
RECOMBINATION K I N E T I C S  I N  C d S  

by 

DONALD WALTER NYBERG 

B . A . S c . ,  U n i v e r s i t y  of B r i t i s h  C o l u m b i a ,  1957 
M . A . S c . ,  U n i v e r s i t y  of B r i t i s h  C o l u m b i a ,  1960 

A T H E S I S  SUBMITTED I N  PARTIAL FULFILLMENT O F  

THE REQUIREMENTS FOR THE DEGREE O F  

DOCTOR O F  PHILOSOPHY 

i n  the D e p a r t m e n t  

of 

Physics 

@ DONALD WALTER NYBERG, 1967 

SIMON FRASER UNIVERSITY 

N o v e m b e r ,  1967 



EXAMINING COMMITTEE APPROVAL 

K. Colbow 
Senior Supervisor 

R. F. Frindt 
Examining Committee 

J. C. Irwin * - * ,- - Examining Committee 



PARTTAL COPYRIGIIT LICENSE 

I he reby  g r a n t  t o  Simon F r a s e r  U n i v e r s i t y  t h e  r i g h t  t o  lend 

my t h e s i s  o r  d i s s e r t a t i o n  ( t h e  t i t l e  of  which i s  shown below) t o  u s e r s  

o f  t h e  Simon F r a s e r  U n i v e r s i t y  L i b r a r y ,  and t o  make p a r t i a l  o r  s i n g l e  

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

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

b e h a l f  o r  f o r  one of i t s  u s e r s .  I f u r t h e r  a g r e e  t h a t  pe rmiss ion  f o r  

m u l t i p l e  copying of t h i s  t h e s i s  f o r  s c h o l a r l y  purposes  may be g r a n t e d  

b y  me o r  t h e  Dean of Graduate S t t ld ies .  It  is unders tood  t h a t  copying 

o r  p u b l i c a t i o n  of t h i s  t h e s i s  f o r  f i n a n c i a l  g a i n  s h a l l  n o t  be  a l lowed  

w i t h o u t  my w r i t t e n  pe rmiss ion .  

T i t l e  of T h e s i s / ~ i s s e r t a t i o n  : 

A u t h o r :  

( s i g n a t u r e  ) 

(name ) 

( d a t e )  



ABSTRACT 

I n  h igh-pur i ty  cadmium s u l f i d e  c r y s t a l s ,  a t  low temperatures 

and high e x c i t a t i o n  i n t e n s i t i e s ,  emission l i n e s  a t t r i b u t e d  t o  

f r e e  and bound exc i ton  recombination a r e  observed i n  the s p e c t r a l  

range 4860 t o  5090 A .  I n  addi t ion ,  the  main peaks of two broad 

emission bands, which a r e  repeated a t  lower energies  w i t h  the 

simultaneous emission of one or  more l o n g i t u d i n a l  o p t i c a l  phonons, 

a r e  observed a t  about 5140 and 5180 H .  The high energy band, 

which i s  dominant a t  l i q u i d  n i t rogen temperatures,  i s  due t o  f r e e  

e l ec t rons  recombining with holes  bound a t  cadmium vacancy accep to r s .  

The low energy band, which i s  dominant a t  l i q u i d  helium tempera- 

t u r e s ,  i s  due t o  e l e c t r o n s  bound t o  shallow donors recombining 

with the  bound holes .  

The photoluminescence e f f i c i e n c y  and photoconductivity response 

of cadmium s u l f i d e  c r y s t a l s  were measured and the da ta  i n t e r -  

preted i n  terms of an  energy band model involving the  donor and 

acceptor  l e v e l s  previous ly  e s t ab l i shed  as being involved i n  the 

r a d i a t i v e  t r a n s i t i o n s .  I n  addi t ion ,  an  e f f e c t i v e  recombination 

cen te r  ( c o n s i s t i n g  of deep acceptor - l ike  recombination c e n t e r s )  

and non-radiat ive su r face  recombination cen te r s  a r e  required t o  

account f o r  the  non-radiat ive t r a n s i t i o n s .  The r e s u l t s  of the  

t h e s i s  a r e  divided i n t o  four  top ics  and a r e  summarized below. 

The f i r s t  top ic  dea ls  with the controversy i n  the  l i t e r a t u r e  

regarding the  o r i g i n  of the  high energy emission band a t  about 

5140 A .  Two recen t  papers,  which i d e n t i f y  t h i s  band a s  being 

due t o  bound electron-to-bound hole t r a n s i t i o n s ,  a r e  analyzed 

and i t  is  shown t h a t  t h e i r  conclusions a r e  i n c o r r e c t .  Further  



ii. 

a n a l y s i s  and experiments s h ~ w  t h a t  t h e i r  d a t a  support  the  f r e e  

electron-to-bound e l e c t r o n  i n t e r p r e t a t i o n  of o ther  au thors .  

The second t o p i c  was the  e f f e c t  of su r face  recombination 

cen te r s  on the  luminescence e f f i c i e n c y .  These s t a t e s  a r e  

bel ieved t o  be mainly chemisorbed oxygen ions .  Non-radiative 

su r face  recombination i s  reduced by applying an e l e c t r i c  f i e l d  

t o  counterac t  t h e  e l e c t r i c  f i e l d  i n  the  charge dep le t ion  l a y e r  

next t o  the sur face ,  or  by photo-desorbing the  oxygen ions .  

This e l e c t r i c  f i e l d  d r a w s  minor i ty  c a r r i e r s  t o  the  sur face  

where they recombine non-radia t ive ly .  The luminescence e f f  ic -  

iency i s  found t o  be lowest when the e lec t ron-hole  p a i r s  a r e  

generated,  c l o s e s t  t o  the  su r face .  This i s  i n t e r p r e t e d  a s  

meaning t h a t  a g r e a t e r  f r a c t i o n  of the c a r r i e r s  can reach the 

su r face  t o  recombine and t h a t  ambipolar d i f f u s i o n  of c a r r i e r s  

i n t o  the  i n t e r i o r  of the c r y s t a l  does not take p lace .  It was a l s o  

found t h a t  h e a t i n g  CdS b r i e f l y  i n  a n i t rogen  ambient produces 

free-to-bound and bound- to-bound t r a n s i t i o n s  associa ted  with 

n i t rogen acceptors  130 meV above the  valence band. The n i t rogen  

impur i t ies  a r e  near the  su r face  s ince  these  bands a r e  removed 

by a s h o r t  e t c h  i n  concentrated hydrochloric  a c i d .  

The t h i r d  top ic  was the  recombination k i n e t i c s  of exc i tons  

and the  bound electron-to-bound hole  luminescence. I n  a l l  cases ,  

the  exc i ton  e f f i c i e n c y  increases  with inc reas ing  e x c i t a t i o n  

i n t e n s i t y  as expected s ince  the  formation of exc i tons  depends 

on t h e  product of the  f r e e  c a r r i e r  d e n s i t i e s .  The bound-to- 

bound emission e f f i c i e n c y  i s  high and v a r i e s  slowly with exc i t a -  

t i o n  in ' tens i ty .  The e f f i c i e n c y  f a l l s  slowly both a t  high and a t  
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low e x c i t a t i o n  i n t e n s i t y .  'I'he f a l l - o f f  i n  e f f i c i e n c y  a t  high 

e x c i t a t i o n  i n t e n s i t y  is  accompanied by an increase  i n  e f f i c i e n c y  

of the  free-to-bound emission band. The decrease i n  e f f i c i e n c y  

a t  low e x c i t a t i o n  i n t e n s i t i e s  may be due t o  non-radiat ive su r face  

recombination. 

The l a s t  top ic  was t h e  recombination k i n e t i c s  of the  f r e e  

electron-to-bound hole luminescence. Using the  energy band 

model mentioned e a r l i e r ,  t h e  d a t a  was analyzed t o  ob ta in  the  

e l e c t r o n  and hole l i f e t i m e s ,  the  luminescence e f f i c i ency ,  and 

t h e  e l e c t r o n  and hole capture cross-sec t ions  of the cadmium 

vacancy acceptor  and the  o ther  deep recombination c e n t e r .  The 

i n t e r n a l  luminescence e f f i c i e n c y  is  near u n i t y  as long a s  the  

minori ty  c a r r i e r s  (ho les )  a r e  quickly captured by the  r a d i a t i v e  

recombination cen te r s  (cadmium vacancies) .  A t  h igh temperature 

the  luminescence e f f i c i e n c y  is  low because the  cadmium vacancy 

c e n t e r s a c t  as t r a p s  r a t h e r  than recombination cen te r s ,  while 

a t  high e x c i t a t i o n  i n t e n s i t i e s  the  e f f i c i e n c y  drops because 

the  r a d i a t i v e  t r a n s i t i o n s  s a t u r a t e .  
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CHAPTER I 

INTRODUCTION 

This t h e s i s  descr ibes  an  experimental  i n v e s t i g a t i o n  and a 

d e t a i l e d  a n a l y s i s  of the  recombinat ion k i n e t i c s  i n  cadmium 

s u l f i d e  c r y s t a l s .  The experiments e n t a i l e d  measuring the  

photoluminescence and the photoconductance as funct ions  of the 

e x c i t a t i o n  i n t e n s i t y  and wavelength a t  var ious temperatures.  

The e f f e c t s  of c r y s t a l  r e s i s t i v i t y ,  su r face  condi t ion,  and 

of an appl ied e l e c t r i c  f i e l d  on the  luminescence and photo- 

conductance were a l s o  evalua ted .  With a simple, but  r e a l i s t i c ,  

energy band model, and a de ta i l ed  t h e o r e t i c a l  ana lys i s ,  it was 

poss ib le  t o  deduce the  fundamental parameters governing the 

recombination k i n e t i c s .  

Before proceeding with the c e n t r a l  theme of the thesis, 

i t  i s  valuable  t o  review the present  knowledge of luminesceni 

processes i n  cadmium s u l f i d e  . The remainder ot' tile i n t roduc t  i -o i l  

is  devoted t o  t h i s  t a s k .  

The luminescence spectrum of cadmium s u l f i d e  has been 

ex tens ive ly  s t u d i e d .  A t  low temperatures and high e x c i t a t i o n  

i n t e n s i t i e s ,  narrow emission l i n e s  a t t r i b u t e d  t o  f r e e  and bound 

exc i ton  recombination a r e  observed i n  the  s p e c t r a l  range 4860 

t o  5090 (Thomas and Hopfield, 1961, 1962; Reynolds and L i t ton ,  

1963) .  Information on these  l i n e s  has been summarized i n  a 

review a r t i c l e  by Reynolds (1965).  A t  l i q u i d  helium temperatures 

t h e  two main exc i ton  emission l i n e s  a r e  I and I 
1 2 ' 

Line Il 

occurs when an  exc i ton  bound to,a n e u t r a l  acceptor  decays and 

l i n e  I2 when an exc i ton  bound t o  a n e u t r a l  donor decays. 



Frequently,  a t  high reso lu t ion ,  I2 i s  seen t o  c o n s i s t  of seve ra l  

l i n e s ,  corresponding t o  exci tons  bound a t  d i f f e r e n t  types of 

donors. These exci tons  a r e  only weakly bound t o  these  cen te r s  

and hence a r e  not seen a t  higher  temperatures.  Above 6 o 0 ~ ,  

the main exc i ton  emission l i n e  i s  the  f r e e  exci ton,  "A" . The 

temperature dependence of these  exci tons  have been inves t iga ted  

by B l e i l  and Albers (1964).  These exc i ton  emission l i n e s  a r e  

only s l i g h t l y  phonon broadened because both the f r e e  and the  

bound exci tons  a r e  only weakly coupled t o  the  l a t t i c e .  

I n  a d d i t i o n  t o  the  exc i ton  l i n e s ,  two broad green emission 

bands have been observed ( ~ r o ~ e r ,  1940; Klick,  1951; Furlong, 

1954; Furlong and Ravil ious,  1955; Bancie-Gri l lot  e t  a1 . , 1959; 

P e d r o t t i  and Reynolds, 1960) between 5100 and 5200 i. Phonon 

r e p l i c a s  of these  bands a r e  repeated a t  lower energies  through 

the  simultaneous emission of one o r  more long i tud ina l  o p t i c a l  

phonons. A s  a r e s u l t  of the  work of these  i n v e s t i g a t o r s ,  the 

s p e c t r a l  p o s i t l o n  and s h i f t  with temperature of these bands 

was well  e s t a b l i s h e d .  Typical s p e c t r a  of t h i s  green edge lumines 

cence seen under D.C. photoexci ta t ion  a r e  shown i n  Fig.  1. A t  

~ O K ,  two no-phonon emission bands a r e  seen: a  high energy band 

peaked a t  5140 k and a low energy band a t  5180 i. Both bands 

a r e  repeated with decreasing amplitude a t  i n t e r v a l s  of the  

long i tud ina l  o p t i c a l  phonon energy (38  me^). The r e l a t i v e  

s t r e n g t h  of the  two bands va r i e s  with e x c i t a t i o n  i n t e n s i t y  and 

from c r y s t a l  t o  c r y s t a l ,  al though the  low energy band i s  usua l ly  

dominant. A t  7 8 O ~ ,  the low energy band 4 s  normally missing and 

only the  high energy band i s  observed. 



Wavelength (6i) 

5100 

Wavelength (I() 

FIG. 1: GREEN EMISSI3N FROM A TEPICAL LUMINESCENT CdS CRYSTAL 



The o r i g i n  of these  bands has been t h e  s u b j e c t  of consider- 

a b l e  controversy which has now been resolved,  i n  p a r t  as a r e s u l t  

of the work reported i n  t h i s  t h e s i s .  To Kroger and Meyer ( l954) ,  

the l a r g e  coupling of these  r a d i a t i v e  t r a n s i t i o n s  with the  longi -  

t u d i n a l  o p t i c a l  phonons suggested recombination of f r e e  holes  

and f r e e  e l e c t r o n s  through exc i ton  s t a t e s  as t h e i r  o r i g i n .  

However, Hopf i e l d  (1959) showed t h e o r e t i c a l l y  t h a t  the  phonon 

r e p l i c a s  of these  bands could only be understood by a mechanism 

involving trapped c a r r i e r s .  The bas ic  reason is  t h a t ,  when 

recombination takes place i n  the  f i e l d  of an impurity, the 

impurity can absorb c r y s t a l  momentum. Lambe e t  a1 (1956) pro- 

posed a f r e e  hole-to-trapped e l e c t r o n  recombination model a t  

~ O K ,  while Co l l ins  (1959) showed t h a t ,  a f t e r  e x c i t a t i o n ,  the  

f r e e  holes  decay much f a s t e r  than the  green emission a t  7 7 ' ~  

and proposed a f r e e  electron-to-bound hole recombination model. 

Thomas and Hopfield (1959) suggested two a l t e r n a t i v e  models. 

The f i r s t  explanat ion  assumes the green emission t o  be the r e s u l t  

of the recombination of e l e c t r o n s  i n  minima not a t  k=O with trapped 

ho les .  The s h i f t  toward longer  wavelengths would occur by 

assuming t h a t  the  o f f -ax i s  minimatmove toward k = 0 a s  the 

temperature decreases .  Their second explanat ion  assumes t h a t  

a bound s t a t e  of a n  e l e c t r o n  e x i s t s  i n  the  v i c i n i t y  of a trapped 

hole .  A t  high temperatures ( e  .g.  77OK), the  recombination would 

take place from the  unbound s t a t e s ,  e .g .  from the  conduction band 

t o  a trapped hole ,  while a t  low temperature ( e  .g .  4 . 2 ' ~ )  the 

recombination would take p lace  from the bound s t a t e  of the  e lec-  

t r o n  t o  the  bound s t a t e  of the  hole .  The energy d i f fe rence  



between t h e  bound and unbound s t a t e s  o f t t h e  e l e c t r o n  would 

account f o r  the  s h i f t  i n  wavelength of the  peak of the  

emission band. P e d r o t t i  and Reynolds (1960) pos tu la ted  a f r e e  

electron-to-bound hole  t r a n s i t i o n  a t  7 7 ' ~  and a bound e lec t ron- to-  

bound hole t r a n s i t i o n  a t  ~ O K ,  i n  agreement with Thomas and 

Hopfield Is second model. Their d a t a  a l s o  showed t h a t  a s  the  

c r y s t a l  was cooled one peak disappeared and the  o ther  appeared. 

I f  the f i r s t  model suggested by Thomas and Hopfield were c o r r e c t ,  

a gradual  s h i f t  of the  peak would occur.  The f a c t  t h a t  f r e e  

e l ec t rons  r a t h e r  than f r e e  holes  a r e  involved i n  the  luminescence 

a t  77OK was f u r t h e r  supported by Spear and Bradbury (1965) by 

photoconduct ivi ty  and luminescence measurements. 

Conf l i c t ing  views were proposed by Halsted and Sega l l  (1963) 

who suggested a bound-exciton recombination a t  a double acceptor  

l e v e l  near the  conduction band, and Razbir in  (1964) who proposed 

t h a t  the  emission r e s u l t s  from the  a n n i h i l a t i o n  of an  exci ton  

with simultaneous i o n i z a t i o n  of a trapped hole .  Gross, Razbir in  

and Permogorov (1965) proposed t h a t  both t r a n s i t i o n s  were of 

the  bound-to-bound type, o r i g i n a t i n g  from d i f f e r e n t  shallow 

donors and terminat ing on the  same acceptor .  However, s ince  the 

higher energy emission i s  dominant a t  higher  temperatures, Gross 's  

model would imply t h a t  the more t i g h t l y  bound donor e l ec t rons  

a r e  thermally ionized f i r s t .  This model was a l s o  reported by 

Gross and Nedzvetsky (1965).  

