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ABSTRACT

by David L. Rosen 

A dvisor: P ro fe s s o r  R. R. A lfano

The g o a l o f  t h i s  th e s i s  was to  u n d e rs ta n d  how d e f e c ts  con­

t r o l  th e  dynam ics o f  e l e c t r o n s  in  a sem ico n d u c to r under o p t ic a l  

e x c i ta t io n .  Time re s o lv e d  and s te a d y  s t a t e  sp e c tro sc o p y  showed 

t h a t  d e f e c ts  d e te rm in e  th e  o p t ic a l  and e l e c t r i c a l  p r o p e r t ie s  o f 

undoped, s e m i- in s u la tin g (S I )  CdSe. N o n linear p h o to lu m in escen ce , 

p icosecond  re c o m b in a tio n , induced  d ich ro ism , th e  K err e f f e c t  and 

two s te p  a b s o rp tio n  w ere  m easured . The im p o r ta n t p h y s ic s  in  t h i s  

work was c h a ra c te r iz in g  th e  t h r e e  d e fe c t  bands t h a t  cause  th e s e  

e f f e c t s  in  SI CdSe. F i r s t ,  th e  main re c o m b in a tio n  c e n te r  i s  a  deep 

dcnor(R ), =1.3 eV above th e  v a le n c e  band, w ith  v e ry  l a r g e  c ro s s  

s e c t io n s  f o r  f r e e  c a r r i e r  c a p tu re .  T his l e v e l  R h as  d e g e n e ra te  

l e v e l s ,  a s  shown by th e  induced  d ich ro ism . Second, a sh a llo w  

a ccep to r(A ), 105 meV above th e  v a le n c e  band, i s  a l s o  a recom bina­

t io n  c e n te r .  T h ird , a  con d u c tio n  band t a i l ( T ) ,  c o n s is t in g  o f  s h a l ­

low d o n o rs , i s  a lu m in escen ce  c e n te r .  Com parisons betw een  undoped 

low r e s i s t i v i t y  CdSe and SI CdSe su g g e s t t h e s e  l e v e l s  a ls o  cause  

th e  h igh  r e s i s t i v i t y  p r o p e r t ie s  o f  SI CdSe. A tw o l e v e l  m odel by 

K la sen s , u sin g  b o th  R and A, e x p la in s  th e  n o n lin e a r  p h o to lu m in es­

cence u nder low  in t e n s i t y ,  s te a d y  s t a t e  e x c i ta t io n .  M odels, u sing  

th e s e  d e fe c t  l e v e l s ,  w ere c o n s tru c te d  t h a t  e x p la in  th e  p icosecond  

r e s u l t s .  The m ethods and th e o r ie s  deve loped  in  t h i s  th e s i s  cou ld  

be u sed  in  th e  q u a l i ty  c o n tro l  and f a b r ic a t io n  o f  sem ico n d u cto r 

d e v ic e s .
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C h ap te r 1 

In tro d u c t io n  

DEFECTS IN SOLIDS

In  s o l id  s t a t e  p h y s ic s , one i s  f i r s t  in tro d u c e d  to  th e  

c o n c e p t o f  an  id e a l  c r y s t a l  w ith  no u n in te n t io n a l  ch em ica l im p u ri­

t i e s  o r  n a t iv e  a tom s o u t o f  p la c e .  A ll  im p u r i t ie s  p r e s e n t  a r e  in ­

t e n t i o n a l l y  added d o p a n ts , and a l l  d o p a n ts  a r e  e i t h e r  h y d rogen ic  

d o n o rs  o r  hy d ro g en ic  a c c e p to r s .  A lthough such  a  model i s  u s e fu l  

f o r  p r e d ic t in g  and u n d e rs ta n d in g  g e n e ra l  p r o p e r t ie s  o f  c r y s t a l s ,  

th e s e  c r y s t a l s  a r e  o n ly  grow n in  te x tb o o k s .  In  a c tu a l  c r y s t a l s  

t h e r e  a r e  a lw ay s u n in te n t io n a l  d e f e c ts  and deep le v e ls (3 o u rg o in  

and L anoo,1983; Newmark and K osa,1983). I t  i s  now known th a t  in  

a c tu a l  f a c t ,  m ost o f  th e  i n t e r e s t i n g  p r o p e r t ie s  o f  c r y s t a l s  a r e  

n o t d e te rm in ed  so much by th e  p r o p e r t ie s  o f  th e  p e r f e c t  c ry -  

s t a l ( i n t r i n s i c  p r o p e r t ie s )  a s  by i t s  im p e r f e c t io n s ( e x t r in s ic  p ro p e r ­

t i e s ) .  Both m isp laced  a to m s(n a tiv e  d e f e c ts )  and ch em ica l im p u ri­

t i e s  a r e  c a l l e d  d e f e c ts .

The s tu d y  o f  sem ico n d u c to r d e f e c ts  i s  an a c t iv e  s c i e n t i f i c  

f i e l d .  The e x is te n c e  o f  t h e  s em ico n d u c to r in d u s try  i s  b ased  on th e  

a b i l i t y  to  c o n t r o l  th e  e l e c t r i c a l  c o n d u c tiv ity  o f  se m ic o n d u c to rs  by 

t r a c e  a d d i t io n s  o f sh a llo w  donor and a c c e p to r  chem ica l im p u r i t ie s .  

D isp lay  phosphors  a r e  u s u a l ly  la r g e  bandgap sem ico n d u c to rs  w ith  

t r a c e  lum in escen ce  c e n te r s  added . U n c o n tro l la b le  deep  l e v e l s  from  

g ro w th , r a d ia t io n  damage and d ev ice  usage  d eg rade  d ev ice  p e r f o r ­

mance. F u tu re  a p p l ic a t io n s  o f  s e m ic o n d u c to rs  in  e l e c t r i c a l  and 

o p t i c a l  d e v ic e s  w il l  r e q u i r e  th e  m easu rem en t and u n d e rs ta n d in g  o f
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sem ico n d u c to r d e f e c t s .

M ost s ta n d a rd  m ethods o f  m easu rin g  and d e t e c t in g  d e f e c ts  

a r e  n o t s e n s i t iv e  enough to  m easu re th e  s m a ll  d e f e c t  c o n e e n tra -  

t io n s (< 1 0 15em~3) , w hich a r e  much s m a l le r  th a n  th e  c o n c e n tr a t io n  o f 

i n t r i n s i c  a to m s(3 .6 x 1 0 22cm~3 in  CdSe). As su ch  s m a ll  q u a n t i t i e s  

a r e  a l s o  h a rd  to  c o n t r o l ,  l a r g e  v a r ia t io n s  b e tw een  sam p le s  a re  

u n a v o id a b le . Even when th e  d e f e c ts  a r e  c h e m ic a lly  o r  p h y s ic a l ly  

known, th e  p r o p e r t ie s  th e s e  d e f e c ts  a r e  chang ing  may n o t be 

k n o w n (S tr in g fe llo w  and  Bube, 1968).

O p tic a l s p e c tro s c o p ic  te c h n iq u e s  a r e  u s e f u l  b ecau se  th e y  

a r e  v e ry  s e n s i t iv e  to  s m a ll  d e fe c t  c o n c e n tr a t io n s  and becau se  th e y  

a r e  n o n d e s tru c t iv e .  A lthough o p t i c a l  m easu rem en ts o f te n  do n o t 

r e v e a l  th e  chem ica l o r  p h y s ic a l  n a tu r e  o f  th e  d e f e c ts ,  th e y  can be 

u sed  to  m odel many o p t ic a l  and e l e c t r i c a l  p r o p e r t ie s  t h a t  a re  

im p o r ta n t in  tech n o lo g y . An exam ple i s  th e  EL2 d e f e c t  in  GaAs, 

which i s  o p t i c a l l y  m o n ito red  in  th e  m a n u fa c tu re  o f  s e m i- in s u la t -  

ing (S I) GaAs even  though  i t s  ch em ica l n a tu re  i s  s t i l l  n o t c e r -  

ta in (S tu rg e ,1 9 6 2 ; M itonneau and M ircea,1979; M a r t in ,1981). O p tic a l 

m easu rem en ts  a r e  th u s  u s e f u l  in  b o th  sem ico n d u c to r  c h a r a c te r iz a ­

t io n  and fu n d a m e n ta l e x p e r im e n ts . This th e s i s  p ro je c t  s tu d ie d  d e f ­

e c t s  in  undoped CdSe u s in g  o p t ic a l  sp e c tro s c o p y .  Many o f th e  

m easu rem en ts  were on a p ico seco n d  tim e  s c a l e .  P icosecond  sp e c ­

tro s c o p y  i s  w e l l  known to  be s e n s i t iv e  to  c r y s t a l  d e f e c ts  and 

q u a lity (A u s to n  e t .  a l . ,  1972; H uppert e t .  a l . ,  1972; von d e r  Linde 

e t .  a l . ,  197*0. However, t h e r e  a r e  few  c o m p le te  s tu d i e s ,  u sing  

p ico seco n d  te c h n iq u e s ,  o f d e f e c ts  in  se m ic o n d u c to rs .
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RECOMBINATION THROUGH DEFECT LEVELS

F re e  c a r r i e r  reco m b in a tio n  and in t e r n a l  t r a n s i t i o n s  o f 

d e f e c t  l e v e l s  a r e  s tu d ie d  in  t h i s  t h e s i s .  A d e f e c t  l e v e l  can cap ­

tu r e  o r  em it an e l e c t r o n  in  th e  c o n d u c tio n  band , th e  v a le n c e  band 

o r a n o th e r  d e f e c t  l e v e l .  B oth th e  en e rg y  d i f f e r e n c e  and th e  mom­

entum  d if f e r e n c e  be tw een  th e  d e f e c t  l e v e l  and t h e  o th e r  e le c t r o n  

m ust be a b so rb e d  by a  t h i r d  e x c i t a t i o n .  T his t h i r d  e x c i ta t io n  i s  

u s u a l ly  e i t h e r  a  ph o to n , a n o th e r  f r e e  c a r r i e r ,  an  o p t i c a l  phonon o r 

an  a c o u s t ic a l  phonon. These fo u r  ty p e s  o f  p ro c e s s e s  a r e  re s p e c ­

t i v e ly  c a l l e d  r a d i a t i v e  t r a n s i t i o n ,  Auger p ro c e s s e s ,  m ultiphonon 

emission(M PE) and  th e  ca scad e  m echanism (B ourgoin and Lanoo,1983; 

Neumark and K osa,1983). These p ro c e s s e s  w i l l  be p h y s ic a l ly  d e s ­

c r ib e d  in  te rm s  o f  en erg y  and momentum t r a n s f e r .  In  th e  sch em a t­

i c s  o f  t h i s  t h e s i s ,  s t r a i g h t  v e r t i c a l  l i n e s  in d ic a te  r a d ia t iv e  t r a n ­

s i t i o n s ,  d u rin g  which ph o to n s a r e  e m it te d  o r  a b so rb e d , and wavy 

v e r t i c a l  l i n e s  i n d ic a te  n o n ra d ia tiv e  t r a n s i t i o n s ,  d u rin g  which o n ly  

phonons a r e  e m it te d  o r a b so rb e d . The ca sc a d e  mechanism w i l l  be 

shown, in  c h a p te r  3 , to  be a c t iv e  in  CdSe.

In  r a d i a t i v e  t r a n s i t i o n ,  when an e l e c t r o n  o r h o le  i s  cap­

tu r e d  o r e m it te d ,  th e  e x c e s s  energy  i s  e m it te d  o r  a b so rb ed  by a 

ph o to n . A h igh  en erg y  photon  has a  much l a r g e r  momentum th an  

m ost th e rm a l  e l e c t r o n s ,  so  a  r a d i a t i v e  t r a n s i t i o n  i s  n o t as p rob ­

a b le  a s  o th e r  t r a n s i t i o n s .  However, th e  pho ton  e m itte d  o r 

a b so rb e d  i s  e a s i l y  d e te c te d  a s  lu m in escen ce  o r  by o p t ic a l  a b so rp ­

t io n .
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In  Auger p ro c e s s e s ,  when an e l e c t r o n  and a  h o le  recom bines 

n e a r  a n o th e r  f r e e  c a r r i e r  o r  d e f e c t ,  th e  e x c e s s  en e rg y  i s  ab so rb ed  

by th e  t h i r d  p a r t i c l e .  Auger w ith  a  t h i r d  f r e e  c a r r i e r  in s te a d  o f  

a  d e f e c t  i s  c a l l e d  b an d -to -b a n d  A uger. B an d -to -b an d  Auger i s  

shown in  f ig u r e  1 .2 .1 . In  b and-uo -band  A uger, th e  l a r g e r  th e  

en e rg y  bandgap , t h e  m ore k in e t ic  en e rg y  and th e  more momentum th e  

rem a in in g  f r e e  c a r r i e r  g a in s . B ecause o f  c o n s e rv a tio n  o f momen­

tum , b a n d -to -b a n d  Auger i s  u n l ik e ly  in  la r g e  bandgap sem iconduc­

t o r s  su ch  a s  CdSe(Landsberg and B e a t t ie ,  1959; N eum ark,1973). When 

a d e f e c t ,  in s te a d  o f  a  t h i r d  f r e e  c a r r i e r ,  c a r r i e s  away th e  ex c e s s  

e n e rg y , th e  Auger p ro c e s s  i s  enhanced . T his p ro c e s s  i s  shown in  

f ig u re  1 .2 .2 . The r a t e  o f  p h o to e x c ite d  c a r r i e r  decay cau sed  by an 

Auger p ro c e s s  i s ' e x c i ta t io n  in t e n s i t y  d e p en d en t and n o n -e x p o n e n tia l  

b ecau se  o f  th e  p a r t ic ip a t io n  o f tw o o r  t h r e e  c a r r i e r s .

In  m u ltiphonon  em ission(M PE), an e l e c t r o n  o r h o le  c a p tu re d  

by a  d e fe c t  l e v e l  em its  o p t ic a l  phonons(Neum ark and K osa,1983; 

B ourgoin and L annoo,1983), a s  shown in  f ig u r e  1 .2 .3 . The e le c t r o n  

t r a n s f e r s  down a  s e r i e s  o f  v ib r a t io n a l  l e v e l s  o f  th e  d e f e c t ,  em it­

t in g  an  o p t i c a l  phonon a t  each  s te p .  An o p t i c a l  phonon can have a 

l a r g e  e n e rg y  and a  sm a ll  momentum, so  MPE i s  u s u a l ly  much f a s t e r  

th a n  Auger o r  r a d i a t i v e  p r o c e s s e s .  B ecause am bien t o p t ic a l  pho- 

nons i n c r e a s e  th e  r a t e  o f  phonon em iss io n , th e  r a t e  o f  MPE in c r e ­

a s e s  w ith  in c re a s in g  te m p e ra tu re .  The MPE r a t e ,  w, obeys th e  f o l ­

low ing  e q u a tio n  f o r  f r e e  c a r r i e r  c a p tu re  a t  h igh  te m p e ra tu re s :

w=w0T ° '5exp(-E b/ k BT) (1 .2 .1 )

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  5 -

w here w0 i s  a  c o n s ta n t ,  and i s  th e  a c t iv a t io n  energy(w hich  i s  

a p p ro x im a te ly  th e  b ind ing  e n e rg y  o f th e  d e f e c t  l e v e l ) .  T his f o r ­

m u la  i s  v a l id  i f  th e  th e rm a l  e n e rg y (k BT) i s  g r e a t e r  th a n  th e  o p t i ­

c a l  phonon e n e rg y .

In  th e  ca scad e  m echanism , an e le c t r o n  makes a t r a n s i t i o n  

be tw een  l e v e l s  by e m it t in g  a c o u s t ic a l  phonons(Lax,1959; Henry and 

L ang ,1977; A bram ,1982). The c a p tu re  o f  an e l e c t r o n  by a ca scad e  

mechanism  i s  shown in  f ig u r e  1 .2 .4 . The c a scad e  p ro c e s s  can  o n ly  

occu r b e tw een  tw o w id e ly  sp a c e d  e n e rg y  l e v e l s  i f  a s e r i e s  o f e le c ­

t r o n i c  l e v e l s  e x i s t s  b etw een  them , in  c o n t r a s t  to  MPE which 

r e q u i r e s  o n ly  a s e r i e s  o f  v ib r a t io n a l  l e v e l s .  In  a  ca scad e  t r a n s i ­

t io n ,  th e  e l e c t r o n  t r a n s f e r s  down t h i s  la d d e r  o f e le c t r o n ic  

s t a t e s ,  e m it t in g  an a c o u s t ic a l  phonon a t  each  s t e p .  B ecause an 

a c o u s t ic a l  phonon c a r r i e s  m ore momentum th a n  an o p t ic a l  phonon, 

each  s t e p  m ust be v e ry  s m a ll  in  en e rg y . A la r g e  momentum a c o u s t­

i c a l  phonon can a l s o  be ab so rb e d , moving an e l e c t r o n  up t h i s  

l a d d e r .  The ca scad e  c a p tu re  r a t e  d e c re a s e s  w ith  in c re a s in g  tem ­

p e r a tu r e ,  becau se  am b ien t, l a r g e  momentum phonons a r e  a b so rb ed  a t  

high  te m p e ra tu re s .  When t h i s  la d d e r  o f  e l e c t r o n i c  l e v e l s  e x i s t s ,  

th e  c a scad e  p ro c e s s  i s  o f t e n  much f a s t e r  th a n  th e  MPE p ro c e s s  

b ecau se  each  s t e p  r e q u i r e s  a s m a l le r  am ount o f en e rg y  in  ca scad e  

th a n  in  MPE.

T his th e s i s  w i l l  fo c u s  on th e  s p e c ia l  c a se  o f  a ca scad e  

t r a n s i t i o n  betw een  tw o d e f e c t  l e v e l s ,  a s  shown in  f ig u re  1 .2 .5 . 

C onsider tw o lo c a l iz e d  en e rg y  l e v e l s  E t and E2, w ith  a s e r ie s  o f 

e le c t r o n i c  l e v e l s  E ( r0) b e tw een  them . An e l e c t r o n  in  l e v e l  E ( r0) 

has an o r b i t a l  ra d iu s  r 0 which i s  d e te rm in ed  by th e  momentum o f
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th e  th e rm a l  phonon p re v io u s ly  e m it te d .  An e le c t r o n ,  w ith  a mean 

f r e e  p a th  L, makes a  ca scad e  t r a n s i t i o n  from  Ej t o  E2 . The r a t e ,  

w, o f  th e  f i r s t  s t e p  from  Ex to  th e  i n i t i a l  E ( r0) i s  g iven 

byCLax.1959):

w~r 03L~1E (r0)E 1_1 (1 .2 .2 )

I f  th e  te m p e ra tu re  i s  T, L-T- 1 , E ( r0)~T2 and r 0~T-2  and Et i s  

in d ep en d en t o f  T, so  t h a t :

w~T"3 (1 .2 .3 )

T his s p e c ia l  ca se  d i f f e r s  from  th e  c a p tu re  o f  a th e rm a l

f r e e  c a r r i e r  w here E j-T . In  c h a p te r  3, d e fe c t  l e v e l  to  d e fe c t

l e v e l  c a scad e  t r a n s i t i o n  w i l l  be u sed  to  e x p la in  th e  ex p e rim e n ta l 

r e s u l t s .

I t  sh o u ld  be n o te d  t h a t  more th a n  one mechanism can o ccu r 

s im u lta n e o u s ly  in  a  t r a n s i t i o n .  Auger, MPE and c a sc a d e  t r a n s i t i o n s  

can  s im u lta n e o u s ly  o ccu r betw een  two l e v e l s .  S e v e ra l o f th e s e  

p ro c e s s e s  may a l s o  o c c u r  in  s e r i e s .  F o r exam ple , i f  th e  la d d e r  o f 

s t a t e s  r e q u ire d  in  th e  ca scad e  p ro c e s s  does n o t e x te n d  e n t i r e ly  

from  Et to  E2, th e  e l e c t r o n  co u ld  make a t r a n s i t i o n  by ca scad e

down th e  la d d e r  and r e l e a s e  th e  r e s t  o f  th e  e n e rg y  by e i t h e r  Auger

o r  MPE. In  t h i s  s i t u a t io n ,  th e  te m p e ra tu re  dependence o f  th e  

t r a n s i t i o n  r a t e  depends on th e  s lo w e s t ( i .e . ,  r a t e  d e te rm in in g ) 

s te p .
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CADMIUM SELENIDE

The se m ico n d u c to r s tu d ie d  in  t h i s  th e s i s  was cadmium s e l -  

en ide(C dSe), f o r  th e  fo llo w in g  f iv e  r e a s o n s .  F i r s t ,  i t  h as  a  f a i r l y  

l a r g e  bandgap(1 .73  eV -1.83 eV), w hich makes i t  u s e fu l  in  c e r ta in  

o p to - e le c t r o n ic  a p p l ic a t io n s .  I t  i s  c u r r e n t ly  u sed  f o r  high power 

IR r e t a r d e r s  and p a ra m e tr ic  g e n e ra to r s ,  and i t  h a s  p o te n t ia l  a p p l i ­

c a t io n s  in  s o l a r  pow er, p h o to d e te c to r s  and l i g h t  e m it t in g  d io d e s . 

Second, i t s  n o n lin e a r  and e x c ito n ic  p r o p e r t ie s  have been e x te n ­

s iv e ly  s tu d ied (K u ro d a  and Shionoya, 1981; Shah, 197*0. T hird , i t  

h as  a w u r tz i te  s tru c tu re (s y m m e try  group  C6V), w ith  an  o p t ic a l  

a x is ,  so  t h a t  th e  p o la r iz a t io n  o f th e  lum in escen ce  from  im p u r itie s  

c o u ld  be s tu d ie d .  F o u rth , i t  can be e a s i l y  made s e m i- in s u la t in g .  

F i f th ,  CdSe has a p ro p e r ty  c a l l e d  s e lf - c o m p e n s a t io n ( i .e . ,  i t  i s  

n a t u r a l l y  n - ty p e ) .  S e m i- in su la tio n  and s e lf -c o m p e n s a tio n ,  which 

w i l l  now be d e s c r ib e d ,  a r e  tw o in t e r e s t i n g  p r o p e r t ie s  o f  some sem­

ic o n d u c to r s .

T h is  t h e s i s  w il l  c o n c e n tr a te  on undoped, s e m i- in s u la t -  

in g (S I) CdSe. S e m i- in s u la t in g  c r y s t a l s  a r e  sem ico n d u c to r c r y s t a l s  

which have an e l e c t r i c a l  r e s i s t i v i t y  >106 0-cm , a s  com pared w ith  

th e  u su a l sem ico n d u c to r r e s i s t i v i t y  <20 £2-cm. Undoped CdSe c ry ­

s t a l s ,  a f t e r  g ro w th , a r e  g e n e ra l ly  cadmium r ic h  w ith  an n - ty p e  

r e s i s t i v i t y  =10 ft-cm. In  o rd e r  to  r a i s e  i t s  r e s i s t i v i t y ,  a CdSe 

c r y s t a l  i s  o f te n  h e a te d  in  Se v a p o r ( i .e . ,  S e -a n n e a le d )  which b o th  

adds Se to  th e  c r y s t a l  and makes i t  a  s to ic h io m e tr ic ,  h igh  r e s i s ­

t i v i t y  c r y s t a l  >10® fl-cm(Heinz and B anks,1956; Hung e t .  a l . ,1 9 6 9 ;  

T ure e t .  a l . ,1 9 8 3 ) .  The a n n ea led  m a te r ia l  i s  c a l le d  undoped, SI
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CdSe b ecau se  th e  added Se i s  n o t c o n s id e re d  a  ch em ica l im p u rity . 

