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INTRODUCTION 

P h o t o c o n d u c t i v i t y can be d e f i n e d as the increase 
i n e l e c t r i c a l c o n d u c t i v i t y of a sjabstance when r a d i a t i o n 
i s i n c i d e n t upon i t . P h o t o c o n d u c t i v i t y was f i r s t r e p o r t e d 
by Willoughby Smith i n 1873."*" He! observed a decrease 
i n the r e s i s t a n c e of a bar of selenium when i t was 
i l l u m i n a t e d . Por many years selenium remained the most 
stu d i e d photoconductor though s e v e r a l other substances 
were found t o possess t h i s p r o p e r t y . 

By 1925 p h o t o c o n d u c t i v i t y was shown t o be a bulk 
p r o p e r t y of most m a t e r i a l s , due t o an i n c r e a s e ; i n the. 
number o f charge c a r r i e r s , r a t h e r ' t h a n t o a change i n 
t h e i r m o b i l i t i e s . This was concluded from H a l l e f f e c t 

2 ' measurements . Other mechanisms are also p o s s i b l e , ;and 

i n lead sulphide i n p a r t i c u l a r i t j h a s been argued t h a t 
the photoconductive e f f e c t i n chemically prepared f i l m s 
might be due t o i n t e r - g r a n u l a r p o t e n t i a l b a r r i e r s . According: 
t o t h i s mechanism an increase i n conduction occurs when 
the b a r r i e r h e ights are reduced by i l l u m i n a t i o n . " ^ 

G-udden and Pohl i n the 1920'$ were the f i r s t t o make 
systematic observations of the e f f e c t i n cadmium and zinc 

4. R 
sulphi d e s . * They a l s o showed t h a t a decrease i n r e s i s t a n c e 
could be produced by r a d i a t i o n o t h e r than v i s i b l e l i g h t . 
I n p a r t i c u l a r they s t u d i e d the e f f e c t s of X-rays and h i g h 
speed e l e c t r o n s . Bergmann and Hansler, u s i n g the Bember 

f^r ->v >, 
I 1 G MOV (963 
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e f f e c t , showed t h a t an increase! i n f r e e electrons:caused 
the increase i n c o n d u c t i v i t y i n cadmium su l p h i d e . They 
also measured the wavelength of maximum s e n s i t i v i t y . 

Since then considerable advances have been made i n 
the understanding of p h o t o c o n d u c t i v i t y . The importance 
of contacts was r e a l i s e d , and i t was found necessary t o 
assume t h a t s e v e r a l c a r r i e r s passed between the cathode 
and anode f o r each i n c i d e n t photon absorbed. To e x p l a i n 
these r e s u l t s photocurrents werfe d i v i d e d i n t o primary 
and secondary c u r r e n t s . With primary c u r r e n t s , c a r r i e r s 
are produced i n the c r y s t a l and d r i f t i n the a p p l i e d f i e l d 
towards the a p p r o p r i a t e e l e c t r o d e and are e i t h e r l o s t 
from the c r y s t a l or trapped w i t h i n i t . C a r r i e r s are 
not r e p l e n i s h e d v i a the e l e c t r o d e s . I f "ohmic" contacts 
are a p p l i e d t o the c r y s t a l , a c a r r i e r can enter the c r y s t a l 
at one e l e c t r o d e f o r each c a r r i e r whieh leaves at the 
other (see s e c t i o n 1.16). The c u r r e n t i s then a secondary 
c u r r e n t . The t r a n s i t of c a r r i e r s between the contacts 
w i l l continue u n t i l a c a r r i e r i s l o s t by recombination 
w i t h i n the c r y s t a l . Ohmic contacts were used throughout 
the work described i n t h i s t h e s i s . 

The d e t a i l e d p r o p e r t i e s of:cadmium sulphide photo-
conductors are l a r g e l y determined by v a r i o u s c r y s t a l 
d e f e c t s . The study of these d e f e c t s dominates the present 
i n v e s t i g a t i o n s . 
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For many years the uses of photoconductors were 
l i m i t e d by t h e i r comparatively low s e n s i t i v i t y . Photo­
v o l t a i c c e l l s i n the o p t i c a l r e g i o n , photographic p l a t e s 
i n the X-ray r e g i o n , and thermal d e t e c t o r s i n the i n f r a 
red were s u p e r i o r t o photoeonduetive c e l l s . With improved 
performances t h e r e i s an i n c r e a s i n g number of a p p l i c a t i o n s 
f o r photoconductors. Cadmium sulphide i s being developed 
f o r use i n o p t i c a l , X-ray, Gamma ray and e l e c t r o n beam 
devices. Thus cadmium sulphide could be used i n image 
converters and i n t e n s i f i e r s , and a l s o i n furnaee c o n t r o l l e r s , 
r e l a y c i r c u i t s , e l e c t r o n and X-ray d i f f r a c t i o n experiments 
f o r example. 

Photoconductive cadmium sulphide c e l l s are already 
a v a i l a b l e commercially. The main p r a c t i c a l d i f f i c u l t i e s 
p r e v e n t i n g a wide scale a p p l i c a t i o n of cadmium sulphide 
i n many devices i s i t s slow response a t low l i g h t l e v e l s , 
coupled w i t h the problem, of p r e p a r i n g the m a t e r i a l w i t h 
c o n t r o l l e d and r e p r o d u c i b l e p r o p e r t i e s . A proper under­
standing of e l e c t r o n t r a p p i n g phenomena would g r e a t l y 
a s s i s t the r e s o l u t i o n of both these problems. The work 
described i n t h i s t h e s i s forms a ! c o n t r i b u t i o n t o t h i s 
end. 



CHAPTE1 I . 

The Theory of Conduction i n C r y s t a l s . 

1.1 I n t r o d u c t i o n , . 
Though p h o t o c o n d u c t i v i t y i s : not confined t o 

c r y s t a l l i n e s o l i d s most of the modern t h e o r e t i c a l and 
p r a c t i c a l developments have 'been made on such substances. 
I t i s necessary f i r s t of a l l t h e r e f o r e t o understand 
conduction processes i n a c r y s t a l . 

A c r y s t a l i s a p e r i o d i c array of atoms or ions i n 
three dimensions. The thr e e main types of 'bonding 'holding 
the atoms i n place are m e t a l l i c c o v a l e n t and i o n i c . 

M e t a l l i c bonding r e l i e s on a sea of shared e l e c t r o n s 
t o bind the ions t o g e t h e r . As a r e s u l t a l a r g e increase 
i n the number of f r e e e l e c t r o n s would be needed t o cause 
an appreciable f r a c t i o n a l change ;in the number of f r e e 
e l e c t r o n s , and consequently the c o n d u c t i v i t y . Due t o the 
la r g e c o n c e n t r a t i o n of f r e e c a r r i e r s and t h e i r ready 
access t o u n f i l l e d energy bands (see s e c t i o n 1.8), f r e e 
c a r r i e r a b s o r p t i o n i s the dominant mechanism of o p t i c a l 
a b s o r p t i o n i n metals. This process i s not associated 
w i t h any appreciable change i n c o n d u c t i v i t y . 

With the lower e l e c t r o n d e n s i t i e s which are possi b l e 
w i t h covalent and i o n i c bonded crys t a l s , , g r e a t e r phbto-
eonductive s e n s i t i v i t y can be obtained. P h o t o s e n s i t i v i t y 
i s d e f i n e d as the f r a c t i o n a l change i n c o n d u c t i v i t y per 
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u n i t i n c i d e n t photon, l i t h covalent bonding one or 
more e l e c t r o n s are shared by an atom w i t h othier ,adjacent 
atoms forming p a i r e d bonding f o r c e s . I n i o n i c bonding 
an atom loses one or more e l e c t r o n s w h i l e neighbouring 
atoms g a i n e l e c t r o n s . The Coulo;mbic a t t r a c t i o n between 
the charged atoms provides the basis of the bonding. 

With a l l the kinds of bonding the r e p u l s i v e f o r c e s 
between the atoms bal a n c i n g those of a t t r a c t i o n are due 
t o the r e p u l s i o n of the t i g h t l y bound e l e c t r o n s forming 
the i o n cores. Most n o n - m e t a l l i c c r y s t a l s e x h i b i t a 
mixture of p a r t i o n i c - p a r t covalent bonding. The pro­
p o r t i o n of i o n i c t o eovalent bonding present i n a c r y s t a l 
can be determined by the e f f e c t of the e l e c t r o n clouds 
on X-ray d i f f r a c t i o n experiments , p i e z o e l e c t r i c e f f e c t s 

Q 
and luminescence . A guide t o the degree of i o n i c i t y 
can be obtained from the e l e c t r o n e g a t i v i t y ( a f f i n i t y f o r 
e l e c t r o n a t t r a c t i o n ) of the atoms i n the c r y s t a l . The 
g r e a t e r the d i f f e r e n c e between the e l e c t r o n e g a t i v i t y of 
the d i f f e r e n t elements present the more i o n i c the bonding. 
Perhaps the most s a t i s f a c t o r y way of determining the 
degree of i o n i c i t y i s t o study Restrahlen a b s o r p t i o n and 
a P P l y 'the S z i g e t i r e l a t i o n s . 
1.2 land Theory 

To discover the d i s t r i b u t i o n of allowed quantum 
mechanical e l e c t r o n s t a t e s i n a c r y s t a l w i t h i n whati i s 
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c a l l e d the 1 one e l e c t r o n approximation 1 t h e r e are two 
methods of approach. The f i r s t i s t o consider an i s o l a t e d 
atom and i t s e l e c t r o n i c s t a t e s and then study the e f f e c t s 
of b r i n g i n g other atoms i n t o i t s v i c i n i t y t o form a c r y s t a l . 
This i s c a l l e d the valence bond model and i s based on the 
H e i t l e r and London model of molecular bonding. The other 
method where the e l e c t r o n s are regarded as belonging t o 
the whole c r y s t a l , was proposed by B l o c h 1 ^ . 

1.3 The Valence Bond Model or T i g h t Binding Approximation. 
Allowed energies f o r a completely f r e e e l e c t r o n are 

given by the s o l u t i o n of the Schrodinger equation 
2 

= - % - x V 2 Vr = E V r (1.1) 

where h i s Planck's constant, m i s the e l e c t r o n mass, E 
i s i t s energy and ifr i t s wave f u n c t i o n . |yr| dv i s 
the p r o b a b i l i t y of f i n d i n g an e l e c t r o n i n the volume element 
dv. 

I t can be shown, t h a t E can have any value g r e a t e r or 
equal t o zero, under the necessary c o n d i t i o n s t h a t 
i s f i n i t e over a l l space and not i d e n t i c a l l y zero, and 
t h a t Tfr and V^r are continuous over r e a l space. 

I f we consider the outermost e l e c t r o n bound t o an 
i s o l a t e d i o n , the Schrodinger equation becomes 

2 
— p " x V * - V(x,y,z.) = E y r (1.2) 
OTi m 

where V(x,y,z) i s the p o t e n t i a l energy of the e l e c t r o n i n 
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the f i e l d due t o the nucleus, for a Coulomb f i e l d V(x,y,z) 
Ze 2 

i s ' ~ where Z i s the e f f e c t i v e charge on the nucleus, 
o 

e the charge on an e l e c t r o n , € Q the p e r m i t t i v i t y of f r e e 
space and r the distance of the e l e c t r o n from the nucleus. 
S o l u t i o n of equation (1.2) leads t o the r e s u l t t h a t the 
e l e c t r o n can take on only c e r t a i n d i s c r e t e values of 
energy E. 

I f we no longer consider the atom as i s o l a t e d but 
consider two s i m i l a r atoms g r a d u a l l y brought t o g e t h e r , 
t h e i r e l e c t r i c a l p o t e n t i a l s w i l l i n t e r a c t w i t h each other 
and V i n equation 1.2 w i l l be m o d i f i e d . The e l e c t r o n 
energy l e v e l s i n the i s o l a t e d atoms are d e g e n e r a t e ; ( i n d i s ­
t i n g u i s h a b l e ) . They are s p l i t by the i n t e r a c t i o n between 
the e l e c t r o n clouds as the atoms: approsich one another. 
The degree of s p l i t t i n g w i l l depend on the degree of 
i n t e r a c t i o n . This w i l l be increased by b r i n g i n g the atoms 
c l o s e r , and the e f f e c t w i l l be g r e a t e s t f o r the outermost 
e l e c t r o n s of an atom which are nearest the e q u i v a l e n t 
e l e c t r o n s i n the ot h e r atom and not e l e c t r i c a l l y s h i e l d e d 
from them. I n t h i s way the degeneracy w i l l be removed. 

I f now we consider a r e g u l a r l a t t i c e of atoms being 
brought t o g e t h e r , the energy l e v e l s w i l l show N f o l d 
s p l i t t i n g , where N i s the t o t a l number of atoms. The 
s p l i t t i n g w i l l increase as the atoms are brought t o g e t h e r , 
and a band of l e v e l s w i l l be set up,each band c o n t a i n i n g 
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a l e v e l corresponding t o a d i s c r e t e l e v e l i n each of 
the separate atoms. The degree of s p l i t t i n g w i l l be l e a s t 
f o r the innermost e l e c t r o n s i n l e v e l s which are sh i e l d e d 
from the corresponding electrons; i n neighbouring atoms. 
Figure 1 J. i l l u s t r a t e s the e f f e c t s on the d i s c r e t e energy 
l e v e l s as the atoms approach each other. 

This model assumes t h a t an e l e c t r o n sees a p o t e n t i a l 
due t o a l l the other e l e c t r o n s , which t o g e t h e r w i t h the 
p o t e n t i a l of the p o s i t i v e ions comprises a network of 
p o t e n t i a l w e l l s . This assumption i s t y p i c a l of the one 
e l e c t r o n approximation. The Bloch model i s also based on 
the one e l e c t r o n approximation. 
1.4 The Bloch or Weak Binding Model. 

I n t h i s model the c r y s t a l i s regarded as an i n f i n i t e 
s o l i d . F i r s t consider a one dimensional f i e l d w i t h a 
p e r i o d i c p o t e n t i a l of p e r i o d a. Then V = V(x + a r ) where 
r i s an i n t e g e r . Using Bloch's theorem the Sehrodinger 
equation can be solved t o give a s o l u t i o n 

V r k ( x ) = U k ( x ) e x p ( i k x ) (1.3) 

where U^Xx) i s a p e r i o d i c f u n c t i o n of x w i t h the same 
p e r i o d a, and k i s c a l l e d the wave number v e c t o r . Wave 
packets comprised of waves of t h i s form are r e q u i r e d t o 
describe l o c a l i s e d e l e c t r o n s . The e l e c t r o n v e l o c i t y i s 
eq u i v a l e n t t o a group v e l o c i t y of the waves dw/dk where 
w i s the angular frequency w = 2 i r v , v i s the wave 
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frequency. Then since E-̂  =hv the e l e c t r o n v e l o c i t y 
_ 2% dE 

dk h dk 

Prom equation 1.3 

(1.4) 

* ( x ) = U k ( x ) e X p ( ^ | ^ ) (1.5) 

e x p i ( k + 27tr/a)x =i E ^ ' ( x ) e x p ( i k ' x ) 

where k* = k + 2nr/a, and , ( x ) i s a p e r i o d i c f u n c t i o n 
of a. Thus E i s a p e r i o d i c f u n c t i o n of k, and k can "be 
r e s t r i c t e d t o the range — J t / a ^ k ^ : n/a. As V(x) i s u s u a l l y 
an even f u n c t i o n of x only the 0;<:k<:%/a range need he 
used. This i s c a l l e d a reduced r e p r e s e n t a t i o n . 

I n t hree dimensions the same argument can be f o l l o w e d 
w i t h the v e c t o r r r e p l a c i n g x and r a being replaced by r a = 
n l a l — + n2 a2-^ + n 3 a 3 ~ w n ® r e n ^ n ^ n ^ are i n t e g e r s , a-^ja^.a^ 
are the l a t t i c e spacings and i , i * k _ are u n i t v e c t o r s i n 
the d i r e c t i o n s of the c r y s t a l axes. 

Thence the e l e c t r o n v e l o c i t y 

X = TT V k \ (11.6) 

Kronig and Penney"*""*" discussed a model i n which atoms 

formed square p o t e n t i a l w e l l s i n a one dimensional l a t t i c e . 

They showed t h a t the d i s t r i b u t i o n of e l e c t r o n l e v e l s i n 

energy:-
( 1 ) Consists of a s e r i e s of allowed energy bands separated 

by f o r b i d d e n r e g i o n s . 
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( 2 ) The w i d t h of the "bands increases w i t h jiner easing 
c r y s t a l "binding energy. 

( 3 ) The w i d t h of the band decreases w i t h i n c r e a s i n g 
e l e c t r o n b i n d i n g energy. I ' 

( 4 ) D i s c o n t i n u i t i e s i n allowed energy as a |function of 
wave v e c t o r occur a t k = n7i/a where n =j 1,12,3,.'.... 

(5 ) The reduced r e p r e s e n t a t i o n i s a p p l i c a b l e . 
( 6 ) The t o t a l number of wave f u n c t i o n s ( a l l o w e d energy 

l e v e l s ) i n each band i s equal t o the number of u n i t 
c e l l s i h the c r y s t a l , which i s equal t o the number 
of atoms, N, i n the c r y s t a l . [ 

The f i r s t , t h i r d and l a s t conclusions had been a r r i v e d 
a t i n the t i g h t b i n d i n g t h e o r y , i s the b i n d i n g energy of 
a c r y s t a l increases w i t h decreasing l a t t i c e Spacing ( 2 ) 
also f o l l o w s from the t i g h t b i n d i r i g model. Figure 1.2 
shows a reduced r e p r e s e n t a t i o n of ia t y p i c a l set of energy 
bands. 
1.5 Number of E l e c t r o n s per-Level. 

According t o the concept of e l e c t r o n s p i n and the 
P a u l i e x c l u s i o n p r i n c i p l e two e l e c t r o n s can occupy one 
quantum s t a t e as a r e s u l t of the two allowed! s p i n o r i e n t a t i o n s . 
A l e v e l can t h e r e f o r e accommodate two e l e c t r o n s , and i f 
t h e r e are N atoms i n a c r y s t a l , the c r y s t a l can have 2N 
e l e c t r o n s i n each band of l e v e l s . 
1.6 E f f e c t i v e Mass 

I f an e l e c t r i c f i e l d P i s a p p l i e d t o a c r y s t a l which 
contains a f r e e e l e c t r o n , i t s subsequent motion i n the 
f i e l d i s described by the f o l l o w i n g equations 
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dE _ -nv_ _»/ e U f w d E x . dk _ 2iteF _ eFv - 2 ( 1 ? j r ) ( a E ) I t ~ H E " 

where t i s the time and e i s the; charge on an e l e c t r o n . 
Prom equation 1.4 i t f o l l o w s t h a t the e l e c t r o n experiences 
an a c c e l e r a t i o n 

,2™ , _ 2 ^ ,2, dv _ E\ /dkx _ f4*reF\ d E m ^ vT v—o> \—> - V 2 ' — 2 " u . /; dt h ^ 2 ' * d t dk' 

Comparison w i t h the motion of a f r e e p a r t i c l e of mass "in 
according t o c l a s s i c a l mechanics: where the a c c e l e r a t i o n 
equals eF/m leads t o the d e f i n i t i o n of e f f e c t i v e mass, m , 
of an e l e c t r o n , so t h a t the c l a s s i c a l formula can s t i l l 
be used t o describe the motion of an e l e c t r o n i n a s o l i d . 
Thus 2 

m x = ^ — (1.8) 
An2 * E 

dk 

C l e a r l y m x v a r i e s w i t h the wave v e c t o r k. The concept o f 
e f f e c t i v e mass a p p l i e s only t o charge t r a n s p o r t p r o p e r t i e s 
of the c r y s t a l . I n three dimensions 

J * = ip> 2 g r a d k g r a d k E(k) (1.9) 

where grad^grad^EI^ k) i s a tensor q u a n t i t y r a t h e r than the 
sc a l a r d e f i n e d by equation (1.8)<. 

Por comparison w i t h the c l a s s i c a l case the e f f e c t i v e 

number of f r e e e l e c t r o n s w i l l be ^eff — summed over 
m x 
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a l l occupied s t a t e s i n the band. For a one dimensional 
l a t t i c e the number of l e v e l s i s adk/2 i n the range k t o 
k + <Jk where a i s the l a t t i c e parameter. With two e l e c t r o n s 
per l e v e l the e f f e c t i v e number of e l e c t r o n s i n the band 
i s 

M = ( 87tam\ / dE\ 
1 N e f f ^ h 2 " ; ^dk ;k = k x 

Thus f o r a f u l l betnd the e f f e c t i v e number of conduction 
e l e c t r o n s i s zero as dE/dk i s zero a t the t o p of the band, 
see f i g u r e 1.2. The maximum number w i l l occur when (dE/dk)^. 
i s a maximum, t h a t i s at the p o i n t of i n f l e c t i o n i n the E(k) 
curve. 

1.7 P o s i t i v e Holes 
The c u r r e n t , i , due t o an e l e c t r o n passing from one 

contact t o another separated by a distance d i s given by 
i t s charge, -e, d i v i d e d by the t r a n s i t t ime, t ^ . 

. _ _ e_ ._ ev 
* t d 

where v i s the e l e c t r o n v e l o c i t y . For a l l the e l e c t r o n s 
present 

I - - f t T 
w i t h a f u l l band t h i s i s zero and t h e r e i s no conduction. 
I f one e l e c t r o n i s missing from an otherwise f u l l band 

where Vp i s the v e l o c i t y the missing e l e c t r o n would have 
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had i n the c r y s t a l . The r e s u l t i n g c u r r e n t i s c l e a r l y 
equal t o t h a t c a r r i e d by a p o s i t i v e charged e l e c t r o n w i t h 
the same v e l o c i t y as the missing; e l e c t r o n would have had. 
This e f f e c t i v e p o s i t i v e e l e c t r o n i s r e f e r r e d t o as a 
p o s i t i v e h o l e , or simply a ho l e . 
1.8 E l e c t r i c Conduction i n C r y s t a l s . 

I n a f u l l band no conduction can take place as the 
e f f e c t i v e number of f r e e e l e c t r o n s i s zero. This means 
t h a t the c o n d u c t i v i t y depends on t i e degree of f i l l i n g 
of the uppermost bands w i t h e l e c t r o n s . The diagrams i n 
f i g u r e 1.3 show f o u r simple cases. 

I n the f i r s t 1.3(a) the lower band i s f u l l and cannot 
lead t o conduction. The next band i s empty w i t h a l a r g e 
energy gap between, the two allowed bands. The e f f e c t i v e 
number of f r e e e l e c t r o n s i n eachiband i s zero and the 
substance i s an i n s u l a t o r . 

I f , however, the energy gap,between the bands i s s m a l l , 
as i n f i g u r e 1.3(b), a t temperatures above absolute zero, 
some e l e c t r o n s w i l l be t h e r m a l l y e x c i t e d i n t o the empty 
band from the h i g h e s t f u l l band, so t h a t n e i t h e r band w i l l 
be completely f u l l nor empty. Conduction w i l l now take 
place i n both bands. The temperature a t which conduction 
w i l l become appreciable depends on the energy gap and t o 
a l e s s e r extent on the m o b i l i t i e s and d e n s i t i e s of s t a t e s 
i n the bands concerned. Where t h i s temperature i s 
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e x p e r i m e n t a l l y obtained the c r y s t a l i s classed as an 
i n t r i n s i c semiconductor. 

I f a band i s only h a l f f 1 3 . l l : as i n the f i g u r e 1.3(c) 
conduction w i l l be very h i g h and \the c r y s t a l behaves as 
a metal. With a t h r e e dimensional c r y s t a l l a t t i c e i t i s 
po s s i b l e f o r two bands t o overlap i n energy. I n t h i s way 
a c r y s t a l which would have been an i n s u l a t o r or semiconductor 
becomes a metal.' This i s shown f o r the example of magnesium 
i n f i g u r e !.}>(&). 

These f o u r examples comprise the main conduction 
meehanisms found i n p u r e ( i n t r i n s i c ) c r y s t a l s t o which band 
theory can be a p p l i e d . 
1.9 Semiconductors. 

The highest f u l l band ( a t absolute zero) i s c a l l e d 
the valence band (1.3. i n f i g u r e 1.3) and the lowest empty 
or p a r t i a l l y empty band i s called; the conduction bahd(C.B. 
i n f i g u r e 1.3). The energy gap between these bands i s 
c a l l e d the f o r b i d d e n gap. 

I f t h e r e are l o c a l i s e d energy l e v e l s between the 
conduction and valence bands due t o i m p u r i t i e s or imper­
f e c t i o n s i n the c r y s t a l , they can a f f e c t the number of 
f r e e e l e c t r o n s . I n p a r t i c u l a r a centre w i t h a l e v e l near 
the conduction band which i s f i l l e d w i t h an e l e c t r o n can 
lose i t t o the conduction band by thermal e x c i t a t i o n and , 
so help t o increase c o n d u c t i v i t y . Such a l e v e l i s c a l l e d 

http://f13.ll
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a donor. 
S i m i l a r l y a i i r c e n t r e s w i t h empty l e v e l s near the 

valence band w i l l be capable of c a p t u r i n g electrons: 
l e a v i n g a hole i n the valence band. This type of centre 
i s c a l l e d an acceptor. 

A c r y s t a l w i t h donors and predominantly e l e c t r o n 
conduction i s r e f e r r e d t o as n-type. I n a c r y s t a l i n 
which holes are the main means of conduction the c r y s t a l 
i s s a i d t o be p-type. I f i m p u r i t i e s are respo n s i b l e f o r 
the p r o d u c t i o n of donors and acceptors the specimen i s 
c a l l e d an i m p u r i t y semiconductor. 
1.10 D i s t r i b u t i o n of E l e c t r o n s 

I n t h i s d i s c u s s i o n a l l energies are measured from 
the bottom of the conduction band unless otherwise s t a t e d . 

E l e c t r o n s are Fermions and obey Fermi-Mrae s t a t i s t i c s . 
The p r o b a b i l i t y of occupancy of an allowed quantum s t a t e 
at energy E i s 

F(E) = r- (1.10) 
(E - E~) 

e — 1 + l 
kT 

where E ? i s the Fermi energy, and i s the energy at which 
the p r o b a b i l i t y of occupancy i s o|ne h a l f . I f the d e n s i t y 

level* 

of i*«*»t w i t h energies between E and E + dE i s Z(EjdE 
The d e n s i t y of e l e c t r o n s i n the range E t o E + dE w i l l be 
N(E) = F(E)Z(E)dE. I f the e l e c t r o n s are g - f o l d s p i n 
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degenerate, but obey P a u l i ' s e x c l u s i o n p r i n c i p l e t h e r e 
w i l l be g po s s i b l e e l e c t r o n s t a t e s per l e v e l . 

For an i n t r i n s i c semiconductor the number o f e l e c t r o n s 
i n the conduction band w i t h energies i n the range E t o 
E + dE i s n (E')dE = Z(E)P(E)dE =S gN (E)P(E)dB. I n t e g r a t i n g 
over the conduction band, the t o t a l number of e l e c t r o n s 
i n the conduction band becomes 

n i = « Jo N c(E)F(E)dE (1.11) 

where E% i s the energy at the t o p of the conduction band. 
S i m i l a r l y f o r holes i n the valenpe band where: the p r o b a b i l i t y 
of occurrence of a hole i s t h a t of f i n d i n g an empty e l e c t r o n 
s t a t e . 

p(E)dE = gN v(E)(l-3?(E|))dE (1.12) 

and the t o t a l number of holes i n a band r^E N (E) (l-Pl(E))dE (1.13) 
Eb v 

where the energy i s -AE a t the t o p and E^ a t the bottom of 
the valence band. 

For s p h e r i c a l constant energy surfaces i n k space 
3/2 h -3 1/2 

N j E ) d E = 2*(2fc ) (-=5) E dE ( l . H ) c 
N. v ( E ) d E « 2 t t ( 2 m h ) 3 / 2 ^ ) 3 ( - A E - E ) 1 / 2 d E (1.15) 

where mg and m^ are the e f f e c t i v i e masses of e l e c t r o n s and 

holes r e s p e c t i v e l y . 
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Assuming t h a t the c a r r i e r s f i l l only s t a t e s near the 
band edges so t h a t the semiconductor i s non-degenerate and 
E - E p » k T , i t f o l l o w s t h a t 

2*mekT 3 / 2 E p Ep 
n = 2 ( — | — ) e x p ( ^ ) = N c exp(-g|) (1.16 a & b) 

h ! 

2 ^ k T 3 / 2 - % f A > r ( V A E ) P i = 2 ( — 5 — ) exp( — ^ r) = N v expk v J ^ f / 

(1.17 a & b) 

For an i n t r i n s i c semiconductor = n^. Then from the 
above equations 

>, - - f • ^ l n < | ) (1.18) 

I n an i m p u r i t y semiconductor the number of i n t r i n s i c 
c a r r i e r s i s small compared w i t h those o r i g i n a t i n g from 
i m p u r i t i e s . For donors equation |1.16b s t i l l holds, as 
does equation 1.17b f o r acceptors; 

Thus np = N c N v e x p ( ^ l ) H n . 2 (1.19) 

This means t h a t the product np i s j independent of the 
a d d i t i o n of i m p u r i t i e s (doping) bjut the depth of the Fermi 
l e v e l w i l l v a r y , e.g. w i t h v a r i a t i o n s of n i n equation 1.19. 

Often i n an i m p u r i t y semiconductor the i m p u r i t i e s 
are c l o s e r than kT i n energy t o the edges of the bands i n 
which they produce c a r r i e r s . The;reason f o r t h i s can be 
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seen from a c a l c u l a t i o n of the iojnisatLon energy of i m p u r i t i e s 
assuming a hydrogen l i k e model. jThen the i o n i z a t i o n energy 
i s g i v e n by 

€ 

where c i s the d i e l e c t r i c constant! of the m a t e r i a l and mx/m 
the e f f e c t i v e mass r a i i o . For h i g h d i e l e c t r i c m a t e r i a l s 

where the e l e c t r o n o r b i t i s large! the c r y s t a l d i e l e c t r i c 
/ 2 

constant can be used. The 1/c f a c t o r leads t o the 
shallowness of i m p u r i t i e s mentionjed above f o r m a t e r i a l s of 
l a r g e d i e l e c t r i c constant such as cadmium su l p h i d e , germanium, 
s i l i c o n e t c . 

When the i m p u r i t y depths are; w i t h i n an energy fcT of 
the appropriate: band n e a r l y a l l the donors w i l l have l o s t 
t h e i r e l e c t r o n s t o the conduction! band and a l l acceptors 
w i l l have gained e l e c t r o n s from the valence band. The 
i m p u r i t i e s are t h e n sa i d t o be f u l l y i o n i s e d or exhausted. I f N, i s the number of donors and N„ the number of a a 
acceptors and they are both f u l l y ; i o n i s e d , then there w i l l 
be N-, - N„ + n. e l e c t r o n s i n the conduction band ( I f N,>N ) . a a 1 a a 

i a I f n^ i s n e g l i g i b l e the c r y s t a l i s n^type and -
N e exp ( E F A T ) ( 1 . 2 0 ) . For N^>Ndj and n. the c r y s t a l w i l l 
be p-type and W — N = N exp(-(E i ; i +AE )/kT). The donors 

a Q. v £ 
and acceptors i n such a c r y s t a l ate s a i d t o be compensated. 

I f a semiconductor i s at a s u f f i c i e n t l y low temperature 
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the i m p u r i t i e s w i l l not be i o n i s e d and the c a r r i e r con­
c e n t r a t i o n i s low. As the temperature i s increased some 
i m p u r i t i e s are i o n i s e d and the c a r r i e r c o n c e n t r a t i o n 
increases u n t i l they are a l l i o n i s e d . The d e n s i t y of c a r r i e r s 
w i l l remain constant as the temperature r i s e s f u r t h e r . At 
higher temperatures the c a r r i e r c o n c e n t r a t i o n increases 
w i t h temperature again due t o i n t r i n s i c e x c i t a t i o n across 
the band gap. Whether or not the i n t r i n s i c r e g i o n i s 
reached w i l l depend mainly on thje band gap, the magnitude 
of the i m p u r i t y c o n d u c t i v i t y and- the temperature a t t a i n a b l e 
w i t h o u t d e s t r o y i n g the c r y s t a l . 
1.11 Defects 

Any form of c r y s t a l , defect or chemical i m p u r i t y may 
produce an e l e c t r o n l e v e l i n the f o r b i d d e n gap of the c r y s t a l . 
One common method f o r producing n-type and p-type m a t e r i a l 
i s t o use chemical doping. 

I f an a*.©.m i n the c r y s t a l l a t t i c e i s replaced by one 
of an element i n the next higher: group i n the p e r i o d i c t a b l e 
t h i s new atom w i l l have one too many e l e c t r o n s t o s a t i s f y 
bonding i n covalent c r y s t a l s . The e x t r a e l e c t r o n , as a 
r e s u l t , w i l l o nly be l o o s e l y bound t o the atom and the atom 
acts as a donor l e v e l . I n t h i s way the c r y s t a l can be 
made n-type. Atoms of elements more than one group h i g h e r 
may a l s o be usable i n t h i s way forming double donors. 

To produce p-type semiconductors a replacement atom 



- 20 -
I 

of an element one group lower than the o r i g i n a l atom 
i s used. The i m p u r i t y i s d e f i c i e n t of one e l e c t r o n f o r 
bonding requirements and r e a d i l y j accepts one. An element 
more than one group lower than the o r i g i n a l one can also 
be used i f i t w i l l go s u b s t i t u t i b n a l l y i n t o the l a t t i c e . 
1.12 R e l a x a t i o n Time and C a r r i e r M o b i l i t y 

F o l l o w i n g Sommerfeld's theory of f r e e e l e c t r o n con­
d u c t i o n i n metals,, l e t the d e n s i t y of occupied s t a t e s i n 
thermal e q u i l i b r i u m i n an element dp , dp , dp of phase 

x y & 

space be (2/h )F (p)dp dp dp where T?n i s the Fermi 
d i s t r i b u t i o n f u n c t i o n and p the momentum. When an e l e c t r i c 
f i e l d E i s a p p l i e d i n the x d i r e c t i o n the d i s t r i b u t i o n 
f u n c t i o n i s d i s t u r b e d and the d e n s i t y of f i l l e d s t a t e s 
per u n i t volume i n the range dp . dp . dp„ becomes ( 2 / h 3 ) 

xi y z 
F(p)dp'^dpydp z. Thence the c u r r e n t d e n s i t y i s 

where V x i s the x component of v e l o c i t y of the e l e c t r o n s 
w i t h momentum p. 

I n the steady s t a t e the r a t e of change of d i s t r i b u t i o n 
due t o the f i e l d must be balanced by t h a t due t o s c a t t e r i n g 
processes. 

<#>„oii - - e E x ( J f j w > 

I t i s assumed, t h a t a r e l a x a t i o n time ( T r ) can be defined such 
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t h a t 

<£>o.ll = - ^ ^ \ 
2 ? 2 As the energy o f e l e c t r o n s E = (p + p" + p )/2m x y z 

and from equations 1.23 and 1.22 

F - Frt <$F, 

R 

Here i t i s assumed t h a t the a p p l i e d f i e l d , E , i s small 
and i n (1.22) can be replaced by 6VV* S u b s t i t u t i n g 
(1.24) i n equation 1.21, and assuming «rR i s a f u n c t i o n o f 
energy but independent of d i r e c t i o n i t can be shown t h a t 

£* . , ,.i^A - i n (1.25) 
x 3h 

where T̂ , i s the value of r R f o r the e l e c t r o n energy a t the 
Fermi l e v e l . 

The same r e s u l t can be obtained from band th e o r y w i t h 
e T F 

the e f f e c t i v e mass r e p l a c i n g the e l e c t r o n mass. Then —ffi" -
e 

i s then r e f e r r e d t o as the e l e c t r o n m o b i l i t y ( j i g ) . 
A s i m i l a r r e s u l t a p p l i e s t o semiconductors w i t h degenerate 

s t a t i s t i c s . I n non-degenerate semiconductors the m o b i l i t y 
depends on the mean r e l a x a t i o n time <«r> averaged over 
a l l e l e c t r o n energies and p = ^ E * > * 

1.13 S c a t t e r i n g Processes. 
The r e l a x a t i o n time depends on the mechanism of c a r r i e r 
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s c a t t e r i n g . The c a r r i e r s can be s c a t t e r e d by the l a t t i c e 
v i b r a t i o n s ( a c o u s t i c a l and o p t i c a l Modes), charged or n e u t r a l 
i m p u r i t i e s , and other c a r r i e r s . Each mode of s c a t t e r i n g 
leads t o a d i f f e r e n t temperature |dependence of m o b i l i t y . 
I n cadmium sulphide f o r instance the m o b i l i t y v a r i e s as 

3 
T ¥ i n d i c a t i n g the dominant s c a t t e r i n g mechanism i s by 
l o n g i t u d i n a l a c o u s t i c a l mode vibrations of the l a t t i c e , 

i : 
despite the i o n i c component i n i t s bonding. 
1.14 C o n d u c t i v i t y . 