Colbow (1966) observed time-resolved photoluminescence spec t ra  

of the green bands as  a func t ion  of temperature.  From the  wave- 

l eng th  s h i f t  of the  emitted l i g h t  with time and temperature, he 



concluded t h a t  the  high energy band (5140 1) w a s  due t o  the  

recombination of f r e e  e l e c t r o n s  with holes  bound a t  acceptors  

170 meV above t h e  valence band, while t h e  low energy band (5180 A )  

was due t o  the recombination of e l e c t r o n s  bound a t  donors 30 meV 

below the  conduction band with the  bound ho les .  I n  a d d i t i o n  t o  

values f o r  the  donor and acceptor  binding energies ,  the  bound- 

to-bound r e a c t i o n  c o e f f i c i e n t  and an es t imate  of the  donor 

concent ra t ion  were obtained. The conclusions were supported 

by independent information from the  time decay of the  bound-to- 

bound and the  free-to-bound emission i n t e n s i t y ,  and i t s  cor re la -  

t i o n  with the low temperature decay of photoconduct ivi ty  a s  a 

func t ion  of time a f t e r  e x c i t a t i o n .  The s t rong  coupling of the 

trapped c a r r i e r s  with the l a t t i c e  i s  i n  p a r t  responsible  f o r  the  

broadness of the  free-to-bound and the  bound-to-bound emission 

bands. Colbow (1966) found shoulders  on these  bands which were 

a t t r i b u t e d  t o  the  simultaneous emission or  absorpt ion  of t r ans -  

verse o p t i c a l  ( ~ 0 ~ )  and a c o u s t i c a l  phonons . 
I n  r ecen t  work, Maeda (1965) and Condas and Yee (1966), aga in  

proposed a bound electron-to-bound. hole  t r a n s i t i o n  f o r  the  high 

energy band. Maeda (1965) based h i s  conclusions on the  d i f f e r e n t  

a c t i v a t i o n  energies  f o r  thermal quenching of the  green lumines- 

cence i n  conducting and i n s u l a t i n g  c r y s t a l s .  However, i f  c o r r e c t l y  

i n t e r p r e t e d  (chapter  111), h i s  da ta  confirms t h a t  the  high energy 

band i s  due t o  a f r e e  electron-to-bound hole t r a n s i t i o n .  Condas 

and Yee observed a small  s h i f t  of t h e  peak of the high energy 

band with e x c i t a t i o n  i n t e n s i t y .  They based t h e i r  conclusions on 

the  na ture  of the  t r a n s i t i o n  on the assumption t h a t  such a s h i f t  



could only be observed i n  a bound-to-bound t r a n s i t i o n .  However, 

i n  Chapter 111, it has been shown t h a t  the  small s h i f t s  observed 

can reasonably be explained f o r  a free-to-bound t r a n s i t i o n  by 

e i t h e r  a reduced acceptor  binding energy due t o  f r e e  c a r r i e r  

screening o r  by a photoexcited e l e c t r o n  temperature l a r g e r  than 

the  l a t t i c e  temperature.  

Thus, t o  summarize the  work on t h e  green emission bands, i t  

i s  now well  e s t ab l i shed  ( i n  p a r t  as a r e s u l t  of the work reported 

i n  t h i s  t h e s i s )  t h a t  the  low energy band a t  5180 i s  due t o  

e l ec t rons ,  bound a t  donors 30 meV below the  conduction band, 

recombining with holes ,  bound a t  acceptors  170 meV above the  

valence band. The high energy band a t  5140 is  due t o  f r e e  

e l e c t r o n s  recombining with the  bound ho les .  

The shallow donors a r e  bel ieved t o  be group I11 and V I I  

impur i t ies  such as aluminum and chlor ine ,  while the  deep acceptors  

a r e  most l i k e l y  caused by cadmium vacancies and the  group I 

impur i t i e s  copper and s i l v e r  (~oodbury ,  1964). Handelman and 

Thomas (1965) have shown t h a t  the  conduct iv i ty  of h igh-pur i ty  

CdS c r y s t a l s  can be reproducibly changed between conducting 

( r e s i s t i v i t y  l e s s  than  10  ohm-cm) and i n s u l a t i n g  ( r e s i s t i v i t y  

g r e a t e r  than lo8 ohm-cm) by hea t  t reatment  i n  cadmium vapor and 

vacuum r e s p e c t i v e l y .  The hea t  t reatment  changes the dens i ty  of 

cadmium vacancies and thus the  degree of compensation of the  

donors. I n  add i t ion ,  both free-to-bound and bound-to-bound 

recombination associa ted  with a new acceptor  l e v e l  130 meV above 

the  valence band due t o  n i t rogen impur i t i e s  have been observed 

(Chapter I V ) .  

* 



A s  s t a t e d  e a r l i e r ,  the  primary a i m  of t h i s  work was t o  

i n v e s t i g a t e  t h e  recombination k i n e t i c s  i n  photoluminescent 

cadmium s u l f i d e  c r y s t a l s .  One might expect f o r  a wide-band- 

gap semiconductor, conta in ing  f a i r l y  shallow impurity s t a t e s ,  

t h a t  non-radiat ive recombination is  a n  uncommon process s ince  

i t  would requ i re  the emission of many phonons simultaneously.  

Some non-radiat ive bulk recombination may, however, be expected 

through the presence of non-radiat ive cen te r s  due t o  c r y s t a l  

de fec t s  and impuri ty  c l u s t e r s .  On the  o ther  hand, the  su r face  

may be expected t o  give r i s e  t o  mainly non-radiat ive recombina- 

t ion ,  s i n c e  t h e r e  may be a l a r g e  dens i ty  of recombination cen te r s  

i n  the forbidden band gap. These s t a t e s  may be e i t h e r  i n t r i n s i c  

or  e x t r i n s i c .  I n  1932, Tamm predic ted  t h e o r e t i c a l l y  the  exis tence  

of l o c a l i z e d  s t a t e s  associa ted  with the  terminat ion of the pe r iod ic  

c r y s t a l  p o t e n t i a l .  Surface s t a t e s  a s soc ia ted  with fo re ign  impuri- 

t i e s  have been ex tens ive ly  inves t iga ted  i n  s i l i c o n  and germanium. 

Recently, Levine and Mark (1966), have predic ted  and apparent ly  

observed i n t r i n s i c  sur face  s t a t e s  on ion ic  c r y s t a l s  using photo- 

conduct iv i ty  techniques.  However, most of the non-radiat ive 

su r face  recombination i s  believed t o  occur a t  e x t r i n s i c  su r face  

s t a t e s  a r i s i n g  from adsorbed impur i t i e s  such a s  oxygen which 

s t rong ly  a f f e c t  the  su r face  recombination ( ~ l e i l  and Albers,  1964)"  

Thus, f o r  s t r o n g l y  absorbed l i g h t ,  i t  i s  expected t h a t  the  sur face  

w i l l  have a  dominant r o l e  i n  determining the  luminescence e f f  i c -  

iency, while f o r  weakly absorbede l i g h t ,  bulk non-radiat ive 

recombination should be the more important.  

DeVore ( I 936) has made a  t h e o r e t i c a l  a n a l y s i s  of the  shape of the  



photoconductivity s p e c t r a l  d i s t r i b u t i o n  curves.  The ana lys i s  

i s  based on the  e f f e c t s  of sur face  and volume recombination 

on the  o p t i c a l l y  generated f r e e  e l ec t rons  as the  e x c i t a t i o n  

wavelength and hence the  absorpt ion  c o e f f i c i e n t  i s  var ied .  

Mark (1965a) has extended t h i s  a n a l y s i s  t o  the  case of an insula-  

tor- with two c a r r i e r s .  I n  Appendix A,  the  a n a l y s i s  of DeVore 

and Mark has been extended t o  include t h e  e f f e c t s  of an  appl ied 

e l e c t r i c  f i e l d .  

The t h e s i s  i s  organized i n t o  seven chap te r s .  Following t h i s  

in t roduc t ion  the re  i s  a chapter  on experimental techniques which 

descr ibes  the apparatus  and procedures used i n  obtaining the 

da ta .  The t h i r d  chapter  dea ls  with the controversy i n  the 

l i t e r a t u r e  regarding the o r i g i n  of t h e  high energy green emission 

band a t  5140 i. The next  th ree  chapters  dea l  with the  major 

experimental  r e s u l t s  of t h i s  study: su r face  e f f e c t s  on photo- 

luminescence; bound- to-bound and exc i t o n  recombinat ion kine t i c s ;  

and, free-to-bound recombination k i n e t i c s .  The last  chapter  

conta ins  a summary of the  work and t h e  major conclusions along 

with suggest ions about poss ib le  f u t u r e  r e sea rch .  



CHAPTER I1 

EXPERIMENTAL TECHNIQUES 

1. Apparatus -- ---- 

The exper imenta l  arrangement .used t o  s t u d y  photoluminescence 

i s  i l l u s t r a t e d  schema t i ca l ly  i n  F i g .  2 .  The samples were mounted 

i n  ho lde r s  ( F i g .  3 ) ,  and immersed i n  l i q u i d  helium, n i t r o g e n  o r  

oxygen c o o l a n t  on the  end of a long  s t a i n l e s s  s t e e l  rod.  The 

c r y s t a l s  were e x c i t e d  by the  l i g h t  from a PEK Labs (model 911) 

100 w a t t  h igh  p r e s s u r e  mercury a r c  which was d i spe r sed  by a 

J a r r e l l - A s h  (model 82-410) 0 .25  meter Ebe r t  monochromator wi th  

a g r a t i n g  of 1180 grooves p e r  m i l l i m e t e r  b lazed a t  3000 i. Two 

m i l l i m e t e r  wide s l i t s  were used and t h i s  r e s t r i c t e d  t h e  e x c i t a -  

t i o n  wavelengths t o  a band about  100 wide. The emiss ion 

spectrum of t h e  l i g h t  source  c o n s i s t s  of i n t e n s e  p re s su re  broad- 

ened bands a t  the  mercury emiss ion l i n e s  superimposed on a broad 

cont inuous background. A t  each e x c i t a t i o n  wavelength the  spectrum 

of t h e  e x c i t a t i o n  l i g h t  w a s  measured and Corning Glass Color 

F i l t e r s  chosen s o  as t o  e l i m i n a t e  any unwanted l i g h t  from t h e  

i n t e n s e  bands i n  o t h e r  reg ions  of t h e  spectrum.  A t  a l l  t imes,  

a Corning 7-59 f i l t e r  w a s  used a t  t h e  e x i t  s l i t  of the  mono- 

chromator t o  remove and b lue  l i g h t  of the  same wavelengths 

as t h e  luminescence.  With t h i s  arrangement i t  was p o s s i b l e  t o  

ach ieve  maximum e x c i t a t i o n  i n t e n s i t i e s  of about  10 m i l l i w a t t s  

p e r  cmz a t  t h e  c r y s t a l  s u r f a c e .  The method of measuring the  

e x c i t a t . i o n  i n t e n s i t y  i s  descr ibed  i n  t h e  nex t  s e c t i o n ,  The 

e x c i t a t i o n  i n t e n s i t y  was c o n t r o l l e d  wi th  Kodak Wratten neu t r a l  

d e n s i t y  f i l t e r s  . 
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P a r t  of the  o p t i c a l  system was common t o  t h e  e x c i t a t i o n  

and d e t e c t i o n  systems. The e x c i t a t i o n  l i g h t  was r e f l e c t e d  off  

an in te r fe rence  f i l t e r  ( o p t i c s  Technology Inc . S e r i e s  6085, 

Type 500W) which r e f l e c t e d  wavelengths s h o r t e r  than 4500 

when placed a t  an angle  of 45' t o  t h e  inc iden t  l i g h t .  The 

e x c i t a t i o n  l i g h t  was then focussed onto the  c r y s t a l  by an  

f/2 quar tz  l e n s  mounted on the  g l a s s  dewar. This same l e n s  

co l l ec ted  the  luminescence emitted by the  c r y s t a l .  The lumines- 

cence was t ransmi t ted  by the  in te r fe rence  f i l t e r ,  mechanically 

chopped, and t h e  spectrum analyzed i n  second order by a Spex 

I n d u s t r i e s  (model 1700-11) Czerny-Turner monochromator with 

a  Bausch and Lomb 1200 grooves per  mi l l imeter  g r a t i n g  blazed 

a t  1 . 3  microns. The l i g h t  was detected a t  the  e x i t  s l i t  with 

a  EM1 ( type  9558) photomul t ip l ie r  (S-20 response) ,  displayed 

b y . a  Pr ince ton  Applied Research (model HR-8) phase s e n s i t i v e  

de tec to r ,  and recorded on a  Moseley (model 2 ~ - 2 A )  X-Y recorder .  

The wavelength response of the  spectrometer was c a l i b r a t e d  by 

means of the  sharp emission l i n e s  of a low pressure mercury 

a r c  while t h e  energy response was determined using a standard 

lamp ( E l e c t r o  Optics  Associates ,  Type L-101). 

E I n  the  photoconduct ivi ty  experiments, ohmic contac ts  were 

made by so lde r ing  gold wires t o  the  f r o n t  su r face  of the  

c r y s t a l  with indium (Smith, 1955).  The a r e a  between the  e lec-  

t rodes  w a s  then i l luminated,  and the  change i n  r e s i s t a n c e  

measured with a Keithley (model 6 0 0 ~ )  e lec t rometer .  

The c r y s t a l s  were mounted i n  the b rass  sample holders with 

rubber cement, the  cement being appl ied along only one edge of 



the c r y s t a l  s o  t h a t  no s t r a i n s  were introduced upon cool ing.  

Care was taken not  t o  expose the  cement t o  the  e x c i t a t i o n  

l i g h t ,  s ince  the cement i s  photoluminescent i n  the  green 

region  of the  spectrum. 

2 .  Measurement of Photoluminescence Ef f i c i ency  a s  a Function 

of Exc i t a t ion  Wavelength 

I n  the measurement of photoluminesence e f f i c i e n c y  as a  

func t ion  of e x c i t a t i o n  wavelength it was necessary t o  know the  

photon f l u x  inc iden t  on the  c r y s t a l  a t  each band (100 wide) 

of wavelengths used and t h i s  required many precaut ions .  To 

minimize changes i n  e x c i t a t i o n  beam c ross - sec t ion  and p o s i t i o n  

on t h e  c r y s t a l  a s  , the e x c i t a t i o n  wavelength was varied,  the  

o p t i c a l  a x i s  of the  e x c i t a t i o n  system was al igned by means of 

a l a s e r  beam and the  e x c i t a t i o n  beam w a s  defocussed s o  t h a t  i t s  

image on the  specimen holder  was about t e n  times the  a r e a  of 

the c r y s t a l .  The power supply f o r  the  mercury a r c  w a s  run 

of f  a cons tant  vol tage transformer t o  minimize l i n e  vol tage 

f l u c t u a t i o n s ,  and the lamp was allowed t o  w a r m  up f o r  a t  l e a s t  

one-half hour before d a t a  were taken. 

The c r y s t a l s  were mounted behind an  ape r tu re  i n  the sample 

holder  ( ~ i g .  3b) s o  t h a t  the  a r e a  of e x c i t a t i o n  was con t ro l l ed .  

The sample holder  i t s e l f  was a c c u r a t e l y  centered on the  o p t i c a l  

a x i s  by a threaded t a i l  which was tapped i n t o  a brass  block 

which i n  t u r n  was keyed t o  the  bottom of the  l i q u i d  helium 

chamber as shown i n  F ig .  4.  Above t h e  sample holder a brass  

11 s p ide r"  centered the  s t a i n l e s s  s t e e l  rod.  Rotat ing t h e  sample 



Rubber Bung 

\ 
o r t  which can ' be  use@ 
o pump .on t h e  Inner  

Brass Cover P l a t e  

*Liquid Nitrogen 
Jacket  

Z, Liquid Helium 
o r  Nitrogen 
I$e s e r v o i r  

Brass "spider " - center ing  Device 

Fig .  4: Cross-Section of Liquid Helium Dewar showing' 
Sample Centering Devices. 



holder  go0 exposed a second aper tu re  a t  the  p o s i t i o n  where the 

sample had been. Light passing through t h i s  ape r tu re  w a s  

co l l ec ted  a t  the  r e a r  of the dewar by a quar tz  l e n s  and detected 

with an RCA 935 vacuum photodiode ( S - 5  response) .  I n  t h i s  way 

it  was poss ib le  t o  c a l i b r a t e  t h e  e x c i t a t i o n  l i n e s  immediately 

a f t e r  performing the  measurements of photoluminescence. The 

photon f luxes  a t  each wavelength were arranged t o  be wi th in  

a  f a c t o r  of two of the desired value by means of combinations 

of n e u t r a l  dens i ty  f i l t e r s .  The a t t e n u a t i o n  of the  n e u t r a l  

dens i ty  f i l t e r s  i s  a  func t ion  of wavelength and they were 

c a l i b r a t e d  with the  RCA vacuum photo-diode by simply recording 

the  s i g n a l  before and a f t e r  the  f i l t e r  w a s  placed i n  the  path 

of the  e x c i t a t i o n  beam. Corning Glass Color F i l t e r s  were used 

t o  a t t e n u a t e  unwanted in tense  l i n e s  i n  o the r  regions of the  

spectrum a s  described i n  Sec t ion  1. 