Undoped, SI CdSe i s  o f te n  c o n fu sed  w ith  i n t r i n s i e ( i . e . ,  u l t r a h ig h  

p u r i ty )  CdSe a lth o u g h  i t  i s  p ro b ab ly  o n ly  c o m p e n sa te d (i .e .,  a l a r g e  

b u t b a la n c e d  m ix tu re  o f  im p u r i t i e s ) .  Undoped, SI CdSe i s  v e ry  s im - 

i l i a r  t o  undoped SI GaAs, which i s  made by a n n e a lin g  GaAs in  As 

v apo r and i s  a  v e ry  im p o r ta n t m a te r ia l  in  m icrow ave tech n o lo g y  and 

h igh  sp eed  e l e c t r o n i c s .  In  a d d itio n  to  S e -v ap o r a n n e a lin g , SI CdSe 

can  a l s o  be made by add ing  sh a llo w  a c c e p to r  im p u r i t ie s .

S e lf-c o m p e n sa tio n  i s  a p ro p e r ty  w here a  sem ico n d u cto r 

e i t h e r  r e s i s t s  p -d op ing (such  a s  CdSe and ZnSe), r e s i s t s  n - 

dop ing (such  a s  Cu20 o r GaSe) o r r e s i s t s  a l l  doping(such  a s  ZnS). 

As th e  wrong ty p e  o f do p an t i s  added , th e  e l e c t r i c a l  r e s i s t a n c e  of 

th e  c r y s t a l  in c r e a s e s .  For exam ple , i f  sh a llo w  a c c e p to r  im p u ri­

t i e s  a r e  added  to  CdSe, i t  becomes SI CdSe, so  t h e r e  i s  no low 

r e s i s t i v i t y  p - ty p e  CdSe. S e lf-c o m p e n sa tio n  i s  a  p ro p e r ty  o f  many 

l a r g e  bandgap se m ic o n d u c to rs . The u se  o f  l a r g e  bandgap sem iconduc­

to r s  in  te c h n o lo g y  i s  l a r g e ly  im peded by th e  s e lf -c o m p e n s a tio n  

e f f e c t ,  b ecau se  i t  p re v e n ts  th e  f a b r i c a t i o n  o f p -n  ju n c t io n s  from  

th e s e  s e m ic o n d u c to rs . One im p o r ta n t p o t e n t i a l  a p p l ic a t io n  o f 

l a r g e  bandgap se m ic o n d u c to rs , u s in g  p -n  ju n c t io n s ,  i s  v i s ib l e  sem i­

c o n d u c to r  l a s e r s .

In  s e lf -c o m p e n s a t io n ,  add ing  th e  w rong ty p e  o f  sh a llo w  

do p an t in c re a s e s  th e  c o n c e n tr a t io n  o f deep  l e v e l  d e f e c t s ,  w hich 

in c r e a s e s  th e  e l e c t r i c a l  r e s i s t i v i t y  o f  th e  c r y s t a l .  Three p o s s i­

b le  m echanism s f o r  s e lf -c o m p e n s a tio n  a r e  th e  ch em ica l g e n e ra tio n  

o f  deep  l e v e l  d e f e c ts  when th e  s h a llo w  a c c e p to r  i s  added , th e  

s e l e c t i v e  s o l u b i l i t y  o f  im p u r i t ie s  from  th e  env ironm en t o f  th e
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c r y s t a l  m e l t ,  and d o p an ts  which c o n ta in  b o th  sh a llo w  l e v e l s  and 

deep  le v e ls (M a n d e l,1  964; L ongini and G reene, 1956; K obayashi e t .  

a l . ,1 9 8 3 ) .  The s e lf - c o m p e n s a t io n  mechanism f o r  CdSe i s  n o t com­

p l e t e l y  known. For t h i s  r e a s o n ,  t h i s  t h e s i s  s t a r t e d  w ith  s tu d ie s  

o f  th e  s h a llo w  a c c e p to r  in  SI CdSe.

D e fe c ts  in  CdSe have been  s tu d ie d  by e l e c t r i c a l  m easu re­

m ent te c h n iq u e s  su ch  a s  deep  l e v e l  t r a n s i e n t  spectroscopy(D L T S), 

o p t i c a l  DLTS(ODLTS), p h o to eo n d u c tiv ity (P C ) and pho to -H all(P H ) n e a s -  

u rem en ts (T u re  e t .  a l . ,1 9 8 3 ;  Bube e t .  a l . ,1 9 6 1 ;  F o w le r ,1961). How­

e v e r ,  SI CdSe i s  u s u a l ly  n o t s tu d ie d  by DLTS b e c a u se  o f  p rob lem s 

in v o lv in g  th e  h igh  r e s i s t a n c e ,  non-Ohmic c o n ta c ts  and low  r e s i s ­

ta n c e  s u r f a c e  l a y e r s .  However, p a r t i a l l y  an n e a le d  sa m p le s  o f

CdSe(1 fl-cm<p<100 fl-cm) have been s tu d ie d  by DLTS and  ODLTS. 

Th ree  deep a c c e p to r s (0 .6 ,  0 .7  and 0.15 eV above th e  v a le n c e  band) 

and a deep d o n o r(0 .12  eV below  th e  c o n d u c tio n  band) w ere shown by 

DLTS and ODLTS. Deep a c c e p to r s  a re  shown in  th e  PL(=0.9 pm) and 

PC o f  SI C dS e(B elen 'k ii e t .  a l . ,1 9 6 8 ) .  However, th e s e  l e v e l s  do n o t 

e x p la in  th e  d a ta  o f  th e  SI sam p le s  (p>108 fl-cm) d e sc r ib e d  in  t h i s  

t h e s i s .  Nanosecond PC has shown t h a t  tw o d e f e c t  l e v e l s  dom inate  

th e  reco m b in a tio n  in  undoped, S I CdSe, a lth o u g h  th e  en e rg y  o f  th e s e  

le v e l s  a r e  unknow n(V aitkus and V ish ch ak as ,1 968).

Six ty p e s  o f  e x p e rim e n ts  w ere done on undoped, S e -v ap o r 

an n e a le d  SI CdSe in  t h i s  t h e s i s .  F i r s t ,  th e  s te a d y  s t a t e  p h o to lu -  

m inescence(PL) sp ec tru m  was s tu d ie d  a s  a fu n c t io n  o f  e x c i ta t io n  in ­

t e n s i t y  in  o rd e r  to  id e n t i f y  reco m b in a tio n  pa thw ays. Second, 

s te a d y  s t a t e  a b so rp t io n  was u sed  to  v e r i f y  th e  e x is te n c e  o f  a deep 

l e v e l  in  undoped, SI CdSe. T h ird , pum p-probe a b s o rp t io n  s tu d ie s
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w ere done to  tim e  r e s o lv e  th e  d e f e c t  l e v e l  t r a n s i t i o n  r a t e s .  

F o u rth , pum p-probe p o la r iz a t io n  s tu d ie s  found  d e g e n e ra te  s t a t e s  in  

th e  deep l e v e l  and  m easu red  t r a n s i t i o n  r a t e s  betw een  them . F if th ,  

in te n s e  p u ls e  t ra n s m is s io n  and tim e  in te g r a te d  a n t i -S to k e s  PL 

proved  th e  e x is te n c e  o f  two s te p  a b so rp t io n  in to  th e  conduc tion  

band. S ix th ,  p icosecond  PL was m easured  by s t r e a k  cam era to  prove 

th a t  d e f e c ts  c a p tu re  f r e e  c a r r i e r s  on a p icosecond  tim e  s c a le .

The im p o r ta n t p h y s ic s  in  t h i s  work was c h a ra c te r iz in g  

th r e e  d e fe c t  bands and show ing how th e s e  bands in f lu e n c e  many o f 

th e  o p t i c a l  and e l e c t r i c a l  p r o p e r t ie s  o f undoped SI CdSe. The 

th r e e  bands a r e  th e  deep d onor, th e  sh a llo w  a c c e p to r  and th e  s h a l ­

low  don o rs . T hese d e f e c ts  w ere n o t in t e n t io n a l ly  added to  th e  

c r y s t a l ,  and  th e  p h y s ic a l and chem ica l n a tu re  o f th e s e  d e fe c t 

l e v e l s  c o u ld  n o t be found  usin g  th e s e  o p t ic a l  te c h n iq u e s . How­

e v e r ,  th e  p r o p e r t ie s  t h a t  were s tu d ie d  do n o t re q u ir e  a ■ f u l l  

u n d e rs ta n d in g  o f th e  chem ica l n a tu re  o f th e s e  d e f e c ts .  The m eth­

ods and th e o r ie s  u sed  in  t h i s  t h e s i s  co u ld  be a p p lie d  to  any sem i­

c o n d u c to r , even  in s id e  a d ev ice  com ponent. T h e re fo re ,  th e s e  te c h ­

n iq u es co u ld  be u sed  in  th e  q u a l i ty  c o n t r o l  o f sem iconducto r dev­

i c e s .
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3and-to-band Auger

High
momentum
e le c tro n ,

Conduction
band.

Sim ultaneous
tr a n s i t io n s .

F ig .  1 .2 .1 :  B an d -to -b an d  A uger. An e le c t r o n - h o le  
p a i r  reco m b in es , w h ile  a n o th e r  f r e e  c a r r ie r ( s h o w n  
h e re  a s  an  e l e c t r o n )  g a in s  b o th  e n e rg y , E, and 
momentum, k .  T h is  p ro c e s s  i s  u n l ik e ly ,  i n  l a r g e  band- 
gap se m ic o n d u c to rs , by c o n s e rv a t io n  o f momentum.
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D efect enhanced Auger,

Conduction

Sim ultaneous

t r a n s i t io n s .

le v e l ,

Valence
band.

F ig .  1 .2 .2 :  D e fe c t enhanced  A uger. An e le c t r o n - h o le
p a i r  rec o m b in e s , w h ile  a  f r e e  c a r r i e r ( h e r e  shown 
a s  a co n d u c tio n  e l e c t r o n )  i s  e m itte d  from  a  d e f e c t  
l e v e l .  B ecause th e  re m a in in g  f r e e  c a r r i e r  h a s  a 
sm a ll  k i n e t i c  en e rg y  and a sm a ll momentum, t h i s  
p ro c e s s  i s  more p ro b a b le  th a n  b a n d -to -b a n d  A uger.
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M ulti-phonon em issio n

Conduction
band.

O p tica l pnonon.

 V ibratio n a l  le_vel.

D efect l e v e l ( e l e c t r o n i c ) .

Valence
band.

F ig .  1 .2 .3 :  M ultiphonon  em is s io n  c a p tu r e .  A
f r e e  c a r r ie r ( s h o w n  a s  an  e le c t r o n )  i s  c a p tu re d  by a 
d e f e c t  by em m ittin g  o p t i c a l  phonons. The o n ly  
in te r m e d ia te  l e v e l s  a r e  v i b r a t i o n a l  l e v e l s  o f 
th e  d e f e c t .  The c a p tu re  r a t e  i n c r e a s e s  w ith  
te m p e ra tu re .
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Cascade capture,

Conduction
v J p a n d .

L evel E(pQ) 
(e lec tro n x c)

phonon.

D efect l e v e l  trap (E T) e

''Valence
band.

F ig .  1 .2 .4 :  C ascade c a p tu r e .  D e fe c t l e v e l ,  E ^ , cap­
tu r e s  a  f r e e  c a r r i e r  by e m it t in g  a c o u s t i c a l  phonons. 
The f r e e  c a r r i e r  makes in te r m e d ia te  t r a n s i t i o n s  down 
a la d d e r  o f  e l e c t r o n i c  l e v e l s ,  E C r^ ), o f  th e  d e f e c t .  
The c a p tu r e  r a t e  i n t o  E d e c re a s e s  w ith  te m p e ra tu re  
due to  a b s o r p t io n  o f  a m b ie n t, a c o u s t i c a l  phonons.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Cascade t r a n s it io n

Conduction 
band.

Level £ ( r n) (e le c t r o n ic )

A

. * / A c o u st ic a l
® phonon.

-4 ^

F ig .  1 .2 .5 :  Cascade t r a n s i t i o n  betw een d e f e c t  l e v e l s ,
from  Ej to  TL .̂ The e l e c t r o n  e m its  an  a c o u s t i c a l  
phonon a t  each  s t e p ,  m aking in te rm e d ia te  t r a n s i t i o n s  
down a  la d d e r  o f  e l e c t r o n i c  l e v e l s ,  E C r^ ). The 
t r a n s i t i o n  r a t e  d e c re a s e s  w ith  te m p e ra tu re .
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C h ap te r 2 

S tead y  S ta t e  In v e s t ig a t io n

2.1 INTRODUCTION

T here a r e  many v a r ia t io n s  o f  s te a d y  s t a t e  s p e c tro s c o p y  

u s e f u l  fo r  s tu d y in g  th e  dynam ics o f  e x c ite d  e l e c t r o n s .  S tead y  

s t a t e  pho to lum inescence(P L ) and a b so rp t io n  a r e  commonly u sed  to  

f in d  th e  s t a t i c  en e rg y  l e v e l s ,  b u t in  t h i s  c h a p te r  th e y  w i l l  a l s o  

be u sed  to  f in d  c a r r i e r  re c o m b in a tio n  pathw ays in  SI CdSe(Rosen e t .  

a l . ,1 9 8 5 ) .  E a rly  s tu d ie s  o f  sem ico n d u c to rs  u sed  n o n lin e a r  PL and 

tim e  re s o lv e d  sp ec tro sc o p y (o n  a  m icrosecond  o r  m ill is e c o n d  tim e 

s c a le )  to g e th e r  in  o rd e r  to  u n d e rs ta n d  c a r r i e r  re c o m b in a tio n . In  

a s im i l i a r  way, th e  d e fe c t  l e v e l s  s tu d ie d  by n o n lin e a r  PL in  t h i s  

c h a p te r  a r e  a l s o  s tu d ie c T b y  p ico seco n d  tim e  re s o lv e d  sp e c tro sc o p y  

in  l a t e r  c h a p te r s .

2 .2  STANDARD PHOTOLUMINESCENCE: METHODS AND MATERIALS

In  f ig u r e  2 .2 .1 , th e  a p p a ra tu s  f o r  m easu ring  PL i s  shown. 

An A r-ion  la s e r (C o h e re n t  model 52), tu n ed  to  e i th e r  th e  488 nm 

l in e  o r th e  514 nm l in e ,  was u sed  to  e x c i te  th e  sam ple above th e  

bandgap . The e x c i ta t io n  beam was m odu la ted  by a c h o p p e r (a t  100 

Hz), fo c u sse d  on th e  sam p le , and th e n  th e  PL was c o l l e c t e d  by 

le n s e s  and d i r e c te d  in to  a m onochrom ator and m easured  by a PMT as  

a  fu n c t io n  o f  w a v e len g th . The lo c k - in  system(PAR model HR- 

8 ) , tu n e d  t o  th e  chopper m o d u la tio n , e l im in a te d  m ost o f th e  back­

ground and n o ise  from  th e  m easured  s ig n a l .  The m onochrom ator
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c o u ld  be scan n ed , so  t h a t  th e  PL s p e c t r a  co u ld  be re c o rd e d  by an 

x -y  r e c o r d e r .

A n arrow  band d i e l e c t r i c  f i l t e r ( D i t r i e  O p tic s ,In c .) ,  a t  th e  

l a s e r  w a v e le n g th (e i th e r  488 nm o r  514 nm) f i l t e r e d  th e  l a s e r  r a d i ­

a t io n .  T his f i l t e r  e l im in a te d  th e  sp o n tan eo u s  em iss io n  l in e s  from  

th e  Ar g as . In  f r o n t  o f  th e  m onochrom eter, a  lo n g  p a s s  f i l t e r  was 

u sed  to  b lo ck  th e  l a s e r  l i n e .  When a  p o la r iz e r  was u sed  to  s e l e c t  

th e  p o la r iz a t io n  o f  t h e  PL, a  p o l a r iz a t io n  s c ra m b le r  was p la c e d  

be tw een  th e  p o la r iz e r  and th e  m onochrom ator to  p re v e n t th e  g r a t ­

in g s  from  changing  th e  p o la r iz a t io n  v a lu e s .

The e x c i ta t io n  was v a r ie d  u s in g  n e u t r a l  density(ND) 

f i l t e r s ( C o r n in g  and  H oya), whose t r a n s m is s io n  a t  t h e  w a v e le n g th  o f 

e x c i ta t io n  was m easu red . The i n t e n s i t y  o f  th e  l a s e r  was co n tin u ­

o u s ly  m easured  u s in g  a  pow er meter(NRC model 815), so  t h a t  any 

v a r ia t io n  over 5 % c o u ld  be e lim in a te d  by tu n in g  th e  l a s e r .  The 

l a s e r  was p e rm it te d  t o  warm up a t  l e a s t  an hour b e fo re  each  m eas­

u rem en t, which s lo w ed  down th e  d r i f t  o f  th e  l a s e r  in te n ­

s i t y  ( - 5 % /h o u r ) .  E very m easurem ent w here th e  e x c i ta t io n  in t e n s i t y  

Ip  was changed was r e p e a te d  a t  l e a s t  fo u r  t im e s . The sequence  of 

e x c i ta t io n  i n t e n s i t i e s  was re p e a te d  fo rw a rd s  and backw ards in  

o rd e r  to  p a r t l y  co m pensa te  fo r  any s l i g h t  changes in  l a s e r  i n te n ­

s i t y .  In  o rd e r  to  o p tim iz e  th e  PL in t e n s i t y ,  i t  was n e c e s s a ry  to  

fo c u s  th e  l a s e r  beam to  a s  s m a ll  a  s p o t  s iz e  a s  p o s s ib le .  I t  was 

n o t p o s s ib le  to  a c c u r a te ly  m easu re  th e  s p o t s iz e  when t h i s  was 

done, so  o n ly  r e l a t i v e  m easu rem en ts  o f  e x c i ta t io n  in t e n s i t y  a re  

a c c u ra te  in  t h i s  s tu d y .  However, th e  l a s e r  had  a maximum pow er of 

200 mW and th e  s p o t s iz e  was ro u g h ly  2x10- s cm2, so  th e  maximum
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e x c i ta t io n  i n t e n s i t y  was e s t im a te d  a s  =105 W/cm2.

In  o rd e r  t o  check- b o th  t h e  l i n e a r i t y  o f th e  PMT and th e  p re ­

c a u tio n s  c o n ce rn in g  i n t e n s i t y  d r i f t ,  a  s c a t t e r  p l a t e  re p la c e d  th e  

sam p le . Then th e  m onochrom eter was tu n e d  to  t h e  s c a t t e r e d  l i g h t  

o f  th e  l a s e r .  The s c a t t e r e d  l i g h t  was l i n e a r  w ith  e x c i ta t io n  in ­

t e n s i t y  o v e r  t h r e e  o rd e rs  o f m agn itude , as ex p e c te d . T his was 

re p e a te d  w ith  s c a t t e r e d  l i g h t  from  th e  sam ple  i t s e l f .

The PL m easu rem en ts  w ere done on f iv e  undoped sam p les  o f 

CdSe, s u p p lie d  by C lev e lan d  C r y s ta l s ,  In c . . The c r y s t a l s  w ere 

grown by th e  vapor phase  te c h n iq u e , in  t h e  form  o f  l a r g e  b o u le s . 

Each b o u le  c o n ta in e d  la r g e ,  s in g le  c r y s t a l  g r a in s .  The s t a r t i n g  

m a te r ia l  c o n ta in e d  a  la r g e  c o n ta m in a tio n  from  s u l f u r ( = 2 ? ) .  S u lfu r  

c o u ld  n o t cau se  any o f  th e  d e f e c t  l e v e l s  d e sc r ib e d  in  t h i s  t h e s i s  

becau se  i t  i s  an i s o e l e c t r i c  im p u r ity .  The sa m p le s  w ere c u t from  

d i f f e r e n t  b o u le s , th e n  some o f th e  sam p le s  w ere an n e a le d  in  Se 

vapor and th en  a l l  th e  s am p le s  w ere c h e m ic a lly  p o lis h e d .  T hree 

sam p le s  w ere  undoped, SI CdSe c r y s t a l s  a n n e a le d  in  Se vapor(sam - 

p le s  w i l l  be den o ted  H i, H2 and H3) and  tw o sam p le s  w ere undoped, 

u n an n ea led  low  r e s i s t i v i t y  c r y s ta l s ( d e n o te d  L3 and L2).  Sam ples H2 

and Lj w ere cu t from  th e i r  b o u le s  so  t h a t  t h e i r  o p t ic a l  axes(c) 

w ere p a r a l l e l  t o  th e  s u r f a c e  f o r  p o la r iz a t io n  s tu d ie s .  The o th e r  

sam p le s  w ere c u t so  t h a t  t h e i r  o p t ic a l  ax e s  w ere p e rp e n d ic u la r  to  

t h e  s u r f a c e .  The p u rp o se  o f  m easu rin g  th e  PL o f  t h e  low  r e s i s t i v ­

i t y  sa m p le s , L3 and L2, was o n ly  t o  show t h a t  th e  dynam ics o f 

e l e c t r o n s  w ere d i f f e r e n t  in  SI CdSe and low  r e s i s t i v i t y  CdSe.

A dew ar was u sed  f o r  low  te m p e ra tu re  m easu rem en ts , w here 

th e  te m p e ra tu re  was m easured  w ith  a C u -c o n s ta n tin  th e rm o co u p le .
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L iquid  n i t ro g e n  was added to  c o o l th e  sam p le s  to  77 K and a  c o ld  

n i t ro g e n  gas flo w  was u sed  f o r  one p o la r iz a t io n  m easurem ent a t  

200 K. An a i r  f lo w  kep t th e  o u ts id e  s u r f a c e  o f  th e  dew ar f r e e  o f  

c o n d e n sa tio n .

2 .3 NONLINEAR PHOTOLUMINESCENCE RESULTS

The b a s ic  id e a  behind PL i s  shown in  f ig u r e  2 .3 .1 . As 

shown in  th e  s c h e m a tic , a photon  whose en erg y  i s  l a r g e r  th a n  th e  

bandgap i s  ab so rb ed  and c r e a t e s  a  con d u c tio n  e le c t r o n  and a  f r e e  

h o le .  The f r e e  c a r r i e r s ( i . e . ,  e l e c t r o n s  and h o le s )  r e l a x  n o n ra d ia -  

t i v e l y  t o  th e  bo ttom  o f th e  co n d u c tio n  band CB and th e  to p  of th e  

v a le n c e  band VB, o r in to  midgap s t a t e s .  These midgap s t a t e s  a re  

u s u a l ly  d e f e c t  l e v e l s ,  e x c e p t f o r  a  few  e x c ito n  s t a t e s .  PL o c c u rs  

when r a d ia t iv e  t r a n s i t i o n s  o ccu r be tw een  en erg y  l e v e l s .  The' f o l ­

low ing  n o ta t io n  w i l l  be u sed : a t r a n s i t i o n  w here a  con d u c tio n  

e l e c t r o n  recom bines w ith  a h o le  i s  c a l l e d  a CH t r a n s i t i o n ,  a donor 

e l e c t r o n  recom bin ing  w ith  a h o le  t r a n s i t i o n  i s  c a l l e d  a  DH t r a n s i ­

t io n ,  an e le c t r o n  to  a c c e p to r  t r a n s i t i o n  i s  c a l l e d  a CA t r a n s i t i o n ,  

an unknown l e v e l  t o  a c c e p to r  t r a n s i t i o n  i s  c a l l e d  an XA t r a n s i t i o n ,  

e t c .  B ecause th e  above bandgap e x c i te d  f r e e  c a r r i e r s  undergo many 

t r a n s i t i o n s  b e fo re  e m it t in g  a p h o ton , th e  p o la r iz a t io n  and shape o f 

th e  f i n a l  PL s p e c t r a  i s  d eco u p led  from  th e  en erg y  and p o la r iz a t io n  

o f  th e  i n i t i a l l y  a b so rb ed  p h o to n s . The e x p e rim e n ta l PL s p e c t r a  

and p o la r iz a t io n  w ere found  in d ep en d en t o f th e  w av e len g th  and poln  

a r iz a t io n  o f th e  e x c i t in g  l a s e r  l i g h t  as e x p e c te d , ex c e p t f o r  

d if f e r e n c e s  in  t o t a l  quantum y ie ld fw h ich  depends on th e  number o f
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pho to n s ab so rb e d ) .