The c o n d u c t i v i t y of a semiconductor i s give n by the sum 
of the e l e c t r o n and hole c o n d u c t i v i t i e s . Thus from equation 
1.25 and equ i v a l e n t equation f o r holes 

«r = neja e + pejap (1.26) 

where n and p are the d e n s i t i e s ojf e l e c t r o n s and holes i n 
the conduction band and valence band r e s p e c t i v e l y . 
1.15 The H a l l E f f e e t . 

One method of e v a l u a t i n g m o b i l i t i e s i s by measuring 
the H a l l e f f e c t which can be done! i n metals as w e l l as i n 
semiconductors. 

An e l e c t r i c f i e l d Es i s appljied t o the c r y s t a l i n the 
x d i r e c t i o n , as shown i n f i g u r e 1.4. This eauses^a c u r r e n t 
d e n s i t y J t o f l o w . A magnetic f i e l d B z i s a p p l i e d i n 
the z d i r e c t i o n and contacts are placed on the c r y s t a l t o 
measure a v o l t a g e i n the mutually! perpendicular y d i r e c t i o n . 
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The c a r r i e r s accumulate a t the surface of the sample and 
set up an e l e c t r i c f i e l d E which opposes f u r t h e r d e f l e c t i o n 
of c a r r i e r s by the Lorentz f o r c e s . E i s c a l l e d the H a l l 
f i e l d and E = EJ B where 1 i s c a l l e d the H a l l constant. 

I n e q u i l i b r i u m under open c i r c u i t c o n d i t i o n s the 
f o r c e on charged c a r r i e r s due t o B z i n the y d i r e c t i o n , 
must balance the f o r c e on the charges due t o E . Thus 
w i t h e l e c t r o n s i n an n-type specimen 

BJ J 
e E„ = - e B V x = - -=L£, since V x = y z x n n e 

where ? x i - s ^ n e average d r i f t v e l o c i t y . 
I f 0- i s the H a l l angle, t h a t i s the angle between 

the r e s u l t a n t e l e c t r i c f i e l d d i r e c t i o n and the a p p l i e d 
e l e c t r i c f i e l d then 

E 
t a n 0 = J- = - B p (1.27) 

x 
I t f o l l o w s t h e r e f o r e t h a t the H a l l v o l t a g e 

I B . 
VH = t i | ' " W x * t 1 ' 2 8 ) 

where I i s the t o t a l c u r r e n t , t i s the c r y s t a l t h i c k n e s s , 
w i s the w i d t h of the specimen and n i s the e l e c t r o n d e n s i t y . 
This simple a n a l y s i s also shows t h a t S = - l / n e . 

The a n a l y s i s assumes among :other t h i n g s t h a t r , the 
r e l a x a t i o n time i s independent of e l e c t r o n v e l o c i t y . Since 

t h i s i s only t r u e of metals and degenerate semiconductors 
a f a c t o r r v a r y i n g between 1 and 2 should be i n t r o d u c e d . 
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As a r e s u l t the H a l l constant becomes 
I 

R = - r/ne (1.29). 
The product of H a l l constant and e l e c t r i c a l c o n d u c t i v i t y , 

Ra, i s defin e d as the H a l l m o b i l i t y , since 
R<r = r p ( 1 . 3 0 ) . 

I t must be remembered t h a t the H a l l m o b i l i t y i s not 
n e c e s s a r i l y equal t o the c o n d u c t i v i t y m o b i l i t y , u.. The 
f a c t o r r = — ? , where the averaging i s done over a l l 
e l e c t r o n energies, and cannot b e ; c a l c u l a t e d unless the 
s c a t t e r i n g mechanism i s known. 

C a r r i e r m o b i l i t i e s can also be determined i n experiments 
i n which the d r i f t v e l o c i t i e s of e i t h e r m i n o r i t y o r m a j o r i t y 
c a r r i e r s are measured. The d r i f t m o b i l i t y i s not: n e c e s s a r i l y 
i d e n t i c a l w i t h e i t h e r the H a l l or c o n d u c t i v i t y m o b i l i t y , 
except i n h i g h l y e x t r i n s i c , t r a p f r e e m a t e r i a l . 
1.16 E l e c t r i c a l Contacts. 

I n order t o measure the e l e c t r i c a l p r o p e r t i e s of a 
c r y s t a l i t i s u s u a l l y necessary t o make e l e c t r i c a l contacts 
t o the c r y s t a l . Consider a c r y s t a l i n vacuo. The diagram 
i n f i g u r e 1.5 shows the energy l e V e l s i t u a t i o n at the surface. 
(/ i s the work f u n c t i o n and X the e l e c t r o n a f f i n i t y . The 
S S ' 

depth of the Fermi l e v e l below the conduction band 
E F = ^s " X s ( 1 . 3 D 

P l a c i n g metal contacts on the c r y s t a l may form; a metal 
semiconductor b a r r i e r . I g n o r i n g surface e f f e c t s on the 
semiconductor, the s i t u a t i o n f o r an n-type semiconductor 
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i s shown i n f i g u r e 1.5 f o r contacts formed w i t h metals 
of ( a ) h i g h and ( b ) low work f t k n c t i o n 0 m. 

I f w i t h the metal and semiconductor separated the 
Fermi l e v e l i n the metal i s loiter than i n the semiconductor, 
i . e . Gf > 0f , e l e c t r o n s w i l l d i f f u s e from the semiconductor 

m s I 
i n t o the metal. This process continues u n t i l a l a r g e enough 
f i e l d i s set up t o prevent a n y j f u r t h e r net d i f f u s i o n of 
e l e c t r o n s . The l o s s of e l e c t r o n s from the semiconductor 
produces an i n s u l a t i n g l a y e r near the surface of the semi-
conductor c o n t a i n i n g a net p o s i t i v e charge due t o i o n i s e d 
donors. Such a l a y e r i s c a l l e d a d e p l e t i o n l a y e r . The 
contact possesses r e c t i f y i n g p r o p e r t i e s and may w e l l 
l i m i t the c u r r e n t f l o w when an e l e c t r i c f i e l d i s a p p l i e d . 

When the Fermi l e v e l of the i s o l a t e d metal i s higher 
than t h a t of the semiconductor: i . e . < 0 no b a r r i e r 
i s set up and the admission o f j e l e c t r o n s i n t o the c r y s t a l 
i s governed by the bulk p r o p e r t i e s of the c r y s t a l . Such 
a contact i s c a l l e d an ohmic contact and i s s u i t a b l e f o r 

i • -

the d e t e r m i n a t i o n of the bulk p r o p e r t i e s of the semi­
conductor. On t h i s ar/giament the c o n d i t i o n f o r ohmic 
contacts i s t h a t the work f u n c t i o n of the metal must 
be leas than t h a t of the semiconductor. 

For a p-type semiconductor where an ohmic contact r e q u i r e s the i n j e c t i o n of hole s i n t o the semiconductor 
the work f u n c t i o n of the metal! must be g r e a t e r than t h a t 
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of the semiconductor. I f i t i s not a d e p l e t i o n l a y e r forms 
a b a r r i e r and complicates the measurement of bulk p r o p e r t i e s . 
1.17 Surface States. 

Even i f the work f u n c t i o n of the contact metal i s 
matched t o the semiconductor, c r y s t a l surface s t a t e s may 
i n t r o d u c e a b a r r i e r and a d e p l e t i o n l a y e r . An oxide f i l m 
on the surface i s one of s e v e r a l such sources of surface 
s t a t e s . I f the f i l m i s conducting i t w i l l e f f e c t i v e l y s h o r t 
c i r c u i t the b u l k of the c r y s t a l . I n the absence of an 
oxide l a y e r , surface s t a t e s known as Tamm l e v e l s which are 
due t o the d i s r u p t i o n of 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 can s t i l l a ct as acceptors on an n-type semiconductor 
or donors on a p-type semiconductor. I n t h i s way an 
' i n v e r s i o n * b a r r i e r i s set up at the surface. 

Surface p r o p e r t i e s are a f f e c t e d by mechanical damage 
as w e l l as mechanical and chemical p o l i s h i n g techniques. 
D i f f u s i o n o f the metal of the contact i n t o the c r y s t a l can 
a l s o a s s i s t the p r o d u c t i o n of an ohmic contact i f t h i s 

+ + 

tends t o form a l o c a l i s e d n or p conducting r e g i o n a t 
the c o n t a c t , or i f i t n e u t r a l i s e s the surface s t a t e s . 
C l e a r l y a metal t h a t tends t o form an i n s u l a t i n g l a y e r i f 
i t d i f f u s e s i n , i s u n s u i t a b l e as a contact as i t w i l l always 
form a surface b a r r i e r . 
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CHAPTER Zi. 

O p t i c a l P r o p e r t i e s 

2.1 R a d i a t i o n 
Electromagnetic radia/fcion of frequency v can be 

regarded as composed of photons w i t h energy E = hv (2.1) 
where h i s Planck's constant. Except f o r very h i g h energy 
photons ( ^ lMeV) where the Compton e f f e c t i s a p p r e c i a b l e , 
each photon gives up a l l i t s energy i n one i n t e r a c t i o n . 
Electromagnetic r a d i a t i o n can be absorbed by semiconductors 
i n s e v e r a l ways. Considering a b s o r p t i o n by e l e c t r o n s o n l y , 
the r a d i a t i o n can be absorbed by i n n e r s h e l l e l e c t r o n s , 
valence band e l e c t r o n s , f r e e c a r r i e r s , and e l e c t r o n s bound 
t o l o c a l i s e d i m p u r i t y and defect centres (see f i g u r e 2.2). 

I n n e r s h e l l e l e c t r o n s r e q u i r e l a r g e photons t o e x c i t e 
them t o higher emptjr s t a t e s as the lower energy s t a t e s are 
f u l l . This i s beyond the range of o p t i c a l or near o p t i c a l 
r a d i a t i o n s and w i l l n ot be considered i n d e t a i l . 

I n a semiconductor f r e e c a r r i e r a b s o r p t i o n w i l l take 
place a t low photon energies. At higher photon energies, 
u s u a l l y near the v i s i b l e r e g i o n , a b s o r p t i o n by e x c i t a t i o n 
of e l e c t r o n s from the valence t o the conduction band i s 
p o s s i b l e . A b s o r p t i o n i n v o l v i n g e x e i t o n s t a t e s near the 
conduction band occurs a t s l i g h t l y lower energies. 

The s e l e c t i o n r u l e s of quantum mechanics r e q u i r e t h a t 
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the wave v e c t o r k must be conserved i n a b s o r p t i o n f o r 
the process t o be allowed; and have a h i g h p r o b a b i l i t y 
of t a k i n g place. As the wave v e c t o r of r a d i a t i o n i n the 
near v i s i b l e r e g i o n i s small compared w i t h t h a t of e l e c t r o n s 
i n the c r y s t a l , the wave v e c t o r of the e l e c t r o n must be 
almost unchanged by i t s t r a n s f e r from the valence t o 
conduction band when a photon i s absorbed. Since most 
energy l e v e l diagrams of semiconductors have the wave 
ve c t o r p l o t t e d as the abscissa and the energy as the o r d i n a t e , 
t r a n s i t i o n s of constant wave v e c t o r are c a l l e d v e r t i c a l 
t r a n s i t i o n s . 

I f the s t r u c t u r e of the energy bands i s simple and 
the minimum of the conduction band and the maximum of 
the valence band occur at k = 0 (see f i g u r e 2 . 1 ( a ) ) , the 
minimum energy t r a n s i t i o n of an e l e c t r o n between the bands 
i s v e r t i c a l ( d i r e c t ) and there i s a sharp increase i n 
a b s o r p t i o n when the photon energy i s increased through 
t h i s minimum value. I f the bands are such t h a t the minimum 
energy t r a n s i t i o n between the bands i s not v e r t i c a l t here 
w i l l s t i l l be an increase i n a b s o r p t i o n as the photon energy 
passes through t h i s minimum value (see f i g u r e 2.1 ( b ) ) . 
This i s because non v e r t i c a l ( i n d i r e c t ) t r a n s i t i o n s have 
a f i n i t e p r o b a b i l i t y of o c c u r r i n g . Momentum i s conserved 
by the emission or a b s o r p t i o n of a phonon. When the energy 
of the i n c i d e n t photon i s increased s t i l l more there w i l l 
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"be a f u r t h e r increase i n a b s o r p t i o n when d i r e c t t r a n s i t i o n s 
at k = 0 can occur. 

The d e n s i t y of phonons increases w i t h temperature, 
causing a b s o r p t i o n by i n d i r e c t t r a n s i t i o n s t o increase. 
I f a phonon i s absorbed i n the i n t e r a c t i o n the t h r e s h o l d 
f o r band t o band a b s o r p t i o n can be s l i g h t l y l e s s than the 
i n d i r e c t f o r b i d d e n gap, by an amount equal t o the phonon 
energy. The s i t u a t i o n t h e o r e t i c a l l y i s f u r t h e r complicated 
by the f a c t t h a t i n d i r e c t or d i r e c t t r a n s i t i o n s can be 
"allowed" or " f o r b i d d e n " depending on the p a r i t y of the 
i n i t i a l and f i n a l wave f u n c t i o n s . This however i s important 
q u a n t i t a t i v e l y r a t h e r t h a n q u a l i t a t i v e l y . 

D i r e c t or i n d i r e c t t r a n s i t i o n * from, the valence t o 
conduction band due t o i r r a d i a t i o n w i l l both lead t o an 
increase i n c o n d u c t i v i t y as a r e s u l t of the increased 
c o n c e n t r a t i o n of f r e e e l e c t r o n s and holes i n the conduction 
and valence bands. This i s the f i r s t stage of the photo-
conductive process. 

Absorption by f r e e c a r r i e r s i n a band i s l i m i t e d by 
the w i d t h of the band and u s u a l l y only occurs a t wavelengths 
g r e a t e r than 1 micron. The a b s o r p t i o n increases w i t h wave­
l e n g t h and depends s t r o n g l y on the d e n s i t y of f r e e c a r r i e r s . 
I t i s only s i g n i f i c a n t f o r semiconductors w i t h h i g h c a r r i e r 
c o n c e n t r a t i o n s . O p t i c a l a b s o r p t i o n i n c r y s t a l s can be 
complicated by the p r o d u c t i o n o f ; e x c i t o n s . Excitons can 
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be regarded as electrons o r b i t i n g round atoms i n the t i g h t 
binding model or electrons o r b i t i n g round holes i n the 
loose binding model. Thus they can be regarded as electrons 
occupying bound excited states. The e x c i t a t i o n levels form 
a hydrogen l i k e series j u s t below the conduction band (see 
fi g u r e 2.2). Though an electron i n such a state does not 
contribute t o conduction d i r e c t l y , the electrons can. be 
excited thermally i n t o the conduction band i f the temperature 
i s high enough f o r l a t t i c e v i b r a t i o n s to supply the exciton 
binding energy. I n t h i s way exciton absorption can lead 
at s u f f i c i e n t l y high temperatures t o an increase i n the 
free electron concentration and thus to photoconductivity. 

Turning to impure c r y s t a l s , electrons i n bound 
impurities can be excited to higher levels w i t h i n the 
impurity or i n t o the conduction band. E x c i t a t i o n w i t h i n 
a bound impurity cannot lead to photoconductivity. I f the 
electron, however, i s excited i n t o the conduction band i t 
can then contribute t o conduction. Impurity absorption 
appears e i t h e r as a continuum or a sepai'ate absorption 
band on the long wavelength side of the absorption edge. 
The higher the c r y s t a l temperature the nearer the spectrum 
approaches to a continuum. This e f f e c t i s due to phonon 
i n t e r a c t i o n s . 
2.2 Continuity Equations 

Once an electron-hole p a i r has been produced the 
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c a r r i e r s d i f f u s e by thermal a g i t a t i o n , and are influenced by 
any f i e l d s present. Thus we have the c o n t i n u i t y equations 
describing production, d i f f u s i o n , d r i f t i n an e l e c t r i c f i e l d , 
and recombination of electrons and holes. 

J f - q " ( ^ ) - | 4i v 1* (2.2) |S = q - ( ^ i ) + i d i T j - (2.3) 

J + = ep^pE - eD h grad p (2.4) 

J~= bejci^nE + beD h grad n (2.5) J = J ++ J" (2.6) 

div 1 = e (Ap -An)/c (2.7) 

where p stands f o r the density of holes and n f o r the density 
of electrons; o as a s u f f i x denotes the density i n the absence 
of i l l u m i n a t i o n . q i s the rate of generation of electron-hole 
pairs by the i l l u m i n a t i o n , r i s t h e i r free l i f e time and 
J + and J~ are the hole and electron currents, tu i s the hole 

Pe De 
mo b i l i t y and D, i s the hole d i f f u s i o n constant, b = —— = —— 

n Ph ^h 
i s the m o b i l i t y r a t i o and jiQ and De are the electron m o b i l i t y 
and d i f f u s i o n c o e f f i c i e n t . E i s the applied e l e c t r i c f i e l d 
and € the d i e l e c t r i c constant of the ma t e r i a l , Ap = p - p Q, 
An = n - n and the net current J = J ++ J . o 

For a more conducting type of semiconductor i t can be 
assumed that at any point there i s charge n e u t r a l i t y . 

.*. Ap =An and i n the low i l l u m i n a t i o n case Ap « p or n. 



Then ^ = q - ^ + D div grad Ap + p i grad Ap (2.8) 
n p 

where the ambipolar d i f f u s i o n constant B = B L 0
 + °] 

P 0 _ » 0 o po 
and e f f e c t i v e m o b i l i t y fx - fxQ + ]. 

o *o 
For more i n s u l a t i n g materials where charge n e u t r a l i t y 

does not occur but assuming i n t r i n s i c material and a small 
signal, the equations are again soluble. For i r r a d i a t i o n 
w i t h I photons per u n i t area of a s o l i d w i t h a c o e f f i c i e n t 
of absorption K, the rate of generation of electron-hole 
pairs assuming one p a i r i s produced per absorbed photon i s 
q = KI exp(-Ky) (2.9) where y i s the depth below the 
surface on which the r a d i a t i o n i s incident. 

ep, n. From the above assumptions and assuming -—=r—• i s 
€ B h 

very large i t follows that 
2 2 

^ d - Ap = Ki-rexp(-Ky) (2.10) 
i 

where L = ( D T ) s i s the ambipolar d i f f u s i o n length. I f 
we assume that the surface recombination v e l o c i t y (s) i s 
the same f o r both the f r o n t and back surfaces <J+=- es A p 
at the top surface (y = 0) and J += es Ap at the bottom 
(y = t ) surface, and 

Ap = P-, cosh £ + P~ sinh f + KIsexp(-Ky) 
1 L 2 L I - K L 
0 < y < t (2.11) 

2.3 Photoconductivity i n I n t r i n s i c Semiconductors. 
I f electrodes are applied to the specimen i n the x 
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d i r e c t i o n (see f i g u r e 2.3) and the d i s t r i b u t i o n of c a r r i e r s 
i n the y d i r e c t i o n i s neglected thjsn the photocurrent f o r a 
c r y s t a l w i t h thickness t i s 

e(b + l ) i i h r f t 

A i = — \ J Apdy. Let 4? =J Apdy, then A.icxAP. 

from equation (2.11) i f ot = 2̂ - , 
2 2 

AP 1 1 ^ = 1 - exp(-Kt) + KL (<x cosh ~ + sinh | - <* ) x 

(KL- <x)exp(tKt)-KL-;o< , 0 n_, 
p . "Hp " i T \d*±d) 

(1+ o O s i n h £ + 2«cosh £ 
Now consider some special cases. 
(1) I f surface recombination i s neglected 

AP — T ( 1 - exp(-Kt)) =TT( t o t a l absorbed quanta) 
(2) For t h i c k samples where t»L aind i f o c ^ l , ( i . e . the 
recombination v e l o c i t y i s small) anid %IM»1 (surface absorption 
of the r a d i a t i o n ) , as K ^ 

APoo = 1 r e f f (2.13) 

where \ e f f = i + | 
(3) I f oc and t are large but « « K L e.g. at short wave 
lengths AP = 
(4) I f 0 4 ^ i . e. t o t a l recombination at the surface 

A P ( l - K 2 L 2 ) / l T = 1-ZL tanh - (1+KL tanh |-)exp(-Kt) (2.14) 
This has a maximum A P m o v = 0.51-tI at KL = 0.54 f o r £ != 5 

K and therefore KL can be varied by varying the wave­
length of r a d i a t i o n f a l l i n g on the c r y s t a l . I n practice 
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the surface recombination v e l o c i t y can be obtained from 
equations (2.13) and (2.14) since — : = 0.51«(2.15) 

(see f i g u r e 2.4). 
Photoconductivity i h c e r t a i n more i n s u l a t i n g semi­

conductors w i l l be. discussed l a t e r i n t h i s thesis. 
2.4 Bember Ef f e c t . 

Another e f f e c t observed i n a homogeneous semiconductor 
13 

i s the Dember e f f e c t . The c r y s t a l i s illuminated; as 
shown i n the diagram i n f i g u r e (2.5). 

Radiation strongly absorbed at the surface of the c r y s t a l 
produces electron-hole p a i r s . The electrons and hples i n 
the absence of a f i e l d d i f f u s e away from the surface. The 
rate of d i f f u s i o n f o r electrons i s d i f f e r e n t from that 
f o r holes and as a r e s u l t charge separation w i l l take 
place i n the c r y s t a l . This sets up an e.m.f. opposing the 
charge separation and as a r e s u l t equilibrium i s established 
with a voltage difference between the top and bottom surfaces 
of the c r y s t a l . 

With surface absorption of the r a d i a t i o n , change 
n e u t r a l i t y , and a t h i c k specimen; the open c i r c u i t voltage 
YD ~ jL^(n V p ^ H l + 0 ^ ) ( 2 * 1 6 ) where CX-L refers to recombination 
i n the illuminated surface. 

As might have been expected the voltage i s proportional 
to the difference between the m o b i l i t i e s of electrons and 
holes, to the rate of exeitation :and the ambipolar d i f f u s i o n 



length. The voltage also decreases f o r higher surface 
recombination v e l o c i t i e s and the ( n Q + p Q) fact o r means 
that the Bember voltage i s highest i n an i n t r i n s i c sample 
(as B-0P0 = n^ = constant). 
2.5 Photoelectromagnetic;Effect (F.E.M.)14,15 >16. 

A magnetic f i e l d i s applied to the c r y s t a l p a r a l l e l 
to the surface of the c r y s t a l i n say the z d i r e c t i o n . 
I l l u m i n a t i o n i s s t i l l considered to be incident normally on 
the c r y s t a l surface and to be absorbed at the surface. 
Electrons and holes w i l l d i f f u s e away from the surface as 
i n the Dember e f f e c t , but now they w i l l be deflected i n 
the magnetic f i e l d as shown i n the diagram i n fi g u r e (2.6). 
As the electrons and holes are deflected i n opposite 
direc t i o n s a voltage w i l l be set up between contacts at the 
ends of the c r y s t a l i n the x d i r e c t i o n . For a low density 
of photoexeited c a r r i e r s , and a siaall magnetic f i e l d , the 
d i f f u s i o n lengths of the c a r r i e r s must be equal as no current 
flows i n the y d i r e c t i o n .*. l>n = L P = >/T~D 

I f the contacts are short c i r c u i t e d the charge tra n s f e r 
per electron-hole.pair between the contacts i s 
(3)T)^e(tan 9 B+ tan 9 p) w h ^ r e ^ ^ Q ^ & r e t k e H a l l a n g l e s 

f o r the holes and electrons and X: i s the length of the 
specimen between the electrodes. The short c i r c u i t current 
i s then 

J x = q e ( I ) r ) * l ( p n + ^ ) = q B [ 2 k T r e f t j ^ ( p a + p p ) ] * 

(2.17) 
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and the open c i r c u i t voltage E ^ t ( ^ ) (D«r)~ (2.18) 

2.6 Photo H a l l E f f e c t . 1 7 

This i s the H a l l e f f e c t measured under i l l u m i n a t i o n 
where most of the c a r r i e r s are photoexcited. I t has been 
found that under i l l u m i n a t i o n the m o b i l i t y varies w i t h 
i l l u m i n a t i o n and temperature i n c e r t a i n substances including 
cadmium sulphide. The v a r i a t i o n of temperature and i l l u m i n ­
a t i o n changes the occupancy and so .changes i n the defects. 
I n t h i s way the sc a t t e r i n g and so m o b i l i t y i s alter e d . 
I n t e r p r e t a t i o n of the re s u l t s can give information about 
the parameters of defects i n the crystal.(see figure 2.7). 
2.7 Photovoltaic E f f e c t . 

I f the c r y s t a l i s not homogeneous but contains a p-n 
junct i o n , photo generated minority c a r r i e r s w i l l d i f f u s e 
across the jun c t i o n . This causes a photovoltage t o develop 
between contacts on the c r y s t a l . The process i s called 
the photovoltaic e f f e c t . I t can:be used to convert radiant 
energy i n t o e l e c t r i c a l energyi This i s u t i l i s e d i n solar 
b a t t e r i e s . 
2.8 Lumine scenc e. 

I f an electron i s excited t o a higher energy state i t 
may r e t u r n to the o r i g i n a l s t a t e ; w i t h the emission of 
r a d i a t i o n . According to the Pranck-Condon p r i n c i p l e (see 
fi g u r e 2 . 8 ) electron e x c i t a t i o n ; t r a n s i t i o n s take plaee so 
r a p i d l y (IO- 1^sec) that the t r a n s i t i o n s are v e r t i c a l (constant 
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radius) and the high frequency d i e l e c t r i c constant must 
"be used f o r calculations concerning the t r a n s i t i o n . With 
the electron i n the excited state r e l a x a t i o n of the; system 
takes place more slowly. During I t h i s process the e f f e c t i v e 
d i e l e c t r i c constant i s the lew frequency one. The r e l a x a t i o n 
process involves a loss i n energy by the electron to the 
l a t t i c e . As a r e s u l t the energy emitted when de-excitation 
takes place i s less than that absorbed during e x c i t a t i o n . 
This i s the explanation of Stoke!s law of fluorescence. 
The Franck-Condon p r i n c i p l e also shows that o p t i c a l and 
thermal a c t i v a t i o n energies w i l l be d i f f e r e n t i n c r y s t a l s 
w i t h any component of i o n i c i t y i h t h e i r bonding. 

—8 
I f the emission follows t h e : e x c i t a t i o n w i t h i n 10"* 

seconds i t i s called fluorescence but i f the emission i s 
delayed longer than t h i s i t i s called phosphorescence, 

— f t 

10 sees i s chosen somewhat a r b i t r a r i l y as a d i v i d i n g 
l i n e . I t i s of the order of the l i f e of an excited state 
of an i s o l a t e d atom. 

I n some phosphor systems e x c i t a t i o n can take place 
from one state to another w i t h i n i a n impurity atom and not 
contribute to conductivity. On the other hand i n many 
phosphors including the sulphide\types an electron can (1) 
be excited from an impurity l e v e l i n t o the conduction band, 
(2) from the valence band to an impurity l e v e l or (3) from 
the valence to conduction band. Each of these processes 
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can lead eventually to luminescent emission accompanied 
by photoconductivity. I n general however r a d i a t i v e emission 
must take place before non-radiative thermal de-exeitation 
can occur. I t i s necessary therefore f o r the electron t o 
have only a short l i f e time i n the exeited state and t h i s 
leads to low phot©conductive s e n s i t i v i t y . 

As most non-radiative de-excitations are at least 
p a r t l y thermal they tend to increase w i t h temperature 
causing the luminescence to decrease w i t h increasing 
temperature. This i s known as thermal quenching. , For 
some r a d i a t i v e recombination processes, however, thermal 
e x c i t a t i o n from a metastable excited l e v e l i s needed p r i o r 
to emission. This causes a peak i n emission at a p a r t i ­
cular temperature as the c r y s t a l temperature i s increased. 
Study of these peaks w i l l be discussed l a t e r under thermal 
glow curves. 
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CHAPTER 3. 

Cadmium Sulphide and Related Compounds. 

3.1 Semiconductors and Semi-insulators. 
Several assumptions made:in:chapter 2 during the 

discussion of photoconductivity i n semiconductors w i l l no 
longer be v a l i d when they are applied to semi-insulators 
such as undoped cadmium sulphide: 

One such assumption i s that :charge n e u t r a l i t y w i l l be 
observed i n the c r y s t a l as f a r as free c a r r i e r s are concerned, 
This i s not true f o r a semi-insulator. One reason f o r t h i s 
i s that the number of trapping states i s appreciable compared 
w i t h the number of free c a r r i e r s i n the c r y s t a l i n the dark. 
Another r e s u l t of the large number of traps i s to make the 
l i f e time of holes i n the valence band d i f f e r e n t from that 
of electrons i n the conduction band. I t was assumed f o r 
semiconductors that under i l l u m i n a t i o n the increase i n the 
concentration of c a r r i e r s would be much less than thermal 
equilibrium concentrations of c a r r i e r s i n the c r y s t a l . I n 
semi-insulators the density of photoexeited c a r r i e r s i s 
often several orders of magnitude greater than the dark 
density of c a r r i e r s . 

These differences between semi-insulators and,semi­
conductors though they a f f e c t several formulae derived above 
f o r semiconductors do not affect! the basic concepts of energy 
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bands, m o b i l i t y , e f f e c t i v e mass ojr ohmic contacts i n semi-
i n s u l a t o r s . The differences i h pjroperti.es of semi-insulators 
a l t e r the various effects: discussed above f o r i n t r i n s i c 
semiconductors q u a n t i t a t i v e l y rather than q u a l i t a t i v e l y . 
For t h i s reason only photoconductivity, and to a lesser 
extent luminescence, w i l l be considered again s p e c i f i c a l l y 
i n semi-insulators. 

Semi-insulators are characterised by having forbidden 
band gaps of 1.5 - 5.0 eV and dark conductivities of the 
order of 10"^ ohm. cm. Cadmium sulphide w i l l be taken as 
an example because the p r a c t i c a l work discussed i n t h i s thesis 
i s confined to t h i s substance. 
3.2 Cadmium Sulphide. 

Cadmium sulphide i s a I I - V I compound since cadmium i s 
an element i n group I I of the periodic table and sulphur i s 
an element of group VI. I n general the compounds of zinc 
and cadmium with sulphur, selenium and t e l l u r i u m are wide 
band gap semiconductors or semi-insulators. The values of 

-1 o 
band gap of these compounds are shown i n f i g u r e (3.1). 

Cadmium sulphide has a forbidden band gap width of 
1 Q 

2.4 eV. S u b s t i t u t i o n a l i m p u r i t i e s from group I I I B and V I I 
""10 

can increase the conductivity 'fro|m 10 ' mhos/cm. f o r pure 
specimens, to lmho/cm. f o r highly doped specimens ( 1 0 
parts per m i l l i o n ) . Donors li;e w i t h i n i/10 eV of the bottom 
of the conduction band and are therefore f u l l y ionised at 

http://pjroperti.es
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room temperature. Acceptor levels are usually of the 
20 

order of 1 eV above the valence :band and as a r e s u l t the 
concentration of free holes i s very small. Thermoelectric 
and H a l l e f f e c t measurements on highly doped samples: always 
indicate n-type conduction. The m o b i l i t y of free electrons 

21 
i s about 200 cm/volt, sec.; at room temperature and i s 

_3 22 
proportional to T~2 where T i s the absolute temperature. 
This would suggest t h a t the acoustic mode l a t t i c e v i b r a t i o n s 
provide the dominant sca t t e r i n g mechanism which i s s u r p r i s i n g 
i n a compound w i t h an appreciable polar component i n i t s 

2 3 
bonding. The r e f r a c t i v e index of cadmium sulphide i s 2.6 
at a wavelength of 5000& and i t s low frequency d i e l e c t r i c 

24 
constant i s 11.6. The e f f e c t i v e electron mass as measured 

25 
by eyclotaron resonance has; several values associated w i t h 
e l l i p s o i d a l equal energy surfaces.. An average value of 
electron e f f e c t i v e mass friom these measurements and others 
on the thermoelectric power of cadmium sulphide i s 0.25 m. 
3.3 General Assumptions. 

Unless otherwise stated c e r t a i n conditions w i l l be 
assumed throughout the resit of t h i s thesis. 
(1) I t i s assumed that the c r y s t a l s under i n v e s t i g a t i o n are 

/ implied 

homogeneous. This wais/owifirmed. f o r c r y s t a l s on which 
the work f o r t h i s thesis was done, by the agreement 
between calculated energy depths from formulae both 
i n v o l v i n g and independent of ithe c r y s t a l dimension*. 
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(2) Ohmic behaviour at the eontdcts w i t h no r e c t i f i c a t i o n 
i s assumed. The fa c t that these properties were 
experimentally observed i n the cry s t a l s measured also 
l e n t support t o the assumption that the crystals were 
homogeneous. 

(3) I t i s assumed a l l c r y s t a l ar|e n-type. This i s almost 
c e r t a i n l y correct as p-type cadmium sulphide i s only 
found i n highly doped specimens, where the conduction 

! 26 
probably occurs i n an impurity band. 

(4) Non degenerate s t a t i s t i c s are used. This follows from 
the low density of electrons! involved, compared w i t h 
the density of states i n the: conduction band. 

(5) Measurements made are of steady state values except f o r , 
( i ) the thermally stimulated; measurements which are 
taken at a constant rate of r i s e of temperature and ( i i ) 
the measurements on the rate:of r i s e and decay of 
photocurrent. To some extent t h i s assumption i s only 
v a l i d by d e f i n i t i o n of steady state values since i n 
some cases general d e t e r i o r a t i o n of the c r y s t a l took 
place at an appreciable r a t e . "Steady state" values 
were usually taken as those reached w i t h i n a few 
minutes, except under low:illuminations. 

(6) Values of various constants i n cadmium sulphide were 
taken from the s c i e n t i f i c l i t e r a t u r e and w i l l be 
discussed where they are used. 
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(7) The effect s of free holes are neglected except where 
they are s p e c i f i c a l l y discussed. No evidence of con­
duction by holes wag found during the x>resent measure­
ments. 

( 8 ) The energy le v e l s of electron capturing defects (traps) 
are assumed t o l i e i n groups at discrete energy depths. 
Evidence of t h i s w i l l be introduced l a t e r . 

(9) The effect s of the anisotropy of the c r y s t a l are 
neglected. These are not i n general important. This 
was demonstrated by the experimental f a c t that; the 
energy depths of defect l e v e l s are independent of the 
d i r e c t i o n of current flow. 

(10) A single value scalar e f f e c t i v e mass i s assumed. This 
25 

i s incorrect i n cadmium sulphide, but as am average 
value was used, errors involved i n i t s use can be 
neglected, p a r t i c u l a r l y as most calculations did not 
require i t s absolute value. 

(11) The c r y s t a l stays e l e c t r i c a l l y n e u t r a l . That i s no 
appreciable b u i l d up of space charge occurs i n the 
c r y s t a l . The net e l e c t r i c charge, including charges 
i n defect centres, i s zero f o r the whole c r y s t a l This 
does not necessarily mean that the number of free 
c a r r i e r s of each sign i n the c r y s t a l i s the same. I t 
does mean that an electron must have been removed 
from the c r y s t a l at the po s i t i v e (anode) contact to 
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the c r y s t a l "before another: electron can enter the 
c r y s t a l at the negative (cathode) contact. 

(12) Direct recombination between an electron i n the 
conduction band and a hole; i n the valence band i s 
n e g l i g i b l e except tinder intense i l l u m i n a t i o n when a l l 
other recombination paths are saturated. 

(13) I t i s assumed that the density of c a r r i e r s freed by 
i l l u m i n a t i o n i s much greater than the dark density 
of c a r r i e r s . 

(14) The density of defect states i s assumed to be greater 
than the density of c a r r i e r s except under intense 
i l l u m i n a t i o n . 

(15) As band theory i s used the substance i s assumed to be 
a single c r y s t a l . 

(1.6) Other s p e c i f i c assumptions f o r d i f f e r e n t theories w i l l 
be introduced as the theories are developed. 
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CHAPTER; 4* 

Photo conductive and Luminescent, Processes i n Cadmium Sulphide 
and Related Materials. 

4.1 E x c i t a t i o n Processes. 
As stated e a r l i e r when l i g h t Shines on a c r y s t a l the 

density of c a r r i e r s increases and sis a r e s u l t the conductivity 
increases by A<r ~ e ( Anju^ + ApjOp) (4.1) 
where An(Ap) i s the increase i n the density of electrons 
(holes) i n the conduction (valence!) band. The density of 
ca r r i e r s i s the product of t h e i r rate of e x c i t a t i o n and 
t h e i r average l i f e time as free c a r r i e r s . Part of the time 
between the e x c i t a t i o n of a c a r r i e r and i t s capture by a 
centre leading to i t s recombination i s spent i n traps w i t h 
energy le v e l s which l i e near the band i n which the c a r r i e r 
i s mobile. As a r e s u l t the time during which the c a r r i e r 
i s free t o p a r t i c i p a t e i n conduction, which time i s called 
the free c a r r i e r l i f e time, i s less than the time between i t s 
e x c i t a t i o n and recombination (the excited l i f e time). As 
the c a r r i e r can remain i n a recombination centre f o r a long 
time before recombining w i t h a charge of the opposite sign 
both the excited l i f e time^ and the: free l i f e time f o r 
electrons d i f f e r from the corresponding values f o r holes. 

