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ABSTRACT 

This  t h e s i s  d e s c r i b e s  some p r o p e r t i e s  of t h e  luminescence 

from s i n g l e  c r y s t a l s  and evapora ted  t h i n  f i l m s  of CdS under o p t i c a l  

and e l e c t r o n  beam e x c i t a t i o n .  

A comparison.of  o p t i c a l  and e l e c t r o n  beam e x c i t a t i o n  mechan- 

i s m s ,  as a p p l i e d  t o  t h e  s tudy  of luminescence from s o l i d s ,  i s  made. 

It i s  concluded t h a t  t h e  v a r i a b l e  p e n e t r a t i o n  dep th  of h igh  energy 

e l e c t r o n s  wi th  a c c e l e r a t i n g  v o l t a g e  can be r e a d i l y  used t o  

d i s t i n g u i s h  between s u r f a c e  and bu lk  e f f e c t s ,  and t h a t  e l e c t r o n  

beam e x c i t a t i o n  can be used t o  advantage when t h e  e f f i c i e n c y  of a  

r a d i a t i v e  p roces s  i s  low and h igh  e x c i t a t i o n  i n t e n s i t y  i s  r e q u i r e d .  

The main advantage of o p t i c a l  e x c i t a t i o n  i s  i n  t h e  v e r t i c a l  e x c i t a -  

t i o n  of e l e c t r o n s  from lower t o  h i g h e r  energy l e v e l s  which a r i s e s  

from t h e  n e g l i g i b l e  momentum of t h e  i n c i d e n t  photons.  

O p t i c a l  e x c i t a t i o n  s p e c t r a  of v a r i o u s  bound e x c i t o n  emiss ion 

l i n e s  i n  s i n g l e  c r y s t a l s  of C d s  a r e  p r e s e n t e d .  It i s  shown t h a t  t h e  

complex r e s p o n s i b l e  f o r  t h e  s o - c a l l e d  I1 emiss ion,  due t o  t h e  

a n n i h i l a t i o n  of an e x c i t o n  bound t o  a n e u t r a l  a c c e p t o r ,  i s  c r ea t ed  

by t h e  d i r e c t  fo rmat ion  of bound e x c i t o n s  on t h e  impur i t y  s i t e  and 

by t h e  fo rmat ion  of f r e e  o r  i n t r i n s i c  e x c i t o n s  which a r e  subse- 

q u e n t l y  t r apped  on t h e  impur i t y .  

The complexes r e s p o n s i b l e  f o r  t h e  so -ca l l ed  I* and I emiss ion 5 
a r e  a l s o  c r e a t e d  by t h e  fo rmat ion  of i n t r i n s i c  e x c i t o n s  bu t  more 



impor t an t ly  t hey  a r e  c r e a t e d  by d i r e c t  phonon a s s i s t e d  format ion 

of e x c i t o n s  bound t o  n e u t r a l  and ion i zed  i m p u r i t i e s .  It i s  con- 

cluded t h a t  t h e  impur i t y  involved i s  a  donor .  

E l e c t r o n  beam e x c i t e d  luminescence from evaporated t h i n  f i l m s  

of CdS i s  ob t a ined .  The t r a n s i t i o n s  g i v i n g  r i s e  t o  t h i s  lumines-  

cence a r e  i d e n t i f i e d  as r e s u l t i n g  from t h e  recombinat ion of f r e e  

e l e c t r o n s  w i th  bound h o l e s  (free-bound emiss ion)  and from t h e  

recombinat ion of bound e l e c t r o n s  w i t h  bound h o l e s  (bound-bound 

emiss ion)  w i t h  t h e  s imul taneous  emiss ion of n LO phonons (n  = 0,  

1, 2 ,  . . . ) .  

It i s  shown t h a t  i f  t h e  f i l m s  a r e  coated wi th  a  2000A t h i c k  

l a y e r  of SiOx, caus ing  t h e  CdS energy bands t o  be ben t  down a t  t h e  

SiOx - CdS i n t e r f a c e ,  t h e  peak p o s i t i o n  of t h e  free-bound emiss ion 

i s  s h i f t e d  toward h i g h e r  e n e r g i e s  when t h e  i n c i d e n t  e l e c t r o n s  have 

a smal l  p e n e t r a t i o n  dep th  (low e n e r g y ) .  This  i s  shown t o  r e s u l t  

from an accumulation l a y e r  of e l e c t r o n s  a t  t h e  SiOx - CdS i n t e r -  

f a c e .  
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1. INTRODUCTION 

1.1 S i n a l e  C r y s t a l s  of CdS 

The o p t i c a l  p r o p e r t i e s  of s i n g l e  c r y s t a l s  of CdS have been 

under i n v e s t i g a t i o n  f o r  some t ime and much d e t a i l e d  unders tand ing  

of t n e  abso rp t ion ,  r e f l e c t i o n  and luminescence s p e c t r a  of t h i s  

m a t e r i a l  h a s  now been gained,  p a r t i c u l a r l y  as a r e s u l t  of t h e  

work of Thomas and Hopf ie ld .  (1-8) These p r o p e r t i e s  have been t h e  

s u b j e c t  of a  two p a r t  review a r t i c l e .  ( 9 3  1 0 )  

The s p e c t r a  of CdS f a l l  i n t o  two b a s i c  c a t e g o r i e s :  

( a )  broad band luminescence s p e c t r a  which have been Shown t o  

r e s u l t  from t h e  recombinat ion of an e l e c t r o n ,  e i t h e r  f r e e  

o r  bound t o  a donor,  wi tn  a  ho l e  bound t o  an accep to r  w i t h  

t h e  s imul taneous  emiss ion of one o r  more ( k  = 0 )  LO pho- 

nons ( 1 3  10-13) and 

narrow band s p e c t r a  which r e s u l t  from t h e  abso rp t ion  

(emission) of a photon and t h e  s imul taneous  c r e a t i o n  

( a n n i h i l a t i o n )  of an e x c i t o n  which i s  f r e e  o r  i s  bound t o  

a  n e u t r a l  o r  i o n i z e d  impur i t y .  (?' 7-10) S ince  t h e  absorp- 

t i o n ,  r e f l e c t i o n  and luminescence peaks corresponding t o  

t h e  c r e a t i o n  and recombinat ion of t h e  f r e e  e x c i t o n s  a r e  

an i n t r i n s i c  p r o p e r t y  of t h e  m a t e r i a l  t h e y  a r e  o f t e n  

r e f e r r e d  t o  a s  i n t r i n s i c  e x c i t o n s .  The e x c i t o n s  bound t o  

i m p u r i t i e s  a r e  observed a t  e n e r g i e s  lower t han  t h e  



i n t r i n s i c  e x c i t o n s ,  and a r e  o f t e n  r e f e r r e d  t o  a s  e x t r i n s i c  

e x c i t o n s .  

Each of t h e  t h r e e  above mentioned t echn iques  ( abso rp t ion ,  

r e f l e c t i o n  and luminescence s p e c t r a )  i s  very  u s e f u l  i n  documenting 

t h e  o p t i c a l  p r o p e r t i e s  of a  m a t e r i a l  b u t  of t h e s e ,  on ly  lumi- 

nescence s t u d i e s  have r evea l ed  i n t e r a c t i o n s  between e lementary  

e x c i t a t i o n s  (phonons i n  t h i s  i n s t a n c e )  and t h e  complex 

r e s p o n s i b l e  f o r  t h e  luminescence.  One s t i l l  does n o t  know 

e x a c t l y  what happens t o  an e x c i t o n  f o r  i n s t a n c e  once i t  i s  

c r e a t e d .  I n  t h i s  r ega rd  two f u r t h e r  exper imenta l  t e chn iques  

a r e  u s e f u l :  ( a )  pho toconduc t iv i ty  s p e c t r a  and ( b )  e x c i t a t i o n  

s p e c t r a  of p a r t i c u l a r  emiss ion l i n e s .  Photoconduc t iv i ty  s p e c t r a  

a l low one t o  observe how f r e e  e l e c t r o n s  ( o r  h o l e s )  a r e  c r e a t e d  as 

a  r e s u l t  of t h e  a b s o r p t i o n  of photons of a  p a r t i c u l a r  energy.  

For example, t h e  photoconduc t iv i ty  of some CdS c r y s t a l s  shows a  

maximum when t h e  energy of t h e  i n c i d e n t  photons i s  equa l  t o  t h e  

f r e e  e x c i t o n  energy and a minimum when t h e  energy of t h e  i n c i -  

den t  photons i s  g r e a t e r  t han  t h e  i n t r i n s i c  e x c i t o n  by an i n t e g r a l  

m u l t i p l e  of t h e  LO phonon energy .  (14,  15) Haering and B a t r a  (16) 

have proposed t h a t  t h i s  i s  t h e  r e s u l t  of t h e  abso rp t ion  coef-  

f i c i e n t  due t o  e x c i t o n  format ion having a  maximum whenever t h e  

energy of t h e  i n c i d e n t  photon i s  equa l  t o  t h e  e x c i t o n  energy p l u s  

n  LO phonons (n  = 0 ,  1, 2,  . . . ) .  P h y s i c a l l y  t h i s  corresponds  

t o  say ing  t h a t  t h e  f r e e  e x c i t o n  i s  c r e a t e d  d i r e c t l y  by t h e  



a b s o r p t i o n  of one photon and t h e  s imul taneous  emiss ion of one o r  

more LO phonons. E x c i t a t i o n  s p e c t r a  on t h e  o t h e r  hand, where 

one moni tors  t h e  luminescent  i n t e n s i t y  of a p a r t i c u l a r  emiss ion 

l i n e  a s  a  f u n c t i o n  of t h e  energy of t h e  i n c i d e n t  l i g h t ,  a l low 

one t o  observe how a  p a r t i c u l a r  luminescent  complex i s  c r e a t e d .  

1 . 2  Evaporated Films of CdS 

The o p t i c a l  p r o p e r t i e s  of evaporated t h i n  f i l m s  of CdS 

have been h a r d l y  s t u d i e d  a t  a l l .  (17-22) The on ly  known s t u d i e s  

of t h e  luminescence and r e f l e c t i o n  s p e c t r a  of evapora ted  CdS 

f i l m s  a r e  t hose  of Shalimova and co-workers (19-21) whose f i l m s  

e x h i b i t  s p e c t r a  more c h a r a c t e r i s t i c  of s i n g l e  c r y s t a l  m a t e r i a l ,  

a l though  t h i s  was n o t  t h e  i n t e r p r e t a t i o n  t hey  gave t o  t h e i r  

r e s u l t s .  

Two l i k e l y  r ea sons  e x i s t  f o r  t h e  l a c k  of work on t h e  o p t i c a l  

p r o p e r t i e s  of evapora ted  CdS: 

good q u a l i t y  s i n g l e  c r y s t a l s  have been a v a i l a b l e  

f o r  some t ime where cons ide rab l e  s t r u c t u r e  i s  

seen and i s  o r  was i n  need of i n t e r p r e t a t i o n ,  and 

t h e  luminescence i n  evaporated f i l m s  of CdS i s  

ve ry  i n e f f i c i e n t  and r e q u i r e s  h igh  i n t e n s i t y  

sou rces  such as e l e c t r o n  beams f o r  e x c i t a t i o n .  



1 . 3  Scope of t h i s  Work 

This  t h e s i s  d e s c r i b e s  a s tudy  of some p r o p e r t i e s  of s e v e r a l  

complexes r e s p o n s i b l e  f o r  luminescence i n  s i n g l e  c r y s t a l  and 

evaporated f i l m s  of CdS. 

The advantages  and d i sadvantages  of o p t i c a l  and e l e c t r o n  

beam e x c i t a t i o n  a r e  d i s cus sed  and each technique  i s  used i n  t hose  

c i rcumstances  where i t  i s  of maximum e f f e c t i v e n e s s .  

O p t i c a l  e x c i t a t i o n  s p e c t r a  of e x t r i n s i c  e x c i t o n  emiss ion 

i n  s i n g l e  c r y s t a l  CdS a r e  ob ta ined  which show how t h e  exc i ton -  

impur i t y  complexes r e s p o n s i b l e  f o r  t h e  emiss ion a r e  c r e a t e d .  

A p r e l imina ry  r e p o r t  of t h i s  p a r t  of t h e  work has  been 

pub l i shed .  P 3  

E l e c t r o n  beam e x c i t e d  luminescence from evaporated f i l m s  of 

p o l y c r y s t a l l i n e  CdS i s  ob ta ined  and t h e  t r a n s i t i o n s  g i v i n g  r i s e  

t o  t h e  luminescence a r e  i d e n t i f i e d .  Advantage i s  taken  of t h e  

v a r i a t i o n  i n  p e n e t r a t i o n  dep th  of t h e  i n c i d e n t  e l e c t r o n s  w i t h  

beam v o l t a g e  t o  d i s t i n g u i s h  s u r f a c e  from bulk  e f f e c t s .  The 

e f f e c t  of s u r f a c e  t r ea tmen t  on t h e  luminescence i s  shown t ,o 

c o r r e l a t e ,  a t  l e a s t  q u a l i t a t i v e l y ,  wi th  t h e  e f f e c t  of s u r f a c e  

t r ea tmen t  on e l e c t r i c a l  c o n d u c t i v i t y .  P4) 



2 .  REVIEW 

2 . 1  I n t r o d u c t i o n  

OF THE OPTICAL PROPERTIES OF CdS 

This  chap te r  

Emphasis i s  g iven 

reviews some of t h e  o p t i c a l  p r o p e r t i e s  of CdS. 

t o  t hose  p r o p e r t i e s  which a f f e c t  t h e  lumin- 

escence seen i n  CdS a t  low tempera tures .  The o p t i c a l  p r o p e r t i e s  

of s i n g l e  c r y s t a l  and p o l y c r y s t a l l i n e  evaporated CdS a r e  d i s c u s -  

sed and compared. 

2 .2  S ing l e  C r y s t a l s  

The emiss ion spectrum of s i n g l e  c r y s t a l  CdS a t  low tempera- 

t u r e s  u s u a l l y  c o n s i s t s  of two over lapp ing  s e r i e s  of broad 

emiss ion bands i n  t h e  wavelength i n t e r v a l  5100-5600~  and, a t  

h ighe r  e x c i t a t i o n  l e v e l s ,  a  number of narrow emiss ion l i n e s  i n  

t h e  wavelength i n t e r v a l  4850-5000~  (F igu re s  2 . 1  and 2 . 2 ) .  I n  

a d d i t i o n  a number of sharp  and o f t e n  s t r o n g  abso rp t ion  and 

r e f l e c t i o n  peaks occur i n  t h e  wavelength i n t e r v a l  4700-4900~.  (3,643) 

2 . 2 . 1  Broad Band Emission 

The broad emiss ion bands i n  CdS were f i r s t  observed by 
.. 

Kroger (25)  i n  c r y s t a l s  sub j ec t ed  t o  u l t r a v i o l e t  r a d i a t i o n  a t  93OK. 

Since t h i s  f i r s t  obse rva t ion ,  d e t a i l e d  s t u d i e s  have been made on 

t h e s e  emiss ion bands a t  t empera tures  down t o  4 . 2 " ~ .  (26-30) A t  

t h e  h ighe r  t empera tures  an emiss ion l i n e  a t  5130A i s  observed 
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Figure ".1 Typical CdS emission cpectrum at 77•‹K. 



F r  2 .  T y p i c a l  CdS emiss ion  spectrum a t  he l ium 
t ~ m p c r t t t u r e  ( t a k e n  under  e l ec t ron-beam 
c x c i t n t i : ) n ) .  



which i s  r epea t ed  a t  e q u a l  energy i n t e r v a l s  on t h e  low energy 

s i d e  of t h e  main peak, t h e  energy spac ing  be ing  equa l  t o  t h e  LO 

phonon energy .  I f  t h e  t empera ture  i s  lowered t o  4 " ~  t h e r e  i s  

an apparen t  s h i f t  i n  t h e  peaks t o  lower energy,  t h e  main peak 

now appear ing  a t  5175A. P e d r o t t i  and Reynolds (29) s t u d i e d  t h e  

s p e c t r a l  p o s i t i o n  and i n t e n s i t y  of  t h e  emiss ion a s  t h e  tempera- 

t u r e  i s  changed from 4 " ~  t o  77•‹K and f i n d  t h a t  t h e  peak a t  

5130A which i s  dominant a t  77•‹K g r a d u a l l y  d imin i shes  i n  i n t e n s i t y  

a s  t h e  t empera ture  i s  lowered whi le  t h e  peak a t  5175A g r a d u a l l y  

grows (F igu re  2 . 3 ) .  These o b s e r v a t i o n s  t end  t o  confirm an 

exp lana t ion  o f f e r e d  by Thomas and Hopfie ld  ( 3 )  i n  which i t  i s  

assumed t h a t  a  bound s t a t e  of an e l e c t r o n  e x i s t s  from which 

recombinat ion wi th  a bound ho l e  can t a k e  p l a c e .  A t  77•‹K t h e  

recombinat ion caus ing  t h e  emiss ion t a k e s  p lace  between an 

unbound o r  f r e e  e l e c t r o n  and a bound ho l e  whi le  a t  4 " ~  bo th  

t h e  e l e c t r o n  and ho l e  a r e  bound. An energy model f o r  t h i s  

recombinat ion i s  Shown i n  F igu re  2 . 4 .  A t  4 " ~  t h e  donor i s  

s u f f i c i e n t l y  popula ted so  that  t h e  dominant recombinat ion i s  

between bound e l e c t r o n s  and bound h o l e s  (bound-to-bound e m i s s i o n ) .  

A s  t h e  t empera ture  of t h e  sample i s  i n c r e a s e d  t h e  donor becomes 

t he rma l ly  depopulated and recombinat ion t a k e s  p l ace  between an 

e l e c t r o n  i n  t h e  conduct ion band and a  bound h o l e  ( f ree- to-bound 

e m i s s i o n ) .  

F u r t h e r  suppor t  t o  t h i s  model ha s  been given by t h e  

t h e o r e t i c a l  a n a l y s i s  by Thomas e t  a1 (l) of t h e  s p e c t r a l  l i n e  
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' Figure 2.3 Luminescence spectrum of CdS as a function 
of temperature. Zero phonon peaks only 
are shown. (After Pedrotti and Reynolds (30)) 
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Figure 2.4 Energy band model for free-bound and bound- 
bound emission. 



shape and i n t e n s i t y  of t h e  bound-bound emiss ion a s  a  f u n c t i o n  of 

time a f t e r  f l a s h  e x c i t a t i o n  and t h e  exper imenta l  conf i rmat ion  of 

t h e  t h e o r y  by Thomas e t  a 1  (11) and ~ o l b o w .  ( l 3 )  

2 . 2 . 1  Narrow Line S p e c t r a  - Exci tons  

A t  low tempera tures  a number of sha rp  and o f t e n  s t r o n g  l i n e s  

appear i n  t h e  a b s o r p t i o n ,  r e f l e c t i o n  and emiss ion s p e c t r a  of 

CdS a t  e n e r g i e s  j u s t  below t h e  fundamental  a b s o r p t i o n  

edge.  (31 4i  6 - 8 y  31) A summary of t h e s e  l i n e s  i s  g iven i n  Table 

2 . 1 .  

I n  t h e  a b s o r p t i o n  and r e f l e c t i o n  s p e c t r a  a t  4 • ‹ K  t h e  observed 

l i n e s  a t  wavelengths l e s s  t han  4 8 6 0 ~  a r e  s t r o n g  and a r e  an 

i n t r i n s i c  p r o p e r t y  of t h e  c r y s t a l s .  They a r e  t h e r e f o r e  a t t r i b u t e d  

t o  e x c i t o n  s t a t e s ,  and a r e  r e f e r r e d  t o  a s  i n t r i n s i c  e x c i t o n s .  A t  

77•‹K s i m i l a r l y  shaped bu t  l e s s  w e l l  r e so lved  a b s o r p t i o n  and 

r e f l e c t i o n  s p e c t r a  appear ,  b u t  s h i f t e d  s l i g h t l y  t o  lower e n e r g i e s ,  

corresponding t o  a d i l a t i o n  of t h e  energy gap. The r e f l e c t i o n  

spectrum of CdS a t  4 • ‹ K  showing t h e  peaks due t o  i n t r i n s i c  e x c i t o n s  

i s  shown i n  F igu re  2 . 5 .  The peaks l a b e l l e d  A ,  B and C correspond 

t o  d i r e c t  al lowed e x c i t o n s .  The evidence f o r  t h e  d i r e c t  n a t u r e  

~f t h e s e  t r a n s i t i o n s  comes from a b s o r p t i o n  s p e c t r a  a t  e n e r g i e s  

below t h e  r e f l e c t i o n  peaks where good agreement baetween expe r i -  

mental  and t h e o r e t i c a l  de t e rmina t ion  of t h e  a b s o r p t i o n  c o e f f i c i e n t  

i s  ob ta ined  i f  a  p roces s  i s  p o s t u l a t e d  i n  which e x c i t o n s  a r e  



Line P o s i t i o n  Act ive  For 

- 

I n t r i n s i c  Exc i tons  

A ( n = l )  4854.5 2.5537 E l c  

A (n=2 ) 4812. 9 2.5758 E.LC 

B ( n = l )  4826.1 2.5686 E L C  and ~ ( l c  

B (n=2 ) 4784. 9  2.5908 E L C  and ~ ( l c  

C 2 .616 E ~ c a n d E l / c  

Bound Exc i tons  

I1 
4888.5 

I ~ B  
4863.7 

I ~ B  ' 4860.8 

I 2  e g  4867.15 
(Many l i n e s )  

Ground 
S t a t  e 

2.5359 E l c  Neu t r a l  Acceptor 

E l c  Neutral  Acceptor 
'5489} and (Trapped e x c i t o n  from 

2.5504 E llc band B)  

2.5471 E L C  Neu t r a l  Donor 

2.5626 E L C  Neu t r a l  Donor 
and (Trapped  e x c i t o n  from 

I I C  band B )  

2.5499 E L C  Ion ized  Donor 

Table 2 . 1  A summary of t h e  e x c i t o n  l i n e s  i n  CdS. 



2.60 2.56 2.52 
PHOTON ENERGY (eV) 

2.60 2.56 2.52 
PHOTON ENERGY (eV) 

Fi{:ure 2.5 R e f l e c t i o n  sp~ctrum of  CdS a t  l1.2~1; f o r  
light p o l a r i z e d  w i t h  (a) E and ( b )  E\ lcx .  
(After 'Thomas a n d  iiopf i e l d  13) . ) 



formed wi th  t h e  s imul taneous  a b s o r p t i o n  of an LO phonon, both  

p a r t i c l e s  hav ing  a  small wave v e c t o r .  The e x i s t e n c e  of t h r e e  

peaks i s  due t o  t h e  c r y s t a l  f i e l d  and s p i n  o r b i t  s p l i t t t n g  of 

t h e  va lence  band, which i s  a  consequence of t h e  hexagonal  c r y s t a l  

s t r u c t u r e  of CdS. The p o l a r i z a t i o n  dependence of t h e  peaks 

corresponds  t o  t h e  symmetry ass ignments  of t h e  va lence  bands ( 2 ,  6, 

(F igure  2 . 6 ) .  The l a b e l l i n g  of t h e  i n t r i n s i c  e x c i t o n s  a s  A,  B 

ana C e x c i t o n s  i n d i c a t e s  t h e  va lence  band from which t h e  dominant 

p a r t  of t h e  ho l e  wavefunction i s  d e r i v e d .  The peaks l a b e l l e d  

A' and B r  correspond t o  t h e  n  = 2 e x c i t e d  s t a t e s  of e x c i t o n s  

A and B.  