3. E l e c t r i c  F ie ld  and Oxygen Photodesorption Experiments 

Photodesorption of oxygen from t h e  c r y s t a l  sur face  was per- 

formed by f l u s h i n g  the  dewar with n i t rogen  gas while i l lumina t ing  

the c r y s t a l  with s t r o n g l y  absorbed l i g h t .  The photo-excited 

holes d r i f t  t o  the  su r face  under the a c t i o n  of the  s t rong e l e c t r i c  

f i e l d  i n  the  dep le t ion  l a y e r  near the  su r face .  As the  holes  

reach the  su r face ,  they  n e u t r a l i z e  the  chemi-sorbed oxygen ions 

allowing them t o  leave  the  su r face  as the  s t rong  chemical bond 

i s  broken ( W i l l i a m s ,  1962) .  Liquid n i t rogen  or helium coolant  

was then added without allowing oxygen gas t o  reach the c r y s t a l  

su r face .  This t reatment  a l s o  seemed t o  improve the  r e p r o d u c i b i l i t y  



of the  measurements of luminescence e f f i c i e n c y  as a func t ion  

of e x c i t a t i o n  wavelength. 

The e l e c t r i c  f i e l d  measurements were performed by p lac ing  

the sample between shee t s  of mica and i l lumina t ing  one face  of 

the c r y s t a l  through a t ransparent  conducting g l a s s  e l ec t rode  

( ~ i g .  3 a ) .  Since n e i t h e r  e l ec t rode  touched the  sample, the re  

was no p o s s i b i l i t y  of e l e c t r i c a l  i n j e c t i o n  of c a r r i e r s .  Volt- 

ages of up t o  4  KV were appl ied across  t h e  e l ec t rodes ,  which 

were about 1 mm a p a r t .  A t  4 . 2 O ~ ,  the appl ied vol tage was l imi ted  

t o  1 KV by the  lower breakdown vol tage of helium gas .  

4.  Variable Temperature Measurements 

Data a t  4.2 and 2OK were taken using l i q u i d  helium and 

pumped l i q u i d  helium as t h e  coolant .  Pumped l i q u i d  helium was 

prefer red  because of the  absence of bubbling i n  the  superf lu id  

phase.  Temperatures between 64 and 770K were achieved by pump- 

ing on l i q u i d  n i t rogen  and the  temperature was obtained from 

the  equi l ibr ium vapor pressure  i n  the  dewar a s  r e g i s t e r e d  by 

a  mercury manometer. A l l  d a t a  a t  temperatures below 7 8 O ~  were 

taken using the dewar i l l u s t r a t e d  i n  F ig .  4.  

I n  the  temperature region between 80 and 1 0 0 ~ ~ ~  where 

thermal quenching of the luminescence takes place,  the  va r i ab le  

temperature dewar i l l u s t r a t e d  i n  F ig .  5 was employed. The main 

advantage of t h i s  apparatus  was t h a t  the  temperature dependence 

of t h e  photoluminescence w a s  measured by cool ing the  c r y s t a l s  

by gas flow r a t h e r  than  by immersion i n  l i q u i d  coolants .  This 

avoids poss ib le  complications due t o  the  d i f f e r e n t  r e f r a c t i v e  
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i n d i c e s  of r~ i t r~ge : ->  3u3 helium, 

m  he p r l r c i p l e  cf opera t ion  of the v a r i a b l e  temperature 

d e w z , ~  is 9.s fc?' 3b73, Nitrogen gas from a s to rage  cyl inder  flowed 

through a pre:  ~ c l e r  c o i l  immersed i n  l i q u i d  ni t rogen,  then down 

3 s t a i n l e s s  steel r o d  i n t o  a hea t  exchanger immersed i n  a  l a r g e  

~ s s e r v o i r  cf 1 i q ~ i . d  n i t rogen  i n  the bottom of the  dewar. On 

l eav ing  t h e  hea t  exchanger, the  gas was piped up t o  the  neck 

of the  dew2r an3 vznted j u s t  below the  sample holder  where the  

!:;)rrow c o m t r i i t i o n  caused it t o  flow p a s t  the  sample and on out 

the to& cf ih? d z w s r  Variable temperature was achieved by 

r? ,q~d d : ~ c g  + 7.. gas flow r a t e ,  Temperature measurement was by 

a geld-chrome1 thermccouple with tke  reference  junct ion a t  

I Z q u i d  n l t r cgen  temperature. Short  term temperature s t a b i l i t y  

of 2 1% was achieved. I n  t h i s  s h o r t  time period (of the  order  

- r o~ 7 fiiiiutes) I t  ~Jas poss ib le  t o  ob ta in  a  s e t  of photoluminescence 

a r d  photzroL:dvc t , u - e  measurements over the us9able range of 

ex.: i - r ,a+, io~ intensity 

1s6;6'.; + .  ar?d tr:? ;--ixs=.rime_r?tal arrang?rne,vllt i s  i l l u s t r a t e d  i n  Figs. 6 and 7 
-  he sample m o u f e 3  i n  the  dewar ( p i g .  4) and exc i t ed  

abmt  LO t-i.mes p;tr sec  by a b r i e f  ( <  50 p. set, f i ~ , ~ h  ~ i ;  b'. OAU- gap 

radiat icr .  (3093 - 4500 1) from an EGG ( type XFX 613) xrnon f l a s h  
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tube.  The luminescence from the  c r y s t a l  passed through the  Spex 

I n d u s t r i e s  monochromator and was detected by a gated photo- 

m u l t i p l i e r  f o r  a  v a r i a b l e  s h o r t  time i n t e r v a l  fol lowing a va r i -  

ab ie  time acid:; rz t e r  the  e x c i t a t i o n  pu l se .  The r e s u l t i n g  

p h o t o n u i t i p l i e r  cu r ren t  pulses  were fed through a 1-sec RC net-  

MCY k, I high impedance E.C. ampl i f i e r  (HP model 425A DC Micro- 

vol tmeter ) ,  and a  10-sec RC i n t e g r a t i n g  network t o  a Moseley 

(model 2 D - 2 l )  X- Y r ecorde r ,  With a slowly scanning monochromator 

the lumi~escence  spectrum was recorded as a func t ion  of wave- 

l ecg th  fcr the  time i n t e r v a l  a f t e r  e x c i t a t i o n  when the  photo- 

m d t 2 y l : e r  1s gated 02. 

The photomui t ip l ie r  (EMI type 9558, S-20 photocathode) was 

operated ir: the  f ~ l l o w i n g  fash ion  (Colbow, 1966).  I n  the 

absence cf a r  e x c i t a t i o n  f l a s h ,  two i s o l a t e d  s t r i n g s  of zener 

d i o d e ;  d a d  a D,, . supply of -2000V maintain neighboring p a i r s  

of successi~.re dyr~odes a t  the  same p o t e n t i a l  which d i f f e r s  by 

2CCT! from t n a t  cf the fo l lowi rg  and the preceding p a i r .  For 

t r l i s  pote~tial dls+, r ibut ion ,  the  cu r ren t  g a i n  of thn photo- 

rriuitipl1e-r- i s  very low, With eaeh e x c i t a t i o n  f l a s h  an  iriduc- 

tiveiy :cz ; l~d pglse  t r i g g e r s  time base f! of z 'TektrorLix ( r m d e l  

t c -  I,?) dual-tzam csc i l loscope .  Using the  ad jus tab le  sweep time of 

t i ree  bass  5 .  arLd the va r i ab le  time delay,  an ex te rna l  p o s i t i v e  

gate  c) i  ?(,Ti (cf var iable  d ld rk t  ion  end s t a r t i n g  a t  a  va r i ab le  

t',ur.e sf f e r  the  t r i g g i r i n g  pulse)  z a n  be ol;;tain?d. This ga te  

" ,- 

i s  x n p i i f  ? e 3  L C  ivS9 &nd fed i n t o  one s t r i n g  of z e m r  diodes, 

thus c r e a t r n g  this ~ s i t a l  conductir,g potjential  a l s t r i c u t i o r , ,  where 

s,tc;essive d y n o d 5 s  a r e  at, a poter i t ia l  i O O V  above the previous 



one, Hence the photomul t ip l ie r  w i l l  d e t e c t  l i g h t  only while 

the  gate i s  on, 



CHAPTER I11 

FREE- TO-BOUND VERSUS BOUND-TO-BOUND 

RE3OMBINATIOli CONTROVERSY 

-- 
1. i.ntro3uc r ion 

As discussed i n  the in t roduct ion ,  the  o r i g i n  of the  green 

a i a s i o s  531?;5 whose no-phonor~ peaks occur a t  about 5140 a n d  

5180 A has been the sub jec t  of a g r e a t  dea l  of controversy.  

Colbow (1966) showed tha t ,  a f t e r  f l a s h  e x c i t a t i o n ,  the  time 

and ternreratwe dependence of t h e  af te rg low can be understood 

by assumicg t n a t  the  high energy band a t  5140 A i s  due t o  a  

f r e e  21 -?tr?;c- to-bourA hole recombination, while the  low energy 

band r e s u l t s  from a bound electron-to-bound hole recombination, 

This work was i n  agreement with e a r l i e r  work by Col l ins  (1959) 

who postalaked t h a t  the  high energy band was due t o  a f r e e  

e l ecs rm- to -bound  ho1.e recombination, and by P e d r o t t i  and 

Reynolds (19603 who pos tu la ted  a  f r e e  e l ec t ron-  to-bound hole 

recorribimtion a t  7 7 O ~  and a bound electron-to-bound hole t r ans -  

i t i w  a7 h " ~ ,  ~Yonf l ic t ing  views had been proposed by sev?ra l  

e a r l i e r  au thors ,  a s  mentioned i n  the  in t roduct ion ,  and these  

w n r a  dis-ussed by Colbow (1966),  

The e v i d e x e  presented by Colbow (1966) t h a t  the  high energy 

b a ~ d  wzs d ~ e  t o  a f r e ;3 - to -~o?~nd  t r a n s i t i o n  seemed q u i t e  con- 

clusive, '?owever, about the szme time, Maeda (1965) published 

h i s  ,3-0~~r,lusi 02s t h & t  tne  t r a m  i t i o c  was of the  bound- to-bound 

type* Ne -dill show t h a t  he had i n t e r p r e t e d  h i s  da ta  i n c o r r e c t l y ,  

al tnough t n i s  was not knowlr a t  t h e  time, More rezent l  y, 1 2 0 ~ 3 a ~  

and Yee (1966)~ being aware of Maedars work bu t  not of the  o ther  



major papers on the sub jec t ,  a l s o  pos tu la ted  a  bound.-to-bound 

t r a n s i t i o n  f o r  t h i s  band, Since the i n t e r p r e t a t i o n  of the  

recombination k i n e t i c s  of t h i s  band (chapter  vI) i s  dependent 

cn its c r i g i r ,  i t  i s  irngortafit t o  resolve  these  c o n f l i c t i n g  

views- I n  the  fol lowing two sec t ions ,  these  papers a r e  analyzed 

-:.I-: thsrr r e ~ ~ ~ t s  Lnown t o  be r,ot i ~ i  c o n f l i c t  with the  f r e e - t c -  

bound recombimtion model. 

2 Thermal Qdenzhing of the  Luminescence 

The q i~enchi rg  of the green edge luminescence occurs a t  the 

ternF.:rd7ur2 a t  which the bound h ~ l e s  become thermally ionized 

(Maeda, 1965 and Ch, vI) . On t h e  b a s i s  of the  a c t i v a t i o n  

ecerg ies  f o r  the  quenching mechanism, Maeda concluded t h a t  the 

high energy band is  of the bound-to-bound type i n  disagreement 

with ~t'll~?r work ( ~ o l l i n s ,  1959; P e d r o t t i  and Reynolds, 1960; 

Colbow, 1966) , However, i f  c o r r e c t l y  i n t e r p r e t e d ,  h i s  da ta  

c o ~ f i r m s  t n a t  the  high energy band is  due t o  a free-to-bound 

t r  ar  s it  ion, as shown by the following a n a l y s i s ,  

The thermal i o n i z a t i o n  r a t e  of holes  bound a t  the  cadmium 

vacancy a aceptors i s  

c :- whern op .*a the  capture c r o s s - s e c t i o r ~  f o r  a  ho le  with v e l o c i t y  - - 

v; r l  by ar- acceptor  with binding energy EJ*, and Nv i s  the  e f f e c t i v e  

densit,y cf s t h t e e  i _ r ; -  t he  valence band. The r a d i a t i v e  recombina- 

t i o n  r a t e  of f r e e  e l ec t rons  or' dens i ty  n  and v e l o c i t y  v,, w i t h  



W F I ~  1 c! z:it is t i d p t u r r  c ross - sec t ion  of the  acceptor  f o r  an 

e l ? c t r o n ,  At- L;W temperatures, y i s  very small and the re  i s  

n e g l l g i b l ?  tlr-;.rrnai quenching of the  luminescence; however, a s  

t h e  temperature i s  increased, y increases  very rap id ly .  The 

temperatura a t  which thermal quenching of the luminescence 

b s c m e s  d e m i m n t  may be defined a s  t h e  temperature ( T  where 
q ' 

thy two r a t e s  ,j and r become equal .  There a r e  two cases t o  f b  

T ~ ~ A L S I ~ ) ~ ~  

(a) LLL condllcting c r y s t a l s ,  t he  dens i ty  of photo-excited 

electrons 1s s m d l  compared t o  those thermally released f rom 

docor ~ r n p u r l t i ~ ~ s  s ince  the  conduct iv i ty  i s  increased only 

i' z.ig:~ cJy by in tense  e x c i t a t i o n .  The thermal equi l ibr ium f r e e  

PLes t ron  c o n c e r t r a t i o n  i s  ( e .  g.  Eiakernore, 1962) 

L;la.i:-~esc;.r :,akes piace,  and 'with 'typica: ac:cey;tor conce~tra- 
- -.~ 

_3 I-- ,.. 
.- d >  * 7 r.Lc 

+ -' ..- jcjc3 t;? 1,, ,o L L ~  per cm3, Eq.  (3) simplifi.es to 



where the  a c t i v a t i o n  energy i s  EA - E~ ' 
( b j  I n  i n s u l a t i n g  c r y s t a l s ,  t he  d a r k  f r e e  e l e c t r o n  dens i ty  

i s  neg l ig ib le  compared t o  the photo-excited concent ra t ion  An. 

A (3 ' .  

where g  is tne o p t i c a l  volume genera t ion  r a t e  ( i . e .  t he  dens i ty  

of e i e c  t r ~ r . -  n c l ?  ga l r s  gz_.rer6 ted per  second by the  e x c i t a t i o n  

, i g ~ l t ) ,  si:? r i s  t n e  e l e c t r m  i i f e t i m e .  Equating y and r fb ,  
ri 

or -  c b t s i ~ s  i c r  the qg-enching temperature 

i - d~lers trip ~ c ~ ~ v a t i o n  energy i s  E 
A '  

Mbedd found a c t i v a t i o n  energies  of 136 meV f o r  conducting 

:rysTa12 a c d  165 meV f o r  i n s u l a t i n g  c r y s t a l s .  These he equated 

to E, w . 3  L,] t E r e spec t ive ly ,  r a t h e r  than EA - ED and E a s  
P - - D A 

r;.ql-ired 9;; E q s .  (5) and (7). ?'nus, the c o r r e c t  i n t e r p r e t a t i o n  

IS :?,it ti:- tligh energy ba-id i s  a r e s u l t  of f r e e  e l ec t rons  re-  

',;r3dex Z , C .  ~ ) x r - i t h t i ~ n  shifted towards higher  energies  f o r  l a rger  

ex:lt&?lor, ii .:ecsity f o r  both the  high energy band a t  5l4G 8 and 



the low energy band a t  5180 A .  However, a much l a r g e r  change 

of e x c i t a t i o n  i n t e c s i t y  was required f o r  the  high energy band 

than f o r  the  iow energy band t o  ob ta in  a n  equiva lent  s h i f t  i n  

the p o s i t i o n  of the peaks of the  bands. 

Lr- f l a s h  e x z i t a t i o n  experiments, t h e  peak of the  af te rg low 

spectrcm was observed t o  move towards longer  wavelengths with 

increas ing  time a f t e r  e x c i t a t i o n  both f o r  Gap (~homas  e t  a l ,  

1965) and f o r  tphe low energy band i n  CdS (Colbow 1966).  With 

;,C, ex$:itat lon the luminescence was found t o  s h i f t  t o  higher  

er,ergies wi t h  increzsed e x c i t a t i o n  in tens  i t y  f o r  Gap and f o r  

C 7 ~ i  ,,, - ; r  -,ss F ~ ~ b i r l c  and Permogorov, 1965; Condas and Yee, 1966) . 
Eoth e f f e c t s  aye expected f o r  p a i r  recombination s ince  donor- 

a c c e p t s r  p a i r s  of s h o r t  sepa ra t ion  have l a r g e r  overlap of the 

r?rivefurL-,ction~ and hence give r i s e  t o  f a s t e r  e lec t ron-hole  

r ~ c ~ i r i b  ina t  i o n -  Their r e s u l t i n g  l i g h t  emission occurs a t  higher 

3nergies.  g jven  by 

where r l  the d o ~ o r - a c c e p t o r  separa t ion ,  i s  l a r g e  compared t o  

'he e l s z t r m  and hc le  e f f e c t i v e  Bohr r a d i i .  EG i s  the  serni- 

~ c n d u c t o r  bard gap, EC and E a r e  the  donor an3 acceptor  binding 
A 

e n c l g i e s ,  acd IC I? tne s t a t i c  d i e l e c t r i c  cons tant .  High D.C. 

e x , c j t d t l ~ ?  w i l l  fsvor p a i r s  which a r e  c l o s e l y  spaced s ince  the  



where W i s  the  r e a c t i o n  c o e f f i c i e n t ,  and ro i s  the  Bohr radius  
0 

of the  l e s s  t i g h t l y  bound c a r r i e r .  