When appreciable numbers of traps are present the 
decay time of the photocurrent w i l l be determined by the 
rate of thermal e x c i t a t i o n of c a r r i e r s from the traps and 
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w i l l not be equal t o any of the l i f e times mentioned above. 
I f the i l l u m i n a t i o n ; c r e a t e s ; f e l e c t r o n - h o l e p a i r s per 

u n i t time per u n i t volume 

/. A a = f e ( f t l T M . f V p c ) (4.2) 

where r and r are the f r e e l i f e times of e l e c t r o n s and nc pc 
holes. I n h i g h l y p h o t o s e n s i t i v e cadmium sulphide v i r t u a l l y 
a l l the photocurrent i s c a r r i e d by e l e c t r o n s so t h a t Ap = 0;, 
and 

A o r = f e ^ i T n c ( 4 ' 3 ) 

This i s a r e s u l t of the presence of f a s t hole t r a p p i n g 
stages which are described below. 
4.2 D e f i n i t i o n of P h o t o c o n d u c t i v i t y and Photocondujctive Gain. 

P h o t o c o n d u c t i v i t y can be d e f i n e d as the increase i n 
e l e c t r i c a l c o n d u c t i v i t y per u n i t change of i n t e n s i t y of 
i l l u m i n a t i o n , or more co n v e n i e n t l y as the increase i n 
c o n d u c t i v i t y per e l e c t r o n - h o l e p a i r produced by the 
r a d i a t i o n . 

Photoconductive g a i n can be d e f i n e d f o r the c r y s t a l as 
a whole by the expression 

^ = GP (4.4) 

where A I i s the t o t a l increase i n the photocurrent and P i s 
the t o t a l r a t e of p r o d u c t i o n of e l e c t r o n - h o l e p a i r s i n the whole 
c r y s t a l . Thus G times the r a t e of photon p r o d u c t i o n equals 



- 47 -

the number of c a r r i e r s passing through the c r y s t a l per 
second. From equation (4.3) G = r . ju.n — 2 (4.5) hut 
since the e l e c t r o n t r a n s i t time T ~'^f (4.6),; G = ( 4 . 7 ) . 

H i g h l y p h o t o - s e n s i t i v e cadmium sulphide i s c h a r a c t e r i s e d 
by having such a low dark c u r r e n t t h a t even at comparatively 
low i l l u m i n a t i o n s the dark c u r r e n t i s small compared w i t h 
the photocurrent ( ~ lOOOx d a r k ] c u r r e n t f o r 2 0 f t . c a ndles). 
Both the dark conduction and photoconduction are c o n t r o l l e d 
by d e f e c t s and i m p u r i t i e s . 
4.3 L a t t i c e Defects and I m p u r i t i e s . 

For a defect or i m p u r i t y t o be important i n the 
e l e c t r o n i c processes t a k i n g place i n a s e m i - i n s u l a t o r i t 
must have an e l e c t r o n i c energy l e v e l or l e v e l s s i t u a t e d 
between the conduction and valence bands. I t i s assumed 
t h a t the r e l a x a t i o n energy a f t e r such a centre captures 
or emits an e l e c t r o n i s small. 

With a defect which has an empty e l e c t r o n i c l e l v e l , and 
2 

can t h e r e f o r e capture a f r e e e l e c t r o n , a cross s e c t i o n S cm. 
can be defin e d such t h a t the r a t e of capture of c a r r i e r s i s 
SmK-ji, where v i s the average thermal v e l o c i t y of the 
el e c t r o n s and n and are the d e n s i t i e s of f r e e e l e c t r o n s 
and empty defect s t a t e s r e s p e c t i v e l y . Thus S has the 
dimensions of area. The cross s e c t i o n i s a mean cross s e c t i o n 
t o take.account of the d i s t r i b u t i o n of c a r r i e r v e l o c i t i e s , 
v i s t h e r e f o r e the mean thermal v e l o c i t y of the c a r r i e r s . 
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Thus v = ( — ( 4 . 8 ) where m ! i s the e f f e c t i v e mass of 
Tim v ' 

the c a r r i e r s . I t should "be noted t h a t S can vary w i t h , 
v e l o c i t y and consequently w i t h the temperature. 
4.4 Fermi Levels. 

The r a t e of thermal release of c a r r i e r s from djefeets 
w i t h l e v e l s a t a depth E eV below the conduction band 

-E/ 
i s n^D exp( 'kT) (4.9) where n̂ . i s the d e n s i t y of f i l l e d 
d e f e c t s , and v i s c a l l e d the attempt t o escape frequency. 
I f the Permi l e v e l c oincides withj the p o s i t i o n of the defect 
l e v e l s t h e i r occupancy w i l l be -J;and n^ = n. I n e q u i l i b r i u m 
the r a t e of f i l l i n g and the r a t e ; o f emptying of the defects 
must be equal. S u b s t i t u t i n g these c o n d i t i o n s i n equation 
(4.9) and comparing the r e s u l t i n g equation w i t h t h a t d e f i n i n g 
the Permi l e v e l = exp( "~ E/kT)) (4.10) i t can be seen t h a t 

c N v = — (4.11) where N i s the e f f e c t i v e d e n s i t y of s t a t e s c s c 
i n the conduction band. 

The Permi l e v e l i s defined on the basis of thermal 
g e n e r a t i o n and recombination i n the dark where thermal 
e q u i l i b r i u m p r e v a i l s . When o p t i c a l e x c i t a t i o n forms an 
a d d i t i o n a l means of i n c r e a s i n g the f r e e e l e c t r o n p o p u l a t i o n 
the Permi l e v e l as defin e d by equation (4.10) i s r a i s e d 
towards the conduction band. A Pe r m i , l e v e l defined, i n t h i s 
way f o r non-thermal e q u i l i b r i u m c o n d i t i o n s i s c a l l e d . a quasi 
or steady s t a t e Permi l e v f e l . S i m i l a r l y t h e r e w i l l be more 
holes i n the valence band. Under i l l u m i n a t i o n the e l e c t r o n 
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and hole quasi Permi l e v e l s must separate from the e q u i l i b r i u m 
Fermi l e v e l i n a photoconducting s e m i - i n s u l a t o r . 
4.5 Demarcation Levels. 

What p a r t a d e f e c t centre plays i n recombination or 
t r a p p i n g processes depends on the p o s i t i o n of i t s energy l e v e l 
w i t h i n the f o r b i d d e n gap, and on the temperature. Por example, 
a defect t h a t has captured an e l e c t r o n can e i t h e r r e t u r n the 
e l e c t r o n t o the conduction band, or the e l e c t r o n can recombine 
w i t h a hole from the valence band* I f the e l e c t r o n i s r e -
e x c i t e d i n t o the conduction band by a thermal process the 
defect i s c a l l e d a t r a p , but i f recombination w i t h a f r e e or 
trapped hole takes place the d e f e c t i s c a l l e d a recombination 
eentre. 

I n steady s t a t e c o n d i t i o n s an e l e c t r o n demarcation l e v e l 
can be d e f i n e d i n such a way t h a t an e l e c t r o n occupying a 
defect l e v e l at t h a t depth has equal p r o b a b i l i t i e s of thermal 
e x c i t a t i o n t o the conduction band and of recombining: w i t h a 

k f hole. Then ve exp( Vrn ) = p v Sp where Sp i s the capture cross 
s e c t i o n of the d e f e c t f o r h o l e s . Thence E D N = E-^H- kTlngg (4.12) 
where E ^ i s the e l e c t r o n demarcation l e v e l and Sn arid Sp are 
the cross s e c t i o n of the defects f o r holes and e l e c t r o n s . 
S i m i l a r l y the hole demarcation l e v e l 23^= Ej,^+ k T l n (4.13) 

where E ^ i s the hole Permi l e v e l . 

As the demarcation l e v e l s are: separated from the quasi 
Permi l e v e l s by an amount which is! independent of the 
i l l u m i n a t i o n , they approach the conduction and valence bands 
as the i l l u m i n a t i o n increases, i n the same way as the quasi 
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Fermi l e v e l s . The diagram i n Figure (4.1) shows the p o s i t i o n 
of the quasi Fermi and demarcation l e v e l s under i l l u m i n a t i o n . 

27 
The ideas developed above, which are due t o lose, 

show t h a t most of the l e v e l s above the e l e c t r o n demarcation 
l e v e l w i l l act as t r a p s , and those below the hole demarcation 
l e v e l w i l l act as hole t r a p s . Levels l y i n g between the 
e l e c t r o n and hole demarcation l e v e l s w i l l act predominantly 
as recombination centres f o r e l e c t r o n s and holes. 

T i n d a n n r e n t i o n l e v e l i s a harp l y flpfinprl i n enrimiTim 

au1j.i3ai.rlff cryft-hfflls. 99% nf Uifr 1 J , miliich ] i e 0 .1 

a l i o v B t\m flaaarcaiitm l e v e l w i l l - act=ses t rapw. The r^maiixirrg 

If, Aijt Aki I'^'i i l l i i I ' l f l t i n n r M t f c e f e a . . 

4*6 S e n s i t i s a t i o n Centres. 
The f r e e l i f e time of a c a r r i e r i s the r e c i p r o c a l of 

the p r o b a b i l i t y of capture of the f r e e c a r r i e r by a 
recombination c e n t r e . Consider one set of recombination 
centres ( t y p e I i n Figure (4.2)) w i t h equal p r o b a b i l i t y f o r 
capture of holes and e l e c t r o n s . I n the absence of any other 
recombination centres the f r e e l i f e time f o r e l e c t r o n s w i l l 
be T = T r - ^ o — (4.14) where i s the d e n s i t y of such ne I N »vb„ it i t n 
centres. 

Consider what happens when a second set of recombination 
centres are in t r o d u c e d (ibype I I i n f i g u r e ( 4 . 2 ) ) w i t h the 
same hole cross s e c t i o n as type I centres but much smaller 
subsequent cross s e c t i o n f o r e l e c t r o n capture. The holes 
w i l l accumulate i n these type I I centres so t h a t t h e r e w i l l 

http://au1j.i3ai.rlff
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be an excess of electrons; elsewhere i n the c r y s t a l . The 
excess e l e c t r o n s w i l l tend t o f i l l the type I centres. 
As a r e s u l t the number of empty type I centres w i l l be much 
decreased, Recombination v i a the type I I c e n t r e s , c a l l e d 
the s e n s i t i s i n g c e n t r e s , i s slew because of t h e i r very small 
cross s e c t i o n f o r e l e c t r o n s . The; h i g h p h o t o s e n s i t i v i t y of 
cadmium sulphide i s due t o the presence of such s e n s i t i s i n g 
c e n t r e s , which increase the f r e e c a r r i e r l i f e time by r e n d e r i n g 
type I centres i n e f f e c t i v e . 
4.7 I n f r a l e d and Thermal Quenching 

The l e v e l s associated w i t h the s e n s i t i s i n g centres i n 
28 

cadmium sulphide are only about 1 e? above the valence band. 
I f the c r y s t a l i s simultaneously i l l u m i n a t e d w i t h i n f r a red 
r a d i a t i o n w i t h photon energy equal t o the energy d i f f e r e n c e 
between the l e v e l s i n the s e n s i t i s i n g centres and the valence 
band, e l e c t r o n s are e x c i t e d i n t o these centres from the 
valence band. The holes produced recombine w i t h the e l e c t r o n s 
already' occupying the type I ce n t r e s . This means t h a t the 
e l e c t r o n occupancy of type I centres i s reduced so t h a t they 
are more e f f e c t i v e i n promoting f r e e e l e c t r o n capture. This 
r e s u l t s i n a decrease i n p h o t o s e n s i t i v i t y . The i n f r a red 
r a d i a t i o n i s s a i d t o have quenched the p h o t o c o n d u c t i v i t y . 

As i t r e q u i r e s only a r e l a t i v e l y small amount of energy 
t o e x c i t e e l e c t r o n s from the valence band i n t o type I I c e n t r e s , 
the e x c i t a t i o n can take place t h e r m a l l y a t h i g h temperatures. 



Thus the p h o t o s e n s i t i v i t y w i l l a l s o decrease a t elevated 
temperatures. This i s c a l l e d thermal quenching. Another 
way of l o o k i n g a t thermal quenching i s t o observe t h a t when 
the c r y s t a l i s heated the hole Permi l e v e l r i s e s above the 
l e v e l s i n the s e n s i t i s i n g c e n t r e s , which means they can no 
longer r e t a i n an excess of holes. As a r e s u l t t here w i l l 
no longer be excess e l e c t r o n s t o f i l l the type I centres 
and the s e n s i t i v i t y f a l l s . 

I f the hole demarcation l e v e l l i e s j u s t above the 
l e v e l s i n the s e n s i t i s i n g centres i n the dark, the centres 
w i l l act as t r a p s . On i l l u m i n a t i n g the c r y s t a l more c a r r i e r s 
are produced, and the hole Fermi l e v e l and hole demarcation 
l e v e l w i l l f a l l . As the i l l u m i n a t i o n i s increased the 
demarcation l e v e l w i l l pass through the s e n s i t i s i n g centres 
which w i l l s t a r t t o a c t as s e n s i t i s i n g centres i n s t e a d of 
t r a p s . I n other words the i l l u m i n a t i o n has brought about 
an increase i n s e n s i t i v i t y . P h o t o c o n d u c t i v i t y w i l l t h e r e f o r e 
increase f a s t e r than l i n e a r l y w i t h i l l u m i n a t i o n i n t h i s 
r e g i o n . This phenomenon i s c a l l e d s u p r a l i n e a r i t y . 
4.8 . C o n d u c t i v i t y and P h o t o s e n s i t i v i t y . 

re i» 
Pure a l u i u h i u m w t i ' i o \ cadmium sulphide i s h i g h l y r e s i s t i v e 

and a poor phot©conductof. When' donors are introduced i n 
the form of a gro\ip I I I B or group V I I s u b s t i t u t i o n a l 
i m p u r i t y or of excess cadmium, p h o t o c o n d u c t i v i t y increases 
mueh f a s t e r than the dark c o n d u c t i v i t y at f i r s t producing a 



good photoeonductor (see: f i g u r e i4.3). As the donor d e n s i t y 
i s increased f u r t h e r the: r i s e in| p h o t o c o n d u c t i v i t y ; becomes 
l e s s and less r a p i d w h i l e the dark c u r r e n t begins t o increase 
more r a p i d l y . The s e n s i t i v i t y f a l l s as a r e s u l t aiid h i g h l y 
doped specimens are poor; photocohductors. 

When semiconducting cadmium! sulphide i s compensated 
by i n c r e a s i n g the c o n c e n t r a t i o n o f acceptors by i n t r o d u c i n g 
copper or excess sulphur, the c o n d u c t i v i t y of the specimen 
decreases again. To begin w i t h the dark c o n d u c t i v i t y 
decreases more r a p i d l y than the p h o t o c o n d u c t i v i t y and as 
a r e s u l t the c r y s t a l becomes h i g k l y p h o t o s e n s i t i v e again a t 
about the same dark c o n d u c t i v i t y as i n the absence of 
compensation. 

The d e n s i t y of i m p u r i t i e s necessary t o produce these 
l a r g e changes of c o n d u c t i v i t y i s , of the order of p a r t s per 
m i l l i o n . 

When doping w i t h a halogen and copper f o r example 
charge eompensalion takes place. That i s the d e n s i t y of 
copper ions accepted i n t o the l a t t i c e i s approximately 
equal t o the d e n s i t y of halogen ions i n the l a t t i c e . As 
the copper acceptor l e v e l s are separated from the valence 
band by an energy which i s much l a r g e r than t h a t between 
the donors and the conduction band, more of the donors are 
i o n i s e d than the acceptors. As a r e s u l t t h e r e i s an e f f e c t i v e 
excess of donors i n the - c r y s t a l . This i s the sit u a t i o n which 
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p r e v a i l s i n the h i g h l y p h o t o s e n s i t i v e r e g i o n f o r temperatures 
between t h a t of l i q u i d a i r and l6o°Gi, I t i s w i t h i n t h i s 

j 
range of temperatures t h a t the c r y s t a l i s most l i k e l y t o 
he s t u d i e d and used. 
4.9 Types of Defects. 

The most important types of defects found: i n a c r y s t a l 
are (1) i m p u r i t i e s ( s u b s t i t u t i o n a l and i n t e r s t i t i a l ) , ( 2 ) 
vacancies i n the l a t t i c e , ( 3 ) c o n s t i t u e n t s of the compound 
held i n t e r s t i t i a l l y i n the l a t t i c e , ( 4 ) complexes of a l l 
these and ( 5 ) other l a t t i c e d e f ects such as d i s l o c a t i o n s . 
4*10 I m p u r i t i e s . 

Group I I I or group V I I elements can s u b s t i t u t e ; f o r 
cadmium and sulphur r e s p e c t i v e l y t o form donors. Indium 
and Chlorine are examples of elements commonly used* 

Group I or group T elements r e p l a c i n g cadmium or sulphur 
i n the l a t t i c e a ct as acceptors. Copper i s t y p i c a l : o f t h i s 
k i n d of i m p u r i t y though there i s some evidence t h a t : i t can 
enter the c r y s t a l n o n - s u b s t i t u t i o n a l l y . 

The i m p u r i t i e s may e i t h e r be; added t o the c r y s t a l by 
growing the c r y s t a l i n a vapour c o n t a i n i n g the impurities,or 
i t can be added l a t e r using a d i f f u s i o n technique. 
4»11 Vacancies. 

Cadmium and sulphur vacancies w i l l be produced d u r i n g 
the growth of the c r y s t a l and the; d e n s i t y of vacancies of 
one c o n s t i t u e n t can be increased ;by h e a t i n g the c r y s t a l s 
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i n the vapour of the othex*. Vacancies can capture e i t h e r 
e l e c t r o n s or holes thus v a r y i n g t h e i r charge, but cadmium 
vacancies g e n e r a l l y a c t as acceptors, w h i l e sulphur vacancies 
act as donors. 

I f an i m p u r i t y i s introduced s u b s t i t u t i o n a l ^ i n t o 
the c r y s t a l l a t t i c e r e p l a c i n g an atom or i o n of d i f f e r e n t 
charge some form of "charge compensation" i s necessary t o 
m a i n t a i n e l e c t r o - n e u t r a l i t y . The compensation may take 
several forms ( 1 ) by another i m p u r i t y of opposite e f f e c t i v e 
charge, ( 2 ) by vacancies or ( 3 ) by p r o d u c t i o n or capture 
of f r e e c a r r i e r s . A f o u r t h method of compensation e q u i v a l e n t 
t o the l a s t mentioned above i s t h a t an i o n of one of the 
c o n s t i t u e n t s of the c r y s t a l changes i t s valency. This 
i s c a l l e d c o n t r o l l e d valency compensation. 

65 

Kroger and Vink and. van den Boomgaard have used the 
methods of p h y s i c a l chemistry t o p r e d i c t the d e n s i t y of 
defects i n cadmium s u l p h i d e . They assume the d i s t r i b u t i o n 
of atomic defects i s determined by the growth c o n d i t i o n s , 
and t h a t the electi-ons which are mobile down t o room 
temperature are d i s t r i b u t e d over the v a r i o u s defects 
according t o Permi D i r a c ' s t a t i s t i c s . 
4.12 Photoconductive Decay. 

I f the i n t e n s i t y of i l l u m i n a t i o n i n c i d e n t on a photo-



conductive cadmium sulphide c r y s t a l i s changed, t r a n s i e n t 
c o n d i t i o n s p r e v a i l u n t i l k new e q u i l i b r i u m c o n d u c t i v i t y i s 
reached. The steady s t a t e theory: discussed above i s based 
on the assumption of thermal e q u i l i b r i u m between the defect 
s t a t e s and the conduction: bands and t h i s does hot n e c e s s a r i l y 
apply under t r a n s i e n t c o n d i t i o n s . 

Consider the r e s u l t s of suddenly removing a source 
of i l l u m i n a t i o n from the v i c i n i t y o f a cadmium sulphide 
c r y s t a l . I f th e r e were no states; above the e l e c t r o n 
demarcation l e v e l i n the dark, the decay w i l l be t h a t of f r e e 
e l e c t r o n s i n the conduction band reeombining w i t h holes 
trapped i n recombination centres. I f however th e r e are defect 
l e v e l s above the e l e c t r o n demarcation l e v e l these defects 
w i l l a c t as e l e c t r o n t r a p s , and a f t e r the i l l u m i n a t i o n i s 
switched o f f e l e c t r o n s w i l l be e x c i t e d t h e r m a l l y i n t o the 
conduction band from t r a p s . The l i f e t i m e of an e l e c t r o n i n 
a t r a p i s u s u a l l y much g r e a t e r than the f r e e e l e c t r o n l i f e 
t i m e , so t h a t the decay i n p h o t o c o n d u c t i v i t y i s w h o l l y or 
p a r t l y determined by the e x c i t a t i p n from these t r a p s , depending 
on the magnitudes of the two l i f e t i m e s . 

Care should be taken i n u s i n g the concept of the demar-
i 

c a t i o n l e v e l under t r a n s i e n t c o n d i t i o n s as i t only has f u l l 
meaning under steady s t a t e c o n d i t i o n s . As the energy depth 
of the demarcation l e v e l depends on the r a t i o of hole t o 
e l e c t r o n cross s e c t i o n s of the! d e f e c t s , i t s p o s i t i o n w i l l 



be d i f f e r e n t f o r d i f f e r e n t sets jof d e f e c t s . The d i f f e r e n c e 
i n energy depth of the various demarcation l e v e l s due t o 
the cross s e c t i o n f a c t o r i s u s u a l l y small and the q u a l i t a ­
t i v e arguments used are s t i l l v a l i d . 

Although the decay time a t ;low i l l u m i n a t i o n s does not 
y i e l d i n f o r m a t i o n on the f r e e e l e c t r o n l i f e time i t can 
give i n f o r m a t i o n about the t r a p p i n g or recombination 
l e v e l s . This i s e s p e c i a l l y true: i f there are defect 
l e v e l s near the e l e c t r o n demarcation l e v e l i n the dark 
causing a slow decay. At h i g h i l l u m i n a t i o n s , however, 
the t r a p s are s a t u r a t e d and the i n i t i a l decay gives the 
f r e e c a r r i e r l i f e t i m e . 

4.13 Thermally s t i m u l a t e d c u r r e n t s . 
I f a c r y s t a l i s cooled t o 77°K the Fermi l e v e l s and 

demarcation l e v e l s approach t h e i r f r e e c a r r i e r bands. 
I n cadmium sulphide at 77°K only the very shallow e l e c t r o n 
l e v e l s w i l l l i e above the e l e c t r o n Fermi l e v e l . 

I f the c r y s t a l i s s t r o n g l y I l l u m i n a t e d , e l e c t r o n s 
e x c i t e d i n t o the conduction band w i l l be captured by the 
d e f e c t s . As most l e v e l s l i e bellow the e l e c t r o n Fermi 
l e v e l a t low temperature, e l e c t r o n s w i l l not be r e t u r n e d t o 
the conduction band when the l i g h t i s removed. I f the 
c r y s t a l i s heated i n the dark, e l e c t r o n s w i l l be t h e r m a l l y 
e x c i t e d out of deeper and deeper defect l e v e l s as the Fermi 
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l e v e l f a l l s . 
Any set of d e f e c t s w i t h levtels a t a c e r t a i n depth 

w i l l empty t h e i r e l e c t r o n s i n t o the conduction band i n 
a b u r s t around a p a r t i c u l a r temperature. Each e l e c t r o n 
e x c i t e d i n t o the conduction band; from a defect takes 
p a r t i n conduction u n t i l i t i s a n n i h i l a t e d by recombination. 
As a r e s u l t a p l o t of c u r r e n t against temperature w i l l 
show peaks corresponding t o d i s c r e t e sets of defect l e v e l s . 
The curve 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 or 
c o n d u c t i v i t y glow curve. 

I f the e l e c t r o n s e x c i t e d i n t o the conduction band 
recombine w i t h holes r a d i a t i v e l y a p l o t of r a d i a t i o n 
emission against temperature a l s o w i l l show peaks c o r r e s ­
ponding t o the d i s c r e t e sets of l e v e l s . The curve i s then 
c a l l e d a thermal glow or thermolikminescent curve. From 
the peaks, i n f o r m a t i o n about d e f e c t l e v e l s and sometimes 
the recombinaifen centres can be obtained. 

Of the two methods the thermal glow technique was 
29 

f i r s t used i n 1930 by Urbach f o r c r y s t a l s of sodium 
c h l o r i d e . Randall and W i l k i n s ^ 0 rediscovered and a p p l i e d 

the method t o v a r i o u s phosphors i n 1946. The t h e r m a l l y 
s t i m u l a t e d c u r r e n t measurements were made soon a f t e r t h i s . 

C o n d u c t i v i t y and thermal glow curves are c l o s e l y 

connected q u a n t i t a t i v e l y '.as w e l l as q u a l i t a t i v e l y . At 
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any temperature T d u r i n g a glow curve r u n , l e t there be 
n e l e c t r o n s cm i n the conduction band w i t h a f r e e 

C ! 
l i f e time of r . . I f the luminescent e f f i c i e n c y i s 

mc • 

u n i t y the thermoluminescent emission ( i n photons/unit 
time cm^) D(T) = n /«r . ;The c o n d u c t i v i t y 
a(T) = n Qep = L ( T ) t n c e l u u T l l 1 i s "the shape of the 
peaks d i f f e r only i n s o f a r as p-TnQ v a r i e s w i t h temper­
a t u r e . 
4.14- Comparison of Phcjtoeondudtive Decay and Thermally 

Stimulated Current Measurements. 

E v a l u a t i o n o f the p r o p e r t i e s o f defects from, 
measurements of decay off p h o t o c o n d u c t i v i t y and 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, both r e l y mainly on the 

thermal emptying of defect l e v e l s . During t h i s emptying 
the e l e c t r o n Permi and demarcation l e v e l s move from 
one p o s i t i o n t o another. The ;depth of the e l e c t r o n 
Permi l e v e l under steady s t a t e ^conditions i s 

N 
= kT l o g A S ) where T i s the absolute tempera-

HTH e n 
t u r e , and n i s the d e n s i t y off f r e e e l e c t r o n s . The 
movement of the Permi l e v e l on changing the i n c i d e n t 
i l l u m i n a t i o n i s caused by the v a r i a t i o n i n the d e n s i t y 

N 
of f r e e e l e c t r o n s . As the term i s of the order of 
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10 f o r p h o t o s e n s i t i v e ; cadmium! su l p h i d e , the v a r i a t i o n 
of the Fermi l e v e l f o r a v a r i a t i o n of s e v e r a l orders of 
magnitude i n i l l u m i n a t i o n i s only of the order of O.leV 
i n 0.5eV depth. Some i n f o r m a t i o n can be obtained'about 
l e v e l s above the e l e c t r o n Fermi: l e v e l from, the decay 
measurements, but the range of information. obtainable at 
f i x e d temperature i s l i m i t e d . Using the t h e r m a l l y 
s t i m u l a t e d c u r r e n t measurements i n c o n j u n c t i o n w i t h decay 
measurements a t v a r i o u s temperatures, a much wider range 
of i n f o r m a t i o n can be obtained. 

4.15 Luminescence. 

As mentioned e a r l i e r t here;are two basic types of 
phosphor i n which luminescence occurs. 

I n the f i r s t type (t y p e I ) , e x c i t a t i o n of the e l e c t r o n 
and the emission of r a d i a t i o n as the e l e c t r o n r e t u r n e d t o 
a lower energy s t a t e i s confined t o a l o c a l i s e d i m p u r i t y . 
No f r e e c a r r i e r s are produced d u r i n g the process and there 
i s no photoconductive e f f e c t . 

I n the second type ( t y p e I I ) , the e x c i t e d s t a t e i s not 
l o c a l i s e d and f r e e c a r r i e r s are produced d i r e c t l y or i n ­
d i r e c t l y causing an increase i n i c o n d u c t i v i t y . The: photo­
c o n d u c t i v i t y produced i s o f t e n small since t o o b t a i n h i g h 
luminescent e f f i c i e n c y the recombination must occur before 



the t h e r m a l , n o n - r a d i a t i v i e , decay can occur. 
With most a c t i v a t o r s ! cadmium, sulphide i s a phosphor 

of type I I and shows se v e r a l phenomena analogous t o photo-
conductive phenomena. E x c i t a t i o n from the t r a p s r e s p o n s i b l e 
f o r l o n g decays i n p h o t o c o n d u c t i v i t y can a l s o lead t o 
phosphorescence i f the recombination process of the f r e e 
e l e c t r o n s i s r a d i a t i v e . 

The connection between c o n d u c t i v i t y and thermal glow 
curves was described i n s e c t i o n (4.13) There are however 
sev e r a l d i f f e r e n c e s between the luminescent and photoconduetive 
glow mechanisms. As the processes i n c o m p e t i t i o n w i t h 
luminescent recombination are mainly thermal i n o r i g i n , the 
luminescent e f f i c i e n c y u s u a l l y f a l l s more s h a r p l y as the 
temperature r i s e s than does the photoconduetive g a i n . 

I n type I phosphors luminescent emission can be obtained 
w i t h o u t any accompanying increase i n p h o t o c o n d u c t i v i t y . I n 

these phosphors a thermal glow experiment w i l l d e t ect centres 
which cannot be detected from measurements of the e l e c t r i c a l 
p r o p e r t i e s of the c r y s t a l s . 

The energy of the photons absorbed i n e x c i t a t i o n and 
emitted i n recombination processes can be determined from 
measurements of the wavelengths of the r a d i a t i o n i n v o l v e d . 
I n a d d i t i o n , the i n f r a - r e d quenching spectrum has been used 
t o f i n d the energies i n v o l v e d i n the quenching processes. 
L i t t l e agreement has been found so f a r between the values 



of d e f e c t parameters i n cadmium sulphide c a l c u l a t e d from 
measurements on the luminescent and photoconduetive p r o p e r t i e s . 
This may "be due t o i n c o r r e c t e v a l u a t i o n of defect l e v e l 
energy depths, or because of i n h e r e n t d i f f e r e n c e s e i t h e r i n 
the centres i n v o l v e d or the energies l o s t i n r e l a x a t i o n 
processes. 

l e t t e r agreement between values of energy depth and 
capture cross s e c t i o n determined from luminescent and photo-
conductive measurements may be apparent when more c a r e f u l l y 
c a l c u l a t e d values have been obtained. 



CHARTER 5J. ; 

E v a l u a t i o n of jBefeot P r o p e r t i e s 

5.1 I n t r o d u c t i o n . 
The i n f o r m a t i o n concerning defects which i t i s 

necessary t o know i n order t o exercise some measure of 
c o n t r o l over the p r o p e r t i e s of photoconducting cadmium 
sulphide i s (1) the nature of a defect (2) the d e n s i t y of 
such d e f e c t s (3) the e l e c t r o n (arid h o l e ) capture cross 
sections of the d e f e c t and (4) the p o s i t i o n of the d e f e c t 
energy l e v e l s w i t h i n the band scheme. 
(1) The nature of d e f e c t s . 

I f the defect i s an i m p u r i t y , chemical methods' would 
appear t o he the "best form of d e t e c t i o n , I n cadmium sulphide 
however the i m p u r i t y d e n s i t i e s i n undoped specimens are so 
low or of such a nature (e.g. oxygen) t h a t spectro-chemieal 
a n a l y s i s i s not o f t e n of great v a l u e . 

The best methods of i n v e s t i g a t i n g d e f e c t s are probably 
those which i n v o l v e changing the composition i n a c o n t r o l l e d 
way, f o l l o w e d by measurements of the change i n e l e c t r i c a l 
and o p t i c a l p r o p e r t i e s . The composition of a c r y s t a l can 
be changed by d i f f u s i n g i n an i m p u r i t y , or by h e a t i n g i n 
an excess of cadmium or s;ulphur vapour t o produce non-
s t o i c h i ometric c r y s t a l s . R a d i a t i o n damage, p a r t i c u l a r l y 
e l e c t r o n bombardment or V - r a d i a t i o n , can be used t o produce 



vacancies and i n t e r s t i t i a l s . 
The s i t u a t i o n i s s t i l l compliicated as an i m p u r i t y or 

vacancy can e x i s t i n d i f f e r e n t s t a t e s of i o n i s a t i o n w i t h i n 
the c r y s t a l . Measured values of the energy depths and 
cross s e c t i o n s of the de f e c t l e v e l s can then help t o d i s ­
t i n g u i s h between the poss i b l e atomic c o n f i g u r a t i o n s which 
c o n s t i t u t e the d e f e c t . I n t h i s context e l e c t r o n - s p i n 
resonance measurements would be i n v a l u a b l e . 
(2) Density of Defects. 

The c h i e f problem in: e v a l u a t i n g the d e n s i t y of defects 
from photo conduction measurements l i e s i n the d i f f i c u l t y 
of d e t e r m i n i n g e i t h e r the g a i n or the f r e e e a r r i e r l i f e time 
i n the c r y s t a l . 

The t o t a l charge passing through the c r y s t a l due t o 
the e x c i t a t i o n of one e l e c t r o n i s i , according t o equation (4.7), 

T'. e 
Aq = = Ge (5.1) 

T 

where T i s the e l e c t r o n l i f e time and T i s i t s t r a n s i t nc 
time from cathode t o anode. Thus; the area under a photo-
conductive decay curve, or 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, p l o t t e d against time i s 

I d t = N.t Aq =• NtGe (5.2) 
J t l 

where I i s the c u r r e n t excess over the dark c u r r e n t , and N, 
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i s the number of e l e c t r o n s released from t r a p s "between 
times t - ^ and t ^ . 

To use t h i s method t o o b t a i n the d e n s i t y of d e f e c t s 
i t i s necessary t o determine the g a i n . Also a value f o r 
ga i n i s needed i f c a l c u l a t i o n s based on the steady s t a t e 
p h o t o c o n d u c t i v i t y are t o be used. The t r a n s i t time: can be 
obtained from equation (4.6) i f the a p p l i e d v o l t a g e , c r y s t a l 
t h i c k n e s s and e l e c t r o n m o b i l i t y are known. 

The f r e e e l e c t r o n l i f e time i s o f t e n d i f f i c u l t t o 
measure and depends on the temperature and i n t e n s i t y of 
i l l u m i n a t i o n , a l t h o u g h the v a r i a t i o n due t o the lat|ber i s 
o f t e n ignored. One of the more common methods of determining 
the l i f e time i s t o measure the i n i t i a l decay when i l l u m ­
i n a t i o n of h i g h i n t e n s i t y i s removed. Under these c o n d i t i o n s 
the d e f e c t l e v e l s c a p t u r i n g e l e c t r o n s are s a t u r a t e d and the 
i n i t i a l decay gives the f r e e e l e c t r o n l i f e time d i r e c t l y . 
This needs inten s e ( ̂  10@@ft. candles) i l l u m i n a t i o n . The 
v a r i a t i o n of l i f e time w i t h i l l u m i n a t i o n i n t e n s i t y can then 
be determined from the photocurrent versus i n t e n s i t y curve. 
Another e q u i v a l e n t method; i s t o study the r a t e of response 
t o pulsed i l l u m i n a t i o n on top of a h i g h i n t e n s i t y b i a s 
i l l u m i n a t i o n . As an a l t e r n a t i v e two other methods can be 
used t o avoid the n e c e s s i t y of measuring the l i f e time of 
f r e e e l e c t r o n s d i r e c t l y . 

( a ) Under c e r t a i n circumstances a f t e r i l l u m i n j a t i h g 
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a c r y s t a l a t low l i g h t l e v e l s , the r i s e of phQtocurrent 
w i t h time shows plateaux(jsee f i g u r e 5.1) of constant c u r r e n t 

I : 31 
before the steady s t a t e c o n d u c t i v i t y i s reached. Each 
pl a t e a u i s due t o the f i l l i n g of a set o f e l e c t r o n t r a p p i n g 

defect l e v e l s . The l e n g t h of a p l a t e a u i s approximately 
I 

equal t o the number of defect l e v e l s d i v i d e d by the r a t e 
of p r o d u c t i o n of e l e c t r o r i - h o l e p a i r s . I f one e l e c t r o n - h o l e 
p a i r i s produced by each i n c i d e n t photon the number of 
defects can be estimated. Values of the energy depth of 
the v a r i o u s t r a p p i n g l e v e l s are not obtainable; w i t h t h i s 
method. 

( b ) The second method of e v a l u a t i o n of defect d e n s i t i e s 
w i t h o u t the d i r e c t measurement of ga i n does permit a c o r r e l ­
a t i o n w i t h energy depths of t r a p p i n g l e v e l s obtained 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. The c r y s t a l i s 
i l l u m i n a t e d using a source of low) v a r i a b l e i n t e n s i t y w i t h 
wavelength close t o the a b s o r p t i o n edge. The same v o l t a g e i s 
a p p l i e d t o the c r y s t a l as i n the t h e r m a l l y s t i m u l a t e d c u r r e n t 
measurement. The i n t e n s i t y of i l l u m i n a t i o n i s a d j u s t e d , 
u n t i l under steady s t a t e c o n d i t i o n s , the c u r r e n t f l o w i n g 
through the c r y s t a l i s the same as the t h e r m a l l y s t i m u l a t e d 
c u r r e n t a t t h a t temperature. This i s repeated over the 
temperature range of the peak being s t u d i e d . 

The r a t e of exeitatfen of e l e c t r o n s i n t o the conduction 
band by the i n c i d e n t i l l u m i n a t i o n must then be the same as 
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t h a t when the t h e r m a l l y s t i m u l a t e d c u r r e n t i s f l o w i n g . 