If a  hydrogenic  model f o r  t h e s e  e x c i t o n s  i s  assumed, t h e  

i o n i z a t i o n  energy of t h e  e x c i t o n s  and hence t h e  energy gaps f o r  

t h e  two upper most va lence  bands can be a c c u r a t e l y  deduced from 

t h e  d i f f e r e n c e  i n  energy between t h e  n  = 1 ground s t a t e  and n  = 2  

e x c i t e d  s t a t e  of t h e  A and B e x c i t o n s .  Although no e x c i t e d  

s t a t e s  of t h e  C e x c i t o n s  have been seen,  an e s t i m a t e  of t h e  

depth  of t h e  C va lence  band below t h e  o t h e r  bands can s t i l l  be 

made on t h e  b a s i s  of t h e  s e p a r a t i o n  between t h e  r e f l e c t i v i t y  

peaks.  

I n  a d d i t i o n  t o  t h e s e  i n t r i n s i c  e x c i t o n s  a v a r i e t y  of sharp  

l i n e s  a r e  seen i n  a b s o r p t i o n  and f l uo re scence ,  b u t  a t  e n e r g i e s  

s l i g h t l y  lower t han  t h e  i n t r i n s i c  e x c i t o n s .  (83 31) Many of 

t h e s e  l i n e s  a r e  due t o  t r a n s i t i o n s  i n v o l v i n g  bound e x c i t o n s  i n  



Figurc  L I . 6  Sketch of t h e  band extrema i n  CdS. The 
va lpncc  b m d  i s  s t r o n g l y  a c t i v e  only  f o r  
l i g h t  wi th  E l c ;  t h e  r 7  valence  bands 
i n t e r a c s t  s t r o n g l y  wi th  bo th  modes of p o l a r i z -  
a t i o n s .  



which an e x c i t o n  bound t o  a  n e u t r a l  o r  i o n i z e d  donor o r  accep to r  

i s  c r ea t ed  o r  de s t royed .  

Nearly a l l  c r y s t a l s  show a l i n e  a t  4 8 8 8 . 5 ~  a t  & O K  which h a s  

been l a b e l l e d  I1 (8)  (F igu re  2 . 2 ) .  I n  emiss ion t h i s  l i n e  i s  

r e p l i c a t e d  a t  lower e n e r g i e s  w i t h  t h e  spac ing  between l i n e s  equa l  

t o  t h e  LO phonon energy.  Nearer t h e  i n t r i n s i c  A e x c i t o n  i s  a 

group of ve ry  c l o s e l y  spaced l i n e s  l a b e l l e d  I2 which a r e  seen i n  

abso rp t ion  and f l u o r e s c e n c e  a t  4867-4870~ (8)  (F igu re  2 . 2 ) .  Both 

I1 and I2 a r e  s t r o n g l y  a c t i v e  on ly  f o r  t h e  e l e c t r i c  v e c t o r  of 

t h e  l i g h t  normal t o  t h e  c r y s t a l  c - ax i s  ( E l c )  and t h e  h o l e  

a s s o c i a t e d  wi th  t h e s e  e x c i t o n s  must t h e r e f o r e  be from t h e  A 

valence band.  

If' I1 and I2 a r e  s t u d i e d  i n  a b s o r p t i o n  and emission under 

t h e  i n f l u e n c e  of a  s t r o n g  magnetic f i e l d  (7 ,  8, 31) i t  i s  found 

t h a t  each l i n e  s p l i t s  i n t o  a  q u a r t e t ,  t h e  s p l i t t i n g  be ing  a  l i n e a r  

f u n c t i o n  of magnetic f i e l d .  S ince  t h e  s p l i t t i n g  i s  l i n e a r  t h e  

ground and e x c i t e d  s t a t e s  of I1 and I2 have on ly  one unpaired 

sp in  and t h e  c e n t e r s  t h e r e f o r e  a r i s e  from e x c i t o n s  a s s o c i a t e d  

w i t h  n e u t r a l  donors o r  a c c e p t o r s  ( t h e  two e l e c t r o n s  on a n e u t r a l  

donor and t h e  two h o l e s  on a  n e u t r a l  a ccep to r  w i l l  have t h e i r  

s p i n s  a n t i p a r a l l e l ) .  S ince  t h e  e l e c t r o n  g  va lue  i s  i s o t r o p i c  

and t h e  ho l e  g  va lue  has  t h e  form ( 7 )  
= g l l  

Cos 0 where 0 i s  t h e  

angle  between t h e  magnet ic  f i e l d  and t h e  c r y s t a l  c - ax i s ,  one can 

i d e n t i f y  t h e  impur i t y  from t h e  i n t e n s i t y  of t h e  d i f f e r e n t  s p l i t  

components when seen i n  a b s o r p t i o n .  It i s  concluded t h a t  II i s  



a s s o c i a t e d  w i t h  a  n e u t r a l  a ccep to r  and I2 w i t h  a  n e u t r a l  

donor.  ( 7 9  8) 

In a d d i t i o n  t o  I1 and 12, which a r e  a c t i v e  f o r  ELC t h e r e  a r e  

two broader  a b s o r p t i o n  l i n e s ,  a c t i v e  i n  bo th  p o l a r i z a t i o n  modes 

( E L C  and E llc) which a r e  spaced from e x c i t o n  B by n e a r l y  t h e  same 

energy a s  I1 and I2 a r e  spaced from e x c i t o n  A .  It i s  t h e r e f o r e  

concluded t h a t  t h e s e  l i n e s  a r i s e  from t h e  same i m p u r i t i e s  a s  I 1 

and Ig b u t  from e x c i t o n  B r a t h e r  t han  e x c i t o n  A .  Consequently 

t h e s e  broad l i n e s  a r e  c a l l e d  IlBI and 12B. Thomas and Hopfie ld  (8) 

suggest  t h a t  t h e  width  of t h e  IlBI and l i n e s  i s  due t o  

l i f e t i m e  broadening r e s u l t i n g  from t h e  s h o r t  l i f e t i m e  of t h e  

ho l e  which i s  conver ted t o  an A h o l e  w i th  t h e  s imul taneous  

emiss ion of a  phonon. This  h o l e  convers ion mechanism w i l l  be 

invoked i n  Chapter 4 as a  p o s s i b l e  exp lana t ion  of some of t h e  

p o l a r i z a t i o n  e f f e c t s  r e p o r t e d  t h e r e .  Another narrow abso rp t ion  

l i n e  a c t i v e  f o r  bo th  p o l a r i z a t i o n  modes i s  seen a t  an energy 

only  s l i g h t l y  d i f f e r e n t  from IIBt ( 1 . 5  meV below) which i s  

l a b e l l e d  IIB. This  l i n e  t o o  i s  t h e  I1 e x c i t o n  wi th  t h e  hole  

from t h e  B va lence  band and d i f f e r s  from IIBt i n  t h a t  t h e  two 

h o l e s  i n  t h e  IIBt complex have t h e i r  angula r  momenta p a r a l l e l ,  

and p a r a l l e l  t o  t h e  c r y s t a l  c - ax i s ,  whi le  i n  t h e  IIB complex 

t h e i r  angula r  momenta a r e  a n t i - p a r a l l e l .  (8) 

F i n a l l y ,  a  l i n e  I i s  observed on ly  i n  a b s o r p t i o n  i n  3 
I I c r y s t a l s  of s u i t a b l e  t h i c k n e s s  and q u a l i t y " .  (8) This  l i n e  can 



be seen convenien t ly  when a minimum of band-gap r a d i a t i o n  i s  

used and i t  can be enhanced by i l l u m i n a t i n g  t h e  c r y s t a l  wi th  

i n f r a - r e d  r a d i a t i o n .  The magnetic f i e l d  behaviour  of I sugges t s  
3 

t h a t  i t  a r i s e s  from an ion ized  c e n t e r .  This  conclusion i s  

hardened by t h e  f a c t  t h a t  abso rp t ion  due t o  I can be enhanced 3 
while I1 and I2 a r e  diminished,  i f  t h e  c r y s t a l  i s  s imul taneously  

i r r a d i a t e d  by i n f r a - r e d  l i g h t .  The i n f r a - r e d  r a d i a t i o n  se rves  

t o  i o n i z e  n e u t r a l  impur i ty  s i t e s .  S ince  t h e  b ind ing  energy of 

t he  I, e x c i t o n  i s  on ly  3.8 meV (3.8  meV below t h e  i n t r i n s i c  A 
J 

e x c i t o n )  i t  i s  concluded tha t  I i s  bound t o  an ion i zed  donor.  3 
(8) 

If I2 were an e x c i t o n  bound t o  an ion i zed  accep to r  i t  i s  t o  be 

expected t h a t  t h e  b ind ing  energy would be l a r g e r  s i n c e  the  

accep tor  b ind ing  energy i s  170 meV while  t h e  donor b ind ing  

energy i s  30 meV, as i n  1 1 - V I  compounds t h e  b ind ing  energy of 

an exc i ton  t o  a donor ( a c c e p t o r )  i s  p r o p o r t i o n a l  t o  t h e  donor 

( a c c e p t o r )  b ind ing  energy.  (61) The e x c i t o n  b ind ing  energy i s  

0 .1 -0 .2  t imes  t h e  impur i ty  i o n i z a t i o n  energy.  

The most commonly seen exc i ton  f luo re scence  l i n e s  a r e  t h e  I1 

and I2 l i n e s .  Reynolds (31) has  seen another  s t r o n g  emission and 
0 

abso rp t ion  l i n e  I a t  4 8 6 9 . 1 4 ~  which, on t h e  b a s i s  of t h e  5 
i n t e n s i t y  of t h e  s p l i t  components i n  a magnetic f i e l d ,  i s  

a t t r i b u t e d  t o  an e x c i t o n  bound t o  a n e u t r a l  accep to r ,  even though 

t h e  s p l i t t i n g  as a f u n c t i o n  of t h e  angle  between t h e  magnetic 

f i e l d  and c r y s t a l l i n e  c - ax i s  i s  t h e  same as f o r  12. Some 

v a r i a t i o n  i n  t h e  r e l a t i v e  i n t e n s i t i e s  of t h e  magnetic f i e l d  s p l i t  



components of I was however observed from c r y s t a l  t o  c r y s t a l  and 
5 

t h e  assignment of I must be regarded a s  t e n t a t i v e .  
5 

2 . 3  CdS Evaporated Films 

I n  s t a r k  c ~ i l t r a s t  t o  s i n g l e  c r y s t a l s  of CdS very  l i t t l e  work 

has  been performed on t h e  luminescence from t h i n  CdS f i l m s .  

Nearly a l l  t h e  work on CdS f i l m s  h a s  been concen t r a t ed  on 

producing f i l m s  s u i t a b l e  f o r  pho to -vo l t a i c  (32 ) o r  photo-conductive 

o r  f o r  f i e l d - e f f e c t  t r a n s i s t o r s ,  (34) a l t hough  some 

r e p o r t s  e x i s t  of luminescence i n  s i n t e r e d  CdS phosphors.  (35) m e  

phosphors have u s u a l l y  had some impur i t y  added i n  o rde r  t o  

produce luminescence a t  e n e r g i e s  cons ide rab ly  below t h e  band gap 

energy.  Most work on phosphors h a s ,  however, been concen t ra ted  

on ZnS whose band gap i s  cons ide rab ly  l a r g e r  t han  t h a t  of CdS 

and where e f f i c i e n t  v i s i b l e  luminescence can be ob ta ined  a t  room 

tempera ture .  The l i g h t  seen from room tempera ture  CdS phosphors 

i s  u s u a l l y  i n  t h e  r ed  r e g i o n .  

The meager i n fo rma t ion  a v a i l a b l e  on evapora ted  o r  sublimed 

f i l m s  of CdS sugges t s  (19-21) t h a t  i f  t h e  s u b s t r a t e  temperature  

du r ing  evapora t i on  i s  l e s s  t han  300•‹C on ly  a simple and weak 

luminescence spectrum of t h e  form shown i n  F igu re  2 . 7  can be 

ob ta ined  a t  7 7 • ‹ K .  A s  t h e  t empera ture  of t h e  s u b s t r a t e  i s  r a i s e d  

toward 500•‹C t h e  luminescence spectrum a t  77•‹K assumes t h e  form 

shown i n  F igure  2 . 8 .  The peaks have a l l  been a t t r i b u t e d  t o  

e l e c t r o n i c  t r a n s i t i o n s  from d i f f e r e n t  e x c i t e d  s t a t e s  t o  t h e  ground 



4800  520 0 5600  
WAVELENGTH ( A )  

F u r  . ( Emission spectrum a t  /'/OK of a CdS f i l m  
d e p o s i t e d  on a coo l  s u b s t r a t e  ( A f t e r  Shalimova 
e t .  al.j19).) 
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Figure 2.8 Emission spectrum at 77•‹K of a CdS film 
deposited in vacuum at 500•‹C. (After Shalimova 
et. a1.(19).) 



s t a t e  of exces s  cadmium atoms. Atomic cadmium h a s  two va lence  

e l e c t r o n s  i n  t h e  5s s t a t e .  Thus t h e  ground s t a t e  of cadmium i s  

a  s i n g l e t  s t a t e  wi th  i n n e r  quantum number J = 0 ,  o r  i n  

spec t ro scop ic  n o t a t i o n  we have a s t a t e .  The e x c i t e d  s t a t e s  

which a r e  said t o  be o p e r a t i v e  a r e  t h e  t r i p l e t  P  s t a t e s  3 3 
2  P1 

3 3 and Po. The b lue  emiss ion  i s  supposed t o  r e s u l t  from a P2 - 1 
So 

t r a n s i t i o n  and t h e  g reen  emiss ion from 3 ~ 1  - 'so and 3  1 
- So 

t r a n s i t i o n s .  Spec t ro scop ic  s e l e c t i o n  r u l e s  however p r o h i b i t  a l l  

of t h e s e .  It i s  conce ivab le  however t h a t  t h e  s e l e c t i o n  r u l e s  

would be r e l a x e d  somewhat under t h e  i n f l u e n c e  of c r y s t a l l i n e  

f i e l d s .  However, a cco rd ing  t o  t h e  energydiagram of t h e  cadmium 

atom a l l  t h e  above atomic t r a n s i t i o n s  would, assuming t h e y  can 

t ake  p l ace ,  emit  i n  t h e  wavelength i n t e r v a l  3100-3300A, whereas 

t h e  a c t u a l  l i n e s  occur  i n  t h e  i n t e r v a l  4800-5500~.  Furthermore,  

when i m p u r i t i e s  a r e  i n t roduced  i n t o  a  semiconductor t h e i r  energy 

s t a t e s  can o f t e n  be t r e a t e d  as hydrogen- l ike  s t a t e s  w i t h i n  t h e  

framework of t h e  e f f e c t i v e  mass approximat ion.  (36) F i n a l l y  t h e  

green luminescence tha t  i s  seen co inc ides  w i th  t h e  free-bound 

emission and t h e  b l u e  luminescence occurs  i n  t h e  r eg ion  where f r e e  

and bound e x c i t o n s  a r e  seen i n  s i n g l e  c r y s t a l  CdS. ( 9 9  lo) s i n c e  

i t  i s  known t h a t  h e a t  t r e a t m e n t s  cause r e c r y s t a l l i z a t i o n  of 

evaporated CdS, (37)  i t  would appear as if t h e  s p e c t r a  observed 

a r e  c h a r a c t e r i s t i c  of bu lk  CdS and n o t  of atomic C d .  



2 . 4  Conclusions 

The emiss ion,  abso rp t ion  and r e f l e c t i o n  s p e c t r a  of s i n g l e  

c r y s t a l  CdS have been w e l l  documented and can be understood i n  

terms of t r a n s i t i o n s  i nvo lv ing  f r e e  and bound e l e c t r o n s  w i t h  

bound h o l e s  (broad band luminescence) and i n  terms of i n t r i n s i c  

and bound e x c i t o n s  (narrow l i n e  s p e c t r a ) .  The s p e c t r a  of 

evaporated o r  sublimed f i l m s  of CdS a r e  poor ly  documented and 

s t u d i e d ,  and have i n  one i n s t a n c e  been bad ly  m i s i n t e r p r e t e d .  



3. COMPARISON OF OPTICAL AND 
ELECTRON BEAM E X C I T A T I O N  METHODS I N  THE STUDY OF 

OPTICAL PROPERTIES OF SEMICONDUCTORS 

3.1 I n t r o d u c t i o n  

T h i s  chap t e r  w i l l  review some t h e o r e t i c a l  a s p e c t s  of 

o p t i c a l  abso rp t ion  and e l e c t r o n  beam s topp ing  i n  s o l i d  semi- 

conductors  and d i s c u s s  t h e  advantagesand d i s advan tages  of each 

method i n  t h e  s tudy  of t h e  luminescence and o t h e r  o p t i c a l  

p r o p e r t i e s  of semiconductors .  

3 .2  O p t i c a l  E x c i t a t i o n  (38, 39) 

The i n t e r a c t i o n  of a system of N charged p a r t i c l e s  wi th  

e l ec t romagne t i c  r a d i a t i o n  can be desc r ibed  by t h e  Hamiltonian 

3 

where CQ and A a r e  t h e  s c a l a r  and v e c t o r  p o t e n t i a l s  of t h e  app l i ed  

f i e l d ,  mi and qi a r e  t h e  mass and charge of t h e  i t h  p a r t i c l e  and 
* 3 

(pi  - q .  A/c) i s  i t s  con juga le  momentum. Vo i s  t h e  p o t e n t i a l  
1 

energy of t h e  system i n  t h e  absence of e x t e r n a l  f i e l d s .  

Choosing t h e  gauge cp = 0 and assuming t h e  e x t e r n a l  f i e l d  i s  

s u f f i c i e n t l y  smal l  t h a t  t h e  problem may be t r e a t e d  i n  pe r tu rba -  

t i o n  t heo ry ,  we have 



Let t h e  e x t e r n a l  f i e l d  be t r a n s v e r s e  and of t h e  form 

+ -+ + 4  

A = A exp ( i k - r  - i c u t )  
0 

++ + -+ 
and s i n c e  f o r  our gauge A*pi = pi*A t h e n  

I f  t h e  wave f u n c t i o n  q on which H a c t s  i s  expanded i n  

s t a t i o n a r y  e i g e n f u n c t i o n s  u k ( r )  of t h e  unper turbed Hamiltonian 

ll0 w i t h  t ime dependent c o e f f i c i e n t s , t h e n  i f  t h e  system were 

i n i t i a l l y  i n  s t a t e  1 j> t h e  p r o b a b i l i t y  of f i n d i n g  i t  a t  some 

l a t e r  time t i n  a  h i g h e r  s t a t e  lm> i s  

N 2  1 
2  S in  (.%j - u) t  e  

mc *+) Too 1 j > l  w = 4 l a n l  - e x p  ( i k - r  ( 3 . 2 0 7 )  
m j i=l 

[ h(-% - u)12 



w h e r e w  - m j  - Em - E .  i s  t h e  energy d i f f e r e n c e  between t h e  upper 
J  

and lower s t a t e s  and we have l e t  qi/mi = -e/m. 

If p(E)dE i s  t h e  number of s t a t e s  f o r  wnich Em - E .  l i e s  
3 

between and ygu + dE then  an i n t e g r a t i o n  of ( 3 . 2 . 7 )  over  t h e s e  

s t a t e s  g i v e s  a t r a n s i t i o n  r a t e  f o r  upward t r a n s i t i o n s  

-+ -+-+ 
N 

2ne2 -+ 2 exp ( i k a r ) .  2  
' o =  2  2  2 1 A 0 1  1"Iao ; i l~> l  P ( E )  ( 3 . 2 . 8 )  

m c h  i=l 

-+ 
where a. i s  a p o l a r i z a t i o n  v e c t o r .  

S ince  t h e  t r a n s i t i o n  p r o b a b i l i t y  w = w .  
~ m '  

t h e  n e t  r a t e  of 
m j  

induced t r a n s i t i o n s  from s t a t e  ) j> t o  s t a t e  Im> i s  

where f ( E i )  i s  t h e  p r o b a b i l i t y  of t h e  s t a t e  l i >  be ing  occupied.  

The a b s o r p t i o n  c o e f f i c i e n t  a i s  t h e  power absorbed per  u n i t  

volume d iv ided  by t h e  i n c i d e n t  f l u x .  The magnitude of t h e  

i n c i d e n t  f l u x  i s  



n  i s  t h e  index  of r e f r a c t i o n  and p t h e  r e l a t i v e  pe rmeab i l i t y  of 

t h e  medium. The a b s o r p t i o n  c o e f f i c i e n t  t hen  becomes 

If we can use  a  one e l e c t r o n  approximation we can d e s c r i b e  

t h e  t r a n s i t i o n  a s  a change i n  t h e  s t a t e  of a s i n g l e  e l e c t r o n ,  and 

i f  t h e  t o t a l  wavefunction can be t aken  a s  a de te rminan t  of one 

e l e c t r o n  wavefunct ions  t hen  

-., 4 4  
M = <ml a exp ( i k s r )  . p l j >  

0 

where (m> and I j >  a r e  now one e l e c t r o n  s t a t e s ,  and s i n c e  we a r e  

i n t e r e s t e d  i n  what happens i n  a  s o l i d  t h e  one e l e c t r o n  s t a t e s  i n  

our case  w i l l  have t h e  Bloch form 

-+ -., 
l j >  = u - ( r )  exp ( i k . .  r )  

J J 



M van i shes  u n l e s s  km = k .  + k and s i n c e  f o r  o p t i c a l  r a d i a t i o n  
J 

k  << ki and km we w i l l  have only  d i r e c t  v e r t i c a l  t r a n s i t i o n s  on 

an E - k  diagram. 

The i n t e n s i t y  of t h e  r a d i a t i o n  as a  f u n c t i o n  of d i s t a n c e  

i n t o  t h e  m a t e r i a l  w i l l  be 

and t h e  d i f f e r e n t i a l  energy l o s s  f o r  l i g h t  i s  of t h e  form 

Thus t h e  d i s t i n g u i s h i n g  f e a t u r e s  of o p t i c a l  e x c i t a t i o n  a r e  

t h e  v e r t i c a l  t r a n s i t i o n s  i n  k-space and t h e  exponen t i a l  form of 

t h e  d i f f e r e n t i a l  energy l o s s .  The a b s o r p t i o n  c o e f f i c i e n t  i s  a 

f u n c t i o n  of t h e  energy of t h e  i n c i d e n t  photons,  w i t h  t h e  a c t u a l  

f u n c t i o n a l  dependence on t h e  energy r e q u i r i n g  d e t a i l e d  knowledge 

of t h e  band s t r u c t u r e  of t h e  m a t e r i a l .  However, i n  g e n e r a l  t h e  

abso rp t ion  c o e f f i c i e n t  i s  small (<  l o 3  em-') a t  e n e r g i e s  somewhat 

below t h e  energy of t h e  band gap and l a r g e  ( >  l o 5  ern-') f o r  

e n e r g i e s  above t h e  band gap.  



3 . 3  E l e c t r o n  Beam E x c i t a t i o n  

3 . 3 . 1  C a l c u l a t i o n  of dE/ds ,  t h e  Energy Loss Per 
Uni t  Dis tance  a long  t h e  E l e c t r o n  T r a j e c t o r y  

Consider an e l e c t r o n  which h a s  been s c a t t e r e d  o f f  a p o t e n t i a l  

~ ( r ) .  The unnormalized wavefunction of t h e  e l e c t r o n  a t  a  l a r g e  

d i s t a n c e  from t h e  s c a t t e r i n g  c e n t e r  i s  of t h e  form 

where t h e  s c a t t e r i n g  ampl i tude f ( 9 ,  q )  i s  

-.t 
and no i s  a  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of t h e  incoming e l e c t r o n .  