The PL s p e c t r a  i s  shown, f o r  th e  SI sa m p le s , a t  77 K in  

f ig u re  2 .3 .2  and a t  room te m p e ra tu re (3 0 0  K) in  f ig u r e  2 .3 .3 . The 

PL s p e c t r a  o f  each  sam ple  show ed tw o m ajor bands a t  77 K. The 

f r e e  c a r r i e r  band, from  XH t r a n s i t i o n s ,  peaked a t  682 nm, and  i t s  

p o s i t io n  r e l a t i v e  to  th e  bandgap o f  CdSe s u g g e s te d  i t  co u ld  be a 

m ix tu re  o f C H (conduetion e l e c t r o n - to - h o le  t r a n s i t i o n s )  and DH (shal- 

low d o n o r - to -h o le  t r a n s i t i o n s )  PL. The o th e r  b ro ad  b a n d (c a lle d  

h e re  th e  XA band) peaked  a t  =715 nm and i s  commonly th o u g h t to  be 

a  m ix tu re  o f e le c tro n - to -a c c e p to r (C A )  and sh a llo w  d o n o r- to -a c c e p -  

tor(DH) PL(Hatano e t .  a l .  ,1 9 7 9 ). The XA band in d ic a te d  a  sh a llo w  

a c c e p to r  =100 meV above th e  v a le n c e  band. As th e  te m p e ra tu re  was 

r a i s e d  to  room te m p e ra tu re ,  th e  XA band d isa p p e a re d  due to  io n iz a ­

t io n  o f  th e  sh a llo w  a c c e p to r  s t a t e .  At room te m p e ra tu re ,  XH band 

had s h i f t e d  to  712 nm, due to  t h e  s h i f t i n g  bandgap en erg y  Eg', and 

b roadened  a s  shown in  f ig u r e  2 . 3 . 3 . The r a t i o  o f  XH PL to  XA PL 

was d i f f e r e n t  from  sam ple  t o  sa m p le , p ro b a b ly  due to  th e  d i f f e r ­

e n t, a c c e p to r  c o n c e n tr a t io n s  o f t h e s e  u n c o n tro l le d  im p u r i t ie s .  The 

s p e c t r a  o f  th e  low  r e s i s t i v i t y  sam p les  w ere s im i l i a r .

The dependence o f  PL i n t e n s i t y  I L on e x c i ta t io n  i n t e n s i t y  

Ip i s  shown in  f ig u re  2 . 3 .H f o r  th e  XH band and 2 .3 .5  f o r  t h e  XA 

band. The PL o f th e  XH band obeyed th e  fo l lo w in g  power law  over 

tw o o r  t h r e e  o rd e r s  o f  m agnitude in  each  c a se (n o te  t h a t  -  d en o te s  

p r o p o r t io n a l i ty ,  w h ile  = d en o te s  app ro x im a tio n ):

. . IL -Ip"1 (2 .3 .1 )
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The pow er law  f o r  th e  XH band w ere a lw ay s s u p e r l i -  

near(m >1) f o r  a l l  sa m p le s . The pow er law  f o r  t h e  XA band was 

a lw ay s  su b lin ea r(m < 1 ) above a c e r ta in  th r e s h o ld  i n t e n s i t y  and 

e i t h e r  l i n e a r  o r  s u p e r l in e a r  below  th e  th r e s h o ld .  T his t h e s i s  w i l l  

c o n c e n tr a te  on th e  s u b l in e a r  re g io n ,  a lth o u g h  t h i s  b re a k in g  p o in t 

w i l l  be p h y s ic a l ly  e x p la in e d  by th e  K la sen s m odel. E qua tion  2 .3 .1  

w i l l  be u sed , w ith in  th e  s u b l in e a r  r e g io n , t o  f in d  th e  v a lu e  o f  m 

f o r  th e  XA band.

The p a ra m e te r  m was c o n s ta n t  a s  a  fu n c t io n  o f  w av el- 

en g th (w ith in  each  band) to  w ith in  5 % and d id  n o t change w ith  

e i t h e r  p o l a r iz a t io n  o f  th e  PL o r th e  s p a t i a l  s i t e  on th e  sam p le . 

The v a lu e  o f  m did change g r e a t ly  w ith  te m p e ra tu re ,  sam ple  and 

was d i f f e r e n t  f o r  th e  XH and XA b an d s. T ab le  2 .3 .1  show s m fo r  

d i f f e r e n t  c o n d itio n s ,  w here m was m easu red  a t  th e  w av e len g th  o f 

th e  peak PL i n t e n s i t y  f o r  each  band. The t a b l e  show s m o n ly  in  

th e  s u b l in e a r  re g io n .  The low r e s i s t i v i t y  sam p le s  te n d e d  to  have 

a m ore l i n e a r  pow er law(m =1) th a n  th e  SI s a m p le s .

The ex p o n en t m was a lm o s t c o n s ta n t  w ith  w av e len g th  w ith in  

a band . However, m in  th e  XH band d id  in c r e a s e  v e ry  s l i g h t l y  j u s t  

below  th e  bandgap en e rg y , in  th e  SI s a m p le s . T h is i n c re a s e  in  m 

was d i f f i c u l t  t o  m easu re  b o th  becau se  th e  lu m in escen ce  was weak 

in  t h i s  re g io n  and b ecau se  th e  change in  m was i t s e l f  s m a l l .  In  

o rd e r  t o  show t h i s  i n c r e a s e  in  m, th e  fo l lo w in g  r a t i o  R was d e t e r ­

mined a s  a  f u n c t io n  o f  w a v e len g th  X:

R(A)=Il (2 Ip ) / I l ( Ip) . (2 .3 .2 )
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Here I i / I p )  i s  d e f in e d  a s  th e  PL i n t e n s i t y  w ith  e x c i ta t io n  

i n t e n s i t y  Ip , and Ik (2 Ip ) i s  th e  PL i n t e n s i t y  when th e  e x c i ta t io n  i s  

d o u b led . The r a t i o  R w i l l  o b v io u s ly  i n c re a s e  w ith  m, b u t does no t 

n eed  a s  la r g e  a  dynam ic ra n g e  in  Ij_, a s  m f o r  a c c u r a te  m easu rem en t.

The r a t i o  R i s  shown in  f ig u r e  2 .3 .6  f o r  sam ple  H3, th e  SI 

sam p le  w ith  th e  c a x is  p a r a l l e l  t o  th e  s u r f a c e .  The fo llo w in g  

o b s e rv a t io n s  w ere made. F i r s t ,  th e  in c re a s e  in  R s t a r t e d  j u s t  

below  th e  band edge a t  b o th  77 K and room te m p e ra tu re ,  even 

though  Eg s h i f t e d  w ith  te m p e ra tu re .  The r a t i o  R o f  th e  XA band a t  

77 K w as l e s s  th a n  2, in d ic a t in g  th e  s u b l in e a r i t y  d e sc r ib e d  p re v i­

o u s ly .  The r a t i o  R was a lm o s t c o n s ta n t  in  th e  XA band a t  77 K a l l  

th e  way to  800 nm. F o r th e  t o t a l  lu m in e sc e n c e , t h e r e  was o n ly

one maximum in  R, w h ile  f o r  ELi l  c , t h e r e  w ere tw o maxima. The

c o rre sp o n d in g  in c re a s e  in  m was v e ry  s m a l l ( = 1 0 ^ ) .  The r a t i o  R 

w i l l  be d is c u s se d  a f t e r  th e  m ajor v a r ia t io n s  in  m, shown in  t a b l e  

2 .3-T , a r e  e x p la in e d .

2 A  NONLINEAR PHOTOLUMINESCENCE THEORY

T hree  f a c t s  show t h a t  th e  n o n l in e a r i ty  in  th e  PL was 

e x t r i n s i c .  F i r s t ,  th e  v a r ia t io n  in  m from  sam ple  to  sam ple  shown 

in  t a b l e  2 .4 .1  in d ic a te d  u n c o n t r o l la b le  im p u r i t ie s  w ere  in v o lv ed . 

For exam ple , a t  77 K f o r  th e  XH band, one SI sam ple  has a  v a lu e

f o r  m o f  2, th e  o ther, sam p le s  have v a lu e s  fo r  m o f =1.5 and th e

low  r e s i s t i v i t y  sam p les  have a v a lu e  o f  1 .2 . Second, th e  su b l in e ­

a r i t y  in  th e  XA band in d ic a te d  some type- o f  s a tu r a t i o n  o f  th e  

s h a llo w  a c c e p to r  l e v e l .  T h ird , no i n t r i n s i c  m echanism f o r  nonin­
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t e g r a l  m co u ld  be found .

The fo l lo w in g  m odels fo r  e x t r i n s i c  n o n l in e a r  b e h a v io r  w ere 

in v e s t ig a te d :  th e  model by K la se n s (K la se n s ,1 948; K la se n s , 1958),

w here o n ly  one o r tw o d e fe c t  en erg y  l e v e l s  a r e  in v o lv e d  in  recom ­

b in a t io n ;  th e  m odel by R ose(R ose,1963), w here a  s in g le  q u a s i - c o n t i -  

nous band o f  d e f e c t  l e v e l s  a r e  in v o lv ed ; and th e  model by 

Bube(Cardon and Bube,1964), w here more th a n  tw o d e f e c t  l e v e l  bands 

a r e  in v o lv e d . The K lasen s m odel, w ith  a  s l i g h t  d e v ia tio n  due to  a 

t h i r d  d e f e c t  l e v e l  band, b e s t  e x p la in e d  th e  p re v io u s ly  d e sc r ib e d  

e x p e r im e n ta l r e s u l t s .  T his model w i l l  be d e sc r ib e d  f o r  a sim p le  

c a s e ,  th e n  th e  c h a r a c te r iz a t io n  code used  in  t h i s  th e o ry  w i l l  be 

d e s c r ib e d ,  f o llo w e d  by a p p l ic a t io n s  o f t h i s  model to  th e  e x p e r i­

m e n ta l r e s u l t s .  . A b r i e f  d is c u s s io n  o f  th e  o th e r  m odels w i l l  th e n  

be g iven .

K lasen s  so lv e d  r a t e  e q u a tio n s  under ev e ry  p o s s ib le  cond i­

t io n  w here one o r  tw o d i s c r e t e  d e f e c t  l e v e l s  dom inate  th e  recom bi­

n a t io n  p ro c e s s .  He o n ly  assum ed t h a t  th e  c o n c e n t r a t io n s ( n 0,p 0) o f 

th e r m a l ly  g e n e ra te d  f r e e  c a r r i e r s  were n e g l ig ib le  com pared to  con - 

c e n t r a t io n s ( n .p )  o f p h o to g e n e ra te d  f r e e  c a r r i e r s .  T his i s  a very  

r e a s o n a b le  assu m p tio n  fo r  SI sem ic o n d u c to rs (n 0, p 0=107cm-3 ) under 

s te a d y  s t a t e  p h o to e x c ita tio n (n ,p > 1 0 15 cm- 3 ).

The m ost common pow er law  in  t a b l e  2 .3 .1  i s  m=1.5, which 

can be ex p la in e d  by a  v e ry  s im p le  m odel. More com plex m odels 

w i l l  be c o n s id e re d  f u r t h e r  in  t h i s  s e c t io n .  C onsider a  sem iconduc­

t o r  w ith  a  s in g le  d e fe c t  l e v e l  R and w ith  a  t o t a l  d e f e c t  concen­

t r a t i o n  Nr , as shown in  th e  sc h e m a tic  o f  f ig u re  2 .4 .1 .  Under above 

bandgap p h o to e x c i ta t io n  w ith  i n t e n s i t y  Ip , t h e r e  a r e  n f r e e  e l e c ­
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t r o n s ,  p f r e e  h o le s  and nr  e l e c t r o n s  tra p p e d  in  R. The o p t ic a l  

c ro s s  s e c t io n  i s  ue , th e  r a t e  o f  e le c t r o n  c a p tu re  by R i s  con­

t r o l l e d  by c o n s ta n t  ce and th e  r a t e  o f  h o le  c a p tu re ,  i s  c o n t r o l le d  

by c o n s ta n t  c^ . E very e l e c t r o n  in  CB o r  R l e a v e s  a f r e e  h o le  in  

VB. For t h i s  c a se , th e  fo l lo w in g  r a t e  e q u a tio n s  ap p ly :

d n /d t  = ue (Nr -n r )Ip -  c e (Nr -n r )n 

dnr / d t  = ce (Nr - n r )n -  c^nr p

p = n + nP (2 .4 .1 )

Under s te a d y  s t a t e  c o n d itio n s ,  a l l  t h e  r a t e s  v an ish  ( i .e . ,  

dn /d t= d n r /a t= 0 ) .  The fo l lo w in g  s p e c i f ic  co n d itio n s  a r e  now imposed 

on t h i s  sem ico n d u c to r sam p le  a t  t h i s  e x c i ta t io n :  th e  Ferm i le v e l  i s  

f a r  below  b o th  th e  en e rg y  l e v e l  R(nr <Nr ) and th e  m iddle  o f th e

en e rg y  g a p (n « p ) .  I t  i s  seen  t h a t  Nr - n r =Nr  and by th e  l a s t  equa­

t io n  in  2 .4 .1 , p=nr . S o lv in g  e q u a tio n s  2 .4 .1 , i t  i s  found  th a t :

n = (ue / e e )Ip 

p = (ueNr / c h )° ‘ 5I P0' 5 (2 .4 .2 )

N ote t h a t  e q u a tio n s  2 ,4 .2  w i l l  o n ly  a p p ly  in  th e  ra n g e  o f 

Ip  w here nr « N r  and w here e l e c t r o n  c a p tu re  i s  th e  f a s t e s t  p ro c e s s , 

i . e . ,  ce Nr « C h P 2. This ra n g e  can be e x tre m e ly  w ide. The power 

la w s  in  t h i s  ra n g e  f o r  band to  band CH PL in t e n s i t y ,  L(CH), CB to  R 

PL in t e n s i t y ,  L(CR), and R to  VB PL in ten s ity ,L (R H ), can be o b ta in ed  

from  2 .4 .3  a s  shown:
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L(CH) -  np -  I p 1" 5 

L(CR) -  nNr  -  L(RH) -  p 2 -  Ip (2 .4 .3 )

T h is  s in g le  c e n t e r  model can  e x p la in  th e  1 .5  pow er law  o f

a CH band, a l th o u g h  i t  does n o t e x p la in  s u b l in e a r  d e fe c t  l e v e l  PL. 

S u b lin e a r  PL im p lie s  m ore th a n  one d e f e c t  l e v e l .  I t  i s  se e n  in  

t h i s  exam ple t h a t  th e  s u p e r l i n e a r i t y  com es from  com peting  recom bi­

n a t io n  pa th w ay s. The n o n ra d ia t iv e  e l e c t r o n  c a p tu re  does n o t in ­

c r e a s e  a s  f a s t  a s  th e  r a d i a t i v e  e l e c t r o n - h o le  a n n ih i la t io n ,  so  th e  

quantum e f f ic ie n c y  in c r e a s e s  w ith  Ip . T h is " s a tu r a t io n "  o f d e fe c t  

l e v e l s  i s  th e  b a s ic  p r in c ip a l  beh ind  n o n l in e a r  PL and p ho toconduc- 

tiv i ty (P C ) .

The above m odel i s  based  on r e s t r i c t i v e  c o n d itio n s  on th e  

sam p le . D if f e r e n t  sa m p le s  and e x c i t a t i o n  i n t e n s i t y  ra n g e s  can

have d i f f e r e n t  pow er la w s .  K lasens s o lv e d  and coded a l l  s i t u a ­

t io n s  in  w hich a t  m ost tw o lo c a l iz e d  en e rg y  l e v e l s  e x i s t ,  w here 

th e s e  en e rg y  l e v e l s  can  e i th e r  c a p tu re  o r  em it f r e e  c a r r ie r s ( K la -  

sen s ,1 9 5 8 ) . H is m odel w i l l  n o t be s o lv e d  f o r  e v e ry  c o n d itio n , b u t 

h is  coding  sy s tem  and c l a s s i f i c a t i o n  schem e w i l l  be d e sc r ib e d  fo r  

s in g le  d e f e c t  l e v e l  and tw o d e f e c t  l e v e l  c o n d i t io n s ,  in  h is  own 

n o ta t io n .  Then h is  co d ing  system  w i l l  be a p p l ie d  t o  th e  e x p e r i­

m e n ta l r e s u l t s  f o r  SI CdSe d e sc r ib e d  in  s e c t io n  2 .3 .

F i r s t ,  assum e a s in g le  d e fe c t  l e v e l  A below  th e  dark  Ferm i 

l e v e l ( t h e  schem e can be changed f o r  a l e v e l  above th e  dark  Ferm i 

l e v e l ) .  In  d e s c r ib in g  th e  s te a d y  s t a t e  c o n d itio n  d u rin g  e x c i ta t io n ,  

th e  fo l lo w in g  sym bo ls w i l l  be used : 

a = t o t a l  d e n s i ty  o f  re c o m b in a tio n  c e n te r s .
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a 0 = d e n s i ty  o f  o ccup ied  A l e v e l s .

a + = d e n s i ty  o f  em pty A l e v e l s ,

n = d e n s i ty  o f  e le c t r o n s  in  con d u c tio n  band CB. 

p = d e n s i ty  o f  f r e e  h o le s  in  v a le n c e  band VB.

F = onp = r a t e  o f  e le c t r o n s  recom bin ing  w ith  f r e e  h o le s .

I  = 8na+ = r a t e  o f  em pty A l e v e l s  c a p tu r in g  f r e e  h o le .

C = apa° = r a t e  o f  occup ied  A le v e l s  c a p tu r in g  f r e e  h o le s .

L = Ya+ = r a t e  o f  th e rm a l r e l e a s e  o f  h o le s  from  em pty A c e n te r s .

U = r a t e  o f  e x c i ta t io n  o f  f r e e  c a r r i e r s .

An im p o r ta n t p o in t i s  t h a t  U i s  p ro p o r t io n a l  to  th e  l a s e r  

i n t e n s i t y ,  F i s  p ro p o r t io n a l  t o  th e  c o n d u c tio n  e l e c t r o n  to  nole(CH) 

lu m in e sc e n c e , I  i s  p r o p o r t io n a l  to  th e  CA d e f e c t  lum in escen ce  and I

i s  p ro p o r t io n a l  t o  th e  AH d e f e c t  lu m in e sc e n c e . U sing th e s e  d e f in i­

t io n s ,  K la sen s  found  th e  fo l lo w in g  s e t  o f s im p lif ie d  eq u a tio n s :

(1) a = a 0 (1) n = a + (1) U = I  (1) C = L

(2) a = a + (2) n = p (2) U = F (2) C = I  (2.4.*0

Any p a r t i c u l a r  s i t u a t io n  can  in  g e n e ra l  be d e sc r ib e d  by one 

p a r t i c u l a r  co m bina tion  o f  fo u r  e q u a tio n s ,  one o u t o f  each  colum n. 

There  a r e  16 such  c a s e s .  In  r e f e r r i n g  t o  th e s e  com b in a tio n s, i t  i s  

found  m ost p r a c t i c a l  to  in tro d u c e  a  code sy s te m . In s te a d  o f  men­

tio n in g  each  tim e  th e  s e t  o f fo u r  e q u a tio n s  w hich d e s c r ib e s  a s i t u ­

a t io n  m ost f a i t h f u l l y ,  each  co m bina tion  o f  e q u a tio n s  i s  d e s ig n a te d  

a  code number c o n s is t in g  o f 4 d ig i t s ,  e ach  d ig i t  in d ic a t in g  which 

o f  th e  4 e q u a tio n s  i s  a p p ro p r ia te .  For i n s ta n c e ,  a s i t u a t io n  in d i­

c a te d  by th e  code number 1112 means t h a t  a  = a 0, n = a +, U = I  and
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C = I .  The s o lu t io n s  f o r  n , p, a + and  a 0 w ere  s o lv e d ,  by K la sen s , 

and  th e  s o lu t io n s  ta b u la te d .  A lthough  th e s e  eq u a tio n s  w i l l  no t be 

so lv e d  in  t h i s  t h e s i s ,  e x c e p t f o r  c o n d itio n  1112, th e  t a b l e s  a r e  

p la c e d  in  t h e  Appendix. As shown in  t a b l e  A1, f o r  co n d itio n  1112 

t h a t  F ~ U1* 5 and L -  I  -  U, a s  seen  by ou r f i r s t  exam ple. 

T hus, th e  s i t u a t io n  d e sc r ib e d  by f ig u r e  2 .4 .1  co rre sp o n d s  to  condi­

t io n  1112.

Each coded co n d itio n  i s  a p p ro p r ia te  o n ly  ov er a l im ite d  

ra n g e  o f  U: i . e . ,  Uj<U<Uf. However, t h i s  ra n g e  o f  U can be v e ry  

l a r g e , i . e . ,  Uj<<Uf. The s o lu t io n s  to  th e  "b re a k in g  p o in ts "  and 

Uf w ere so lv e d  in  te rm s  o f  th e  i n t e r a c t io n  te rm s  (a ,  B,Y)and t o t a l  

d e fe c t  c o n e e n tr a t io n (a ) .  The b reak in g  p o in ts  a r e  shown f o r  th e  

s in g le  d e f e c t  l e v e l  m odel in  A2. For exam ple , a c c o rd in g  to  A2, 

c o n d itio n  1112 i s  a p p ro p r ia te  o n ly  f o r  U2<U<the minimum o f  Uj.Ua 

and U,,. H ere Ui = 3a2, U2 = Yz/3 ,  e t c .  I f  in  t h i s  c r y s t a l ,  U<U2, 

co n d itio n  1111 i s  a p p ro p ria te (F -U ), i f  U3<U1<U„<U, th e n  co n d itio n  

1122 i s  a p p ro p ria te (F -U ). So 1112, w ith  F-U1 5 cou ld  be a p p ro p ri­

a t e  o v e r a  wide ra n g e  i f  U2« U i,U 3,U.,.

For many s i t u a t io n s ,  a  tw o c e n te r  model i s  more v a l id .  

A gain, each  c o n c e n tr a t io n  and th e  lu m in escen ce  a s s o c a te d  w ith  i t  

depends on th e  pow er o f th e  e x c i ta t io n  r a t e  U. In a d d itio n  to  

s t a t e  A assum ed in  t h e  one c e n te r  m odel, assum e a second  en e rg y  

le v e l  H above th e  dark  Ferm i l e v e l .  In  a d d i t io n  to  th e  c o n c e n tra ­

t io n s  and r a t e s  d e f in e d  above , d e f in e  t h e  fo llo w in g  q u a n t i t i e s :  

h = t o t a l  d e n s i ty  o f  H l e v e l s .  

h“ = d e n s i ty  of o ccup ied  H l e v e l s .  

h° = t o t a l  d e n s i ty  o f  em pty H l e v e l s .
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R = nph-  = r a t e  o f  h o le  c a p tu re  by e l e c t r o n s  in  H p e r u n i t  volum e. 