Assuming one e l e c t r o n i s excited; per i n c i d e n t ; p h o t o n , the 

r a t e of e x c i t a t i o n of e l e c t r o n s i n t o the conduction band 

can be c a l c u l a t e d , and by i n t e g r a t i n g t h i s value oyer the 

t h e r m a l l y s t i m u l a t e d c u r r e n t peak the number of defects 

r e l e a s i n g e l e c t r o n s can be found. 

The main disadvantage of t h i s method i s t h a t the time 

taken t o reach steady s t a t e c o n d i t i o n s at the low l i g h t 

l e v e l s r e q u i r e d i s s e v e r a l hours. This means i t would take 

about 24 hours t o f i n d the c o r r e c t i l l u m i n a t i o n and t h i s 

would have t o be repeated a t numerous temperatures,; each 

temperature being h e l d constant t o w i t h i n a degree or two. 

Such an experiment i s obviously i m p r a c t i c a b l e . 

An approximate method has been used i n which the l i g h t 

i n t e n s i t y r e q u i r e d t o produce a c u r r e n t equal t o one h a l f 
the maximum c u r r e n t of the t h e r m a l l y s t i m u l a t e d peak under 

32 
i n v e s t i g a t i o n i s measured a t the temperature of the c u r r e n t 

maximum. A value of g a i n can b e ; c a l c u l a t e d from such 

measurements. This value of g a i n i s assumed t o be constant 

throughout the range of temperatures covered by the t h e r m a l l y 

s t i m u l a t e d c u r r e n t curve (A/50°). This assumes t h a t the 

gain i s independent of temperature and i l l u m i n a t i o n . For 

the g a i n t o be constant the p h o t o c o n d u c t i v i t y must be 

temperature independent, and p r o p o r t i o n a l t o the i n t e n s i t y 

of i l l u m i n a t i o n over a range Of about 50°C. This i s u n l i k e l y 
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under c o n d i t i o n s where a; set of (defects change from 
a c t i n g as recombination centres {to a c t i n g as t r a p s . 
( 3 ) E l e c t r o n Capture Gross Section f o r C a r r i e r s . 

The c a l c u l a t i o n of cross sections u s i n g measurements 
of photoconductive decay and 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 
w i l l be discussed when those phenomena are described i n 
d e t a i l i n chapter 7. 

I f the p l a t e a u of constant Current i n the low l i g h t 
l e v e l photoconductive r i s e measurements mentioned above, 
i s at a measurable c u r r e n t value, the cross s e c t i o n of the 
defect l e v e l s being f i l l e d w i t h e l e c t r o n s can be c a l c u l a t e d . 
I t i s necessary t o know the constant value of the photo-
c u r r e n t , the v o l t a g e a p p l i e d , the c r y s t a l dimensions and 
the i n t e n s i t y of i l l u m i n a t i o n , i n the present measurements 
the p l a t e a u o f t e n formed before the photocurrent had .risen 
t o a value which was measurable w i t h the apparatus a v a i l a b l e 
(jgQ fiA w i t h lOOv a p p l i e d t o the c r y s t a l ) . 

A n a l y s i s of the Photo H a l l jmeasurements leads t o a 
value of the product of the d e n s i t y of d e f e c t s and t h e i r 
cross s e c t i o n as shown i n f i g u r e I (2.;3•). These r e s u l t s can 
be combined w i t h the values of tike d e n s i t y of defects 
obtained from other methods t o give the cross s e c t i o n values. 

Knowledge of the value of the cross s e c t i o n f o r 
e l e c t r o n capture i s important as i t gives a s t r o n g i n d i c a t i o n 
of the charge on the d e f e c t . The cross s e c t i o n i s about 
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1© cm f o r s t r o n g coulomb a t t r a c t i o n , 10 ' cm f o r a 
— 22 2 33 n e u t r a l centre and 1.0 em f o r s t r o n g l y r e p u l s i v e c e n t r e s . 

( 4 ) Energy depth of defect l e v e l s . 
Thermally s t i m u l a t e d current;curves and photoconductive 

decay curves which are among the commonest methods used t o 
o b t a i n the energy depth of d e f e c t l e v e l s w i l l be discussed 
i n chapter ( 6 ) . Other d i r e c t c u r r e n t methods which can be 
used employ a knowledge of the p o s i t i o n of the e l e c t r o n 
Fermi l e v e l under c o n d i t i o n s where:- ( 1 ) sharp changes i n 
p h o t o c o n d u c t i v i t y occur w i t h v a r i a t i o n s i n temperature"^, ( 2 ) 

34 
s u p r a l i n e a r i t y i s observed, and ( 3 ) r a p i d changes i n 
m o b i l i t y of e l e c t r o n s as a f u n c t i o n of temperature are 

17 
detected by photo H a l l measurements. 

Energy depths can also be c a l c u l a t e d from luminescent 
decay and glow e f f e c t s , as w e l l as from emission and e x c i t a t i o n 
spectra. S p e c t r a l response and o p t i c a l a b s o r p t i o n can only 
be used t o measure de f e c t l e v e l energy depths a t h i g h defect 
d e n s i t i e s i n cadmium su l p h i d e . 
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CHAPTER 6, 

E v a l u a t i o n of Defect Parameters u s i n g Thermally Stimulated 
Current|Curves 

6.1 I n t r o d u c t i o n 
The technique of .determining 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 has alread y been described, but before d i s c u s s i n g 
the q u a n t i t a t i v e a n a l y s i s of the curves obtained, i t w i l l 
be convenient t o d e f i n e v a r i o u s experimental values used 
i n c a l c u l a t i o n s on a s i n g l e c u r r e n t peak. See the diagram 
i n f i g u r e 6.1. The e r y s t a l i s heated so t h a t the temperature 
increases l i n e a r l y w i t h time at a r a t e j8°K per second. 
The temperature a t the c u r r e n t maximum, I , i s T K. The 
temperature at which the c u r r e n t i s h a l f i t s maximum value 
on the low temperature ( r i s e ) side i s T 1 and on the h i g h 
temperature ( f a l l ) side i s T n. 
6.2 Discussion of Assumptions,Common t o a l l Theoriels. 

I n a d d i t i o n t o the assumptions l i s t e d i n Section (3.3) 
a d d i t i o n a l ones are made i n a l l the t h e o r i e s used t o evaluate 
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. The assumption t h a t 
the d e f e c t l e v e l s form groups at a few d i s c r e t e depths i n 
the energy l e v e l scheme i s extended t o assume there i s a 
n e g l i g i b l e r e l a x a t i o n energy when the defect captures an 
e l e c t r o n . That i s the energy released when the defect 
captures an e l e c t r o n from the conduction band i s approximately 
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equal t o the energy absorbed from the l a t t i c e when the 
e l e c t r o n i s e x c i t e d back i n t o the conduction band. 

Defect-defect i n t e r a c t i o n s knd band t o band 
recombinations are neglected, expept f o r the l a t t e r a t 
hig h i n t e n s i t y i l l u m i n a t i o n . I t i s assumed f u r t h e r t h a t 
there are no discontinuous changes i n m o b i l i t y , g a i n , or 
e f f e c t i v e mass, as the temperature i s increased through 
the range of the t h e r m a l l y s t i m u l a t e d c u r r e n t peak. I n 
some circumstances these l a s t assumptions might be expected 
t o lead t o some inaccuracy but w i t h the small temperature 
ranges i n v o l v e d (~ 50° ) no i n c o n s i s t e n c y was observed. 
This f a c t i s i n f e r r e d from the agreement between values of 
energy depths of def e c t l e v e l s obtained by measurements on 
d i f f e r e n t p a r t s of each peak. The r e s u l t s w i l l be described 
i n chapter 11. 

I f t h e r e i s an appreciable dark c u r r e n t i t i s assumed 
t h a t i t has the same value a t any p a r t i c u l a r temperature 
whether th e r e i s 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 present 
or n o t . This may be i n c o r r e c t due t o the defect l e v e l s 
being f u l l d u r i n g the t h e r m a l l y s t i m u l a t e d c u r r e n t r u n , but 
empty d u r i n g any subsequent measurement i n the dark when 
the d e f e c t s w i l l a c t as recombination c e n t r e s . There was 
one sample i n which the dark c u r r e n t was d i f f e r e n t a f t e r 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 had been obtained. I n 
t h i s c r y s t a l new donors were created by h e a t i n g the! c r y s t a l 
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above 50°C i n the dark. 
An important assumption i s t h a t the e l e c t r o n recom­

b i n a t i o n l i f e time i s small compared w i t h the time f o r 
appreciable changes t o occur i n the r a t e of thermal 
e x c i t a t i o n of e l e c t r o n s I n t o the conduction band. That 
i s the shape of the t h e r m a l l y s t i m u l a t e d c u r r e n t curve i s 
c o n t r o l l e d by the v a r i a t i o n i n the r a t e of e x c i t a t i o n of 
e l e c t r o n s t o the conduction band, and i s not d i s t o r t e d by 
the f i n i t e time they spend t h e r e . 

The r a t e off r i s e of temperature d u r i n g 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 r u n i s maintained constant. This 
s i m p l i f i e s the t h e o r i e s used t o analyse the peaks as w e l l 
as being comparatively e a s i l y o b t a i n a b l e e x p e r i m e n t a l l y . 
I t i s a l s o assumed t h a t the temperature i s constant through­
out the c r y s t a l . Any temperature d i f f e r e n c e s present w i t h i n 
the c r y s t a l would d i s t o r t the shape of the peak and produce 
t h e r m o e l e c t r i c e.m.f.'s-. No such e.m.f.*s were found i n 
the absence of an a p p l i e d f i e l d . 
6.3 General Theory. 

Consider a c r y s t a l c o n t a i n i n g one set of shallow 
t r a p p i n g l e v e l s , one set of deep t r a p s , and one s e t of 
recombination c e n t r e s , l e t us examine the e f f e c t of the 
shallow t r a p s on the t h e r m a l l y s t i m u l a t e d c u r r e n t curve 
produced by e l e c t r o n s being emptied from the deep t r a p s . 
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Much l e s s energy i s r e q u i r e d t o e x c i t e an e l e c t r o n 
i n t o the conduction band from shallow t r a p p i n g l e v e l s than 
from the deeper l e v e l s . As a r e s u l t the r a t e of thermal 
e x c i t a t i o n i n t o the conduction band of e l e c t r o n s retrapped 
i n the shallow l e v e l s i s much f a s t e r than the r a t e a t which 
the deeper t r a p s are emptied. Thus the p o s i t i o n , shape 
and s i z e of the c u r r e n t peak associated w i t h the deeper 
t r a p s are independent of the shallow t r a p p i n g l e v e l s . 

I f an e l e c t r o n i s e x c i t e d i n t o the conduction band 
i t may be captured by a recombination c e n t r e , or recaptured 
by one of the set of defects being emptied. Three cases 
are o f t e n eonsidered:-
(1) The p r o b a b i l i t y of capture of a f r e e e l e c t r o n by a 

recombination centre i s much g r e a t e r than t h a t of 
recapture by one of the de f e c t s being emptied. These 
c o n d i t i o n s lead t o monomolecular k i n e t i c s . 

( 2 ) E l e c t r o n s i n the set of t r a p s being t h e r m a l l y emptied 
are e x c i t e d i n t o , and recaptured from, the conduction 
band s e v e r a l times before they f i n a l l y disappear v i a 
the recombination centres. This s i t u a t i o n i s u s u a l l y 
r e f e r r e d t o as f a s t r e t r a p p i n g . 

( 3 ) There i s equal p r o b a b i l i t y of an e l e c t r o n i n the 
conduction band being captured by a recombination centre 
or one of the t r a p s being emptied. This s i t u a t i o n was 

i 35 
f i r s t s t u d i e d by G-arlick and Gibson . 

The eases ( 2 ) and ( 3 ) both lead t o bimolecular k i n e t i c s . 
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I f t h e r e i s a set o f t r a p s (|a) w i t h large; cross 
sections which i s empty before thje t r a p s ( b ) being s t u d i e d 
s t a r t emptying, then e l e c t r o n s exteited from (b ) w i l l be 
captured immediately by the large! cross s e c t i o n t r a p s ( a ) . 
I f the time between the e x c i t a t i o n of an e l e c t r o n from ( b ) 
and i t s a n n i h i l a t i o n v i a a recombination centre i s increased 
by the presence of the l a r g e cross s e c t i o n t r a p s ( a ) , the 
shape of the t h e r m a l l y stimulated: peak w i l l be a f f e c t e d . 
The shape of the curve w i l l be c h a r a c t e r i s t i c of the l a r g e 
cross s e c t i o n t r a p s ( a ) under f a s t r e t r a p p i n g c o n d i t i o n s . 

The o r i g i n o f the terms monomolecular and b i m o l e c u l a r 
k i n e t i c s a r i s e s from the s i m i l a r i t y between the equations 
f o r the r a t e s of r i s e and decay of p h o t o c o n d u c t i v i t y which 
they lead t o , and the r a t e equations obtained f o r the mono-
molecular and b i m o l e c u l a r chemical r e a c t i o n s of gases. The 
f a s t r e t r a p p i n g s i t u a t i o n i s also: bimoleeular, but w i l l be 
r e f e r r e d t o here as the case of f a s t r e t r a p p i n g t o avoid 
confusion. 

6.4 K i n e t i c s of Recombination 
The p r o b a b i l i t y of an e l e c t r o n at depth E being t h e r m a l l y 

e x c i t e d i n t o the conduction band i s g i v e n by 
- E/ 

f = ve k T (6.0) 

where v i s the attempt t o escape frequency. I f there are n^ 

f i l l e d t r a p s a t any i n s t a n t the rlate of e x c i t a t i o n of 
e l e c t r o n s i n t o the conduction band i s 
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, dn. -1E/kT dn _ t _ 
dt " I F T ntv e (6.1) 

The change i n c o n d u c t i v i t y due t o the r e s u l t i n g 
dn 

t h e r m a l l y e x c i t e d e l e c t r o n s i s A<r = e r fx where r i s 

the f r e e e l e c t r o n l i f e t i me. With a constant h e a t i n g r a t e 
dT = £ d t (6.2) 

where dT i s the r i s e i n temperature and dt i s the increase 
i n t i m e . 
( i ) Monomolecular k i n e t i c s . Here r e t r a p p i n g i s neglected. 
Prom equations 6.1 and 6.2, and n e g l e c t i n g the temperature 
v a r i a t i o n of N.vS where S i s the capture cross sectjion f o r 
e l e c t r o n s 

dn a A t 
dt "to = n+n exp(-E/kT) exp[- exp(E/kT)dT] (6.3) 

where n ^ 0 I s the d e n s i t y of t r a p s which are f i l l e d i n i t i a l l y ; , 
and 

N vS 
Aff = n t oejmN cvSr exp(-E/kT)exp[- -~-exp(-E/kT)dT] (6.4) 

since v= N vS ( e q u a t i o n 4.11). c 
Equation (6.4) i s e q u i v a l e n t t o the expression obtained 

by Randall and W i l k i n s ^ t o describe thermo-luminescent 
emission. I t w i l l be r e f e r r e d t o i n t h i s t h e s i s as the 
Randall and W i l k i n s equation. 
( i i ) Bimolecular k i n e t i c s . I n t h i s case i t i s assumed t h a t 
t h e r e i s equal p r o b a b i l i t y of capture of e l e c t r o n s by the 
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recombination centres and1 the "emptying" c e n t r e s . The 

expression f o r 'thermally IstimCLatjed c o n d u c t i v i t y under 
35 

these c o n d i t i o n s i s 
2 

e i i m , exp (-E/kT) 
Acr = ^ — ^ 1 1 (6.5) 

r n. f f N vS - i 2 
N. 1 + -M\ exp(--EAT)dT * L * t J To j * * x ' J 

where n ^ Q i s the d e n s i t y of def e c t s i n i t i a l l y f u l l and 
i s the t o t a l d e n s i t y of these d e f e c t s . 

The monomolecular case ( i ) leads t o an asymmetrical 
peak w i t h a slower r i s e of c u r r e n t on the low temperature 
s i d e , than f a l l on the h i g h temperature s i d e . The bimolecular 
case ( i i ) leads t o a more symmetrical peak showing the same 
asymmetry but t o a l e s s e r e x t e n t . 

C e r t a i n f e a t u r e s are common ; t o peaks w i t h e i t h e r of 
the recombination mechanisms 
(1) For the same e l e c t r o n capture cross s e c t i o n of the 

d e f e c t s , h e a t i n g r a t e and d e n s i t y of f i l l e d d e f e c t s , 
the temperature a t which the c u r r e n t i s a maximum i s 
p r o p o r t i o n a l t o the energy depth. 

( 2 ) For a constant d e n s i t y of f i l l e d d e f ects w i t h l e v e l s 
at a constant energy depth, the temperature o f the 
maximum c u r r e n t v a r i e s s l o w l y i f the cross s e c t i o n or 
he a t i n g r a t e i s a l t e r e d . 

( 3 ) The area under the Current peak i s p r o p o r t i o n a l t o the 
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d e n s i t y of de f e c t s which w e r e j f i l l e d i n i t i a l l y . 
However f o r b imolecular k i n e t i c s the shape of the peak 
i s a f f e c t e d by the i n i t i a l occupancy of the d e f e c t s . 

(4) The i n i t i a l r i s e of c u r r e n t w i t h temperature as the 
defe c t s begin t o empty i s give n ( i ) f o r monomolecular 
k i n e t i c s by 

Aa = N t QN cvSp r e exp(-E/kT) (6.6) 

and ( i i ) f o r bim o l e c u l a r k i n e t i c s by 

A o r = -i£ N vSuTe exp(-E/kT) (6.7) 
N t 

Thus i f the set of t r a p s i s s a t u r a t e d w i t h e l e c t r o n s by 
the i l l u m i n a t i o n a t low temperature t h e r e w i l l be no 
d i f f e r e n c e between the equations f o r the d i f f e r e n t 
k i n e t i c s . 
Although t h e r e are some s i m i l a r i t i e s between the glow 

curves which r e s u l t from the two types of k i n e t i c s considered 
so f a r ( ( l ) t o (4) above), t h e r e ate some d i f f e r e n c e s even 
i f the t r a p parameters and heating; r a t e are the same.: 
(1) The bimol e c u l a r curve i s more,symmetrical and wider than 

the monomolecular one (see f i g u r e 6.2). 

(2) With bimolecular k i n e t i c s the; shape of the curve and 
the temperature of the maximum c u r r e n t T K vary as the 
i n i t i a l occupancy of the t r a p s i s v a r i e d . With mono-
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molecular k i n e t i c s T and the; shape of the curve 
are independent of the i n i t i a l degree of trap f i l l i n g . 
The p r o b a b i l i t y of thermal e x c i t a t i o n of an electron 

from a t r a p , f , i s given by 

f = N vS exp(-E/kT) (6.8) (see equation 6.0 ), 

The rate of change of the density of occupied traps w i t h 
monomolecular k i n e t i c s (no retrapping) and monomolecular 
recombination i s 

inr = - V . (6-9) 

The density of free electrons n during the deeay i s 
^ I s r T« I f T i s constant, then at | 

n = n. T f: ex|p(-ft) (6.10) 

i . e . the decay jis exponential w i t h time constant equal to l / f , 
When retrapping i s s i g n i f i c a n t only a f r a c t i o n of the 

excited electrons w i l l r e t u r n to recombination centres. The 
rest w i l l be retrapped. The p r o b a b i l i t y that a free electron 
w i l l recombine i s a function of the t o t a l cross section of 
the recombination centres f o r elecitron capture divided by the 
t o t a l cross section f o r recombination centres plus that f o r 
empty traps. Thus the f r a c t i o n of free electrons which 
reeombine and are anihilatfed i s g ^ J1

 g^ where S R and 
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are the cross section and density of recombination centres. 
Under these conditions the rate of trap emptying i s 

an _ _ S R N R n t f
 ( G , 

I f S R = S, Eg = n '+ n̂ ., n > > n̂ ., and the traps are 
i n i t i a l l y saturated then 

N.Tf 
n = — * - {6.12) 

( 1 + f t T 

Equation (6.12) represents a t y p i c a l bimolecular type 
of photoconductive decay. 
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CHAPTER 7. 

Discussion of the Methods of Evaluating Glow Curves. 

7.1 I n i t i a l Sise Methods. 
( i ) Garlick and Gibson. 

The equations (6.6) and (6.7) f o r the i n i t i a l r i s e of 
thermally stimulated current under monomoleeular and b i -
molecular conditions are both of the form Aor = const. exp(-E/kT) 
Since the conductivity i s proportional to the current under 
ohmic conditions, A Iocexp(-E/kT), where A I i s the thermally 
stimulated current. Thus f o r both monomolecular and b i -
molecular k i n e t i c s a p l o t of log A I against l/T f o r the 
i n i t i a l r i s e of the thermally stimulated current peak should 
y i e l d a s t r a i g h t l i n e of slope -E/k, where E i s the depth 
of the trapping l e v e l s . 

This method of c a l c u l a t i n g energy depths w i l l be referred 
to as the Garlick and Gibson method and the value sô  obtained 
w i l l be denoted by Enr,. The method i s also v a l i d f o r f a s t 

G G 36 
retrapping k i n e t i c s . Haake has investigated how f a r up 
the r i s e side of the peak the equations are v a l i d . 

An extension of t h i s theory to allow f o r the temperature 
v a r i a t i o n of the cross section of the defects leads t o the 
equation 

log A I = b log T - E/kT + constant (7.1) 
where the cross section 

S = So T ( 2 " b ) (7.2) 
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S and b are constants (see inext section). 
O i ! 

The extra term bln(T) decreases the value of energy depth 
<5( inT) 

by an amount E-̂  depending on the temperature. Let b ^±/<j}) " % 
since ^ [ j j y j j i ] varies only slowly w i t h T and ^ [ l / T ) ^ 
so that E 2 - E-̂  = E. ln ( T ) i s p l o t t e d as a function oif ( l / T ) , 
the slope of the l i n e i s E-̂ /b. Values of E-̂ /b f o r d i f f e r e n t 
temperatures are given, i n table (7.1). 
7.2 Monomoiecular Methods. 

37 
4 i ) Keating's Analysis.^ 

The Randall and Wilkins theory;assumes If vS i s independent 
of temperature. As the e f f e c t i v e density of states i n the con-

3/2 
duction band, N , i s proportional to T ' , and the thermal 

1/2 
v e l o c i t y of electrons i s proportional t o !"' , the assumption i s 

-2 
equivalent to assuming S«T . 

The cross-section of a defect f o r capture of an electron 
usually varies w i t h temperature, and w i t h Coulomb a t t r a c t i o n 

-2 
the electron capture cross section does vary as T . However 
wi t h repulsive and n e u t r a l centres, cross sections, which change 

A ^ n 
as r a p i d l y as T have been found i n s i l i c o n . 

-2 
Keating avoids the assumption that S cc T " by p u t t i n g 

S ocT""a so that jP^vSocT"*13 whdre a = 2 - b. • I t i s s t i l l assumed 
that the cross section i s proportional to some power of T 
but there are experimental and t h e o r e t i c a l reasons f o r 

38 
expecting such a v a r i a t i o n . • 

^Following Randall and Wilkihs argument f o r monomolecular 
k i n e t i c s , and p u t t i n g N vS = BT^ Keating shows that 

In (|2) = b I n T - E/kT - § I T*> exp(-E/kT)dT (7.3) 



TABLE 7»1 

E,/b eV T°K 

0.033 355 

0.023 285; 

0.019 220 

0.016 180 

0.013 150 

tflog T 
E = fcfc -=r—— 

E,A VALUES AT VARIOUS TEMPER AT URE S. 
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When the traps f i r s t begin to lose t h e i r electrons 
to the conduction band the f i n a l term i n equation; (7.3!) i s 
small, (7.3 therefore reducejs to (7.1) which describes the 
i n i t i a l r i s e of the stimulated current. 

Keating makes an approximation to the i n t e g r a l i n 
equation (7.3) which i s v a l i d provided E/kTs > 10. The 
r e s u l t i n g equation i s evaluated i n terms of the temperatures 
T' and T" at which the conductivity i s equal to one h a l f 
i t s maximum value on the r i s e and decay sides of the peak 
respectively. Assuming E/kT » b + 2, and neglecting the 
difference between T1 and T1' and T s i n a small correction 
term, the equation can be solved f o r d i f f e r e n t values of b 
and E/kT*. For values of E/kT* between 10 and 35 and T" ~ T 

between 0.75 and 0.9 the f o l l o w i n g r e s u l t i s obtained 

TT*= T" " T'(1.2 ( T " " T * ) - 0.54) + 5.5 x 10""3 -

/T" - T* 
T* - T« - 0i.751 (7.4) 

Experimental curves usually yileld values of E/kTT and 
which l i e w i t h i n the range of v a l i d i t y of the assumptions 

T* - T' 
made i n deriving t h i s equation. Using (7.4) the trap depth 
®FK c a n 1°e o t , * a i n e < ^ from measured values of T' , T M and T*. i n 
p r i n c i p l e i t i s also possible to evaluate the cross section 
and the temperature dependence of tjhe cross section from a 
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single glow curve. 
( i i ) Grossweiner's Method. 

The Grossweiner method i s based on a s i m p l i f i c a t i o n 
of the Randall and Wilkins equation and therefore assumes 
monomolecular k i n e t i c s . The p o s s i b i l i t y of a temperature 
dependence of the various c r y s t a l properties i s neglected. 

The values I S / 2 and T', where the current reaches h a l f 
its-maximum value, on the low temperature side; of the maximum, 
are substituted i n equation (6.4). The r e s u l t i n g equation 
i s then divided by the equation Obtained f o r the maximum 
current when I x and T S are substituted i n equation (6.4). 
Assuming E/kTx > 20, to j u s t i f y a series approximation, and 

7 that N vS/fi > 10 , Grossweiner shows that the : trap, depth c *̂  
i s given by 

= ( 7 < 5 ) 

By deriving and s u b s t i t u t i n g from equation (7.8) i n 
(7.5) Grossweiner showed that the electron capture cross 
section of the defects i s 

E 
:= 3 T ^ e x p kT* (7.6) 

u 2N evT x(T - T') 

A f u r t h e r conclusion i s that the photoconductive decay time 
due to traps emptying at the temperature T H i s 

r * = #Tf (T«.: T» ) ( 7.7) 3T £ 
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7*3 Methods which are Independent of the Recombination 
Kine t i c s . 

40 i 
( i ) Haering and Adams Theory. 

Haering and Adams consider the conditions appropriate 
to both monomolecular and f a s t retrapping k i n e t i c s . With 
monomolecular k i n e t i c s they use Randall and Wilkins equation 
(equation 6.4). D i f f e r e n t i a t i n g log or(T) w i t h respect to T 
and equating the r e s u l t to zero t|o f i n d the conditions f o r 
maximum conductivity, the f o l l o w i n g equation i s obtained 

T-I N vSkT* 2 

exp (—-) - ! (7 8) 
kT s j8 E K l ' 0 ) 

(7.8) i s v a l i d f o r E/kT large and N^javeSn^ independent of 
temperature. Prom equations (7.8) and (6.4) with E/kT 
large, an asymptotic expansion' gives 

or(T x) = or exp(- - r ~ - - 1);, where or = N S«suTn+ft (7.9) 
kT 

Under f a s t retrapping conditions i t i s assumed!that 
the defect levels are i n thermal equilibrium w i t h the con­
duction band. With f a s t retrapping the Randall and Wilkins 
equation i s no longer applicable and i s replaced by 

r T 
a(T) = aeu = -2L e n. exp(-E/kT 

N t t 0 N
tiST J 

N Q exp(-E/kT)dT) 

Maximising lnor(T) w i t h respect to: T and assuming — — nj_ e i s 
* to 

constant Haering and Adams showed: that 
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p3£ 2 N k f 
exp(E/kT*) = -2- (7.10) 

Using an asymptotic expansion f o r large E/kT again they 
conclude that a(T*) = crQ exp(- E/kT* - I ) . This equation 
i s of the same form as (7.9) f o r monomolecular recombination, 
the only difference being that the constant erQ i s changed to 

t 
I f the c r y s t a l i s heated at d i f f e r e n t heating rates i n 

a series of thermally stimulated current runs I and T 
w i l l vary. Since the current and conductivity are pro­
p o r t i o n a l to one another, equations (7.10) and (7.11) 
indicate that a p l o t of l n ( I * ) against l / T s should be a 
st r a i g h t l i n e . The slope of the l i n e w i l l be equal to 
-Ejj^/k. The subscripts HA are used i n the l a t e r part of 
t h i s thesis to denote the trap depth, E.^, calculated using 
t h i s method. 

For successful a p p l i c a t i o n , Haering and Adams' technique 
requires that w i t h a l l the thermally stimulated current 
runs made at the d i f f e r e n t heating rates,; the i n i t i a l 
density of f i l l e d defects ( n t o ) and the free electron l i f e 
time ( r ) remain unchanged. 

( i i ) The Method of Bifferent;Heating Rates. 
The temperature, Ts^ at which the maximum thermally 
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stimulated current i s obtained varies w i t h the heating rate 
/3. With monomolecular recombination the dependence of 
T* on /3 i s given by equation (7*8) of the previous section. 
Under f a s t retrapping conditions the v a r i a t i o n of T w i t h 
i s given by equation (7.10). Both equations are of the 
form 

x 2 
~ — = const exp(E/kT*) (7.12) 
P 

41 
Booth used two heating rates /3-̂  and ^ ̂  ±n his experi 

ments and from the r e s u l t i n g two simultaneous equations ob­
tained values f o r the trap depth. 

,X m3E rpX 2^| 
(7.13) E = k I n ip — IP 0« T X 2 

2 A l / 
42 

Hoogenstraaten used several heating rates and 
p l o t t e d ln( T /j9) against 1/T tio obtain a s t r a i g h t l i n e 
of slope Ejjjj/k. E^R i s used subsequently i n t h i s thesis 
to denote trap depths calculated' i n t h i s way. 

x 
Clearly calculations based on the v a r i a t i o n s of I 

37 
w i t h heating rate are independent of retrapping but as 
w i t h ( i ) above i t i s necessary to assume (a) the same 
i n i t i a l electron occupancy of the traps and (b) that the 
l i f e time as a f u n c t i o n of T i s unchanged during the 
recording of each of the d i f f e r e n t thermally stimulated 
current curves. For monomolecular recombination equation 
(7.8) can be used to obtain a value of electron capture 
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cross section S when the value of! E has been determined. 
i , . 

I t i s however incorrect to obtain; a value of E using analysis 
s t r i c t l y l i m i t e d to f a s t retrapping and then use t h i s value 
i n equation (7.8) to f i n d the capture cross section S. 

4 3 
This i s the procedure adopted by Bube . For fast retrapping 
equation (7.8) i s not applicable and (7.10) must be used 
instead. Since (7.10) does not contain the term S, no 
information concerning cross-sections can be obtained i n 
t h i s way. 
7.4 Methods U t i l i s i n g D i f f e r e n t Formulae f o r D i f f e r e n t 
K i n e t i c s . 
( i ) Schon's Theory 

The main difference between Schon's'^ approach and 
others discussed i n t h i s thesis i s that Schon includes 
t r a n s i t i o n s to the valence band i n his considerations. His 
work was concerned sol e l y w i t h thermoluminescent glojw curves, 
but i f a temperature independence of r i s assumed, the 
thermally stimulated current w i l l be proportional to the 
thermoluminescence. 

45 
The theory follows that of Klasens and Hoogenstraaten. 

Schon extended i t , and considered three sets of conditions 
i n photoconducting phosphors. 
(1) Assuming that the recombination process i s r a d i a t i v e 

and that n ^ . ( l - —g- ) ( i . e . bimolecular k i n e t i c s ) he 
shows that the t r a p depth can be obtained from measure-
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ments at two d i f f e r e n t hejating rajtes. I n f a c t 

E = k 2 I n ^ | ? / (7.14) 

His analysis also suggests that the thermbluminescence 
(J) i s such that p l o t s of J^ : against T f o r glow curves 
obtained at d i f f e r e n t heating rates d i f f e r only i n the 
region of the maximum glow. A t h e o r e t i c a l p l o t of — 
against temperature i s shown i n f i g u r e 7.1(a). 
Assuming (a) that the recombination i s r a d i a t i v e , (b) t h a t 
retrapping i s n e g l i g i b l e (S^/S»1, i . e . monomolecular 
recombination), and (c) that the traps are not appreciably 
empty ( -77- N̂ , > N^) he obtains the same e.quation (7.14) 
f o r the trap depth. Now however the ^ ' ~ S ^ ^ v ^ p l o t i s 
d i f f e r e n t and i s shown i n f i g u r e 7.1 ( b ) . 
With his t h i r d special case Schon assumes that r a d i a t i o n l e s s 
recombination i s dominant, the traps are i n i t i a l l y saturated 
w i t h electrons, f a s t retrapping k i n e t i c s applies and there 
are less traps than recombination centres. Under these 
conditions the r i g h t hand side of (7.14.) y i e l d s the height 
of the recombination centres above the valence band 

k T x T* A T* ?/2 

-1 - *2 : 

instead of the trap depth. The ^ ^ J ^ v T curves are 
somewhat s i m i l a r to those i n f i g u r e 7.1 (a) but follow the 

i f - T* ' fi. T? V-
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E - E 2 E - E 
functions 5 — on the ascending side and i — — 5 — on 

kT d kT^ 
the descending side of the glow curve. He concludes th a t 
the i n i t i a l assumptions are equivalent to assuming: 
E A < E < 2E A. 

I n general the difference between the curves i n figur e s 
7.1(a) and 7.1(b) can be used as a means of determining 
whether the recombination process i s monomolecular or 
bimolecular. Application of t h i s method does however 
suf f e r from one serious disadvantage. The c r i t i c a l part 
of the curve involves the measurement of small currents 
on the high temperature side of the maximum. This i s very 
d i f f i c u l t , as the f a l l side of the peak cannot be thermally 
cleaned (see section 10.2). 

Since Schon calculates the rate of r a d i a t i v e recom­
binat i o n ( J ) , i n the presence of radiationless t r a n s i t i o n s , 
i t might be thought to be inaccurate to apply the r e s u l t s 
to a conductivity glow curve. I n a l l the theories; of 
conductivity glow considered so f a r the v a r i a t i o n of T w i t h 
temperature has been neglected. This i s equivalent to 
assuming that the recombination p r o b a b i l i t y i s temperature 
independent. With t h i s assumption the conductivity i s 
proportional t o the r a d i a t i v e t r a n s i t i o n s f o r which the 
cross section i s also temperature independent. The p o s s i b i l i t y 
of r a d i a t i o n l e s s t r a n s i t i o n s occurring w i t h i n the recom­
binat i o n centre i s usually excluded. This does however 
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s p o t l i g h t the f a c t that the assumption of a temperature 
independent l i f e time of free c a r r i e r s i s not valid:under 
conditions where radiatiohless t r a n s i t i o n s occur, though 
the v a r i a t i o n i s small over the width of a thermally 
stimulated current peak. 

Equation (7.14) which applies to Schon's f i r s t two 
special cases (and i n numerical value to the t h i r d ) i s 
s i m i l a r to that of Booth (equation 7.13). According to 

x y 
(7.12) a p l o t of I n ) v l / T K (y = 2) from measurements 

P 
made at a v a r i e t y of heating rates should give a s t r a i g h t 

7 
l i n e of slope E/k. Now however J = -k instead of 2. The 

3/2 3/2 
eff e c t of the f a c t o r T* i s to add a term l n ( T X ) to 
the ordinate of the graph which w a l l lower the slope "by 
~\ (T) 3 
•TJ —^yrp) i . e . the b fa c t o r i n table 7.1 i s ^. Thus values 
of trap depth obtained using Schon's method w i l l be less 
than those calculated using the arguments of section 7 . 3 ( i i ) 
by an amount varying from 0.02eV at 160°K to 0.05eV at 
350°K. Except f o r the very shallowest traps t h i s was found 
to be less than other errors inherent i n evaluating energy 
depths by these methods. 
( i i ) Halperin and Braner 1s approximation 

Halperin and Braner^ studied several recombination 
mechanisms and conditions of retrapping w i t h d i f f e r e n t 
d i s t r i b u t i o n s of electron and hole states. I n the case of 
a single set of trapping levels at a discrete energy depth 



- 89 -

(as has been assumed i n a l l the theories described so f a r ) 
they d i s t i n g u i s h between 1st order (monomoleeular) and 2nd 
order (bimolecular) k i n e t i c s . 

For both mechanisms they assume that E/kT* > 10 and 
NcvS i s independent of temperature. By making the geometrical 
approximation that the thermally stimulated current; curve 
can be represented by a t r i a n g l e the f o l l o w i n g equations 
were derived f o r the respective k i n e t i c s : -

1st order k i n e t i c s E W T 3 = ( ^ 1 ) kT x 2 (1-2.58 A ) 

2 k T * 
where A = 

^ B 
2nd order k i n e t i c s E ™ .= (, 2 -, ) kT : s 2 (1-3 A) 

They also derived the f o l l o w i n g rules to show which 
kind of k i n e t i c s i s applicable. 