This  i s  t h e  e x a c t  asympto t ic  form f o r  f ( 8 ,  p ) .  Let u s  now 
--+ 3 4 -+ 

ikno.- r use  t h e  f i r s t  Born approximat ion and l e t  $I = e  i k o . r l  
= e  

i n  t h e  r i g h t  hand s i d e  of equa t ion  ( 3 . 3 . 2 ) .  f ( 8 ,  q )  t hen  becomes 

Consider f i r s t  t h e  ca se  where t h e  incoming e l e c t r o n  s c a t t e r s  

o f f  f r e e  atoms, l e a v i n g  t h e  atom behind i n  an e x c i t e d  s t a t e  n .  If 



we cons ide r  t h a t  t h e  e l e c t r o n  s c a t t e r s  o f f  t h e  Z atomic 

e l e c t r o n s  t hen  

where and 9 a r e  wavefunct ions  of t h e  atom i n  t h e  ground s t a t e  o  n  

o  and an e x c i t e d  s t a t e  n .  

Theref o r e  

-* * * * 3 
where Kn = kno - knnl, knnl = k ,  k  i s  t h e  magnitude of t h e  wave- n  

-* 

v e c t o r  of t h e  e l e c t r o n  a f t e r  e x c i t i n g  t h e  atom t o  s t a t e  n ,  and n, 

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

Now s i n c e  

t h e  s c a t t e r i n g  ampl i tude  f ( g ,  cp) becomes 



where 

h2 K 2  Now, i f  Q = - 2m i s  t h e  energy t r a n s f e r r e d  t o  t h e  atom, 

K k - k n  v - v f  
t hen  wi tn  t h e  r e s t r i c t i o n  E, , << 1 where v  and v f  

a r e  t h e  v e l o c i t i e s  of t h e  e l e c t r o n  be fo re  and a f t e r  c o l l i s i o n  

r e s p e c t i v e l y ,  we f i n d  ( s e e  F igure  3 .1 )  

Thus f (8 ,  @ )  f a l l s  o f f  ve ry  r a p i d l y  a s  8  i n c r e a s e s ,  so  t h a t  t h e  n  

major c o n t r i b u t i o n  t o  f n ( e ,  p )  comes from t h e  f i r s t  non-vanishing 



Figure 3 . 1  Momentum t r a n s f e r  diagram f o r  an i n e l a s t i c  
c o l l i s i o n .  



** 
terms i n  a  power s e r i e s  expansion of e  i Kn rs and we can w r i t e  

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

t h e  f n  a r e  s u b j e c t  t o  t h e  sum r u l e  

The d i f f e r e n t i a l  s c a t t e r i n g  c r o s s - s e c t i o n  f o r  s c a t t e r i n g  

i n t o  t h e  s o l i d  ang le  d R  = d (Cos 9 )  d q  i s  

and t h e  energy l o s s  r a t e  can t hen  be w r i t t e n  a s  



The sum i s  over t h e  number of atoms N capable  of a t r a n s i t i o n  t o  
n 

t h e  s t a t e  n .  S ince  0 ( 0 ,  rp) i s  peaked f o r  smal l  0  we may w r i t e  

d (Cos 9 )  - dQ where E = - h2 k2 2m i s  t h e  energy of t h e  incoming 

e l e c t r o n .  There fore  

and t h e  i n t e g r a l  over  Q i s  s u b j e c t  t o  l i m i t s  determined by t h e  

minimum and maximum energy t r a n s f e r  t o  t h e  atom From t h e  

2 (En - ~ ~ ) i  momentum t r a n s f e r  diagram we see  K + k2 e2 and 
h2 v2 

% i n .  occurs  f o r  0  = 0 and Qmin = (En - E o ) 2 / 4 ~ .  The maximum 

va lue  of Q i s  s imply  En - Eo i f  we n e g l e c t  t r a n s i t i o n s  t o  t h e  

continuum. Therefore ,  w r i t i n g  En f o r  En - Eo,  

where 



Equat ion (3 .3 .15 )  i s  u s u a l l y  r e f e r r e d  t o  as t h e  Bethe Law, 

and i n  i t s  above form i s  s t r i c t l y  v a l i d  on ly  f o r  n o n - r e l a t i v i s t i c  

p a r t i c l e s ,  which poses no problem i n  our  ca se ,  as we s h a l l  

always be performing exper iments  wi th  n o n - r e l a t i v i s t i c  e l e c t r o n s .  

Furthermore,  i n  d e r i v i n g  equa t ion  (3.3.15) i t  was assumed t h a t  

t h e  energy l e v e l s  involved were t hose  of i s o l a t e d  atoms. In  

s o l i d s  t h e  displacement  of an e l e c t r o n  from i t s  e q u i l i b r i u m  

p o s i t i o n  s e t s  up a p o l a r i z a t i o n  of t h e  sur rounding  medium which 

t ends  t o  oppose t h e  i n i t i a l  d i sp lacement .  (40)  This  t ends  t o  

change t h e  e f f e c t i v e  f requency  of t h e  e l e c t r o n  o s c i l l a t i o n s  about 

equ i l i b r ium due t o  atomic b ind ing  f o r c e s  f'rom m t o  u$ where n  
2  2 

% = m + m2 and m = JllnneP/rn i s  t h e  plasma f requency .  For n  P P  

n e a r l y  f r e e  e l e c t r o n s  i n  a s o l i d  un i s  very  small, m: up, and 

we have a  l o s s  mechanism which i s  c h a r a c t e r i s t i c  of  t h e  s o l i d ,  

bu t  which may be t r e a t e d  w i t h  a  formalism e s t a b l i s h e d  f o r  f r e e  

atoms. I n  f a c t  i n  some s o l i d s ,  n o t a b l y  t h e  me ta l s ,  energy l o s s  

v i a  plasmon format ion can be t h e  dominant l o s s  mechanism i . e .  i t  

has  t h e  l a r g e s t  o s c i l l a t o r  s t r e n g t h . ( 4 2 )  This  i s  ev iden t  from 

exper iments  on t h e  t r ansmis s ion  of k i l o v o l t  e l e c t r o n s  through 

t h i n  f o i l s  i n  which i t  i s  found t h a t  t h e  emerging e l e c t r o n  has 

l o s t  energy i n  amounts corresponding t o  t h e  plasma energy .  I n  

a d d i t i o n  t o  t h e  plasmon l o s s e s  t h e r e  appear  l o s s e s  which a r i s e  

from in t e rband  t r a n s i t i o n s  of t h e  e l e c t r o n s  i n  t h e  s o l i d .  (4% 43) 

These two l o s s  mechanisms provide  a  s o l i d  s t a t e  mod i f i ca t i on  t o  

t h e  va lue  of I, a mean e x c i t a t i o n  p o t e n t i a l ,  i n  equa t ion  (3 .3 .15) .  

L i t t l e  t h e o r y  i s  a v a i l a b l e  f o r  f i n d i n g  I and i t  i s  u s u a l l y  



determined from exper iments  on e l e c t r o n  s topp ing  powers, where t h e  

energy of a f a s t  p a r t i c l e  i s  determined a f t e r  i t  h a s  passed 

through succes s ive  t h i c k n e s s e s  of m a t e r i a l .  I n  g e n e r a l ,  a t  

l e a s t  f o r  l a r g e  Z m a t e r i a l s ,  I / Z  w 10-15 e  . v . ,  w i t h  t h e  lower 

va lue  f o r  h igh  Z ;  (44) however, d ~ / d s  i s  n o t  p a r t i c u l a r l y  s e n s i -  

t i v e  t o  t h e  va lue  of I. 

The v a l i d i t y  of t h e  Bethe Law, equa t ion  (3.3.15) h a s  been 

shown i n  exper iments  on t h e  range of f a s t  e l e c t r o n s  i n  s o l i d s .  (45-47) 

The Bethe range i s  de f ined  by 

This  i s  t h e  t o t a l  d i s t a n c e  an e l e c t r o n  t r a v e l s  i n s i d e  t h e  m a t e r i a l  

i n  coming t o  r e s t .  What i s  measured i n  most exper iments  i s  t h e  

energy of an incoming f a s t  e l e c t r o n  which i s  , jus t  s u f f i c i e n t  t o  

p e n e t r a t e  a  g iven t h i c k n e s s  of t h e  m a t e r i a l ,  and t h i s  t h i c k n e s s  

i s  t hen  c a l l e d  t h e  range of t h e  e l e c t r o n .  D i f f e r e n t  d e f i n i t i o n s  

of range e x i s t .  I n  F igu re  3 .2  i s  shown an abso rp t ion  curve f o r  

aluminum i n  which t h e  c u r r e n t  t r a n s m i t t e d  through t h e  m a t e r i a l  

i n t o  a  21-r geometry c o l l e c t i n g  system i s  measured f o r  a  g iven 

t h i c k n e s s  of m a t e r i a l  a s  a  f u n c t i o n  of t h e  energy of t h e  i n c i d e n t  

e l e c t r o n .  The energy marked Ec  i s  o f t e n  c a l l e d  t h e  " c r i t i c a l  

energy" ,  and i s  de f ined  by e x t r a p o l a t i n g  t h e  l i n e a r  p o r t i o n  of 

t h e  a b s o r p t i o n  curve .  The c r i t i c a l  energy corresponds  t o  t h e  so- 

!I c a l l e d  p r a c t i c a l  r ange" .  The energy Eth  i s  c a l l e d  t h e  " th resho ld  
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gure 3.2 Typical e l e c t r o n  absorpt ion curve f o r  an 
aluminum f i l m  of 17j~g/  th ickness  ( a f t e r  
Kanter and S te rng lass  ( gz) . ) 
Ec  = C r i t i c a l  energy; Eth = Threshold energy 

The correc ted  curve inc ludes  co r rec t ions  f o r  
the  e f f e c t  of secondary e l e c t r o n s  emitted from 
t h e  c o l l e c t o r .  



energy"  and corresponds  more c l o s e l y  t o  t h e  maximum range,  o r  

Bethe range,  of t h e  e l e c t r o n s  i n  t h e  m a t e r i a l ,  b u t  i s  n o t  as 

un ique ly  determined expe r imen ta l l y  a s  t h e  c r i t i c a l  energy.  

I f  exper iments  a r e  performed a t  ve ry  h i g h  e n e r g i e s  such t h a t  

t h e  pa th  t h e  i n c i d e n t  p a r t i c l e  fo l l ows  i s  n e a r l y  s t r a i g h t ,  except  

f o r  some s t r a g g l i n g  a t  t h e  very  end, t hen  one can be reasonably  

assured  t h a t  t h e  range one measures i s  c l o s e  t o  t h e  i n t e g r a t e d  

path  l e n g t h ,  o r  Bethe range .  This  h a s  been done f o r  a v a r i e t y  

of m a t e r i a l s  and t h e  Bethe Law v e r i f i e d ,  i n  t h a t  f o r  each 

m a t e r i a l ,  good agreement w i t h  experiment was ob ta ined  f o r  a  

p a r t i c u l a r  va lue  of I, t h e  mean e x c i t a t i o n  p o t e n t i a l .  (48) 

Ehrenberg and King(47) have shown t h a t  t h e  c a l c u l a t e d  i n t e g r a t e d  

pa th  l e n g t h ,  o r  Bethe range,  s c a l e s  w i th  t h e  measured range i n  a  

v a r i e t y  of m a t e r i a l s  i n  t h e  energy range 10-80 keV, s o  t h a t  t h e  

Bethe Law appears  t o  be v a l i d  down t o  t h e s e  low e n e r g i e s .  In  

f a c t  Young (49) h a s  shown t h a t  i n  A 1  0  agreement i s  ob ta ined  down 
2 3 

t o  0 . 6  keV. Also i t  h a s  been shown t h a t  f o r  m a t e r i a l s  wi th  

Z > 25 t h e r e  e x i s t s  a  n e a r l y  cons t an t  r e l a t i o n  between t h e  two 

e n e r g i e s  E and Eth ,  such t h a t  Ec  = 1 . 4  E t h .  
C 

(46)  

So f a r  we have found how t h e  energy of t h e  e l e c t r o n  v a r i e s  

a long  t h e  path  i t  fo l l ows ;  t h e  observab le  q u a n t i t y  i n  an expe r i -  

ment and t h e  q u a n t i t y  of i n t e r e s t  i s  t h e  energy l o s s  of t h e  

e l e c t r o n  per  u n i t  d i s t a n c e  i n t o  t h e  m a t e r i a l ,  i . e .  we have found 

d E / d s  bu t  we want d ~ / d x ,  where x  i s  normal t o  t h e  s u r f a c e  of a  

c r y s t a l  and i s  a l s o  t h e  d i r e c t i o n  of i nc idence  of our f a s t  

e l e c t r o n s .  



3 . 3 . 2  S p e n c e r l s  Theory of E l e c t r o n  P e n e t r a t i o n  (44) 

The theo ry  which appears  t o  r e s t  on soundest  t h e o r e t i c a l  

founda t ion  i s  t h a t  of Spencer (44) who h a s  developed a method f o r  

f i n d i n g  t h e  moments of t h e  s p a t i a l  energy d i s t r i b u t i o n .  

S p e n c e r ' s  model i s  t h e  fo l l owing :  cons ide r  a monoenergetic 

e l e c t r o n  source  l o c a t e d  a t  t h e  p lane  x = 0 of an i n f i n i t e  medium. 

The source  e m i t s  e l e c t r o n s  i n  a d i r e c t i o n  normal t o  t h e  x = 0 

p lane .  A t r a n s p o r t  equa t ion  f o r  t h e  e l e c t r o n  f l u x  can t hen  be 

w r i t t e n  which t a k e s  i n t o  account both  e l a s t i c  and i n e l a s t i c  

s c a t t e r i n g .  This  t r a n s p o r t  equa t ion  can be t ransformed i n t o  a 

l i n k e d  system of e q u a t i o n s  i n  t h e  v a r i o u s  s p a t i a l  moments of t h e  

e l e c t r o n  d i s t r i b u t i o n ,  which can t hen  be so lved  numer i ca l l y .  It 

should be mentioned t h a t  t h e  moment equa t ions  i nvo lve  a s e t  of 

der ived  parameters  which depend on t h e  e l e c t r o n  s topp ing  power, 

e l e c t r o n  range,  and e l a s t i c  s c a t t e r i n g  c r o s s  s e c t i o n .  The 

d E  s t opp ing  power, i . e .  dE/ds, and t h e  e l e c t r o n  range (RB = 1 -) 
a r e  c a l c u l a t e d  from t h e  Bethe formula,  whi le  t h e  e l a s t i c  

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

s e c t i o n s  modif ied  t o  t a k e  s c r e e n i n g  by t h e  atomic e l e c t r o n s  i n t o  

account .  

Spencer h a s  performed t h e s e  c a l c u l a t i o n s  f o r  some m a t e r i a l s  

wi th  i n i t i a l  e n e r g i e s  down t o  25 kv, and t h e  r e s u l t s  a r e  g iven i n  

t a b u l a r  form i n  Reference 50 where methods f o r  i n t e r p o l a t i n g  

between d i f f e r e n t  a tomic  numbers of t h e  m a t e r i a l s  and between 



d i f f e r e n t  i n i t i a l  e n e r g i e s  a r e  g iven .  The agreement wi th  expe r i -  

ment i s  q u i t e  good where exper imenta l  data e x i s t s  ( s e e  Figure  

3 . 3 ) .  The d a t a  shown i n  F igure  3 .3  i s  taken  wi th  a geometry, 

approaching a s  n e a r l y  as p o s s i b l e  t h e  i n f i n i t e  geometry assumed 

i n  t h e  t heo ry .  The p o r t i o n  of t h e  curve f o r  x  < 0 i s  t h e  

backsca t t e r ed  f r a c t i o n  of t h e  i n c i d e n t  energy which i s  sma l l e r  i n  

Spence r ' s  i n f i n i t e  geometry than  i n  t h e  convent iona l  s e m i - i n f i n i t e  

geometry of our exper iments .  In  t h e  convent iona l  geometry those  

e l e c t r o n s  which a r e  backsca t t e r ed  l eave  t h e  m a t e r i a l  whi le  i n  

Spence r ' s  geometry they  may be s c a t t e r e d  aga in  bu t  i n t o  t h e  posi -  

t i v e  h a l f  of t h e  i n f i n i t e  medium where t h e y  can l o s e  energy.  

This t ends  t o  r a i s e  t h e  t o t a l  a r e a  under t h e  d ~ / d x  v s  x curve f o r  

x  > 0 .  

3 .3 .3  K l e i n ' s  Model of E l e c t r o n  P e n e t r a t i o n  (51) 

K l e i n f s  approach i s  t o  bypass t h e  e l e c t r o n  t r a n s p o r t  equa t ion  

and i t s  mathematical  complexity and seek an approximate phenomeno- 

l o g i c a l  model t h a t  y i e l d s  s a t i s f a c t o r y  agreement wi th  exper imental  

evidence.  

The exper imenta l  evidence on which t h e  model i s  based i s  t h e  

a a t a  of Ehrenberg and King(47) on the  p e n e t r a t i o n  of e l e c t r o n s  

i n t o  luminescent  m a t e r i a l .  From a s tudy  of t h e  g low-prof i le  i t  i s  

found t h a t  t h e  glows show approximately  s p h e r i c a l  shapes o r  

segments which move deeper  i n t o  t h e  m a t e r i a l  as t h e  energy of t h e  

i n c i d e n t  e l e c t r o n s  i n c r e a s e s  and t h a t  a long  any r a d i u s  vec to r  from 



Figure 3.3 Comparison of experimental  d a t a  i n  aluminum 
with energy d i s s i p a t i o n  d a t a  from Spencer(50) .  
Experimental poin ts  104 keV, curve theory 
100 keV. RE i s  the  Bethe range of the inc iden t  
e l e c t r o n s .  



t h e  c e n t e r  of t h e  glow t h e  i n t e n s i t y  v a r i e s  very  n e a r l y  i n  an 

exponen t i a l  f a s h i o n .  

The model then  i s  t o  assume t h a t  t he  e l e c t r o n s  t r a v e l  

s t r a i g h t  i n t o  t h e  m a t e r i a l  down t o  a c e r t a i n  d i s t a n c e  XD, without  

l o s s  of energy,  t h e  "depth of complete d i f f u s i o n " ,  from which 

they  move evenly  i n  a l l  d i r e c t i o n s  t o  cover an o v e r a l l  pa th  equa l  

t o  t h e  Bethe range RB, see  Figure  3.4.  The model g ives  a 

r e p r e s e n t a t i o n  of t h e  observed i s o t r o p i c  spread ing  of e l e c t r o n s  

and a u t o m a t i c a l l y  makes al lowance f o r  b a c k s c a t t e r i n g  because some 

of t h e  d i f f u s i n g  e l e c t r o n s  r e c r o s s  t h e  s u r f a c e  and cease p a r t i c i -  

p a t i n g  i n  t h e  e x c i t a t i o n  p roces s .  

If  t h e  energy d i s s i p a t i o n  d e n s i t y  i s  C exp (-p), then  t h e  

i n i t i a l  energy Eo of t h e  e l e c t r o n  i s  

5 4n C r2 exp (-p-) d r  

Therefore  
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Figure  3.4 Illustrating energy b a c k s c a t t e r e d .  



We shal l  j u s t i f y  t a k i n g  t h e  upper l i m i t  as , p r e s e n t l y .  

The energy b a c k s c a t t e r e d  i n t o  an annulus  of r a d i u s  r i s  

then 

and t h e  t o t a l  energy b a c k s c a t t e r e d  i s ,  aga in  t a k i n g  t h e  upper 

l i m i t  on t h e  r i n t e g r a t i o n  as CO, 

S 2 
d (Cos 8 )  21-rr exp (-p) 

The energy E absorbed up t o  a d i s t a n c e  X from t h e  s u r f a c e  i s  

E = E t  - AE where E t  i s  t h e  t o t a l  energy l o s t  by abso rp t ion  

and b a c k s c a t t e r i n g  

E t  = - Eo p3 j' cir S""-" '" ci (Cos 8 )  21-rr 2  exp (-p) 
8 rr 



Since d ~ / d X  peaks a t  X = XD, a measure of t h e  dep th  of complete 

d i f f u s i o n  can be ob ta ined  from S p e n c e r ' s  t a b u l a t i o n s .  (50) m i s  

g i v e s ,  f o r  Z r 10  

over t h e  whole range of n o n r e l a t i v i s t i c  e n e r g i e s .  

I n  terms of x = X / R ~  t h e  f r a c t i o n  of b a c k s c a t t e r e d  energy 

becomes 

whi le  t h e  d i f f e r e n t i a l  energy l o s s  i s  

Klein  h a s  p l o t t e d  t h e  b a c k s c a t t e r e d  energy f r a c t i o n  f o r  

d i f f e r e n t  v a l u e s  of pRB a g a i n s t  atomic number and compared h i s  



r e s u l t , s  wi th  exper iment ,  and g e t s  r ea sonab le  agreement wi th  

pRg = 11. We see now t h a t  we a r e  j u s t i f i e d  i n  l e t t i n g  ( R  - XD) B 

become i n f i n i t e  i n  our i n t e g r a t i o n s ,  i n  t h a t  XD << RB and 

exp - p  (RB - XD) = 0. A comparison of K l e i n t s  and Spencer Is 

t h e o r i e s  i s  shown i n  F igure  3.5. 

The f u n c t i o n  0 depends on pRB and xD, t h e  reduced dep th  of 

complete d i f f u s i o n ,  and de te rmines  t h e  shape of t h e  energy 

d i s s i p a t i o n  a long  t h e  d i r e c t i o n  of p e n e t r a t i o n  of primary 

e l e c t r o n s .  The problem of de te rmin ing  t h e  a c t u a l  energy d i s s i p a -  

t i o n  i n  a  r e a l  c r y s t a l  reduces  t o  a  de t e rmina t ion  of t h e  Bethe 

range,  which i s  done f o r  t h e  m a t e r i a l s  used i n  t h e s e  exper iments  

i n  Sec t ion  3 . 3 . 4 .  

In  many r e s p e c t s  i t  i s  r e a l l y  remarkable t h a t  such a  simple 

theory ,  w i t h  one a d j u s t a b l e  parameter  g i v e s  such good agreement 

w i t h  exper iment .  

The p h y s i c a l  o r i g i n s  of t h e  peaking of t h e  d i f f e r e n t i a l  

energy l o s s  a t  some d i s t a n c e  i n t o  t h e  m a t e r i a l  a r e  twofold - i n  

t h e  Bethe Law i t s e l f  and i n  t h e  change i n  d i r e c t i o n  of t h e  

i n c i d e n t  e l e c t r o n  as i t  moves i n t o  t h e  m a t e r i a l .  From t h e  Bethe 

Law (Equat ion 3 .3 .17 )  i t  i s  ea sy  t o  show t h a t  t h e r e  i s  a  maximum 

i n  t h e  d i f f e r e n t i a l  energy l o s s  a t  an energy E = e1/4, where e  i s  

t h e  base  of nape r i an  l o g a r i t h m s .  S ince  t h i s  energy i s  much 

sma l l e r  than  t h e  energy of t h e  i n c i d e n t  p a r t i c l e ,  t h e  primary 

e l e c t r o n  w i l l  have t o  t r a v e l  some d i s t a n c e  i n t o  t h e  m a t e r i a l  
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Figure  3 .5  Energy d i s s i p a t i o n  p a t t e r n  of 25, 50 and 100 
k i l o - v o l t  e l e c t r o n s  i n  GaAs ( a f t e r  ~ l e i n ( 5 1 )  - Klein,  ---- Andnrson(52) a f t e r  
Spencer .  



be fo re  t h e  d i s t a n c e  a t  which d ~ / d s  peaks i s  a t t a i n e d .  A:s an 

a s i d e ,  i t  should a l s o  be mentioned t h a t  dE/ds a t  t h e  s u r f a c e  of 

t h e  m a t e r i a l  i s  sma l l e r  f o r  l a r g e r  e n e r g i e s  - t h e  o r i g i n  of 

t h i s  i s  a l s o  i n  t h e  Bethe Law. The o t h e r  reason  f o r  t h e  peak 

i s  i n  t h e  change i n  d i r e c t i o n  t h e  i n c i d e n t  p a r t i c l e  undergoes, 

upon s u f f e r i n g  a c o l l i s i o n .  This  has t h e  e f f e c t  of dec reas ing  

t h e  component of t h e  mean f r e e  pa th  between c o l l i s i o n s  normal 

t o  t h e  s u r f a c e  and i n c r e a s i n g  dE/dz. This  occurs  p r i m a r i l y  near  

t h e  end of t h e  p a r t i c l e  pa th  when t h e  t o t a l  angu la r  d e v i a t i o n  of 

t h e  p a r t i c l e  pa th  from t h e  s u r f a c e  normal i s  g r e a t e s t .  