E = enh° = r a t e  o f  c a p tu re  o f  e l e c t r o n s  by em pty  H l e v e l s .

B = £h~ = r a t e  o f  th e rm a l r e l e a s e  o f  e le c t r o n s  from  occupied  H 

l e v e l s .

F or th e  tw o d e fe c t  l e v e l  m odel, each e x p e rim e n ta l c o n d itio n  

.s coded  ac c o rd in g  to  th e  fo llo w in g  s e t  o f  s im p lif ie d  e q u a tio n s :

a  = a" (2) a  = a +

h = h° (2) h = h~

a + = h- (2) a+ ;= n (3) h~ = p (4) n = p

U = I (2) U = R

C = L (2) C = I

E = B (2) E = R (2 .4 .5 )

An im p o r ta n t p o in t i s  t h a t  R and E a re  p ro p o r t io n a l  to

lum in escen ce  from  H(R~PL from  h o le  c a p tu re  and E-PL from  e le c t r o n  

c a p tu re ) .  A ll  s i t u a t io n s  t h a t  can  o ccu r can be ap p rox im ated  by 

co m b in a tio n s o f th e  s ix  eq u a tio n s  above, one o u t o f each row , as 

i n d ic a te d  by a  code number c o n s is t in g  o f s ix  d ig i t s .  Each d ig i t  

c o rre sp o n d s  to  one row o f  th e  s e t  o f e q u a tio n s  in  2 .4 .5  and in d i­

c a te s  which e q u a tio n  o f  th e  co rre sp o n d in g  row  i s  chosen . Each 

c o n c e n tr a t io n ,  re c o m b in a tio n  r a t e  and em ission  r a t e  depends on a  

power o f  U ( i .e . ,  i f  n -  Ux and a +~uy, th e n  I~Ux+y ), as d esc r ib e d  fo r  

th e  s in g le  l e v e l  m odel. The power law s  f o r  n, p , I  and R a re

shown in  A3-

As an exam ple, c o n s id e r  co n d itio n  111212. In  t h i s  condi­

t io n ,  i t  i s  se e n  , t h a t  a  = a 0, h = h ° ,a + = h~, U = R, C = L and E =

R. U sing th e  t a b l e  in  A3, i t  i s  im m ed ia te ly  se e n  t h a t  I  -  U1' 5,

n-U, and p~h” ~U°‘ s. Hence th e  f r e e - c a r r i e r  b o th  lu m in escen ce  r
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and th e  a c c e p to r  lum in escen ce  I  a r e  b o th  p r o p o r t io n a l  to  U1' s, 

a c c o rd in g  to  1212.

C ond itio n  111212 i s  v a l id  o n ly  o v e r a  l im i te d  ran g e  in  U, 

from  Ui and Uf. The s o lu t io n  to  th e  b re a k in g  p o in ts  f o r  th e  tw o 

c e n te r  m odel was so lv e d  o n ly  f o r  s p e c ia l  c a s e s ,  some given  in  th e  

t r e e  g rap h  o f  append ix  a4. In  th e  c a se  o f  111212, below  Uf, F has 

a  pow er law  m=1(code 111211) and above U f, F c o u ld  have a power 

law  m=2(eode 211212). However, a  c o m p le te  s tu d y  o f  th e  two c e n te r  

m odel b re a k in g  p o in ts  was n o t done by K lasen s and i s  n o t n e c e s s a ry  

f o r  t h i s  t h e s i s .

The K lasen s model i s  b ased  on th e  m ost s im p le  p h y s ic a l 

p ic tu r e  f o r  d e f e c t  in t e r a c t io n s .  I t s  c o m p le x ity  com es from  th e  

number o f m a th e m a tic a l s o lu t io n s  s o lv e d  f o r  ev e ry  p o s s ib le  p reco n ­

d i t io n .  The m odel by Rose and th e  m odel by Bube w ere a l s o  c o n s i­

d e re d , b u t w ere found  n o t to  e x p la in  th e  d a ta .

The s in g le  band Rose model assum es a  q u as i-c o n tin u o u s  

band o f  s t a t e s ,  a s  shown in  f ig u r e  2 .4 .2 , .  The d e n s i ty  o f  s t a t e s ,  

p, o f  t h i s  band obeys th e  fo l lo w in g  e q u a tio n :

p(E)=Po exp((EFD-E ) /(k BTR)) (2 .4 .6 )

w here Epp i s  t h e  d a rk  Ferm i l e v e l  and TR d e s c r ib e s  th e  w id th  of 

th e  d i s t r i b u t io n .  E qua tion  2 .4 .6  o n ly  h as  t o  be v a l id  o v e r a narrow  

r e g io n  o f  E. An e l e c t r o n  Ferm i le v e l ( n o t  th e  d a rk  Ferm i le v e l )  

moves th ro u g h  t h i s  d i s t r ib u t io n  as  th e  e x c i t a t i o n  U in c re a s e s ,  so  

t h a t  s t a t e s  become s a tu r a t e d  and th e  PL quantum  e f f ic ie n c y  r i s e s .  

The PL o f th e  e l e c t r o n  to  hole(CH) reco m b in a tio n  v a r ie s  w ith  l a t ­

t i c e  te m p e ra tu re  TB, ac c o rd in g  to :
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m = 1 ♦ TR/(T R +Tl ) , TL<TR

m -  1 .5  , TL>TR (2 .4 .7 )

The Bube m odel assum es m ore th a n  tw o reco m b in a tio n  d e fe c t  

c e n t e r s .  At i n t e n s i t i e s  w here a  t h i r d  l e v e l  c o n t r ib u te s  s i g n i f i ­

c a n t ly  to  t h e  re c o m b in a tio n  p ro c e s s ,  th e  PL r i s e s  f a s t e r  th a n  a 

sq u a re  law  w ith  e x c i t a t i o n  and does n o t obey  a  power law  a s  d e s­

c r ib e d  in  e q u a tio n  2 .2 .1 .

2 .5  DISCUSSION OF NONLINEAR PL RESULTS

The th e o ry  in  s e c t io n  2 .4  w i l l  now be a p p lie d  to  t h e  r e s ­

u l t s  on undoped CdSe in  s e c t io n  2 .3 . The d a ta  can f i r s t  be u sed  to  

f in d  o u t how many reco m b in a tio n  c e n te r s  o c c u r  in  SI CdSe.

The s in g le  band model by Rose does n o t a p p ly  t o  SI CdSe 

f o r  t h r e e  r e a s o n s .  F i r s t ,  e q u a tio n  2 .4 .7  w as a p p l ie d  t o  th e  v a lu e s  

o f  ra shown in  t a b l e  2 .2 .1 , t o  f in d  TR f o r  sam p le  H j. For sam p le  

H i, Tr had d i f f e r e n t  v a lu e s  a t  77 K and 293 K, so  th e  Rose model 

was n o t c o n s is te n t  w ith  th e  e x p e r im e n ta l r e s u l t s .  Second, th e  

r a t i o  R a t  77 K was a lm o s t c o n s ta n t  in  th e  s u b l in e a r  XA band . I f  

t h e  XA band was PL from  a  co n tin u o u s  d i s t r i b u t io n  o f  en e rg y  l e v e l s  

c o n ta in in g  an e l e c t r o n  Ferm i l e v e l ,  R would have a  sh a rp  d isc o n ­

t i n u i t y  a t  th e  Ferm i l e v e l .  T h ird , th e  XA band peaks =100 meV 

below  band edge , in  a g reem en t w ith  t h e  t h e o r e t i c a l  v a lu e  f o r  t h e  

ground  s t a t e  of. th e  h y d ro g en ic  a c c e p to r ,  which i s  a  d i s c r e t e  s t a t e .

The PL(CH) dependence on e x c i t a t i o n ,  as  shown b o th  in  

f ig u r e  2 .3 .4  and  t a b l e  2 .3 .1 ,  was a  p e r f e c t  power law  and m was no
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g r e a t e r  th a n  2. C o n seq u en tly , a c c o rd in g  t o  th e  Bube m odel, a 

t h i r d  reco m b in a tio n  c e n te r  was n o t a  m ajor re c o m b in a tio n  c e n te r .  

F u r th e rm o re , m f o r  th e  XH bands in  th e  SI sam p le s  had v a lu e s  c lo s e  

t o  1 .5  o r 2, as p r e d ic te d  by th e  K la sen s th e o ry .  T h e re fo re ,  two 

m ajo r re c o m b in a tio n  c e n te r s  a r e  a d e q u a te  to  e x p la in  m ost o f  th e  

e x p e r im e n ta l  r e s u l t s  in  SI CdSe.

As shown in  append ix  t a b l e  A1, t h e r e  a r e  no s in g le  c e n te r  

K la se n s  m odels w here th e  CH PL h as  m = 1.5 and  th e  im p u r ity  band 

i s  s u b l in e a r .  F u r th e rm o re , th e  XA band show s a  b reak in g  p o in t in  

f ig u r e  2 .3 .5 , w h ile  th e  XH band does n o t  in  f ig u r e  2 .3 .1*, show ing 

one rec o m b in a tio n  pathw ay  ta k e s  over when a n o th e r  pa thw ay  has 

s a tu r a t e d .  C o n seq u en tly , th e r e  have to  be tw o reco m b in a tio n  

c e n te r s  in  SI CdSe, w ith  th e  sh a llo w  a c c e p to r  r e s p o n s ib le  f o r  th e  

s u b l in e a r  XA band in  CdSe a s  one o f  t h e  l e v e l s .  The K lasen s 

m odel r e q u i r e s  t h a t  th e  o th e r  l e v e l  be a deep l e v e l .  Pho to lum i­

n e sc e n c e  from  th e  seco n d  l e v e l  co u ld  n o t be found . O th e r te c h ­

n iq u es  d e sc r ib e d  in  t h i s  t h e s i s  w ere u sed  to  f in d  t h i s  deep  l e v e l .

A t h i r d  d e f e c t  l e v e l  band m ust s e rv e  a s  a lu m in escen ce  

c e n te r ( a  d e f e c t  w ith  a  h igh  e f f ic ie n c y  f o r  r a d i a t i v e  t r a n s i t i o n s )  in  

SI CdSe, th o u g h  n o t a s  a  m ajor rec o m b in a tio n  c e n te r .  The t a b l e  in  

A3 show s t h a t  PL(CA) s h o u ld  have power law s  o f  0 .5  o r  1. The 

t a b l e  2 .3 .1  show s an  PL(XA) had  a v a lu e  f o r  m o f 0 .7 . T his can be 

ex p la in e d  i f  th e  XA PL has a l a r g e  c o n tr ib u t io n  from  sh a llo w  donor 

to  acceptor(D A ) t r a n s i t i o n s ,  w here th e  sh a llo w  donor has a 

s l i g h t l y  h ig h e r  power law  th a n  th e  f r e e  e l e c t r o n s .  The c o n tr ib u ­

t i o n  o f  PL(DA) t o  t h e  XA band i s  s u p p o rte d  by th e  d if f e r e n c e s  in  

shape  o f  th e  XA band from  sam ple  t o  sa m p le , b ecau se  PL(CA) s p e c t r a
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w ould have th e  sam e sh ap e  from  sam ple  to  sam p le . The h ig h e r 

power law  f o r  sh a llo w  d o n o rs  is  shown by th e  in c re a s e  in  R below 

bandgap, i f  i t  i s  assum ed t h a t  th e  low energy  t a i l  o f  th e  XH band 

comes from  PL(DH) and th e  above bandgap PL comes from  PL(CH). 

S e p a ra te  sh a llo w  donor peaks o r d i s c r e t e  DA l in e s  in  t h e s e  sam ples  

w ere n o t r e s o lv e d ,  even  a t  4 K (Ju n n a k a r ,p r iv a te  com m unication). 

The sh a llo w  donors a r e  t h e r e f o r e  an inhom ogenously  b ro ad en ed  con­

d u c tio n  band t a i l ,  which can  n o t be r e s o lv e d  from  th e  f r e e  e le c ­

t r o n s  a s  a  s e p a r a te  p eak . I t  i s  r e a s o n a b le  t o  suppose  t h a t  

d i r e c t l y  e x c i te d  s h a llo w  do n o rs  w ould decay  by th e rm a l  em ission  o f 

e l e c t r o n s ,  which i s  a  p ro c e s s  l i n e a r  in  e x c i ta t io n  U. The f i l l e d  

sh a llo w  d onors  a r e  t h e r e f o r e  assum ed to  have a pow er law  depen­

dence c lo s e r  to  l i n e a r  th a n  th e  f r e e  e l e c t r o n s , i . e . ,  when th e  con­

d u c tio n  e l e c t r o n s  have m=0.5 in  ta b l e  A3, m o f  th e  f i l l e d  sh a llo w  

donors was assum ed to  be =0.7. T his p h y s ic a l  assu m p tio n  ex p la in s  

b o th  th e  m o f  th e  XA band and  th e  s l i g h t  r i s e  in  R below  bandgap. 

T his in c re a s e  in  R may have a c o n tr ib u t io n  from  bound e x c i to n s ,  b u t 

t h i s  p o s s ib i l i t y  was n o t in v e s t ig a te d .

With th e  a s su m p tio n  o f  two lo c a l iz e d  re c o m b in a tio n  c e n te r s  

and a n o th e r  l o c a l iz e d  lu m in escen ce  c e n te r ,  a l l  th e  SI sam p le s  a t  

th e  d i f f e r e n t  te m p e ra tu re s  can be c h a ra c te r iz e d  a c c o rd in g  to  th e  

K la sen s m odel. The K la sen s  coded co n d itio n  f o r  each  sam ple  i s  

a l s o  in c lu d e d  in  th e  t a b l e  2 .3 .1 . C onsider th e  c a s e  a t  77 K f o r  

s am p les  H2 and H3. T here a r e  tw o co n d itio n s  in  A3 w here m = 1.5 

f o r  th e  CH lu m in escen ce  and m<1 f o r  t h e  XA band: c o n d itio n  113222 

and co n d itio n  221221. In  co n d itio n  113222,' th e  f r e e  h o le  concen­

t r a t i o n  p -Ip °  s and f r e e  e le c t r o n  c o n c e n tr a t io n  n i s  l i n e a r ,  w h ile
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in  co n d itio n  221221, n ~Ip °* s and p i s  l i n e a r .  B ecause th e  s h a llo w  

donor c o n c e n tr a t io n  d~ i s  co n s id e re d  m ore l i n e a r  in  I p th a n  n , o n ly  

in  221221 i s  th e  DH PL in te n s i ty (~ d “ p) m ore n o n lin e a r  th a n  th e  

PL(CH) in t e n s i t y  (~np). In  co n d itio n  221221, th e  power law  below  

bandgap i s  p re d ic te d  t o  be m=1.7, b u t in  c o n d itio n  113222, m=1.7. 

T h e re fo re , c o n d itio n  221221 i s  a p p ro p r ia te  f o r  H2 and  H3 a t  77 K. 

At room te m p e ra tu re ,  a l l  th e  SI s am p les  have an m(XH)=1.5. A lth ­

ough th e  PL(XA) i s  n o t m e a su ra b le , m odel 221221 i s  assum ed v a l id  

a t  room te m p e ra tu re  f o r  SI CdSe. For sam p le  a t  77 K, m(XH)=2.0 

and m(XA)=0.8=1, which i s  found  in  t a b l e  A3 to  co rre sp o n d  to  cond i­

t io n  114121. In  c o n d itio n  221221, a = a +, h = h ~ ,a + = h“ , U = R, C 

= I  and E = B. In  co n d itio n  113222, a  = a ° ,h  = h°, h"=p, U=I, C = I  

and E = R. Thus sam ple  H3 seem s more com pensated  th an  H2 and 

H3(a + = h " ) , a s  su g g e s te d  by th e  la r g e  XA lum in escen ce  and la r g e  

sh a llo w  donor a b so rp t io n  t h a t  w i l l  be d e s c r ib e d  in  a  l a t e r  s e c ­

t io n .

The low  r e s i s t i v i t y  undoped CdSe had power law s f o r  th e  

XH band th a t  w ere betw een  1 .0  and 1 .5 , show ing t h a t  K la sen s model 

does n o t e x a c t ly  ap p ly  t o  t h e s e  s a m p le s .  T his i s  ex p e c te d  becau se  

th e s e  sam p le s  have a high th e rm a l  background o f  f r e e  e l e c ­

tro n s  C =101scm-3 ), which v io la te s  an im p o r ta n t assu m p tio n  o f  th e  

m odel. The XH band i s  n e a r ly  l i n e a r  in  t h e s e  s a m p le s , pe rh ap s due 

to  th e  h ig h e r th e rm a l background o f  e l e c t r o n s .  However, f o r  

sam ple  L „  m(XH)=1.5 a t  room te m p e ra tu re ,  show ing  t h a t  t h i s  sam ple  

may have been  m ore com pensated  th a n  th e  o th e r  low  r e s i s t i v i t y -  

sa m p le s . I t  w i l l  be shown in  c h a p te r  4 t h a t  th e  sh a llo w  donors 

a r e  im p o r ta n t t r a p s  in  low  r e s i s t i v i t y  CdSe, a lth o u g h  a co m p le te
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s tu d y  w i l l  n o t be made o f  low r e s i s t i v i t y  CdSe.

2 .6  POLARIZED PHOTOLUMINESCENCE STUDIES

The i n t r i n s i c  sym m etry  p r o p e r t ie s  o f  CdSe a r e  w e l l  docu - 

m ented(Y oshida e t .  a l . ,1 9 8 1 ) .  Cadmium s e le n id e  i s  w u r tz i te ,  so  i t  

h as  a maximum a llo w e d  sym m etry  group  Cgv (se e  f ig u r e s  2 .6 .1  and 

2 .6 .2 ) .  The f r e e  c a r r i e r  wave fu n c t io n s  o f w u r tz i te  s o l id s  b e lo n g  

to  tw o im p o r ta n t i r r e d u c ib l e  r e p r e s e n ta t i o n s ,  r 7 and r 9, o f  Cgv (se e  

f i g .  2 .6 .1 ) .  In  CdSe, th e  co n d u c tio n  band b e lo n g s  to  f 7. The v a l ­

ence band degen e racy  i s  l i f t e d  so  t h e r e  a r e  th r e e  v a le n c e  bands: 

th e  heavy h o le  band ( r 9), th e  l i g h t  h o le  b a n d ( r7) and th e  s p l i t - o f f  

b a n d ( r7) . The minimum en erg y  o f  h o le s  in  th e  s p l i t - o f f  band(0.45 

eV) i s  much l a r g e r  th a n  th e  background  th e rm a l  en erg y  kgTg, so 

th e r e  a r e  few  h o le s  in  t h i s  band and  th e  PL from  t h i s  band i s - n e g ­

l i g i b l e .  The heavy h o l e ( r 9) and  l i g h t  h o l e ( r 7) bands a r e  27 meV 

a p a r t ,  and b o th  c o n t r ib u te  to  t h e  CH PL p re v io u s ly  d e sc r ib e d . A 

sc h e m a tic  o f  th e s e  e n e rg y  l e v e l s  i s  g iven  in  f ig u r e  2 .6 .1 . The 

s e l e c t i o n  r u l e s  f o r  PL(CH) a r e  a s  fo l lo w s :  PL from  e le c t r o n s  to  

heavy  hole(CH 9) t r a n s i t i o n s  i s  p o l a r iz a te d  p e rp e n d ic u la r  t o  th e  

o p t ic  a x is  c(El<a c) and PL f o r  e l e c t r o n s  t o  l i g h t  h o le  t r a n s i -  

tions(C H 7) i s  p o la r iz e d  b o th  p a r a l l e l  and p e rp e n d ic u la r  to  th e  o p t­

i c a l  ax is(E L H c and E g J -c ) .  The PL(CH7) i s  p o la r iz e d  m o s tly  Eg-L c. 

The peak o f  t h e  CH PL sp e c tru m  i s  u s u a l ly  27 meV h ig h e r  in  pho ton  

en e rg y  f o r  EL!I c(CH7 p l)  th a n  f o r  EgJ- c(CH9 p l ) .  S tu d ie s  o f  th e  

in t e r a c t io n s  b e tw een  th e s e  v a le n c e  bands have been  done(Y oshida 

e t .  a l . ,  1 9 8 1 ) .-  However, sym m etry  can a l s o  e f f e c t  th e  dynam ics
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o f lo c a l iz e d  s t a t e s  in  w u r tz i te  sem ico n d u e to rs(5 irm an ,1 9 6 6 ; 

Birm an, 1960).

In  o rd e r  t o  d e l in e a te  t h e  sym m etry p r o p e r t ie s  o? th e  s h a l ­

low  d e f e c t  l e v e l s  and f r e e  c a r r i e r  bands, s tu d ie s  o f th e  p o la r iz a ­

t io n  o f  th e  PL in  sam p le  H2(w here  c was p a r a l l e l  t o  th e  s u r f a c e )  

w ere done. The p r im a ry  i n t e r e s t  was in  f in d in g  o u t w h e th e r  th e  

w u r tz i te  s t r u c t u r e  o f  CdSe s p l i t  th e  sh a llo w  a c c e p to r  l e v e l  a s  i t  

had s p l i t  th e  v a le n c e  band and in  f in d in g  a p p ro p r ia te  s e l e c t i o n  

r u l e s  f o r  d e fe c t  l e v e l s .  A sch e m a tic  o f  p o s s ib le  d e fe c t  l e v e l  

t r a n s i t i o n s  w hich in v o lv e  d e f e c ts  a r e  shown in  f ig u r e  2 .5 .2 .

A t each  te m p e ra tu re ,  th e  peak w av e len g th  f o r  i t ' J i  c  was 

=10 nm lo n g e r  th a n  f o r  E^-L c, a s  shown in  f ig u r e  2 .3 .2  f o r  293 K, 

and a t  77 K th e  XA band d id  n o t s h i f t  w ith  p o la r iz a t io n .  At 77 K, 

a seco n d  s m a ll  peak a t  682 nm was o b se rv ed  f o r  E l"  c, p ro b a b ly  

due to  th e  sm a ll(= 5 ° )  c o l l e c t i o n  g eom etry , th e  s m a ll  XH band w id th  

and th e  f a c t  t h a t  th e  s e l e c t i o n  r u l e s  a re  e x a c t  o n ly  fo r  norm al 

in c id e n c e .  B ecause th e  bandw id th  was l a r g e r  a t  h ig h e r te m p e ra ­

t u r e s ,  t h i s  s m a ll  peak was u n o b se rv a b le  a t  h ig h e r  te m p e ra tu re s .  

At 200 K, th e  XH band and  th e  XA band was n o t d i s t i n c t  f o r  E l-*-c 

b ecau se  th e  XA PL h igh  en erg y  PL t a i l  o v e r la p p e d  th e  DH PL band 

t a i l ,  b u t f o r  E c  th e  XA peak was very  d i s t i n c t .  In b o th  c a se s  

i t  was d e te rm in e d  t h a t  t h e  p eak s o f each  band w ere  f a r  enough 

a p a r t  t h a t  p o la r iz a t io n  m easu rem en ts  would n o t be a f f e c te d .