I f - -, < e ( 1 + ~± ) the k i n e t i c s are f i r s t order. 
T - T HB 

T — T —1 2kT I f — > e ( 1 + — ) the k i n e t i c s are second order, 
T - T Tl'B 

The a p p l i c a t i o n of these c r i t e r i a to our res u l t s would 
indicate that nearly a l l the peaks i n the c r y s t a l s examined 
were formed under recombination mechanisms that were second 
order. That t h i s was so, even when traps w i t h crosfe-seetions 

-2/fc 2 
as small as 10 cm were involved, throws some doubt on 
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t h i s method of determining the rejcombination k i n e t i c s . 
The magnitude of the trap deipth, Eg-g* appears on the 

r i g h t hand side of each of the two sets of formulae which 
are needed to determine the trap depth and the type of 
recombination mechanism. I n both sets of formulae the term 
in v o l v i n g E-̂-g on the r i g h t hand sjide of the equation appears 
as a small correction. I n consequence i s calculated 
by successive approximation. 
7.5 Fast retrapping theories. 

The basis of the theories cdncerBied w i t h thermally 
stimulated currents under f a s t retrapping conditions i s 
that the defect levels are at a l l times i n thermal e q u i l i ­
brium w i t h the conduction band. As a r e s u l t steady state 
theories are applicable. A l l the theories discussed below 
assume that NcvSy*T i s independent of temperature. 
( i ) The Theory of Boer, Oberlander and Yoigt. 

The authors consider a two l e v e l scheme w i t h emptying 
traps, and recombination centres which have a much lower 
p r o b a b i l i t y of capture of the free electrons than the trapping 
l e v e l s . 

They show that 

E B O V = kT* log -£ (7.15) 
h x " 

where n x i s the density of electrons i n the conduction band 
when the stimulated current reaches a maximum and TJ i s the 



- 91 -

f r a c t i o n of f i l l e d t r a p s i a t the corresponding temperature 
T x. Boer et a l then assume that , rj i s l a r g e l y independent 
of the heating r a t e . This has "been demonstrated t h e o r e t i c a l l y 
and p r a c t i c a l l y . 

Equation (7.15) f o r constant TJ i s equivalent to that 
derived "by the Haering and Adams equation (7.11) since the 
conductivity i s proportional to the density of c a r r i e r s i n 

t 

the conduction "band. The same method of curve analysis can 
then be used as described i n section (7«3(i))» and the 
disadvantages described there also apply. 

With f a s t retrapping i t can also be shown that the 
cross section of the recombination centres i s given by 

S R v = 7 = X - # 3 (7,16) 
K kT* *• n*T* 

I f f a s t retrapping occurs no information concerning the 
trap cross sections can be obtained from a thermally 
stimulated current curve. 
( i j ) Bube's Approximation* 

Bube assumes that the defect levels are approximately 
h a l f f u l l at the current maximum., This is equivalent to 
re q u i r i n g that/ the current maximum the electron Fermi l e v e l 
coincides w i t h the defect l e v e l s , i . e . that the occupancy 
at maximum current TJ is; one h a l f . With t h i s assumption 
Boer et al's equation reduces to 

E B = kT* l o g e -2. (7.17) 
h x 
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(7.17) has been shown to Jbe a good approximation f o r very 
fas t retrapping but to give incorrect r e s u l t s f o r slow 
retrapping. Boer et a l ^ have shown the occupancy at the 
peak maximum i s less than; -75 and i s of the order of to 

at the current maximum. 
( i i i ) Lushchik. lushchik makeis a geometrical approximation 
i n d e riving a formula appropriate to f a s t retrapping and 
obtains the expression 

ET = (7.18) 

His method therefore u t i l i s e s the high temperature side 
of the thermally stimulated current curve. This i s a 
disadvantage as i t i s more d i f f i c u l t to make accurate 
measurements on t h i s part of the curve (see section(10.2)). 
7.6 Comparison of Methodp. 

A detailed comparison of the above methods w i l l be 
made i n the discussion a f t e r the experimental work andthi 
r e s u l t s obtained i n the present work have been described. 
I n t h i s way a coherent discussion of the p r a c t i c a l and 
t h e o r e t i c a l problems i s possible.: 
7*7 Photoconductive Decay. 

I f a c r y s t a l i s strongly illuminated w i t h l i g h t of 
suitable wavelength many electron hole-pairs are produced 
and the centres that capture electrons w i l l be: f i l l e d . 
There w i l l also be an excess of electrons i n the conduction 
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band and photoconductivity r e s u l t s . 
When the i l l u m i n a t i o n i s suddenly removed the photo-

current decays. The decay can be divided i n t o three 
sections shown i n f i g u r e 7.2i~ 

(1) An i n i t i a l f a s t decay which gives a measure of the 
free electron l i f e time since a l l the traps are 
saturated i n t h i s region. 

(2) An intermediate region associated w i t h various trapping 
l e v e l s . 

(3) A long t a i l to the curve due to the emptying centres 
w i t h levels j u s t above the electron Fermi l e v e l i n 
the dark. 
The long t a i l (3) has been used extensively i n the 

present work to obtain information about the defect l e v e l s 
responsible f o r i t . The region was often found t o be 
c l e a r l y defined and due to a set of levels at a discrete 
energy depth E. 

I f thex"e are i n i t i a l l y n, f i l l e d l e v e l s at t h i s depth, 
0 0 

a.nd there i s no retrapping replenishing the emptying defect 
l e v e l s , the rate of thermal e x c i t a t i o n of electrons i n t o 
the conduction band at constant temperature i s 
dn d n t ~ f t 

Aft ~ ~ "J^" = n t o ^ e * ^ e c o n (P- u c"ki vi'fcy d u e ^° electrons 
excited from these defects i s 

f ~tj 
A<r = || epr = n t Q f e ~ per (7.19) 
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This represents an exponential de;cay of photoconductivity 
w i t h a decay time constant = ̂ . 

Prom equation (6.10) the dec;ay time 

T d = 1 = TTvS (E/kT) (7.20) 
9 

since v = NcvS. 
Thus f o r a discrete set of defect levels emptying under 
monomolecular conditions the long t a i l of the photoconductive 
decay w i l l be exponential and the decay time w i l l vary the 
temperature. 

I f i s measured over a range of temperatures, a 
plot of l o g e against l/T should give a s t r a i g h t l i n e 
of slope E/k, and intercept l/N vS, i f N vS i s independent 
of temperature. The values of energy depth and cross section 
obtained i n t h i s way w i l l be refer r e d to as E r and S r . 

I f retrapping i s appreciable the decay i s not exponential 
(see section 6.4)1 en at oootaoiai) and i t i s necessary to know 
the r a t i o of cross sections of the trapping and recombination 
centres to obtain informatsbn about the defects from the 
decay measurements. 
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CHAPTER 8. 

Crystal Growth;in Cadmium Sulphide. 

8.1 The D i f f i c u l t i e s Involved. 
There are several d i f f i c u l t i e s i n growing single 

crystals of cadmium sulphide. Cadmium sulphide dissociates 
at atmospheric pressure and has no c l e a r l y defined melting 
point. Under high pressures of i n e r t gas, however, i t 
can be made to melt. For example Addamiano has found the 
melting point to be 1475°G under a pressure of 2 atmospheres 
of argon. 

I n order to investigate the inherent defects i n cadmium 
sulphide i t i s necessary f o r the cr y s t a l s produced to posses 
not more than a few parts per m i l l i o n of various impurities 
and defects. No suitable solvent has been found to permit 
growth from s o l u t i o n . 

Growth of c r y s t a l s from the vapour phase i n an i n e r t 
atmosphere at temperatures between 900°C and 1150°C overcomes 
these d i f f i c u l t i e s . 
8.2 Methods Based on t h e F r e r j e h s Technique. 

Methods used to grow the c r y s t a l s on which the measure­
ments i n t h i s thesis were made included two based on the 

50 
Frerichs technique. 

The apparatus f o r one of these methods i s shown i n the 
diagram i n f i g u r e 8..1. High p u r i t y argon (B.O.C. 5 9's) 
was dried i n a drying tower and then s p l i t i n t o two measured 
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flows co n t r o l l e d by elipsj. One fjlow entered the 2.5 cm. 
diameter s i l i c a tube, situated in; an e l e c t r i c furnace, and 
passed over molten cadmium held i n a s i l i c a boat at 600°C. 
I n t h i s way a stream of argon and cadmium vapour was carried 
to the hottest zone of the furnace. 

The second stream of argon passed through a s i l i c a 
pipette containing sulphur. The f u n c t i o n of the pipette 
was to maintain a separation of the two flows u n t i l the 
hottest region of the furnace was reached. The sulphur 
was held at a temperature of 50G°!C, while the hottest region 
of the furnace where the reaction between sulphur and 
cadmium took place was at liOO°C. The temperature p r o f i l e 
of the furnace i s shown i n f i g u r e 8.1. 

With argon flow rates over the molten cadmium and sulphur 
of 60 ml/min and 30ml/min; respectively, c r y s t a l growth 
took place i n about 3 hours i n a region of the main s i l i c a 
tube at about 1000°C. After t h i s time the sulphur and 
cadmium supplies were nearly exhausted. When the c r y s t a l 
growth was complete the furnace was cooled slowly to a 
temperature below 100°C before the argon supply was removed 
and a i r allowed to enter the s i l i c a tube. The whole cooling 
process took about 1-^ hours. 

The sulphur used was of high p u r i t y , and outgassed by 
heating to 400°C i n high vacuum. The cadmium was also of 
high p u r i t y , and had been etched i n d i l u t e n i t r i c acid, 
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washed i n d i s t i l l e d water and dried. The elements were 
f u r t h e r outgassed by heating i n s i t u i n the growing tube 
before c r y s t a l growth began. 

The furnace comprised a kanthal resistance wire element 
cemented on to an alumina tube w i t h furnace bricks as 
i n s u l a t i o n . The furnace winding had a c e n t r a l tapping and 
one ha l f of the furnace was shunted by a rheostat to produce 
the lower temperature zone of the furnace. The power was 
supplied by a "Variac" variable tapping transformer. 

The cadmium sulphide c r y s t a l s grew r a d i a l l y inwards 
from the walls of the s i l i c a tube. They were mainly 
hexagonal rods although a few t h i n plates were also obtained. 
The largest of the rods were about 0.5 cm. long and Q.l cm. 
i n diameter. The c r y s t a l s varied 1 i n dark r e s i s t i v i t y from 
more than 10^ohm cm. to 100 ohm cm. The more r e s i s t i v e 
c r y s tals tended to be the more photosensitive. The t h i n 
plates as w e l l as the hexagonal rods had a hexagonal ( w u r t z i t e ) 
type l a t t i c e . Cadmium sulphide can be prepared i n a cubic 
(zinc blende) modification. 

To grow c r y s t a l s doped w i t h chlorine, the argon was 
bubbled through hydrochloric acidj before passing i n t o the 
drying tower. The doped c r y s t a l s grown i n t h i s way were 
larger than the pure c r y s t a l s . Tjhe resistance of the 
chlorine doped c r y s t a l s was a few ohms cm. They were not 
measurably photoconducting. 
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I t should be noted that the density of chlorine 
incorporated i n t o the c r y s t a l i s only a small f r a c t i o n of 
one per cent. Unless another impurity (or appropriate l a t t i c e 
vacancy) i s at the same time incorporated i n t o the c r y s t a l 
w i t h an e f f e c t i v e charge i n the c r y s t a l opposite to that 
of the chlorine, high densities of doping are not possible. 
"Charge compensation" has to be maintained. The charge 
compensation mechanism that allows some chlorine impurity 
i n the c r y s t a l s i s "free electron compensation" i n that a 
S ion i s replaced by Gl ion and one free electron. 

The other flow method, related to the Frerichs technique, 
which has been used to provide c r y s t a l s f o r t h i s work 
involved the sublimation from cadmium sulphide powder i n 
a stream of argon (see f i g u r e 8.2). This technique was 
employed by another member of the group to produce t h i n 
plates about lOOju t h i c k and up to 0.5 cm. diameter.. Some 
rods were also grown using t h i s method. The predominance 
of plates was a t t r i b u t e d to a high temperature gradient i n 
the growth region rather than the method of growth. Before 
entering the furnace the argon was passed over heated copper 
to remove oxygen and prevent the oxygen entering the c r y s t a l s 
during growth. The cadmium sulphide used was Messrs. Light 
Company high p u r i t y grade outgassed i n high vacuum at 800°C. 
8.3 Other Methods of Growth of Single Crystals of Cadmium 
Sulphide. 

An e n t i r e l y d i f f e r e n t method of sublimation was used 



by a t h i r d member of the group. The cadmium sulphide 
powder was sublimed from o;ne end to the other of an 
evacuated s i l i c a tube (about 20 cm. long). The charge 
was e i t h e r powder which had been outgassed at 800°C, or 
cr y s t a l s previously prepared using one of the two flow 
methods. The tube was placed i n a furnace w i t h a temperature 
p r o f i l e such that the charge end of the tube was at 1150°C 
and the other at 1100°C. After a day or two the powder at 
the h o t t e r end of the furnace had sublimed to the colder 
end forming a p o l y c r y s t a l l i n e aggregate containing a few 
large c r y s t a l s . The sublimation could i f necessary be 
repeated several times. 

Several other growth methods have been described i n the 
51 

l i t e r a t u r e but were not used i n t h i s work as they tend 
to produce conducting cr y s t a l s which are poor photoconductors. 
These techniques include the t r a n s f e r of cadmium sulphide 
along a sealed tube under a low temperature gradient, at 
a mean temperature of 700°C, by the reaction of the powder 

5? 
wit h small quan t i t i e s of iodine. " Large c r y s t a l s can be 
grown under pressure from the melt at high temperature, 
but these are contaminated by impurities from the material 
of the container, usually graphite. 
8.4 Nomenclature of Crystals. 

Crystal rods grown by the reaction of the elements i n 
a stream of argon w i l l be denoted by the l e t t e r R. Crystal 
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rods grown "by sublimation! i n a stjream of argon: w i l l be 
distinguished by an S and; plates grown by t h i s 1 method by P. 
When cr y s t a l s grown i n vacuum by sublimation are refer r e d 
to they w i l l be denoted by V. Some of the cry s t a l s I were 
treated a f t e r growth by heating to 500 - 700°C i n vacuum. 
Such c r y s t a l s w i l l be given a s u f f i x v i n t h i s thesis. 
8.5 Contacts. 

To make s a t i s f a c t o r y ! e l e c t r i j c a l measurements i t i s 
desirable to make ohmic contacts to the c r y s t a l . Pure 
indium melted on to the cry s t a l s using a soldering i r o n 
was found to give ohmic contacts. As was mentioned e a r l i e r 
indium produces ohmic contacts f o r two reasons. F i r s t l y 
i t has a lower work function than; cadmium sulphide, and 
secondly the indium can diff u s e a; short distance i n t o the 

54 
c r y s t a l under the contact.' The f i r s t condition i s necessary 
fo r electrons to enter the c r y s t a l without encountering a 
b a r r i e r . The d i f f u s i o n of the indium produces a semi­
conducting layer at the surface of the c r y s t a l under the 
contact allowing c a r r i e r s to pass between the contact and 
the bulk of the c r y s t a l . 
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CHAP TEH 9. 

Experimental Arrangement. 

9.1 Vacuum Cryostat. 
For o p t i c a l and e l e c t r i c a l measurements the cr y s t a l s 

were mounted i n the cryostat i l l u s t r a t e d diagrammatically 
i n cross section i n f i g u r e 9«1» 

A l l the metal parts above f - - f i n the diagram were 
made of German-silver and those below of copper. The 
German-silver and the double tube:were used to reduce heat 
losses from the copper mounting block and formed a Bewar. 
The walls of the cryostat :below f - — f were made of plates 
of copper soldered together. The; quartz window was 
demountable and was held i n p o s i t i o n w i t h the cryostat 
under vacuum by an '0'-ring seal. 

The vacuum i n the cryostat was produced by a mercury-
in-glass d i f f u s i o n pump wi t h a l i q u i d a i r t r a p . The cryostat 
was evacuated to allow the c r y s t a l to be cooled to l i q u i d 
a i r temperature. The vacuum provided good thermal i n s u l a t i o n 
and thus reduced heat losses and prevented the : deposition of 
ice and s o l i d GO^ on the sample. Another fun c t i o n of the 
vacuum was to maintain the c r y s t a l i n an i n e r t atmosphere and 
reduce the e f f e c t of adsorbed gases, p a r t i c u l a r l y oxygen, 
on the photoconducting properties of the c r y s t a l . For t h i s 
reason the c r y s t a l , when not under examination, was kept 
continuously under.a rough vacuum provided by the backing 
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pimp once the i n v e s t i g a t i o n had bjegun. 
The c r y s t a l was mounted betwieen indium contacts on 

a t h i n sheet of mica. Indium wetjs mica and can be made to 
adhere f i r m l y to i t . The mica was cemented to the copper 
block w i t h hot s e t t i n g a r a l d i t e . This resulted i n the 
c r y s t a l being i n good thermal contact w i t h the; copper block 
but e l e c t r i c a l l y insulated from i t . 

A thermocouple was embedded i n one of the indium con­
tacts so that the c r y s t a l temperature could be measured. 
A l l wires to the contacts were of 40 s.w.g. to reduce heat 
losses through them. A Siemens sintered multiple glass to 
metal seal was used to make vacuum t i g h t e l e c t r i c a l con­
nections through the walls of the: cryostat. 

The c r y s t a l was coolied by pouring l i q u i d a i r down the 
central tube of the metal Dewar of the cryostat. The 
temperature was raised by a heater comprising a c o i l of 
resistance wire covered by woven s i l i c a sleaving. The 
heater was s i t u a t e d i n the c e n t r a l tube of the Dewar. 
9.2., Advantages of the Cryostat. 

Apart from providing vacuum f a c i l i t i e s the cryostat 
has several other advantages. 
( l ) The good thermal contact between the c r y s t a l and the 
l i q u i d a i r i n the c e n t r a l tube, coupled w i t h the i n s u l a t i o n 
provided by the German-silver and the vacuum, enabled the 
c r y s t a l to be cooled to (about 8$°K) w i t h i n a few degrees 
of the temperature of l i q u i d a i r . 
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(2) The low thermal capacity of the copper mounting block 
and the close proximity of the c r y s t a l to the heater made 
i t possible to heat the c r y s t a l quickly allowing a wide 
range of heating rates to be usedw A fa s t heating ^ate 
leads to larger thermally stimulated currents. 

The low thermal capacity of the c r y s t a l and i t s mounting 
block, and the proximity of the c r y s t a l to the heater and 
coolant, provided a f a s t response' of actual c r y s t a l temper­
ature to changes i n the heater wattage d i s s i p a t i o n . This 
made i t simpler to maintain the c r y s t a l at a constant 
temperature over the range 90°K to 370°K. The fa s t thermal 
response was also useful i n terminating a run at a pre­
determined temperature. This f a c i l i t y was essential to 
the technique of thermal cleaning: of stimulated current 
peaks, (see section 10.2). This 'technique i s somewhat 

42 
s i m i l a r to that used by Hoogenstraaten and described by 
him as the method of 'decayed' glow curves. 
(3) The quartz window was used- so that i f required i l l u m i n a ­
t i o n w i t h a wide range of wavelengths could be employed. 
(4) The voltage applied to the heater could easily;be 
altered to ensure that the heatin|g rate during a thermally 
stimulated current run was l i n e a r w i t h time. Thevoltage 
on the heater was altered by a Vajriac transformer driven 
by an e l e c t r i c motor. The voltage programme required to-
keep the heater was determined experimentally. The v a r i a t i o n 
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i n the heating rate was less than jl5$> over the width : of 
the peak ( ~ 50°C). 
9.3 A n c i l l a r y Apparatus. 

The apparatus used f o r thermally stimulated current 
and photoconductive decay experiments i s shown i n f i g u r e 
9.2. The inside of the l i g h t t i g h t box was blackened t o 
avoid r e f l e c t i o n s . A hole about 3 x 2 cm. provided the 
window between the two halves of the box, 

F i l t e r s could be placed i n a holder covering the 
window. The blade of the l i g h t chopper also completely 
covered the beam entering the window so that stray l i g h t 
f a l l i n g on the c r y s t a l was reduced to a minimum. The 
i l l u m i n a t i o n i n most experiments was provided by a 1000 watt 
tungsten lamp run from a 120v D.C; supply. The i n t e n s i t y of 
the i l l u m i n a t i o n could be varied by means of a graded rheostat 
i n series w i t h the lamp. 

The e l e c t r i c a l c i r c u i t used f o r thermally stimulated 
current measurements i s shown i n f i g u r e 9.3. The applied 
voltage, variable up to 100 v o l t s , was provided by a dry 
battery. The small currents were measured w i t h a H a t f i e l d 
instrument type IE 490 B.C. a m p l i f i e r , the s e n s i t i v i t y of 
which was adjusted by changing the shunt resistance across 
i t s input. Care was taken to ensure that the voltage across 
the input of the a m p l i f i e r did not -exceed l<fo of the applied 
voltage. 
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The a m p l i f i e r comprised a mixed v a l v e - t r a i i s i s t o r 
a m p l i f i e r . The valve input was designed f o r a maximum 
input resistance of 2.2 M'fl so that high resistance samples 
could be used. The t r a n s i s t o r output worked i n t o a load 
of 78 ohms which was i d e a l f o r use w i t h a graphic recorder. 
The recorder and a m p l i f i e r made measurements possible t o 

— f t 

a lower l i m i t of 10~ amps. The l i m i t was set by leakage 
across the eryostat. The recorder speeds were l"/min. and 
6"/mm. which were adequate f o r the heating rates used. 
Temperature c a l i b r a t i o n points were marked manually as the 
thermally stimulated current curve was traced automatically 
on the recorder. 

E s s e n t i a l l y the same apparatus was used f o r the photo-
current decay measurements. The l i g h t chopper was usedl to 
cut o f f the i l l u m i n a t i o n from the: c r y s t a l . Either the 
am p l i f i e r and recorder, or a B.C. oscilloscope (Solartron 
AD 577), was used to display the decay curve depending 
on the speed of the decay being investigated. 
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CHAPTER 10 
Measurements!. 

10.1 The Measurement of Thermally Stimulated Currents. 
To make a measurement of the t o t a l thermally stimulated 

current the f o l l o w i n g procedure was adopted. 
The c r y s t a l was mounted i n the cryostat which was 

then evacuated. The c r y s t a l was cpoled by pouring l i q u i d 
a i r i n t o the c e n t r a l tube of the cryostat dewar. The intense 
i l l u m i n a t i o n was switched on f o r 10 minutes to f i l l the 
electron traps. With the c r y s t a l i n the dark again a p o t e n t i a l 
of 100 v o l t s was applied to the c r y s t a l , and as soon as 
the photoeurrent had decayed the ciryostat heater and the 
recorder were switched on. 

A t y p i c a l thermally stimulated current curve i s shown 
i n the graph i n f i g u r e 10.1. The theories introduced 
e a r l i e r deal w i t h a single i s o l a t e d thermally stimulated 
current peak. A t y p i c a l experimental curve such as that 
shown i n f i g u r e 10.1 comprises seyeral overlapping peaks. 
I t i s possible however to obtain from such a curve the 
approximate temperatures df the maxima of the peaks associated 
w i t h the major sets of defect l e v e l s . I t i s possible to 
separate the peaks by ( l ) varying the temperature at' which 
the traps are f i l l e d , (2) changing the wavelength of the 
e x c i t a t i o n f i l l i n g the defects, (3) using a d i f f e r e n t heating 
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rate or (4) applying the method ofj thermsil cleaning. I n 
practice t h i s l a s t method provided the most e f f i c i e n t 
means of separating peaks. 
10*2 The Thermal Gleaning ,of Peaks. 

I f the thermally stimulated run i s stopped: at the 
temperature T & shown i n f i g u r e 10.;1, the defects responsible 
for the peaks appearing at temperatures lower than T & w i l l 
have been p r a c t i c a l l y emptied. I f the c r y s t a l i s recooled, 
and subsequently reheated without r e f i l l i n g the defects, 
the r i s e of current w i l l be determined more exactly by the 
traps responsible f o r the peak centred on T-̂ . However 
the descending side of t h i s second curve w i l l s t i l l be 
affected by the traps which empty at s t i l l higher tempera­
tures. I f the c r y s t a l i s now headed uniformly u n t i l the 
temperature T c i s reached and then cooled and reheated 
an estimate can be made of the e f f e c t of the higher tempera­
ture peaks on the peak centred on T-̂ . Subtraction of t h i s 
background, due to the unwanted peaks (together w i t h any 
dark current present), from, the previous curve w i l l give 
the thermally stimulated current peak centred on T̂ . 

Several points are worth emphasizing f o r a peak 
measured i n t h i s way:-
(1) Not a l l the electrons trapped i n the set of defects 
under i n v e s t i g a t i o n contribute to the peak. Some of the 
traps are emptied during the i n i t i a l heating to T a, while 
others are not emptied u n t i l the background current i s 



- 108 -

feeing measured. The shape, of the peak i s not affected by 
the loss of some of the electrons 1 from the traps responsible 
f o r the peak at T^ but the estimate of the number of 
defects present w i l l be too small. 
(2) As some of the traps causing peaks at temperatures 
higher than T̂  w i l l be p a r t i a l l y emptied by heating to T c, 
the background current then measured w i l l be less than that 
present during the measurement of the peak at T^. As the 
background current increases r a p i d l y w i t h temperature, 
inaccuracies i n i t s value w i l l be more serious on the des­
cending side of the peak than on the r i s e side (see 'section 
11.10). 
(3) I f the peak situated at T-J overlapped by another, 
smaller peak on the low temperature side, the defects res­
ponsible f o r the unwanted contributions to the t o t a l 
current w i l l not have been completely emptied by heating 
to the temperature T . As a r e s u l t there w i l l be some 
thermally stimulated current due to the second set of traps 
on the r i s e side of the peak a t t r i b u t e d to T^. This can 
seriously a f f e c t r e s u l t s obtained using an analysis i n v o l v i n g 
the i n i t i a l r i s e of the thermally stimulated current (see 
section 11.15). 
(4) The temperatures at which the maxima of the glow curves 
occur, vary as the heating rate i s changed. The magnitude 
of the change i n temperature of a maximum depends on the 



- 109 -

energy depth of the defect l e v e l s j i n v o l v e d , and the extent 
of overlapping of the peaks varies as a r e s u l t . The cleaning 
of a peak involves removing more electrons from the defects 
being studied i f the maxima are closer at the new heating 
r a t e . This r e s u l t s i n a decrease, i n the number of electrons 
released subsequently to form theirequiredthermally 
stimulated current peak. The use of methods of evaluation 
of defect properties, which depend on experiments made at 
a v a r i e t y of heating rates, i s invalidated due to the 
v a r i a t i o n s i n the number of f i l l e d traps (see section 11.12). 
(5) I t has been assumed i n a l l the theories of thermally 
stimulated currents discussed i n chapter 7 that the trapping 
levels are i n groups at spec i f i c discrete depths. That 
is,, there i s not a continuous d i s t r i b u t i o n of defect l e v e l s . 
I f there were such a continuous d i s t r i b u t i o n an i n i t i a l 
thermal cleaning would empty the shallower traps but not 
the deeper ones. As a r e s u l t subsequent heating would 
produce a peak c h a r a c t e r i s t i c of the deeper levels only. 
This provides a method of determining whether the defect 
levels are d i s t r i b u t e d over a continuous energy range, 
(see section 11.5). 
(6) The analysis of i s o l a t e d peaks obtained by the method 
of thermal cleaning has been carried out i n t h i s thesis 
assuming that the gain (&;) i s independent of the degree of 
f i l l i n g of the defects, and of thje temperature cycles 
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necessarily involved. I n jother words measured currents 
are assumed to depend only on the rate of release of 
electrons i n t o the conduction band. Because of the e f f e c t 
of the defects on the free electron l i f e time the assumption 
may not be j u s i t i f i e d , but no evidence of i t s i n v a l i d i t y 
was found. A l l the theories used i n the c a l c u l a t i o n of 
the depths of energy levels i n the c r y s t a l neglect the 
p o s s i b i l i t y of such a v a r i a t i o n i n gain. 

I n one c r y s t a l i t was found that heating above 50°G 
i n the dark created new donor l e v e l s . This production of 
donors caused a v a r i a t i o n i n dark current at high tempera­
tures f o r the d i f f e r e n t heating runs i n the thermal cleaning 
process. The change i n dark current was small, however, 
except f o r measurements made at slow heating rates. 
10.3 Thermally Stimulated Current Programme. 

When a new c r y s t a l had been mounted the s t r a i g h t forward 
thermally stimulated current curve was measured between 
-180°C and 100°G f o r various physical states of the c r y s t a l . 

With the c r y s t a l i n a p a r t i c u l a r state (see next 
section) the p r i n c i p a l current peiaks were picked out. Up 
1to f i v e peaks were found i n a sample, each w i t h a h a l f width 
of 15 - 30°G. 

The c r y s t a l was cooled to -I80°c and the defects were 
f i l l e d w i t h electrons by ill u m l n a j t i o n . The c r y s t a l was 
then heated i n the dark to a temperature j u s t less than 
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that at which the maximum!of the f i r s t peak occurred. 
The c r y s t a l was; then cooled once again and reheated to 
record the f i r s t (l©w:'est) peak. When the current had 
f a l l e n to about h a l f i t s maximum value the c r y s t a l was 
again cooled and reheated to the temperature required t o 
clean the second major peak. I n t h i s way the various 
thermally stimulated current peaks were studied. I n a 
few cases two peaks were too close f o r the thermal cleaning 
to be e f f e c t i v e and they were treated as single ones. 

The extent of the cleaning on the low side of the 
peak ( i . e . how near i t was necessary to approach the 
temperature of the maximum under i n v e s t i g a t i o n ) depended 
on the magnitude of the current due to other peaks present 
w i t h i n that temperature range. On the descending side of 
a peak the c r y s t a l was recooled when the current had 
reached about h a l f i t s maximum value. This value was chosen 
i n order that the h a l f width of the peak could be determined 
w i t h a minimum reduction i n the background current. I t 
was found i n some c r y s t a l s that a few peaks were so w e l l 
separated that no thermal cleaning process was necessary. 

Using the technique described i n the previous paragraphs 
is o l a t e d thermally stimulated current peaks were measured 
f o r several heating rates; w i t h the c r y s t a l i n the same 
physical state. Under some circumstances the physical 
state of the c r y s t a l changed during the course of the 
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measurements. The ef f e c t s of such complications w i l l he 
discussed i n section 11.5 • 

The measurements were then repeated f o r other physical 
states of the c r y s t a l which were of i n t e r e s t . 
10 «4 The Physical States, of Orysjtals. 

I n making a series of current glow measurements on 
any p a r t i c u l a r c r y s t a l s i t i s desirable that the c r y s t a l 
should be i n the same physical state each time i t i s 
illuminated at l i q u i d a i r temperature. I n practice the 
physical condition of a c r y s t a l may be d i f f e r e n t at the 
s t a r t of each thermally stimulated run. The reasons f o r 
t h i s are twofold, namely (1) the density of defects present 
i n the c r y s t a l may have changed and (2) the extent to 
which the traps are f i l l e d during i l l u m i n a t i o n at the low 
temperature may vary. 

With regard to ( l ) i t was found that w i t h some> cr y s t a l s 
intense i l l u m i n a t i o n and heat treatment produced changes 
i n the defects present, by jsihQ'toChemical and thermal 
reactions. For example, a f t e r one c r y s t a l (Rl) had been 
heated to 100°C in the dark a peak was found i h the thermally 
stimulated current at 0°C (see f i g u r e 12.1 (a) and ( b ) ) . 
I f , however, the c r y s t a l was i r r a d i a t e d w i t h tungsten l i g h t 
of 800 f t . candles intensity at room temperature, no peak 
eould subsequently be found at Ô C, but a new double peak 
was observed at about +80°c. The 0°C peak reappeared while 
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the 80°C peak disappeared a f t e r the c r y s t a l had been 
reheated to 1G0°C i n the dark. I n these measurements the 
defects were f i l l e d as usual by i l l u m i n a t i o n at l i q u i d a i r 
temperatures. 

The v a r i a t i o n of the i n i t i a l : occupancy of traps, 
by f i l l i n g the defects at a temperature other than that 
of l i q u i d a i r , was used as an additional, method of separating 
overlapping thermally stimulated current peaks. The peaks 
then observed were only those which normally appeared 
at temperatures above the temperature of f i l l i n g and were 
therefore associated w i t h the deeper traps. I n t h i s way 
the unwanted e f f e c t s of shallower traps could be minimised. 
I n a d d i t i o n some of the peaks previously observed at the 
higher temperatures were not detected when trap f i l l i n g was 
carried out at temperatures higher than 80°K. The f a i l u r e 
of these peaks t o appear was ei t h e r due to a photochemical 
reaction which annihilated! the corresponding trapping 
centres, or a l t e r n a t i v e l y they were emptied by a quenching 
process. 
10.5 Fhotoconductive Decay. 

The slow photoconductive decay associated w i t h levels 
near the quasi electron Fermi l e v e l was measured over the 
range - 180°C and 100°C. The change i n i l l u m i n a t i o n 
required was provided by the l i g h t chopper. The photocurrent 
decay was eith e r displayed on the B.C. oscilloscope, or, f o r 
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the slower decays, on the [graphic[recorder. 
Since traps empty more slowly^ at low temperatures 

the long decay due to a single set! of defects becomes 
slower as the temperature of the c r y s t a l i s reduced.: At 
the same time the i n i t i a l conductivity at the s t a r t of 
the decay decreases because the area under the conductivity 
versus time graph i s a measure of the density of traps and 
must be l a r g e l y independent of temperature. There i s , 
therefore, a l i m i t to the lowest temperature at which 
s a t i s f a c t o r y measurements [can be made which i s due ei t h e r 
to the.low conductivity involved or to the inordinate 
length of the decay. At the high temperature end of the 
range, the decay due to such a l e v e l would be swampeid by tie 
decay processes associated w i t h other recombination 
mechanisms. The v a r i a t i o n i n decay time measured generally 
lay between 200 see. and 100 msec, f o r a temperature range 
of about 50°K. 

The measurements were repeated f o r each long de!cay 
observed i n the c r y s t a l . Each change of scale of the a m p l i f i e r 
changed the s e n s i t i v i t y by a f a c t o r of -/To i . e . 3.16. The 
decay time i s defined as the time; required f o r the conduct­
i v i t y to decrease by a fact o r of l/e (1/2.71) where e i s the 
base of Naperian logarithms. Because of the approximate 
equality of e and >/l0", the time f o r the conductivity to 
decrease by N/TO ( T ) was: often ubed f o r convenience; instead 
of the exact decay time. 
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Only the r a t i o of decay times i s needed "to evaluate 
the trap depths. This means that [using ,//10" values 
obtained from curves which were approximately exponential 
introduced n e g l i g i b l e error. The ^determination of the 
values of cross section from these measurements required the 
absolute value of decay time, but the error involved i n 

To 

using 1°1"2 *"or decay time was f a r less than other 
experimental errors. 
10.6 Other Measurements. 

Measurements of steady state photoconductivity can 
often lead to information concerning the depth of defect 
l e v e l s . The curve of photoconductivity against temperature 
usually decreases s t e a d i l y as the temperature i s increased 
from l i q u i d a i r to room temperattire (see f i g u r e 10.2 ( a ) ) . 
Eventually i t levels o f f or increases slowly up to 100°C. 
The decrease i s due to thermal qu*e2aching and to the decrease 
i n m o b i l i t y w i t h temperature. 

I n several c r y s t a l s suddien increases i n photoconductivity 
were superimposed on the general decrease (see fi g u r e 10.2 ( b ) ) . 
These discontinuous effe c t s occur when the Fermi l e v e l f a l l s 
below recombination centres which then cease to assist 
recombination and begin to behave as electron traps. As the 
p o s i t i o n of the electron Eermi lev-el can be calculated from 
equation 4 . IO when the conductivity and temperature are known, 
the energy depth of the levels i n such recombination centres 
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can "be calculated. I t musjt be borne i n mind however that 
an a l t e r n a t i v e explanation i s that! the discontinuity;might 
be caused by the hole Fermi l e v e l passing through recom­
binat i o n centres w i t h l e v e l s . 

Conventional semiconductor measurements of the dark 
current, 1^, as a f u n c t i o n of temperature can also give the 
depth of donor l e v e l s . 
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CHAPTER 11. 

Results. 

11.1 Evaluation of Trap Depths! and Gross Sections from 
the Experimental Curves. 

On the whole the d i f f e r e n t l y grown and treated 
c r y s t a l s led to s i m i l a r d i s t r i b u t i o n s of peaks i n the 
thermally stimulated current curves. Some t y p i c a l curves 
are shown i n f i g u r e 11.1 (see also figures 12.1 and 12.2). 
With most cry s t a l s there were one or more peaks w i t h 
maxima near l i q u i d a i r temperatures, and a series, of peaks 
between 0°G and 100°C. The p o s i t i o n , size, and shape of 
the higher temperature peaks were often dependent on the 
physical h i s t o r y of the sample ;and the conditions under 
which the traps were f i l l e d w i t h electrons. 

Of the higher temperature peaks the two which were 
observed w i t h maxima i n the v i c i n i t y of 30°C (see f i g u r e 
11.2) tended to overlap to such an extent that i t was not 
possible to separate them s a t i s f a c t o r i l y by thermal 
cleaning. A l l other peaks were subjected t o the experi­
mental cleaning techniques described i n Chapter 10. The 
curves i n figures 11.3 and 11.4 i l l u s t r a t e the sequence 
of obtaining a s a t i s f a c t o r y i s o l a t e d peak on which the 
various analyses described i n chapter 7 could be performed. 