So f a r  we have seen how t h e  energy of t h e  h i g h  energy 

e l e c t r o n  i s  s p a t i a l l y  depos i t ed  i n  t h e  s o l i d .  This  energy goes 

i n t o  t h e  p roduc t ion  of plasmons, t h e  i o n i z a t i o n  of deeper  l y i n g  

atomic l e v e l s  and t h e  d i r e c t  product ion of e l e c t r o n - h o l e  p a i r s  

a s  w e l l  a s  phonons. Even tua l ly  t h e  plasmons w i l l  decay 

producing e l e c t r o n s ,  h o l e s  and phonons, s i m i l a r l y  f o r  t h e  h ighe r  

energy e x c i t a t i o n s .  The e l e c t r o n s  and h o l e s  can and w i l l  be 

produced almost  anywhere i n  k-space as t h e  momentum of t h e  

incoming e l e c t r o n  must be t aken  up somewhere. Unfo r tuna t e ly  

l i t t l e  can be said about  t h e  a c t u a l  energy d i s t r i b u t i o n  of t h e  

e l e c t r o n s  and h o l e s  produced by t h e  incoming e l e c t r o n  excep t  t h a t  

i n i t i a l l y  t hey  can have any energy c o n s i s t e n t  wi th  t h e  band 

s t r u c t u r e  of t h e  m a t e r i a l  and t h a t  t h e  e l e c t r o n s  and h o l e s  then 

decay s e p a r a t e l y  v i a  phonon emiss ion t o  s t a t e s  a t  conduction band 

minima and va lence  band maxima r e s p e c t i v e l y .  Th is  and t h e  



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

beam e x c i t a t i o n  which d i s t i n g u i s h  i t  from o p t i c a l  e x c i t a t i o n .  

3 . 3 . 4  Determinat ion of dE/clx f o r  CdS, SiOx and CaF2 

A s  mentioned i n  Sec t ion  3 .3 .3 ,  K l e i n ' s  t heo ry  f o r  determining 

t h e  d i f f e r e n t i a l  energy l o s s  can be used once t h e  Bethe range 

of t h e  h igh  vo l t age  e l e c t r o n s  i s  known. There a r e  two methods 

by which we may determine t h e  Bethe range:  ( a )  Spencer ' s  

t a b u l a t i o n s  (50) u s i n g  a p p r o p r i a t e  i n t e r p o l a t i o n s  between the  

m a t e r i a l s  f o r  which range-energy d a t a  i s  t a b u l a t e d ,  and ( b )  u s i n g  

Ehrenberg ' s  data (47) on t h e  luminescence p r o f i l e  i n  a  v a r i e t y  

of m a t e r i a l s .  We p r e f e r  t o  u se  Ehrenberg ' s  d a t a  because h i s  

e l e c t r o n  range i s  determined over a  range of e n e r g i e s  which i s  

much c l o s e r  t o  t h a t  used i n  our exper iments  and over a range of 

atomic numbers which b r a c k e t s  those  used i n  our experiments much 

more c l o s e l y .  Also, S p e n c e r ' s  geometry i s  somewhat d i f f e r e n t  

from t h a t  of our  exper iments  i n  t h a t  t h e  zero  plane i s  i n s i d e  an 

i n f i n i t e  m a t e r i a l  whi le  i n  t h e  exper iments ,  bo th  ou r s  and 

Ehrenberg ' s ,  t h e  zero  plane i s  t h e  c r y s t a l  su r f ace  bounded by 

vacuum. This causes  S p e n c e r ' s  backsca t t e r ed  energy t o  be lower 

than  found expe r imen ta l ly ,  s i n c e  some energy i s  regained by 

t h e  medium, and hence t h e  a r e a  under Spence r ' s  curves  i s  t o o  

l a r g e  ( s e e  F igure  3 . 5 ) ,  and t h e  range cor respondingly  sma l l e r .  

The Bethe range RB i s  found from 

E 0 



I f  we w r i t e  dE/ds i n  a s l i g h t l y  d i f f e r e n t  form from Equation 

(3 .3915)  

where p = d e n s i t y  of t h e  m a t e r i a l .  We see  t h a t  

- - 1 EdE 

R~ 2ne4 ( z / A )  lo an (&E/I) 

This i n t e g r a l  can i n  f a c t  be t aken  e x a c t l y  i n  terms of a power 

s e r i e s ,  b u t  t h e  s e r i e s  i s  ve ry  s lowly convergent  and t h e  

exponent n i s  b e s t  found from experiment f o r  t h e  energy range 

of i n t e r e s t .  Over t h e  energy range 10-80 keV, E h r e n b e r g l s  d a t a  

g i v e s  an exponent n = 1 .65 .  The problem now h a s  been reduced 

t o  f i n d i n g  t h e  c o n s t a n t  B = B ( Z ) .  It was found t h a t  a good f i t  

t o  a s t r a i g h t  l i n e  could be ob ta ined  from E h r e n b e r g l s  d a t a  by 

p l o t t i n g  B ( Z )  ( Z / A ) e f f .  v s .  Z ,  where f o r  a complex molecule 

(formula U Y ) t h e  e f f e c t i v e  va lue  of z/A i s  (45) 
P q 



If a l e a s t  squares  f i t  t o  a  s t r a i g h t  l i n e  i s  performed we 

f i n d  

3  i f  p i s  i n  gm/cm , RB i n  cm and E i n  kev. ,  which i s  shown i n  

F igure  3 .6 .  

A summary of t h e  v a r i o u s  parameters  involved i n  e l e c t r o n  

p e n e t r a t i o n  c a l c u l a t i o n s  i n  t hose  m a t e r i a l s  used i n  our 

exper iments  i s  given i n  Table 3.1, and dE/dx f o r  t h e s e  m a t e r i a l s  

i s  p l o t t e d  i n  F igu re s  3.7 - 3 . 9  f o r  a number of r e p r e s e n t a t i v e  

e l e c t r o n  e n e r g i e s .  For CaF2 and SiOx we have used t h e  va lue  of 

B and t h e  energy dependence of RB(n = 1 . 7 3 )  f o r  Aluminum and 

sca led  B f o r  d e n s i t y  on ly  a s  our i n t e r p o l a t i o n  procedures  become 

i n a c c u r a t e  f o r  low Z .  Th is  procedure should n o t  i n t roduce  

a p p r e c i a b l e  e r r o r  i n t o  our c a l c u l a t i o n s  a s  f o r  t h e s e  m a t e r i a l s  

we a r e  i n t e r e s t e d  on ly  i n  t h a t  smal l  f r a c t i o n  of t h e  t o t a l  energy 

which i s  l o s t  i n  t h e  t h i n  c o a t i n g  of CaF2 o r  SiOx on t o p  o f  t h e  

m a t e r i a l  of i n t e r e s t .  

Also shown i n  F igu re  3 . 7  i s  t h e  a b s o r p t i o n  of 3000A photons 

4 -1. (22)  whose a b s o r p t i o n  c o e f f i c i e n t  i s  - 5 x  10  cm 

3 .3 .5  Use of t h e  Curves of dE/dx when C r y s t a l  Coated 
wi th  a Layer of CaF2 o r  SiOx 

To f i n d  t h e  energy l o s s  i n s i d e  t h e  m a t e r i a l  of i n t e r e s t  

when i t  i s  coated w i t h  a  l a y e r  of CaF2 o r  SiOx we need t o  account 





CdS 

Densi ty  

f o r  RB 

i n  gm/cm 2 

B f o r  RB 

i n  

Microns 

3 * Using Dens i ty  2 .15  gm/cm . 

Table 3 . 1  Parameters used i n  c a l c u l a t i o n s  of e l e c t r o n  s topping .  



Figuri.  3 . 1  E n ~ r g y  di:,nipation p a t t e r n  of 6, 10, 16 a n d  20 
kV c l r c t r o n s  i n  CdS. Dzshed l i n e  - n b s o r p t i m  

abso rp t ion  c o e f f i c i e n t  i s  



Figure 3.8 Energy dissipation pattern of 6, 8, 12 and 
29 kv electrons in S i O x .  



F - j p r p  < . < I  Ener t~y  n i s s i p a t i o n  p a t t e r n  of 6, 8, 12 and 
29 kv t l e c t r o n s  in P.tF,,. 



f o r  t h e  energy l o s t  i n  t h e  c o a t i n g .  This  can be done i n  one of 

two ways: ( a )  f i n d  t h e  energy l o s t  i n  t h e  c o a t i n g ,  s u b t r a c t  

t h i s  from t h e  beam energy and r ega rd  t h e  e l e c t r o n s  as e n t e r i n g  

t h e  m a t e r i a l  w i th  a  new energy lowered by t h e  amount l o s t  i n  t h e  

c o a t i n g  o r  ( b )  f i n d  t h e  energy l o s t  i n  t h e  c o a t i n g  and r e l o c a t e  

t h e  s u r f a c e  of t h e  m a t e r i a l  o f  i n t e r e s t  ax f u r t h e r  away from t h e  

zero  plane of  t h e  dE/dx curves  i n  such a f a s h i o n  t h a t  t h e  energy 

l o s t  i n  t h e  d i s t a n c e  Ax i s  t h e  same a s  t h e  energy l o s t  i n  t h e  

c o a t i n g .  The l a t t e r  method i s  l i k e l y  t h e  more p h y s i c a l ,  bu t  s i n c e  

t h e  energy l o s t  i n  t h e  c o a t i n g s  i s  a  f a i r l y  sma l l  f r a c t i o n  of t he  

t o t a l  beam energy,  e i t h e r  method would be s a t i s f a c t o r y  a s  shown 

i n  F igure  3.10.  

3 . 4  Comparison of O p t i c a l  and E l e c t r o n  Beam E x c i t a t i o n  

From Equat ion ( 3 . 2  . l 5 )  we see  t h a t  i f  we want t o  p e n e t r a t e  

deeply  i n t o  a s o l i d  u s i n g  o p t i c a l  e x c i t a t i o n  we must u se  l i g h t  

of smal l  a b s o r p t i o n  c o e f f i c i e n t ,  which means l i g h t  of energy 

l e s s  t han  t h e  band gap energy and i t  may n o t  be p o s s i b l e  t o  

e x c i t e  h i g h e r  energy s t a t e s  deep i n s i d e  t h e  c r y s t a l .  Thus, i f  

deep p e n e t r a t i o n  i s  d e s i r e d ,  as i n  c a s e s  where i t  i s  neces sa ry  

t o  d i s t i n g u i s h  between s u r f a c e  and bu lk  e f f e c t s ,  and i t  i s  

d e s i r e d  t o  popula te  s t a t e s  a t  e n e r g i e s  nea r  o r  above t h e  conduc- 

t i o n  band edge i t  may be n e c e s s a r y  t o  use  an e l e c t r o n  beam as t h e  

e x c i t i n g  sou rce .  Another i n s t a n c e  where e l e c t r o n  beam e x c i t a t i o n  

i s  p r e f e r a b l e  over  o p t i c a l  e x c i t a t i o n  occu r s  when t h e  e f f i c i e n c y  



I ' .lo Enerpy i l i r , r , ip : t t ion  p a t t e r n  of 8 kv ele?tronP 
in i d .  ( a  ) Initial energy r~calculated, 
(b) zero p l m c  1-i.1 o c a t n d .  
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of a r a d i a t i v e  p roces s  of i n t e r e s t  i s  ve ry  low and e x i s t i n g  

l i g h t  sources  a r e  n o t  s u f f i c i e n t l y  i n t e n s e  t o  provide  s u f f i c i e n t  

s t i m u l a t i o n .  An example of t h i s  i s  t h e  e l e c t r o n  beam e x c i t e d  

semiconductor l a s e r  where convent iona l  l i g h t  sou rces  provide  

i n s u f f i c i e n t  r a d i a t i o n  a t  e n e r g i e s  t h a t  a r e  n o t  absorbed i n  a  

ve ry  narrow r eg ion  nea r  t h e  s u r f a c e ;  e l e c t r o n  beams can provide  

ample power t o  dep ths  of t e n s  of microns where t h e  e x t e n t  of 

t h e  r a d i a t i n g  r eg ion  i s  s u f f i c i e n t l y  l a r g e  tha t  d i f f r a c t i o n  

l o s s e s  a r e  sma l l .  For example, e l e c t r o n  guns can r e a d i l y  

supply  100 m.a. a t  25 kv, o r  2500 w a t t s ,  e i t h e r  pulsed o r  con t in -  

uous ly ,  whi le  t h e  t o t a l  u seab l e  power from t h e  b e s t  a v a i l a b l e  

convent iona l  l i g h t  sou rces  w i l l  r a r e l y  exceed one w a t t .  Another 

example of t h e  advantage of t h e  e l e c t r o n  beam i s  i n  t h e  work 

r e p o r t e d  i n  Chapter 5, where an i n e f f i c i e n t  luminescent  p rocess  

i s  s t u d i e d  and t h e  e f f e c t  of  s u r f a c e  t r e a t m e n t s  i s  probed by 

va ry ing  t h e  p e n e t r a t i o n  dep th  of t h e  i n c i d e n t  e l e c t r o n s .  

The main advantage of o p t i c a l  e x c i t a t i o n  i s  i n  t h e  v e r t i c a l  

e x c i t a t i o n  of e l e c t r o n s  from lower t o  h i g h e r  energy l e v e l s  which 

a r i s e s  from t h e  n e g l i g i b l e  momentum of t h e  i n c i d e n t  photons.  

This  k ind of s e l e c t i v e  e x c i t a t i o n  i s  c e r t a i n l y  n o t  p o s s i b l e  wi th  

e l e c t r o n  beams. An example of t h e  advantage of o p t i c a l  e x c i t a -  

t i o n  i s  t h e  s tudy  of o p t i c a l  e x c i t a t i o n  s p e c t r a  of d i f f e r e n t  

luminescent  c e n t e r s  o r  complexes which a l low one t o  deduce 

c r e a t i o n  mechanisms f o r  t h e s e  c e n t e r s .  Th is  k ind of s t udy  i s  

r e p o r t e d  i n  Chapter 4. 



4. OPTICAL E X C I T A T I O N  SPECTRA 

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

This chap te r  d e a l s  w i t h  t h e  des ign  c r i t e r i a  of equipment 

needed f o r  t h e  s tudy  of o p t i c a l  e x c i t a t i o n  s p e c t r a .  R e s u l t s  

a r e  p resen ted  on t h e  e x c i t a t i o n  s p e c t r a  of s e v e r a l  e x c i t o n  

emiss ion l i n e s  i n  CdS. 

4 . 2  E ~ ~ e r i m e n t a l  Techniques and A ~ ~ a r a t u s  

In  s t u d i e s  of photo luminescent  p r o p e r t i e s  of m a t e r i a l s  i t  

i s  u s u a l  t o  use  a  broad band monochromator o r  narrow pass  f i l t e r  

t o  s e l e c t  above-band-gap r a d i a t i o n  which i s  i n c i d e n t  on t h e  

sample. A h igh  r e s o l u t i o n  spec t rometer  i s  t hen  d e s i r a b l e  f o r  use 

a s  t h e  d e t e c t i n g  i n s t rumen t  i n  o rde r  t o  determine a c c u r a t e l y  

t h e  wavelength and l i n e s h a p e  of t h e  emi t t ed  r a d i a t i o n .  When 

s tudy ing  t h e  e x c i t a t i o n  spectrum of t h e  emi t t ed  r a d i a t i o n  t h e  

d e t e c t i n g  spec t rometer  need have only  s u f f i c i e n t  r e s o l u t i o n  t o  

d i s c r i m i n a t e  between t h e  d i f f e r e n t  emiss ion l i n e s  bu t  i t  should 

have a  l a r g e  accep tance  ang le  so  t h a t  a s  much emi t ted  l i g h t  a s  

p o s s i b l e  may be d e t e c t e d .  The requ i rements  f o r  t h e  monochromator 

now a r e  t h a t  i t  accep t  a s  much l i g h t  a s  p o s s i b l e  from t h e  l i g h t  

source  and have h igh  r e s o l u t i o n  a s  w e l l .  

I n  our case  t h e  lamps used,  e i t h e r  a  h igh  p re s su re  xenon 

o r  mercury lamp, could be focussed  t o  g ive  a  s p o t  about 1-2 mm i n  

d iameter  w i t h  a  beam ang le  of approximately  1 0 " .  This beam angle  



corresponds  almost  e x a c t l y  t o  t n e  acceptance ang le  of t h e  Spex 

I n d u s t r i e s  Model 1700 spec t rometer  whose d i s p e r s i o n  i n  second 

o rde r  w i t h  t h e  g r a t i n g  used i s  5A/mm. Thus a  s l i t  w i d t h  of 

1 mm a l lows  n e a r l y  a l l  t h e  l i g h t  from t h e  lamp t o  be accepted 

by t h e  spec t rometer  whi le  a  monochromatic beam of l i g h t  whose 

s p e c t r a l  f u l l  w i d t h  a t  h a l f  maximum i n t e n s i t y  (FWHM) i s  about 

5 A  i s  ob t a ined .  This  i s  adequate  f o r  most of t h e  exper iments  

performed, a l though  i n  some case s  t h e  FWHM used was l e s s  than 

2A. I n  CdS t h e  emiss ion l i n e s  a r e  a t  l e a s t  20A a p a r t ,  so  t h a t  

a  r e s o l u t i o n  of 5 A  i n  t h e  d e t e c t i n g  spec t rometer  i s  q u i t e  

adequa te .  

The appa ra tu s  used f o r  s t udy ing  t h e  o p t i c a l  e x c i t a t i o n  s p e c t r a  

of CdS i s  shown schema t i ca l l y  i n  F igure  4 . 1 .  An innova t ion  

inc luded  i n  t h e  arrangement i s  t h e  use of an e l e c t r o n i c  d i v i d i n g  

network t o  normal ize  t h e  i n t e n s i t y  of t h e  emi t t ed  l i g h t  w i t h  

r e s p e c t  t o  t h e  i n t e n s i t y  of t h e  l i g h t  i n c i d e n t  on t h e  c r y s t a l .  

This i s  achieved. by removing a  smal l  f r a c t i o n  (about  4%) of t h e  

i n c i d e n t  l i g h t  w i t n  a  beam s p l i t t e r ,  ( i n  r e a l i t y  a  g l a s s  s l i d e )  

d e t e c t i n g  t h i s  l i g h t  w i t h  a p h o t o m u l t i p l i e r  and e l e c t r o m e t e r  

and f e e d i n g  t h e  s i g n a l  from t h i s  p h o t o m u l t i p l i e r  i n t o  t h e  

denominator of t h e  d i v i d e r  whi le  t h e  s i g n a l  from t h e  d e t e c t i n g  

p h o t o m u l t i p l i e r  goes i n t o  t h e  numerator.  In  t h i s  way f l u c t u a -  

t i o n s  i n  t h e  i n t e n s i t y  of t h e  lamp and v a r i a t i o n s i n  t h e  lamp 

spectrum a r e  e l e c t r o n i c a l l y  t aken  ca re  o f ,  e l i m i n a t i n g  t h e  need 

f o r  t e d i o u s  hand no rma l i za t i on  of d a t a .  This  t echnique  i s  



i r  4.1 Schcm;ttic of app:tr?tu:; used to obtain 
op t i r , a , l  r x c i t n t i o n  :;pcctra. 



v a l i d  provided t h e  emiss ion from t h e  c r y s t a l  b e a r s  a  l i n e a r  

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

When u s i n g  p o l a r i z e d  i n c i d e n t  l i g h t  t h e  p o l a r i z e r  must 

be placed between t h e  monochromator and t h e  beam s p l i t t e r  i n  

o rde r  that  t h e  emiss ion i n t e n s i t y  be normalized wi tn  r e s p e c t  

t o  t h e  i n t e n s i t y  of t h e  l i g h t  i n c i d e n t  on t h e  sample, n o t  t o  

t h e  i n t e n s i t y  of t h e  l i g h t  from t h e  monochromator which i s  

i t s e l f  s t r o n g l y  p o l a r i z e d .  

4 . 3  Sample P r e p a r a t i o n  and Mounting 

In  n e a r l y  a l l  ca se s  t h e  samples used had been f r e s h l y  

cleaved and mounted w i t h  rubber  cement o r  s i l i c o n  vacuum g r e a s e .  

In  some case s ,  where m a t e r i a l  w a s  s c a r c e ,  t h e  samples were 

e tched  a t  room tempera ture  w i t h  concen t ra ted  s u l p h u r i c  a c i d  i n  

which enough KMn04 had been d i s s o l v e d  t o  t u r n  t h e  a c i d  l i g h t  

g reen .  This  e t c h  allowed t h e  s t r u c t u r e  i n  t h e  e x c i t a t i o n  s p e c t r a  

t o  be a s  sharp  and w e l l  de f ined  a s  f o r  c leaved s u r f a c e s ,  bu t  

i n  some case s  t h e  r e l a t i v e  i n t e n s i t i e s  of some peaks changed, 

presumably due t 3  changed s u r f a c e  recombinat ion v e l o c i t i e s .  

The samples were e i t h e r  immersed i n  l i q u i d  helium o r  

l i q u i d  n i t r o g e n  o r  mounted i n  h igh  vacuum on t h e  helium f i n g e r  

of a  dewar t h e  end of which was made of h igh  c o n d u c t i v i t y  

copper so  t h a t  t h e  sample was i n  con tac t  w i t h  a  s u r f a c e  whose 

temperature  d i f f e r e d  on ly  s l i g h t l y  from t h a t  of t h e  r e f r i g e r a n t .  



A l l  e x c i t o n  e x c i t a t i o n  s p e c t r a  were t aken  a t  l i q u i d  helium 

t empera tu re s .  

Care had t o  be t aken  i n  a l i g n i n g  t h e  c r y s t a l  t o  ensure  t h a t  

a s  l i t t l e  i n c i d e n t  l i g h t  a s  p o s s i b l e  was r e f l e c t e d  i n t o  t h e  

c o l l e c t i n g  o p t i c s .  The r ea sons  f o r  t h i s  a r e  two-fold;  ( a )  t h e  

weaker t h e  r e f l e c t e d  o r  s c a t t e r e d  l i g h t  t h e  c l o s e r  t o  t h e  emiss ion 

l i n e s  could one look  f o r  s t r u c t u r e  i n  t h e  e x c i t a t i o n  spectrum and 

( b )  a l l  g r a t i n g  spec t rome te r s  have g r a t i n g  ghos t s ,  which can be 

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

i n  t h e  e x c i t a t i o n  spectrum. This i s  of importance when t h e  i n t e n -  

s i t y  of t h e  emi t t ed  l i g h t  i s  comparable t o  o r  weaker t han  t h e  

i n t e n s i t y  of t h e  g r a t i n g  ghos t s  which i s  t h e  case  i n  some of our 

exper iments .  