Following t h i s  l i n e  of reasoning Condas and Yee concluded 

tnaz  tn2 hign efiergy band i n  CdS, which showed a s h i f t  of about 

3 - 5  meV a t  77% with a 20-fold increase  of e x c i t a t i o n  i n t e n s i t y  

3,s: d l s o  be t o  p a i r  recombination. However, t h i s  expiana- 

t i o n  encounters d i f f i c u l t i e s  when one at tempts  t o  understand 

the  temperature dependence of the  two bands i n  CdS ( ~ e d r o t t i  

and Rnyr.olds, 1960; Gross, Razbi r in  and Permogorov, 1965; 

Coibow, ;966), If one were t o  a t t r i b u t e  both bands t o  p a i r  

r t : i  cmSI*:r;t i-~r from d i f f e r e n t  donors t o  t h e  same acceptor  (Gross, 

Eazbi r in  a c d  Permogorov, 1965),  then one is l e f t  with t h a t  the 

deeper donor s t a t e  (g iv ing  r i s e  t o  the low energy band) becomes 

thermally ionized, thus quenching the  luminescence, before the  

shallower dor:or (g iv ing  r i s e  t o  the  high energy band) does, 

Secondly, the time resolved spectrum of the  a f t e r f low showed no 

energy s h i f t  f o r  the  high energy band, but  d i d  show one f o r  the  

low energy band ( ~ o l b o w ,  1966),  which supports  the ~riew t h a t  the  

high energy band i s  due t o  f r e e  electron-to-bound hole recombina- 

t i09 whi le  the l ON energy band i s  due t o  p a i r  (bound e lec t ron-  

to-bound hrjle) recombinat ion.  

Th? ens?rgy s h i f t  a s  a funct ion  of e x c i t a t i o n  i n t e n s i t y  was 

measured f o r  both bands on severa l  c r y s t a l s .  The energy s h i f t  

var ied  by s. f a c t o r  of 3 anong d i f f e r e n t  c r y s t a l s .  However, f o r  

e s c n  c r y s T a l  tne shift of the  p a i r  emission was a t  l e a s t  5 t i m e s  

as mucn as t h e  s h i f t  of the  free-to-bound emission f o r  the  same 

chacge i n  e x ~ c i t a t i o n  i n t e n s i t y .  A t y p i c a l  s h i f t  f o r  a 70-fold 



increase  i n  e x c i t a t i o n  i n t e n s i t y  was 4 meV f o r  the p a i r  radia- 

t i o n  ( a t  2 ' ~ )  and 0.7 meV f o r  t h e  free-to-bound r a d i a t i o n  ( a t  

7 7 ' ~ ) .  The energy s h i f t  of the  peak of the  p a i r  emission, which 

i s  dominant a t  ~ O K ,  r e s u l t s  from the  f a c t  t h a t  high e x c i t a t i o n  

i n t e n s i t y  favors  p a i r s  of s h o r t  sepa ra t ion .  The energy s h i f t  

of the peak of the free-to-bound emission, which i s  dominant 

a t  77 '~,  i s  shown i n  Fig.  8 a s  a f u n c t i o n  of the  mean f r e e  

e l e c t r o n  concent ra t ion  f o r  c r y s t a l  F which shows a l a r g e r  than 

average s h i f t .  The s o l i d  l i n e  shows a s h i f t  propor t ional  t o  

the square roo t  of the  f r e e  c a r r i e r  concent ra t ion .  The l a t t e r  

w a s  c&lcula ted  from photoconductance measurements under the  

assumption t h a t ,  due t o  rapid capture by defec ts ,  c a r r i e r s  do 

not d i f f u s e  from the  region of genera t ion .  

While the  d e t a i l e d  explanat ion f o r  t h e  energy s h i f t  of the  

f'r-ee-to-bound t r a n s i t i o n  is not c l e a r  a t  present ,  two mechanisms 

a r e  suggested: 

( a )  Free C a r r i e r  Screening 

I n  t,he presence of a f r e e  charge c a r r i e r  dens i ty  n, the  e f f e c t i v e  

mass Hamiltonian f o r  a shallow impurity (assuming a s p h e r i c a l l y  

symmetric mass) i s  

where K i s  the  d i e l e c t r i c  constant ,  and 

i s  the  Debye-Huckel screening l eng th .  A v a r i a t i o n a l  c a l c u l a t i o n  

can be performed by assuming a t r i a l  wave func t ion  of the  form 



Fig. 8: Energy S h i f t  of the  Peak of t h e  Free-to-Bound 
Emission Band as a Function of t h e  Mean 
Elect ron  Concentration. 



and, choosing a  s o  as t o  minimize t h e  energy 

Introducing the  e f f e c t i v e  Bohr radius ,  

where Es4 i s  the  experimental acceptor  binding energy with no 

screening.  Using the d.imensi.onless q u a n t i t i e s  

and 

E q "  (13) then  l eads  t o  

w h i c h k s  a minimum with r e spec t  t o  y ( o r  a )  f o r  

If solved numerically one f i n d s  the  dependence of acceptor  

bind.ir,g energy on f r e e  c a r r i e r  concent ra t ion  shown i n  Fig.  ( 9 ) .  

For small f r ee  c a r r i e r  d.el1si . t~ (small  8 )  an  approximate 

s c l u t l c n ,  n e g l e c t i r g  terms i n  p2, gives 



Fig. 9 :  Dependence of Binding Energy on t h e  Parameter 8. 



With EA = 170 meV and K = 10.33 ( ~ e r l i n c o u r t  e t .  a l . ,  1963),  

Eq. (14) leads  t o  a  Bohr radius  of 4.1 i. By Eq .  ( 3 ) ,  t he  

h ighes t  f r e e  charge c a r r i e r  dens i ty  of 3.8 x 1015 per  cm3 a t  

7 7 ' ~  w i l l  l ead  t o  a screening l eng th  of 315 A .  Using Eqs. (15) 

and (2O), t h i s  l eads  t o  a  value of B = 0.013, and a decrease 

i n  acceptor  binding energy equal t o  4.4 meV. This i s  i n  reason- 

a b l e  agreement with the  observed value of 2.0 meV ( ~ i g .  - 7 ) .  

A charge c a r r i e r  concent ra t ion  of 4 x 1015 per  cm3 corresponds 

t o  1 . 2  x f r e e  c a r r i e r s  ins ide  a Bohr radius  of about 

1 When the f r e e  charge c a r r i e r  dens i ty  i s  s o  low, one 

m y  yut.:;tior the  v a l i d i t y  of the Debye-Huckel screening l e n g t h  

approach. However, a s  an es t imate ,  the  c a l c u l a t i o n  appears 

t o  give a reasonable answer. 

(b )  Hot Elec t ron  Gas 

The r a t e  of the  recombination of an  e l e c t r o n  of k i n e t i c  energy 

E with a  bound hole  i s  given by p A n ~ e ~ A e  where pA i s  the  dens i ty  

of the  bound holes ,  n  i s  the  dens i ty  of e l ec t rons  with energy 

E a ~ d  v, i s  t h e  e l e c t r o n  v e l o c i t y .  Assuming a  Boltzmann d i s t r i b u -  

t ior ,  f o r  a  parabol ic  conduction band, and t h a t  the  capture cross-  

s e c t i o n  (oAe) i s  independent of E, the  free-to-bound recombina- 

t i o n  r a t e  becomes, 

Tiis  has a maximum f o r  e l ec t rons  with a k i n e t i c  energy of kTe. 

Thus, the peak i n  the  no-phonon emission occurs a t  

Efb  = EG - 'E* -k kTe 



where EG i s  the band gap and EA i s  the  acceptor  binding energy. 

A t  high e x c i t a t i o n  i n t e n s i t y ,  the  e f f e c t i v e  e l e c t r o n  tempera- 

t u r e  (T,) may exceed the  l a t t i c e  temperature (77 '~) .  An e l e c t r o n  

temperature of 1 3 0 ' ~  would expla in  the  observed maximum s h i f t  of 

4 meV, No experimental d a t a  a r e  p r e s e n t l y  a v a i l a b l e  f o r  CdS, 

and thus i t  i s  not known whether 1 3 0 ' ~  is  a reasonable value 

f o r  the  e l e c t r o n  temperature.  



CHAPTER I V  

SURFACE EFFECTS ON PHOTOLUMINESCENCE 

1. In t roduc t ion  

Two types of su r face  s t a t e s  have been s tudied  i n  cadmium 

s u l f  i d e a  Levine and Mark (1966) have predic ted  and, using 

photoconductivity techniques,  apparent ly  observed i n t r i n s i c  

su r face  s t a t e s .  E x t r i n s i c  su r face  s t a t e s  associa ted  with 

adsorbed impur i t ies  ( i n  p a r t i c u l a r  oxygen) have been observed 

( ~ l e i l  and Albers,  1964) t o  s t r o n g l y  a f f e c t  exc i ton  emission. 

Mark and Levine (1966) der ive  t h e i r  theory of i n t r i n s i c  

sur face  s t a t e s  f ~ r  ionic  c r y s t a l s  using S e i t z  Is (1940) approach 

t o  bulk c r y s t a l  energy s t a t e s  as a  s t a r t i n g  p o i n t .  Surface ions 

a r e  considered equiva lent  t o  bulk ions except f o r  t h e i r  reduced 

PItde3 ung p o t e n t i a l ,  The r e s u l t  of t h e i r  ana lys i s  i s  the  pre- 

, r i ,  til.ri that, s ~ ~ r f a c e  cadmiuni ions w i l l  produce s t a t e s  i n  the  

! u.hi.~l:lt-n t ) , ~ n a  gap . just  below Lhe corlduction band ( e l e c t r o n  

I r j , x - f  . ,  1 ,  a i ;  i ~ 1 1 ~ 1  L the surface sul_fur ions w i l l  produce s t a t e s  i n  

!he forbidden band jus t  above the  valence band (hole  t r a p s ) .  

i h e i r  experiments revealed t h a t  photogenerated e lec t rons  could 

become l o c a l i z e d  i n  sur face  t r a p s  when the  sur face  was f r e e  of 

adsorbed impur i t i e s .  I n  add i t ion ,  the re  i s  no e l e c t r o s t a t i c  

! irnitat  i on t o  the  f i l l i n g  of these  t r a p s  ind ica t ing  t h a t  the  

~ l e c t r o n s  a r e  not compensated by a  dep le t ion  l a y e r  but  r a t h e r  

[,hat equal numbers of holes and e l e c t r o n s  a r e  being trapped on 

the su r face .  Since these i n t r i n s i c  su r face  s t a t e s  a r e  t r aps ,  

r a t h e r  than recombination cen te r s ,  they  w i l l  not con t r ibu te  

to  re(. ombination of the photogenerated c a r r i e r s .  Many and Katz i r  



(1967),  from pulsed f i e l d - e f f e c t  and su r face  photovoltage measure- 

ments, found t h a t  on (0001) faces  of CdS, i n  a vacuum of 10  

microns of mercury, t h e r e  a r e  p r a c t i c a l l y  no acceptor - l ike  su r face  

s t a t e s  fol lowing prolonged i l lumina t  ion  with W l i g h t .  They thus 

conclude t h a t  t h e r e  a r e  no i n t r i n s i c  sur face  s t a t e s ;  however, 

t h e i r  work may not  be i n  disagreement with Mark and Levine (1966) 

s i n c e  t h e i r  measurements would no t  d e t e c t  t h e  equal numbers of 

e l e c t r o n  and hole t r a p s  observed by Mark and Levine. Reed and 

S c o t t  (1964) have pos tu la ted  a  s e t  of i n t r i n s i c  su r face  e l e c t r o n  

t r a p s  a s soc ia ted  with unsaturated covalent  bonds. They claim t h a t ,  

updew i l luminat ion ,  these  s t a t e s  may a c t  as recombination 

c e n t e r s .  

Non-radiative recombination a t  the  su r face  seems t o  be mainly 

associa ted  with e x t r i n s i c  su r face  s t a t e s  due t o  adsorbed impur i t i e s .  

Many workers ( ~ u b e ,  1953; Seraphin, 1953; Liebson, 1954, 1955; 

Auth, 1961; Eckart  and Asch, 1961; Reed and Sco t t ,  1964; Mark, 

1965b) have observed the  e f f e c t  of var ious gaseous ambients on 

the  photoconductivity and photoconductive response of CdS c r y s t a l s ,  

while B l e i l  and Albers (1964) have observed t h e  inf luence of 

ambient atmospheres on the  exc i ton  emission of CdS. 

A l a r g e  peak, i n  t h e  region  of the absorpt ion  edge, has been 

cbserved i n  the  photoconductivity s p e c t r a l  response curves of 

cadmium s u l f i d e .  The response t o  photons with energy g r e a t e r  

than the  band gap ( i . e .  those with h igher  absorpt ion  c o e f f i c i e n t s )  

va r i e s  markedly with the ambient. Bube (1956) suggests  t h a t  

c a r r i e r s  produced near t h e - s u r f a c e  have a  s h o r t e r  l i f e t i m e  than 

those i n  the  bulk, while Winogradoff (1961) proposes t h a t  the  



f a l l - o f f  i n  response a t  s h o r t  wavelengths is  assoc ia ted  with a 

reduced quantum y i e l d .  Ryvkin and Khansevarov (1958) have shown 

t h a t  d i f f e r e n t  su r face  t reatments  cause considerable  changes i n  

the shape of the s p e c t r a l  response curve.  DeVore (1956) has 

made a t h e o r e t i c a l  a n a l y s i s  of the  shape of t h e  s p e c t r a l  d i s -  

t r i b u t i o n  curTJes. The a n a l y s i s  i s  based on the  e f f e c t s  of 

su r face  and volume recombination on the  o p t i c a l l y  generated f r e e  

e l ec t rons  as t h e  e x c i t a t i o n  wavelength and hence the  absorpt ion  

coeff i c l e n t  i s  var ied .  Mark (1965a) has extended t h i s  ana lys i s  

t o  the  case of a n  i n s u l a t o r  with two c a r r i e r s .  These analyses  

have bezn extended t o  the  case of an  appl ied e l e c t r i c  f i e l d  i n  

Appendix A!, Resul t s  s i m i l a r  t o  t h e  peak observed i n  t h e  photo- 

conduct iv i ty  s p e c t r a 1  response curve a r e  expected f o r  the photo- 

luminescence s p e c t r a l  response curve,  The photoluminescence 

ef f i z  iency w a s  measured as a func t ion  of e x c i t a t i o n  wavelength 

and t h e  r e s a l t s  of t h i s  experiment a r e  discussed i n  the following 

s e c t i o n ,  In t h e  t h i r d  s e c t i o n  of t h i s  chapter ,  t h e  e f f e c t  of a 

D , C ,  e l e c t r i c  f i e l d  on t h e  photoluminescence e f f i c i e n c y  i s  

descr ibed,  

The main non-radiat ive recombination cen te r s  on t h e  su r face  

of CdS a r e  probably associa ted  with chemically ads orbed oxygen 

ions (Williams, 1962) .  These negat ive oxygen ions a r e  charge 

compensated by a deple t ion  l a y e r  ir, the bulk immediately adjacent  

t o  the  surface. Several  workers ( ~ i l l i a m s ,  1962; Mark, 1964; 

Many and K a t z i r ,  1967) have shown t h a t  the oxygen can be removed, 

by i l lumina t ing  the  c r y s t a l  with W l i g h t ,  while the  crys  t a l  i s  

i n  an atmosphere of ni t rogen,  an  i n e r t  gas,  or  i n  vacuum. The 



photogenerated holes  a r e  swept t o  t h e  su r face  (by the  s t rong  

e l e c t r i c  f i e l d  i n  the  dep le t ion  l a y e r ) ,  where they  n e u t r a l i z e  

t h e  oxygen ions which a r e  then f r e e  t o  d i f f u s e  away from the  

c r y s t a l .  Af te r  t h i s  t reatment ,  t h e r e  is no evidence of e x t r i n -  

s i c  su r face  s t a t e s  and the  photoconductive response is  high even 

a t  s h o r t  wavelengths. The e f f e c t  of oxygen photodesorption on 

the  photoluminescence e f f i c i e n c y  i s  described i n  the  t h i r d  

s e c t i o n  of t h i s  chapter .  

The f i n a l  s e c t i o n  of t h i s  chapter  descr ibes  evidence f o r  a 

new r a d i a t i v e  recombinat ion  cen te r  a s soc ia ted  with n i t rogen 

acceptors  near  the  su r face .  The new emission bands a r e  obtained 

by hea t ing  the  c r y s t a l  b r i e f l y  i n  a n i t rogen  atmosphere and a r e  

el iminated by a s h o r t  e t c h  i n  concentrated H C 1 .  

2, Luminescence Eff ic iency as a Function of t h e  Wavelength of 

Exc i t a t ion  

The ob jec t  of t h i s  experiment, i n  which the  luminescence 

e f f i c i e n c y  is  measured as a func t ion  of e x c i t a t i o n  wavelength 

( i . e ,  o p t i c a l  absorpt ion  c o e f f i c i e n t ) ,  i s  t o  determine the  e f f e c t  

of non-radiat ive su r face  recombination on the  luminescence e f f i c -  

iency. Higher energy photons a r e  absorbed c l o s e r  t o  the  su r face  

than photons of energy near  the  band gap, and thus a  l a r g e r  

f r a c t i o n  of the  f r e e  holes  can d r i f t  and/or d i f f u s e  t o  the  sur -  

f a c e ,  A t  t he  sur face ,  the re  a r e  u s u a l l y  non-radiat ive recombina- 

t i o n  cen te r s  associa ted  with adsorbed oxygen ions.  