The t a i l  o f th e  XH band a t  293 K was =5 nm lo n g e r  f o r  th e  

E l / / c c a se , a s  shown in  f ig u r e  2 .3 .2 . The r a t i o  R had one maxima 

fo r  El J- c , b u t  tw o  maxima fo r  E jj/c . The XH band peaked a t  d i f f e r ­

e n t  w avelengths- A  ̂ and A(/ , f o r  E l-L  c and Z ^ i/ c, w h ile  t h e r e  was
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no s h i f t  a t  77 K f o r  th e  XA band(A. = A7). B ecause th e r e  was no 

s h i f t  a t  77 K, i t  was assum ed t h a t  t h e r e  was no s h i f t  a t  200 K 

even though  th e  peak f o r  E^X  c was i n d i s t i n c t .  The p o la r iz a t io n  

fo r  b o th  bands a t  a l l  t e m p e ra tu re s  i s  d e f in e d  as:

P = I j U J / I , ;  U J;) ( 2 .6 .1 )

w here i s  th e  i n t e n s i t y  o f  th e  band f o r  El -l c  a t  A^and I„(A (/)

i s  th e  i n t e n s i t y  o f  th e  band f o r  Ey' c a t  X.,. I t  was a l s o  d e te r ­

mined t h a t  th e  p o la r iz a t io n  o f  th e  band, a f t e r  c o r r e c t io n  f o r  th e  

s h i f t ,  d id  n o t change w ith  w av e len g th  A e x c e p t f o r  th e  p roblem s 

d e sc r ib e d  above which c o u ld  n o t e f f e c t  th e  v a lu e  o f  p . The w avel­

en g th s , A, and A(/ ,o f  th e  peak PL f o r  each  p o la r iz a t io n  o f  each 

band a t  e ach  te m p e ra tu re  i s  shown in  t a b l e  2 .6 .1 . A s a l i e n t  po in t 

i s  t h a t  b o th  th e  CH p o la r iz a t io n  and th e  XA p o la r i z a t i o n  ' were 

s t r o n g ly  d ependen t on te m p e ra tu re .

The PL ex p e rim en ts  s u g g e s t t h a t  th e  XH low en e rg y  t a i l  

comes from  DH t r a n s i t i o n s ,  c a l l e d  th e  L am be-K licke m odel, a s  shown 

in  f ig u re  2 .6 .2 .  The tw o maxima in  R and th e  lo n g e r  low  energy  

t a i l  f o r  El,/(  c show t h a t  th e  PL(DH9) i s  n o t c o m p le te ly  p o la r iz e d  

EL i-  c . T h is  means t h a t  th e  sh a llo w  donors do n o t co m p le te ly  

b e lo n g  to  r e p r e s e n ta t io n  T7( i . e . ,  t h a t  th e  s h a llo w  donor w avefunc-

t io n  has c o n tr ib u t io n s  from  b o th  th e  r 7 and r 9 r e p r e s e n ta t io n s ) .

The s h i f t  in  t h e  XH peak w av elen g th  c o rre sp o n d s  e x a c t ly  to  th e

v a le n c e  band s p l i t t i n g  o f  27 meV. T his show s th a t  th e  PL(CH7) i s  

c o m p le te ly  p o la r iz e d  El -*- c a s  p re d ic te d  from  th e  s e l e c t i o n  r u le s  

f o r  a T7 c o n d u c tio n  band . T h e re fo re , th e  sh a llo w  donor conduction
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band t a i l  does n o t have th e  same maximum a llo w e d  sym m etry  a s  th e  

i n t r i n s i c  c r y s t a l .  The s im p le s t  assu m p tio n  one c o u ld  make abou t 

th e  donor i s  t h a t  i t  has th e  sam e maximum a llo w e d  sym m etry  a s  th e  

c r y s t a l ,  so  som e sym m etry b reak in g  mechanism m ust e f f e c t  th e  

s h a llo w  d onor. The sym m etry o f th e  sh a llo w  donor e le c t r o n s  may 

be b roken  by t h e i r  inhom ogenous e n v iro n m e n t ,i .e .,  th e  c o re  p o ten ­

t i a l  o f th e  donor d e f e c t ,  o th e r  d onors , s ta c k in g  f a u l t s  o r s u r f a c e  

b ro ad en in g . The sh a llo w  donor i t s e l f  may n o t be a  p o in t d e fe c t .

The PL(XA) was s t r o n g ly  p o la r iz e d ,  which in d ic a te d  b o th  

s p l i t t i n g  in  th e  a c c e p to r  and  th e  s e l e c t i o n  r u l e s  f o r  th e  CH t r a n ­

s i t i o n s  p a r t l y  ap p ly  to  th e  XA PL, b u t no s h i f t  in  peak w av e len g th  

w ith  p o la r iz a t io n  was o b se rv ed  a t  77 K. A s h i f t  o f 27 meV in  th e  

a c c e p to r  peak en e rg y  would have been o b s e rv a b le ,  hence th e  s p l i t ­

t in g  o f A i s  much s m a l le r  th a n  77 K. In  o rd e r  t o  u n d e rs ta n d  t h i s  

s p l i t t i n g ,  i t  i s  assum ed th a t  th e  XA PL obeys n e a r ly  t h e 's a m e  

s e l e c t io n  r u l e s  as fo r  e le c t r o n  to  f r e e  h o le  t r a n s i t i o n s , i . e . , 

S choen-K lasens m odel, and th a t  th e  e f f e c t  o f th e  donor on th e  

s e l e c t i o n  r u l e s  i s  s m a ll .  Schoen and K lasens showed th a t  t h e r e  

a r e  fo u r  p l a u s ib le  m odels fo r  th e  s h a l lo w -a c c e p to r  le v e l :  tw o 

s in g le  l e v e l  m odels , a  s p i n - s p l i t  model w ith  each  l e v e l  n e a r ly  

em pty o f  e l e c t r o n s ( i .e . ,  a c c e p to r  above Ferm i le v e l )  and a  s p in -  

s p l i t  model w ith  b o th  l e v e l s  n e a r ly  f u l l  o f  e l e c t r o n s  sh a r in g  a  

s in g le  tr a p p e d  h o le ( i .e . ,  a c c e p to r  below  Ferm i l e v e l ) .  By com par­

ing  th e  p o la r iz a t io n  p in  th e  XA band a t  77 K and 200 K, one f in d s  

a  weak te m p e ra tu re  dependence p which e l im in a te s  th e  f i r s t  th r e e  

m odels. The e le c t r o n  em pty sh a llo w  a c c e p to r  i s  th e r e f o r e  a sp in -  

s p l i t  d e f e c t  c e n te r  n e a r ly  f u l l  o f e le c t r o n s ,  w ith  a tra p p e d  h o le

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-  38 -

in  th e rm a l  eq u ilib r iu m  b etw een  th e  l e v e l s ,  a s  shown in  f ig u r e  

2 .6 .2 .  I n  o rd e r  t o  e s t im a te  th e  s m a ll  s p l i t t i n g ,  u s in g  p a t  77 K 

and  200 K, th e  S ch o en -K lasen s fo rm u la  was used:

p = a exp (Y /kBTL) (2 .6 .2 )

When a p p lie d  to  th e  i n t r i n s i c  XH band, Y was found  to  be

=15 meV which was co m p arab le  w ith  th e  27 meV s p l i t t i n g  betw een  

th e  heavy and  l i g h t  h o le  b an d s. However, Y was =1.7 meV fo r  th e  

XA PL. A lthough  o n ly  an e s t im a te ,  t h e  s p l i t t i n g  f o r  t h e  A le v e l  

was much s m a l le r  th a n  fo r  th e  f r e e  h o le s .  T h is  may be due to  th e  

d i f f e r e n c e  in  e f f e c t iv e  m ass b e tw een  th e  heavy  and l i g h t  h o le s .

The s m a ll  s p l i t t i n g  i s  l e s s  th a n  th e  th e rm a l  energy  kBTB, and

hence  th e  a c c e p to r  i s  o n ly  one l e v e l  a s  f a r  a s  th e  K la sen s dynamic 

m odel i s  co n cern ed .

The p o la r iz a t io n  m easu rem en ts  d is t in g u is h e d  th e  donors from  

th e  a c c e p to r s .  I f  th e  XA band was from  a  donor 100 meV below  th e  

co n d u c tio n  band, as m easu red  by DLTS(Ture e t .  a l . ,1 9 8 3 ) ,  th e  peak 

o f  th e  XA band would s h i f t  w ith  p o la r iz a t io n  by 25 meV. The peak 

does n o t s h i f t ,  s o  th e  XA band comes from  an a c c e p to r .  S im ili-  

a r l y ,  i f  th e  band t a i l  be lo n g ed  to  th e  v a le n c e  band in s te a d  o f  th e  

co n d u c tio n  band, o n ly  one maximum in  th e  r a t i o  R would be o b se rv ed  

f o r  Ei l l  c . T here a r e  tw o  maxima, so  th e  band t a i l  comes from  

do n o rs . By th e  K la sen s m odel, th e  sh a llo w  a c c e p to r  and th e  deep 

le v e l  a r e  on o p p o s ite  s id e s  o f th e  d a rk  Ferm i l e v e l .  The sh a llo w  

a c c e p to r  i s  below th e  Ferm i l e v e l .  Undoped, SI CdSe i s  a lw ay s 

s l i g h t l y  n~ type(H einz and Banks, 1956; Hung e t .  a l . ,1  969). T h e re fo re
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th e  deep  le v e l  c a u s in g  th e  n o n l in e a r  lu m in escen ce  i s  a  deep  d o n o r. 

A lthough  th e s e  l e v e l s  w ere  n o t se e n  by DLTS, i t  i s  p o s s ib le  t h a t  

th e  p a r t i a l l y  a n n e a le d ,  low  r e s i s t i v i t y  CdSe u sed  in  th e  DLTS s t u ­

d ie s  w ere d i f f e r e n t  th a n  th e  c o m p le te ly  a n n e a le d  SI CdSe u sed  in  

t h i s  s tu d y .

2 .7  STEADY STATS ABSORPTION METHODS

S tead y  s t a t e  a b s o rp t io n  o f  SI CdSe, sam p le s  Hi and H3, was 

done f o r  th r e e  r e a s o n s .  F i r s t ,  t o  co n firm  th e  a ssu m p tio n  t h a t  th e  

PL(XA) was due to  a  d i s c r e t e  d e fe c t  l e v e l  =100 meV in  th e  bandgap. 

Second, t o  f in d  th e  h y p o th e t ic a l  deep  donor im p lie d  by th e  m eas­

u re m e n ts . T h ird , t o  show t h a t  th e s e  l e v e l s  e x is te d  in  th e  bu lk  

and w ere n o t j u s t  s u r f a c e  s t a t e s .

An a p p a ra tu s  was b u i l t  f o r  m easu ring  th e  a b s o rp t io n ,  a s  shown 

in  f ig u r e  2 .7 .1 . A tu n g s te n  lam p was u sed  as a  l i g h t  s o u rc e  

b ecau se  o f  th e  r e q u ir e d  ra n g e  o f  w a v e le n g th . The l i g h t  was modu­

l a t e d  by a ch o p p e r, c o l l im a te d  and re fo c u s e d  on th e  s am p le . The 

t r a n s m i t te d  l i g h t  was c o l l e c t e d  in to  a  m onochrom ator and m easu red  

by a PbS p h o to re s is to r (P D ) .  A lo c k - in  a m p l i f ie r ,  tu n e d  to  th e  

chopper f re q u e n c y , a n a ly z e d  th e  PD s ig n a l ,  which was re c o rd e d  by 

an x -y  p l o t t e r .  Each m easu rem en t was r e p e a te d  a t  l e a s t  fo u r  

t im e s  and a v e rag ed .

S p e c ia l  p ro c e d u re s  w ere n e c e s s a ry  becau se  o f  th e  l a r g e  

ra n g e  o f  w av e len g th s  s tu d ie d (0 .7  pm to  2 .0  pm). The sam p le  was 

re m o v a b le , so  t h a t  t h e  sp ec tru m  o f t h e  so u rc e  co u ld  be m easu red  

w ith o u t passing , th ro u g h  th e  sam p le . Long p ass  f i l t e r s  w ere u sed
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t o  e l im in a te  h igh  o rd e r  d i f f r a c t i o n  from  th e  m onochrom ator. The 

g r a t in g  o f  th e  m onochrom ator was b la z e d  f o r  1.0 ym, becau se  g r a t ­

in g s  b la z e d  a t  s h o r t e r  w av e len g th s  d id  n o t t r a n s m i t  s u f f i c i e n t  

s ig n a l  to  m easu re . The s e n s i t i v i t y  o f  a  PMT did n o t ex ten d  a s  f a r  

in to  th e  in f r a r e d  a s  t h e  PbS p h o to r e s i s to r .  B ecause o f t h e  sm a ll 

a r e a  o f  th e  sam ple(<1 cm2) th e  l i g h t  had to  be fo c u sse d  th rough  

th e  s am p le . However, by r e p la c in g  th e  sam p le  w ith  a q u a r tz  p la te  

o f th e  same th ic k n e s s ,  i t  was found  th a t  d is p e rs io n  e f f e c t e d  th e  

t r a n s m is s io n  f o r  s h o r t  fo c a l  d is ta n c e s (f< 2 0  cm), and so  th e  fo c ­

u ss in g  d is ta n c e s  were k ep t lo n g . In  o rd e r  to  c o l l im a te  th e  l ig h t  

s o u rc e ,  a  lo n g  f o c a l  l e n g th  le n s  was used(f>1 m). The tra n s m is ­

s io n  had to  be c o r r e c te d  f o r  th e  r e f l e c t i o n  l o s s e s ,  which depended 

on th e  index  o f r e f r a c t i o n ,  a t  t h e  tw o s u r f a c e s .

The a b s o rp t io n  r e s u l t s  co u ld  be com pared t o  th e  PL r e s ­

u l t s  a t  b o th  room te m p e ra tu re  and 77 K. A. dew ar w ith  l iq u id ' n i t ­

ro g en  was u sed  to  c o o l th e  sam p le . To p re v e n t b u b b le s  and r e f ­

r a c t i o n  in  th e  l iq u id  from  c re a t in g  e r r o r s ,  th e  sam ple  was n o t

im m ersed  b u t was a t ta c h e d  to  a copper c o ld  f in g e r  which was 

im m ersed in  th e  l iq u id  n i t ro g e n .  The th e rm o co u p le  showed th e  tem ­

p e r a tu r e  o f  th e  sam p le  t o  be 77 K.

I f ,  a t  w av e len g th  X, th e  i n t e n s i t y  o f  th e  l i g h t  t r a n s m i t te d  

th ro u g h  th e  sam p le  was 1(A) and th e  i n t e n s i t y  o f  th e  l ig h t  

t r a n s m i t te d  th ro u g h  th e  em pty h o ld e r  was I 0(A), th e  tra n sm is s io n  

th ro u g h  th e  sam p le  i s  d e f in e d  as:

T( A) = I( A )/I0( A) (2 .7 .1)
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The p h y s ic a l ly  r e le v a n t  q u a n t i ty  i s  th e  a b s o rp tio n  a  a t  

w a v e le n g th  A. This a b s o rp tio n  m ust be c o r r e c te d  f o r  th e  index  o f 

r e f r a c t i o n ,  n(A), which can be found  in  th e  l i t e r  a tu re (V itr ik h o v -  

sky ,1967 ; Bond, 1965). I f  L i s  th e  th ic k n e s s  o f  th e  sam p le , t h e  

fo rm u la  f o r  a  i s :

T( A) = TB(A) exp(-aL )

Tb = (1 -R )2 

R = (n -1 )2/(n + 1 )2 (2 .7 .2 )

A p l o t  o f  Tb( A) i s  shown in  f ig u r e  2 .7 .2 .  The th ic k n e s s  L 

o f  sam p le  Hj was 2 .0  mm and o f  sam ple  H3 was 1.55 mm. C o rre c tio n  

f o r  m u l t ip le  r e f l e c t i o n s  in s id e  th e  sam ple  was n o t made. The 

r e s o lu t io n  o f  t h i s  m ethod was s e v e r e ly  l im ite d  when T/TB= 1 (i.e .,  

f o r  A>1 pm). However, th e  r e s o lu t io n  was s u f f i c i e n t  fo r  p rov ing  

th e  e x is te n c e  o f a  deep l e v e l .

2 .8  ABSORPTION RESULTS AND DISCUSSION

A b so rp tio n  th r e s h o ld s  a r e  o f te n  more p ro m in en t in  sem icon­

d u c to rs  th a n  a b s o rp tio n  p eak s. C onsider th e  a b s o rp tio n  o f  a 

pho ton  by a  d e fe c t  e le c t r o n ,  which makes a t r a n s i t i o n  to  a  conduc­

t io n  band, a s  shown in  f ig u re  2 .8 .1 . When th e  pho ton  en erg y  E i s  

below  a  th r e s h o ld  E0, no t r a n s i t i o n  ta k e s  p la c e .  When E>E0, 

a b s o rp t io n  ta k e s  p la c e .  As E in c r e a s e s ,  more t r a n s i t i o n s  t o  e le c ­

t r o n  s t a t e s  w ith  h igh  k in e t ic  en e rg y  a r e  p o s s ib le  so  th e  a b s o rp tio n  

a  in c r e a s e s  r a p id ly .  T ra n s it io n s  betw een  d e fe c t  l e v e l s  show
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p e a k s , b u t th e s e  a r e  n o t u s u a l ly  p ro m in en t a t  th e s e  h igh  te m p e ra ­

t u r e s .  T h re sh o ld s  a r e  a l s o  p rom inen t f o r  v a le n c e  band to  d e f e c t  

l e v e l  t r a n s i t i o n s .  The sam e t r a n s i t i o n s  o f te n  show as peaks in  

t h e  PL s p e c t r a  due to  n o n ra d ia t iv e  t r a n s i t i o n s  o f  c a r r i e r s  t o  th e  

band edge , a s  shown in  f i g u r e  2 .3 .1 . T h re sh o ld  a b s o rp t io n  w ith  a 

d i s c r e t e  l e v e l  o f te n  show s t h e  fo l lo w in g  power law  above t h r e s ­

ho ld :

ct(E) = s (E -E 0) v (2 .8 .1 )

w here s  and v a r e  p a ra m e te rs .

I f  th e  a b so rp t io n  i s  n o t phonon a s s i s t e d ,  v=1 .5 , i f  i t  i s  

phonon a s s i s t e d ,  v=2(B ourgoin and Lannoo,1983). A lthough th e  r e s o ­

lu t i o n  o f  t h i s  s tu d y  was n o t s u f f i c i e n t  to  d e te rm in e  v, i t  was 

assum ed t h a t  due to  c o n s e rv a t io n  o f  t h e  pho ton  momentum, a  phonon 

i s  m ost l i k e ly  t o  be em itted (v = 2 ) d u rin g  a b s o rp t io n .  I t  i s  s t i l l  

n o t known w h e th e r  th e  a b s o rp t io n  was phonon a s s i s t e d .  P a ra m e te r  

s  i s  th e  a b so rp t io n  c o - e f f i c i e n t  o f th e  d e f e c t .

The a b so rp t io n  s p e c t r a  f o r  th e  SI sam p le s  Hj and  H3 w ere 

m easu red  from  0 .6  to  1 .8  eV and show ed tw o com ponents, a n e a r -  

band-edge  com ponent and a  midgap com ponent. The n e a r-b a n d -e d g e  

com ponent was m easu red  a s  a  fu n c t io n  o f en erg y  below  bandgap and 

i s  shown in  f ig u r e  2 .8 .2 , and  p l o t t e d  on a  s e m i- lo g  s c a l e  t o  

em phasize sudden  changes in  s lo p e .  The n e a r -e d g e  com ponent showed 

a  v e ry  s h a rp  th r e s h o ld  a t  =105 meV below  th e  band edge, w here th e  

sh a llo w  a c c e p to r  t o  c o n d u c tio n  band(AC) a b s o rp t io n  w as ex p e c te d . 

A lthough th e  midgap com ponent o f a b s o rp t io n  was p r e s e n t ,  th e
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t h r e s h o ld  c o u ld  e a s i l y  be found  by a b ro k e n - l in e  f i t .  The e x is ­

te n c e  o f  a  th r e s h o ld  show s t h a t  th e  s h a llo w  a c c e p to r  i s  a  narrow  

d i s c r e t e  l e v e l .  The th r e s h o ld  s h i f t e d  w ith  th e  te m p e ra tu re  

becau se  th e  a c c e p to r  moves - -with th e  : v a le n c e  band. Above th e  

t h r e s h o ld ,  th e  a b s o rp t io n  c u rv e  f o r  t h e  s h o r t  com ponent was f i t t e d  

t o  th e  fo l lo w in g  sq u a re  law  f o r  a b so rp tio n :

a(E) = s(E -E 0) 2+b (2 .8 .2 )

w here E0 i s  th e  t h r e s h o ld  en e rg y , s  i s  th e  a b so rp t io n  c o - e f f i c i e n t  

o f  th e  sh a llo w  a c c e p to r  A in  e q u a tio n  2 .8 .2  and b i s  th e  deep 

s t a t e  a b so rp t io n  o f  th e  midgap com ponent. The a c c e p to r  io n iz a t io n  

en e rg y  EA was c a l c u l a t e d  from  E0 and th e  en e rg y  gap Eg by:

E0 = Eg -  EA (2 .8 .3 )

The v a lu e s  o f  EA, s  and b a r e  shown in  t a b l e  2 .8 .1 . The p a r­

a m e te r  s ,  which w ould be p r o p o r t io n a l  to  th e  sh a llo w  a c c e p to r  

c o n c e n tr a t io n ,  show s t h a t  H, has  more sh a llo w  a c c e p to r s  th an  H3, 

in  ag reem en t w ith  th e  s m a ll  PL(XA) o f  sam ple  H3 shown in  f ig u r e  

2 . 2 . 1 .

The midgap com ponent re s p o n s ib le  f o r  b i s  shown in  f ig u re  

2 .8 .3 ,  a s  a  fu n c t io n  o f p h o ton  en e rg y (n o t c o r r e c te d  fo r  changes in  

te m p e ra tu re  and bandgap). I t  a l s o  show s a th r e s h o ld ,  a lth o u g h  n o t 

a s  sh a rp  a s  th e  n e a r -e d g e  com ponent. Using th e  b roken  l i n e  

a p p ro x im a tio n  to  f i t  th e  d a ta ,  a s  was done f o r  th e  n e a r -e d g e  com­

p o n en t, a  th r e s h o ld  o f  =1.3 eV was m easu red . The deep l e v e l
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a b s o rp tio n  was presum ed t o  come from  t r a n s i t i o n s  from  th e  v a len ce  

band VB to  t h e  same deep donor H a s  was im p lied  by th e  PL m eas­

u re m e n ts , b ecau se  i f  i t  came from  t r a n s i t i o n s  betw een  th e  conduc­

t io n  band and H, H w ould be below  th e  d a rk  Ferm i l e v e l .  Thus th e  

energy  o f  th e  deep donor i s  =1.3 eV above th e  v a le n c e  band. Non­

l i n e a r  a b so rp t io n  work d e sc r ib e d  l a t e r  s u g g e s ts  t h i s  l e v e l  may 

e x ten d  s l i g h t l y  below  1.2 eV. A s a l i e n t  p o in t i s  t h a t  a b so rp tio n  

m easu rem en ts on th ic k  sam p le s  a r e  i n s e n s i t iv e  t o  s u r f a c e  s t a t e s ,  

so  b o th  th e  sh a llo w  a c c e p to r  and deep  l e v e l ,  shown by a b s o rp tio n ,  

a re  b u lk  s t a t e s .

