, when the 
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i n t e n s i t y f e l l again.. This suggests that the centres 
are b a s i c a l l y composed of one or more cadmium vacancies, 
hut that these are i n some way associated with sulphur 
vacancies, to account for the f a l l i n g - o f f i n i n t e n s i t y 
for extreme sulphur treatment. These centres must he 
near to sulphur vacancies i n order to account for the 
1.02 micron emission a r i s i n g from the t r a n s i t i o n from 
sulphur vacancies to these centres. 

Throughout the r e s u l t s there has been co r r e l a t i o n 
between the behaviour of the 1.6/1.8 micron emission 
and that of the s e n s i t i s i n g recombination centres and 
reasonable agreement has been found between the values 
of energy of creation obtained for the two centres. 
Although these s e n s i t i s i n g centres have not been 
accurately located i n cadmium sulphide, Bube has 
suggested that they l i e between 0.7 and 1.0 eV above 
the valence band. I t i s proposed that the i n f r a - r e d 
emission and the s e n s i t i s i n g e f f e c t are due to the 
same centre, and as stated before, t h i s i s composed of 
a cadmium vacancy associated with a sulphur vacancy. 

I t i s suggested that the boule c r y s t a l s are cadmium 
r i c h , since they showed no signs of the 0.62 and 0.84 eV 
traps that were found i n sulphur r i c h c r y s t a l s . They 
are i n some way e s s e n t i a l l y d i f f e r e n t from the flow 
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crystals, because, although cadmium r i c h , they showed 

no trace of the 0.48 eV trap and the associated 1.02 

micron luminescence. I t i s not known what t h i s 

difference i s . 

Results from the f low crys ta l , Chapters 8, 9 and 

10, suggest that the 0.62 eV trap can he created from 

the sensit ising or emission centres, and sulphur doped 

crystals have shown that i t can he formed from the O.84 

eV trap. The agreement between the values of act ivat ion 

energy are strong evidence f o r the contention that the 

luminescent and sensit ising centres are iden t i ca l . The 

suggested d i s t r i bu t ion of centres to explain the 

results i s shown i n f i g . 11.1 . The 0.62 eV centre i s 

an association of two cadmium vacancies, that dissociate 

under i l lumina t ion above 270°K (see f i g . 10.1) to form 

two 0.84 eV traps. The O.84 eV centre i s also 

surrounded by a potent ial barr ier 0.3 eV high, that 

does not allow i t to be f i l l e d below 200°K. This 

potent ia l barr ier i s also supposed to be the reason f o r 

the phenomenon of overshoot that i s sometimes observed, 

since good agreement i s obtained between the trap 

depths calculated from T.S.C. date and overshoot 

measurements. The potent ia l barr ier could be due to 

the cadmium vacancy already having one electron attached 
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to i t and the O.84 eV trap arises from i t s a M l i t y 

to trap a second electron. 

A diagram of the suggested forbidden gap i s shown 

i n f i g . 11.1. A series of shallow traps exist f o r 

which depths of 0.18, 0.21, 0.39 and 0.42 eV have 

"been determined. These are supposed to he due to 

sulphur vacancies since they are only found i n cadmium 

r i c h samples. The centres do not take part i n 

photochemical reations. A trap at O.48 eV below the 

conduction hand i s found, which i s again due to a 

sulphur vacancy. This i s the top leve l from which the 

1.02 micron emission arises. These centres must he 

near to the 1.6/1.8 micron emission centres f o r the 

1.02 micron emission to occur, and i t i s found that 

associations between cadmium and sulphur vacancies 

occur to form centres giving the 1.6/1.8 micron emission. 

This association does not a f fec t the a b i l i t y of the 

sulphur vacancy to act as a 0.48 eV t rap . The 1.6/1.8 

micron emission band and the sensi t is ing centres are 

iden t i ca l , and consist, of two cadmium vacancies 

associated wi th a sulphur vacancy. I t exists 0.7 eV 

above the valence band, which i s the correct leve l f o r 

the in f r a - r ed luminescence, and also agrees with the 

posi t ion of the sensit ising centres suggested by Bube. 

(Reference 3, Chapter 5.)• The two cadmium vacancies 
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are dissociated from the sulphur "by baking i n the dark, 

and these give the trap at 0.62 eV. The process can 

be reversed "by i l lumina t ing at high temperature. Both 

processes have an act ivat ion energy somewhere i n the 

range 0.1 to 0.3 eV. I n extreme cases of sulphur 

doping, where i n s u f f i c i e n t sulphur vacancies exist f o r 

the many sensit ising centres to occur, i l luminat ion at; 

high temperatures can cause the 0.62 eV trap to 

dissociate even fur ther to form the 0.84 eV trap. This 

consists of a single cadmium vacancy, and thus two such 

centres are formed from one 0.62 eY t rap. The 0.84 eV 

trap i s surrounded by a potent ia l barr ier of height 

0.35 eV. With a l l these p o s s i b i l i t i e s of photochemical 

reaction, and the existence of potent ia l barr iers 

surrounding centres, i t i s not surprising that very 

complicated and semmingly meaningless results can be 

obtained from T.S.C. and i n f r a - r ed luminescent 

measurements. I t has been shown here, however, how 

some sense can be obtained from such resul ts , i f one 

appreciates the various reactions that can occur. 

4. Future Work 

More accurate values of act ivat ion energy f o r the 

photochemical ef fec ts could be obtained, i f a cryostat 
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were "built that could he cooled and kept at any T p 

f o r a known length of time, rather than, as at 

present, cooling through a value of T . 

The i n f r a - r ed emission at 0.78 microns i s 

obviously of importance, since i t i s supposed to be 

due to electron t ransi t ions from the conduction band 

to the same centre that causes the 1.6/1.8 micron 

emission. This could give fur ther information on 

the behaviour of t h i s centre and also help to confirm 

the results obtained so f a r . 

One strange aspect of th i s work i s that the 

boule crys ta l , which i s supposed to be cadmium r i c h , 

does not show any electron trap at 0.48 eV, and does 

not emit at 1.02 microns. This may be due to a basic 

difference between boule and flow crystals . This i s 

worth invest igat ing fur ther since high r e s i s t i v i t y 

boule crystals are becoming more readi ly available. 

Although no evidence was found here of the 

e f fec t of ambient atmosphere on the results , i t has 

been suggested that many of the traps could be due to 

surface states rather than bulk defects. I t would be 

useful to extend the work to u l t r a high vacuum i n 

order to check on t h i s p o s s i b i l i t y . 
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Useful work could "be done i n correlat ing T. S.C. 

measurements with electron spin resonance studies. 

Preliminary studies "by other workers have found broad 

hands that suggest the existence of cadmium vacancy 

complexes at 0.7 eV above the valence band. I f 

confirmed, these would be fu r the r support f o r the 

results given here. 
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