4 . 4  E x c i t a t i o n  S p e c t r a  of CdS 

4 . 4 . 1  Emission Lines  S tud ied  

The appa ra tu s  d e s c r i b e a  f o r  t a k i n g  e x c i t a t i o n  s p e c t r a  has  

been used. t o  s t udy  t h e  e x c i t o n  e x c i t a t i o n  s p e c t r a  of t n r e e  

d i f f e r e n t  CdS samples i n  d e t a i l .  These samples, l a b e l l e d  1, 2 and 

A ,  each show two e x c i t o n  emiss ion l i n e s .  A l l  samples have one 

emiss ion l i n e  Il a t  4888.5 b i n  common. This  l i n e  has  been 

i d e n t i f i e d  by Hopf ie ld  and Thomas (8)  a s  r e s u l t i n g  from t h e  

recombinat ion of an e x c i t o n  bound t o  a n e u t r a l  a c c e p t o r .  The 

ho l e  of t h e  e x c i t o n  i s  a  ho l e  from t h e  A o r  uppermost va lence  

band, which i s  a c t i v e  f o r  E1c ; there fore  I1 i s  emi t t ed  w i t h  t h e  



l i g h t  s t r o n g l y  p o l a r i z e d  w i t h  t h e  E v e c t o r  normal t o  t h e  c r y s t a l  

c - a x i s .  Weaker s a t e l l i t e  l i n e s  a r e  a l s o  seen a t  e n e r g i e s  

corresponding t o  I1 - nhQ (n  = 1, 2), where hC2 i s  t h e  LO phonon 

energy.  

C r y s t a l s  1 and 2 have t h e i r  second emiss ion l i n e  a t  4869.5 1 

while  c r y s t a l  A emi t s  a t  4868.3 i. Reynolds and L i t t o n  (31) have 

observed an emiss ion l i n e  I i n  some CdS c r y s t a l s  a t  4869.14 5 
which they  i d e n t i f y  a s  t h e  recombination of an e x c i t o n  bound t o  a  

n e u t r a l  a c c e p t o r ,  a l though  t h e i r  d a t a  i s  such a s  t o  make t h i s  

i d e n t i f i c a t i o n  somewhat t e n t a t i v e .  Thomas and H o p f i e l d ( 8 )  on t h e  

o t h e r  hand conclude t h a t  emiss ion l i n e s  nea r  4867.14 A r e s u l t  

from t h e  recombinat ion of an e x c i t o n  bound t o  a n e u t r a l  donor.  

Thomas, Dingle and Cuthber t  (53) have shown that  c r y s t a l s  grown 

under d i f f e r e n t  bu t  c o n t r o l l e d  atmospheres have a  sharp  emission 

l i n e  i n  t h e  range 4867-4870 A which i s  taken  as evidence t h a t  

t h e  e x c i t o n  r e s p o n s i b l e  f o r  t h i s  emiss ion i s  bound t o  a  n e u t r a l  

donor, t h e  n a t u r e  of  t h e  donor depending on t h e  atmosphere i n  

which t h e  c r y s t a l  was grown. The s i m i l a r i t y  of t h e  e x c i t a t i o n  

s p e c t r a  f o r  t h e  4868.3 and 4869.5 A l i n e s  suppor t s  Thomas (53) 

hypo thes i s .  

This  second emiss ion l i n e  i s  a l s o  p o l a r i z e d  s t r o n g l y  w i t h  

t h e  E v e c t o r  normal t o  t h e  c r y s t a l  c - ax i s  i n d i c a t i n g  t h a t  t h e  

recombination i nvo lves  a ho l e  from t h e  A va lence  band. 



4 . 2  E x c i t a t i o n  Spectrum of I1 

Shown i n  F igure  4 .2  i s  t h e  e x c i t a t i o n  spectrum of t h e  I1 

l i n e  i n  c r y s t a l  1. Except f o r  some d i f f e r e n c e s  i n  t h e  r e l a t i v e  

i n t e n s i t i e s  of t h e  d i f f e r e n t  l i n e s  t h e  spectrum i s  t h e  same f o r  

c r y s t a l  2  and, under c e r t a i n  cond i t i ons  t o  be d i s cus sed ,  a l s o  

f o r  c r y s t a l  A .  The wavelengths and e n e r g i e s  of a l l  t h e  peaks 

a r e  summarized i n  Table 4 . 1 .  

From t h i s  d a t a  i t  i s  concluded t h a t  t h e  complex r e s p o n s i b l e  

f o r  t h e  I1 emiss ion i s  formed p r e f e r e n t i a l l y  e i t h e r  d i r e c t l y  by 

t h e  p roduc t ion  of a  bound A ,  B o r  C e x c i t o n  on a  n e u t r a l  a ccep to r ,  

r e s u l t i n g  i n  t h e  peaks l a b e l l e d  I1 ( seen  i n  t h e  phonon r e p l i c a .  

emi s s ion ) ,  IIB ana I~~ o r  by t h e  fo rmat ion  of f r e e  A,  B o r  C 

e x c i t o n s  which d i f f u s e  through t h e  c r y s t a l  and a r e  subsequent ly  

t rapped on a  n e u t r a l  a c c e p t o r .  

The exc i ton - impur i t y  complex so  formed c o n s i s t s  of one 

e l e c t r o n ,  a h o l e  from t h e  A ,  B o r  C va lence  band and t h e  ho le  

which neu t r a l i zed .  t h e  a c c e p t o r .  This l a t t e r  ho l e  i s  most l i k e l y  

a  h o l e  from t h e  A va lence  band. Since  t h e  emi t t ed  l i g h t  i s  

s t r o n g l y  p o l a r i z e d  w i th  E l c  t h i s  sugges t s  that  t h e  ho l e  t a k i n g  

p a r t  i n  t h e  emiss ion i s  t h e  ho l e  n e u t r a l i z i n g  t h e  accep to r ,  i f  

t h e  o t h e r  h o l e  i s  n o t  from t h e  A va lence  band. Care must be 

t aken  i n  t a l k i n g  of t h e  ho l e  of an e x c i t o n  be ing  a s s o c i a t e d  w i t h  

a  p a r t i c u l a r  va lence  band, p a r t i c u l a r l y  one of t h e  lower valence 

bands,  i n  t h a t  t h e  wavefunction f o r  such a h o l e  i s  bound t o  be 
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an admixture of s t a t e s  from a l l  bands.  It i s  then  p o s s i b l e  f o r  

a  "B h o l e "  t o  change i t s  c h a r a c t e r  and become an "A h o l e "  

be fo re  t h e  e x c i t o n  recombines.  I f  t h i s  occurs  t hen  t h e  emiss ion 

w i l l  be p o l a r i z e d  w i t h  t h e  E v e c t o r  normal t o  t h e  c - ax i s  

i r r e s p e c t i v e  of t h e  n a t u r e  of t h e  e x c i t o n  which was c r e a t e d  on 

t h e  impur i t y  s i t e .  

A l l  l i n e s  i n  t h e  e x c i t a t i o n  spectrum have t h e  p o l a r i z a t i o n  

dependence cor responding  t o  t h e  va lence  band from which t h e  

ho l e  of t h e  e x c i t o n  o r i g i n a t e s ,  a l though i t  i s  no t  understood 

why t h e  IIB peak i s  a c t i v e  on ly  f o r  E llc and n o t  f o r  E L C .  

The above desc r ibed  e x c i t a t i o n  spectrum f o r  t h e  I1 emiss ion 

l i n e  i s  found i n  c r y s t a l s  1 and 2 and i n  c r y s t a l  A i f  i t  i s  

cooled from room tempera ture  w i t h  above-band-gap r a d i a t i o n  

i n c i d e n t  on t h e  c r y s t a l .  If c r y s t a l  A i s  cooled i n  t h e  dark  

t h e  peak cor responding  t o  t h e  format ion of f r e e  A e x c i t o n s  

d i s appea r s  and IIB i s  now a c t i v e  i n  both  p o l a r i z a t i o n  modes. 

This sugges t s  t h a t  t h e r e  i s  some compet i t ion between I lg and 
A 

t h e  f r e e  A e x c i t o n ,  t h e  r e l a t i v e  s t r e n g t h  of t h e  two l i n e s  

depending on t h e  i n i t i a l  c o n d i t i o n s  of t h e  exper iment .  

It should be mentioned t h a t  a l l  c r y s t a l s  used,  bu t  c r y s t a l .  

A i n  p a r t i c u l a r ,  showed thermo-luminescence a s  t h e  c r y s t a l  

was heated from 77•‹K a f t e r  exposure t o  u l t r a v i o l e t  r a d i a t i o n ,  

so t h e  c r y s t a l  has some long - l i ved  o r  me ta s t ab l e  s t a t e s  a t  low 

tempera tures  

peaks i n  t h e  

which may be r e s p o n s i b l e  f o r  t h e  absence of some 

I1 e x c i t a t i o n  spectrum. 



4 . 4 . 3  E x c i t a t i o n  S p e c t r a  of I and I2 
5 

While t h e  complex r e s p o n s i b l e  f o r  t h e  I1 emiss ion i s  

c r e a t e d  p r e f e r e n t i a l l y  by t h e  product ion of f r e e  A ,  B and C 

e x c i t o n s  and t h e  c r e a t i o n  of A ,  B o r  C e x c i t o n s  d i r e c t l y  on t h e  

accep to r  s i t e ,  t h e  complex r e s p o n s i b l e  f o r  t h e  I2 o r  I emiss ion 5 
i s  c r ea t ed  predominantly by phonon a s s i s t e d  fo rmat ion ,  a l though 

each of t h e  t h r e e  c r y s t a l s  ha s  a  somewhat d i f f e r e n t  e x c i t a t i o n  

spectrum. 

The e x c i t a t i o n  spectrum of t h e  4869.5 A l i n e  i n  c r y s t a l  1 

i s  shown i n  F igure  4 .3 .  Peaks i n  t h e  emiss ion i n t e n s i t y  a r e  

observed whenever t h e  energy of t h e  e x c i t i n g  l i g h t  d i f f e r s  from 

I by an i n t e g r a l  m u l t i p l e  of ha, t h e  ( k  = 0) LO phonon energy .  
5 

The f a c t  t h a t  t h e  spac ing  of t h e  peaks corresponds  t o  r a t h e r  

than  t o  hf2 (1 + m c / m y )  where m c  and mv a r e  t h e  conduction and 

va lence  band e l e c t r o n  e f f e c t i v e  masses, means that  t h e  bound 

e x c i t o n  complex i s  formed d i r e c t l y  w i t h  t h e  emiss ion of one o r  

more LO phonons. I f  we were d e a l i n g  w i t h  t h e  fo rmat ion  of 

e l e c t r o n s  and h o l e s  w i t h  t h e  e l e c t r o n  decaying v i a  LO phonon 

r e l a x a t i o n ,  t h e  h o l e ,  i f  i t  i s  t o  have t h e  same momentum a s  t h e  

e l e c t r o n ,  must l o s e  energy hL2mc/mv, and t h e  t o t a l  energy d i f f e r e n c e  

between peaks would be (1 + m c / m v ) .  This  type  of behaviour 

i s  seen i n  t h e  pho toconduc t iv i t y  spectrum of InSb. (54)  

A peak i n  t h e  I emiss ion i s  a l s o  seen when t h e  energy of 5 
t h e  i n c i d e n t  l i g h t  corresponds  t o  t h a t  of t h e  f r e e  B e x c i t o n .  



F i r  i . E x r i t : i t i o n  spectrunl  of the I emission l i n e .  
in c r y s t a l  #1. 5 



These e x c i t o n s  d i f f u s e  through t h e  c r y s t a l  and a r e  captured 

by t h e  impur i t y  and recombine e m i t t i n g  l i g h t  corresponding t o  

I5 
. This  fo rmat ion  mechanism i s  t h e  same a s  f o r  t h e  I1 

emiss ion excep t  that  t h e  impur i t y  i s  d i f f e r e n t .  Again, s i n c e  

t h e  emiss ion i s  s t r o n g l y  p o l a r i z e d  wi th  E l c  i t  would appear t h a t  

recombination of an e l e c t r o n  w i t h  an "A-hole" t a k e s  p l a c e .  If 

t h e  I emiss ion r e s u l t s  from t h e  recombination of an exc i ton  
5 

bound t o  a n e u t r a l  donor t h e  ho l e  must have changed i t s  c h a r a c t e r  

p r i o r  t o  recombinat ion,  which was p o s t u l a t e d  a s  a  p o s s i b l e  mechan- 

ism i n  t h e  Il emiss ion .  Other evidence f o r  t h i s  ho l e  convers ion 

e x i s t s  i n  t h e  a b s o r p t i o n  spectrum of 12, an e x c i t o n  bound t o  a  

n e u t r a l  donor.  (8 )  A s  mentioned i n  Chapter 2 a broad abso rp t ion  

l i n e  IgB e x i s t s  which i s  i d e n t i f i e d  a s  t h e  d i r e c t  format ion of a  

B e x c i t o n  on t h e  n e u t r a l  donor s i t e .  The l a r g e  width of t h i s  l i n e  

i s  a t t r i b u t e d  t o  t h e  s h o r t  l i f e t i m e  of t h e  B-hole which conve r t s  

very  qu i ck ly  t o  anA-hole.  A s i m i l a r  convers ion would appear t o  

be o p e r a t i v e  h e r e .  

The e x c i t a t i o n  spectrum f o r  t h e  I emiss ion l i n e  i n  c r y s t a l  5 
2 i s  shown i n  F igu re  4 .4 .  This  spectrum i s  t h e  same, w i tb in  

exper imenta l  e r r o r ,  a s  t h e  I e x c i t a t i o n  spectrum i n  c r y s t a l  1, 
5 

excep t  f o r  t h e  a d d i t i o n  of a  weak peak a t  4 8 3 8 . 5 ~  and a  second 

s e r i e s  of peaks which a r e  s epa ra t ed  from t h e  I + mhfl peaks b y  5 
a f i x e d  energy AE = 3 .9  5 0 . 8  mev. This  spac ing  i s ,  w i t h i n  

exper imenta l  e r r o r ,  e q u a l  t o  t h e  spac ing  of t h e  I2 and I absorp- 
3 

t i o n  l i n e s  seen by Thomas and Hopf i e ld (6 '  8, which t hey  have 



N
O

R
M

A
L

IZ
E

D
 

E
M

IS
S

IO
N

 
IN

T
E

N
S

IT
Y

 
(A

rb
. 

U
n

it
s

) 

- 
IU

 
tr
r 

P
 

U
I 

m
 

4
 



a t t r i b u t e d  t o  e x c i t o n s  bound t o  n e u t r a l  and ion i zed  donors .  The 

peak a t  4838.5~ corresponds ,  by comparison w i t h  I 2 y t o  t h e  d i r e c t  

fo rmat ion  of a  B e x c i t o n  on t h e  impur i t y  s i t e  and i s  l a b e l l e d  

Both c r y s t a l s  1 and 2 a r e  h igh  r e s i s t i v i t y  n- type c r y s t a l s ,  

t h e  room temperature  r e s i s t i v i t y  be ing  i n  excess  of l o 7  ohm-cm. (55) 

The c r y s t a l s  must t h e r e f o r e  e i t h e r  be of ext remely h igh  p u r i t y  

o r ,  more l i k e l y ,  be compensated wi th  t h e  r e s u l t  tha t  t h e  donors 

a r e  n e a r l y  a l l  i o n i z e d .  Thus t h e r e  i s  a  l a r g e  d e n s i t y  of i on i zed  

donors on which e x c i t o n s  may be formed. The two s e r i e s  of peaks 

r e s u l t  from t h e  d i r e c t  phonon-ass is ted  fo rmat ion  of e x c i t o n s  on 

n e u t r a l  and ion i zed  donors .  I n  t h e  case  of t h e  s e r i e s  based on I 5 ' 

t h e  e x c i t o n  bound t o  a n e u t r a l  donor, t h e  donor must be n e u t r a l  

be fo re  t h e  e x c i t o n  can be c r e a t e d  d i r e c t l y  on t h e  impur i t y .  The 

donor i s  n e u t r a l  e i t h e r  by v i r t u e  of t h e  m a t e r i a l  be ing  n- type ,  

i . e .  t h e  d e n s i t y  of donors exceeds t h e  d e n s i t y  of a c c e p t o r s ,  o r  

i f  t h e  m a t e r i a l  c o n t a i n s  a  s u b s t a n t i a l  d e n s i t y  of i o n i z e d  donors 

t h e  i on i zed  donor f i r s t  c a p t u r e s  an e l e c t r o n ,  t h e  e l e c t r o n  having 

been e x c i t e d  i n t o  t h e  conduct ion band by t h e  e x t e r n a l  l i g h t  

source ,  and t h e  e x c i t o n  i s  t hen  c r e a t e d  on t h e  n e u t r a l  donor wher-1 

i t  recombines g i v i n g  off  l i g h t  corresponding t o  I 5  . I n  t h e  case 

of t h e  s e r i e s  based on I t h e  e x c i t o n  bound t o  an i on i zed  donor, 3' 
t h e  e x c i t o n  i s  f i r s t  formed d i r e c t l y  on t h e  i o n i z e d  donor ,  t h i s  

complex then  c a p t u r e s  an e l e c t r o n  which h a s  been e x c i t e d  i n t o  t h e  

conduction band and emiss ion a t  t h e  energy corresponding t o  1 5 

can now t a k e  p l a c e .  



The two s e r i e s  of peaks t h u s  r e s u l t  from e s s e n t i a l l y  t h e  

same two p h y s i c a l  p roces se s  - d i r e c t  phonon a s s i s t e d  c r e a t i o n  of 

an e x c i t o n  bound t o  an impur i t y  and e l e c t r o n  cap tu re  - on ly  t h e  

o rde r  i n  which t h e  p roces se s  occur i s  r e v e r s e d .  

A l l  t h e  peaks i n  t h e  I e x c i t a t i o n  spectrum occur i n  both 
5 

p o l a r i z a t i o n s  ( E l c  and E l(c) of t h e  i n c i d e n t  l i g h t  w i t h  about  

equa l  e f f i c i e n c y  excep t  t h a t  t h e  one phonon peak i s  very  weak f o r  

E I / c  i n d i c a t i n g  t h a t  t h e  va lence  band s t a t e s  involved i n  t h i s  one 

case a r e  predominantly from t h e  A va lence  band. 

In  view of t h e  two p h y s i c a l  p rocesses  involved i n  c r e a t i n g  

t h e  e x c i t o n - n e u t r a l  donor complexes i t  i s  perhaps i n t u i t i v e l y  

reasonable  t h a t  t h e  two s e r i e s  of peaks should have n e a r l y  t h e  

same i n t e n s i t y .  However, as w i l l  be shown below, t h e  r e l a t i v e  

i n t e n s i t y  of t h e  two peaks i s  a f f e c t e d  by parameters  of t h e  

c r y s t a l  about which l i t t l e  i s  known, and t h e  r e l a t i v e  i n t e n s i t i e s  
I ,  

may i n  f a c t  be q u i t e  d i f f e r e n t .  

Let  u s  assume f o r  s i m p l i c i t y  we a r e  d e a l i n g  wi th  a  p e r f e c t l y  

compensated c r y s t a l  i n  which a l l  donors a r e  i o n i z e d ,  and l e t  t h ~  

o p t i c a l  abso rp t ion  c o e f f i c i e n t  be t h e  sum of t h r e e  s e p a r a t e  

c o n t r i b u t i o n s  from (1) i n t e r b a n d  abso rp t ion  an ( 2 )  d i r e c t  phonon 

a s s i s t e d  e x c i t o n  fo rmat ion  on n e u t r a l  donors a:, and (3 )  d i r e c t  

phonon a s s i s t e d  e x c i t o n  fo rmat ion  on ion i zed  donors a  
3' 

A t  t h i s  

s t a g e  any r i g o r o u s  d i s t i n c t i o n  between I2 and I w i l l  be dropped 5 
as bo th  a r e  e x c i t o n s  bound t o  n e u t r a l  donors .  For convenience 



on ly  t h e  emiss ion l i n e  a t  4869.5~ i n  c r y s t a l s  #1 and #2 w i l l  

be r e f e r r e d  t o  a s  I 5 ' 

For purposes  of  i l l u s t r a t i o n  l e t  u s  cons ide r  t h e  case  of 
1 

d i r e c t  allowed t r a n s i t i o n s  f o r  which an = A [ ~ L U  - EgIF 

A = cons t an t  

plcu = energy of t h e  i n c i d e n t  photon 

Eg 
= energy gap 

a and a c o n s i s t  of a s e r i e s  of sharp  peaks a t  photon e n e r g i e s  2 3 
such t h a t  

where E2 i s  t h e  energy o f  t h e  I2 o r  I emiss ion o r  abso rp t ion  l i n e  5 
E i s  t h e  energy of t h e  I abso rp t ion  l i n e  3 3 
AQ i s  t h e  ( k  = 0) LO phonon energy.  

The v a r i a t i o n  of t h e  abso rp t ion  c o e f f i c i e n t s  wi th  photon 

energy a r e  shown q u a l i t a t i v e l y  i n  F igure  4 .5 .  

Let  u s  a l s o  n e g l e c t ,  f o r  now, a l l  r e t h e r m a l i z a t i o n  of 

e l e c t r o n s  and e x c i t o n s .  This assumption i s  q u i t e  j u s t i f i e d  i n  

view of t h e  f a c t  t h a t  t h e  e x c i t o n  emiss ion d i d  n o t  change i n  



Figurk  ]I . 4  Quzilii ; t t i \  e v a r i - i t i  on of a b s o r p t i o n  c o e f f i c . i c n t  
w i t h  photon enert,y. (a) d i r e c t  i n t e r b a n d  
absorption ( h )  ~ b r o r p t i o n  duc t o  f o r m a t i o n  
o f  c x r c i t  on.; on i o n i ~ ~ d  donors  ( c )  a b s o r p t i o n  
~ I I P  t o  f o r m a t i o n  of ~ x c i t o n s  on n e u t r a l  donors. 



i n t e n s i t y  a s  t h e  specimen tempera ture  was lowered t o  1.6"~ from 

4.2"~. 

If ND = t o t a l  donor d e n s i t y  

NDn = d e n s i t y  of donors n e u t r a l i z e d  by one e l e c t r o n  

NDe = d e n s i t y  of i on i zed  donors w i t h  one e x c i t o n  

N ~ e n  = d e n s i t y  of n e u t r a l  donors wi th  one e x c i t o n  

N = N  D - N D n -  N ~ e  - N ~ e n  d e n s i t y  of b a r e  i on i zed  donors 

G = r a t e  of fo rmat ion  of f r e e  e l e c t r o n s  

G2 = r a t e  of fo rmat ion  of e x c i t o n s  bound t o  n e u t r a l  
donors K NDn o r  

G2 = p2 NDn (82 a a2 ) 

= r a t e  of fo rmat ion  of e x c i t o n s  bound t o  ion ized  

G3 = B3 N (B1 a a3) 
SDn = cap tu re  c r o s s - s e c t i o n  f o r  e l e c t r o n s  by i on i zed  

donors 

SDe = cap tu re  c r o s s - s e c t i o n  f o r  e l e c t r o n s  by ion ized  
donors  t o  which an e x c i t o n  i s  bound. 

-rl = l i f e t i m e  of e l e c t r o n s  on n e u t r a l  donors 

T2 = r a d i a t i v e  l i f e t i m e  of e x c i t o n s  on n e u t r a l  donors 

T = l i f e t i m e  of e l e c t r o n s  f o r  non - r ad i a t i ve  p rocessez .  

The t r a n s i t i o n s  which occur a r e  shown schema t i ca l l y  i n  

F igure  4.6, and t h e  a s s o c i a t e d  r a t e  equa t ions  a r e  



Figure  4.b Energy band diagram showing t r a n s i t i o n s  involved 
i n  C \ : C ~ ~ O Y I   mission model. 



where r a d i a t i v e  recombinat ion a t  I i n  Equation ( 4 . 4 . 3 )  i s  n e g l e c t -  
3 

ed, a s  none i s  observed expe r imen ta l l y .  