The deep l e v e l  a b so rp t io n  changed w ith  in c re a s in g  te m p e ra ­

tu r e ,  a s  shown b o th  by p a ra m e te r  b in  t a b l e  2 .8 .1  and by f ig u re  

2 .8 .2 . No th e o r e t i c a l  s tu d y  o f  th e  te m p e ra tu re  dependence was 

done. However, i f  t h e r e  was no d i r e c t  t r a n s i t i o n  betw een  deep 

donor and s h a llo w  a c c e p to r ,  th e  deep l e v e l  a b s o rp tio n  would n o t 

change b ecau se  t h e  th e rm a l  en erg y  i s  l e s s  th a n  th e  b ind ing  energy  

of th e  deep d onor, w h ile  th e  sh a llo w  a c c e p to r  io n iz e s  in  t h i s  

ra n g e . T h e re fo re ,  some ty p e  o f r e la t io n s h ip  betw een  th e  tw o 

l e v e l s  may be im p lie d . P erhaps b o th  s h a llo w  a c c e p to r  and deep 

donor a r e  ch a rg e  s t a t e s  o f  t h e  same atom .

The s ta n d a rd  o p t i c a l  te c h n iq u e s  d e sc r ib e d  in  t h i s  c h a p te r  

showed t h a t  a  deep d o nor(= 1 .3  eV above th e  v a le n c e  band), a  s h a l ­

low  accep to r(= 1 0 5  meV above th e  v a le n c e  band) and a con d u c tio n  

band ta i l (= 2 5  meV long) ca u se  reco m b in a tio n  o f  c a r r i e r s  in  SI CdSe. 

An en e rg y  l e v e l  d iagram  o f  SI CdSe, show ing th e s e  d e f e c t  l e v e l s ,  

i s  shown in  f ig u r e  2 .8 .4 .
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Fig. 2.2.1: Schematic representation of the steady-state photoluminescence
set-up.



AC £ Acceptor

F ig .  2 .3 .1 :  Energy l e v e l  s c h e m a tic  o f  th e  photo lum ­

in e s c e n c e  p ro c e s s .  V e r t i c a l  s t r a i g h t  l i n e s  r e p r e s e n t  

r a d i a t i v e  t r a n s i t i o n s  and v e r t i c a l  wavy l i n e s  r e p r e ­

s e n t  n o n r a d ia t iv e  t r a n s i t i o n s .  R a d ia t iv e  t r a n s i t i o n s  

a r e  l a b e l e d ( i . e . , C-H, C-A and D -A ).
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F ig .  2 .3 .2 :  P h o to lu m in escen ce  s p e c t r a  o f  t h r e e  sam ples(H ^,

H2 and HO o f  s e m i- in s u la t in g  CdSe a t  77 K. Shown a r e  th e

f r e e  hole(XH) and sh a llo w  accep to r(X A ) b a n d s .  Sample ( - • - « ) ,  

sam ple H2 (-----) and sam ple H.j(----- ) .
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F ig .  2 .3 .3 :  P h o to lu m in escen ce  s p e c t r a  o f  th r e e  sam ples(H^

and H^) o f  s e m i- in s u la t in g  CdSe a t  293 K(room tem pera­

t u r e ) .  Only th e  f r e e  hole(XH) band i s  o b s e rv a b le .  The 

component o f  p h o to lu m in escen ce  p o la r iz e d  p a r a l l e l  to  th e  

o p t i c a l  ax isC $) i s  shown f o r  sam ple Sample ( - • - • ) ,

sam ple H2 (----- ) ,  sam ple H2 w here E f (c (»  • • )  and sam ple

( ) .
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F ig .  2 . 3 . A: I n t e n s i t y  o f  p h o to lu m in escen ce  a s  a fu n c ­

t i o n  o f  e x c i t a t i o n  i n t e n s i t y ,  a t  th e  peak  o f  th e  XH

band(715  nm a t  293 K and 682 nm a t  77 K ), f o r  d i f f e r ­

e n t  sam ples  o f  S I CdSe a t  77 K and 293 K. Sample 

a t  77 K (+ ), Hx a t  293 K (X ), H2 a t  77 K (* ) , H£ a t  293 K 

CA) , H3 a t  77 K(£) and H3 a t  293 K(Q) -
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F ig .  2 .3 .5 :  I n t e n s i t y  o f  p h o to lu m in e sc e n c e , 1.^, a s  a

f u n c t io n  o f  e x c i t a t i o n  i n t e n s i t y ,  I p , a t  th e  peak  

(/V710 nm) o f  the: XA band a t  77 K, f o r  t h r e e  sam ples . 

o f s e m i- in s u la t in g  CdSe. Sample H ^ -h - i- ) ,  sam ple H2 

(S8fl) and sam ple H^COOO).
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R = I L (2 Ip) /  I L (Ip)

A \  A "

Eg(77K) . Eg(293K)

650 670 690 710 730 .

WAVELENGTH (nm) |
F ig .  2 . 3 .6 :  The r a t i o  R=IL ( 2 I p ) / I ^ ( I p ) a s  a fu n c t io n  o f  th e  p h o to -

lu m in escen ce  w a v e len g th  f o r  sam ple The w a v e len g th  co rre sp o n d in g

to  th e  en erg y  gap i s  shown f o r  77 K and 293 K. The r a t i o  R i s  shown 

f o r  th r e e  c o n d i t io n s :  a t  77 K(XXX), a t  293 K («#a) and a t  293 K fo r

th e  com ponent o f  p h o to lu m in escen ce  p o la r iz e d  p a r a l l e l  to  th e  o p t i c a l  

a x is  CAA).
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A S in c le  C e n te r  K la se n s ' K odel

-o -o -O -C  ̂ O ^O -Q -C H D  O -i

F ig .  2 .4 .1 :  K la se n s  model f o r  a  s in g l e  deep donor l e v e l ,

u n d e r c o n d i t io n  1112 a s  d e sc r ib e d  in  th e  K la sen s  n o ta t io n  

(K la se n s ,  1958). Under c o n d i t io n  11'12, th e  b an d -to -b an d  

p h o to lu m in escen ce  obeys a power law  in  e x c i t a t i o n  in t e n s i t y  

w ith  m =1.5, w h ile  b a n d -to -d o n o r  lu m in escen ce  obeys a l i n e a r  

power law  w ith  m=1.0.
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Q u a s i-e x p o n e n tia l

E le c tro n (h o le )  
_ F erm i le v  e l

_  _  Dark Fermi level

A  E

F ig .  2 .4 .2 :  Energy l e v e l  sc h e m a tic  f o r  th e  q u a s i -

c o n tin u o u s  d i s t r i b u t i o n  model by Rose. The d e n s i ty  

o f  d e fe c t  s t a t e s  i s  n e a r ly  e x p o n e n t ia l  and an  e x c i te d  

s t a t e  Ferm i l e v e l ( e l e c t r o n  o r  h o le )  can move th ro u g h  

t h i s  d i s t r i b u t i o n  w ith  ch ang ing  e x c i t a t i o n .
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b a n d (p  )

0 .4 5  eV

I Split-off hole( —V ---------------------------------------------------------------- ------------  b a n d tr ^ )

F ig .  2 . 6 .1 :  Symmetry o f en e rg y  l e v e l s  and s e l e c t i o n  r u l e s

o f  p h o to lu m in e sc e n c e  f o r  i n t r i n s i c ,  w u r tz ite (C ^  ) CdSe. TheDV
p o l a r i z a t i o n  o f  th e  p h o to lu m in escen ce  c o rre sp o n d in g  to  a 

t r a n s i t i o n  i s  shown r e l a t i v e  to  th e  o p t i c a l  a x i s .
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(mostly V-j)

model (DH

F ig .  2 .6 .2 :  Symmetry and s e l e c t i o n  r u l e s  in v o lv in g  sh a llo w

d e f e c t  s t a t e s  i n  s e m i- in s u l a t i n g ,  w u r t z i t e  CdSe. P o la r i z a t i o n

o f  p h o to lu m in escen ce  i s  shown r e l a t i v e  to  th e  o p t i c a l  a x i s .  

The s e l e c t i o n  r u l e s  a r e  s l i g h t l y  b roken  f o r  th e  sh a llo w  do n o r.
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Mon och r oma tor.

Fig. 2.7.1: Schematic representation of the steady state absorption set-up. A tungsten
lamp is the light source. The sample must be removable in order to measure the spectra 
of the lamp.
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a b s o rp t io n
<E >E .)

a b s o rp t io n

l e v e l .

V alence
b and .

F ig .  2 . 8 . 1 :  Energy l e v e l  sc h e m a tic  o f d e f e c t  l e v e l  to  

c o n d u c tio n  band  a b s o r p t io n .  Below th e  th r e s h o ld  e n e rg y , E Q, 

o p t i c a l  a b s o rp t io n  i s  n o t  a llo w e d . Above th e  th r e s h o ld ,  

a b s o rp t io n  i s  a llow ed  and in c r e a s e s  w ith  p h o ton  e n e rg y , E .
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A E (m e V ) = Eg-E 
F ig .  2 .8 .2 :  N ea r-b an d -ed g e  a b so rp tio n (c m - 1 ) a s  a f u n c t io n

o f  en e rg y  below  bandgap , A E (m eV ), f o r  two sam ples o f  sem i- 

i n s u l a t i n g  CdSe a t  two d i f f e r e n t  te m p e ra tu re s .  Sample a t  

77 K(#) , sam ple H]L a t  293 K (+ ), sam ple H3 a t  77 K (0 ) ,  and \ 

sam ple H3 a t  293 K(X).
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F i g .  2 . 8 . 3 :  A b s o r p t i o n ( c m  ̂ ) a s  a  f u n c t i o n  o f

p h o t o n  e n e r g y  f o r  tw o  s e m i - i n s u l a t i n g  s a m p l e s ,  

s h o w in g  b o t h  t h e  m id g a p  a b s o r p t i o n  t h r e s h o l d  

( A / 1 . 2  eV ) a n d  t h e  n e a r - b a n d - e d g e  a b s o r p t i o n  

t h r e s h o l d ( 1 . 6 - 1 . 7  eV ) a t  tw o  t e m p e r a t u r e s .

S a m p le  H j a t  77 K ( 0 ) ,  s a m p le  HL a t  293  K ( + ) ,  

s a m p le  a t  77 K ( 0 ) , a n d  s a m p le  H3 a t  2 93  K (X ) .
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1.7 eV

Fig. 2.

s h a l l o w

d o n o r )

CONDUCTION BAND

BAND TAIL

DEEP DONOR LEVEL "

-l.3eV

■l.7meV
lOomeV

VALENCE BAND A

VALENCE BAND B

VALENCE BANDC

p  (E)

8 . 4 :  E n e r g y  l e v e l  s c h e m a t i c  o f  u n d o p e d ,

s u l a t i n g  C d S e . Show n a r e  t h e  d e e p  d o n o r ,  

a c c e p t o r  a n d  c o n d u c t i o n  b a n d  t a i l ( s h a l l o w  

s t a t e s .
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SAMPLE TEHP(K) _jjj BAUD ' * CONOITIC

HIGH RESISTIVITY SAMPLES
H1 77 2.0 XH 114121
H1 77 0-8 XA 114121
H1 _ 293 1.6 XH 221221
H2 77 1*4 XH ' • 221221
H2 77 °-8 XA 221221
«2 ' 233 1.5 ' XH 221221
H3 77 1-6 XH 221221
H3 77 0.7 XA 221221
«3 293'- 1.6 XH 221221
LOW RESISTIVITY SAMPLES

77 1.2 XH

T ab le  2 .3 .1 :  Power dependence o f  p h o to lu m in escen ce

i n t e n s i t y ,  L , a s  a  f u n c t io n  o f  e x c i t a t i o n  i n t e n s i t y ,  

J ,  a c c o rd in g  to  L<VJm. The v a lu e  o f  m i s  shown 

f o r  d i f f e r e n t  sam ples  o f  CdSe a t  d i f f e r e n t  tem pera­

t u r e s  a t  th e  peak  o f  th e  XH and XA b an d s. N o ta tio n  

f o r  th e  d i f f e r e n t  c o n d i t io n s  i s  found  in  A ppendix A 

and in  th e  l i t e r a t u r e ( K l a s e n s ,  1958).
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Temperature (K) Band... Wavelength (am) Polarization

77 • XH 1 682 22
- ... II 673

77 XA 1.11 715 6.5
200 XH 1 707 3.4

II 697
200 XA 1.11 725 3.0
293 XH i 715 1.7

II 705

T a b le  2 . 6 .1 :  P o l a r i z a t i o n  o f  th e  p h o to lu m in escen ce  o f

s e m i- in s u la t in g  CdSe(sam ple 1 ^ ) a t  d i f f e r e n t  te m p e ra tu re s .  

The w a v e le n g th  o f  th e  peak  p h o to lu m in e sc e n c e  f o r  each  

band i s  shown f o r  b o th  p h o to lu m in escen ce  p o l a r i z a t i o n s ,  

r e l a t i v e  to  th e  o p t i c a l  a x i s .  The p o l a r i z a t i o n  f o r  each  

band i s  d e f in e d  a s  th e  r a t i o  betw een  th e  peak  ph o to lu m in ­

e sc e n c e  p o la r iz e d  p e rp e n d ic u la r  and p a r a l l e l  to  th e  o p t i c a l
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Samole TenD (K) Threshold (meV) s (meV_3cm_1) b fern-1).
HI 77 115 5.9xl0-3 _ 2.2
HI 293 110 6.1xl0-3 2.5
H3 77 90' 4.6xl0-3 1.5
H3 293 110 ’ S.4xl0~3 O.'S,

T able 2.8.1 : Near-b a n d - e d g e  a bsorption para-
meters. P a r ameters E., s and b are defined A
by the f ollowing equation for a b s orption a:
a = s(E— E + E .)2+b 

g A

w h e r e  E is the bandgap energy and E is theg
t h r e s h o l d ( i . e . ,acceptor ionization energy).
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C h ap te r 3

P icosecond  A bso rp tio n  and P o la r iz e d  T ran sm issio n

3-1 INTRODUCTION

P icosecond  tech n iq u e s  have been  used  to  s tu d y  im p u r i t ie s  in  

io n ic  c r y s t a l s  (von d e r L inde, 197*1; Auston e t .  a l .  1972), b u t 

seldom  a p p lie d  t o  d e f e c ts  in  sem ico n d u c to rs . S u rfa c e  damage on 

CdSe c r y s t a l s  was shown to  s h o r te n  th e  p icosecond l i f e - t i m e s  o f 

f r e e  c a r r ie r s (H u p p e r t  e t .  a l . ,  1982). This c h a p te r  d e s c r ib e s  a 

p icosecond  pum p-probe s tu d y  o f  b u lk  d e f e c ts  in  CdSe. B oth induced  

u n p o la r iz e d  a b s o rp tio n  and induced  p o la r iz e d  t ra n s m is s io n  w ere 

m easured  in  o rd e r  t o  u n d e rs ta n d  th e  dynam ics o f p h o to e x c ite d  e l e c ­

t r o n s  in  SI CdSe.

The d i r e c t  m easurem ent o f p icosecond  phenomena r e q u i r e s  

b o th  a  p icosecond  e x c i ta t io n  s o u rc e  and tech n iq u e s  ca p a b le  o f  u sin g  

u l t r a s h o r t  p u ls e s .  The e x c i ta t io n  so u rc e  u sed  was a  p a s s iv e ly  

m ode-locked  N d :g la ss  l a s e r .  T his l a s e r  system  i s  a s ta n d a rd  to o l  

in  p ico seco n d  sp e c tro sc o p y  and i s  e x te n s iv e ly  d e sc r ib e d  in  th e  l i t -  

e ra tu re (A lfa n o  and S h ap iro , 1976; S c h i l l e r  e t .  a l .  1977). This 

t h e s i s  w i l l  n o t c o n c e n tr a te  on th e  l a s e r  system  i t s e l f ,  b u t w i l l  

d e s c r ib e  th e  p ico seco n d  m easu ring  te c h n iq u e s  t h a t  w ere u sed  to  

s tu d y  d e f e c ts .
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3 .2 Picosecond  A bso rp tio n  M ethods

The p icosecond  a b s o rp tio n  a p p a ra tu s  i s  shown in  f ig u r e  

3 .2 .1 .  A p u ls e  w ith  a  w av e len g th  o f  1.06 pm (=7 p s , =5 mJ) g e n e r­

a te d  a  0.53 ym second harm onic  p u ls e  in  a  KDP c r y s t a l .  B oth fu n ­

dam en ta l and harm onic w ere u sed  t o  g e n e ra te  a  continuum  p u ls e  

(0 .53  ym -  1.06 ym) in  a  CCl* c e l l .  P a r t  o f th e  continuum  ( th e  

1.06 ym and 0.53 ym com ponents f i l t e r e d  ou t)w as given  a  v a r ia b le  

tim e  d e la y  and was u sed  as a  probe p u ls e ,  w h ile  p a r t  o f  th e  1.06 

ym l ig h t  (=0.86 mJ) was g iven  a f ix e d  tim e  d e la y  and was u sed  to  

e x c i te  t h e  sam p le . Both pump and p robe  p u ls e s  w ere s p a t i a l l y  

o v e rla p p e d  on th e  sam ple  w ith in  a  s p o t  s iz e  =0.9 mm2. A f te r  each  

p u ls e ,  th e  energy  o f  th e  1.06 ym pump p u ls e  was m easu red  b e fo re  

t h e  sam p le , w h ile  th e  en erg y  o f th e  probe p u ls e  a t  a  p a r t i c u l a r  

w a v e len g th  was m easu red  b e fo re  and a f t e r  th e  sam p le . T h e • pump 

p u ls e  was m easured  u s in g  a Hadron p h o tod iode  (PD), and th e  probe 

was m easured  b e fo re  and a f t e r  th e  sam ple  by s e p a r a te  S-1 p h o to -  

m u ltip lie rs (P M T s) in  s e r i e s  w ith  s e p a r a te  m onochrom eters . A ll  

th r e e  o u tp u ts  w ere m on ito red  on a  T e k tro n ix  556 Dual T race  o s c i l ­

lo sc o p e . O th e r in v e s t i g a to r s ,  u sing  p a ra m e tr ic  g e n e ra tio n  o f  th e

p ro b e , m easured  th e  a b s o rp tio n  induced  by a  1 .06 ym pump on th e

p robe  a b so rp tio n  a t  3 .4  ym(0ckman and D o r s in v i l le ,p r iv a te  communi­

c a t io n ) .  The work o f  th e s e  in v e s t ig a to r s  i s  in  p ro g re s s  an d . some 

o f  t h e i r  r e s u l t s  w i l l  be com pared w ith  th e  r e s u l t s  in  t h i s  th e s i s .

The continuum  ex tended  from  0.53 ym to  1.06 ym. I t  was

g e n e ra te d  by b o th  th e  1.06 ym and th e  0.53 ym com ponents o f  th e

p u ls e ,  b ecau se  ' i f  e i t h e r  com ponent was b lo ck ed  by f i l t e r s ,  th e
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continuum  from  6U0 nm to  810 nm was to o  weak to  u se . The c o n t in ­

uum i s  g e n e r a l ly  b e l ie v e d  to  be g e n e ra te d  by s e l f - p h a s e  m odula­

t i o n ,  b u t t h i s  o b s e rv a t io n  may show t h a t  p a ra m e tr ic  m ixing i s  a l s o  

im p o r ta n t  in  continuum  g e n e ra t io n .  However, t h i s  t h e s i s  w i l l  con­

c e n t r a t e  on th e  s tu d y  o f s e m ic o n d u c to rs  u s in g  t h i s  continuum  p u ls e  

as a  p ro b e .

In  th e s e  e x p e r im e n ts , th e  p o in t o f  z e ro  d e l a y ( i .e . ,  th e  

te m p o ra l p o s i t io n  w here th e  pump and th e  probe  c o m p le te ly  o v e r ­

la p )  was found  by u s in g  th e  o p t i c a l  K err e f fe c t(H o  and A lfan o , 

1979). A c e l l  o f CS2, a  w e l l  known K err medium, r e p la c e d  th e  

sam ple and was p la c e d  b e tw een  a  p o l a r i z e r  and  a n a ly z e r .  This 

e x p e r im e n ta l a rra n g e m e n t was u sed  in  an e x p e rim en t d e sc r ib e d  in  

s e c t io n  3 .6 , and i s  shown in  f ig u r e  3 -6 .1 . The p o la r iz e r  and an a­

ly z e r  w ere c ro s s e d ,  to  e l im in a te  th e  t r a n s m is s io n  o f  th e  p robe 

u n le s s  th e  CS2 was e x c i te d .  The 1.06 pm p u ls e ,  p o la r iz e d  a t  45° to  

th e  p o l a r i z e r s ,  in d u ced  a  b ir e f r in g e n c e  in  th e  m a te r ia l  t h a t  p e r ­

m itte d  p a r t  o f th e  probe  to  p a ss  th ro u g h  th e  a n a ly z e r .  I f  th e  

d e la y  was such  t h a t  pump and probe p u ls e s  d id  n o t t e m p o ra l ly  

o v e r la p ,  t r a n s m is s io n  was d e s tro y e d .  The p lo t  o f  t r a n s m is s io n  vs 

d e la y  i s  shown in  f i g u r e  3 .2 .2 . T his c o r r e l a t i o n  fu n c tio n (b e tw e e n  

pump and  probe) a l s o ,  can  be u sed  t o  e s t im a te  th e  d u ra t io n  o f  th e  

p robe p u ls e ,  w hich was th e  l im i t in g  f a c to r  f o r  th e  te m p o ra l r e s o ­

l u t i o n .  The p robe  p u ls e  was p ro b a b ly  lo n g e r  th a n  th e  pump p u ls e ,  

due t o  i t s  b ro ad  sp e c tru m  and d is p e rs io n .  The pump p u ls e  from  

t h i s  ty p e  o f l a s e r  i s  < 1 0 .ps lo n g (A lfan o  and S h ap iro , 1976). Thus 

th e  w id th (12  ps) o f  th e  tr a n s m is s io n  c u rv e , shown in  f ig u r e  3 .2 .2 ,  

a g re e s  w ith  t h i s  v a lu e .  The p o s i t io n  and th e  w id th  o f  th e
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tra n s m is s io n  w ere th e  sam e f o r  th e  probe  m easu red  a t  740 nm and 

a t  790 nm, which m eans t h a t  n e i th e r  th e  p u ls e  d e la y  o r  th e  p u ls e  

w id th  v a r ie d  in  t h i s  w a v e le n g th  ra n g e .  D isp e rs io n  in  th e  e x p e r i­

m e n ta l a p p a ra tu s  was n e g l ig ib le  f o r  t h i s  ra n g e  o f  w a v e le n g th s .

The e x c i t a t i o n  en e rg y  o f  th e  pump p u ls e  was v a r ie d  u sin g  

C o rn in g (g la s s )  n e u t r a l  d e n s i ty  (ND) f i l t e r s  and  Kodak W ra tte n (g e la -  

t in )  ND f i l t e r s .  The tr a n s m is s io n  o f  th e  ND f i l t e r s  w ere m easured  

a t  1.06 ym, and a g re e d  w ith  th e  v a lu e s  c la im ed  by th e  com panies. 