A l l c r y s t a l s examined were subjected to the same 
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thermal cleaning techniques., and the r e s u l t i n g i s o l a t e d 
conductivity glow curves were analysed using as many of 
the mathematical methods described i n chapter 7 as possible. 
I t was concluded, that the evidence indicated that there 
were, i n a l l , s i x d i f f e r e n t sets of traps with energy 
depths of 0.05, 0.14, 0.25, 0.41, 0.63 and 0.83 eV. 
The traps responsible f o r the overlapping peaks near 30°C, 
refe r r e d to above, were those w i t h energy values of 0.41 
and 0.83 eV., The rather s u r p r i s i n g conclusion-that two 
sets of traps w i t h vastly d i f f e r e n t energy depths lead to 
approximately i d e n t i c a l values of T can be explained 
by widely d i f f e r e n t values of cross section. I n the case 
of the 30QG peak however the value of 0.83 eV i s not 
thought t o be associated w i t h a simple trapping mechanism 
but the basic concept of a tra p w i t h a large cross section 
of i n t e r a c t i o n i s s t i l l v a l i d (see section 11.5). 

The r e s u l t s of the: detailed! analyses of the i n d i v i d u a l 
glow peaks are recorded i n tables 11.1 to 11.4. A l l the 
peaks on which calculations were made have been f i t t e d 
i n t o one or other of the six sets of traps, although there 
was some evidence that another;set of defects may have 
been present, associated w i t h a peak atabout 280°K. 
However t h i s pea.k was so small compared w i t h neighbouring, 
overlapping peaks, that i t was not possible to obtain any 
useful information concerning the traps involved. 
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I n the tables POOR s i g n i f i e s ! t h a t f o r several 
thermally stimulated runs ;the'values obtained lay w e l l 
outside the stated errors. BAD mfeans that the r e s u l t s were 
completely inconsistent, or that no values at a l l could 
be obtained because of severe overlapping. E.M. means 
that no measurements of the ri g h t ; type f o r evaluation by 
a p a r t i c u l a r method were made. 

The errors quoted are not s t r i c t l y Gaussian, but 
errors estimated by taking i n t o consideration the v a r i a t i o n 
i n the accuracy due to the extent of the overlap of other 
peaks. With the methods based oh the v a r i a t i o n of the 
heating r a t e , and the Haering and Adams technique, the 
order i n which the measurements were made a f f e c t s the error 
(see section 13.5). 

The symbols used i n compiling the tables have been 
described i n chapter 7 and i n section 8.4. To avoid con-
fusioni however, the symbols are explained again at the 
foot of table 11*1. 

T x i s the approximate temperature of the maximum current 
of the peak i n question. The column headed "Condition" 
refers to either the p r i o r i l l u m i n a t i o n and/or heat treatment 
which led to the p a r t i c u l a r peak becoming large. 

Where two values of trap depth are given i t means that 
w i t h some heating rates one valuje was obtained, while w i t h 
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d i f f e r e n t rates the second value was obtained!. Where 
values f o r cross sections are quoted the figures i n 
brackets indicate the value of energy depth which was used 
to calculate the cross section. The majority of the. values 
of cross-section was evaluated' using the values of energy 
depth determined experimentally. 

The values of cross section calculated from the experi­
mental thermally stimulated current curves, which are given 
i n the tables, were f o r the most part evaluated using 
Grossweiner 1s method, equation (7.6). The reason f o r t h i s 
i s that a l l the methods advocated f o r c a l c u l a t i n g cross 
sections make use of equation (7.8). Thus once T X and 0 
have been measured, the magnitude of the cross section depends 
only on E. G-rossweiner's method almost always led to an 
estimate of E i n agreement w i t h values obtained from the 
majority of the methods of analysis. 

For a l l the observed traps the order of magnitude of 
the cross section i s determined by exp(E/kT 5 E), i . e . i t 
depends on E/Tx. For t h i s reason the accuracy of the 
estimated cross section i s l i m i t e d by the accuracy i n 
determining the tr a p depth E, and since a high power 
exponential term i s involved, the calculated cross section 
values can easily be i n error by an order of magnitude. 
However since various c r y s t a l l i n e defects can have electron 
capture cross sections which can d i f f e r by over ten orders 
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of magnitude, the inaccuracy of the values quoted i s not 
too alarming. 

A l l energy depths are given i n electron v o l t s , 
temperatures i n degrees Kelvin and cross sections i n 
square centimetres,, 
11.2 The Traps at 0.05 eV. 

Halperin and Braner's method; of c a l c u l a t i n g the energy 
depth of the traps associated w i t h the peak occurring at 
the lowest temperature was unsatisfactory because the 
correction term was too large. The r e l a t i v e l y small 
magnitude of E/kTs prevents high accuracy being obtained 
w i t h any of the methods used. With these p a r t i c u l a r 
trapping centres the best estimates of energy depth are 
l i k e l y to be those obtained from the phot©conductive decay 
measurements. 

Garlick and Gibson's i n i t i a l r i s e technique, and to 
a lesser extent the methods of Grossweiner, and Pranks and 
Keating, were affected by va r i a t i o n s i n the l i n e a r heating 
rate on the low temperature side of the maximum. A l i n e a r 
heating rate was d i f f i c u l t to achieve experimentally because 
wi t h some crystals the peak occurred at temperatures which 
were at the lowest l i m i t of those obtainable w i t h the 
cryostat employed. 

The peak i s almost c e r t a i n l y associated with the same 
type of trap as that studied by Pranks; and Keating. 
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Their calculated value of trap depjth (0.053 eV) agrees 
closely w i t h the present r e s u l t s . : However the glow peak 
is o l a t e d "by thermal cleaning processes d i f f e r s i n three 
respects from t h e i r published curv|e. (1) The value of J 
i . e . , f o r our curve was about 0.8, compared w i t h 

tp^_ rp i 

a value greater than u n i t y reported by Pranks and Keating. 
( I n f a c t 1.0 i s outside the range of y values f o r which 
the mathematical expression employed by Keating i s v a l i d . 
I n a d d i t i o n the magnitude of E/kT* i s too small to l i e 
w i t h i n the permitted range of 10 to 30 required by Keating's 
analysis). (2) The tempe !ratiire of the maximum was d i f f e r e n t . 
This leads to differences i n the values of cross section 

— 9 A. 9 —21 2 10 cm compared w i t h 10 cm estimated by ; Franks and 
Keating.- I n the present work the temperature, T , was 
d i f f e r e n t f o r d i f f e r e n t c r y s t a l s . The v a r i a t i o n i n the 
apparent value of cross section was probably due to retrapping 

7̂ 
e f f e c t s . (3) The v a r i a t i o n i n energy depth with heating 
rate as reported by Franks and Keating was not observed. 

The apparently anomalous value of energy depth obtained 
from decay measurements i n c r y s t a l S3 i s probably due to 
the f a c t that the c r y s t a l contained a d i f f e r e n t set of 
traps. I n some c r y s t a l s three sets of shallow traps were 
detected but one of these was at too low a temperature f o r 
the corresponding thermally stimulated curve to be determined.. 
The presence of these d i f f e r e n t shallow traps was v e r i f i e d 
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by measurements on the very slow decay of photocurrent 
at l i q u i d a i r temperatures, which i n d i c a t e d t h a t the 
depth of one of the sets was 0.06:8 eV (see also values 
obtained from l o g I v s ^ - p l o t s r e p o r t e d i n the next s e c t i o n ) . 

The c a l c u l a t e d capture cross: s e c t i o n of the t r a p s a t 
0.05 eV i s very s m a l l , between l O - 2 ^ and 10™ 2^ cm.2 With 
such a small cross s e c t i o n r e t r a p p i n g i s n e g l i g i b l e , and 
i t i s t h e r e f o r e not s u r p r i s i n g t o f i n d t h a t Bube's method 
of c a l c u l a t i o n gives erroneous values of 0.2 eV. The 
good agreement w i t h Lushchik's method suggests t h a t h i s 
technique does not lead t o gr e a t i n a c c u r a c i e s i n e v a l u a t i n g 
peaks associated w i t h monomolecular k i n e t i c s . 
11.3 The t r a p s a t 0.14 e,V. 

Good agreement was again found between d i f f e r e n t 
c r y s t a l s and v a r i o u s method of c a l c u l a t i o n f o r i s o l a t e d 
curves associated w i t h the set of t r a p s at a depth of 0.14 eV. 
The agreement i s good both f o r values of cross; s e c t i o n and 
energy depth. This i s probably due t o the small cross 

_ op p 
s e c t i o n (^10 cm.), and the consequent absence of 
r e t r a p p i n g . 

The presence of a value of 0.068 eV i n the t a b l e , 
which was obtained from G a r l i c k and Gibson p l o t s f o r some 
of the curves may have been due t o i n s u f f i c i e n t c l e a n i n g , 
but on the other hand t h i s r e s u l t adds weight t o the evidence 
f o r the existence of a t r a p at t h a t energy depth, namely 
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one of the three shallow t r a p s mentioned i n the; l a s t 
s e c t i o n . 

The e r r o r i n the value of energy depth i n c r y s t a l V I 
as c a l c u l a t e d by Grossweiner's method i s due t o n o n - l i n e a r i t y 
i n the h e a t i n g r a t e a t such low temperatures.. The d i f f e r e n c e 
i n the c a l c u l a t e d energy depth comparing Haering and Adams' 
method w i t h the h e a t i n g r a t e method was als o observed w i t h 
other t r a p p i n g peaks. The h e a t i n g r a t e method tends t o be 
more r e l i a b l e i f t h e r e i s a v a r i a t i o n i n occupancy or 
de n s i t y of t r a p s because the p o s i t i o n of the maximum i s 
independent of the occupancy w i t h monomolecular k i n e t i c s . 
11.4 The Traps at 0.23 eV. 

The good agreement between cross s e c t i o n values as 
w e l l as energy depths f o r these p a r t i c u l a r t r a p p i n g centres 
i s again a consequence of the small cross s e c t i o n 10 cm ) 
which makes r e t r a p p i n g u n l i k e l y . The associated' peak i n 
the t h e r m a l l y s t i m u l a t e d c u r r e n t curve was destroyed by 
strong i l l u m i n a t i o n a t room temperature, being replaced by 
one at about 70°C. This e f f e c t i s almost c e r t a i n l y the 

56 
same as t h a t described by Woods and Wright . The i m p l i ­
c a t i o n s of t h i s w i l l be discussed i n s e c t i o n 12.1. 

The spread of values obtained f o r c r y s t a l S3 i s due t o 
the f a c t s ( 1 ) t h a t t h i s was one of the f i r s t c r y s t a l s t o be 
measured, and ( 2 ) t h a t the thermal c l e a n i n g technique had not 
then been f u l l y developed. The. th r e e major types of t r a p p i n g 
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centre discussed so f a r a l l have very small capture 
c r o s s - s e c t i o n s , and consequently recombination; i s a 
monomolecular process. As a r e s u l t , i t can be; seen from 
the values quoted i n the t a b l e s , t h a t t r a p depth a n a l y s i s 
u s i n g Bube's method, which i s only a p p l i c a b l e when f a s t 
r e t r a p p i n g occurs leads t o values of energy depth which 
are c o n s i s t e n t l y too l a r g e . 
11.5 The 0.41 and 0.83 eV Traps. 

As mentioned e a r l i e r the glow peaks associated w i t h 
the t r a p s a t 0.41 and 0.83 eV were too close t o g e t h e r t o 
be e a s i l y separated by thermal treatment when both sets 
of t r a p s were present i n the same c r y s t a l . N e i t h e r was 
i t p r a c t i c a b l e t o separate them completely by o p t i c a l 
means. Separation by v a r y i n g the h e a t i n g rate 5 seemed a 
p r a c t i c a l p r o p o s i t i o n , but the peaks c o i n c i d e d at an 
in t e r m e d i a t e h e a t i n g r a t e so t h a t only l i m i t e d s e p a r a t i o n 
was e f f e c t e d w i t h the. f a s t e s t and slowest h e a t i n g r a t e s 
o b t a i n a b l e . 

An attempt was made t o use thermal c l e a n i n g i n order 
t o c l a r i f y ( 1 ) whether the peaks were due t o two d i s t i n c t 
t r a p p i n g l e v e l s which happened t o empty at about the same 
temperature, or (2) whether t h e r e was i n f a c t only one 
t r a p p i n g l e v e l emptying, d u r i n g which time some of the 
electron® were being t e m p o r a r i l y retrapped, e v e n t u a l l y 
g i v i n g r i s e t o a second peak.. A f t e r c l e a n i n g , the subsequent 
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glow curve e x h i b i t e d the h i g h temperature peak: w i t h only 
a l i t t l e c u r r e n t from the low temperature peak; superimposed. 
This showed t h a t the two peaks were independent (see f i g u r e 
11.5). 

I t was s t i l l p o s s i b l e t h a t t h e r e might be: a continuous 
d i s t r i b u t i o n of t r a p p i n g l e v e l s . The peaks i n the glow 
curves f o r c r y s t a l s S2 and S3 were s t u d i e d t o discover 
whether such a d i s t r i b u t i o n of t r a p s e x i s t e d . To do t h i s 
the c r y s t a l under t e s t was heated t o a tempera/ture somewhat 
lower than the temperature of the f i r s t maximum and then 

42 
cooled and reheated s e v e r a l times. G a r l i c k and Gibson 
p l o t s were then made f o r the i n i t i a l r i s e curves obtained. 
The energy depths c a l c u l a t e d i n t h i s way f o r c r y s t a l S3 
are shown i n t a b l e 11.5 and some of the p l o t s are shown 
i n f i g u r e 11.6. The low energy depth i n d i c a t e d by the 
f i r s t r u n was due t o a small peak which l a y at s l i g h t l y 
lower temperatures than the peaks being s t u d i e d . The next 
two values obtained were i n t e r m e d i a t e between 0.41 and 
0.83 eV. This was due t o the f a c t t h a t both t r a p p i n g 
centres were s t i l l being emptied: ( t h e experimental p o i n t s 
d i d not l i e very w e l l on a s t r a i g h t l i n e ) . A l l the sub­
sequent runs i n d i c a t e d the presence of the 0.41 eV t r a p s 
only. There was no evidence o f a d i s t r i b u t i o n of t r a p s . 
The s c a t t e r of values obtained from the l a s t runs i s t o be 
expected i n view of the extremely small s t i m u l a t e d c u r r e n t s 



TABLE 11,5 

Run Energy Depth eV Run Energy Depth eV 

1 0.20 10 0.45 

2 0.58 11 0.44 

3 0.69 12 0.46 

4 0.46 13 0.45 

5 0.48 14 0.47 

& 0.42 15 0.47 

7 0.46 16; 0.40 

8 0.41 17 0.47 

9 0.48 18: 0.40 

GARLICK AND GIBSON ENERGY VALUES FROM REHEAT CURVES 

IN CRYSTAL S3. 
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"being measured a t t h a t stage. 
Having decided there were two d i s t i n c t sets of 

t r a p p i n g l e v e l s the f o l l o w i n g l i n e of argument was adopted. 
As the temperature of the maxima were the only peak para­
meters t h a t could c o n f i d e n t l y be i d e n t i f i e d i n i t i a l l y , the 
use of d i f f e r e n t h e a t i n g r a t e s was concentrated on more 
than u s u a l . For t h i s reason thermal c l e a n i n g was kept t o 
a minimum. By a coincidence the d e n s i t i e s of t r a p s i n the 
c r y s t a l s V I and S5 y were the same. The r e s u l t s f o r both 
these c r y s t a l s gave p o i n t s on an Haering and Adams p l o t 
(see f i g u r e 11.7) t h a t f e l l on two s t r a i g h t l i n e s w i t h 
slopes l e a d i n g t o energy depths quoted i n the t a b l e s namely 
0..41 and 0.83 eV. The accuracy w i t h which the p o i n t s l a y 
on two l i n e s was s u r p r i s i n g l y good c o n s i d e r i n g the extensive 
overlap of the peaks. The h e a t i n g r a t e method a p p l i e d t o 
these p a r t i c u l a r c r y s t a l s gave values i n good agreement 
w i t h those quoted above. The f a i l u r e of these methods 
when a p p l i e d t o the corresponding peaks observed w i t h other 
c r y s t a l s was probably due t o the f a i l u r e t o d i s t i n g u i s h 
the c u r r e n t maxima due t o the d i f f e r e n t t r a p s . 

Other methods, not s u r p r i s i n g l y o f t e n gave values 
l y i n g between 0.41 and 0.83 eV, though sometimes one value 
predominated. For example the slope of a G a r l i c k and Gibson 
p l o t always lead t o a value of 0.41 eV corresponding t o the 
shallower t r a p depth. This i s due t o the f a c t t h a t the 
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peak f o r the shallower t r a p i s broader than t h a t f o r the 
deeper t r a p . The c o n t r i b u t i o n to; the s t i m u l a t e d c u r r e n t 
at a temperature w e l l removed from the maxima i s t h e r e f o r e 
dominated by the shallower t r a p . 

The method suggested by Pranks and Keating which r e q u i r e s 
i i t 

an i n d i v i d u a l peak so t h a t T and T can be determined on 
the r i s e and f a l l sides of the maximum r e s p e c t i v e l y can 
only be used when a s i n g l e peak i s present, or extensive 
c l e a n i n g has been achieved. Thus t h e i r method was c l e a r l y 
u n s u i t e d t o an a n a l y s i s of the double peak under d i s c u s s i o n . 

The occurrence of the 0.41 and 0.83 eV peaks was 
s t r o n g l y dependent on the p h y s i c a l c o n d i t i o n of the c r y s t a l s . 
Thus t h i s double peak was t h a t which replaced the peak 
at ~ 0 ° G (0.25 eV) a f t e r s t r o n g i l l u m i n a t i o n at room 
temperature. The d e t a i l s are discussed i n s e c t i o n 12.1. 

Agreement between the values of cross s e c t i o n (^10 cm ) 
obtained f o r the 0.41 eV t r a p s f o r s e v e r a l c r y s t a l s was 
q u i t e good, but was very poor f o r the 0.83 eV t r a p s . This 
r e s u l t might have been expected because the l a r g e r cross 
s e c t i o n , associated w i t h the l a t t e r , increased the extent 
of r e t r a p p i n g , which leads t o g r e a t e r inaccuracies i n 
e s t i m a t i n g cross s e c t i o n s . The s i t i i a t i o n i s not q u i t e as 
simple as t h i s i n f a c t and a more complete e x p l a n a t i o n i s 
given i n s e c t i o n 12.2. 

Even w i t h the 0.83 eT t r a p s , however, the recombination 
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mechanism could not "be described as a f a s t r e t r a p p i n g 
process. This conclusion was reached from the disagreement 
between the value of energy depth c a l c u l a t e d according t o 
Bube, and the occurrence of a long photoconductive decay 
which was approximately e x p o n e n t i a l and was associated w i t h 
t r a p s at a depth of 0.83 eV. That f a s t r e t r a p p i n g d i d 
not occur was confirmed by measurements on the c r y s t a l s 
R l and S3 which showed t h a t the temperature of the c u r r e n t 
maximum was independent of the d e n s i t y of f i l l e d t r a p s . 

The t r a p s may be of the same k i n d as those described 
56 

by Wright . This p o s s i b i l i t y w i l l be discussed i n s e c t i o n 

14.5. 
11.6 The Traps at a Depth of 0.63 eV. 

These t r a p s gave r i s e t o the only peak observed which 
was thought t o be produced under f a s t r e t r a p p i n g c o n d i t i o n s . 
The reasons which l e d i n i t i a l l y t o t h i s c o nclusion were . 
( l ) The agreement of values of energy depth, c a l c u l a t e d 
using Bube's Fermi l e v e l a n a l y s i s , w i t h values obtained 
from a l l the remaining methods (see t a b l e 11.4). ( 2 ) The 
almost complete f a i l u r e t o observe an exp o n e n t i a l decay 
i n p h o t o c o n d u c t i v i t y associated w i t h a t r a p p i n g l e v e l a t 
0.63 eV. A d d i t i o n a l support f o r the idea t h a t the cross 
s e c t i o n of these t r a p s i s l a r g e , was the discovery by 
another member of the groxip t h a t t r a p s at a depth of 0.61 eV 
were the most important i n space charge l i m i t e d c u r r e n t 
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measurements. 
One apparent i n c o n s i s t e n c y w i t h t h i s i n t e r p r e t a t i o n 

i s t h a t the t r a p s a t 0.83 eV might have been expected t o 
have an even l a r g e r cross s e c t i o n , but i t would appear 
t h a t these had not emptied under f a s t r e t r a p p i n g c o n d i t i o n s . 

I t i s not po s s i b l e t o measure cross sections of t r a p s 
when f a s t r e t r a p p i n g occurs, but the cross s e c t i o n of the 
recombination centres i n v o l v e d can be estimated (see s e c t i o n 
7 . 5 ( i ) ) i f a s i n g l e set i s assumed. The cross s e c t i o n f o r 
recombination was c a l c u l a t e d from the experimental i n f o r m a t i o n 
on the 0.63 eV t r a p s , u s i n g Boer et al« s the o r y . The 
values obtained are compared i n t a b l e 11.6 w i t h those f o r 
the "capture cross s e c t i o n " of the 0.83 eV t r a p s c a l c u l a t e d 
on the basis t h a t these deeper t r a p s are associated w i t h 
monomolecular processes. This comparison emphasizes the 
apparent i n c o n s i s t e n c y . According t o the c a l c u l a t i o n s the 
cross s e c t i o n of the t r a p s at 0.83 eV i s much l a r g e r than 
t h a t of the recombination centres so t h a t f a s t r e t r a p p i n g 
should occur. 

The peaks i n c r y s t a l s S5 and S6 y a t 270 PK were probably 
due t o an e n t i r e l y d i f f e r e n t set of t r a p s . They are 
examples of the peaks from which ac©urate values could not 
be obtained because of the considerable overlapping and the 
small maximum c u r r e n t s . 

The standard d e v i a t i o n i n tlhe values of energy depth 



TABLE;11.6 

C r y s t a l 2 

( 1 ) (CHI ) ( 2 ) (cm 2) 

S4 3 x l O - 1 8 l o " 1 2 

S5 5 x 1 ( T 1 8 1 0 ~ 1 2 

l O " ^ l O " 1 3 

VI 1 0 ^ 9 

P2 5 x I D " 1 9 1 0 " 1 3 

S3 5 x 10"" 1 9 

K l 1 0 ~ 1 6 

R2 i o - u 

1 0 ~ 1 6 

Ave 1 0 " l 8 x l O * 1 1 0 _ : L 4 X 1 0 i 2 

COMPARISON OF THE CROSS SECTIONS BETWEEN 
(1) RECOMBINATION CENTRES ASSOCIATED WITH! THE EMPTYING 

OP THE 0.63 eV DEEP TRAP AND 

(2) THE TRAPS AT A DEPTH OF 0.83 eV ASSTOING MONO-
MOLECULAR KINETICS. 
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of the 0.63 eV t r a p s as measured by Bute's formula was 
only 0.01 eV f o r any one c r y s t a l . The values f o r d i f f e r e n t 
c r y s t a l s however d i d not agree w i t h one another t o the 
same e x t e n t . The reason was t h a t the dimensions of the 
i r r e g u l a r l y shaped c r y s t a l s could not be measured a c c u r a t e l y 
which l e d t o e r r o r s i n the Bube value of between 5 and 10%. 

The few values d i f f e r i n g g r e a t l y from 0.63 eV i n t a b l e 
11.4 are the r e s u l t of i n s u f f i c i e n t thermal c l e a n i n g of 
peaks (EQ.Q. 1B. c r y s t a l s S3 and S5), and a v a r i a t i o n i n the 
number of f i l l e d t r a p s (E-^ and Eg R) at the beginning of 
the h e a t i n g schedule. 

The agreement between the r e s u l t s obtained u s i n g 
Bube's method w i t h other methods, which are also v a l i d 
under f a s t r e t r a p p i n g c o n d i t i o n s and which are independent 
of c r y s t a l dimensions, s u b s t a n t i a t e s the assumption t h a t 
the bulk p r o p e r t i e s of the c r y s t a l s were being measured. 
11.7 Summary. 

The t r a p parameters found by the t h e r m a l l y s t i m u l a t e d 
current, and photoconductjive decay measurements are summarised 
i n t a b l e 11.7. The e r r o r s quoted are the observed e x p e r i ­
mental e r r o r s . A l l o w i n g f o r t h e o r e t i c a l i n a c c u r a c i e s , the 
probable e r r o r s vary from 5 - 10% f o r the deeper t r a p s t o 
10 - 15% f o r the shallower t r a p s . 



TABLE 11.7 

Energy Depth. eV cross s e c t i o n cm 2 

0.051+ 0.002 5 x 1 0 ~ 2 4 x 10- 1 

0.14 + 0.01 1 0 " 2 2 x 10- 1 

0.25 ± 0.01 5 x 1 0 " 2 4 x 10- 1 

0.42 + 0.02 1 0 " 2 0 x 10± 1 * 5 

0.63 + 0.02 

0.83 + 0.02 1 0 ~ 1 4 x 10± 2 - 5 

SUMMARY OF PARAMETERS 0? TRAPPING DEFECTS. 
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CHAPTER 12 
Photochemical and Other E f f e c t s . 

12.1 The Photochemical Reaction: and the F i l l i n g of Traps. 
I t i s not always poss i b l e t o decide i f the disappearance 

of 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 peak on remeasurement 
a f t e r some p a r t i c u l a r treatment i s due t o : ( 1 ) the c o r r e s ­
ponding t r a p s being destroyed, ( 2 ) f a i l u r e o f i t h e t r a p s t o 
f i l l w i t h e l e c t r o n s a t the lowest temperature employed or 
( 3 ) a decrease of the photoconductive ga i n , which would 
r e s u l t i n l o s s of o v e r a l l s e n s i t i v i t y , and the p o s s i b l e 
f a i l u r e t o detect a peak when the number of t r a p s had not 
changed. 

I n connection w i t h ( 3 ) above, the gain ( as determined 
from measurements of the p h o t o c o n d u c t i v i t y ) changed by 
about an order of magnitude as a r e s u l t of treatments such 
as h e a t i n g t o 100°G i n vacuum or s u b j e c t i n g the c r y s t a l 
to intense i l l u m i n a t i o n . This e f f e c t was not l a r g e enough 
to e x p l a i n the observed v a r i a t i o n s i n the s i z e of t h e r m a l l y 
s t i m u l a t e d c u r r e n t peaks. 

With regard t o ( 2 ) , i n view of the h i g h i n t e n s i t y 

i l l u m i n a t i o n used t o f i l l the, t r a p s , i t i s u n l i k e l y t h a t 

the t r a p s would not be f i l l e d on t h i s account, but i t i s 

p o s s i b l e t h a t o p t i c a l quenching processes could empty them. 
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I t i s u n l i k e l y t h a t a l l t r a p s would he completely empty 
even i f quenching processes d i d occur, since a l l the 
i l l u m i n a t i o n i s switched! o f f at the same time. 

The appearance of one peak as another disappears 
suggests they are r e l a t e d i n some way, which depends on 
the treatment given. Thus i t i s q u i t e c l e a r from the 
experimental r e s u l t s t h a t the e f f e c t s of type ( l ) above do 
occur, and i n p a r t i c u l a r photochemical e f f e c t s can be 
presumed t o be r e s p o n s i b l e . Whether there i s a one t o 
one r e l a t i o n s h i p between t r a p s which are created and those 
which are destroyed cannot be confirmed u n t i l measurements 
of the d e n s i t i e s of the t r a p s associated w i t h the s t i m u l a t e d 
c u r r e n t have been made. 

V a r i a t i o n s i n the thermally; s t i m u l a t e d c u r r e n t s 
observed a f t e r heat and o p t i c a l treatments of two t y p i c a l 
c r y s t a l s w i l l now be described i n d e t a i l . I t was concluded 
t h a t two e f f e c t s occurred. The f i r s t ( i ) was thought t o 
i n v o l v e a w e l l defined chemical r e a c t i o n , but the second 
( i i ) might be due a t l e a s t i n p a r t t o v a r i a t i o n s i n photo-
conductive g a i n , or t o quenching phenomena. 

( i ) Changes i n the Thermally Stimulated Current of C r y s t a l R l . 
Figure 12.1 shows the peaks observed; i n the v a r i o u s 

t h e r m a l l y s t i m u l a t e d c u r r e n t measurements made on the 
c r y s t a l . I n every case the c r y s t a l was heated t o 370°K i n 
the dark before the treatment s t a t e d , and i l l u m i n a t e d at 
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9Q°K before the t h e r m a l l y s t i m u l a t e d c u r r e n t was determined. 
Figure 12.1 shows the t h e r m a l l y 'stimulated c u r r e n t : -

( a ) A f t e r c o o l i n g from 35Q°K t o 90°K i n the dark, 
(t h e peak due t o t r a p s a t 0.25 eV i s very much 
i n evidence). 

( b ) A f t e r i r r a d i a t i n g w i t h intense i l l u m i n a t i o n 
(1000 watt tungsten lamp at 1 f t . ) . : (The peaks 
w i t h energy values of 0.83 and 0.41 eV are 
present i n the t h e r m a l l y s t i m u l a t e d c u r r e n t 
curve and the peak corresponding t o the 0.25 eV 
t r a p s i s g r e a t l y reduced). 

( c ) A f t e r i l l u m i n a t i n g ;with red l i g h t (7100 2.), 
obtained u s i n g an i n t e r f e r e n c e f i l t e r . 

( d ) A f t e r i l l u m i n a t i o n w i t h green l i g h t (5460 &), 
also obtained u s i n g ah i n t e r f e r e n c e f i l t e r . 

The i n f e r e n c e from these r e s u l t s i s t h a t the t r a p s 
at 0.25 eV were created by h e a t i n g the c r y s t a l i n vacuum 
i n the dark. However, they disappeared and were replaced 
by t r a p s at 0.83 eV and/or 0.41 eV a f t e r i l l u m i n a t i o n at 
room temperature. Whether one or o t h e r , or both of the 
deeper t r a p s were formed depended on the wavelength of the 
i l l u m i n a t i o n used. U n f o r t u n a t e l y , because of t h e i r small 
size i t was not p o s s i b l e t o determine which of the peaks 
i n curves ( c ) and ( d ) of f i g u r e 12.1 was e q u i v a l e n t t o 
which of the sets of deeper t r a p s . From the measurements 
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on the double peak i t does, however, seem l i k e l y t h a t the 
0.41 eV t r a p s were formed by the red i l l u m i n a t i o n . This 
i s i n agreement w i t h photon energy i n d i c a t i o n s . ( i . e . the 
h i g h photon energy causes g r e a t e r change i n energy depth). 

The absence of t r a p s at 0.25 eV i n some c r y s t a l s , 
and the s i g n i f i c a n c e of t h i s f a c t i n at t e m p t i n g t o 
e s t a b l i s h the p o s s i b l e p h y s i c a l nature of the def e c t i s 
discussed i n s e c t i o n 14.4. 
( i i ) Changes i n the Thermally Stimulated Current of 
C r y s t a l S6 . 

C r y s t a l S 6 V was also heated t o 370°K before any 
p a r t i c u l a r treatment was given. The treatment and t r a p 
f i l l i n g now however, consisted of i l l u m i n a t i o n a t a s e r i e s 
of temperatures over the range of temperature a t t a i n a b l e . 
A f t e r i l l u m i n a t i o n the c r y s t a l was cooled t o 9©°K i n the 
dark, and then heated a t a l i n e a r h e a t i n g r a t e t o o b t a i n 
a glow curve w i t h o u t any f u r t h e r i l l u m i n a t i o n a t the lowest 
temperature. The subsequent s t i m u l a t e d c u r r e n t curves 
f o r three d i f f e r e n t temperatures of i l l u m i n a t i o n are 
shown i n f i g u r e 12.2. I l l u m i n a t i o n a t 90°K d i d not 
produce any peaks above 200°K. The temperatures at which-
the c r y s t a l was i l l u m i n a t e d before the curves shown i n 
f i g u r e 12.2 were obtained were ( a ) 370°K t o 90°K ( b ) 220°E 
( c ) 350®k. 

I t i s t o be expe.eted t h a t peaks, which normally 
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appear at temperatures below that at which the i l l u m i n a t i o n 
f i l l e d the corresponding traps, would be absent i n a 
subsequent thermally stimulated current run;. This was i n 
fac t confirmed. I n add i t i o n , however, some peaks which 
normally appear at much higher temperatures,, were not 
observed i f the temperature of i l l u m i n a t i o n was less than 
a ce r t a i n value, e.g. a f t e r i l l u m i n a t i o n at 220°K, the 
peak at 350°K (due to traps at 0.63 eV) was missing, but 
i l l u m i n a t i o n at higher temperatures (e.g. 270°K) produced 
the peak at 350°K. I t was not always clear whether t h i s 
was due to some quenching process, or more probably to 
a photochemical reaction, which e i t h e r destroyed the traps 
responsible f o r the peaks or reduced the photoconductive 
gain by a f f e c t i n g the recombination centres. 

Most of the traps discussed i n the previous chapter 
appeared only a f t e r c e r t a i n treatments. A summary of the 
conditions under which a p a r t i c u l a r peak was observed i s 
given below i n terms of the energy depth of the traps 
responsible f o r the peaks. 

Trap Depth. Pr i o r treatment necessary i n order to 
observe the associated peak. 

0.05 eV 
0.14 eV 
0.25 eV 

0.41 eV 
0.83 eV 
0.63 eV 

Treatment independent. 
A f t e r heating to 370°K i n the dark and cooling 

i n the dark. 
Aft e r heating to 370°K i n t h e d a r k a n d C O o l i n g 

i n the d a r i . 
After i l l u m i n a t i o n ( w i t h red l i g h t particularly) 
A f t e r i l l u m i n a t i o n ( w i t h g r e e i j 0 l i g h t particularly] 
After i l l u m i n a t i o n (above 250 K). 

; ! ; i 
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12,2 The Photochemical Reaction and Retrapping. 
There are several possible explanations of the apparently 

anomalous s i t u a t i o n concerning the discrepancy between the 
suggested recombination k i n e t i c s and the magnitude of the 
cross sections f o r the 0.8.3 eV and 0.63 eV traps (see section 
11.6). Only the f o u r t h p o s s i b i l i t y discussed below i s 
thought to f i t the facts reasonably w e l l . 

(1) A set of recombination centres w i t h very large 
cross sections may ex i s t and may be responsible f o r the 
0.83 eV traps emptying under monomolecular conditions. 
However, i n order that such large cross section centres 
should have l i t t l e e f f e c t on the recombination process when 
the traps at 0.63 eV are being emptied, they must become 
trapping levels by the time the 0.63 eV traps have started 
to release electrons i n t o the conduction band. To do t h i s 
they must cease to become recombination centres when the 
hole demarcation l e v e l has passed through them (not the 
electron demarcation l e v e l ) . I f t h i s happens i t i s surprising' 
that the defects always changed from recombination to hole 
trapping centres i n the small temperature range between 
the appearance of the 0.83 eY peak and the 0.63 eV peak. 
There i s no other evidence for the existence of such l e v e l s . 

(2) The magnitude of the cross section of the recom­
bination centres may change r a p i d l y w i t h temperature. 
However i t i s very u n l i k e l y that the cross section of a set 
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of recombination centres could change by a f a c t o r of 10 
f o r a temperature change of less than 20%. 

( 3 ) I t may be that the conclusions concerning the 
types of k i n e t i c s are inc o r r e c t , due to the fact that 
surface rather than bulk properties were being measured. 
The evidence which contradicts t h i s view i s as follo w s : -

( i ) The 0.83 eV peak could not have been produced 
under f a s t retrapping conditions. I f i t were then the 
trap depths yielded by calculations f o l l o w i n g Bube should 
be v a l i d and should agree from c r y s t a l to c r y s t a l and w i t h 
other methods. This was not i n f a c t observed. To explain 
the discrepancy i n terms of surface effects the c r y s t a l 
would have had to be inhomogeneous t o such an extent that 
the 100 v o l t s applied were dropped across a b a r r i e r less 
than 10~^cm. thick., This would be impossible as the c r y s t a l 
would break down under such a high f i e l d of 10^v/cm. 

( i i ) The evidence that the 0.63 eV peak was formed 
under fas t retrapping k i n e t i c s was very strong. The agreement 
between values calculated according to Bube and other 
values was w i t h i n the l i m i t s of experimental erro r . The 
f a c t that space charge l i m i t e d current measurements have 
shown traps at t h i s depth to be important i n l i m i t i n g the 
current found i n very t h i n plates suggests that these traps 
must have a large cross section. The value of t t e cross 
section £GHF these traps would have had, i f i t were correct 
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to assume monomolecular k i n e t i c s , has been calculated. 
' _"| ft o 

This value i s of such a magnitude ( ̂  10 Cm ) that at 
least some retrapping would have been expected. The extent 
of retrapping would vary from c r y s t a l to c r y s t a l and thus 
cause a much wider range bf temperatures at which the 
peak maximum would occur than was observed. The almost 
complete absence of a long approximately exponential decay 
of photoconductivity would be s u r p r i s i n g i f the k i n e t i c s 
were monomolecular. 