The q u a n t i t y  of i n t e r e s t  i s  N ~ ~ ~ / ~ ~  i n  s t e a d y  s t a t e  a s  t h e  

e x c i t o n  emiss ion i n t e n s i t y  i s  p r o p o r t i o n a l  t o  t h i s  q u a n t i t y .  The 

above equa t ions  can be so lved  f o r  t h e  s t eady  s t a t e  case  g i v i n g  N,  

N ~ n '  N ~ e  and N ~ e n  i n  terms of n  and t h e  m a t e r i a l  parameters .  n  i s  

determined from a  cub ic  equa t ion  wi th  t h e  m a t e r i a l  parameters and 

t h e  i n c i d e n t  l i g h t  i n t e n s i t y  as c o n s t a n t s .  We f i n d :  

from which n i s  determined,  and 



Consider two ca se s :  

( a )  B = 0 and t h e  energy of t h e  i n c i d e n t  l i g h t  i s  3 
a t  a  peak i n  B2 

( b )  p:, = 0 and t h e  energy of t h e  i n c i d e n t  l i g h t  i s  a t  

a peak i n  B 
3 

n  i s  n o t  t h e  same i n  bo th  ( a )  and ( b )  excep t  i n  t h e  l i m i t  of 

low l i g h t  i n t e n s i t y  when i t  i s  a s o l u t i o n  of 

where rT = = c a p t u r e  t ime f o r  e l e c t r o n  by ion i zed  donors 
'Dn N ~ . V  

( i f  N M ND, i . e .  low l i g h t  l e v e l s ) .  



The r a t i o  of t h e  i n t e n s i t i e s  of t h e  peaks i n  t h e  two s e r i e s  

i s  t hen  

and n/ND i s  determined by 

Equat ion (4 .4 .10 )  i s  p h y s i c a l l y  q u i t e  t r a n s p a r e n t .  F i r s t ,  

t h e  r a t i o  I /I should obvious ly  depend on @ /B 
2 3 2 3' 

Secondly, 

t h e  s h o r t e r  rl, i . e .  t h e  f a s t e r  t h e  e l e c t r o n s  on t h e  donors 

l e a v e  t h e  donors,  t h e  fewer n e u t r a l  donors w i l l  be p r e sen t  on 

which t h e  complex r e s p o n s i b l e  f o r  I2 can be d i r e c t l y  formed, 

converse ly  s h o r t  T i n c r e a s e s  t h e  d e n s i t y  of i on i zed  donors on 1 

which I can be 3 
formed, and t h e r e f  o r e  s h o r t  enhances 

Thi rd ly ,  t h e  l a r g e r  n/TT which i s  p r o p o r t i o n a l  t o  t h e  r a t e  a t  

which e l e c t r o n s  a r e  t rapped  on ion i zed  donors ,  t h e  l a r g e r  t h e  



d e n s i t y  of n e u t r a l  donors and t h e  l a r g e r  t h e  I2 and t h e  sma l l e r  

t h e  I c o n t r i b u t i o n .  F i n a l l y ,  t h e  h ighe r  t h e  d e n s i t y  of i on i zed  
3 

donors,  which i n  our  approximation of low l i g h t  l e v e l s  i s  taken 

a s  t h e  t o t a l  donor d e n s i t y ,  t h e  l a r g e r  t h e  i n t e n s i t y  of t h e  I 
3 

peaks.  

S ince  rl, r~ ' 7 and ND a r e  n o t  known i t  i s  d i f f i c u l t  t o  

s ay  what t h e  r e l a t i v e  h e i g h t s  of  t h e  peaks i n  t h e  I2 and I 
3 

s e r i e s  a r e .  

If we i n c l u d e  r e t h e r m a l i z a t i o n  of t h e  e x c i t o n s  bound t o  

n e u t r a l  and ion i zed  donors and c h a r a c t e r i z e  t h i s  r e t h e r m a l i z a t i o n  

by r e t h e r m a l i z a t i o n  t imes  T6 and 7 '  f o r  e x c i t o n s  bound t o  n e u t r a l  3 
and ion i zed  donors r e s p e c t i v e l y  we f i n d  that  

and n  i s  a s o l u t i o n  of t h e  same equa t ion  a s  i n  t h e  absence of 

r e t h e r m a l i z a t i o n  (Equat ion 4 . 4 . 1 1 ) .  The second term above i s  due 

t o  r e t h e r m a l i z a t i o n  of t h e  e x c i t o n s  bound t o  i on i zed  donors and 

i n c r e a s e s  a s  t h e  r e t h e r m a l i z a t i o n  time dec rease s .  

Both Ig and I a r e  a f f e c t e d  e q u a l l y  by t h e  r e t h e r m a l i z a t i o n  
3 

of e x c i t o n s  bound t o  n e u t r a l  donors .  The d e n s i t y  of e x c i t o n s  

on n e u t r a l  donors i s :  



and we see  bo th  terms a r e  diminished i n  t h e  same way a s  t h e  r e -  

t h e r m a l i z a t i o n  t ime dec reases .  

The e x c i t a t i o n  spectrum of t h e  I:, e x c i t o n  ( 4 8 6 8 . 3 ~ )  i n  

sample A has  been s t u d i e d  as a  func t ion  of temperature  and a s  a 

f u n c t i o n  of t h e  i l l u m i n a t i o n  i n t e n s i t y  du r ing  cool  down from 

room temperature  t o  4 . 2 " ~ .  

If t h i s  sample i s  kep t  i n  t h e  d a r k  a t  room temperature  and 

cooled i n  t h e  dark ,  i t  appears  a s  i f  a l l  donors a r e  i on i zed ,  a s  

t h e  e x c i t a t i o n  spectrum, shown i n  Figure  4 . 7 a , e x h i b i t s  t h e  same 

double t  s t r u c t u r e  as sample 2 .  A s  t h e  helium b o i l s  o f f  and t h e  

sample temperature  r i s e s ,  t h e  spectrum changes t o  t h a t  shown i n  

F igure  4.7b.  The s e r i e s  of peaks based on I i s  now absen t  and 
3 

t h e  t o t a l  i n t e n s i t y  of t h e  peaks based on I2 i s  diminished by a  

f a c t o r  of about 5 (no te  t h e  r e l a t i v e  i n t e n s i t y  s c a l e s  i n  Figure  

4 . Z ~ a n d  ' b .  This  i s  c o n s i s t e n t  wi th  t h e  onse t  of r e the rma l i za -  



WAVELENGTH OF EXCITING RADIATION ( A )  

F i c u r ~  4.7 Excitation spectrum of the 4868.3~ Ig emission 
line in crystal A. Sample cool.ed in the dark. 

Spectrum at 4.2"K, intensity scale on left 
Spectrum at temperature above 4.2"K, 

intensity scale on right. 



t i o n  of  e x c i t o n s  bound t o  n e u t r a l  and ion i zed  donors .  

The b ind ing  energy of e x c i t o n s  bound t o  n e u t r a l  donors i s  

t h e  energy d i f f e r e n c e  between t h e  f r e e  A e x c i t o n  and t h e  energy 

of t h e  emi t t ed  l i g h t .  The b ind ing  energy of t h e  e x c i t o n s  bound 

t o  i o n i z e d  donors i s  l e s s  t han  t h i s  by t h e  spac ing  of t h e  peaks 

i n  t h e  two s e r i e s .  From t h e  spac ing  of 4 .6  * 1.1 mev, t h e  bind- 

i n g  e n e r g i e s  of t h e  two e x c i t o n s  a r e  

Binding Energy 

Thus t h e  e x c i t o n  i s  very  weakly bound t o  t h e  i on i zed  

donor and i t  w i l l  no t  t a k e  t o o  l a r g e  an i n c r e a s e  i n  temperature  

above 4 . 2 " K  (kT - 0.4 mev) f o r  r e t h e r m a l i z a t i o n  t o  be impor tan t .  

Note a l s o  i n  F i g u r e s  4.7a and b t h a t  a s  t h e  temperature  

r o s e  from 4 " ~  t h e  peak corresponding t o  t h e  fo rmat ion  of f r e e  B 

e x c i t o n s  g r a d u a l l y  s h i f t e d  i n  energy t o  12B corresponding t o  

t h e  fo rmat ion  of B e x c i t o n s  d i r e c t l y  on a n e u t r a l  donor.  

If  sample A i s  cooled under i l l u m i n a t i o n  by above-band-gap 

r a d i a t i o n  then  t h e  doub le t  s t r u c t u r e  i s  absen t  and a  peak i s  



presen t  corresponding t o  IpB, as shown i n  F igure  4.5.  Also t h e  

I1 emiss ion i s  a b s e n t .  I n  one experiment t h e  c r y s t a l  was allowed 

t o  w a r m  up s l i g h t l y  ( t h e  helium b o i l e d  o f f )  and then  cooled down 

aga in .  On warming t h e  peak a t  IgB s h i f t e d  g r a d u a l l y  t o  t h e  f r e e  

B e x c i t o n  and upon coo l ing  remained t h e r e .  A f t e r  a per iod  of 

s e v e r a l  hours  t h e  double t  s t r u c t u r e  g r a d u a l l y  appeared and t h e  

peak corresponding t o  t h e  fo rmat ion  of f r e e  B e x c i t o n s  became 

very  s t rong ,  ( s e e  F igure  4 .  9 ) .  Also t h e  I1 emiss ion grew and 

became very  i n t e n s e .  

It would appear t h a t  t h e  donors which were n e u t r a l i z e d  

by t h e  e x t e r n a l  l i g h t  d u r i n g  coo l ing  a r e  meta -s tab le  i n  t h e  

sense  t h a t  t h e  n e u t r a l i z i n g  e l e c t r o n  remains on t h e  donor f o r  

a  l ong  t ime .  A f t e r  a whi le  t h e  e l e c t r o n  i s  r e l e a s e d  and t h e  

i on i zed  donor d e n s i t y  i n c r e a s e s  a l lowing  t h e  I s e r i e s  t o  appear .  3 

The obse rva t ion  i n  sample A t h a t  t h e  12B peak i s  p resen t  

when t h e  peaks cor responding  t o  I + n m  a r e  absen t  and t h a t  t he  3 
f r e e  B e x c i t o n  peak i s  p re sen t  when t h e  I + nplS2 peaks a r e  3 
presen t  i s  i n t u i t i v e l y  p l a u s i b l e .  When t h e  I + n h .  peaks a r e  3 
presen t  a  l a r g e  d e n s i t y  of i o n i z e d  donors e x i s t s  which must be 

n e u t r a l i z e d  be fo re  t h e  complex IpB can be c r e a t e d .  Equ iva l en t ly ,  

t h e  d e n s i t y  of  n e u t r a l  donors on which t o  form IpB w i l l  be smal l  

and t h e  peak corresponding t o  IPB w i l l  be small. The f r e e  B 

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

donor d e n s i t y  and w i l l  d i f f u s e  through t h e  c r y s t a l  u n t i l  i t  i s  

cap tured  by an impur i t y  s i t e  where i t  w i l l  recombine. When t h e  

n e u t r a l  donor d e n s i t y  i s  l a r g e  i . e .  when t h e  I + nPln peaks a r e  3 
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1 i r e  ' 4  . ExcitaLion spectrum of t l i p  486s. M 1% emission 
l i n e  i n  crystal A a t  4.2"~. Sample cooled 
under U . V .  i l l~xmin? t ion .  
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E1ir;ure 4.Q Excitation spectrum of the 4868.3~ I emission 
line in c ry s t a l  A a t  4.2'~. See tex? for 
experimental conditions. 



absen t ,  t h e  peak 12B should be enhanced over  t h e  case when t h e  

I + nhQ peaks a r e  p r e s e n t ,  which i s  indeed t h e  case  (F igu re s  
3 

4.8 and 4 . 9 ) .  When t h e  I + nh2 peaks a r e  absen t  one would 
3 

expec t  peaks a t  bo th  I ar.d B t o  occur ,  however on ly  t h e  2B 

peak i s  p re sen t  i n  sample A .  The reason  f o r  t h e  absence of t h e  

f r e e  B e x c i t o n  peak i n  t h i s  i n s t a n c e  i s  n o t  unders tood,  a l though 

i t  could a r i s e  from d i f f e r e n c e s  i n  t h e  cap tu re  c r o s s - s e c t i o n  f o r  

such an e x c i t o n  by n e u t r a l  and ion i zed  donors .  A l t e r n a t e l y ,  i t  

could be p re sen t  bu t  l e s s  i n t e n s e  than  t h e  IZB e x c i t o n  and t h e r e  

f o r e  n o t  r e so lved ,  t h e  r e l a t i v e  i n t e n s i t y  of t h e  and f r e e  

B e x c i t o n  peaks depending on t h e  r e l a t i v e  and a l s o  abso lu t e  

d e n s i t y  of n e u t r a l  and i o n i z e d  donors .  

Why t h e  I1 emiss ion i s  absen t  a t  f i r s t  i s  no t  a t  a l l  c l e a r ,  

b u t  we may a t  l e a s t  s p e c u l a t e  t h a t  t h e  absence of t h e  I1 

emiss ion and t h e  s e r i e s  of peaks i n  t h e  I2 emiss ion based on I 3 
must somehow be r e l a t e d .  

4 . 4  Conclusions 

From t h e  o p t i c a l  e x c i t a t i o n  spectrum of t h e  I emission 1 

l i n e  i n  CdS we f i n d  t h a t  t h e  complex r e s p o n s i b l e  f o r  t h i s  emission 

i s  c r e a t e d  by t h e  d i r e c t  fo rmat ion  of bound e x c i t o n s  on an 

impur i t y  o r  o t h e r  l o c a l i z e d  s i t e  and by t h e  format ion of f r e e  

e x c i t o n s  which a r e  subsequent ly  t rapped  o r  bound t o  t h e  l o c a l i z e d  

s i t e .  



From t h e  o p t i c a l  e x c i t a t i o n  s p e c t r a  of t h e  I and I2 emiss ion 5 
l i n e s  we f i n d  t h a t  t h e  complexes r e s p o n s i b l e  f o r  t h e s e  emiss ion 

l i n e s  a r e  a l s o  c r e a t e d  by t h e  fo rmat ion  of f r e e  e x c i t o n s  which 

a r e  subsequent ly  bound t o  a l o c a l i z e d  s i t e ,  b u t  more impor tan t ly  

t hey  a r e  c r e a t e d  by d i r e c t  phonon a s s i s t e d  fo rmat ion  of an exc i -  

t on  bound t o  an i o n i z e d  o r  n e u t r a l  donor.  

The presence of t h i s  phonon s t r u c t u r e  i n  bo th  t h e  I2 and I 5 
e x c i t a t i o n  s p e c t r a  i s  i n d i c a t i v e  of t h e  p h y s i c a l  s i m i l a r i t y  of 

t h e  two impur i ty -exc i ton  complexes, a l though  i t  i s  t h e  presence 

of t h e  doub le t s  i n  t h e  e x c i t a t i o n  s p e c t r a  and t h e  coincidence of 

t h e  s e p a r a t i o n  of t h e  peaks w i t h  t h e  I2 - I s e p a r a t i o n  t h a t  
3 

provides  t h e  s t r o n g e s t  evidence t h a t  bo th  I2 and I a r e  e x c i t o n s  
5 

bound t o  n e u t r a l  donors .  The presence of t h e  a d d i t i o n a l  peak 

a t  4838.5~ i n  t h e  e x c i t a t i o n  spectrum of I i n  c r y s t a l  2  which 5 
has  been l a b e l l e d  I and i d e n t i f i e d ,  by comparison wi th  12B, 

5 B  

as t h e  d i r e c t  fo rmat ion  of a B e x c i t o n  on t h e  impur i t y  s i t e ,  

merely adds f u r t h e r  suppor t  t o  t h e  above i d e n t i f i c a t i o n  of I 5 ' 

One f u r t h e r  f e a t u r e  of no t e  i n  t h e  I and I2 e x c i t a t i o n  5 
s p e c t r a  i s  t h e  f a c t  t h a t  t h e  I + LO and I2 + LO peaks a r e  weaker 

5 
t han  t h e  corresponding two-phonon l i n e s .  On t h e  b a s i s  of p e r t u r -  

b a t i o n  t heo ry  one would expec t  t h e  one-phonon l i n e  t o  be t h e  most 

i n t e n s e  and t h e  o t h e r  h i g h e r  o rde r  l i n e s  t o  d imin ish  very  r a p i d l y  

i n  i n t e n s i t y .  The c r e a t i o n  of a  bound e x c i t o n  w i th  t h e  s imul tan-  

eous emission of one phonon i s  a  second o rde r  p rocess ,  and i f  we 

assume p e r t u r b a t i o n  t h e o r y  t o  be a p p l i c a b l e  t hen  t h e  i n t e n s i t y  of 

t h e  one-phonon peak w i l l  i nvo lve  a  summation over a s e t  of i n t e r -  



mediate s t a t e s  s epa ra t ed  i n  energy from t h e  ground s t a t e  by 

I5 + LO. If t h e  proper  s t a t e s  over which t h e  summation i s  t o  

be made a r e  one e l e c t r o n  s t a t e s  then  t h e s e  w i l l  be l oca t ed  a t  

I + LO above t h e  A va lence  band edge.  By coincidence I + LO 5 5 
i s  very  c l o s e  t o  t h e  band gap energy so  t h a t  t h e  i n t e rmed ia t e  

s t a t e s  w i l l  be t h o s e  nea r  t h e  conduction band edge where t h e  

d e n s i t y  of s t a t e s  i s  ve ry  small, t h u s  caus ing  t h e  one phonon 

l i n e  t o  be abnormally weak. The argument t h a t  i t  i s  t h e s e  s t a t e s  

over which t h e  summation i s  taken  i s  suppor ted by t he  nea r  

absence of a  peak a t  I + LO when t h e  i n c i d e n t  l i g h t  i s  po l a r i zed  5 
E(lc as f o r  t h i s  p o l a r i z a t i o n  t h e  va lence  band s t a t e s  f o r  t h e  A 

va lence  band a r e  on ly  ve ry  weakly a c t i v e .  I n  view of t h e  e x t r a -  

o r d i n a r i l y  s t r o n g  phonon coupl ing  i t  i s  somewhat doub t fu l  whether 

p e r t u r b a t i o n  t h e o r y  i s  a p p l i c a b l e .  Perhaps a  more r e a l i s t i c  

approach would be t o  r ega rd  t h e  phonon coupl ing  a s  a  resonance 

phenomenon. 

Recen t ly  a b r i e f  r e p o r t  on t h e  e x c i t a t i o n  spectrum of an 

Ig emiss ion l i n e  a t  4 8 6 7 . 1 4 ~  appeared (56) i n  which s t r o n g  phonon 

coupl ing  was a l s o  observed,  on ly  i n  t h e  r e p o r t  peaks i n  t h e  I2 

emiss ion occur when t h e  energy of t h e  i n c i d e n t  photon i s  equa l  t o  

A + nLO, where A i s  t h e  f r e e  A e x c i t o n  energy .  In  t h i s  case t h e  

f r e e  A e x c i t o n  i s  formed wi th  phonon coopera t ion  and i s  sub- 

s equen t ly  t rapped  on t h e  n e u t r a l  donor where emiss ion a t  I2 t a k e s  

p l a c e .  Why t h e  phonon peaks should be based on t h e  f r e e  e x c i t o n  

r a t h e r  t han  t h e  bound e x c i t o n  i s  n o t  known. The same au tho r s  (14~15) 



have p rev ious ly  r e p o r t e d  o s c i l l a t i o n s  i n  t h e  photoconduc t iv i ty  

of CdS c r y s t a l s  grown i n  t h e  same way a s  t h o s e  used above, i n  

which minima i n  t h e  photoconduc t iv i ty  were observed whenever 

t h e  energy of t h e  i n c i d e n t  photons was equa l  t o  A + nLO. I n  

c r y s t a l s  such as o u r s  where s t r o n g  phonon s t r u c t u r e  i n  t h e  I2 

a i ~ d  I e x c i t a t i o n  s p e c t r a  i s  seen based on t h e  bound e x c i t o n  5 
we should a l s o  see  similar s t r u c t u r e  i n  t h e  photoconduc t iv i ty ;  

t h i s  i s  ev iden t  from Equat ion ( 4 . 4 . 5 ) ,  where t h e  f r e e  e l e c t r o n  

d e n s i t y  i s  show? t o  be a  f u n c t i o n  or' both  B2 and @ 3 ' 
O f  our 

c r y s t a l s ,  c r y s t a l  A would be t h e  most l i k e l y  candida te  a s  h e r e  

t h e  I2 emiss ion i s  t h e  s t r o n g e s t ,  i . e .  B2 and B a r e  l a r g e s t .  
3 

A s  a  f i n a l  comment, i t  i s  indeed cu r ious  t h a t  LO phonon 

s t r u c t u r e  i s  seen i n  t h e  emiss ion spectrum of 11, while phonon 

s t r u c t u r e  i s  seen i n  t h e  e x c i t a t i o n  spectrum of I2 and I 5 ' 



5. ELECTRON BEAM EXCITED SPECTRA 

This  chap te r  d e s c r i b e s  t h e  appa ra tu s  and exper imenta l  

t echn iques  used t o  o b t a i n  e l e c t r o n  beam e x c i t e d  emiss ion s p e c t r a  

of luminescent  semiconductors .  S p e c t r a  ob ta ined  from evaporated 

t h i n  f i l m s  of CdS a r e  desc r ibed  and i n t e r p r e t e d  i n  terms of t h e  

recombinat ion of f r e e  e l e c t r o n s  w i t h  bound h o l e s  and bound 

e l e c t r o n s  w i t h  bound h o l e s .  By va ry ing  t h e  p e n e t r a t i o n  depth  of 

t h e  h igh  v o l t a g e  e l e c t r o n s  i t  i s  shown how s u r f a c e  e f f e c t s  may be 

s epa ra t ed  from bulk  e f f e c t s .  

5 .2  Apparatus 

The appa ra tu s  used f o r  e l e c t r o n  beam e x c i t a t i o n  i s  shown 

schema t i ca l l y  i n  F igure  5 .1 .  The e l e c t r o n  gun des ign  was 

developed a t  Lawrence Rad ia t i on  Labora to r i e s  (57) f o r  low vo l t age  

(<  30Kv) e l e c t r o n  beam welding.  The power supply,  vacuum system 

and helium dewar have been designed by t h e  a u t h o r .  

5 . 2 . 1  The E l e c t r o n  Gun 

A f u l l  s c a l e  c r o s s - s e c t i o n  of t h e  gun i s  shown i n  F igure  5 . 2 .  

The focus s ing  l e n s  which i s  connected e l e c t r i c a l l y  t o  t h e  cathode 

i s  so  des igned a s  t o  shape t h e  e l e c t r i c  f i e l d  between t h e  anode 

and cathode i n  such a way as t o  b r i n g  t h e  e l e c t r o n s  t o  a  reason- 
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Figure  5 .1  Schematic of appa ra tu s  used t o  o b t a i n  e l e c t r o n  
beam e x c i t e d  s p e c t r a  of luminescent  m a t e r i a l s .  
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a b l y  w e l l  de f ined  f o c a l  p o i n t  about t h r e e  i nches  from t h e  anode. 

The f o c a l  l e n g t h  and c r o s s - s e c t i o n a l  a r e a  of t h e  f o c a l  reg ion  

may be a l t e r e d  by moving t h e  cathode f u r t h e r  i n t o  o r  ou t  of t h e  

f o c u s s i n g  l e n s .  Changing t h e  s e p a r a t i o n  between anode and l e n s  

a l s o  a l t e r s  t h e  f o c a l  l e n g t h  of  t h e  gun b u t  n o t  t o  t h e  same 

e x t e n t  a s  t h e  cathode p o s i t i o n .  