These ND f i l t e r s  w ere p la c e d  in  an expanded p a r t  o f th e  1.06 ym 

pump in  o rd e r  to  p re v e n t  f i l t e r  b le a c h in g . S tro n g ly  a b so rb in g  

f i l t e r s  te n d  to  b le a c h ,  so  th e  t r a n s m is s io n  o f  each  f i l t e r  chosen 

was > 1 0 5 . One g l a s s  f i l t e r  was a lw ay s  u sed  to  a t t e n u a t e  th e  1.06 

ym p u l s e ( a l l  g la s s  f i l t e r s  had eq u a l th ic k n e s s )  to  p re s e rv e  th e  

o p t ic a l  p a th  le n g th .  The W ra tten  f i l t e r s  a r e  v e ry  th in ,  so  th e y  

can n o t change th e  p a th  le n g th ,  b u t th e y  te n d  to  b le a c h .  W ra tten  

f i l t e r s  w ere o n ly  u sed  a f t e r  g l a s s  f i l t e r s  had  a t t e n u a te d  th e  

p u ls e  by a t  l e a s t  an o rd e r  o f  m agn itude. The i n i t i a l  p u ls e  energy  

was k e p t w ith in  ±20 5 by p u ls e  s e l e c t i o n  b e fo re  a v e ra g in g . Each 

d a ta  p o in t was th e  a v e ra g e  o f  a t  l e a s t  4 m easu rem en ts . A lo n g  

p ass  f i l t e r  in  th e  e x c i ta t io n  p a th  a lw ay s  e l im in a te d  th e  continuum  

from  th e  e x c i ta t io n  p u ls e .

H ost o f  th e  room te m p e ra tu re  s tu d ie s  w ere done on sam ple  

H3> a sam p le  o f  undoped CdSe which had  been p re v io u s ly  s tu d ie d  and 

c h a ra c te r iz e d  u n d e r s te a d y  s t a t e ,  low  i n t e n s i t y  c o n d itio n s  a s  d e s ­

c r ib e d  in  th e  p rev io u s  c h a p te r .  The sam ple  had an  o p t i c a l  S a x is  

p e rp e n d ic u la r  t o  th e  s u r f a c e  and was 1.55 mm th ic k .  The f r e e  c a r ­

r i e r  and sh a llo w  donor band t a i l  lu m in escen ce , e x c i te d  above th e
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1-73 eV bandgap , had a  pow er law  o f  =1.^ in  e x c i ta t io n  in te n s i ty .  

The a b so rp t io n  a t  room te m p e ra tu re  a t  w a v e le n g th  1.06 pm was =0.5 

cm- 1 . T h is sam p le , r e l a t i v e  to  o th e r  sa m p le s , had a v e ry  s m a ll  

s h a llo w  a c c e p to r  lu m in escen ce  and sh a llo w  a c c e p to r  a b so rp tio n .  

The sam p le  was k e p t in  th e  dark  d u rin g  th e  e x p e rim e n ts , in  o rd e r  

t o  p re v e n t p h o to e x c i ta t io n  by th e  am bien t l i g h t .

The room te m p e ra tu re  m easu rem en ts o f  th e  pum p-probe 

a b s o rp t io n  w ere r e p e a te d  on a n o th e r  sam p le  o f undoped SI 

CdSe(sam ple H„), b ecau se  th e  p rev io u s sam p le  s t a r t e d  to  show 

s l i g h t  l a s e r  damage m a rk s ( i .e . ,  d i s c o lo r a t io n ) .  The exp e rim en ts  

d e sc r ib e d  b e fo re  rem ain  v a l id  b ecau se  th e y  w ere done b e fo re  th e  

l a s e r  damage m arks w ere o b se rv a b le . The room te m p e ra tu re  m eas­

u rem en ts  w ere th e  sam e in  b o th  sa m p le s . The a b so rp t io n  m easure­

m ents a t  790 nm w ere th e n  done a t  d i f f e r e n t  te m p e ra tu re s (fro m  

100 K to  293 K), u s in g  a c o ld  n it ro g e n  gas flo w  and h e a te r  c o n tro l  

sy s te m , on sam ple  H„.

3-3 P icosecond  A bso rp tio n  R e s u l ts

In  tim e  re s o lv e d  a b s o rp tio n ,  th e  induced  changes in  

t r a n s m is s io n  a r e  m easured  a s  a fu n c t io n  o f  tim e  d e la y  o f th e  

p ro b e , r e l a t i v e  t o  th e  pump. Using a  beam s p l i t t e r ,  th e  in te n s i t y ,  

I 0, o f  th e  p robe  p u ls e  b e fo re  i t  e n t e r s  th e  sam p le  and a f t e r  i t  

le a v e s  th e  sam p le  a r e  m easu red . L e t th e  i n t e n s i t y  o f  th e  probe 

t r a n s m i t te d  th ro u g h  th e  e x c i te d  sam ple(pum p p u ls e  in c id e n t)  be I ,  

and th e  i n t e n s i t y  o f  th e  p robe  le a v in g  th e  u n e x c ite d  sam ple(pum p 

p u ls e  b lo ck ed ) • be I 2. Then, in  an o lo g y  to  e q u a tio n  2 .7 .1 , th e
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t r a n s m is s io n  T o f  th e  e x c ite d  sam p le , th e  t ra n s m is s io n  T„ o f  th e  

u n e x c ite d  sam p le  and th e  f r a c t i o n a l  change in  t ra n s m is s io n  6T a re  

d e f in e d  a s  fo l lo w s :

T0 = Ix /Io

T = I 2/ I 0

ST = T /T 0 (3 .3 .2 )

E very v a lu e  o f  T, and ev e ry  v a lu e  o f  T0, was m easured  a t  

l e a s t  4 tim e s  and a v e ra g e d . The fu n c t io n  oT i s  a  fu n c t io n  o f  tim e  

d e la y  t .  The m ost p h y s ic a l ly  r e l e v a n t  v a lu e  i s  th e  induced  change 

in  a b so rp t io n  Aa. For th e  hom ogenously e x c i te d  sam ple  o f  th ic k ­

n e s s  L, th e  v a lu e  f o r  Aa i s  given  by:

6T = exp(-LA a) (3 .3 .3 )

For th e  inhom ogenously  e x c i te d  sam p le , /A a  dL w ould r e p la c e  LAa.

The induced  PL from  th e  p u ls e  c o u ld  be m easured  by b lo c k ­

ing  th e  p ro b e . This PL peaked a t  750 nm, and ra n g ed  from  730 nm

t o  =760 nm. T h is  a n t i -S to k e s  PL w i l l  be d is c u s se d  in  a  l a t e r

c h a p te r .  T his PL c r e a te d  a s m a ll  background n o ise  p rob lem , bu t 

was much w eaker th a n  th e  t r a n s m i t te d  probe p u ls e  in  th e  a b so rp ­

t io n  m easu rem en ts  o f  <5T.

The 1.06 pm, 0 .8  mJ p u ls e  induced  a  l a r g e  in c re a se d  

a b s o rp t io n  (0D =1)for p robe  w av e len g th s  betw een  730 nm to  810 nm 

a t  t=0  p s .  The f r a c t i o n a l  change in  t r a n s m is s io n  6T o f th e  probe 

a s  a fu n c t io n  o f  d e la y  t  betw een  pump and p ro b e  i s  shown in  f ig u re
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3 -3 .1 . The sp ec tru m  o f ST a s  a fu n c t io n  o f  w a v e len g th  X from  730 

nm to  810 nm in  f ig u re  3 -3 .2 , was a lm o s t c o n s ta n t ,  ex c e p t f o r  a 

v e ry  l a r g e  lu m in escen ce  n o ise  background a t  750 nm. In  t h i s  

reg ion (730nm -8 l 0 nm), t h e  tr a n s m is s io n  show ed a  p u ls e  w id th  l im ­

i t e d  r i s e t im e  (=10 p s ) ,  a  s h o r t  decay  com ponent (=10 ps) and  a  v e ry  

lo n g  decay  com ponent (=1 n s ) .  The minimum tra n s m is s io n  in  a l l  

c a se s  was a t  d e la y  z e ro , in d ic a t in g  n e a r ly  in s ta n ta n e o u s  e x c i ta ­

t io n .  At 3 .4 pm, 6T was = 0 .7  f o r  b o th  lo n g  and  s h o r t  com ponents 

a s  com pared to  th e  sm a ll(= 0 .1 )  t r a n s m is s io n  a t  790 nm and 740 nm. 

T his show ed t h a t  th e  induced  a b s o rp t io n  a t  th e  s h o r t e r  w av e len g th s  

co u ld  n o t be due to  i n t r a -b a n d  t r a n s i t i o n s  o f  induced  f r e e  c a r ­

r i e r s ,  w hich w ould in c re a s e  w ith  w av e leng th (P ankove ,1971). The 

ra p id  r i s e  tim e  s u g g e s te d  d i r e c t  e x c i ta t io n  o f  th e  d e fe c t  l e v e l .  

The sp ec tru m  f r a c t i o n a l  change in  t r a n s m is s io n  6T, shown in  F ig .

3 .3 .2 , d id  n o t s i g n i f i c a n t ly  v a ry  from  740 nm to  810 nm a t ' 0  ps 

d e la y .

The change in  probe  a b s o rp t io n  Aa a t  room te m p e ra tu re  was 

m easured  a s  a fu n c t io n  o f  e x c i ta t io n  en erg y  J  a t  0 ps and a t  200 

p s , and th e  r e s u l t s  a r e  shown in  f ig u r e  3 -3 .3 . Both c o u ld  be 

f i t t e d  by a  0 .5  pow er law . T his was r a d i c a l l y  d i f f e r e n t  from  th e  

power la w s  e x p e c te d  from  f r e e  c a r r i e r  a b s o rp t io n  .w here  th e  c a r ­

r i e r s  a r e  induced  by tw o photon  abso rp tion (T P A ). An i n t e n s i t y  

sq u a re d  dependence fo r  f r e e  c a r r i e r  a b s o rp t io n  i s  ex p ec ted  i f  th e  

TPA i s  n o t s a tu r a t e d  and a  l i n e a r  dependence i s  ex p e c te d  i f  th e  

TP A i s  s a tu r a t e d .  S a tu r a t io n  o f  TPA o c c u rs  when m ost o f th e  pho­

to n s  in  th e  p u ls e  a r e  a b so rb e d . The p h o to e x c i ta t io n  o f  n a t iv e  d e f ­

e c t s  a p p e a rs  a s  th e  m ost l i k e ly  e x p la n a t io n  f o r  re a so n s  t h a t  w il l
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soon  be d is c u s s e d .  The in c re a s e  in  a b s o rp t io n ,  a s  opposed to  

b le a c h in g , showed t h a t  th e  e x c i ta t io n  and probe a b s o rp t io n  s t a r t e d  

from  d i f f e r e n t  ground s t a t e s .

The tim e  r e s o lv e d  a b s o rp t io n  a s  a f u n c t io n  o f  te m p e ra tu re  

a t  790 nm was m easu red  from  100 K to  293 K. The te m p e ra tu re  was 

v a r ie d  by a  gas f lo w  sy s te m . Below 250 K, th e  s h o r t  p u ls e  w id th  

l im i te d  com ponent was n o t m e a su ra b le , w h ile  th e  d u ra t io n  o f th e  

slow  com ponent (t^) in c re a s e d  w ith  T l - The d e c re a s in g  t r Ctk vs 

T l) i s  shown in  f ig u r e  3 .3 .1* and  was f i t t e d  t o  th e  f u n c t io n  tk ~ T l3> 

p re d ic te d  by th e  c a sc a d e  th e o ry  f o r  tw o d e f e c t  l e v e l s  d e sc r ib e d  in  

s e c t io n  1 .2 .

3 Or i gi n o f  Induced  A b so rp tio n

In  t h i s  s e c t io n ,  i t  i s  shown t h a t  th e  induced  a b s o rp tio n  

a r i s e s  from  d e fe c t  l e v e l s  and a  p h y s ic a l  model i s  p ro p o sed . A 

l a t e r  s e c t io n  in  t h i s  c h a p te r  w i l l  d e s c r ib e  and s o lv e  th e  r a t e  

e q u a tio n s  f o r  t h i s  p h y s ic a l m odel. The induced  a b s o rp tio n  from  

7^0 nm -  810 nm, t h e  s h o r t  w a v e le n g th  a b s o rp t io n ,  was shown to  

o r ig in a te  from  e x c i te d  d e fe c t  o r im p u r ity  l e v e l s .  F i r s t ,  th e  s h o r t  

w a v e le n g th  a b s o rp t io n  d id  n o t s ig n i f i c a n t ly  change w ith  w ave l­

e n g th . As shown in  f i g .  3 -3-1 , th e  t r a n s m is s io n  a t  w av e len g th  3 .1* 

pm was c lo s e  t o  unchanged in  v a lu e  by th e  1.06 ym pump, w h ile , b o th  

t h e  7^0 nm and 810 nm w av e len g th  t r a n s m is s io n  d e c re a se d  a  g r e a t  

d e a l  a f t e r  e x c i ta t io n .  This showed t h a t  n e i th e r  th e  s h o r t  nor 

lo n g  com ponents w ere due to  f r e e  c a r r i e r  a b s o rp t io n ,  becau se  f r e e  

c a r r i e r  a b so rp t io n  in c re a s e s  w ith  w av e leng th (P ankove , 1971). The
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a b s o rp t io n  was n o t due to  an in te rb a n d  e x c ito n  re so n a n c e , b ecau se  

th e  change in  a b s o rp tio n  a t  7^0 nm, c lo s e  t o  th e  e x c ito n  re so n a n c e  

a t  715 nm, was n e a r ly  th e  sam e a s  th e  change in  a b s o rp tio n  a t  790 

n m (far from  th e  e x c ito n  re so n a n c e )  a s  shown in  f ig u r e s  3 .3 .1  and

3 .3 .2 . In  a d d itio n ,  th e  induced  a b s o rp tio n  o f th e  probe had a  v e ry

s u b l in e a r  pump i n t e n s i t y  dependence, as shown in  f ig u r e  3 .3 .3 . 

T hus, f r e e  c a r r i e r s  g e n e ra te d  by tw o p h o ton  a b so rp t io n  co u ld  n o t

ca u se  th e  induced  probe a b s o rp t io n .  D e fe c t l e v e l s  a r e  th e  o n ly

re m a in in g  e x p la n a tio n  f o r  th e  induced  a b so rp t io n .  These d e fe c t  

s t a t e s  a r e  p ro b ab ly  n o t s u r f a c e  s t a t e s ,  becau se  th e  p ro b e  was 

t r a n s m i t te d  th ro u g h  th e  b u lk  o f  th e  sam p le .

The f a c t  t h a t  th e  induced  a b so rp t io n  j u s t  below  bandgap in  

SI CdSe was no t due to  f r e e  c a r r i e r s ,  bu t was due to  n a tiv e  d e f ­

e c t s ,  may a ls o  be t r u e  f o r  o th e r  s e m ic o n d u c to rs . Many p rev io u s  

s tu d i e s ,  which assum ed th a t  th e  induced  a b s o rp tio n  in  th e  c r y s t a l  

s tu d ie d  was due to  f r e e  c a r r i e r s  o r e x c i to n s ,  d id  n o t e l im in a te  th e  

p o s s ib le  a b s o rp tio n  o f  e x c ite d  d e fe c t  le v e ls ( R e in t je s  and McGroddy, 

1973; B ecker e t .  a l . ,  1980; Migus e t .  a l . ,  1980).

The d e fe c t  l e v e l  c au s in g  th e  a b s o rp tio n  was a  deep l e v e l ,  

n o t s h a llo w  l e v e l s .  The fo l lo w in g  th r e e  o b se rv a t io n s  s u p p o r t t h i s  

s ta te m e n t .  F i r s t ,  th e  induced  a b so rp t io n  ex ten d ed  down to  1.53 

eV(as shown in  f ig u r e  3 .3 .2 ) , w h ile  th e  bandgap Eg i s  1.73 eV, su g ­

g e s t in g  t h a t  th e s e  l e v e l s  w ere a t  l e a s t  0 .2  eV from  e i th e r  th e  

f r e e  e l e c t r o n  o r  th e  f r e e  h o le  band. Second, th e s e  l e v e l s  w ere 

d i r e c t l y  e x c i te d  by th e  1.17 eV pumping p u ls e  a s  in d ic a te d  by th e  

in s ta n ta n e o u s  r i s e t im e  o f th e  change in  5T a s  shown in  f ig u r e  

3 -3 .1 . T h ird , ' t h e  tw o s t e p  e x c i ta t io n  o f t h e  co n d u c tio n  band,
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which w i l l  be d is c u s s e d  in  th e  n e x t c h a p te r ,  in d ic a te d  a  l e v e l  was 

lo c a te d  betw een  0 .56  eV and 1.17 eV above th e  v a le n c e  band. N ei­

th e r  th e  sh a llo w  donor o r sh a llo w  a c c e p to r  have e n e rg ie s  in  t h i s  

r a n g e . The deep donor w i l l  be assum ed to  cau se  t h e  induced  

a b s o rp tio n .

The model p ro p o sed  w i l l  u se  th e  same en e rg y  l e v e l s  a s

d e sc r ib e d  in  c h a p te r  2 and shown in  f ig u re  2 .8 .4 : th e  co n d u c tio n

band CB, th e  v a le n c e  band VB, a  deep donor re c o m b in a tio n  c e n te r  R 

r e s p o n s ib le  f o r  m ost o f  th e  p icosecond  induced  a b so rp t io n  and a 

sh a llo w  a c c e p to r  A. The s te a d y  s t a t e  work su g g e s te d  t h a t  a con­

d u c tio n  band t a i l  made o f  sh a llo w  donors may a ls o  p la y  a minor 

r o l e .  The e f f e c t  o f  th e  band t a i l  i s  c o n s id e re d  n e g l ig ib le  in  t h i s  

c h a p te r ,  b u t w i l l  be s tu d ie d  f u r t h e r  in  th e  n e x t c h a p te r .  The 

c o n c e n tra t io n  o f  t o t a l  deep d o n o rs ( in c lu d in g  em pty d o n o rs ) , deep 

donors f i l l e d  w ith  e l e c t r o n s ,  sh a llo w  donors e l e c t r o n s ,  f r e e ' con­

d u c tio n  e l e c t r o n s  and f r e e  h o le s  w i l l  be d en o ted  Nr , nP , n^, n and 

p, r e s p e c t f u l l y .  A s h a llo w  a c c e p to r  s i t e  can e i t h e r  be em pty o r 

c o n ta in  an e le c t r o n .  The em pty a c c e p to r  s i t e s  w i l l  be c a l le d

t ra p p e d  h o le s .  The c o n c e n tr a t io n  o f  t ra p p e d  h o le s  w i l l  be den o ted

pa and th e  c o n c e n tr a t io n  o f  a c c e p to r s  Na . L et J  be th e  en e rg y  o f 

th e  1.06 pm e x c i ta t io n  p u ls e .

The i n i t i a l  a b so rp t io n  s te p ,  o f  a  1 .06 pm p ho ton , i s  

assum ed to  be t h e  t r a n s i t i o n  o f  a  v a le n c e  band e l e c t r o n  in to  R, 

l e a v in g  a  f r e e  h o le .  A s a l i e n t  p o in t i s  t h a t  th e  a b s o rp t io n  in c r e ­

a se d  a f t e r  e x c i ta t io n ,  i . e . ,  t h e r e  was no b le a c h in g  from  730 nm to. 

810 nm. T h e re fo re , a b s o rp t io n  o f  a  probe pho ton  in  t h i s  range  i s  

assum ed to  cau se  a  t r a n s i t i o n  from  th e  now f i l l e d  R s t a t e  to  t h e
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c o n d u c tio n  band a s  show n in  f ig u r e  3 .4 .1 . The th r e s h o ld  o f  a b so rp ­

t io n  f o r  th e  deep  donor R was shown in  c h a p te r  2 t o  be =1.3 eV, 

how ever, t h e r e  was a  s m a ll  r e s id u a l  a b s o rp t io n  (=0 .5  cm- 1 ) below  

t h i s  th r e s h o ld .  This r e s id u a l  a b s o rp tio n  i s  se e n  in  f ig u r e  2 .8 .3 , 

e s p e c ia l ly  f o r  sam p le  H1. Sam ple H1 had a l a r g e  d e f e c t  c o n c e n tra ­

t io n  a s  shown by th e  l a r g e  a b s o rp t io n  above th r e s h o ld .  In  o th e r  

sem ic o n d u c to rs , a b s o rp t io n  below  th r e s h o ld  o f a  deep  l e v e l  i s  

cau sed  by t r a n s i t i o n s  b e tw een  d e f e c t  l e v e l s  and by inhom ogenous 

b ro ad en in g  o f th e  deep  le v e l(S tu rg e ,1 9 6 2 ) .  T his s ta te m e n t  i s  sup ­

p o r te d  by th e  f a c t  t h a t  t h e  s h a llo w  donor T w as inhom ogenously  

broadened  in to  a  band t a i l  by =25 meV, as shown in  c h a p te r  2 and 

c h a p te r  4. T h e re fo re ,  th e  assu m p tio n  w i l l  be made t h a t  th e  deep 

donor R was s l i g h t l y  inhom ogenously  b roadened  so  t h a t  a 1.17 eV 

pho ton  ( th e  pump) can  e x c i te  an e l e c t r o n  in to  th e  deep donor R 

from  e i th e r  th e  v a le n c e  band o r  th e  sh a llo w  a c c e p to r  A. In  t h i s  

m odel, th e  change in  a b s o rp t io n  Aa i s  p ro p o r t io n a l  to  nr , so  

a c c o rd in g  to  f ig u r e  3 -4 .1 :

Aa(J) -  p = nr  -  J 0*5 (3 .4 .1 )

Both LAa fo r  a  hom ogenously  e x c i te d  sam ple  and /AadL fo r  a  in h o ­

m ogenously  e x c i te d  sam p le  w ould obey th e  sam e sq u a re  r o o t  depen­

dence .

The s q u a re  r o o t  i n t e n s i t y  dependence in  e q u a tio n  3*3.1 u su ­

a l l y  in d ic a te s ,  in  k in e t ic  m odels, th e  r a p id  re c o m b in a tio n  o f a 

m in o rity  c a r r i e r  th ro u g h  an  u n s a tu ra te d  d e fe c t  le v e l(K la se n s ,1 9 4 6 ; 

Wise and K lase 'n s,1948 ; K la sen s e t .  a l . ,1 9 4 8 ) .  Because o f  t h i s
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sq u a re  r o o t  dependence , i t  i s  n e c e s s a ry  t o  assum e t h a t  p » n  and 

t h a t  Nr ,Na » p , p a .

Once th e  i n i t i a l  d e f e c t  l e v e l  e x c i ta t io n  m echanism was 

e s t a b l i s h e d ,  re c o m b in a tio n  pa thw ays w ere c o n s id e re d  in  o rd e r  t o  

e x p la in  s lo w  and f a s t  com ponents o f a b s o rp t io n  and lu m in escen ce . 