F ig .  (10) shows the  r e s u l t s  of measuring t h e  r e l a t i v e  lumines-A 

cence e f f i c i e n c y  as a func t ion  of the  wavelength of the e x c i t a t i o n  



,/ FIG. 10: RELATIVE PHOTOLUMINESCENCE PER ABSORBED PHOTON 

AS A FUNCTION OF EXCITATION MAWLENGTH 



8 l i g h t  f o r  two c r y s t a l s ,  a h i g h - r e s i s t i v i t y  ( p  > 10 ohm-cm at  

295'~) p l a t e l e t  (F)  grown by t h e  method of F re r i ch  (1947), 

and a l o w - r e s i s t i v i t y  ( p  - 10 ohm-cm a t  295'~) c r y s t a l  (D)  c u t  

from a l a r g e  single c r y s t a l  obtained from t h e  Clev i t e  Corporation. 

The p l a t e l e t s  grow with t h e i r  f l a t  su r face  perpendicular  t o  the 

(1120) a x i s  and t h i s  su r face  contains  equal  numbers of s u l f u r  

and cadmium atoms i n  a checkerboard a r r a y  (Levine and Mark 1966). 

Af te r  e tching ,  c r y s t a l  D showed a sh iny  su r face  made up of s u l f u r  

atoms, and a d u l l  opposi te  su r face  made up of cadmium atoms 

( ~ a r k e l o i s  e t  a l . ,  1962) .  The luminescence from the  s u l f u r  s i d e  

was brif;hter than t h a t  from t h e  cadmium s i d e ;  the  d a t a  shown f o r  

c r y s t a l  D i s  f o r  the  s u l f u r  s i d e .  

The s t r i k i n g  f e a t u r e  of the  curves i n  F ig .  (10) is  t h a t  t h e  

shape of the  curve i s  approximately temperature-independent, and 

i s  s i a i i a r  f o r  the  exc i ton  emission and the  f r e e -  to-bound emission. 

I n  the  cases shown, the  e f f i c i e n c y  is  peaked f o r  an  e x c i t a t i o n  

wavelength a t  about 4050 i. This wavelength corresponds t o  an  

energy apprec iably  g r e a t e r  than the  energy band and corresponds 

t o  no known s t r u c t u r e  i n  these  bands. 

To understand these  da ta  we have assumed t h a t  d i f f u s i o n  of 

c a r r i e r s  i n t o  the  i n t e r i o r  of the  c r y s t a l  does not take place,  

but r a t h e r  t h a t  the photo-excited c a r r i e r s  a r e  spread over an 

average d is tance ,  l / a ,  where l / a  is  t h e  o p t i c a l  absorpt ion  

l eng th .  This assumption i s  j u s t i f i e d  by the ana lys i s  i n  Ch. V I ,  

where the  hole i i f e t i m e  i s  shown t o  be very s h o r t .  Once the 

holes  become bound, the  e l ec t rons  a r e  prevented from d i f f u s i n g  

out of the  photo-excited region by space-charge f i e l d s .  The 



f a l l - o f f  i n  e f f i c i e n c y  a t  s h o r t  e x c i t a t i o n  wavelengths is  

a t t r i b u t e d  t o  non-radiat ive recombination a t  e x t r i n s i c  sur face  

s t a t e s  a s soc ia ted  with adsorbed oxygen ions .  This recombination 

i s  aided by the e l e c t r i c  f i e l d  i n  the  dep le t ion  l a y e r  ad jacent  

t o  the sur face ,  which dr ives  holes  t o  the  su r face .  With s h o r t  

wavelength e x c i t a t i o n  a  g r e a t e r  f r a c t i o n  of t h e  photogenerated 

holes  can reach the  su r face .  The e f f e c t  of the  su r face  is l e s s  

pronounced a t  higher  e x c i t a t i o n  i n t e n s i t y ,  a s  shown i n  the  curve 

l a b e l l e d  401, i n  F ig .  ( l o ) ,  where the  e x c i t a t i o n  i n t e n s i t y  i s  

40 t imes  higher than t h a t  used i n  obta in ing  the  o ther  curves.  

A p p a r v n 2 - y  t?12 e l e c t r i c  f i e l d  i s  screened out  i n  the  i n t e r i o r  

of the c r y s t a l  a t  high c a r r i e r  d e n s i t i e s .  

The drop i n  luminescence e f f i c i e n c y  a t  wavelengths longer  

than 4050 A i s  a t t r i b u t e d  t o  the decrease i n  c a r r i e r  dens i ty  a s  

the c a r r i e r  genera t ion  r a t e  dens i ty  ( a I o )  decreases .  The re levant  

photoluminescence e f f i c i e n c y  should then be defined a s  lwnines- 

cence per volume genera t ion  r a t e  ( a ~ ~ )  r a t h e r  than luminescence 

per  t o t a l  inc iden t  f l u x  ( I o )  This has been p l o t t e d  i n  F ig .  (ll), 

using the o p t i c a l  absorpt ion  c o e f f i c i e n t  reported by Hal l  (1956) . 
The peak i n  the  e f f i c i e n c y  curve a t  4050 i s  now removed. No 

c l e a r  d i f f e rences  have been es tab l i shed  f o r  the  t h r e e  types of 

sur faces  s t ~ d i ~ d .  

For crystal A ,  the  bulk p roper t i e s  of which a r e  analyzed i n  

d e t a i l  i n  Sh, V and V I ,  only s l i g h t  non-radiat ive su r face  recombi- 

na t ion  was found. This i s  i n t e r p r e t e d  a s  meaning t h a t  the  

e x t r i n s i c  su r face  s t a t e  dens i ty  was low. 



40.00 

Xexcitat ion (A)  

FIG. 11: RELATIVE PHOTOLUMINESCENCE PER AVERAGE 



A s  a gene ra l  r u l e  i t  proved d i f f i c u l t  t o  o b t a i n  reproduc ib le  

r e s u l t s  i n  t h i s  experiment.  One of t h e  reasons  is  be l ieved  t o  

be t h a t  t h e  e x t r i n s i c  s u r f a c e  s t a t e  d e n s i t y  may change s lowly  

wi th  time and a l s o  vary  markedly from c r y s t a l  t o  c r y s t a l .  The 

e x t r i n s i c  s u r l a c e  s t a t e  d e n s i t y  may a l s o  depend s t r o n g l y  on t h e  

~ e t k o d  of p r2gar ing  the  c r y s t a l  f o r  t h e  experiment.  

3 .  The Ef fe r  - t of a n  E l e c t r i c  F i e l d  and of Oxygen Photodesorpt ion 

on the L~cinines cence 

The l lminescence  s f f i c i e n c y  can be increased  by removing t h e  

e ~ e c  tril. f i \ : l d  a 5  Cne s u r f a c e  through oxygen photodesorpt ion,  o r  

by apply ing  a n  e x t e r n a l  e l e c t r i c  f i e l d  $0 coun te rac t  t h e  nega t ive  

s u r f a c e  f i e l d ,  thus  prevent ing  ho le s  from being drawn t o  t h e  

s u r f a c e .  

The e f f e c t  of apply ing  a D . C .  e l e c t r i c  f i e l d  pe rpend icu la r  

t o  t h e  i l l umina ted  s u r f a c e  i s  shown i n  Fig. ( 1 2 )  f o r  t h e  emiss ion 

band a t  5140 f o r  c r y s t a l  F a t  7 8 ' ~ .  Q u a l i t a t i v e l y  similar 

r e s ~ l t s  weye found f o r  t h e  o the r  c r y s t a l s  measured. Tne lumines- 

cenze decreases  when the  i l l umina ted  s u r f a c e  is nega t ive  and 
I, 

i n c r e a s e s  o r  is  unchanged when t h e  i l l umina ted  s u r f a c e  i s  p o s i t i v e ,  

The T ie ld  ~nnaneement  of t h e  luminescence i s  s t r o n g  when a l a r g e  

b u i l t - i n  f kid e x i s t s  near  t h e  s u r f a c e  (bands ben t  up) . Oxygen 

photodesorp t ion  o r  l a r g e  e x c i t a t i o n  i n t e n s i t y  w i l l  s t r a i g h t e n  

t h e  bands and thus  reduce t h e  enhancement e f f e c t  of app ly ing  a 

p o s i t i v e  vo l t age  t o  t he  i l lumina ted  s u r f a c e .  Once t h e  bands 

a r e  l e v e l  near  t h e  s u r f a c e ,  t he  conduct ion e l e c t r o n s  w i l l  p revent  

a p o s i t i v e  f - ie ld  from bending the  bands down and thus  from f u r t h e r  





eV h s y  "ire ? & I ; -  _ 1 a _  1 A negat ive f i e l d  w i l l  bend the  bands 

a p  fur tb ,? ,  t r i i l~ C C I L ~ S ~ P ~  more holes  t o  be l o s t  a t  the  su r face .  

k t  l o w  exc i ; a t io r ,  :kz f i e l d  quenching i s  l a r g e r  s ince  the  region  

r ~ d f  ~ K V Z  S I X  f d L L r =  !lda a l a r g e r  r e s i s t T v i t y  than f u r  higher exc i t a -  

t i o r  a c d  t n 1 ~ ~  d l a r g e r  f r a c t i o n  of the  appl ied vol tage w i l l  be 

- - f  f z r  t ivt; .~weepil;lg holes t o  the s u r f a c e ,  No q u a n t i t i a t i ~ r e  

ana lys i s  i c  a t t e m p t e d  zince only e x t e r n a l  vol tages a r e  measur- 
C 

able  and T M e  Lnt2rr3al f i e l d  d i s t r i b u t i o n  i s  n o t ,  

7 - -  ,- .- ,LC? I : X / ~ ~ Y L  prictodesorption experimerit the  chemically 

adsorbe!  cxJk;c2r is :?ma-~ed from the surface ,  r e s u l t i n g  i n  enhance- 

- , :  a $ 5  r .  +: , E X ~ C S I I ~ E I  t o  the atmosphere decreased 

the  Iuxir- .srer-e agai,rl, apparent ly  ds a r e s u l t  of readsorpt ion  

of tge o~gger. 

4 ,  k k c t c i ; ~ i m s r  - ence Associated w i t h  Nitrogen Impur i t ies  

(a) Irktrodlictio:n, 

t-- lfi:? ma: 5 feat~res of the  luminescence s p e c t r m  of CdS a r e  



impur i t ies  ( e , g .  A l ,  C 1 )  o r  poss ib ly  de fec t  cen te r s ,  while the 

acceptors  a r e  most l i k e l y  due t o  cadmium vacancies (Woodbury, 

1964; Handelrmn and Thomas, 1965) , We have been able  t o  observe 

botn f ree- tc , - i ;cxi~ iind bound-to-bound recombination r a d i a t i o n  

associa ted  w i ~ h  a new acceptor  l e v e l  131 meV above the  valence 

bar2 d w  ti, : ;:roger1 irnpu-rities . 
( b )  Theory 

When a,.i i l e c t r o n  bound t o  a donor recombines with a hole  

b.illr,cf tc: a:: zcctlptor a d is tance  r from the  donor, the  energy 

r,f fhe  emit,te 1 light is  (Tnomas e t  a l . ,  1964) 

Here ZG 2s trie band-gap energy, EA and ED the  acceptor  and 

2 Jonor b.i:latng 2nergies respect ive ly ,  e / ~ r  is  the  Coulomb energy 

'cetr,~az,r, ,;n? hc ie  and the  e l ec t ron ,  and K is  t h e  s t a t i c  d i e l e c t r i c  

const,ant, W e  energy nE represents  the  simultaneous emission P 

of n (= 0, i, 2 ,  ...) l ong i tud ina l  o p t i c a l  phonons of energy E P" 

For +,ne r s d l a t i v e  t r a n s i t i o n  of a f r e e  e l e c t r o n  t o  a n e u t r a l  

a C c u  - k t c r ,  -, th? energy of' the  emitted l i g h t  i s  (Colbow, 1966) 

where Ek -- kT i s  the  k i n e t i c  energy of t h e  f r e e  e l e c t r o n ,  A t  

2%, the k ine tsc  energy of the  e l e c t r o n  i s  neg l ig ib le ,  and the  

,-,,acceptor hindirig e r ~ z r g y  i s  r e a d i l y  ca lcu la ted  from the  observed 

energy of tne  free--to-bound no-phonon emission peak and the  

energy gap o f  the m a t e r i a l ,  



! c )  Experimental  and Discuss i o n  

F i g .  13 shows the  free-to-bound and bound-to-bound recombina- 

t i o n  r a d i a t i o n  which i s  u s u a l l y  observed from a h igh -pu r i t y  CdS 

"rys  tdl under I?,i:, exc i t a t i o n  wi th  h igh ly  absorbed e x c i t a t i o n  

l i g h t .  A t  2%, both the  f - b  (5135 A )  and t h e  b-b (5180 A )  a r e  

~ b s e r v e d ,  1&5- -. GI- a ~ d  7 8 ' ~  the  shal low donor becomes ion ized  

and only t h e  f - b  t r a n s i t i o n  can  be seen .  A f t e r  h e a t i n g  the  

c r y s t , a l  f o r  a Pew seconds i n  a n i t r o g e n  ambient,  t h e  spectrum 

shown i n  Fig. I& r e s u l t s .  A t  ~ O K ,  two new bands appear  a t  

5950 and 5100 k, which we a t t r i b u t e  t o  f - b  and b-b t r a n s i t i o n s  

resperT3vely, lnvvlv ing  n i t r o g e n  a c c e p t o r s .  A t  t h e  h i g h e s t  

temperaiures ,  t h e  5100 A band d i sappears  as i n  F ig .  13 due t o  

i o n i z a t i o n  of t h e  shal low donor. The n i t r o g e n  accep to r s  and 

zhe cadmium vacancy accep to r s  d i f f e r  i n  b ind ing  energy by 

38.5 meV, This is  about  t h e  same magnitude as t h e  LO phonon 

energy (38 .1  2 0 . 5  meV from F ig .  16), with  the  r e s u l t  t h a t  t h e  

p h o n ~ n  r e p l i c a s  of t h e  t r a n s i t i o n s  t o  t he  n i t r o g e n  accep to r  a r e  

masked by  he t r a n s i t i o n s  involv ing  t h e  cadmium vacancy a c c e p t o r s .  

The s p e c t r a  a t  64 and 7 8 O ~  i n  F i g .  14  show t h a t  t h e  f r e e - t o -  

L r e a s -  boanu t r a n s i t i o n  t o  t he  n i t r o g e n  accep tor  decreases  wi th  in-  

i ng  temperature  r e l a t i v e  t o  t h e  free-to-bound t r a n s i t i o n  t o  t h e  

cadmium vacarlcy a c c e p t o r .  This i s  expected s i n c e  wi th  i n c r e a s i n g  

temperature  t h e  sha l lower  n i t r o g e n  accep to r s  w i l l  become ion ized  

sooner .  The energy l e v e l  scheme showing t h e  f - b  and b-b no- 

phofion transitions I s  shown i n  F i g .  15. 

Using t ime-resolved spec t roscopy  ( ~ o l b o w ,  i966), i t  was 

p o s s i b l e  t o  l o o k  j u s t  a t  t h e  a f te rg low between LOO and 600 p sec  
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a f t e r  t h e  s tar t  of the pulse  of e x c i t a t i o n  l i g h t .  The exci ton  

and t h e  free-to-bound r a d i a t i o n  have died out 100 microseconds 

a f t e r  e x c i t a t i o n  and one obtains  only the  bound-to-bound t r a n s i -  

t i o n s  ( ~ i g .  16)- The t r a n s i t i o n  involving the  n i t rogen acceptor  

(5098 W )  i s  l e s s  in tense  i n  the  afterglow than  t h e  t r a n s i t i o n  

involving the  cadmium vacancy acceptor ,  while the  reverse  was 

t r u e  under D , C .  e x c i t a t i o n  (Fig.  14) . This i s  expected s ince  

the  n i t rogen acceptor  has the  smaller  binding energy and thus 

the l a r g e r  Bohr r ad ius .  This means a l a r g e r  wavefunction over- 

l a p  w i t h  neighboring donors and thus a l a r g e r  recombination 

r a t e  (C%:lbow, 19651, which i n  t u r n  implies a f a s t e r  decay of 

the  af terglow and a higher  i n t e n s i t y  under D . C .  e x c i t a t i o n .  

Heating the c r y s t a l  f o r  a few seconds i n  a n i t rogen or  a i r  

ambient t o  the po in t  where t h e  c r y s t a l  tu rns  red,  produces the 

bands associa ted  i n  F i g s ,  14 and 1 6  with the  n i t rogen acceptors .  