T h i s  f o c u s s i n g  p r o p e r t y  i s  demonstrated i n  F igure  5.3.  Here 

a r e  shown t h e  l i n e s  of cons t an t  p o t e n t i a l  ob ta ined  u s i n g  an 

e l e c t r i c  f i e l d  p l o t t e r  and a two-dimensional ana log  of t h e  e l e c t r o n  

gun, which has  c y l i n d r i c a l  symmetry. When t h e  cathode i s  c l o s e  

t o  t h e  anode t h e  l i n e s  of cons t an t  p o t e n t i a l  a r e  much l e s s  curved 

than  when t h e  cathode i s  f a r  from t h e  anode. T h i s  i s  p a r t i c u l a r l y  

t r u e  f o r  t hose  l i n e s  n e a r  t h e  cathode.  Thus f o r  smal l  anode- 

cathode s e p a r a t i o n s  t h e  e l e c t r o n s  a r e  focussed f u r t h e r  from the  

anode . 

An i n h e r e n t  d i sadvantage  of a  h igh  power gun w i t h  a l a r g e  

cathode such a s  t h i s  one i s  t h e  r e l a t i v e l y  l a r g e  beam c ros s -  

s e c t i o n ,  1-2 mm, and t h e  l a r g e  amount of r a d i a t i o n  from t h e  

cathode which h e a t s  t h e  sample. Some improvement can be ob ta ined ,  

a t  a  s a c r i f i c e  of beam c u r r e n t ,  by r e s t r i c t i n g  t h e  ho le  i n  t he  

anode o r  by p l a c i n g  an a p e r t u r e  a  few i n c h e s  from the  anode. 

Without t h e s e  a p e r t u r e s ,  and w i t h  a  p rope r ly  prepared oxide 

cathode,  t h e  gun i s  capable  of d e l i v e r i n g  250 m a  a t  25 Kv i n  

p u l s e s  whose l e n g t h  dependson t h e  e x t e r n a l  c i r c u i t r y .  I n  our 

exper iments  a  pu l se  d u r a t i o n  of 1 . 6 p s .  was used .  



Figure  5.3 Lines  of c o n s t m t  p o t e n t i a l  i n  t h e  e l e c t r o n  
gun between anodc and cathode.  
- - - - cathode f a r  from anode. 

ra thode  cl o.;r. t o  anode. 



The cathode i s  hea ted  r a d i a n t l y  by a  f i l amen t  l o c a t e d  

immediately below t h e  cathode.  The magnetic f i e l d  produced by 

t h e  l a r g e  f i l a m e n t  c u r r e n t s  r e q u i r e d ,  approximately  100 amps., 

i s  s u f f i c i e n t l y  l a r g e  that  d e f o c u s ~ i n g  e f f e c t s  a r e  impor tan t .  For 

t h i s  reason h a l f  wave r e c t i f i e d  c u r r e n t  i s  used;  t h e  f i l amen t  

c u r r e n t  and gun v o l t a g e  be ing  on i n  a l t e r n a t e  h a l f  c y c l e s .  

5 . 2 . 2  E l e c t r o n  Gun Power Supply 

A schemat ic  diagram of t h e  e l e c t r i c a l  c i r c u i t r y  i s  shown 

i n  F igure  5 . 4 .  The pu l se  forming network i s  r e a l l y  a  long  s e c t i o n  

of R G - ~ A / U  c ab l e  which i s  charged t o  a  h igh  p o s i t i v e  vo l t age  V, 

t h e  same vo l t age  as t h e  t h y r a t r o n .  When a  t r i g g e r  pulse  i s  app l ied  

t o  t h e  t h r y a t r o n ,  t h e  t h y r a t r o n  w i l l  f o r  p r a c t i c a l  purposes be a  

s h o r t  c i r c u i t  t he reby  connec t ing  a  load  r e s i s t a n c e  of 50 ohms, 

t h e  c h a r a c t e r i s t i c  impedance of t h e  cab l e ,  a c r o s s  t he  c a b l e .  T h i s  

w i l l  g ive  r i s e  t o  a  pu l se  of he igh t  ~ / 2  and d u r a t i o n  twice  t h e  

t r a n s i t  t ime of t h e  cab l e  a c r o s s  t h e  i n p u t  of t h e  pulse  t r a n s -  

former .  This  pu l se  i s  i n v e r t e d  and s tepped up i n  t h e  pu lse  

t rans former  and a p p l i e d  t o  t h e  cathode of t h e  e l e c t r o n  gun. 

Wi th  t h i s  gun t h e  anode and sample a r e  he ld  a t  ground p o t e n t i a l  

whi le  t h e  cathode l e n s  and f i l amen t  a r e  pulsed n e g a t i v e l y .  The 

f i l amen t  c u r r e n t  i s  supp l i ed  by a  f i l a m e n t  t rans former  whose 

i n s u l a t i o n  between primary and secondary windings must be capable  

of w i th s t and ing  t h e  h igh  v o l t a g e  pu lse  app l i ed  t o  t h e  gun. 
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5 . 2 . 3  Vacuum System and Gun S t e e r i n g  Assembly 

The e l e c t r o n  gun i s  mounted by t h r e e - p o i n t  suppor t s  i n  a 

vacuum system which can be pumped ou t  t o  p r e s s u r e s  l e s s  than  

t o r r  w i t h  a  2" NRC o i l  d i f f u s i o n  pump. The suppor t s ,  

which a r e  mounted on t h e  c i rcumference of t h e  anode, r e s t  on one 

c o n i c a l  po in t  and two wedges. The wedges can be moved normal t o  

t h e  a x i s  of gun r a i s i n g  o r  lower ing  one s i d e  of t h e  gun and 

thereby  moving t h e  e l e c t r o n  beam a c r o s s  t h e  sample which i s  l oca -  

t e d  above t h e  gun on t h e  end of t h e  helium f i n g e r  of a  dewar. 

The f i l a m e n t  l e a d s  a r e  o i l  cooled copper t ubes  which pass  

through a  1" t h i c k  l u c i t e  p l a t e .  Vacuum s e a l s  a r e  made by O-rings 

around t h e  t u b e s  which a r e  p ressed  up a g a i n s t  t h e  l u c i t e  p l a t e  

by b r a s s  f l a n g e s .  

5 . 3  Sample P repa ra t i on  

The samples used i n  t h i s  s tudy  of e l e c t r o n  beam e x c i t e d  

luminescence were t h i n  CdS f i l m s  5,000-10,000A t h i c k  which had 

been evaporated on to  a  g l a s s  s u b s t r a t e  over a l a y e r  of evaporated 

aluminum t o  avoid space charge e f f e c t s .  The f i l m s  were evaporated 

under such c o n d i t i o n s  (58) as t o  produce an agglomeration of smal l  

hexagonal c r y s t a l l i t e s  300-500i a c r o s s  w i t h  t h e  c r y s t a l  c - ax i s  

o r i e n t e d  p r e f e r e n t i a l l y  normal t o  t h e  s u b s t r a t e .  The evapora t ion  

cond i t i ons  a r e  g iven i n  Table 5 .1 .  The f i l m s  had a  room tempera- 

1 6  -3 t u r e  e l e c t r o n  c o n c e n t r a t i o n  of about 10  cm . No subsequent 



Material Substrate 
Temperature 

Vacuum System 
Pressure 

Table 5.1 Thin Film Deposition Conditions 

Deposition 
Rate 

torr. 300 A/min. 



h e a t  t r e a t m e n t s  were used i n  a t t e m p t s  t o  i n c r e a s e  t h e  g r a i n  s i z e  

i n  t h e  f i l m s .  

A s  one of t h e  o b j e c t s  of t h i s  s t udy  was t o  use t h e  e l e c t r o n  

beam a s  a t o o l  i n  t h e  i n v e s t i g a t i o n  of s u r f a c e  e f f e c t s ,  t h e  

s u r f a c e  p o t e n t i a l  of t h e  f i l m s  was a l t e r e d  by evapora t i ng  CaF2 

o r  SiOx on to  t h e  CdS f i l m s .  (24) It h a s  been shown t h a t  evapora- 

t i o n  of CaF2 produces a d e p l e t i o n  l a y e r  on t h e  CdS s u r f a c e  while 

SiOx produces an enhancement l a y e r .  The SiOx c o a t i n g s  were g l a s s -  

l i k e  i n  t h e i r  appearance which, combined w i t h  t h e  r e l a t i v e l y  high 

oxygen p re s su re  d u r i n g  d e p o s i t i o n ,  sugges t s  t h a t  t h e  f i l m s  were 

c l o s e r  i n  composit ion t o  Si02 than  t o  SiO. Energy band s t r u c t u r e s  

of CdS f i l m s  w i t h  CaF2 and SiOx c o a t i n g  a r e  shown i n  F igure  5 . 5  

and a  c r o s s - s e c t i o n  of t h e  l aye red  f i l m s  i s  shown i n  F igure  5 .6 .  

Seve ra l  samples were evaporated on to  t h e  same s u b s t r a t e  

wi thout  b r eak ing  t h e  vacuum. Usua l ly  a  4 x 3 a r r a y  of $ i nch  

diameter  c i r c u l a r  samples was evapora ted .  Each of t h e  t h r e e  rows 

of f o u r  samples had a  d i f f e r e n t  s u r f a c e  t r ea tmen t ,  u s u a l l y  one had 

CaF2 on t o p  of t h e  CdS, ano the r  row SiO and t h e  t h i r d  row was 
X 

l e f t  b a r e .  The samples i n  each row were g e n e r a l l y  of d i f f e r e n t  

t h i c k n e s s e s .  

To o b t a i n  t h e  e l e c t r o n  beam e x c i t e d  emiss ion s p e c t r a  of t h e  

f i l m s  prepared i n  t h i s  way t h e  s u b s t r a t e  was sc ra tched  w i t h  a  

diamond s c r i b e  and broken and t h e  sample t o  be i n v e s t i g a t e d  was 

mounted w i t h  s i l v e r  p a s t e  on a beve l l ed  copper b lock which screwed 

on to  t h e  end of t h e  helium f i n g e r  of a  dewar. 



CdS m 

F i g u r e  ' 1 . 5 ,  Energy band d i a g r a m s  o f  CdS covered w i t h  
(a) Sii? and  (b) CaFp. 

X 



GLASS SUBSTRATE 

F'i i ;ur-e 5.6 C r o s s - s e c t i o n  of e v a p o r a t e d  CdS films. 



Thermal c o n t a c t  wi th  t h e  Coolant was n o t  very  good and when 

l i q u i d  n i t r o g e n ,  and i n  p a r t i c u l a r  when l i q u i d  helium, was used 

a s  coo lan t  t h e  sample temperature  i n  t h e  absence of e l e c t r o n  

beam e x c i t a t i o n  was probably  a  few t e n s  of degrees  Kelvin above 

t h e  b a t h  t empera ture .  Th is  temperature  was l i k e l y  r a i s e d  f u r t h e r  

by r a d i a n t  h e a t i n g  from t h e  h o t  cathode of t h e  e l e c t r o n  gun 

l o c a t e d  some 10-15 cm below t h e  sample. 

5 .4  S p e c t r a  of CdS Films 

Typical  emiss ion s p e c t r a  of t h i n  CdS f i l m s ,  wi th  no c o a t i n g  

and coated w i t h  SiOx and CaF2 taken  a t  l i q u i d  helium and l i q u i d  

n i t r o g e n  tempera tures  a r e  shown i n  F igu re s  5 . 7  and 5.8.  The 

s i m i l a r i t y  of t h e s e  s p e c t r a  wi th  t hose  of t h e  green edge lumin- 

escence i n  s i n g l e  c r y s t a l s  of CdS, shown i n  F igures  2 . 1  and 2 . 2 ,  

i s  apparen t  except  f o r  t h e  peak a t  s h o r t  wavelengths.  

The low energy emiss ion shows a  s e r i e s  of peaks, e q u a l l y  

spaced i n  energy w i t h  a  mean spac ing  of 40 * 3 mev. The spac ing  

i s ,  w i t h i n  exper imenta l  e r r o r ,  equa l  t o  t h e  ( k  = 0 )  LO phonon 

energy of s i n g l e  c r y s t a l  CdS. I n  our f i l m s ,  whi le  t he  r e l a t i v e  

i n t e n s i t y  of t h e  h igh  and low energy peaks depends, a t  f i x e d  

tempera ture ,  on t h e  s u r f a c e  t r ea tmen t ,  t h e  h igh  energy peak 

d imin ishes  i n  i n t e n s i t y  r e l a t i v e  t o  t h e  low energy s e r i e s  a s  t h e  

temperature  i s  lowered.  This  i s  t h e  same temperature  dependence 

t h e  free-bound and bound-bound emiss ion l i n e s  i n  s i n g l e  c r y s t a l  

CciS e x h i b i t .  (30) Also, i n  t h e  f i l m s ,  t h e  h igh  energy peak i s  



Cc (0 In * rr) N - 
(W!W 'qJW) A l ISN31NI  NOISSIW 3 
Ficure 5.7 Emission spectrum of CdS films at liquid 

helium temperature. Beam conditions: 
SiOx:9kv, 20 ma., CnF2 :$kv, 12 mg bare: 
10kv, 20 ma (intensity scale should be 
increased by :I. factor of 5 over coated 
films ) . 



Fipu1.c 5.3 Emission spcctrum ~ ) f  CdS films a t  l i q u i d  
n i t r o g e n  t cmper :~ tu rc .  Rcam cond i t i ons  : 



l e s s  i n t e n s e  i n  CaF2 coated samples where t h e  su r f ace  i s  dep l e t ed  

of e l e c t r o n s  t han  i n  t h e  SiOx coated samples where t h e  s u r f a c e  

e l e c t r o n  concen t r a t i on  i s  enhanced. Furthermore,  i n  t h e  SiOx coated 

samples t h e  i n t e n s i t y  of t h e  h igh  energy peak diminishes  r e l a t i v e  

t o  t h e  low energy s e r i e s  as t h e  beam v o l t a g e  o r  e l e c t r o n  pene t ra -  

t i o n  dep th  i s  i n c r e a s e d  (F igu re  5 . 9 ) .  I n  t h i s  case we a r e  

g e n e r a t i n g  e l e c t r o n s  and h o l e s  f u r t h e r  from t h e  enhanced s u r f a c e  

concen t r a t i on  of e l e c t r o n s .  

A l l  t h i s  evidence p o i n t s  q u i t e  conc lus ive ly  t o  t h e  h igh  

energy peak be ing  due t o  t h e  recombinat ion of f r e e  e l e c t r o n s  wi th  

bound h o l e s .  The low energy s e r i e s ,  by v i r t u e  of i t s  s i m i l a r i t y  

w i th  t h e  low energy s e r i e s  i n  s i n g l e  c r y s t a l  CdS we i d e n t i f y  a s  

t h e  recombinat ion of bound e l e c t r o n s  w i t h  bound h o l e s ,  and t h e  

s imul taneous  emiss ion of n  LO phonons (n  = 0 ,  1, 2 ) .  

S ince  t h e  free-bound and bound-bound emiss ion both occur a t  

e n e r g i e s  d i f f e r e n t  from t h e  corresponding t r a n s i t i o n s  i n  s i n g l e  

c r y s t a l s  t h e  donor and accep to r  i o n i z a t i o n  e n e r g i e s  must be 

d i f f e r e n t  i n  t h e  f i l m s  from those  i n  s i n g l e  c r y s t a l s .  

There i s  one f e a t u r e  of t h e  free-bound t r a n s i t i o n  i n  t h e s e  

f i l m s  t h a t  i s  no t  p r e sen t  i n  t h e  free-bound emission i n  s i n g l e  

c r y s t a l s ,  and that  i s  t h e  v a r i a t i o n  i n  t h e  energy,  o r  wavelength, 

of t h e  free-bound l i n e  w i t h  beam vo l t age  i n  SiOx covered f i l m s  

and i n  some ba re  f i l m s .  This  i s  most n o t i c e a b l e  a t  helium 

t empera tu re s .  This v a r i a t i o n  i s  shown i n  F igure  5.10 and i s  a 

consequence of t h e  downward bending of t h e  energy bands a t  t h e  

I CdS s u r f a c e .  
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BEAM VOLTAGE ( k V )  

r 1 Energy free-bound e m i s s i o n  peak in CdS 
film; : i t  liquid hel ium t,emperature as a 
f u n c t i o r ~  of beam vol t , a g ~ .  



In the  absence of su r face  t r ea tmen t s  o r  w i t h  f l a t  energy 

bands throughout  t h e  luminesc ing  r eg ion  of t h e  semiconductor t h e  

r a d i a t i v e  recombination ra te  of an e l e c t r o n  of k i n e t i c  energy Ek 

w i t h  a bound h o l e  i s  

where NA = d e n s i t y  of n e u t r a l  a c c e p t o r s  

n ( E k )  = d e n s i t y  of f r e e  e l e c t r o n s  w i t h  k i n e t i c  energy Ek 
and v e l o c i t y  v .  

S ( E k )  = r a d i a t i v e  cap tu re  c r o s s - s e c t i o n  f o r  an e l e c t r o n  by 
a n e u t r a l  a c c e p t o r .  

Colbow (13) has shown tha t  i n  t h e  approx imat ion  o f  an energy 

independen t  cap tu re  c r o s s - s e c t i o n  and u s i n g  a Boltzmann d i s t r i -  

b u t i o n  f o r  t he  f r e e  e l e c t r o n s ,  the  maximum t r a n s i t i o n  ra te  o c c u r s  

f o r  Ek = kT.  Thus t h e  peak i n  t he  f - b  emiss ion  w i l l  occur a t  an 

energy Ef-b  such t ha t  

from which the  a c c e p t o r  b ind ing  energy may be determined.  

When t h e  bands are ben t  down t h e  e l e c t r o n s  nea r  t he  surface 

see a p o t e n t i a l  w e l l  and become bound o r  confined t o  a r e g i o n  

near  t h e  s u r f a c e .  Haering and 0 'Hanlon ( 2 4 )  have shown tha t  i n  a 

CdS f i l m  e v a p o r a t e d  under t h e  same c o n d i t i o n s  as ours tha t  a 

2000A t h i c k  l a y e r  of  S i O x  can enhance t h e  conductance p e r  square 



of t h e  f i l m  a t  room tempera ture  by an amount corresponding t o  t h e  

a d d i t i o n  of about l O O O A  t o  t h e  t h i c k n e s s  of t h e  f i l m .  S ince  t h e  

d e n s i t y  of c a r r i e r s  a t  t h e  su r f ace  w i l l  be l a r g e r  t han  i n  t h e  bulk 

( t h e  Fermi energy i s  now c l o s e r  t o  t h e  band edge o r  even i n t o  t h e  

conduction band) t h e  enhancement l a y e r  w i l l  l i k e l y  be much smal le r  

t han  l O O O A  and i t  w i l l  be neces sa ry  t o  t r e a t  t h e  " f r e e "  e l e c t r o n s  

i n  t h e  enhancement l a y e r  quantum mechanical ly .  Duke (59) has  

solved t h i s  problem and f i n d s  t h a t  i n  t h e  d i r e c t i o n  normal t o  

t h e  s u r f a c e  a  s e r i e s  of bound s t a t e s  occur .  This i s  shown 

q u a l i t a t i v e l y  i n  F igure  5.11. 

If r e f e r e n c e  i s  made t o  t h e  en la rged  band diagram i n  F igure  

5.11 of t h e  f i l m s  nea r  t h e  s u r f a c e  we see  t h a t  h o l e s  generated 

and then  bound t o  a c c e p t o r s  nea r  t h e  s u r f a c e  a r e  l i k e l y  t o  have a  

l a r g e r  ma t r ix  element f o r  a  t r a n s i t i o n  i nvo lv ing  e l e c t r o n s  bound 

nea r  t h e  s u r f a c e  t han  e l e c t r o n s  f u r t h e r  away from t h e  s u r f a c e .  

These e l e c t r o n - h o l e  p a i r s  w i l l  recombine e m i t t i n g  l i g h t  a t  energy 

where cpA i s  t h e  p o t e n t i a l  a t  t h e  accep to r  s i t e  and Ei i s  t h e  

energy of t h e  i t h  bound s t a t e  measured from t h e  conduction band 

edge a t  t h e  CdS-SiOx i n t e r f a c e .  As l ong  as t h e  accep to r  i s  

l o c a t e d  a  d i s t a n c e  z  from t h e  s u r f a c e  which i s  l e s s  than  t h e  

d i s t a n c e  zi ,  t h e  c l a s s i c a l  t u r n i n g  po in t  f o r  an e l e c t r o n  of energy 

Ei i n  t h e  p o t e n t i a l  w e l l ,  then  t h e  emiss ion w i l l  occur a t  an energy 
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g r e a t e r  than  t h e  f - b  peak i n  t h e  bulk  m a t e r i a l .  Our e x p e r i -  

mental  curves  of t h e  f - b  peak p o s i t i o n  v s .  beam vo l t age  suggest  

t h a t  a t  low beam v o l t a g e s  t h e  e l e c t r o n  p e n e t r a t i o n  i s  l e s s  

t han  t h e  c l a s s i c a l  t u r n i n g  p o i n t s  f o r  many of t h e  bound s t a t e  

e l e c t r o n s  bu t  a s  t h e  beam energy i n c r e a s e s  most of t h e  e l e c t r o n s  

and h o l e s  a r e  genera ted  deeper i n s i d e  t he  f i l m  where t h e  bands 

a r e  f l a t  and. we observe an emission peak which i s  c h a r a c t e r i s t i c  

of t h e  bu lk  m a t e r i a l .  

S ince  t h e  peak p o s i t i o n  i s  cons tan t  up t o  beam v o l t a g e s  of 

lOkv i t  would appear  a s  i f  t h e  range of t h e  p o t e n t i a l  w e l l  was 

of t h e  o rde r  of 1500A, t h e  depth t o  which lOkv e l e c t r o n s  e x c i t e  

f a i r l y  e f f i c i e n t l y  ( s e e  F igure  3 . 7 ) .  A l t e r n a t e l y ,  t h e  d e n s i t y  

of e l e c t r o n s  i n  t h e  p o t e n t i a l  we l l  may w e l l  exceed t h e  d e n s i t y  

of e l e c t r o n s  genera ted  by t h e  h igh  vo l t age  primary e l e c t r o n s  

and s i n c e  a s  shown t h e  luminescent  i n t e n s i t y  a t  an energy E 

depends on t h e  e l e c t r o n  d e n s i t y ,  t h e  emission r e s u l t i n g  from t h e  

recombination of an e l e c t r o n  i n  t h e  su r f ace  r eg ion  w i l l  dominate 

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

reg ion  becomes comparable t o  t h e  number i n  t h e  s u r f a c e  r e g i o n .  

This simple argument i s  complicated by t h e  s p a t i a l  dependence of 

t h e  h o l e s  bound t o  accep to r s ,  which i s  l i k e l y  t o  be s i m i l a r  t o  

t h e  d i f f e r e n t i a l  energy l o s s  of t h e  primary e l e c t r o n s ,  bu t  i n  t h e  

absence of d e t a i l e d  knowledge of t h i s  s p a t i a l  dependence and t h e  

form of t h e  ma t r ix  element f o r  r a d i a t i v e  recombinat ion,  t h e  

e s t i m a t e  of 1500A f o r  t h e  range of t h e  p o t e n t i a l  w e l l  must 

c e r t a i n l y  be regarded as be ing  an upper bound. 