A l l these arguments support the suggestion that the 
traps at 0.63 eV are emptied under f a s t retrapping conditions 
while those at 0.83 eV are associated w i t h monomolecular 
processes. 

(4) I t i s suggested that the best explanation of these 
facts i s as follows. The 0.83 eV peak was destroyed by 
heating the c r y s t a l i n the dark (as was shown i n the c r y s t a l s 
Rl and R2 f o r instance). I t seems possible that the pro­
v i s i o n of thermal energy destroys: the 0.83 eV t r a p , which 
i s a complex defect, and either releases an electron i n t o 
the conduction band simultaneously, or an electron i s 
excited from one of the resultant new defectis almost 
immediately. The concept of electron capture cross section 
then ceases to have any meaning. A l i m i t e d amount of 
retrapping would be possible i f only a small f r a c t i o n of 
the traps were i n i t i a l l y f u l l , but i n general the r e s u l t s 
indicate that the freed electrons: take part i n a monomolecular 
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recombination process. 
One objection to t h i s suggestion i s that i n c r y s t a l 

S6 v two peaks at d i f f e r e n t temperatures, T x are both 
a t t r i b u t e d to traps at an energy depth of 0.83 eV. This 
i s explained by the experimental f a c t that the higher 
temperature peak appeared only a f t e r the c r y s t a l had been 
illuminated at 350°K, and the two peaks were never present 
simultaneously. The lower temperature peak i s that solely 
due to the trap complex ascribed to an energy depth of 
0.83 eV. 

I f the f u r t h e r assumption i s : made that the trap complex 
/even 0 K 

i s stable at temperatures/higher than 300 K, T;, provided i t 
has not captured an electron, the higher temperature peak 
can be explained. I l l u m i n a t i o n at 350°K would tend to 
produce the trap complex and f i l l i t , but the complex 
would be destroyed as soon as i t were f i l l e d . As a r e s u l t 
the immediate cooling on cessation of the i r r a d i a t i o n would 
lead to a number of u n f i l l e d trap complexes. When the 
c r y s t a l was subsequently heated, nothing would happen 
u n t i l the traps at a depth of 0.63 eV started to empty. 
The freed electrons would be captured by 0.83 e;V trap complex 
and held there before excited i n t o the conduction band. I n 
t h i s way a peak c h a r a c t e r i s t i c of the 0.83 eV traps would 
be obtained i n c r y s t a l s containing traps at 0,63 eV. The 
peak produced i n t h i s way has a maximum about 10°K higher 
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than the 0.63 eV peak. This would suggest the l i f e time 
i n the 0.83 eV trap complex i s of \ the order of several 
seconds, which seems s u r p r i s i n g l y long i n view of the 
elevated temperature, but i s otherwise i n agreement w i t h 
t h i s theory. 

A phenomenon which supports the above explanation 
i s the absence of any long decay that could be connected 
w i t h the 0*63 eV tr a p , i n cr y s t a l : S6 V. Such aidecay would 
have been expected to be present, although not exponential 
i n shape. Using Jhe ideas developed here, the 0.63 eV 
traps would on emptying be expected to produce an exponential 
decay c h a r a c t e r i s t i c of the 0.83 eV traps. Such decays were 
found. 

Another aspect of the complicated behaviour of the 
traps at 0.83 eV i s that wide differences are observed i n 
the temperatures at which,the peak maximum appears i n 
d i f f e r e n t c r y s t a l s . Such var i a t i o n s are not c h a r a c t e r i s t i c 
of the monomolecular recombination. This could be due to 
differences i n i n i t i a l occupancy of the traps,;differences 
i n the defect density, or delays i n the emission of the 
electron a f t e r the complex had been destroyed. 

Some evidence that ,a reaction of some sort took place . 
when the c r y s t a l VI was heated i n the dark i s discussed i n 
section 12.3 ( i v ) . The a c t i v a t i o n energy f o r the reaction 
was 0.88 + 0.05 eV., 
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12.3 Other Methods of Evaluating Defect Parameters. 
( i ) Slow Rise of Photocurrent under Weak I l l u m i n a t i o n . 

This phenomenon was discussed i n section -5.1 ( 2 ) . By 
measuring the height and time length of the plateau, the 
density of traps and cross section can "be obtained. The 
value of trap density i s not c r i t i c a l to the present 
i n v e s t i g a t i o n and the cross section i s only of i n t e r e s t 
i n conjunction w i t h values of energy depth. Because of t h i s 
only an exploratory i n v e s t i g a t i o n of the method was made.. 
Some of the re s u l t s are shown i n the curve i n f i g u r e 5.1. 

Well defined plateaux were observed, though sometimes 
at current values which were too small to be measured 
accurately w i t h the equipment available. Correlation w i t h 
s p e c i f i c traps may be possible by comparing the values of 
cross section, and noting the temperature above which the 
various plateaux were not observed. The fact that two 
curves obtained w i t h the same c r y s t a l at the same temperature, 
but with d i f f e r e n t l i g h t i n t e n s i t i e s , were found to possess 
plateaux w i t h lengths i n time inversely proportional to 
the f i n a l value, of c o n d u c t i v i t y , was i n good agreement 
w i t h theory. The method would appear to be most promising 
f o r evaluating trap densities. 
( i i ) Photoconductivity as a fu n c t i o n of Temperature. 

I n most cr y s t a l s the usual trend i s f o r the steady 
state photocurrent to decrease as the temperature i s 
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increased. Superimposed on the general decreasing trend 
there i s often a steep temporary r i s e as the,temperature 
passes through c e r t a i n values see.figure 10.2. 

The p o s i t i o n of the electron; quasi-Fermi l e v e l was 
calculated f o r a l l the steep increases i n photocurrent 
which were.observed. The r e s u l t s are shown in ; t a b l e 12.1. 
The crystals R3 R7 were ones which showed compara­
t i v e l y low p h o t o s e n s i t i v i t y and no appreciable:thermally 
stimulated currents. 

I n c r y s t a l s on which detailed measurements were made 
the quasi-Fermi energy depths obtained from the photocon­
d u c t i v i t y v temperature measurements were d i f f e r e n t from 
trap depths found by thermally stimulated current measure­
ments. Thus i t i s u n l i k e l y that the sudden steep increases 
i n photocurrent are due to the electron Fermi l e v e l passing 
through a set of levels which thejn cease to act as recom­
bination centres and s t a r t to act as traps. There would 
appear to be two possible explanations of the sudden 
increases i n photocurrent. 

(1) Defects may cease to act as recombination centres 
because the hole demarcation l e v e l has passed through them. 

(2) The recombination centres may have been destroyed 
i n a photochemical reaction (see ,section 14.8);. The 
second suggestion i s favoured by the fa c t that the higher 
temperature increases ( r y E =0.3 eV) i n photocurrent only 
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occurred when the c r y s t a l had beejn placed i n the dark and 
o 

heated to 370 K, and then cooled p r i o r to measuring the 
photocurrent as a function of temperature* I n t h i s connection 
i t should be noted that the measurements were made while 
the temperature was increasing slowly ( o< 0.1^/sec). 

There was often an increase i n photocurrent near the 
lowest temperature l i m i t of measurement ( 'V* 100°K). This 
was quite separate from the r i s e of photoconductivity when 
the i l l u m i n a t i o n was switched on. The energy depth of the 
electron quasi Fermi l e v e l at these temperatures was about 
0.14 eV. The f a c t that the steep r i s e i n photocurrent 
when the Fermi l e v e l reached a distance of 0.14' eV from 
the conduction band, even when traps at t h i s depth were not 
detected by thermally stimulated current measurements, 
suggests that traps at t h i s energy depth might have been 
present i n more cry s t a l s than was apparent from the glow 
measurements. This was a d i s t i n c t p o s s i b i l i t y since the 

traps at 0.14 eV might sometimes be already empty at l i q u i d 
a i r temperatures i n the dark. To resolve t h i s problem 
glow measurements s t a r t i n g at temperatures much lower 
than those of l i q u i d nitrogen would'be necessary. 
( i i i ) Spectral Response. 

I n general spectral response measurements Showed no 
w e l l defined maxima of photoconductivity on the ilong wave­
length side of the absorption edge, though the c r y s t a l was 



- 145 -

sensitive f o r some way i n t o t h i s Region (see: fi g u r e 12.3). 
I n c r y s t a l Rl however there was some i n d i c a t i o n of 

a peak at 6100 1 when the measurement was made ;at about 
100°K. The separation from the wavelength of maximum 
ph o t o s e n s i t i v i t y represented 0.45 ± 0.05 eV. This i s i n 
good agreement w i t h the trap depth at 0.41 eV. I f t h i s 
observation represents a genuine correlation: i t would imply 
that the photocurrent excited by i r r a d i a t i o n at 6100 2. i s 
due to the motion of holes.. This speculation could be 
cheeked by measuring the photo-thermo-electric or photo-
H a l l e f f e c t . 
( i v ) Dark Current• 

I t was mentioned e a r l i e r that donors were produced 
i n the c r y s t a l VI a f t e r heating the c r y s t a l i n the dark at 
temperatures above 200°K. A p l o t of l o g e I ^ against l/T 
gave a s t r a i g h t l i n e between I80°K and 400°K. 1 ^ i s the 
measured dark current. Neglecting the change i n Rc and p 
w i t h temperature, the calculated slope (E-^/k) gave E-̂  = 
0.53 ± 0.0 3 eV, where E^ i s the donor depth. I t i s possible 
though u n l i k e l y i n t h i s case, that the slope should be 

58 
E^/2k which would lead to an energy depth of 1.06 eV. 

The a c t i v a t i o n energy f o r the process leading to the 
production of the donors was found from measurements of the 
v a r i a t i o n of dark current at constant temperature over the 
range 350°K to 400°E. The curves were analysed i n terms of 
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a time constant t , where the current a f t e r a time t i s 
a 

given by I = I« ( 1 - e x p ( - t / t d ) ) . • I«* was the f i n a l current 
at t h i s temperature. A p l o t of l o g g t ^ against l/T gave 
a s t r a i g h t l i n e of slope E^/k w i t h = 0.88 +_ 0.05 eV 
(see f i g u r e 12.4). This a c t i v a t i o n energy i s the energy 
required to create the donors i n question. 

This could be regarded as added evidence f o r the 
suggestion that the apparent trap depth energy 0.83 eV i s 
the energy required to destroy a complex defect. The fa c t 
that the process produced a s i g n i f i c a n t density of donors 
at 0.5 eV i n one c r y s t a l only was s u r p r i s i n g . 
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CHAPTER 1.3.. I 

Comparison of the Methods of Evaluating the Thermal 
Glow jCurves. 

13>1 I n t r o d u c t i o n . 
The chief reason f o r the work done during; the present 

i n v e s t i g a t i o n was to decide on the most suitable method 
of evaluating conductivity glow curves, and to 1 determine 
whether the r e s u l t s obtained were: meaningful. I t i s 
d i f f i c u l t to give a universal r u l e as to which, method of 
analysis i s most suited to a p a r t i c u l a r peak i n the glow 
curve, since t h i s depends not only on the recombination 
k i n e t i c s but also on the extent of overlap with other 
peaks. The various methods of analysing i n d i v i d u a l peaks 
are discussed below. 
13*2 Bube's method. 

This method, which involves determining the p o s i t i o n 
of the electron quasi Fermi levelj, gave accurate r e s u l t s 
f o r f a s t retrapping only. Similar remarks apply to the 
technique f o r Boer et a l (see section 7 . 5 ( i ) ) . This i s a 
great disadvantage, p a r t i c u l a r l y i f the method i s applied 
i n d i s c r i m i n a n t l y . This i s li a b l e : to happen since the 
method o f f e r s no means of determining whether f a s t retrapping 
does i n f a c t occur. The method cannot give any information 
about trapping cross sections as I s sometimes claimed. Even 
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i f Bute' s method of determining I energy depths! i s v a l i d 
( f a s t retrapping conditions) no information dan he obtained 
about the trap cross section because the cross section 
does not a f f e c t the peak parameters under fast retrapping 
conditions. Under these circumstances the electrons i n 
the traps and the electrons i n the conduction band are i n 
thermal equili b r i u m w i t h one another, and the recombination 
i s dominated solely by the nature of the recombination 
centres. I f f a s t retrapping does occur, i t i s however 
possible to calculate the cross section f o r electron 
capture of these centres. This can be most useful as 
demonstrated by the discussion of the 0.63 eV and 0.83 eV 
traps i n chapters 11 and 12. 
13.3 Franks and Keating's method. 

Keating 1s theory i s based on the assumption of mono­
molecular recombination, but the authors claim that the 
technique gives s a t i s f a c t o r y r e s u l t s f o r energy depths even 
i f retrapping i s present. This was confirmed by the present 
measurements. I t i s almost the only theory of those con­
sidered which allows f o r some degree of temperature v a r i a t i o n 
of trapping cross sections. 

The disadvantages of the method are mainly of a 
p r a c t i c a l nature,. For calculations of energy depths the 
method requires measurements at, and on both 1 sides of the 
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maximum of the peak being studied.; This means that a very 
clean peak i s essential. Usually a peak can he; cleaned 
on the low temperature side by thermal cleaning: methods, 
but beyond the maximum measurements are very d i f f i c u l t and 
inaccurate i f there happens to be a. peak at a s l i g h t l y 
higher temperature than the one under investigation. The 
f a i l u r e to s a t i s f y the requirements of a clean peak resulted 
i n a wide spread of experimental values of energy depth 
i n the present work. 

I t was found i n practice that f o r clean peaks the 
experimental values f e l l w i t h i n the l i m i t # f l of v a l i d i t y 
of Keating's mathematical approximations which he used to 
derive equation (7.4). Energy depth values from peak 
parameters which lay w i t h i n these l i m i t s of v a l i d i t y tended 
to agree w i t h values obtained using other methods of c a l ­
c u l a t i o n . 

Theoretically t h i s method allows f o r temperature 
v a r i a t i o n s i n trapping cross sections and i t might have been 
expected that the r e s u l t a n t , calculated energy idepths would 
be more accurate than energy depths determined by other 
measurements. I n fact our re s u l t s gave no i n d i c a t i o n that 
t h i s was borne out i n practice. Theoretically the f a i l u r e 
to allow f o r temperature v a r i a t i o n s was found to lead to 
an accuracy i n values of energy depth (except f o r very 
shallow traps) of not greater than 15$. The p r a c t i c a l 
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r e s u l t s of the present work produced no evidence of 
inaccuracy as large as t h i s (see section 13.8), 
13.4 Lushchik 1s Method. 

This method i s f o r f a s t retrapping k i n e t i c s but the 
resu l t s were found to d i f f e r only s l i g h t l y from those based 
on monomolecular theories. 

The method suffers from the p r a c t i c a l disadvantage 
that i t requires the determination of the ha l f height on 
the high temperature side of the maximum.. As mentioned i n 
the preceding section t h i s was often d i f f i c u l t to obtain. 
Occasionally, for example•at very low temperatures, where 
the r i s e side of the peak was inaccurate due to an unavoidable 
non-linear heating r a t e , t h i s method had some advantages. 
13.5 Methods U t i l i s i n g Variable Heating Rates. 

These methods have the advantage of applying f o r any 
ki n e t i c s (except f o r Schoh's treatment under c e r t a i n c i r ­
cumstances). They s u f f e r from the disadvantage of re q u i r i n g 
the same i n i t i a l density of f i l l e d traps, and unchanged 
values of photoconductive gain f o r each curve obtained at 
a d i f f e r e n t heating r a t e . 

I n the discussion of the re s u l t s i n chapter 11 any 
apparent inaccuracies i n the magnitude of a trap depth 
obtained by these methods was a t t r i b u t e d to the process of 
thermal cleaning which necessarily a l t e r s the i n i t i a l density 
of f i l l e d traps. This was only one of the causes of e r r o r . 
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As described i n d e t a i l i n chapter 12 the density of 
f i l l e d trapping levels depended strongly on the thermal 
and o p t i c a l treatments given to the c r y s t a l . Also there 
was often a gradual v a r i a t i o n i n the properties of the 
c r y s t a l over a period of time. The period of time involved 
f o r an appreciable change, i n properties varied; from hours 
to days. For these reasons i t was d i f f i c u l t t;o reproduce 
the same density of f i l l e d levels f o r measurements at 
d i f f e r e n t heating rates. 

Making a l l the measurements w i t h i n as short a time 
as possible ( *v 10 h r s . ) , and taking care to il l u m i n a t e 
the c r y s t a l f o r the same length of time, at the same 
temperature, with the same i n t e n s i t y and spectrum of 
i l l u m i n a t i o n , often led to s a t i s f a c t o r y r e s u l t s f o r 
uncleaned peaks. 

The lack of thermal cleaning threw some doubt on the 
v a l i d i t y of re s u l t s where extensive overlapping occurred. 
As mentioned e a r l i e r methods based on the v a r i a t i o n of 
the heating rate require measurements of the maxima of 
the peaks ( T x and I x ) only which i s a considerable advantage 
The re s u l t s obtained were f a i r l y s a t i s f a c t o r y , though the 
accuracy obtained was not high. 

Another s l i g h t disadvantage, compared with other 
methods, was that variable heating rate methods require 
several runs before a value f o r an energy depth can be 
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obtained. 
I n general the most important f e a t u r e of these methods 

i s t h a t they form a u s e f u l guide where values Obtained by 
methods which assume monomolecular or f a s t rietrapping 
k i n e t i c s do not agree. 
13.6 H a l p e r i n and Braner 1s Approximation. 

This t h e o r y had the advantage of p r o v i d i n g formulae 
a p p l i c a b l e t o both monomolecular said bimolecular k i n e t i c s , 
and r u l e s f o r d e c i d i n g which of the formulae t o use. I n 
p r a c t i c e a l l the observed peaks, according t o H a l p e r i n and 
Braner's r u l e s of d i s t i n g u i s h i n g the nature of the 
recombination processes, were associated w i t h bimolecular 
k i n e t i c s . This was a s u r p r i s i n g c o n c l u s i o n e s p e c i a l l y 
f o r t r a p s w i t h very small cross s e c t i o n s , so t h a t considerable 
doubt i s cast upon t h i s method of : determining whether the 
k i n e t i c s are f i r s t or second order. 

The method i s not a p p l i c a b l e when E/kT^1 < 10, because 
the c o r r e c t i o n f a c t o r i n v o l v e d i s then too l a r g e . A value 
of E/kT34" as small as t h i s : was only o c c a s i o n a l l y found, and 
most other methods were also i n a c c u r a t e under these con­
d i t i o n s . 

The t h e o r y i s based on a geom e t r i c a l approximation 
which i n v o l v e s r e p r e s e n t i n g an i s o l a t e d glow curve as a 
t r i a n g l e . The v a l i d i t y of t h i s procedure i s questionable, 
and may e x p l a i n why the r e s u l t i n g t r a p depths were o f t e n 
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higher than the values given by other methods Employing 
the same parameters (e.g. Grossweiner). 

The f a c t t h a t H a l p e r i n and Braner's technique r e q u i r e s 
a measurement of the h a l f w i d t h on the r i s e side of the 
peak only i s an experimental advantage, but the Grossweiner 
method appears t o be a t l e a s t as accurate, simpler i n use, 
and i n a d d i t i o n provides more i n f o r m a t i o n . 
13«7 Grossweiner. 

Mention of some of the advantages of Grossweiner 1s 
method i s made i n the previous s e c t i o n . The t h e o r y deals 
s o l e l y w i t h monomolecular k i n e t i c s and i s l i m i t e d by the 
assumption t h a t N Sv i s independent of temperature. No 
evidence of ina c c u r a c i e s due t o f a i l u r e t o l i m i t i t s use 
t o s i t u a t i o n s where these c o n d i t i o n s obtained was found. 
This agrees w i t h K e a t i n g ' t h e o r e t i c a l conclusions. He 
p r e d i c t e d t h a t estimate of energy depths using the Gross­
weiner technique should be i n s e n s i t i v e t o v a r i a t i o n s i n 
cross s e c t i o n w i t h temperature. 

Apart from a few exceptions (e.g. peaks near the lowest 
temperature of the t h e r m a l l y s t i m u l a t e d c u r r e n t curve) the 
method gave good r e s u l t s f o r a l l the peaks present. The 
magnitude of the capture cross s e c t i o n , and the photoconductive 
decay time a t the temperature of maximum, c u r r e n t can also be 
determined e a s i l y by t h i s method of a n a l y s i s . 
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13.8 G a r l i c k and Gib son's i n i t i a l r i s e methpd; 
This i s the only method which t h e o r e t i c a l l y i s v a l i d 

f o r any k i n e t i c s , and at the same time allows f o r the 
v a r i a t i o n of the cross s e c t i o n as a power of temperature. 
To allow f o r the temperature v a r i a t i o n s of cross s e c t i o n 
i t i s necessary t o use equation 7.1 which contains the 

b-? 
e x t r a term b l o g g T where the cross s e c t i o n Si = SQT S Q 

and b are constants. I n pra c t i c e ; i t was found t h a t the 
e x t r a term had only a small e f f e c t f o r reasonable values 
of b ( b < 3 ) except f o r the very shallow t r a p s . The agreement 
between values of energy depth obtained by t h i s method, and 
those obtained by other methods which do not a l l o w f o r 
v a r i a t i o n s i n the value of S or of N Sv leads t o the con-
e l u s i o n t h a t the temperature v a r i a t i o n of cross s e c t i o n 
could u s u a l l y be neglected i n e v a l u a t i n g t r a p depths. 

The method has the advantage: over other techniques 
t h a t i n many eases the s t i m u l a t e d c u r r e n t i s measured over 
a wide range of temperature ( ̂  100°K), so t h a t accuracy 
i n temperature measurement i s not so c r i t i c a l . : As long 
as the temperature v a r i a t i o n s i n N QvSpT are n e g l i g i b l e t h i s 
method i n t u r n leads t o accurate values. 

Thermal c l e a n i n g i s p a r t i c u l a r l y u s e f u l , when st u d y i n g 
the i n i t i a l r i s e of the glow curve, and makes measurement 
pa s s i b l e over such a wide range of temperatures t h a t the 
c r i t i c i s m s of Haake are overcome. Haake s t a t e s t h a t equation 
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7.1 i s v a l i d on the r i s e side of \ a peak t o a c e r t a i n 
temperature, which i s u s t t a l l y about 20 K below T . 

The, main disadvantages associated w i t h measuring the 
i n i t i a l r i s e are:~ 

(1 ) The method i s i n s e n s i t i v e f o r deep t r a p p i n g l e v e l s 
i n the presence of shallow t r a p p i n g l e v e l s , for example 
i t was p o i n t e d out i n s e c t i o n 11.5 t h a t G a r l i c k and Gibson 
p l o t s on the double peak due t o t r a p s a t 0.41 and 0.83 eV 
almost always had a, slope c h a r a c t e r i s t i c of the 0.41 eV 
t r a p s . The e x p l a n a t i o n of- t h i s was given i n t h a t s e c t i o n . 

On the other hand there i s the e q u i v a l e n t advantage 
t h a t i t i s p o s s i b l e t o o b t a i n energy values f o r shallow 
t r a p s whose peaks are almost completely hidden by a set of 
deep t r a p s (e.g. 0.25 eV t r a p s i n the presence of 0.41 eV 
peak i n c r y s t a l P2). 

(2) I t i s necessary t o assume t h a t N c >vSpr does not 
vary over a wide range of temperature unless the accuracy 
of the measurements allows i t s v a r i a t i o n t o be c a l c u l a t e d 
assuming i t v a r i e s as a power of temperature. 

(3) I t i s d i f f i c u l t t o apply the technique t o peaks 
near the lower l i m i t of temperature, but t h i s i s balanced 
by i t s e f f e c t i v e n e s s on peaks w i t h a c u r r e n t maximum j u s t 
beyond the h i g h temperature l i m i t of measure. 

(4) A more extensive set of measurements on the curves 
r a t h e r than the usual d e t e r m i n a t i o n of the three p o i n t s at 
T , T and T i s necessary, although t h i s i s balanced by 
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the f a c t t h a t only one 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 
may be needed t o o b t a i n an accurate value of energy depth. 
I n a d d i t i o n when automatic curve t r a c i n g i s used t h i s i s 
not a serious handicap. 

The a d a p t a t i o n of t h i s method t o i n v e s t i g a t e whether 
peaks were due t o a set of t r a p s at a d i s c r e t e energy 
depth, or t o a continuous d i s t r i b u t i o n of t r a p s i s extremely 
u s e f u l (see s e c t i o n 11.5 and reference 42). 

The in a c c u r a c i e s of t h i s method a r i s e from temperature 
v a r i a t i o n s i n S and T . I n p r i n c i p l e the extension due t o 
Keating i s u s e f u l i n t h i s respect, but i n p r a c t i c e the 
slow v a r i a t i o n w i t h temperature of the e x t r a t,erm u s u a l l y 
makes i t impossible t o estimate the temperature v a r i a t i o n 
of these parameters from the curvature of the peak (assuming 
S T p r o p o r t i o n a l t o a power of T). The magnitude of the 
e r r o r s i n v o l v e d can be obtained from Table 7.1 assuming 
reasonable values of S and b«, The low values of E, even 
i n the range of a p p l i c a b i l i t y mentioned by Haake, are at 
l e a s t i n p a r t probably due t o the temperature v a r i a t i o n 
of cross s e c t i o n . 
13.9 P h o t o c o n d u c t i v i t y Becay Measurements. 

The measurements of the long t a i l i n the photoconductive 
decay are u s e f u l i n c o n f i r m i n g whether monomolecular k i n e t i c s 
are a p p l i c a b l e f o r a p a r t i c u l a r set of t r a p s . Monomolecular 
recombination i s associated w i t h a long exponential decay 
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as mentioned i n s e c t i o n 6.4. 
The value of energy depth obtained from; the slope 

of these l i n e s agreed w e l l w i t h values obtained from the 
t h e r m a l l y s t i m u l a t e d c u r r e n t measurements. The cross 
s e c t i o n values also showed good agreement (see the t a b l e s 
of r e s u l t s ) . 

The method was l i m i t e d t o s i t u a t i o n s where monomolecular 
k i n e t i c s apply and assumed t h a t N^YSTJU was independent of 
temperature. The values obtained; from decay measurements 
were u s u a l l y employed t o c o n f i r m the values obtained from 
the t h e r m a l l y s t i m u l a t e d c u r r e n t measurements. 
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CHAPTER 14. 

Comparison of Results w i t h jthose of Other Workers. 

14»1 I n t r o d u c t i o n . 
Table 14.1 shows the comparison of the r e s u l t s of 

the present work w i t h thoise r e p o r t e d by other workers i n 
respect of energy depths and the temperatures of c u r r e n t 
maxima. The l a t t e r are i n c l u d e d i n the t a b l e as t h i s acts 
as a good guide towards I d e n t i f y i n g equivalent: peaks i n 
d i f f e r e n t c r y s t a l s , p a r t i c u l a r l y If the c o n d u c t i v i t i e s 
of the c r y s t a l s are the same, or the energy depth values 
f o r the t r a p s causing the peaks are the same. 

Comparisons w i t h values based on Bube's method of 
c a l c u l a t i o n are only r e l i a b l e f o r f a s t r e t r a p p i n g or where 
the behaviour of a peak under d i f f e r e n t p h y s i c a l c o n d i t i o n s 
can lead t o a reasonable c o r r e l a t i o n . Agreement between 
maximum temperatures and the energy depths obtained 
f o l l o w i n g Bube can be taken t o i n d i c a t e a h i g h p r o b a b i l i t y 
t h a t two peaks i n d i f f e r e n t c r y s t a l s are e q u i v a l e n t . 

Agreement w i t h t r a p depths measured by other workers 
which are enumerated i n t a b l e 14.1 i s c l e a r l y good. I n 
c o n t r a s t w i t h other r e p o r t e d r e s u l t s the c r y s t a l s used 

i n t h i s work gave no i n d i c a t i o n of the existence of t r a p s 
a t depths o f about 0.33 eV and of 0.5 eV, though donors 
were found at 0.5 eV i n : c r y s t a l V I . With respect t o the 
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values of Woods and Wright, and iBube and Barton q u i t e 
good c o r r e l a t i o n w i t h other r e s u l t s i s p o s s i b l e . For example 
i n the work o f Woods and Wright maxima were found under 
d i f f e r e n t c o n d i t i o n s a t 270°K and 320°K. S i m i l a r peaks 
appeared under the same c o n d i t i o n s and at the same temper­
atures i n the present work, and almost c e r t a i n l y the peaks 
i n the d i f f e r e n t c r y s t a l s are due t o t r a p s of the same 
two types emptying t h e i r e l e c t r o n s i n t o the conduction band. 

14.2 Nature of Defects. 
For an accurate d e t e r m i n a t i o n of the nature of the 

defects important i n the t r a p p i n g and recombination processes 
i n cadmium s u l p h i d e , d e t a i l e d i n v e s t i g a t i o n s of the v a r i a t i o n 
of t r a p d e n s i t i e s under c o n t r o l l e d treatments and a d d i t i o n 
of i m p u r i t i e s i s necessary. 

At present, however, se v e r a l suggestions can be made 
on the basis of the l i m i t e d treatments given t o c r y s t a l s 
s t u d i e d i n the c u r r e n t work, and comparisons; w i t h other 
r e s u l t s published i n the l i t e r a t u r e . 

14.3 The Traps at Energy ;Depths pf 0.05 eV and 0.14 eV. 
Care must be taken i n determining which c r y s t a l s show 

the presence of t r a p s a t 0.05 eV and 0.14 eV from the 
evidence provided by t h e r m a l l y s t i m u l a t e d c u r r e n t s . This 
i s because some peaks are too near the low temperature l i m i t 
of the t h e r m a l l y s t i m u l a t e d c u r r e n t curves f o r a l i n e a r 
h e a t i n g r a t e t o be guaranteed, so t h a t no r e l i a b l e c a l c u l a t i o n s 
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could be made on them. Several, of these peaks ̂ were 
probably due t o the emptying of t r a p s at 0.05 eind 0.14 eV. 
The shallower of these two sets of t r a p s has p r e v i o u s l y 

55 59 been observed by Franks and Keating , and Trofimenko , 
but i n n e i t h e r paper was the nature of the defects discussed. 
Franks and Keating analysed the t h e r m a l l y s t i m u l a t e d c u r r e n t 
peak they obtained by t h e i r own method (see s e c t i o n 7.2 ( i ) ) , 
and a comparison of the r e s u l t s of the present work and 
t h e i r ' s was made i n s e c t i o n 11.2. Trofimenk® detected 
the presence of the t r a p s by photoconductive decay measure­
ments. 

N i e k i s c h , ^ u s i n g an a l t e r n a t i n g l i g h t measuring 
technique found a set of t r a p s a t about 0.12 eV; as d i d 

61 
Sokol'skarya, but only by assuming the "usual 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 formula, were a p p l i c a b l e under space 

i t 62 
charge l i m i t e d c u r r e n t c o n d i t i o n s . Clayton Using Gross-
weiner's method of c a l c u l a t i o n foujnd t r a p s at t h i s depth, 
togethe r w i t h other associated t r a p s w i t h an energy depth 
of 1.0 e¥ at c e r t a i n h e a t i n g rates;. No evidence was found 
f o r t h i s second peak i n the present work even though the 
same values of h e a t i n g r a t e were used. 

On the basis of a pos s i b l e connection between the green 
edge luminescence and the 0.12 eV t r a p s , N i e k i s c h suggests 
these t r a p s are sulphur vacancies ( o r i n t e r s t i t i a l s ) . The 
present work shows, i n agreement w i t h N i e k i s c h , t h a t there 
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i s a tendency f o r the t r a p s t o dijsappear a f t e r : i l l u m i n a t i o n 
a t room temperature. I n our work!, however, they were found 
t o reappear a f t e r h e a t i n g the c r y s t a l t o 350°K i n the dark. 

Comparison w i t h the measurements of Woods and W r i g h t ^ 
and Bube and B a r t o n 6 ^ i s more d i f f i c u l t . Bube and Barton 
found peaks due t o t r a p s w i t h energy depths c a l c u l a t e d by 
Bube's method at 0.20 and 0.25 eV". The peaks were at 
s i m i l a r temperatures t o those of the 0.05 eV and 0.14 eV 
t r a p s i n the present work. The t r a p s observed by Bube and 
Barton were probably of the same form as these* See 
t a b l e 11.1 f o r the depths of the 0.14 and 0.05 eV t r a p s 
c a l c u l a t e d u s i n g Bube's method. 

Bube and Barton suggested they were sulphur vacancies. 
Woods and Wright however a t t r i b u t e d a peak at about 120°K 
t o c h l o r i n e . The present work showed l i t t l e i n d i c a t i o n 
as t o the nature of the defects though the 0.14 eV t r a p s 
were apparently produced i n one c r y s t a l a f t e r h e a t i n g i n 
vacuo. This i s i n agreement w i t h the sulphur vacancy 
the o r y . 0.14 eV does however seem r a t h e r deep f o r the Vg 
c o n f i g u r a t i o n . The t r a p s at 0.05 eV seem more l i k e l y t o 
be of t h i s form, although even these are r a t h e r deep f o r 
a doubly charged sulphur vacancy.; I t i s f o r instance on 
the l i m i t of K r o g e r 6 5

 e t a l ' s estimate of ^ 0.05 eV. 
Applying the formula based on the; simple hydrogen-like 
model (see s e c t i o n 1.10), u s i n g the c r y s t a l d i e l e c t r i c 
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constant (11.6) and e f f e c t i v e masjs (0.25m) the c a l c u l a t e d 
value of energy depth f o r ; the V~ ; i s 0.025 eV. This i s 
a r a t h e r low value even a l l o w i n g f o r inaccuracies i n assuming 
such a simple model. 

I t i s c l e a r however t h a t since both the defects have a 
very small cross s e c t i o n they must have a st r o n g negative 
charge. 

14.4 Traps at 0.25 eV. 
Ni e k i s c h ( a l t e r n a t i n g l i g h t measurements);, Trofimenko 

( a c t i v a t i o n energy p l o t ) , Unger^:(photo/glow measurements), 
Broser (glow curves) and Sokol'skarya ( c o n d u c t i v i t y glow 
under space charge l i m i t e d c u r r e n t c o n d i t i o n s ) : a l l found 
t r a p s a t about 0.25 ev. The photochemical r e a c t i o n described 
by Woods and Wright i s s i m i l a r t o one observed, i n the 
present work (see s e c t i o n 12.2). This confirmed t h a t the 
t r a p s a t 0.25 eV were due t o the same type of def e c t as those 
causing the 270°K peak i n Woods and Wright's i n v e s t i g a t i o n s 
and probably also the Bube and Barton measurements. 

Niekiseh, however, observed t r a p s at t h i s ; depth only 
a f t e r i l l u m i n a t i o n , c o n t r a r y t o the photochemical e f f e c t s 
described i n the present work. Taking the photochemical 
r e a c t i o n as a safe guide, the traips estimated t o be a t 0.3 eV 
by H e i k i s c h would appear t o be i d e n t i c a l w i t h the 0.25 eV 
t r a p s found i n the present work. , 

I n any event N i e k i s c h , Woods and Wright, and Bube and 
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Barton a l l a t t r i b u t e t r a p s at t h i s depth t o sulphur 
vacancies, or a complex i n c l u d i n g sulphur vacancies. This 
i s because they were found i n cadmium r i c h c r y s t a l s . The 
small cross s e c t i o n i s c o n s i s t e n t w i t h the p o s s i b i l i t y of 
the defects being Vg vacancies. Trofimenko found the 
same t r a p s i n sulphur r i c h c r y s t a l s but also concluded 
t h a t the defect had a negative charge. 

I n one c r y s t a l S5 V a continuum of t h e r m a l l y s t i m u l a t e d 
c u r r e n t was found a f t e r h e a t i n g i n the dark. I t appeared 
over a range of temperatures from 170°K t o 270°K and reheat 
measurements as described i n s e c t i o n 11.5 gave G a r l i c k and 
Gibson energies i n the r e g i o n of 0.25 - 0.3 eV. 
14.5 The Traps a t 0.41 e?„ 

Traps a t a depth of about 0.41 eV have been r e p o r t e d 
r e g u l a r l y i n the l i t e r a t u r e . N i e k i s c h ( a l t e r n a t i n g l i g h t 
measurements ), Unger. (photo/glow measurements), Broser and 
Broser-Warminsky^ ( 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 and decay 
measurements), Brophy and R o b i n s o n ^ (noise measurements), 
Bube and Macdonald ( p h o t o - H a l l measurements), G. T. Wright 

70 
(primary t h e r m a l l y s t i m u l a t e d c u r r e n t s ) , and Lappe and 

71 
Tamaka have a l l . observed t r a p s at about t h i s depth. Some 
of the methods of ob s e r v a t i o n and c a l c u l a t i o n are open t o 
c r i t i c i s m (e.g. G. T. Wright's a r b i t r a r y assumption of a 
value f o r cross s e c t i o n ) but there i s good evidence f o r a 
t r a p a t t h i s depth apart from the present work. 
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Prom the nature of the phot obhemical r e a c t i o n s 
observed, e i t h e r these t r a p s or those a s c r i b e d ) t o 0.83 eV 
must be e q u i v a l e n t t o those causing the 320°K j>eak i n the 
Woods and Wright measurements. S u r p r i s i n g l y ; N i e k i s c h 
found the traps, a t t h i s depth took no p a r t i n photochemical 
r e a c t i o n s . 
14.6 E l e c t r o n E x c i t a t i o n ; by 0.831 eV Phonons:. 