Subsequent e tching  f o r  about 10  t o  30 seconds i n  concentrated 

H C 1  removes them again,  suggest ing t h a t  the n i t rogen  diffused 

only a " shor t "  ( i . e .  of the order of microns) d is tance  i n t o  

the  c r y s t a l .  Heating the  c r y s t a l  i n  an oxygen atmosphere d i d  

not produce any new bands i n  a d d i t i o n  t o  those observed i n  

F ig ,  13, but  reduced the  o v e r a l l  e f f i c i e n c y .  The l a t t e r  was 

a t t r i b u t e d  t o  increased non-radiat ive sur face  recombination 

because of a s t rong  e l e c t r i c  f i e l d  due t o  adsorbed oxygen (Ch. I V )  

" ~ r o l o n g e d "  hea t ing  ( i . e .  f o r  2 or  3 minutes) i n  e i t h e r  

n i t rogen  or oxygen w i l l  f i r s t  cause the f r e e  exci ton  emission 

t o  decrease and f i n a l l y  disappear and the  f-S and b-b bands 

with the phonon r e p l i c a s  a r e  broadened u n t i l  they merge i n t o  a 



continuous band which then decreases i n  i n t e n s i t y .  These e f f e c t s  

a r e  again a t t r i b u t e d  t o  s t rong  e l e c t r i c  f i e l d s  near the  su r face  

due t o  chemi-sorbed oxygen ions (Ch. Iv) . 



CHAPTER V 

BOUND EL;ECTRON-TO-BOUND HOLF: AND 

EXC I T O N  RECOMBINATION KINETICS 

I. rheouy 

I n  t h i s  i h a p t e r ,  t h e  luminescence e f f i c i e n c y  of t he  bound 

2lect ron- tc-bound ho le  emiss ion band and t h e  e x c i t o n  emiss ion 

l i n e s  a r e  c m s i d e r e d  , 

A t  telri;?r%tures below about  3 5 O ~ ,  t h e  photo-generated 

e le , t rons  and ho le s  a r e  r a p i d l y  captured by t h e  donors ( N ~ )  and 

t h e  c a d r ~ u r n  ,i;an<.y accep to r s  ( N ~ )  r espec  t i v r l y ,  and the  recom- 

b i r ' d t t o  oC bcmnd ho le s  with bound e l e c t r o n s  becomes impor tan t ,  

When ~n e l e c t r o n  bound t o  a donor recombir~es wi th  a ho le  bound 

t o  3n accepter, a d i s t a n c e  r from t h e  donor, t h e  energy of t h e  

em-ftted l i g h t  i s  (Thomas e t  a l ,  1964) 

Here 3: i s  tiw bar~d gap energy, EA and ED t h e  accep tor  and donor 

2 b i rLsmg ene rg i e s  r e s p e c t i v e l y ,  e  / ~ r  i s  t h e  couiomb energy be- 

tween t 5 e  i cn ized  donor and accep to r ,  acd K i s  the  s t a t t c  d i e l e e -  

t r  ic sorls tan: . T h e  energy nE r e p r e s e n t s  t he  simultaneous 
P 

emiss ior cf - ' ; --  t ' Q, 1, 2 ,  . , , , , ) l o n g i t u d i n a l  c p t l c a l  phocofis 
.-. 

(2: erzeyp.: L . Ihe bcu~n3--tc-bound emiss ion  band is f a i r l )  broad 
F 

si~,J ' n ; ~  zic~>,-.2llted ror  i!2 p a r t  by the v a r i a t i o n  i n  t h e  coulomb 

energy 1 e r r  f'cl ; >a l~ r ;  cf var.ioas s e p a r a t i o n s .  P - d d i t i o ~ a l  broaden- 

ing e c c u r s  due t c  i ~ ~ t s r d : i i o n  of t he  t rapped c a r r i e r s  wi th  t he  

l a t t  1,-e 1d.i t h  the  consequer~t  a b s o r p t i o n  o r  e m i s s r c ~  of t r a n s v e r s e  



o p t i c a l  and a c o u s t i c a l  phonons ( ~ o l b o w ,  1966) . 
For an i s o l a t e d  n e u t r a l  donor-acceptor p a i r  of sepa ra t ion  

r, the  r a t e  of recombination between the bound e l e c t r o n  and the 

bou t -  l ilol e :-- r t ~ c p o r i i o m l  ' t o  the square of t h e  overlap of the  

wave func tiorls ( C O ~ ~ O W ,  1965), 

where Wo i s  the  r e a c t i o n  c o e f f i c i e n t ,  and ro i s  the  Bohr radius  

of the 125s t l g h t l y  bound c a r r i e r ,  which f o r  ED l e s s  than EA 

i s  t h e  e lec t r r in ,  The Bohr r ad ius  may be obtained through the  

'nj.131-rge r i c t"'_t3 rgy bjquat ion  

Sipce the ionized donors and acceptors  have coulomb a t t r a c -  

t i v ?  ,&pTure zross-sec t ions ,  they a r e  expected t o  t r a p  most of 

t,ne free eit3~croris and holes  very r a p i d l y  before they can reach 

e r-c;zl-radiative recombimtion cen te r  or the su r face  .. Once the  

~ d : r i 3 1 - 2  afe trapped a t  t h e  donor and acceptor  s i t e s ,  the o c l y  

pr~:.h'i31r. pro-ess  is the bound-to-bound radia t , ive  recombinatior, 

t r a i - a i t i c c ,  :!he ef f i - , i%ncy of the  bound electron-to-bound hole 

txissiclri is t~xpeeted to vary only slowly a s  the  exc i t a t io r !  

;riS-,.nsit,y i s  increased s inze  c l o s e l y  spaced p a i r s  a r e  a b l e  t o  

recr,mhine v e r y  fdst ( E q -  2) . 
T n e  st3a3y-state r a d i a t i v e  recombination r a t e  for f r e e  

exr l to r , s  m y  be ob+,ained from the  r a t e  equat ion 



where N i s  the dens i ty  of exci tons,  knp i s  the  formation r a t e  

from f r e e  e l ec t rons  and h o l e s , ~ ,  and T a r e  the  r a d i a t i v e  and n  

non-radiat ive l i f e t i m e s ,  and C N ~ X P  ( -  E / ~ T )  represents  the  thermal 

1 o Y 1 ~ ~ t i 0 _ r l  9=?*-1 cf exci tons  bound with energy E .  The r a d i a t i v e  

recorn-12inati.o~ rate i s  then  

which f o r  fixed temperature should depend on the  product of 

t h 2  f r ee  rarr iex  d e n s i t i e s .  N e g l e c t k g  va r i a t ions  i n  k, rr 

a x ?  T, ~ i t h  excitation i n t e n s i t y ,  E q .  (5)  may be w r i t t e n  as 

The t ~ i a . 1  exci ton  emission i s  then 

- 
k o ~  <he ::w- -;dhere the cu r ren t  g rad ien t s  may be rieglezted (see  



2. Data 

Data on two c r y s t a l s  a r e  reported i n  t h i s  chapter  and a r e  

r ep resen ta t ive  of measurements made on s e v e r a l  "high-purityf '  

CdS c r y s t a l s .  These c r y s t a l s  a r e  not  i n t e n t i o n a l l y  doped and 

the  impurity concent ra t ion  i s  probably l e s s  than 1016 per  cm 3 

(Colbow, 1966) . Crys ta l  A i s  a h i g h - r e s i s t i v i t y  p l a t e l e t  grown 

by the method of F re r i ch  (1947), while D i s  a high-conduct ivi ty  

c r y s t a l  c u t  from a l a r g e  s i n g l e  c r y s t a l  obtained from the Clev i t e  

Corporation. 

The r e l a t i v e  bound- to-bound emission e f f i c i e n c y  a s  a func t ion  

of exr ; i ta t io? l  i n t e n s i t y  i s  shown i n  Fig .  (17) f o r  c r y s t a l  A 

a t  2%. A similar curve is obtained f o r  c r y s t a l  D.  F ig .  (18) 

shows the  r e l a t i v e  emission of the  f r e e  exci ton  "A" f o r  c r y s t a l s  

A and D a t  64 and 78OK. Also shown a r e  the  bound exc i ton  

emi-ss ions ( I  and I ~ )  a t  2OK. 1 

3. Discussion 

For c r y s t a l  A a t  ~ O K ,  the  main emission i s  t h e  bound e lec t ron-  

to-bound hole recombination a t  5180 i. The emission e f f i c i e n c y  

of t h i s  band ( ~ i g .  17) showed only the expected slow v a r i a t i o n  

with $ x c i t a t i o n  i n t e n s i t y  over s e v e r a l  decades of e x c i t a t i o n  

i n t e n s i t y  (lo1* t o  4 x 1 0 ~ ~ / c m ~ - s e c ) .  

A t  h igh e x c i t a t i o n  i n t e n s i t i e s  (Io > 2 x 1015 photons/cm2-sec), 

the luminescence e f f i c i e n c y  of the  bound- to-bound emission band 

decl.easzs (Zig ,  1?), while the  e f f i c i e n c y  of the f r ee -  to-bound 

emission band w a s  observed t o  increase  ( d a t a  not  shown). These 

r e s u l t s  may be in te rp re ted  as fol lows:  A t  high e x c i t a t i o n  
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i n t e n s i t i e s ,  the  volume e x c i t a t i o n  r a t e  (aIo > 2 x 1 0  /cm3-see) 

i s  comparable wi th  t he  volume bound-to-bound recombinat ion r a t e .  

The r e s u l t  i s  t h a t  no t  a l l  of t h e  photo-generated e l e c t r o n s  a r e  

captured by tk~e  donors s i n c e  a f r a c t i o n  of t he  donors a r e  

a l r e a d y  occupied with  p rev ious ly  captured e l e c t r o n s .  The f r e e  

e l e c t r o n s  whieh a r e  no t  captured by t h e  ionized donors a r e  t hen  

f r e e  t o  form exc i tons  o r  recombine wi th  bound h o l e s .  

A t  low e x c i t a t i o n  i n t e n s i t y ,  t h e  e f f i c i e n c y  drops s l i g h t l y  

and t h i s  e f f e c t  may be a t t r i b u t e d  t o  the  non- rad i a t i ve  recombina- 

t i o n  of c:arriers  a t  t he  s u r f a c e  enhanced by t k ~ e  e l e c t r i c  f i e l d  

tn thc2 F u l k  a d j a c e n t  t o  t h e  adsorbed oxygen ions  ( chap te r  Iv) . 
A t  h igher  e x c i t a t i o n  i n t e n s i t y  t h e  e l e c t r i c  f i e l d  i s  screened 

from the  ~ U L K  by the  f r e e  e l e c t r o n  d e n s i t y  and ho le s  a r e  no 

longe r  swept t o  t he  s u r f a c e .  

Tne format ion  of f r e e  exc i tons  i s  expected t o  depend on t h e  

~ Y ' O C I L I C L  oJ' Che f r e c  e l e c t r o n  and ho le  d e n s i t i e s  ( ~ q .  9 ) .  C r y s t a l  

U Ilas a l a r g e  thermal e l e c t r o n  concen t r a t i on  and thus  t he  t o t a l  

e l e c t r o n  concen t r a t i on  w i l l  show a s lower  v a r i a t i o n  wi th  e x c i t a -  

t i o n  i n t e n s i t y  t han  f o r  c r y s t a l  A .  This i n  t u r n  l e a d s  t o  a 

slower i n c r e a s e  i n  the  f r e e  e x c i t o n  emiss ion e f f i c i e n c y  wi th  

i n c r e a s i n g  e x c i t a t i o n  i n t e n s i t y ,  as observed ( ~ i g .  18 ) .  Cool- 

i ng  t h e  crysta1.s from 78 t o  6 4 ' ~  increases  the  f r e e  e x c i t o n  

emiss ion ( ~ l e i l  and Broser ,  1964) .  The emission from exc i tons  

bound t o  n e u t r a l  accep to r s  (I1) (Thomas and Hopfield,  1962) i s  

absen t  i n  c r y s t a l  C .  This i s  i n  agreement wi th  t he  work of 

Handelman and Thomas (1965) who found t h a t  c r y s t a l s  can be 

r ep roduc ib ly  changed from conduct ing t o  i n s u l a t i n g  by c o n t r o l l e d  



h e a t i n g  i n  vacuum and cadmium vapor r e s p e c t i v e l y .  They conclude 

t h a t  conducting c r y s t a l s  have a much lower d e n s i t y  of cadmium 

vacancy accep to r s  than high r e s i s t i v i t y  c r y s t a l s .  The emiss ion 

frcm s x c i t o n s  3 ~ u n d  t o  n e u t r a l  donors (I2) (Thomas and Hopf i e l d ,  

1962) i s  p re sen t  i n  bo th  c r y s t a l s  and i s  roughly of equa l  i n t en -  

sity. This  12 expected under t he  assumption t h a t  t he  donor 

concen t r a t i ons  ( f o r e i g n  i m p u r i t i e s )  a r e  similar f o r  a l l  t h r e e  

c r y s t a l s  which were not  i n t e n t i o n a l l y  doped. 



CHAPTER V I  

FREE Z E Z T R G N -  33-EOUND HOLF: RECOMBINATION KINETICS 

1. Theory 

c-. 9e grecl? emiss ion bands a r e  s u c c e s s f u l l y  accounted f o r  

by ND donors ( f o r e i g n  i m p u r i t i e s ) ,  30 meV below t h e  conduction 

band, and NL - - acczp to r s  (cadmium vacanc ie s ) ,  170 meV above t h e  

valence band (Colbow, 1966). To account  f o r  the  exper imental  

d a t a  on luminescence e f f i c i e n c y ,  i t  i s  necessary  t o  in t roduce ,  

i n  add l t i -cn ,  an  e f f e c t i v e  bu lk  recombinat ion c e n t e r  of d e n s i t y  

. N m - r a d i a t i v e  s u r f a c e  r econb ina t ion  is) no t  considered i n  
& 

 ti,^^ s : c t i m ,  

The a s s u m d  energy band model and t h e  r e l e v a n t  t r a n s i t i o n s  

a r e  shcwri i n  3 i g .  (19). Here n  and p  a r e  t h e  d e n s i t i e s  of f r e e  

electrons and ho ies ,  and n ~ ,  pr and p~  a r e  the  d e n s i t i e s  of 

el,, Lrons ard ho le s  occupying t h e  l e v e l s .  The cap tu re  c ros s -  

s e c t i o n s  a r e  i n d i c a t e d  by a wi th  t h e  s u b s c r i p t  i n d i c a t i n g  the  

l e v e l  and cne s u p e r s c r i p t  the  type  of c a r r i e r  being cap tured .  

The car r i r r  g-?nera t ion  r a t e s  g, E, and y r e p r e s e n t  o p t i c a l  

gece ra t lon ,  t.hermal g e n e r a t i o n  of e l e c t r o n s ,  and thermal 

geK?raticn of ho le s  r e s p e c t i v e l y .  

I n  this s z z t i o n  we s h a l l  only  be concerned with  t he  t heo ry  

f o r  t h e  temperature  range from 60 t o  1 0 0 ~ ~ .  I n  t h i s  temperature  

range, the bc~iznd eiec t ron-  to-bound ho le  (b-b)  recombination i s  

u n i m p o r t a i ~ t  since a i l  donors a r e  ion ized ,  bound e x c i t o n  recombin- 

a tLc . r z  is w - c  p ~ e s e n t  s l n c e  the  exci t i tns  a r e  a l l  ion ized ,  and t h e  

f r e e  e x c i t o n  recombination r a d i a t i o n  (whi le   resent) i s  n e g l i g i b l e  

compared t o  t he  f r e e  e lect ron- to-bound ho le  ( f - b )  recombinat ion,  





The s t eady-s ta t e  excess f r e e  e l e c t r o n  and hole  concentra- 

t i o n s  a r e  determined by the  c o n t i n u i t y  equations:  

and. 

GI (an> aj, m 
= g - -  - - = 0 ,  

d t  ax 7n 

where Jn and jp are t h e  e l e c t r o n  and hole c u r r e n t  d e n s i t i e s .  

The hole l i f e t i m e  is  very s h o r t  i n  CdS (Spear and Mort, 1963) ; 

thus, assuming t h a t  the  holes  will be captured f i r s t ,  the  

eiei?.trcrl a q d  hc le  recombination l i f e t i m e s  a r e  

a n d  

where v, and v  a r e  t h e  thermal v e l o c i t i e s  of the  e l e c t r o n  and h  
ho le ,  E q s  , (1) and ( 2 )  cannot be solved i n  genera l .  

When the g rad ien t  of the  cu r ren t  dens i ty  i s  zero, one 

obta ins  

and 

where 

and. 



Here, I. i s  the absorbed photon f l u x ,  a is  the  o p t i c a l  absorpt ion  

c o e f f i c i e n t ,  and Nv i s  the e f f e c t i v e  dens i ty  of s t a t e s  i n  the  

valence band. 

When cur ren t  flow i s  important, Eqs. (1) and (2 )  can be 

solved (Appendix A )  under the assumption t h a t  the  r a t i o  of 

e l ec t ron-  to-hole concentrat ion,  p, i s  independent of pos i t ion .  

I f ,  i n  addi t ion ,  the ambipolar d i f f u s i o n  length ,  La, i s  l a r g e  

compared with the absorpt ion  length ,  l/a, the  f r e e  c a r r i e r  

concentrat ions a r e  

and AP = m/p, (6-10) 

where s; i s  the e f f e c t i v e  sur face  recombination v e l o c i t y  of 

e l e c t r o n s ,  

Two experimental observables a r e  the photoconductivity of 

the  photo-excited region and the photoluminescence. The t r ans -  

verse photoconductivity i s  propor t ional  t o  the change i n  conduct- 

where e is the  e l e c t r o n i c  charge, w i s  the wid.th of the e l ec t rodes ,  

,& i s  the  e l ec t rode  separa t ion ,  and pn i s  the  e l e c t r o n  mobi l i ty .  