The Fermi energy a t  the  s u r f a c e  i s  of t h e  o rde r  of 2  o r  

3 t imes  AEmax above t h e  conduction band edge where AEmax i s  t h e  

t o t a l  s h i f t  i n  energy of t h e  f - b  emiss ion w i t h  beam v o l t a g e ,  o r  

e q u i v a l e n t l y  t h e  t o t a l  s h i f t  i n  t h e  f -b  emiss ion from low 

v o l t a g e  e l e c t r o n s  i n c i d e n t  i n  a SiOx covered f i l m  t o  a CaF 2  

coated f i l m  where t h e  p o t e n t i a l  w e l l  does n o t  e x i s t .  From Figure  

5.10,  mmaX ;4. 1 7  mev and EF i s  30 - 45 mev above t h e  conduction 

band edge a t  t h e  SiOx-CdS i n t e r f a c e .  

To c a l c u l a t e  t h e  accep to r  b ind ing  energy we see  that  i t  i s  

neces sa ry  t o  use  data on t h e  SiOx covered f i l m s  taken wi th  l a r g e  

beam v o l t a g e s  o r  f i l m s  coated wi th  CaF2 Using Ef = 2.527 ev,  - 
kT ^ 1 mev and E = 2.582 e v .  EA 55 mev which i s  much l e s s  than 

g  
i n  s i n g l e  c r y s t a l  CdS (13) where EA = 169 .6  mev. 

From F igu re s  5 . 7  and 5 .8  i t  can be seen t h a t  a s  t h e  tempera- 

t u r e  of t h e  specimen i s  lowered t h e  s t r e n g t h  of t h e  b-b phonon 

r e p l i c a  emiss ion i s  decreased  and, i n  t h e  case  of t he  SiOx covered 

f i l m s ,  t h e  phonon r e p l i c a  emiss ion becomes q u i t e  we l l  r e so lved .  

The phonon r e p l i c a s  i n  t h e  CaF2 covered f i l m s  a r e  no t  a t  a l l  w e l l  

r e so lved ,  and i n  an e f f o r t  t o  see  i f  t h e  b u i l t  i n  e l e c t r i c  f i e l d  

a t  t h e  s u r f a c e  produced s u f f i c i e n t  l i n e  broadening t o  reduce t h e  

r e s o l u t i o n ,  t h e  l i n e  shape of t h e  b-b emiss ion i n  t h e  presence of 

a  uniform e l e c t r i c  f i e l d  w a s  c a l c u l a t e d .  

Thomas (l) e t  a 1  have shown t h a t  i n  t h e  case  where t h e  

impur i ty  envelope wave f u n c t i o n s  have a simple hydrogenic form, 

and one of t h e  i m p u r i t i e s  i s  much more weakly bound than  t h e  



other, t h e  ma t r ix  element f o r  r a d i a t i v e  recombination w i l l  be 

p r o p o r t i o n a l  t o  q ( r )  = C exp (-r/rg) where $ ( r )  i s  t h e  envelope 

2 -+- wavefunction of t h e  more weakly bound p a r t i c l e ,  rB = [ 2 m * ~ ~ / h  ] , 
Eb = b ind ing  energy o f  t h e  weakly bound p a r t i c l e ,  and r i s  t h e  

i n t e r - i m p u r i t y  s e p a r a t i o n .  

The t r a n s i t i o n  p r o b a b i l i t y  i s  then  

For impur i t y  p a i r s  of reasonably  l a r g e  separa t ion  t h e  energy 

of emiss ion,  i n  t h e  absence of an e l e c t r i c  f i e l d ,  w i l l  be 

For s i m p l i c i t y  l e t  u s  t ake  t h e  ze ro  of energy as 

Eg - (EA + ED). The number of donors between r and r + d r  i s  

2 4'rr n r  d r .  A d i s t a n c e  range d r  corresponds t o  an energy range 

Therefore  t h e  recombination i n t e n s i t y  per u n i t  energy a t  

energy E i s  



To inc lude  t h e  e f f e c t  of a  uniform e l e c t r i c  f i e l d  F  app l i ed  i n  t h e  

z - d i r e c t i o n  we must l e t  

e 2 
E = -  

K r  + e  Fr  Cos e (5.4.8) 

where r Cos 8  i s  t h e  z-component of t he  i n t e r i m p u r i t y  s e p a r a t i o n .  

Consider now those  donors l o c a t e d  a d i s t ance  r from an a c c e p t o r .  

Those donors which a r e  l o c a t e d  i n  an annular  volume 2nr2 Sinededr 

have t h e  same energy E and t h e  t r a n s i t i o n  r a t e  from t h i s  volume, 

assuming t h e  impur i t y  wavefunctions have no t  been d i s t o r t e d  by 

t h e  f i e l d  s o  t h a t  t h e  ove r l ap  i s  unchanged, i s  

2 2 m r  wmax e  l a  Sinededr 

where a = r /2. But Sinede = - B -dE and the  above t r a n s i t i o n  r a t e  e r  

becomes 

mWmax. e  -'Ia r d r  dE 



Now, over a  s u r f a c e  of cons t an t  r 

and t o  c a l c u l a t e  t h e  l i n e  shape we need t o  i n t e g r a t e  over a l l  

p o s s i b l e  r a t  cons t an t  E, s u b j e c t  t o  the  above i n e q u a l i t y .  This 
3 3 

y i e l d s ,  f o r  - 4e > 1 and - 4e c 1 r e s p e c t i v e l y  
m2 Kk' 

These equa t ions  have been computer c a l c u l a t e d  u s ing  t h e  



2 dimens ion less  v a r i a b l e s  c = E / E ~  and y = 2E /E where Ec  = e  / K r g  F c  

and EF = eEr B' The r e s u l t s  of t h i s  c a l c u l a t i o n  a r e  shown i n  

F igure  5.12 f o r  s e v e r a l  va lues  of y, o r  e q u i v a l e n t l y  t h e  e l e c t r i c  

f i e l d  . 

The exper imenta l  cond i t i ons  under which our d a t a  i s  taken  

a r e  n o t  q u i t e  such a s  t o  a l low a d e t a i l e d  comparison of our 

t neo ry  w i t h  exper iment .  It i s  w e l l  known from time r e so lved  

s p e c t r a  on f l a s h  e x c i t e d  s i n g l e  c r y s t a l s  of CdS t h a t  t h e  f a s t e s t  

decaying bound-bound t r a n s i t i o n s  a r e  t hose  of h i g h e s t  energy,  

i n v o l v i n g  bound e l e c t r o n s  and h o l e s  of smal l  s e p a r a t i o n .  This  i s  

reasonable  as i t  i s  t h e  c l o s e l y  spaced e l e c t r o n s  and h o l e s  t h a t  

have t h e  l a r g e s t  ove r l ap  of t h e i r  wavefunct ions .  It has  a l s o  

been determined,  see  F igure  5.13,  t h a t  t h e  l i g h t  emiss ion from 

our f i l m s  fo l l ows  t h e  e x c i t a t i o n  f a i r l y  c l o s e l y ,  a l though t h e r e  

appears  t o  be some a f t e rg low,  and i t  i s  reasonable  t o  say  t h a t  

r epopu la t i on  of i m p u r i t i e s  t a k e s  p lace  on a l a r g e  s c a l e .  This 

a l s o  i m p l i e s  t h a t  f a s t  decaying t r a n s i t i o n s  w i l l  be enhanced and 

our exper imenta l  curves  a r e  l i k e l y  t o  have t h e i r  h igh  energy s i d e  

emphasized. Since  our  t heo ry  does no t  t a k e  t h e  dynamics of t h i s  

r epopu la t i on  i n t o  account our t h e o r e t i c a l  and exper imenta l  l i n e -  

shapes w i l l  n o t  a g r e e .  Never the less ,  t h e  e f f e c t  of an e l e c t r i c  

f i e l d ,  should t h e r e  be an e f f e c t ,  should be q u a l i t a t i v e l y  s i m i l a r  

t o  t h a t  i n  F igure  5 .12,  where t h e  e l e c t r i c  f i e l d  s h i f t s  t h e  

emiss ion l i n e  toward h i g h e r  e n e r g i e s .  Colbow (60) h a s  shown t h a t  

a  s h i f t  toward h i g h e r  e n e r g i e s  wi th  i n c r e a s i n g  e l e c t r i c  f i e l d  i s  



F1i{:ure 1 Calculated l i n e  shape of the bound-bound 
ckmission w i th  diff~rent values of  the  
p l ( - . c t r i c  fie1 d p:i,rn.meter y .  



F i g u r e  5.13 Oscilloscope t r a c e s  of ( a )  v o l t a g e  a p p l i e d  
t o  e l e c t r o n  gun, and ( b )  l i g h t  output from 
e v a p o r a t e d  films of CdS. H o r i z o n t a l  s c a l e  
l p / d i v .  



a l s o  t o  be expected i f  on ly  t h e  change i n  ove r l ap  of t h e  e l e c t r o n  

and h o l e  wavefunct ions  i s  cons idered .  A f u l l  a n a l y s i s  of  t h e  

problem would have t o  i n c l u d e  t h i s  e f f e c t  as w e l l .  

Exper imenta l ly ,  t h e  l i n e  shape on t h e  h igh  energy s i d e  of 

t h e  ze ro  phonon peak i s  t h e  same whether t h e  f i l m  i s  coated wi th  

SiOx o r  wi th  CaF2, and t h e  peak p o s i t i o n  i s  a l s o  unchanged. Thus 

t h e r e  must be some o t h e r  mechanism o p e r a t i v e  i n  broadening t h e  

bound-bound emiss ion peaks i n  t hose  f i l m s  coated wi th  CaF2. 

S i m i l a r  exper iments  were t r i e d  wi th  s i n g l e  c r y s t a l s  of h igh  

r e s i s t i v i t y  CdS which were coated wi th  2000A of CaF2 o r  SiOx as 

soon as p o s s i b l e  a f t e r  having been c leaved .  The s p e c t r a  ob ta ined  

a t  a beam v o l t a g e  of  lOkv and beam c u r r e n t  of 1 m a  a r e  shown i n  

F igu re s  5.14 and 5.15. A s  i s  ev iden t  t h e  c o a t i n g s  have on ly  a 

minor e f f e c t  on t h e  s p e c t r a ,  so t h a t  t h e  e f f e c t  seen i n  t h e  f i l m s  

must be due t o  t h e  n a t u r e  of t h e  evaporated CdS o r  p o s s i b l y  t h e  

h ighe r  c o n d u c t i v i t y  of  t h e  f i l m s .  

Only a crude e s t i m a t e  of t h e  donor b ind ing  energy can be 

made from our d a t a .  I n  s i n g l e  c r y s t a l s  t h e  ze ro  phonon bound- 

bound peak occurs  a t  an energy approximately  15 mev above 

E - (EA + ED). If we assume t h e  same s h i f t  i n  our f i l m s  then 
g  

from t h e  energy a t  t h e  peak, 2.459 ev,  t h e  known band gap f o r  

s i n g l e  c r y s t a l  CdS a t  ~ O K ,  ( 3 )  2.582 ev,  and t h e  p rev ious ly  

c a l c u l a t e d  accep to r  energy we f i n d  a  donor b ind ing  energy of 

93 mev, t o  which an u n c e r t a i n t y  of a t  l e a s t  5-10 mev must be 

a t t a c h e d .  



Figurc 5.14 Emission spectrum of Cap2 coated CdS single 
crystal at liquid hclium temperature. Beam 
voltage 10kv. 



i r  1 Emiss ion  spect rum of SiO, coated CdS s in{ , l c  
c rys t a l  :it l i q u i d  hclium tcmpcrnture. Beam 
v o l t x p - r ~  10kv. 



5.5  Conclusions 

I n  t h i s  chap te r  we have desc r ibed  some s p e c t r a  ob ta ined  

from vacuum evapora ted  t h i n  f i l m s  of CdS. The s p e c t r a l  l i n e s  

have been shown t o  r e s u l t  from t h e  recombination of e l e c t r o n s  

bound t o  donors w i t h  h o l e s  bound t o  a c c e p t o r s ,  and from t h e  

recombinat ion of " f r e e  " e l e c t r o n s  w i t h  bound h o l e s .  The e f f e c t  

of p o s i t i v e  and n e g a t i v e  s u r f a c e  p o t e n t i a l s  on t he  free-to-bound 

luminescence h a s  been demonstrated u s i n g  t h e  p e n e t r a t i o n  dep th  

of h i g h  vo l t age  e l e c t r o n s  t o  s e p a r a t e  bu lk  e f f e c t s  from s u r f a c e  

e f f e c t s .  

The e f f e c t  of s u r f a c e  t r ea tmen t  on t h e  bound-to-bound 

emiss ion i s  s t i l l  n o t  f u l l y  unders tood and f u r t h e r  work i n t o  t he  

e f f e c t  of  t h e  n a t u r e  of  bo th  t h e  evaporated CdS and t h e  c o a t i n g  

on t h e  emiss ion would be d e s i r a b l e .  



This t h e s i s  h a s  been concerned wi th  some luminescent  

p r o p e r t i e s  of s i n g l e  c r y s t a l s  and evaporated t h i n  f i l m s  of CdS, 

a s  determined by o p t i c a l  and e l e c t r o n  beam e x c i t a t i o n .  

A comparison of o p t i c a l  and e l e c t r o n  beam e x c i t a t i o n  mechan- 

isms h a s  been made and t h e  c i rcumstances  under which each 

technique  i s  of advantage determined.  It has  been shown t h a t  

e l e c t r o n  beam e x c i t a t i o n  i s  advantageous when h igh  e x c i t a t i o n  

i n t e n s i t y  i s  r e q u i r e d ,  such a s  i n  semiconductor l a s e r s  o r  when a  

p a r t i c u l a r  luminescence process  i s  i n e f f i c i e n t ,  o r  when i t  i s  

d e s i r e d  t o  d i s t i n g u i s h  s u r f a c e  from bulk  e f f e c t s  which can be 

r e a d i l y  done by va ry ing  t h e  p e n e t r a t i o n  depth ,  o r  t h e  energy,  

of t h e  i n c i d e n t  e l e c t r o n s  and thereby  c r e a t i n g  e l e c t r o n - h o l e  

p a i r s  a t  v a r i a b l e  d i s t a n c e s  from t h e  su r f ace  of t h e  m a t e r i a l .  

O p t i c a l  e x c i t a t i o n  i s  of p a r t i c u l a r  value  when i t  i s  d e s i r e d  

t o  c r e a t e  momentumless e x c i t a t i o n s ,  such a s  f r e e  e l e c t r o n s  and 

h o l e s  o r  i n t r i n s i c  and bound e x c i t o n s ,  and i n  s tudying  t h e  

e x c i t a t i o n  s p e c t r a  of luminescent  complexes. Each of t h e s e  

t echn iques  h a s  been used t o  advantage i n  s tudying  luminescence 

from s i n g l e  c r y s t a l s  and evaporated t h i n  f i l m s  of CdS. 

The o p t i c a l  e x c i t a t i o n  s p e c t r a  of two bound e x c i t o n  emission 

l i n e s  seen i n  s i n g l e  c r y s t a l s  of CdS have been ob t a ined .  It has  

been shown t h a t  t h e  complex r e spons ib l e  f o r  t h e  Il emiss ion l i n e  

a t  4 8 8 8 . 5 ~ ,  r e s u l t i n g  from t h e  recombination of an e x c i t o n  



bound t o  a n e u t r a l  a ccep to r ,  i s  c r e a t e d  by the  d i r e c t  fo rmat ion  

of bound e x c i t o n s ,  t h e  ho l e  of t h e  e x c i t o n  o r i g i n a t i n g  from 

any of t h e  t h r e e  va lence  bands of CdS. The I1 complex i s  

a l s o  c r e a t e d  by t h e  format ion of any of t h e  t h r e e  i n t r i n s i c  

e x c i t o n s  and subsequent cap tu re  of t h e s e  e x c i t o n s  by t h e  

n e u t r a l  a c c e p t o r .  

The complex r e s p o n s i b l e  f o r  t h e  I2 and I emiss ion l i n e s  5 
i n  t h e  wavelength i n t e r v a l  4867-4869 .5~  a r e  a l s o  c r e a t e d  

by t h e  fo rmat ion  of i n t r i n s i c  e x c i t o n s  and subsequent cap tu re  

of t h e s e  by t h e  n e u t r a l  impur i ty  s i t e ,  b u t  more impor t an t ly  

peaks i n  t h e  emiss ion a r e  observed whenever t h e  energy 

of an i n c i d e n t  photon i s  equa l  t o  t h e  energy of t h e  bound 

e x c i t o n  p l u s  an i n t e g r a l  number of ( k  = 0) LO phonons 

i n d i c a t i n g  t h a t  t h e  complex i s  formed d i r e c t l y  w i t h  t h e  

s imul taneous  emiss ion of a  number of LO phonons. I n  some 

c r y s t a l s  which a r e  n e a r l y  p e r f e c t l y  compensated t h e  exc i ton -  

impur i t y  complex i s  formed w i t h  phonon emission e i t h e r  on an 

i on i zed  impur i t y  which subsequent ly  cap tu re s  an e l e c t r o n  

t o  n e u t r a l i z e  t h e  s i t e  o r  an e l e c t r o n  i s  captured f i r s t  

fol lowed by c r e a t i o n  of an e x c i t o n  on t h e  now n e u t r a l  s i t e .  

Both t h e s e  p roces se s  l e a d  t o  t h e  fo rmat ion  of t h e  same 

n e u t r a l  impur i t y - exc i ton  complex, on which t he  e x c i t o n  

recombines e m i t t i n g  l i g h t  a t  t h e  wavelength corresponding 

t o  I2 o r  I 5.  The presence of t h e  peaks corresponding 

t o  t h e  fo rmat ion  of t h e  e x c i t o n  on bo th  n e u t r a l  and ion i zed  

i m p u r i t i e s  ha s  al lowed one t o  i d e n t i f y  t h e  I complex a s  an 5 



e x c i t o n  bound t o  a n e u t r a l  donor.  The i d e n t i t y  of t h i s  l i n e  has  

been somewhat i n  doubt .  

E l e c t r o n  beam e x c i t a t i o n  has  been used t o  o b t a i n  lumines- 

cence s p e c t r a  of evaporated t h i n  f i l m s  of CdS. The s p e c t r a  

have been i d e n t i f i e d  a s  r e s u l t i n g  from t h e  recombination of 

bound e l e c t r o n s  w i t h  bound h o l e s  and f r e e  e l e c t r o n s  w i t h  bound 

h o l e s .  If t h e  sample i s  coated wi th  a 2000A t h i c k  l a y e r  of SiOx, 

caus ing  t h e  energy bands of t h e  CdS t o  be ben t  downward a t  t h e  

SiOx i n t e r f a c e ,  t h e  energy of t h e  f r e e  t o  bound t r a n s i t i o n  

depends on beam v o l t a g e .  A t  low beam v o l t a g e s  t h e  energy of 

t h e  emiss ion i s  h i g h e r  t han  a t  h igh  beam v o l t a g e s .  Th is  h a s  been 

shown t o  be a consequence of t h e  h ighe r  energy,  as measured from 

t h e  conduction band edge, of t h e  " f r e e "  e l e c t r o n s  nea r  t h e  SiOx- 

CdS i n t e r f a c e .  



Appendix 

O X I D E  CATHODE PREPARATION 

The cathodes  a r e  made of 0 .010" t h i c k  n i c k e l .  Discs  1 3/8" 

i n  d iameter  a r e  cu t  and then  pressed  i n t o  t he  r e q u i r e d  bu t ton  

shape u s i n g  a  d i e  des igned f o r  t h i s  purpose.  Af t e r  t h e  b u t t o n s  

have been thoroughly c leaned u l t r a s o n i c a l l y  i n  succes s ive  ba th s  

of methyl a l c o h o l  and ace tone ,  t h e  fo l lowing  procedure i s  then  

fol lowed : 

I.  Pre l iminary  t r ea tmen t  of cathode bu t tons  : 

Bake a t  1000•‹C f o r  15 minutes i n  vacuum fu rnace  

Cool t o  300" C 

i .  a t  o r  below 300•‹C use  d ry  n i t r o g e n  t o  l e t  

fu rnace  up t o  atmospheric p r e s su re  and remove 

b u t t o n s  from fu rnace  

Spray b u t t o n s  w i th  320 mesh powdered n i c k e l  

app ly  about  0 .005"  t h i c k n e s s  u s ing  a  p a i n t  

sp ray  gun o r  a tomizer  wi th  amyl a c e t a t e  a s  

t h e  v e h i c l e  and s u b s t i t u t i n g  d ry  n i t r o g e n  

f o r  compressed a i r .  A l t e r n a t e l y ,  pour a 

s l u r r y  of n i c k e l  powder and amyl a c e t a t e  

over  t h e  bu t ton ,  moving t h e  s l u r r y  around 

u n t i l  a  uniform c o a t i n g  of n i c k e l  h a s  been 

ob ta ined ,  and then  l e t  t h e  amyl a c e t a t e  

evapora t e .  



11. S i n t e r i n g  and oxide c o a t i n g  procedure 

( a )  Place  b u t t o n s  i n  fu rnace ,  h e a t  t o  gOO•‹C, bake f o r  

5 minutes,  

( b )  coo l  t o  150• ‹c  

i . a t  150•‹C l e t  up t o  dry  n i t r o g e n  

( c )  Spray bu t ton  wi th  oxide coa t ing  

i .  keep coa t  f a i r l y  l i g h t .  About t h e  r i g h t  

t h i c k n e s s  has  been ob ta ined  when t h e  s u r f a c e ,  

a f t e r  t h e  amyl a c e t a t e  h a s  evaporated,  h a s  

j u s t  tu rned  whi te  from t h e  l i g h t  g rey  co lour  

i t  h a s  when t h e  n i c k e l  powder h a s  been 

s i n t e r e d .  

ii. i f  oxide p repa ra t i on  needs t h i n n i n g  use  amyl 

a c e t a t e .  

iii. i f  e x t r a  bu t tons  a r e  coated wi'th t h e  p repara -  

t i o n ,  s t o r e  i n  an i n e r t  atmosphere ( d r y  

n i t r o g e n  w i l l  do f o r  a  per iod  of s e v e r a l  

months) o r  a c t i v a t e  t h e  cathodes  i n  a  vacuum 

fu rnace  ( s ee  below) and then  s t o r e  i n  

an i n e r t  atmosphere. 

111. A c t i v a t i o n  procedure 

( a )  I n s t a l l  bu t ton  i n  gun 

( b )  Heat as r a p i d l y  a s  pos s ib l e  t o  1000•‹C 

i. important  - keep p re s su re  below 5 x  t o r r .  

I n  h e a t i n g  t o  1000•‹C cons ide rab l e  ou tgas s ing  

w i l l  be exper ienced,  so t h a t  pa t i ence  a t  t h i s  



s t a g e  i s  a v i r t u e  i f  good cathodes  a r e  d e s i r e d .  

If t o o  heavy a  c o a t i n g  of t h e  oxide prepara-  

t i o n  h a s  been a p p l i e d ,  o r  i f  t h e  mixture was 

s t i l l  wet when t h e  cathode was i n s t a l l e d ,  i t  

i s  l i k e l y  t h a t  1000•‹C w i l l  never  be reached.  

Also, ca thodes  wi th  a heavy c o a t i n g  w i l l  show 

poor emiss ion e f f i c i e n c y .  

ii. hold  a t  t empera ture  f o r  2 minutes .  

iii. drop t o  8 5 0 " ~ ~  which should be a t  o r  near  

t h e  o p e r a t i n g  tempera ture .  

i v .  a f t e r  shu t  down, l e t  gun coo l  f o r  30 

minutes  b e f o r e  l e t t i n g  up t o  atmospheric 

p r e s s u r e ,  aga in  wi th  d r y  n i t r o g e n .  This 

p rov ides  f o r  l onge r  cathode l i f e .  

v .  i t  i s  good p r a c t i c e  t o  go back t o  t h e  a c t i v a -  

t i o n  temperature  of  1000•‹C f o r  2 minutes a f t e r  

t h e  gun has  been a t  a tmospher ic  p r e s su re .  
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