The only r e l i a b l e r e p o r t s of e l e c t r o n t r a p s as deep 
70. 

as 0.83 eV are by Smith ^ (space charge l i m i t e d c u r r e n t s ) 
and N i e k i s c h ( i n a few c r y s t a l s Oi.75 - 0.8 eV by h i s own 
unique method). I t i s also worth n o t i n g t h a t quenching 

73 
centres at a h e i g h t of 1.65 eV from the valence band 
would be i n the same r e g i o n i n the energy band scheme. 

Ni e k i s c h a t t r i b u t e s the defects t o sulphur vacancies 
or i n t e r s t i t i a l s b u t admits some ;doubts about these deep 
t r a p s because of u n c e r t a i n t i e s due t o the onset of photo­
chemical r e a c t i o n s . This; i s i n agreement w i t h the present 
work and the presence of a photochemical r e a c t i o n l e d t o 
the c o n c l u s i o n i n section; 12.2 t h a t the 0.83 e|V probably 
represented the d i s s o c i a t i o n energy f o r a trap; complex 
r a t h e r than the depth of ;a t r a p p i n g l e v e l belojw the con­
d u c t i o n band. 

The 320 °K peak of Woods and ;Wright (mentioned i n the 
l a s t s e c t i o n ) was suggested by them t o be due t o a complex 
of Cu + or V c

+ w i t h Gl or . ;This could be a poss i b l e 
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c o n f i g u r a t i o n f o r the d e f e c t d i s r u p t e d by a 0.83 eV 

phonon. 
14.7 The Traps a t a Depth of 0.63 eV. 

The peak associated w i t h these t r a p s was the only 
one i n the present work thought t o have been produced 
under c o n d i t i o n s of f a s t r e t r a p p i n g . The comparatively 
l a r g e cross s e c t i o n of these t r a p s i m p l i e s t h a t they would 
be the most important i n space charge l i m i t e d c u r r e n t 

57 
measurements. Marlor and Woods and Sokol 1skarya observed 
these t r a p s i n t h i s way ( t h e measurements of Marlor and 
Woods were made on c r y s t a l s grown i n the same batches as 
c r y s t a l s P I , P2, S I , S2, S3, S4 and S5 used, i n t h i s work). 
N i e k i s c h ( a l t e r n a t i n g l i g h t measurements), TJnger (photo-glow 
measurements), Brophy and Robinson (noise measurements), 
and Bube and Barton (Bube a n a l y s i s of t h e r m a l l y s t i m u l a t e d 
c u r r e n t runs), a l l found t r a p s at about t h i s depth. The 
good agreement w i t h Bube and Barton adds weight t o the 
argument t h a t these t r a p s empty under f a s t r e t r a p p i n g 
c o n d i t i o n s . 

N i e k i s c h found, these t r a p s only r a r e l y . Bube and 
Barton suggest the t r a p s are due t o anion vacancies, probably 
V*,, on the basis of the way i n which chemical and heat 
treatment of the c r y s t a l s a f f e c t e d the peak due t o these 

i 

t r a p s . This i s i n agreement w i t h our Observations i n as 
much as the t r a p s a t t h i s depth only appeared i n c r y s t a l s 
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i n which the peak due t o 0,25 eV t r a p s ( a s c r i b e d t o 
sulphur vacancies) was absent. There was however no 
evidence t h a t h e a t i n g t h e ; c r y s t a l s i n vacuo destroyed these 
t r a p s . The f a c t t h a t t h e ; t r a p s had a l a r g e cross s e c t i o n 
means they must have a n e u t r a l or! p o s i t i v e charge. This 
i s i n agreement w i t h the suggested i n t e r p r e t a t i o n i n terms 
of cadmium vacancies. 
14.8 The Absent Traps. 

The two depths at which trapis have been, w i d e l y 
r e p o r t e d , but not observed i n our; c r y s t a l s are a t 0.33 eV 
and p o s s i b l y 0.51 eV. The occurrence of traps: at 0.33 eV 
has been described by Brojphy and Robinson (noise measurements), 
Bube and Macdonald' ( p h o t o - H a l l measurements);, Unger ( p h o t o / 
glow measurements) and Broser and Broser and Bjroser-Warminsky. 
The only evidence t o suggest t h a t such t r a p s might be 
present i n our c r y s t a l s wias a sud;den r i s e i n p h o t o c o n d u c t i v i t y 
w i t h temperature under s t r o n g i l l u m i n a t i o n . This was only 
observed a f t e r the c r y s t a l , had bden cooled i n the dark from 
370°K immediately p r i o r t o making the measurements of 
p h o t o c o n d u c t i v i t y as the temperature was s l o w l y increased. 
I n other words i t i s probable t h a t the passage of the 
e l e c t r o n Permi l e v e l through an energy depth q'f 0.33 eV 
forms an i n t e g r a l p a r t of the photochemical r e a c t i o n caused 
by the i l l u m i n a t i o n . The f a c t t h a t no evidence of t r a p s 
a t t h i s depth was found i n 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 
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measurements could be explained. ; 
( i ) by the set of t r a p s involved; having a r a t i o of 
e l e c t r o n t o hole cross s e c t i o n d i f f e r i n g g r e j a t l y from 
u n i t y so t h a t the e l e c t r o n demarcation l e v e l i s w e l l 
removed from the Fermi l e v e l 
( i i ) the e f f e c t not being;due t o e l e c t r o n t r a p s but hole 
t r a p s near the valence band. 

These suggestions could e x p l a i n the photo-Hall measure­
ments and p o s s i b l y the noise measurements, but not those 
of Unger and Broser et a l . The other more l i k e l y e x p l a n a t i o n 
i s t h a t the p a r t i c u l a r d e fect causing t h i s peak was not 
present i n the c r y s t a l s i n v e s t i g a t e d here. 

The set of t r a p s at 0.51 eV have not been w i d e l y 
r e p o r t e d and only Trofimehko ( a c t i v a t i o n energy p l o t ) 
and Bube and Macdonald ( p h o t o - H a l l measurements) can be 
regarded as having d e f i n i t e l y observed such t r a p s . I n 
the present work they were only observed i n the c r y s t a l 
grown i n vacuo and then as donor l e v e l s a f f e c t i n g the 
dark c u r r e n t . The nature of the d e f e c t i s not c l e a r , but 
the c r y s t a l was notable f o r i t s dark c o l o u r a t i o n caused by 
excess cadmium, so t h a t the defect may be connected w i t h 
a sulphur vacancy, or more l i k e l y : a complex i n c l u d i n g an 
i n t e r s t i t i a l cadmium i o n . 
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CHAPTER. 15. 

Conclusions. 

The aim of the i n v e s t i g a t i o n s described i n ; t h i s t h e s i s 

was t o provide a c o n t r i b u t i o n towards the understanding 
of e l e c t r o n t r a p p i n g phenomena i n cadmium sulp h i d e . The 
main o b j e c t i v e was t o evaluate the usefulness of t h e r m a l l y 
s t i m u l a t e d c u r r e n t method of measurement as a p p l i e d t o 
cadmium s u l p h i d e . The present work has shown t h a t the 
assumption of d i s c r e t e sets of t r a p p i n g l e v e l s i s j u s t i f i e d . 
I t i s o f t e n maintained t h a t t r a p s are d i s t r i b u t e d i n energy. 
There was some evidence from a few c r y s t a l s t h a t there was 
a d i s t r i b u t i o n of t r a p p i n g l e v e l s i n the range ;0.25 eV t o 
0.3 eV, but the predominant peaks were due t o t r a p s w i t h 
the f o l l o w i n g c h a r a c t e r i s t i c s : -

The shallowest was a t a depth of 0.052 + 0.08 eV and 
-24 i 1 2 

had an e l e c t r o n capture cross s e c t i o n of 10 x 10 cm. 
The n a t i i r e o f the t r a p was probably a sulphur vacancy w i t h 
an e f f e c t i v e double negative charge. 

The next shallowest t r a p was a t a depth of 0 . 1 4 +_ 0.02 eV 
- 2 1 ; + 1 . 7 2 : 

and had a cross s e c t i o n of 10 x l O cm. The presence 
of the d e f e c t was only observed a f t e r h e a t i n g i n the dark 

t o 370°K. I t s nature i s unknown, though, i t may be connected 

w i t h sulphur vacancies. 
The only other defect found a f t e r h e a t i n g i i n the dark 
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was at a depth of 0.25 +; 0,02 eV,: and had a cross s e c t i o n 
-24 ±1 2 

of 5 x 10 x 10 cm. There was s t r o n g evidence t h a t 
the defect was connected w i t h sulphur vacancies p o s s i b l y 
Vg. I n a few c r y s t a l s the t r a p d i s t r i b u t i o n from 0.25 
t o 0 . 3 eV was found i n place of the 0.25 eV t r a p s . 

A f t e r i l l u m i n a t i o n t r a p s were found at depths of 
0.41 + 0.04 eV and 0 . 6 3 + 0.04 eVi. The 0.41 e? t r a p s had 

-20 - 1 2 
a cross s e c t i o n of 10 x 10 cm; . The t r a p p i n g centre 
a t a depth of 0 . 6 3 eV had a l a r g e cross s e c t i o n , so t h a t 
the corresponding glow peak was produced und e r : f a s t r e t r a p p i n g 
c o n d i t i o n s , which means t h a t the a c t u a l value of e l e c t r o n 
capture cross s e c t i o n cannot be c a l c u l a t e d . .The cross 
s e c t i o n of the recombination centres could however be 
c a l c u l a t e d from glow data associated w i t h these t r a p s and 

—18 7 2 was found t o be 5 x 10 x 10 cm. I n view of the l a r g e 
cross s e c t i o n of these t r a p s the d e f e c t s may be charged 
cadmium vacancies. 

The apparent energy depth of; 0.83 +_ 0 . 0 6 eV was thought 
t o be the a c t i v a t i o n energy f o r the d e s t r u c t i o n of a t r a p 
complex and simultaneous ( o r almost immediately subsequent) 
e j e c t i o n of an e l e c t r o n i n t o the conduction band. A t r a p complex producing a peak a t t h i s temperature has p r e v i o u s l y 

SC] 
63 

been ascribed t o the a s s o c i a t i o n of Cu + or VQ^ w i t h CI or 
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The suggestions as t o the nature of the defects 
are only t e n t a t i v e , and measurements of the d e n s i t i e s of 
the t r a p s a f t e r d i f f e r e n t p h y s i c a l and chemical: treatments 
would be necessary f o r more c o n f i d e n t suggestions t o be 
o f f e r e d . 

The c h i e f impetus d u r i n g the present i n v e s t i g a t i o n 
was the need t o decide the best way t o determine t r a p 
depths and cross s e c t i o n s . 

Bube's argument was found t o give i n c o r r e c t values 
except under f a s t r e t r a p p i n g c o n d i t i o n s . The methods of 
Pranks and Keating and l u s h c h i k , and a l l the methods using 
a v a r i a b l e h e a t i n g r a t e had disadvantages from >& p r a c t i c a l 
p o i n t of view, Grossweiner's method had c e r t a i n advantages 
over t h a t of H a l p e r i n and Braner. 

To o b t a i n s a t i s f a c t o r y r e s u l t s the f o l l o w i n g procedure 
should be adopted. The peak should be t h e r m a l l y cleaned 
as described i n the t e x t , and i n the f i r s t instance G a r l i c k 
and Gibson's p l o t s and Grpssweiner e v a l u a t i o n s of energy 
depth should be made on the clean;, i s o l a t e d peak obtained. 

Several q u a l i f i c a t i o n s should now be added:-
(1) For t r a p s near the low temperature l i m i t i t may 

be necessary t o ignore the G a r l i c k and G-ibson method and 
p o s s i b l y the Grossweiner method i f a l i n e a r h e a t i n g r a t e 
i s d i f f i c u l t t o o b t a i n i n t h i s tej'mperature r e g i o n . I n t h i s 
event e i t h e r l u s h c h i k ' s method or the v a r i a b l e h e a t i n g r a t e 
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techniques are used. 
(2) The v a r i a b l e h e a t i n g r a t e methods are p a r t i c u l a r l y 

u s e f u l i f o v e r l a p p i n g i s too severe f o r thermal c l e a n i n g 
t o "be e f f e c t i v e . No c l e a n i n g of the peaks should be used 
and consistency i n the i l l u m i n a t i o n and heat treatments 
before measuring the t h e r m a l l y s t i m u l a t e d c u r r e n t s i s 
e s s e n t i a l . 

( 3 ) I f a clean peak i s obtained'. Franks ahd Keating 
formula should be employed t o determine the v a r i a t i o n of 
cross s e c t i o n w i t h temperature. 

( 4 ) I f t h e peak appears t o be misshapen the values 
of energy d e p t h using G a r l i c k and Gibson's, Grossweiner' s, 
and Lushchik's methods should be compared. I f they d i s ­
agree the reheat method of Hoogenstraaten should be used 
t o resolve whether there i s a d i s t r i b u t i o n of t r a p s . 
Comparison between energy values obtained from photoconductive 
decay measurements and h e a t i n g r a t e methods are als o u s e f u l . 

(5) I f i t i s r e q u i r e d t o determine the nature of the 
recombination k i n e t i c s , agreement of the Bube :evaluation 
w i t h other methods forms a stro n g i n d i c a t i o n t h a t the 
k i n e t i c s are f a s t r e t r a p p i n g . I n a d d i t i o n e x p o n e n t i a l 
photoconductive decays i n d i c a t e t h a t the a p p r o p r i a t e t r a p s 
are emptying under monomolecular c o n d i t i o n s . 

( 6 ) I f the k i n e t i c s are monomolecular, once E/T* has 
been determined, equation ( 7.8) or Grossweiner•s formula 



can be used t o o b t a i n the e l e c t r o n capture cross s e c t i o n . 
( 7 ) With f a s t r e t r a p p i n g k i n e t i c s and assuming one 

set of recombination c e n t r e s , t h e i r cross s e c t i o n can be 
obtained u s i n g Haering and Adams method ( e q u i v a l e n t t o 
Boer et a l ! s ) . 

Two other conclusions can be drawn from the present 
work. 

(1) The agreement between values of t r a p depths 
c a l c u l a t e d u s i n g methods which r e q u i r e a knowledge of the 
c r y s t a l dimensions and methods which are independent of 
the c r y s t a l dimensions confirms t h a t measurements of bulk 
p r o p e r t i e s were being made. 

(2) The agreement between values of energy depths 
c a l c u l a t e d from measurements made p a r a l l e l and perpendicular 
t o the c-axis shows t h a t any a n i s o t r o p y of the c r y s t a l does 
not s e r i o u s l y a f f e c t the measurement of t r a p parameters. 
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TABLE 12.1 

C r y s t a l eV i F eV 

S2 0.20 + 0.03 

S4 0.26 + 0.03 
R l 0.14 + 0.02 0. 34 + 0.02 

R2 0.14 + 0.03 
H3 0.21 + 0.03 0. 34 + 0.02 

R4 0.22 + 0.02 0. 30 + 0.02 

R5 0. 30 + 0.03 

R6> 0.16 + 0.06 0. 27 + 0.07 

R7 0. 32 + 0.04 

ELECTRON FERMI LEVEL; DEPTH AT WHICH PHqi'O CONDUCTIVITY 
INCREASES SHARPLY jfflTH TEMPERATURE. 



T A B L E 11.4 CQ63ev) 
Crystal S 6 V S 5 V S5 S 4 S 5 V P2 PI S 3 V V 1 Ave. 

Conds. a. J. a l . a.l. a.l. a.l. a.l. a l . a.l. a l . 

T * 270 2 70 3 0 0 3 3 0 3 5 0 360 4 0 0 3 3 0 3 4 0 330 

E B 
0-4S 

± 0 0 2 
0-4I 

± O O I 
0-59 
±OOI 

0-67 
± 0 0 3 

O S 7 
± 0 0 1 

N.M. N.M. N.M. N.M. 0-61 
±0 0 4 

EG 
0-74 

±0 06 
0-74 
±o-os 

0-62 
± 0 0 3 

O 68 
± 0 0 6 

0-62 
± 0 0 2 

0-6 5 
±0 -07 

N.M. b-so 
drO-OS 

N.M. 0-64 

± 0 0 2 

E L *ViO-6l 
0 6 4 

± 0 0 5 
0-6 5 

± 0 0 4 
O66 

± 0 0 4 
0 4 7 

± 0 -08 
0-64 

± 0 0 4 
N.M. N.M. N.M. 0-64 

± 0 0 4 

E F K 

0-6 
± O I 

OS 8 
± 0 0 8 

0-7I 
± 0 0 6 

O S 5 
± 0 - 2 
POOR 

0 7 2 
± 0 0 7 N.M. N.M. N.M. 

O-66 
± 0 0 5 

EHB 
0 7 9 

±0-08 
0 87 

±OOB 
O66 

± 0 - 0 4 
0-66 

±OOS 
0 6 5 

±0 -03 
0 6 5 

±0-10 
N.M. N.M. N.M. 

0-66 
± 0 0 4 

EGG POOR 

0-54 
± 0 - 0 8 

f , POOR 

0-36 
± 0 0 3 

0-60 
± 0 0 2 

O66 
± 0 0 2 

BAD 
0-67 

± 0 0 3 
N.M. 

O 6 2 
± 0 0 5 

0-63 
± 0 0 3 

EHR 
0-84 

± 0 0 3 
0-63 

± 0 0 5 

0-65 
± 0 - 2 

POOR 

1-25 
±0-2 

0-5 4 
± 0 0 9 

0-6 
± 0 - 2 

N.M. 
0-72 

±o-1 N.M. 
0-63 

± O O S 

EHA 
0-64 

± 0 - 0 2 
0-6 

±o-i 
0 4 

±0-1 
2-4 

± O S 
0-46 

±0-15 
0-6 

± 0 1 
N.M. BAD ~ 0 - 6 5 

0-6 4 
± 0 0 2 

E T 

BAD BAD N. M. 0-62 
± 0 0 4 

BAD BAD N.M. N.M. N.M. 0-62 
± 0 0 4 

s G 
N.M. S x l O - 1 5 8xlO" 1 7 2xlO~ 1 8 SxlO" 1 9 S x l O " 1 9 N.M. N.M. N.M. to" 1 8 

BAD BAD N.M. 5XIO" 1 7 BAD BAD N.M. N.M. N.M. S x l O " 1 7 



TABLE 11.3 fc*3«v> 

Crystal S2 S 3 S 3 V S 5 V S 6 V SI P 2 R 2 Rl S 4 V S 6 V S5 S 4 VI Ave. 

Conds. a . l . a . l . a.l . a.l. , a.l. a. l . a . l . a . l . a . l . a . l . a. l . a . l . a.l . a . l . 

T* 270 2 7 0 280 2 9 0 3 O O 3 0 0 3 3 0 330 3 4 0 3 7 0 3 7 0 2 70 260 3 2 0 2 90 

E B 

0-41 
too l 

0 5 3 
±OOI 

0-4S 
± 0 02 

ok> 
±0 ' 6 i 

0-52 
iO -O I 

N.M. N.M. 0 5 6 
i 0 0 2 

0 6 5 
± 0 0 5 

0-6I 
to-01 

0-67 
t 0 0 3 

0-4 7 
± 0 0 1 

0 4 9 
±0-OI 

N.M. O S S 
± 0 1 0 

EG »\»0-86 
0-83 0 4 2 

± 0 0 6 ± 0 0 8 
N.M. 0-82 

± 0 0 3 
0-93 

± 0 - 0 3 
N.M. 0'7 O 

± 0 - 2 0 
O 82 

1 0 0 6 
0-72 

± 0 0 4 
0-8I 

± 0 0 2 
O86 

±0 -04 
0-95 

to-10 
0-78 

± 0 - 0 2 
*\»0-42 0-82 

±0-03 

E L 

•vO-74 
0 2 6 0-40 

fcO-06 f O O S 
POOR 

N.M. 0-75 
±OIO 

0-84 
± 0 0 4 

N.M. N.M. 0-82 
tO-10 

0-80 
tO-07 

0-79 
±0 -04 

0-83 
t 0 0 2 

0-7S 
1 0 0 2 

0-64 
± 0 - 0 4 

<\»0-76 
(VO-44 

0-83 
± 0 O 3 

EFK 
0 2 5 0-40 

±o-oi ± 0 0 9 
POOR 

N.M. 
0<76 

iO - 12 
POOR 

OBO 
± 0 0 9 

N.M. BAD 0-79 
± 0 0 3 

0-78 
± 0 0 7 

0-82 
to-OS 

0 84 
t 0 0 8 

0-70 
± O I 5 

0-57 
t O - 0 4 

BAD 0-8 0 
± 0 0 4 

EHB N.M. 
nt 0 . 8 5 
nt 0-4 5 N.M. ± 0 0 3 

0-94 
± 0 0 4 N.M. O-B 

±0-2 
O88 

± 0 0 6 N.M. 
0-86 

t o 03 
0-92 

1 0 0 8 
I I 

±0 - l 5 
0-87 

10-06 
fV»0-37 0-86 

± 0 0 3 

E G G 

0-4 5 
i 0 0 4 

0-42 
± 0 - 0 2 

<0 0 4 2 
0-7S 

tO- 10 
POOR 

0-83 O 4 0 
i O - 0 4 ± O O I 

N.M. N.M. 0-88 
4 0 0 7 

0-45 
i 0 0 4 

1 06 
iO-OB 

~ 0 9 
POOR 

0-39 
i 0-03 

0-41 
± O-OI 

<uO-40 O S S 
tO-04 

^HR N.M. 0-49 
i O O S 

0-8 
± O I 

0-56 
to-10 

O- 77 
± 0 0 2 

fN.M. O 43 
±0 IO 

N.M. N.M. 
1-2 

± 0 - 2 
POOR 

0 9 
± 0 - 3 

O 76 
to- IS 

0-7 
±o-i 

<W 0-47 0-78 
t 0 0 3 

EHA N.M. BAD 0-78 
±OIO 

O 44 0-82 
t 0 0 2 tO O 3 

SEE V1 

0 - 3 2 
± 0 - 2 0 

POOR 
N.M. 0-53 

± 0 1 S 
N.M. N.M. IO 5 

iO-15 
0-64. 

t 0 - 0 3 

O S O 
1 0 - 2 5 

POOR 

l-O 
±0 -2 

JOINT 
GRAPH 

WITH S5V 

0 - 8 0 
j tOOS 

<vO-8 
0-45 

t O- 04 N.M. 
0 79 

± 0 0 3 
0-83 

± 0 0 4 
0-8 1 

± 0 0 3 
0-78" 

to 03 N.M. N.M. 
l'03 

± 0 0 8 

0 9 
± O I 
POOR 

N.M. 
0 40 

i O - 0 4 N.M. 
0-81 

1 0 0 3 

S G 3xlO~" io-'° N.M. 10-'3 IO" 1 3 N.M. IO" 1 3 io- ' 4 to' ' 6 JO" ' 6 lo-' 6 2xlO~' 2 io- ' 2 N.M. IO-' 4 

N.M. 3XIO - 2 ' ( 0 45) N.M. 2xlO~ 1 7 sxicr 1 5 
2xl0~ 1 2- IO-'7 N.M. N.M. N.M. N.M. N.M. N.M. N.M. io - ' 5 



(O O 5 eV) (O-UeV) T A B L E II. 1 (0-25 < 

Crystal S3 P2 SI Ave. V 1 S 4 V S 3 Ave. Rl S 3 R2 S 2 P 3 s 1 PI Ave. 

Condit ions a.d. a.d. a.d. ad. a.d. a.d. a.d. a.d. a.d. a.d. 

Methods of 
Calculation 

T* I 20 I60 175 ISO ISO 190 2 3 0 190 2SO 270 3 0 0 3 0 0 3IO 3IO 2 9 0 295 

Bube E B 
0 2 I 

± 0 0 2 N.M. 0-20 
± O OI 

0.20 
± 0.01 

6-25 
±001 

0-37 
±O.OI 

0 3 5 
± 0 0 2 

0-32 
±OOS 

0-49 
± O O I 

O S 3 
± O O I 

O S O 
± O O I N.M. N.M. 

O S 4 
± O O I N.M. 

0 S 2 
± 0 0 2 

Grossweiner EG 
<\>OI 
POOR 

0-048 
± 0 0 0 2 

N.M. O O 48 
± 0 0 0 2 

0 2 8 
± 0 0 4 

0-15 
±001 

OI3 
POOR 

O-IS 
±OOI 

0-27 
± 0 0 2 

0-83 0-4 2 
± 0 0 6 ± 0 0 8 

0-25 
±0-25 

N.M. 
(vO-29 
a.O-43 

N.M. N.M. 
0-26 

t o o i 

Lushchik E L 

0 0 4 8 
± 0 0 0 9 

OOS5 
l O O O S N.M. 

O O 5 2 
± 0 0 0 3 

016 
± 0 0 2 

0-I3 
± O O 1 BAD 

OI4 
±OOI 

0 2 S 
± O O I 

0-2 6 0-40 
± 0 0 6 ± 0 0 8 

POOR 

0-27 
± 0 0 6 N.M. ^ 0 2 8 N.M. N.M. 

0-25 
± 0 0 1 

Franks & 
Keating ER< BAD OOS4 

± 0 0 0 6 
N.M. O O 54 

± 0 0 0 6 
BAD 

O I 3 
± 0 0 7 
POOR 

BAD 0-13 
± 0 0 7 

0-23 
± 0 0 4 

0-2S 0-40 
± 0 0 1 ± 0 0 9 

POOR 

0-2S 
± O O I 

N.M. MO-29 N.M. N.M. 0-2S 
±OOI 

Hal per fn 
& Braner BAD BAD N.M. BAD BAD BAD BAD BAD BAD 

OSS 0 4 5 
±010 ±0-10 BAD N.M. N.M. N.M. N.M. BAD 

Garlick 
& Gibson EGG BAD BAD N.M. BAD 

O I8 
± 0 0 2 

O I 4 OO68 
±OOI ±OOOI BAD 

OI5 
± 0 0 2 

0 2 0 
± 0 0 5 

0 4 2 
± 0 0 2 

0-2 4 
± 0 0 2 N.M. 

0 2 4 
± 0 0 2 N.M. 

0-2 2 
± 0 0 2 

0 -2 3 
± 0 0 1 

Heating 
Rate Method EHR N.M. 

0 0 5 4 
± 0 0 0 6 N.M. 

0-054 
± 0 0 0 6 

0 / 3 
± 0 02 

OI3 
± 0 0 2 N.M.\ 

0 1 3 
±OOI N.M. 

0-49 
±OOS N.M. N.M. N.M N.M. N.M. N.M. 

Haering 
AAdams EHA N.M. 

0 0 5 4 
0 0 0 6 

N.M. 
OOS4 
O O 0 6 

0-I3 
0 0 4 

0-2 5 
0 0 3 

N.M. 
OI3 
O 0 4 

N.M. BAD N.M. N.M. NM N.M. NM N.M. 

Decay 
Measurements E T 

0-070 
± 0 0 0 3 N.M. 

OOS2 
± 0 0 0 3 

0 0 5 2 
± 0 0 0 3 N.M. N.M. N.M. N.M. N.M. 

0 2 4 
± 0 0 4 N.M 

0 2 2 
± 0 0 4 N.M. 

0-2S 
± 0 0 S N.M. 

0-24 
± 0 0 3 

Grossweiner S G 
N.M. I O ~ 2 5 N.M. . a " 2 2 - 2 2 3xlO " N.M. 1 0 - 2 2 2 l a " 2 4 N.M. i o - 2 4 N.M. 1 0 - 2 3 N.M. N.M. t o " 2 4 

Decay 
Measurements 

-22 
SxlO 
(OO?) 

N.M. i o - 2 4 I O " 2 4 N.M. MM. N.M. N.M. N.M. 10- 2 3 N.M. 2 x 1 0 - 2 4 N.M. 4 x i c r 2 4 N.M. 1 0 - 2 4 

Crysta l Notation 
s Rods grown by sublimation in a stream of argon. 
p Plates grown by sublimation In a stream of argon. 
R Rods grown by reaction of the elements in a stream of argon. 
V Grown in a low temperature gradient in a vacuum. 
V Crystals treated by heating t o - 6 0 0 ' C in a vacuum. 

Crystal Conditions 
a.l. 
a.d. 

After strong Illumination at room temperature. 

After heating in the dark to about 370 'C. 
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9 T C IO 

FIGURE 12*2 

THERMALLY STIMULATED CURRENTS 

F O R DIFFERENT ILLUMINATIONS 
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FIGURE 12.1 

THERMALLY STIMULATED CURRENTS 

AND PHOTOCHEMirAl F PFPnc 



TABLE 14.1 
REPORTED 

BY 
METHOD OF 
MEASUREMENT 

E 
eV COMPARISON OF VALUES OF TRAP ENERGY DEPTHS 

PRESENT 
WORK 

TH.STIMLD. I 
PHOTO. DECAY 

E 0-051 O I 4 0-2 5 0-4I 0-6 3 0-8 3 PRESENT 
WORK 

TH.STIMLD. I 
PHOTO. DECAY T x ISO'K I90'K 295'K 3 0 0 K 3 30*K 290'K 

WOODS & 
WRIGHT BUBE E 0-24 0 3 2 0-38 O S O 0-59 WOODS & 
WRIGHT BUBE 

T x 

I20'K I70*K 220'K 270'K 320*K 

BUBE & 
BARTON 

BUBE E 0-20 0-2 S 0 4 1 0 - 4 4 0-5I O S 8 0-63 BUBE & 
BARTON 

BUBE 
T* lOO'K I35*K I80*K 220*K 270*K 30S'K 3SO*K 

NIEKISCH ALTERNATING 
LIGHT E O I 2 0-22 0-31 0 4 -

0-4S 
0 5 5 -
0-6S 

0 - 7 -
0 8 

BROPHY4 
ROBINSON NOISE E 0-36 0-43 0-6 

SOKOl!-
SKARYA 

SPACE CHARGE 
LIMITED I 

E 0 0 9 0-12 0-2 2 0-66 

BROSER 
ET AL 

TH.STIMLTD. I 
PHOTO. DECAY 

E 0<3 4 0-43-
0-48 

B R O S E R TH.STMLD. I E 0-22 0-3I 

BUBE & 
MACDONALD PHOTOHALL E 0-35 0-46 0-54 

FRANKS* 
KEATING 

FRANKS & 
KEATING 

E OOS3 

DRIVER & 
WRIGHT 

PRIMARY TH. 
STIMLTD. X 

E 0-4I 

MARLOR 
&WOODS 

SPACE CHARGE 
LIMITED 1 

E 0-61 

TANAKA& 
TANAKA 

E 0-4 

CLAYTON 
ET AL. 

GROSSWEINER E 0 0 9 O I 3 

SMITH SPACE CHARGE 
LIMITED I 

E 0-8 

fROFlMENKO 
ET AL. 

PHOTO. DECAY 
ACTIVATION E 

E 0 0 4 S 0 2 3 -
0-3 OS 

UNGER PHOTO/GLOW E 0-26, 0-32 0-4I 0-58 

LAPPE . E 0-4 
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ACTIVATION ENERGY PLOT FOR 

THE PRODUCTION OF DONORS 
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GARLICK AND GIBSON PLOTS 
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FIGURE 11.4 

THE THERMAL CLEANING OF PEAKS 
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(~ MAXIMUM SEPARATION) 



lOOVolts 

S5 

VI 

O l 
350 

IO 

R2 

IOO Volts 
uA 

OO 2 0 0 O.I 

FIGURE .11.1 
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FIGURE I O.I 

T H E R M A L L Y STIMULATED 
CURRENT CURVE 
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T H E APPARATUS FOR OPTICAL 
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THE CRYOSTAT 
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CRYSTAL GROWTH IN VACUO 
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FIGURE 8-2 

CRYSTAL GROWTH IN ARGON 
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CRYSTAL GROWTH BY REACTION IN 
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PHOTOCONDUCTIVE DECAY CURVE 
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SCHON PLOTS 
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FIGURE 6 2 

A COMPARISON OF THERMALLY STIMULATED 

CURRENT PEAKS PRODUCED UNDER 

MONOMOLECULAR AND BIMOLECULAR 

KINETICS (same E ,S and £ ) 
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THE E F F E C T O F IMPURITIES ON THE 

CONDUCTIVITIES OF CADMIUM SULPHIDE 
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FIGURE 2 8 
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THE INTERPRETATION O F T H E 

PHOTOHALL E F F E C T 
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FIGURE 2-2 

THE ABSORPTION OF RADIATION IN 
AN INTRINSIC SEMICONDUCTOR 
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TYPICAL ENERGY BANDS 
FOR A MANY-VALLEY SEMICONDUCTOR 
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ENERGY BANDS 
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TA >BLE 11.2 ( > 4 I « 

C r y s t a l S 4 S 5 S2 S 3 P 2 S 3 V S 5 
V 

VI P3 P2 R 1 S 6 y Ave. 

Conditions a.l. a.l. a.l. a.l. a.l. a.l . a . l . a.l . a.l . a.l . a.l. 

T * 2 6 0 2 7 0 2 7 0 2 7 0 2 8 0 2 8 0 2 9 0 3 2 0 3 2 0 3 3 0 3 4 0 3 7 0 3 0 0 3 O O 

E B 

0 -49 
±OOI 

0 -49 
±0-01 

0 4 I 
± O O I 

0-S3 
± O O I 

N.M. 0 -45 
± 0 - 0 2 

o s o 
± 0 0 1 

0 -49 
± O O I 

N.M. N.M. 
0 -65 

±OOS 
N.M. N.M. 

0 - 47 
± 0 0 7 

E G 

0-78 
± 0 0 2 

0 9 5 
±0-10 

<uO-86 0 8 3 0 -42 
± 0 0 6 ± 0 0 8 

0 -46 

±0 - 04 
N.M. 0-82 

± 0 0 3 

0 -42 

± 0 0 3 

OS8 

± 0 - 0 4 

0 - 7 0 

iO-2 0 
0-7 2 

± 0 0 4 
N.M. 0-93 

± 0 0 3 

0 - 4 2 
± 0 0 3 

E L 

064 
± 0 0 4 

0-75 
± 0 - 0 2 

"»0 74 
0 -26 0 - 4 0 

± 0 0 6 ± 0 0 8 
POOR 

0 -41 
± 0 0 2 

N.M. 0 -75 
± o-10 

0-76 
± 0 - 4 4 

0 -48 
± 0 - 0 3 

^ 0 - 2 8 
POOR 

0 - 8 0 
± 0 - 0 7 

N.M. 0 - 8 4 
± 0 0 4 

0-4 4 
± 0 0 3 

E F K 
0-5 7 

± 0 0 4 
0 -70 

± 0 0 2 
* 0 - 6 8 

0-2S 0 -40 
± O O l ± 0 0 9 

POOR 

0-37 

± 0 0 3 
N.M. 

0-76 
± 0 - 1 0 
POOR 

BAD 
A,0-45 

POOR 
BAD 

0 7 8 

± 0 0 7 
N.M. 

0 - 8 0 

± 0 - 0 9 

0-4 1 

± 0 0 8 

E H B 
0-87 

± 0 0 6 
0 -70 

± O I 5 
N.M. 

(V .O -8S 

AJO -45 

0 - 44 
± 0 0 5 

N.M. 
0 -84 

± 0 0 3 

0-37 
± 0 0 5 

POOR 
N.M. 

0 -80 
± 0 - 2 0 

N.M. N.M. 
0 9 4 

± 0 - 0 4 
0 -44 

± 0 - 0 5 

E G G 
0 -4 I 

± O O I 
0-39 

± 0 0 3 
0-4 5 

± 0 - 0 4 
0 - 4 2 

± 0 0 2 

0 -2 I 
± 0 0 2 

POOR 
0-4 2 

0-75 
±0-10 

POOR 

0 3 9 
± O O l 

0 -46 
± 0 0 2 

N.M. 0-4 5 
± 0 0 4 

0-48 
± 0 0 2 

0 8 3 0 - 4 0 
± 0 0 4 ± O O I 

0 -4 I 
±0 -01 

EHR 
0 7 

±o-i 
0-76 

± O I 5 
N.M. 0 - 4 9 

± 0 0 5 
O-S 

±0 - 2 
0-8 

±0-1 
O S 

«! ±o-i 
0-47 

± 0 0 6 
N.M. 

0-4 
± O I 

N.M. N.M. 
0-8 

± 0 2 

0-4 7 
± 0 0 7 

EHA 
I O 

±0 -2 
POOR. 

0 4 5 
± 0 2 5 

POOR 
N.M. BAD 0-6 

i O ' 2 
0 7 8 

± 0 ; 0 9 
OS 2 0-44 

± 0 0 3 ± 0 0 2 

JOINT 
GRAPHS 
WITH S6V 

N.M. 0-53 
± O l 5 

N.M. N.M. 
0 -3 

£ 0 - 2 
POOR 

0 -44 
± O O l 

E T 

0 4 0 
± 0 - 0 4 

N.M. 0 4 5 
± 0 0 4 

0 4 1 
± 0 0 2 

N.M. 
0 8 0 0-48 

± 0 05 ± 0 0 5 
N.M. N.M. 0-78 

± 0 0 3 
N.M. N.M. 

0 -44 
± 0 - 0 3 

0-4 2 
± 0 0 2 
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