The photoluminescence due t o  the  recombination of f r e e  e l ec t rons  

with holes  trapped a t  acceptors  is  

where A i s  the i l luminated a r e a .  Diffusion of c a r r i e r s  i n  the  

y-z plane and reabsorpt ion  of the emitted r a d i a t i o n  a r e  neglected.  

The s t eady-s ta t e  occupations of the  cen te r s  NA and Nr a r e  

obtained from the r a t e  equat ions 

a s  

and. 

where e  h  e  h  .% = oA ve/uA vh and C = or ve/o r vh. (6-17'18) 

These q u a n t i t i e s  w i l l  be used i n  E q .  (12) t o  obta in  formulae 

f o r  the  luminescence e f f i c i e n c y  which can be compared with 

experimental d a t a .  

To c a l c u l a t e  q u a n t i t i e s  which can be compared with experimen- 

t a l  d a t a  i t  i s  necessary t o  compute averages f o r  c a r r i e r  con- 

c e n t r a t i o n s  and l i f e t i m e s .  These averages w i l l  be taken over one 

absorpt ion  l eng th  ( l / a )  i n  t h e  case where the  cu r ren t  g rad ien t s  

a r e  neg l ig ib le ,  and over one ambipolar d i f f u s i o n  l eng th  (La)  i n  



the case where La i s  l a r g e  compared t o  l /a .  This covers about 

two-thirds of the  f r e e  c a r r i e r s  generated and assumes t h a t  the  

remaining one-third deeper i n  the c r y s t a l  behave s i m i l a r l y .  I n  

i n s u l a t i n g  crystals, i t  i s  a l s o  an e x c e l l e n t  assumption t o  

assume t h a t  the  thermal equi l ibr ium dens i ty  of f r e e  e l ec t rons  

(no)  i s  small compared t o  t h e  photo-excited dens i ty  (An). 

I n  the  case where the  cu r ren t  g rad ien t s  may be neglected,  

Eqs. (5 ) ,  (7 )  and (11) now y ie ld  f o r  the  photoconductance 

e f f i c i e n c y  

e  ev p  )-'dx. 
where ( T ~ )  = ~ ' ' ~ a e x p ( - a x ) ( ~  vepA + or 

0 

The luminescence e f f i c i e n c y  (photons emitted per  photon absorbed) 

i s ,  G Y  Eqs * (5)  , (7)  and ( = ) ,  

e  e  -1 
where (pAin) ' ~ y a e x p ( - a x ) p ~ ( o ~  vepA + or vepr) dx. (6-22) 

I n  the  case where cu r ren t  flow is important, and Eq. (9 )  

app l i e s ,  one obta ins  from Eq. (11) 

-1 
where ( T ~ )  . ~ ~ ~ e x p ( - X / ~ ~ )  Lil( ~ A ~ V ~ P ~  f orevepr) dx. (6-24) 

0 



The luminescence e f f i c i e n c y ,  is,  by Eqs . ( 9 )  and. (12), 

It w i l l  be v e r i f i e d  l a t e r  t h a t ,  under most condi t ions,  t h e  

i n t e r p r e t a t i o n  of the  d a t a  i s  c o n s i s t e n t  with the  assumption 

t h a t  the  ambipolar d i f f u s i o n  l e n g t h  (L,) i s  s m a l l  compared t o  

the  o p t i c a l  absorpt ion  l eng th  ( l / a ) ,  and t h a t  f o r  the  most 

e f f i c i e n t  c r y s t a l  ( A ) ,  which i s  analyzed i n  d e t a i l ,  one may a l s o  

neglect the  non-radiat ive su r face  recombination. Since experimen- 

t a l l y  it i s  found t h a t  pA and T~ vary slowly compared t o  exp(-ax) , 
t he  average of t h e i r  product i s  approximately equal t o  the  product 

of t h e i r  averages.  Defining convenient new cons tants ,  the 

luminescence e f f i c i e n c y  ( ~ q .  21) may then be w r i t t e n  i n  the  form 

where 

and 

a r e  the  hole  l i f e t i m e  and luminescence e f f i c i e n c y  a t  low exc i t a -  

t i o n  intensity and low temperature.  I n  terms of the  t r a n s i t i o n  

r a t e  

involving t h e  cen te r s  N,, the  luminescence e f f i c i e n c y  i s  



S u b s t i t u t i n g  f o r  ( rn )  and (7,) from Eqs. (27) and. ( 3 0 ' ) ~  Eq. (31) 

may be wri t . ten as, 

or  a l t e r n a t i v ~ l y ,  using Eqs (15) and (16),  one f i n d s  

p - . L ~ b ~  3 - various fornla f o r  the luminescence e f f i c i e n c y  w i l l  be 

use? ul i n  analyzing the d a t a .  

2 ,  Data 

The d a t a  reported i n  t h i s  chapter  a r e  r ep resen ta t ive  of 

measurements made on severa l  "high-puri ty"  cadmium s u l f i d e  

c r y s t a l s .  Two of the  c r y s t a l s  (A and B) a r e  high r e s i s t i v i t y ,  

5 3 
(P-k > 10-cFm-cm and > 10 ohm-cm) p l a t l e t s  grown by the  method 

of Brer ich (1947).  Crys ta l  D i s  a low r e s i s t i v i t y  ( b  - 10 ohm-cm) 

c r y s t a l  c u t  from a l a r g e  s i n g l e  c r y s t a l  obtained from the Clev i t e  

Corporation. 

F ig .  ( 2 0 )  shows t h e  luminescence e f f i c i e n c y  as  a func t ion  of 

e x c i t a t i o n  i n t e n s i t y  f o r  the  f r e e  electron-to-bound hole  recombina- 
0 

t i o n  f o r  c r y s t a l  A between 64 and 98 K .  The average e l e c t r o n  

l i f e t i m e  as a f u n c t i o n  of e x c i t a t i o n  i n t e n s i t y  ( ~ i g .  21) i s  

derived assuming t h a t  t h e r e  i s  neg l ig ib le  d i f f u s i o n  of the  opt i -  

c a l l y  generated c a r r i e r s .  The f r a c t i o n  of occupied acceptors  a s  
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a func t ion  of e x c i t a t i o n  i n t e n s i t y  f o r  c r y s t a l  A, ( ~ i g .  22) ,  

was obtained from the  r a t i o  of the photoluminescence t o  t h e  

average e l e c t r o n  l i f e t i m e  ( ~ i g .  20, 21) .  I n  F ig .  (23) ,  the  

t r a n s i t i o n  r a t e  f o r  e l ec t rons  through Nr as a f u n c t i o n  of exc i t a -  

t i o n  i n t e n s i t y  was derived from the d a t a  i n  Fig.  (20) and ( 2 1 ) .  

F ig .  (211) shows the f r e e -  to-bound emission e f f i c i e n c y  as a 

func t ion  of e x c i t a t i o n  i n t e n s i t y  f o r  an insu la t ing ,  a semi- 

insu la t ing ,  and a conducting c r y s t a l  a t  64 and 7 8 O ~ .  

Calct~lation of Parameters 3 .  - -  
71- 
l,rle dath ib? F i g s .  20 t o  23 w i l l  be analyzed below t o  obta in  

values f o r  the  parameters i n  the theory.  Their phys ica l  s i g n i f -  

icance i s  discussed l a t e r .  

(a )  A t  low temperatures ( ~ , e x p ( - ~ ~ / k ~ )  << ~ n )  and high 

excitation i n t e n s i t y  (Bn/p << l), from Eqs. (15) and (27) ,  

Figs. (20) and (21) show t h a t  the  luminescence e f f i c i e n c y  i s  

indeed propor t ional  t o  the  e l e c t r o n  l i f e t i m e  a t  high e x c i t a t i o n  

16  2 i n t e n s i t y  a t  64 and 78'~. A t  I, = 2.0 x 10 /cm -sec,  one has 

( T ~ )  = 1.13 x sec  and 7 /q = 0.59, and thus T /B = 1.90  x f b  o  PO 

0 
( 5 )  k lower bound f o r  B can be obtained from the  64 K d a t a .  

13 2 A t  an e x c i t a t i o n  i n t e n s i t y  of 2.0 x 10  /cm -sec,  the  f r a c t i o n a l  

occupation of NA i s  0.25 and thermal quenching i s  n e g l i g i b l e  

s ince  .qfb/q0 2 0.99.  Thus, from E q .  ( l 5 ) ,  with ~,exp(-EA/kT) = 

4 9 .8  x 1.0 /cm3 and (T,) = 7.8 x l o m 7  sec 
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2 A t  an e x c i t a t i c n  i n t e n s i t y  of 6 .0 x 1015 photons/cm -see,  

L  LA^ 1 Iuminescence e f f i c i e n c y  i s  lower a t  78 than a t  64 o K .  There- 

fo re ,  thermal quenching i s  important, and thus with ~,exp(-EA/kT) = 

7 3 3.3 x 10 /cm and (7,) = 1.5 x 1 0 - ~ s e c ,  

( c >  A t  low temperatures, Eqs. (15) and (16) y ie ld  

At high e x c i t a t i o n  i n t e n s i t y ,  nea r ly  a l l  acceptors  (N*) a r e  

occupied (pig. 211, but  the  Nr cen te r s  a r e  not completely occupied 

w i t h  holes  ( ~ i g ,  2 2 ) .  Hence, i t  fol lows t h a t  B i s  small compared 

tc e *  

( d )  A t  low temperatures ( 6 4 O ~ ) ,  and low e x c i t a t i o n  i n t e n s i t y  

(Cn/p >> i), Eq.  (33) reduces t o  

For lo = 2 .O x 1013/crn2-sec, one has qfb/qo z 0.99 and 

(pA)/NA = 0.25. From Eq. (15), p/Bn = 0.33 and hence q a 0.97. 
0 

( e )  A t  78%, and low e x c i t a t i o n  i n t e n s i t y ,  thermal quenching 

of the luminescence i s  dominant (N,exp-~~/kT >> p) , and hence 

Eq .  (33) s i m p l i f i e s  t o  



12 2 7 3 
A t  I, = 6 .0  x 10 /cm -see,  one has ~,exp-E*/kT = 3.3 x 10 /cm , 
(5) = l n 7 2  x l ~ - ~ s e c ,  and qfb/710 = 0.15. Using the range of B 

determined i n  ( b ) ,  one obta ins  

4.  Dependence of the  Luminescence Ef f i c i ency  on Exc i t a t ion  

I n t e n s i t y  and Temperature 

The most ex tens ive  s tudy was done on c r y s t a l  A s ince  it has 

a  very Low dark conduct iv i ty  and is  thus expected t o  fol low the  

c!ieory 2.n di- t a i l .  A t  6 4 O ~ ,  the  thermal i o n i z a t i o n  r a t e  of 

t r a p p e d  holes  (y) i s  n e g l i g i b l e  f o r  e x c i t a t i o n  i n t e n s i t i e s  above 

13 2 "0 x 10 photons/cm2-sec, and thus t h e  luminescence e f f i c i e n c y  

i s  cons tant  and equal t o  qo, as shown i n  Fig .  (20) . For exc i t a -  

2 t i o n  i r ~ e e n s i t i e s  above 1015/cm -see,  a l l  the  NA acceptors  a r e  

occupied with holes ,  as shown i n  Fig.  ( 2 2 ) .  Any f u r t h e r  e l ec t ron-  

hole p a i r s  c rea ted  by the  l i g h t  must then  decay a t  the  Nr s i t e s ,  

and hence the green free-to-bound e f f i c i e n c y  goes down with 

further increase  in e x c i t a t i o n  i n t e n s i t y .  A t  78O~, thermal 

i o n i z a t i o n  of holes  from t h e  acceptors  (NA) i s  e f f e c t i v e  i n  lower- 

ing the  luminescence e f f i c i e n c y  a t  a l l  except the  h ighes t  exc i t a -  

t i o n  i n t e n s i t i e s ,  where the  thermal i o n i z a t i o n  r a t e  of holes  

beccmes n e g l i g i b l e  compared t o  the r a d i a t i v e  recombination r a t e  

wi ~h f r e a  e l e c t r o n s ,  A t  h igher  temperat.ures, the thermal ioniza-  

tior1 i % t e  of the  bound holes  i s  always l a r g e  compared t o  the  r a t e  

of recombination with f r e e  e l e c t r o n s .  Thus the  acceptor  (NA)  

a c t s  a s  a t r ap ,  r a t h e r  than a recombination center ,  and the  holes  



a r e  f r e e  long enough t o  be captured by t h e  Nr recombination 

cen te r s ,  or  the  s u r f a c e .  

A t  very low e x c i t a t i o n  i n t e n s i t y ,  an  a d d i t i o n a l  complication 

may a r i s e ,  which could exp la in  the  decrease i n  the luminescence 

e f f i c i e n c y  a t  64'~: Holes may be swept t o  t h e  su r face  by an 

e l e c t r i c  f i e l d  due t o  chemisorbed oxygen ions .  A t  h igher  exc i t a -  

t i o n  i n t e n s i t y ,  the  increased f r e e  c a r r i e r  dens i ty  screens out 

t h i s  f i e l d  and the  e f f e c t  disappears  ( ~ h .  IV) .  However, t h e  

thermal quenching alone may account f o r  the  decrease i n  e f f i c i e n c y .  

5. The Physical  S igni f icance  of B, C ,  rpo and qo 

The average values obtained f o r  c r y s t a l  A from the  d . a t a  a t  
0 -7 

64 and 78 K a r e  qo = 0.98, 13 = 2 x 10  , T = 4  x 10- 
PO 

l4 sec  and 

C >> B. These parameters y i e l d  capture  cross-sec t ions  which a r e  

discussed below. 

Using the  d e f i n i t i o n s  of the  

one f i n d s ,  from Eqs. (l5), (28) ,  

e  
0~ = B q o / ~ p o ~ e N A  = 

parameters, and. the  above values 

and. (29),  

6  5 x 10  /veNA. 

The room temperature dark conduct iv i ty  of c r y s t a l  A is  

3.7 x l ~ - ~ / o h m - c m .  With pn = 250 cm2/v-sec (Spear and Mort, 

9 3 1963),  one f i n d s  n  = 9.2 x 10  /cm . Since a t y p i c a l  donor 

1 6  concent ra t ion  fo r  these  c r y s t a l s  i s  10  /cm3 ( ~ o l b o w ,  1966),  

and since a t  these  temperatures most of the  donors would be 

16  3 ionized, t h e  c r y s t a l s  a r e  wel l  compensated and NA - 10 /cm . 
With me* = 0.20mo (Spear and Mort, 1963), the  e l e c t r o n  v e l o c i t y  i s  



a t  6 4 O ~ ,  and thus,  

which i s  a reasonable value f o r  the capture  cross-sec t ion  of 

a n e u t r a l  cen te r   ax, 1959). Using t h i s  value i n  the  d e f i n i t i o n  

of B ( ~ q .  15), the  capture  c ross - sec t ion  f o r  a hole  by the  ion  

acceptor  i s  

e - o v / B V ~  = 4 x 10-~Ocm2. OAh - 
A e 

h 
This value f o r  oA i s  in. reasonable agreement with what one 

obta ins  by assuming t h a t  f o r  a coulomb a t t r a c t i v e  captur ing  

cen te r  a l l  f r e e  c a r r i e r s  with k i n e t i c  energy l e s s  than the coulomb 

energy will be captured.  Thus, 

determines the radius  around the acceptor  ins ide  which c a r r i e r s  

will be captured, and the c ross - sec t ion  is,  f o r  T = 6 4 ' ~  and 

K = 10.3 ( ~ e r ~ i n c o u r t  e t  a l ,  1963), 

The parameter C involves t h e  capture c ross - sec t ion  of the 

reccmbination center, N,, and is  contained i n  the  recombination 

rate: ( I *  ) A t  low temperature, t h i s  r a t e  only becomes important 
I' 

when the free-to-bound t r a n s i t i o n  r a t e ,  becomes sa tu ra ted  (Figs .  

22, 2 3 ) .  A n  es t ima te  f o r  C can be obtained by not ing t h a t  (r,) 



5 seems t o  s a t u r a t e  ((p,) = N,) a t  about 1 0  /see a t  64 and 78'~. 

Thus, from Eq.  ( 3 0 ) ,  

which s a t i s f i e s  the  c r i t e r i o n  C >> B e s t a b l i s h e d  e a r l i e r .  Since 

e  h holes  a r e  captured f i r s t ,  and C = or ve/or vh is  s m a l l  compared 

t o  uni ty ,  t h i s  c e n t e r  must be an  acceptor;  i n  which case orh is 

coulomb a t t r a c t i v e  and ore i s  capture by a n e u t r a l  c e n t e r .  Some 

f u r t h e r  comments on t h i s  cen te r  a r e  made i n  Sec t ion  7 of t h i s  

Chapter,  

A t  .low e x c f t a t i o n  i n t e n s i t y  and low temperature, the  i n t e r n a l  

luminescence e f f i c i e n c y ,  qo = 0.98, i s  high due t o  the  rapid 

capture of the  f r e e  holes  by the  acceptor  involved i n  the  green 

luminescence (N~), compared t o  the  slower capture  by the  other  

recombination c e n t e r  (N,). The e x t e r n a l  quantum e f f i c i e n c y  may 

be much lower due t o  non-radiat ive su r face  recombination i n  

con junct ion with reabsorpt ion  near the  su r face  of t h e  i n t e r n a l l y  

r e f l e c t e d  luminescence. 

The hole  recombination l i f e t i m e  ( T  ) i s  much s h o r t e r  than 
PO 

the  values of l o m 6  t o  l r9  sec  reported elsewhere (spear  and 

Mort, 1963) .  The reason f o r  t h i s  apparent  discrepancy i s  t h a t  

T is  the  f r e e  hole  recombination l i f e t i m e s  a t  low temperature 
PO 

and low e x c i t a t i o n  i n t e n s i t y  where a l l  t h e  acceptors  a r e  a c t i v e  

a s  fas t  captur ing  c e n t e r s .  Longer l i f e t i m e s  a r e  observed (Spear 

and Mort, 1963) a t  higher  temperature, where the  acceptors  (N*) 

a c t  only as t rapping  cen te r s  and hence t h e  holes  do not  recombine 

u n t i l  they  a r e  captured a t  the  deeper and "slower" recombination 



s i t e s  (N,) . When the  hole  l i f e t i m e  becomes longer ,  the  d i f f u s i o n  

of f r e e  c a r r i e r s  out  of the  photo-excited region  w i l l  l i k e l y  

become an important process .  

6 .  Dependence of the  Luminescence Ef f i c i ency  on R e s i s t i v i t y  

The theory f o r  the  luminescence e f f i c i e n c y  was based on the  

assumption t h a t  the  thermal f r e e  e l e c t r o n  dens i ty  (no) i s  s m a l l  

compared t o  the  photo-excited f r e e  e l e c t r o n  d e n s i t y  ( ~ n ) .  The 

luminescence e f f i c i e n c i e s  of c r y s t a l s  B and D, i n  which the 

thermal e l e c t r o n  d e n s i t i e s  a r e  not  smal l ,  a r e  shown, along with 

t h e  dat2 f o r  c r y s t a l  A ,  i n  F ig .  (24)  . The more conducting 

c r y s t a l s  have a lower luminescence e f f i c i e n c y .  A l l  t h r e e  of 

the c r y s t a l s  a r e  h igh-pur i ty  and a r e  thought t o  contain about 

16 
10 /em3 donors due t o  f o r e i g n  impur i t ies  (Colbow, 1966) ; however, 

the  conducting c r y s t a l s  a r e  l e s s  well  compensated by cadmium 

vacancy acceptors   a and elm an and Thomas, 1965) and hence have 

fewer s i t e s  a t  which the  green free-to-bound luminescence can 

o r i g i n a t e .  Thus the r e l a t i v e  importance of o ther  recombination 

s i t e s  inc reases .  

One a l s o  observes t h a t  the  s lope  of the  luminescence e f f i c -  

iency a t  7 8 O ~  and low e x c i t a t i o n  i n t e n s i t y  decreases f o r  low 

r e s i s t i v i t y  c r y s t a l s .  Thermal quenching of the luminescence i s  

dominant and E q .  (33) s i m p l i f i e s  t o  

where (n )  = n  + ( A n ) .  
0 (6-49 ) 



For the  high-conduct ivi ty  c r y s t a l  ( D ) ,  f o r  which A n  i s  s m a l l  

compared t o  no, the  luminescence e f f i c i e n c y  should only have 

a  weak dependence on e x c i t a t i o n  i n t e n s i t y ,  as observed ( ~ i g .  24). 
- 
r or  the  i n s u l a t i n g  c r y s t a l  ( A ) ,  the  luminescence e f f i c i e n c y  i s  

propor t ional  t o  I0rn a s  predic ted ,  and t h e  intermediate  case,  

c r y s t a l  B, e x h i b i t s  an intermediate  s lope .  

7 .  Red Luminescence and Non-Rad i a t i v e  Recombination 

A t  high e x c i t a t i o n  i n t e n s i t i e s ,  t he  green emission t r a n s i -  

t i o n s  become sa tu ra ted  ( ~ i g s .  20, 22) and f u r t h e r  increase  of 

e x c i t s t i o n  i n t e n s i t y  r e s u l t s  i n  a g r e a t e r  f r a c t i o n  of the  

recombination tak ing  place a t  the  o ther  recombination cen te r  

(N,) ,  a s  shown i n  Fig. (23) .  The cen te r  Nr represents  an 

ef f 'ective recombination cen te r  dens i ty  and i s  probably composed 

of s t a t e s  a t  seve ra l  energy l e v e l s  i n  the  forbidden band gap. 

It i s  shown i n  Sec t ion  5, t h a t  Nr i s  an  acceptor-type c e n t e r .  

Assuming t h a t  the  n e u t r a l  capture cross-sec t ion ,  ore, i s  approx- 

imately the  same a s  the n e u t r a l  capture c ross - sec t ion  of the  

cadmium vacancy acceptor ,  UA , we f i n d  (us ing  the  da ta  i n  Sec t ion  

5; t h a t  orh ;- 1 x This coulomb a t t r a c t i v e  capture 

c ross - sec t ion  i s  smaller  by a f a c t o r  of 25 than u the capture 
A , 

c ross - sec t ion  f o r  the  cadmium vacancy acceptor  involved i n  the  

green l i g h t  emission. One may expect the  cross-sec t ions  t o  be 

propor t ional  t o  the  square of the  Bohr radius ,  o r  inve r se ly  

propor t ional  t o  t h e  square of the  i o n i z a t i o n  energy of the  

c e n t e r .  Since EA = 0.17 eV, one p r e d i c t s  t h a t  the  cen te r  Nr 

i s  about 0.85 eV above the  valence band. One might then expect 



a f r e e  electron-to-bound hole emission band a t  7000 A and emis- 

s i o n  a t  1 .46  microns due t o  hole capture  by the  Nr c e n t e r .  We 

found a n  emission band a t  7000 f o r  t h i s  c r y s t a l  (F ig .  25) ; 

however, i t s  i n t e n s i t y  and dependence on e x c i t a t i o n  l e v e l  ( ~ i g  . 
26) i n d i c a t e  t h a t  t h i s  emission accounts f o r  only a f r a c t i o n  

of the  recombination through N r .  An emission band a t  7200 

which was quenched by 1 .41  micron r a d i a t i o n  has previous ly  been 

observed and a t t r i b u t e d  t o  copper impur i t ies  ( ~ r o s e r  and Broser- 

Warminsky, l 9 5 1 ) ,  This red emission band is  s t i l l  present  a t  

higher  temperatures where the  green emission has been quenched 

due t o  %herma1 ion iza t ion  of the  cadmium vacancy acceptors .  

Thus, although some of t h e  recombination through t h e  cen te r s ,  

M,, may be r a d i a t i v e ,  most of it is  non-radia t ive .  Non-radiative 

recombination processes a r e  not well  understood, although they 

probably occur a t  c l u s t e r s  of impur i t ies  and d e f e c t s .  From the 

values of qo, NA and the  capture  cross-sec t ions ,  the  e f f e c t i v e  

16  3 recombination c e n t e r  d e n s i t y  i s  Nr = 8 x 10 /cm . 
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CHAPTER V I I  

SUMMARY AND CONCLUSIONS 

The recombination kine t i c s  i n  photo-excited cadmium s u l f i d e  

c r y s t a l s  have been s tudied  experimental ly  and the  d a t a  analyzed 

i n  d e t a i l  i n  terms of a simple, but r e a l i s t i c ,  energy band model. 

This model c o n s i s t s  of the  fo re ign  impuri ty  donors and cadmium 

vacancy acceptors  previously e s t ab l i shed  as being involved i n  

the  luminescence (Colbow, 1966).  I n  add i t ion ,  a n  e f f e c t i v e  

recombination center  dens i ty  ( c o n s i s t i n g  of deep acceptor - l ike  

recombination c e n t e r s )  and non-radiat ive su r face  recombination 

centers  a r e  required t o  account f o r  the  d a t a  on luminescence 

e f f i c i e n c y  and su r face  e f f e c t s  on luminescence. The r e s u l t s  

of the  t h e s i s  a r e  divided i n t o  four  chapters  and these  a r e  

summarized below. 

Chapter I11 deals  with the  controversy,  e x i s t i n g  i n  the  

l i t e r a t u r e  a t  the  onset of t h e  study, regarding the  o r i g i n  of 

t h e  high energy green emission band. It had been shown ( ~ o l l i n s ,  

1959; P e d r o t t i  and Reynolds, 1960; Colbow, 1966) on the  b a s i s  

of extensive experimental data ,  t h a t  t h i s  band could only be 

understood on the  b a s i s  of a f r e e -  to-bound t r a n s i t i o n ;  however, 

Maeda (1965) and Condas and Yee (1966), on the  bas i s  of t h e i r  

d a t a ,  concluded t h a t  it was of the  bound-to-bound type.  The 

i n t e r p r e t a t i o n  of the recombination k ine t i c s  of t h i s  band i s  

dependent on i t s  o r i g i n  and hence it w a s  necessary t o  resolve 

these  c o n f l i c t i n g  views. Fur ther  a n a l y s i s  and experiments showed 

t h a t  Maeda in te rp re ted  h i s  da ta  i n c o r r e c t l y  while Condas and Yee's 



d a t a  was a l s o  not  i n  c o n f l i c t  with the  free-to-bound i n t e r p r e t a -  

t i o n .  This work i s  summarized i n  two papers (Colbow and Nyberg, 

1967a; 1967b). 

The second t o p i c  (Ch. IV) was the  e f f e c t  of non-radiat ive 

su r face  recombination on the  luminescence e f f i c i e n c y .  The 

conclusions were t h a t  e x t r i n s i c  su r face  s t a t e s ,  due t o  chemi- 

sorbed oxygen ions,  a r e  associa ted  with non-radiat  ive  sur face  

recombination. This recombination i s  aided by the  e l e c t r i c  f i e l d  

s e t  up i n  t h e  charge dep le t ion  l a y e r  next t o  the  chemisorbed 

oxygen ions .  The p o l a r i t y  of t h e  f i e l d  i s  such as t o  d r a w  holes  

t o  t h e  su r face  and the  luminescence e f f i c i e n c y  can be enhanced 

by applying an  e x t e r n a l  e l e c t r i c  f i e l d  of opposite p o l a r i t y  or  

by photo-desorbing the  oxygen ions.  An e x t e r n a l  f i e l d  of the  

same p o l a r i t y  as the  dep le t ion  l a y e r  f i e l d  quenches the  lumines- 

cence. The experiments on luminescence e f f i c i e n c y  as a  func t ion  

of e x c i t a t i o n  wavelength showed the e f f e c t s  of non-radiat ive 

sur face  recombination i n  t h a t  the  s h o r t e s t  wavelength e x c i t a t i o n  

(where the  c a r r i e r s  a r e  produced c l o s e s t  t o  the  sur face)  yielded 

the  lowest e f f i c i e n c y .  The experiments on su r face  e f f e c t s  were 

d i f f i c u l t  t o  do reproducibly and t h i s  i s  bel ieved t o  be, a t  

l e a s t  i n  p a r t ,  because the su r face  s t a t e  dens i ty  changes slowly 

during the  experiment. This work i s  summarized i n  a paper by 

Nyberg and Colbow (1967a).  Further  experiments i n  t h i s  a r e a  

should include the  i n v e s t i g a t i o n  of evaporat ing t r ansparen t  

i n s u l a t i n g  l a y e r s  on the  sur face  of CdS t o  s t a b i l i z e  i t .  It 

was a l s o  found (Nyberg and Colbow, 1967b) t h a t  hea t ing  CdS b r i e f l y  

i n  a n i t rogen  ambient produces free-to-bound and bound-to-bound 



t r a n s i t i o n s  a s soc ia ted  with n i t rogen  acceptors  130 meV above the  

valence band. 

The t h i r d  t o p i c  (Ch. V) was the  recombination k i n e t i c s  of 

f r e e  and bound exci tons ,  and the  bound electron-to-bound hole 

luminescence. Higher e x c i t a t i o n  i n t e n s i t y  favors  higher  exc i ton  

emission e f f i c i e n c y  f o r  a l l  c r y s t a l s  and f o r  the  range of exc i t a -  

t i o n  i n t e n s i t y  a v a i l a b l e .  This i s  expected in-so-far  a s  the  

formation of exc i tons  depends on the  product of the  f r e e  c a r r i e r  

d e n s i t i e s  . The bound- to-bound emission e f f i c i e n c y  i s  high and 

va r i e s  only slowly with e x c i t a t i o n  i n t e n s i t y  s i n c e  the  donors 

and acceptors  involved i n  these  t r a n s i t i o n s  have very high 

capture cross-sec t ions  f o r  the  f r e e  c a r r i e r s .  High e x c i t a t i o n  

i n t e n s i t y  favors  recombination a t  donor-acceptor p a i r s  of c lose  

separa t ion .  It would be of i n t e r e s t  t o  i n v e s t i g a t e  the recombina- 

t i o n  k i n e t i c s  of the  exci ton,  bound- to-bound and f r e e -  to-bound 

emissions t o  the  much higher e x c i t a t i o n  i n t e n s i t i e s  a v a i l a b l e  

with a pulsed e l e c t r o n  beam source.  A t  very high e x c i t a t i o n  

i n t e n s i t y ,  i f  one obtains  a s i g n i f i c a n t  dens i ty  of f r e e  holes ,  

one would expect t o  see  the  f r e e  hole-to-bound e l e c t r o n  t r a n s i t i o n .  

Room temperature green luminescence should a l s o  be observable 

a t  very high e x c i t a t i o n  i n t e n s i t y .  

The l a s t  t o p i c  s tudied  (Ch. V I ) ,  and the  most important 

from the  s tandpoint  of q u a n t i t a t i v e  information obtained, was 

the  s tudy of the  recombination k i n e t i c s  of t h e  f r e e  e lec t ron- to-  

bound hole  t r a n s i t i o n .  Using the model discussed e a r l i e r ,  t he  

d a t a  was analyzed t o  obta in  the  e l e c t r o n  and hole  l i f e t i m e s ,  the 

luminescence e f f i c i e n c y ,  and the  e l e c t r o n  and hole  capture  



cross-sec t ions  of the  cadmium vacancy acceptor  and the o the r  

deep recombination c e n t e r .  The hole l i f e t i m e  i s  shown t o  be 

very s h o r t  and t h i s  (along with the  i n t e r p r e t a t i o n  of t h e  su r face  

e f f e c t s )  r u l e s  out d i f f u s i o n  i n t o  the i n t e r i o r  of the  c r y s t a l  

a s  a s i g n i f i c a n t  process a t  low temperatures.  The i n t e r n a l  

luminescence e f f i c i e n c y  is  unexpectedly high and t h i s  i s  due 

t o  the  high capture c ross - sec t ion  of t h e  cadmium vacancy acceptors  

f o r  f r e e  ho les .  Some of the  recombination a t  t h e  deeper recombina- 

t i o n  cen te r  is  shown t o  be r a d i a t i v e ;  however, most of i t  i s  

non-radiat ive . This work is  summarized i n  a paper by Colbow 

and Nyberg (1967b). Future work i n  t h i s  a r e a  should include 

the  e f f e c t s  on t h e  luminescence e f f i c i e n c y  of d i f f e r e n t  con- 

c e n t r a t i o n s  of the  donors, cadmium vacancy acceptors ,  and the  

e f f e c t i v e  recombinat ion cen te r  dens i ty .  A b e t t e r  understanding 

of non-radiat ive processes i n  wide-band-gap mate r i a l s  i s  a l s o  

requi red .  



APPENDIX A 

Free vas-r iers  a r e  generated i n  an  i n s u l a t o r  by h i g h l y  atisorhed 

o p t i c a l  r a d i a t i o n  a t  a r a t e  

where I is  the absorbed photon f l u x  and & ( A )  i s  t h e  a b s o r p t i o n  0 

c o e f f i c i e n t  . Under cont inuous e x c i t a t i o n ,  t h e  s p a t i a l  d i s  t r i b u -  

t i o n  of the frpe c a r r i e r s  i s  governed by the  c o n t i n u i t y  equa t ions :  

t he  equa t ions  of c u r r e n t  f low, 

conse rva t ion  of c u r r e n t ,  

jn + jp = 0; 

and Po i s son ' s  equa t ion ,  

where it i s  assumed t h a t  t h e  n o n r a d i a t i v e  recombination c e n t e r s  

a r e  accep to r  - l i k e  s t a t e s .  

S u b s t i t u t i n g  (Ah) and (A5) i n t o  (A2) and (A3) g ives  



and. 

where 

and. 

I n  genera l ,  i t  i s  not  poss ib le  t o  so lve  ( A 8 )  and (A9), because 

rn and T a r e  funct ions  of n  and p .  However, they can be solved 
P 

under the  assumption t h a t  

where p is  a cons tant   a ark 1965a). 

S u b s t i t u t i n g  (Al l )  i n  (Ag), mul t ip ly ing  ( A 8 )  by pp and (A9)  

by ppn, and adding the  r e s u l t i n g  equat ions g ives  

where 

and. 



94 
Following deVore (1956), s u b s t i t u t e  ( A l )  i n  ( ~ 1 3 )  t o  

obta in  

the  general  s o l u t i o n  of which i s  

where 

The sample i s  t h i c k  compared t o  the  absorpt ion  l e n g t h  ( l / a )  and 

the  ambipolar diffussion l eng th  (La) and thus the cons tant  C i s  

z e r o .  Representing the e l e c t r o n  recombination cur ren t  a t  the 

su r face  by t h e  su r face  recombination v e l o c i t y  of e l ec t rons  ( s n ) ,  

the  boundary cond i t ion  i s  : 

Using Equation ( A l g )  , t he  s p a t i a l  d i s t r i b u t i o n  of e l ec t rons  i s  

It is convenient t o  introduce the concept of an e f f e c t i v e  su r face  

recombination v e l o c i t y  f o r  e l e c t r o n s  (sn*), given by 



Equation ( A 2 0 )  may now be w r i t t e n  
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