The s q u a re  r o o t  i n t e n s i t y  dependence o f  a b s o rp t io n  can  o n ly  be 

e x p la in e d  i f  a n o n - r a d ia t iv e  rec o m b in a tio n  o f  f r e e  c a r r i e r s  . and 

d e f e c t  l e v e l s  ta k e s  p la c e  d u rin g  th e  p u ls e ,  in  t h e  b u lk  o f  th e  

sa m p le . H ow ever, an  e x p la n a t io n  was th e n  needed  to  e x p la in  why 

t h i s  f a s t  re c o m b in a tio n  s to p s ,  so  t h a t  th e r e  a r e  e l e c t r o n s  in  R 

l e f t  f o r  th e  slow (1 n s) com ponent o f a b s o rp t io n .  B an d -to -b an d  

Auger p ro c e s s e s  a r e  n e g l ig ib le  f o r  l a r g e  bandgap sem ico n d u c to rs  

such  a s  C dS e(L andsberg ,1959) and  th e  quantum  e f f ic ie n c y  o f  th e  PL 

was s m a l l ,  so  n e i th e r  Auger o r  r a d i a t i v e  t r a n s i t i o n s  can  e x p la in  

th e  com ponents o f th e  p ico seco n d  a b s o rp t io n .  The s low  com ponent 

can be e x p la in e d  by d o n o r -a c c e p to r  t r a n s i t i o n s  betw een  R and A and 

th e  s h o r t  com ponent by VB to  R t r a n s i t i o n s ( i . e . ,  f r e e  h o le  cap­

t u r e ) .  T r a n s i t io n s  be tw een  R and A w ould be much s lo w e r  th a n  f r e e  

h o le  c a p tu r e ,  b e c a u se  o f  th e  d is ta n c e  be tw een  R and A s i t e s .  In  

t h i s  m odel, t h e  f a s t  com ponent decay  s to p s  when a l l  t h e  f r e e  

h o le s  in  VB a r e  u sed  up, w h ile  th e  tra p p e d  h o le s  in  A rem ain, to  

cau se  t h e  slow  com ponent. The en e rg y  l e v e l  s c h e m a tic  f o r  t h i s  

m odel i s  shown in  f ig u r e  3 .4 .1 . Two s t e p  a b s o rp t io n  w i l l  be co n s i­

d e re d  n e g l ig ib le  in  t h i s  c h a p te r ,  b u t w i l l  be m easu red  w i l l  be d is ­

cu ssed  in  c h a p te r  4. The t r a n s i t i o n  p ro c e s s  f o r  th e  s low  compo-' 

n e n t  i s  show n to  be c a scad e  by th e  te m p e ra tu re  dependence , shown 

in  f i g u r e  3*3.4. The la d d e r  o f e l e c t r o n i c  s t a t e s  re q u ir e d  by th e
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c a scad e  th e o ry  may be p a r t  o f  th e  inhom ogenously  broadened  deep 

donor. T h is la d d e r  w i l l  n o t be s tu d ie d  in  t h i s  t h e s i s .

3*5 Phenom eno log ical Model

A q u a n t i t a t i v e  th e o ry  e x p la in in g  th e  d i f f e r e n t  te m p o ra l

com ponents o f  a b so rp t io n  w i l l  now be d isc u s se d . Two photon  

a b s o rp t io n  and e l e c t r o n - h o le  reco m b in a tio n  w i l l  n o t be in c lu d e d  in  

t h i s  m odel. E x p erim en ts  and m odels in c lu d in g  th e s e  w eaker e f f e c t s  

w i l l  be d e s c r ib e d  in  t h e  n e x t c h a p te r .  L e t th e  p u ls e  w id th  be t p , 

th e  p u ls e  e n e rg y  be J ,  and q be th e  p u lse  i n t e n s i t y .  The r a t e s  

%Nr q, yaNr Na q, Chnr p and canr pa  r e p r e s e n t  th e  r a t e s  o f o p t ic a l  

e x c i ta t io n  o f  E from  VB, o p t i c a l  e x c i ta t io n  o f R from  A, th e  cap­

tu r e  o f f r e e  h o le s  by R and th e  n o n ra d ia t iv e  t r a n s f e r  o f e le c ­

t r o n s  from  R back  to  A, r e s p e c t f u l l y .  S c reen in g  co u ld  change th e  

p a ra m e te rs  in  t h i s  m odel, b u t i t  co u ld  n o t change th e  r a t e  equa­

t io n s  th e m se lv e s .  The r a t e  e q u a tio n s  f o r  th e  p ro c e s s e s  d e sc r ib e d  

b e fo re  a re :

dnr / d t  = yhNr q+uaNr Na q -c hnr p -c anr pa 

d p /d t  = phnr q -c hnr p

nr  = P+Pa (3-5 .1)

The f r a c t i o n a l  change in  t ra n s m is s io n ,  5T, was d e r iv a b le

from  nr  u sin g  th e  o p t i c a l  a b s o rp tio n  c ro s s  s e c t io n  p0 a t  the ' 

p ro b e  w a v e len g th  f o r  e l e c t r o n s  in  R a c c o rd in g  to :
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6T = ex p (-y 0nr L) (3 .5 .2 )

T hese e q u a tio n s  w ere so lv e d  b o th  a n a ly t i c a l l y ,  using  

a p p ro x im a tio n s , and n u m e r ic a lly  by co m p u te r. A n a ly t ic a l ly ,  th e  

f a s t  com ponent was d e r iv e d  by s e t t i n g  th e  d e r iv a t iv e s  in  3.5.1 

e q u a l to  z e ro .  Then, i t  was found  th a t :

in  ag reem en t w ith  b o th  t h e  s h o r t  com ponent decay  and th e  power 

dependence o f  th e  a b s o rp t io n .  For th e  second  tim e  com ponent, th e  

a ssu m p tio n s w ere made t h a t  q=0 and p=0. The s o lu t io n  t o  e q u a tio n  

3 .5.1 i s  th e n :

in  ag reem en t w ith  th e  slow  com ponent in  f i g u r e  3-3-1 .

The te m p e ra tu re  s tu d y  ap p rox im ated  th e  slow  com ponent 

decay  a s  an e x p o n e n tia l  d e c a y ( i .e . ,  iK-1= ca nr  f'o r t= 0 ) . The in c re ­

a s e  o f tk w ith  te m p e ra tu re  was ex p la in e d  by a  ca scad e  p ro c e ss  

betw een  R and A. The c a scad e  th e o ry  assum es t h a t  th e  e l e c t r o n  i s  

t r a n s f e r r e d  th ro u g h  a  s e r i e s  o f in te rm e d ia te  e l e c t r o n i c  l e v e l s  by 

e m it t in g  a c o u s t ic a l  phonons. A lthough a  s e r i e s  o f  l e v e l s  ex ten d in g  

from  R to  A i s  n o t p ro b a b le , a r a t e  l im i t in g  s t e p  may occur 

b etw een  l e v e l s  in  t h e  inhom ogenously b roadened  R band. The f o l ­

low in g  te m p e ra tu re  dependence betw een d e fe c t  l e v e l s  would be 

e x p ec ted (L ax , 1959):

nr ( t )  = (Nr (ua ca~ l +yhch-1 ) ) 0'  sq°* S- J ° ' s (3 .5 .3 )

dnr / d t  = - c a nr 2 (3 .5 .4 )
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ca = kTL~3 “ tk_1 (3 .5 .5 )

This f i t s  th e  te m p e ra tu re  dependence o f  tk w e l l ,  a s  shown by th e  

e x p e r im e n ta l d a ta  shown in  f ig u re  3 .3 .4 .

E q u a tion  3.5 .1  was so lv e d  n u m e r ic a l ly  by com p u te r, assum ­

in g  a  G uassian  p u ls e  p u ls e ( i .e . ,  q ( t )= q 0 e x p ( - t 2/ t p 2) ) .  The com­

p u te r  p rog ram s used  a r e  shown in  append ix  B. The p u ls e  w id th  o f  

th e  l a s e r  sy s tem  was e s tim a te d  a s  7 ps and th e  p u ls e  in te n s i ty  

q 0( f o r  an 870 p j p u lse )  a s  7x1029p ho to n s s -1 cm- 2 . From th e  

a b so rp t io n  m easured  a t  1.06 pm in  c h a p te r  2, p^Nj, = 0.5 cm- 1 . The 

r a t i o  o f  f a s t  com ponent a b s o rp tio n  t o  slow  com ponent a b so rp tio n  

th e n  d e te rm in ed  t h a t  paNr Na = .005 cm- 1 . The t ra n s m is s io n  a t  th e  

b e g in n in g (a t t =30 p s) o f  th e  s low  com ponent d e te rm in ed  p0 = 

2x10-17cm2. As shown th e  com puter f i t  in  f ig u r e  3 .5 .1 , th e  cu rve  

f i t  th e  d a ta  a t  room te m p e ra tu re  v e ry  w e l l  f o r  c^ = 5x10~ 5 cm3/ s  

and ca = 3 .7x10-8  cm3/ s .  Note t h a t  th e  s m a ll  v a lu e s  o f paNr Na and 

ca  e x p la in  why t r a n s i t i o n s  betw een  R and A w ere  in s ig n i f ic a n t  in  

th e  s te a d y  s t a t e  w ork. The com puter cu rv e  f i t  th e  d a ta  a t  100 K 

ve ry  w e l l ,  a s  shown in  f ig u re  3 -5 .1 , w ith  ca =10_ecm3/ s  and w ith  

th e  o th e r  p a ra m e te rs  unchanged. T his s u p p o r ts  th e  m odel o f a  c a s ­

cade t r a n s f e r  from  R to  A. Using th e  v a lu e s  o f ca in  e q u a tio n  

3 .5 .5 , k=1 0-12cm3s -1 K- 3 .

The com pu ter s o lu t io n  c l e a r l y  show s t h a t  th e  f r e e . h o le  

c a p tu re  c a u se s  th e  f a s t  com ponent o f a b s o rp t io n  and th e  R-A 

t r a n s f e r  ca u se s  th e  s low  com ponent o f a b s o rp t io n .  A com parison  o f  

nr ( t )  and p ( t ) ,  shown in  f ig u r e  3 -5 .2 , show s t h a t  th e  slow  compo­

n e n t s t a r t s  when p=0. The R-A t r a n s f e r  p a ra m e te r ,  ca , o n ly
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e f f e c t s  th e  d u ra t io n  o f  th e  s low  com ponent, a s  shown in  f ig u re

3 .5 .3 .  T his f ig u r e  show s t h a t  th e  tim e  dependence o f th e  

t r a n s m is s io n  c u rv e s  a r e  a lm o s t th e  sam e, b e fo re  50 ps f o r  th r e e  

d i f f e r e n t  v a lu e s  o f  ca , bu t have d i f f e r e n t  slow  com ponents. S im i- 

l i a r l y ,  t h e  f r e e  h o le  c a p tu re  p a ra m e te r ,  cjj, o n ly  e f f e c t s  th e  f a s t  

com ponent a s  shown in  f ig u r e  3 .5 .4  f o r  t h r e e  d i f f e r e n t  v a lu e s  o f 

Cft. The dependence o f  nr  on q was shown by com pu ter t o  obey a 

s q u a re  r o o t  la w , which co n firm s  th e  a n a l y t i c a l  s o lu t io n .

The c ro s s  s e c t io n  f o r  h o le  c a p tu re  was e s t im a te d  

from  Cft and th e  th e rm a l v e lo c i ty  v^ ac c o rd in g  toCBourgoin and 

Lannoo, 1983; Neumark and Kosa, 1983):

ch = vt ° h  (3 .5 .6 )

The th e rm a l  v e lo c i ty  vt  a t  t=0 was =3x10 7cm /s (e q u iv a le n t 

to  a c a r r i e r  te m p e ra tu re  Tq=1800 K, a s  d e sc r ib e d  in  th e  n e x t 

c h a p te r ) ,  and th e  com puter s im u la t io n  f i t  d a ta  f o r  cjl =5x10~5 

cm3/ s ,  so  ojj=1.5 x 1 0-12cm2. This i s  h ig h e r  th a n  o th e r  h o le  c a p tu re  

c ro s s  s e c t io n s ,  su ch  a s  S i:In “ , w here 0^=1.5x10-13cm2 a t  100 K 

(Lax, 1959) and to  GaP:02~, w here oh =1 C T ^cm 2 a t  300 K(Henry and 

Lang, 1977). The l a r g e s t  so u rc e  o f  e r r o r  f o r  th e  c a lc u la te d  h o le  

c a p tu re  c ro s s  s e c t io n s  in  CdSe i s  p ro b a b ly  th e  m easured  v a lu e s  o f 

vt , w hich assum ed a  th e rm a l  d i s t r i b u t io n  f o r  f r e e  c a r r i e r s .  How­

e v e r ,  th e  a c tu a l  c ro s s  s e c t io n s  m ust be v e ry  la r g e .  The c a p tu re  

c ro s s  s e c t io n  o f f r e e  h o le s  in  t h i s  e x p e rim en t may be enhanced  in  

th e  c a se  o f  CdSe by th e  high  phonon d e n s i t ie s  g e n e ra te d  by th e  h o t 

c a r r i e r s .  The ra p id  c a p tu re  o f f r e e  h o le s  d e sc r ib e d  in  t h i s  m odel
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would e x p la in  why s te a d y  s t a t e ,  below  bandgap PC in  CdSe has n ev e r 

been  m easu red  a s  p - ty p e  o r neg a tiv e(B u b e ,1 9 6 3 ; F o w le r ,1961). Pho­

to g e n e ra te d  h o le s  would be c a p tu re d  b e fo re  th e y  c o u ld  e f f e c t  th e  

c o n d u c t iv i ty .  Auger p ro c e s s e s  which in c lu d e  a  d e f e c t  l e v e l  c o u ld  

be f a s t ,  b u t w ould n o t  g ive  th e  c o r r e c t  power law s  f o r  th e  in d u ced  

a b s o rp t io n  and th e  a n t i - S to k e s  lu m in e sc e n c e (d e sc r ib e d  n e x t 

c h a p te r ) .

An a n a lo g o u s  m odel, u s in g  a  deep donor t r a p  and a  deep 

a c c e p to r  re c o m b in a tio n  l e v e l  f i t s  t h i s  d a ta .  Such l e v e l s  w ere 

found  by DLTS m easu rem en ts , w here th e  donor has  an io n iz a t io n  

e n e rg y  o f 0 .12  eV and th e  a c c e p to r  has an  io n iz a t io n  e n e rg y  o f  0 .6 

eV(Ture e t .  a l . ,1 9 8 3 ) .  In  t h i s  m odel, th e  f a s t  decay  component(<2C 

ps) comes from  th e  c a p tu re  o f  con d u c tio n  e l e c t r o n s  in s te a d  o f  f r e e  

h o le s .  However, p h o to -H a l l  m easu rem en ts on undoped, SI CdSe show 

t h a t  o n ly  co n d u c tio n  e l e c t r o n s  a r e  g e n e r a te d ( i .e . ,  n - ty p e  PC) by 

below  bandgap e x c ita t io n (B u b e ,1 9 6 l ; F o w le r, 1961). I f  th e  deep 

l e v e l  c a p tu re d  c o n d u c tio n  e l e c t r o n s  as r a p id ly  as th e  f a s t  compo­

n e n t i n d ic a te s ,  th e n  n - ty p e  PC c o u ld  n o t o c c u r . A lso , th e  c ro s s  

s e c t io n  f o r  e l e c t r o n  c a p tu re (= 1 0 _ l3 cm2) by th e  deep a c c e p to r  i s  

t o o  s m a ll  t o  e x p la in  t h e  f a s t  com ponent decay . T h e re fo re ,  th e  tw o 

le v e l s  in v o lv ed  in  th e  p ico seco n d  decay  a r e  p ro b a b ly  n o t th e  same 

as  th e  l e v e l s  found  by DLTS, and a r e  p ro b a b ly  th e  sh a llo w  a c c e p to r  

and  deep  donor d e s c r ib e d  in  c h a p te r  2. The p a r t i a l l y  a n n e a le d  

CdSe sam p les  u sed  in  t h e  DLTS m easu rem en ts  may have d i f f e r e n t  

l e v e l s  th an  th e  SI sa m p le s  u sed  in  t h i s  th e s i s .  A nother p o s s ib i l ­

i t y  i s  t h a t  DLTS and o p t i c a l  s p e c tro s c o p y  a r e  s e n s i t i v e  to  d i f f e r ­

e n t d e fe c t  l e v e l s .
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P icosecond  P o la r iz a t io n  E xperim en ts

The dynam ics s tu d ie d  p re v io u s ly  o n ly  d e s c r ib e  t r a n s i t i o n s  

betw een  d e fe c t  s t a t e s  a t  d i f f e r e n t  e n e rg ie s .  The dynam ics o f 

e le c t r o n  t r a n s f e r  b e tw een  d e g e n e ra te  l e v e l s  o f a  d e f e c t  can p ro ­

duce r e s o n a n t  enhancem ent o f  o p to - e le c t r o n ie  p r o p e r t ie s .  The 

p icosecond  p o la r iz a t io n  ex p e rim en ts  on sam ple  H3 a t  room tem p era­

tu r e  w ere done t o  in v e s t i g a t e  t h i s  p o s s ib i l i t y .  Sam ple H3 had c 

ax es  p e rp e n d ic u la r  t o  t h e  s u r f a c e ,  which e l im in a te d  background 

b ire f r in g e n c e  e f f e c t s .

P icosecond  in d u ced  p o la r iz a t io n  e x p e rim en ts  w ere p e rfo rm ed  

on th i s  sam p le  un d er th e  same c o n d itio n s  a s  th e  a b so rp t io n  e x p e ri­

m ents u s in g  th e  same pump and  probe a p p a ra tu s  which m easured 

a b so rp t io n .  The p o la r iz a t io n  o f th e  continuum  was i n i t i a l l y  p a r a l ­

l e l  to  th e  p o la r iz a t io n  o f  th e  1.06 pm pump. The sam ple  was 

p la c e d  betw een  a p o l a r i z e r  and an a n a ly z e r ,  which w ere u s u a l ly  

c ro s se d  and  a t  90° t o  each  o th e r ,  a s  shown in  f ig u r e  3 .6 .1 . The 

p o la r iz e r  changed th e  p o la r iz a t io n  o f th e  p ro b e  e n te r in g  th e  

sam ple  and th e  a n a ly z e r  m easured  th e  change o f  p o l a r iz a t io n  o f th e  

t r a n s m i t te d  p ro b e . When th e  p o la r iz e r  and a n a ly z e r  w ere c ro s se d , 

no t ra n s m is s io n  th ro u g h  th e  u n e x c ite d  sam ple  was m easu red . Each 

p o la r iz e r  co u ld  be s e p a r a t e ly  r o t a t e d ,  to  s e p a r a te  d i f f e r e n t  in ­

duced p o la r iz a t io n  e f f e c t s .  When th e  p o la r iz e r  and a n a ly z e r  w ere 

c ro s se d ,  w ith  th e  pump p o la r iz a t io n  e i th e r  p a r a l l e l  t o  th e  p o la r ­

i z e r  o r c i r c u l a r l y  p o la r iz e d ,  th e  probe tra n s m is s io n  th ro u g h  th e  

e x c i te d  sam p le  was b lo ck ed . This e lim in a te d  c o n tr ib u t io n s  from 

induced  o p t i c a l  a c t i v i t y  and induced  c i r c u l a r  d ich ro ism . When th e
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p o l a r i z e r s  w ere c ro s s e d  and th e  pump p o la r i z a t i o n  made an an g le  

45° w ith  each  p o la r i z e r ,  th e  1.06 ym pump ind u ced  a p o la r iz a t io n  

in  t h e  s am p le  r e s u l t i n g  in  probe  tr a n s m is s io n  a t  790 nm and a t  0 

ps d e la y .  The la r g e  background induced  a b s o rp t io n  r a i s e d  th e  pos­

s i b i l i t y  o f  l i n e a r  dichro ism (W aldeck  and C ro ss , 1981). With th e  p o l­

a r i z e r  a t  45° to  th e  pump p o la r iz a t io n ,  th e  a n a ly z e r  was r o t a t e d  

and th e  p o la r iz e d  tr a n s m is s io n  T ' was m easu red  a s  a f u n c t io n  o f 

a n g le ,  0, be tw een  th e  pump e l e c t r i c  f i e l d  and  th e  a n a ly z e r .  The 

induced  p o la r iz a t io n  t r a n s m is s io n  T ' a s  a  f u n c t io n  o f  0 i s  shown 

f o r  b o th  th e  e x c i te d  and th e  u n e x c ite d  sam p le  in  f ig u r e  3 .6 .2  a t  

790 nm and 0 ps d e la y .  The u n ex c ite d  sam p le  show ed a minimum 

tr a n s m is s io n  when th e  tw o p o la r i z e r s  w ere a t  90°, in d ic a t in g  t h a t  

th e  n a tu r a l  b ir e f r in g e n c e  o f th e  m a te r ia l  was i n s ig n i f ic a n t .  The 

s h i f t  o f th e  minimum T 1 from th e  p o s i t io n  o f  c ro s s e d  p e rp e n d ic u la r  

p o la r iz e r s  by 15° in d ic a te d  a  p o s i t iv e  ind u ced  l i n e a r  d ich ro ism  ( in ­

duced a b s o rp t io n  g r e a t e s t  in  th e  d i r e c t io n  o f th e  pump e l e c t r i c  

f i e l d ) .  The in c re a s e  in  w id th  o f th e  a n g u la r  p r o f i l e  o f  tr a n s m is ­

s io n  in d ic a te d ,  an  induced  b ir e f r in g e n c e  s t r o n g e r  th a n  th e  d ic h ro ­

ism . The p h y s ic a l meaning o f  induced  b ir e f r in g e n c e  and induced  

d ich ro ism  w i l l  be d is c u s se d  in  a  l a t e r  s e c t io n .

The p o la r iz e d  t ra n s m is s io n  was m easured  a s  a  fu n c t io n  o f  

tim e and w av e len g th . The induced  p o la r iz e d  t r a n s m is s io n ,  bo th  

unn o rm a lized (T ')  and  norm alized (T V T ) f o r  th e  changes in  u n p o la r­

iz e d  tra n sm is s io n (T )  i s  shown as  a  fu n c t io n  o f  d e la y  t  in  f i g .  

3.6.3* The in d u ced  p o la r iz a t io n  d id  n o t have a  s low  com ponent, and 

a f t e r  a c o r r e c t io n  f o r  sam p le  a b s o rp t io n ,  was maximum a t  z e ro  

d e la y  and  was p u ls e  w id th  l im ite d  (=8 p s ) .  The p o la r iz a t io n
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m easu red  a s  a  fu n c t io n  o f  X and shown in  f i g u r e  3 .3 .2 , was a lm o s t 

c o n s ta n t  from  7^0 nm to  810 nm a t  z e ro  d e la y ,  e x c e p t f o r  a  v e ry  

la r g e  PL n o ise  background  a t  750 nm. B ecause th e  PL was u n p o la r ­

iz e d ,  t h e r e  was a  s ig n i f i c a n t  n o ise  s ig n a l  from  th e  PL even  a t  790 

nm, w hich was m easured  by b lo c k in g  th e  p ro b e . T here was a ls o  

le a k a g e  th ro u g h  th e  c ro s se d  p o la r i z e r s ,  w hich was m easured  by 

b lo c k in g  th e  e x c i ta t io n  p u ls e .  N e ith e r  e f f e c t  was l a r g e  enough to  

in v a l id a te  t h e  r e s u l t s  o f t h i s  s e c t io n .

3.7 D iscu ssio n  o f  P ico seco n d  P o la r iz a t io n

The p h y s ic a l i n t e r p r e t a t i o n  o f th e  p o la r iz e d  induced  

t ra n s m is s io n  w i l l  now be d is c u s s e d .  Induced  b ir e f r in g e n c e  i s  th e  

d i f f e r e n c e  be tw een  th e  index  o f r e f r a c t i o n  f o r  l i g h t  p o la r iz e d  

p a r a l l e l  to  th e  pump e l e c t r i c  f i e l d ,  n lt  , and p e rp e n d ic u la r  t o  th e  

pump e l e c t r i c  f i e l d ,  n^_ . B ire f r in g e n c e  does n o t change th e  am p li­

tu d e s ,  Au and A  ̂ ,o f  th e  tw o e l e c t r i c  f i e l d  com ponents, b u t i t  

does add a  phase d e la y  6 be tw een  them . Induced  d ich ro ism  r e f e r s  

to  th e  d i f f e r e n c e  betw een  th e  a b s o rp t io n  induced  p e rp e n d ic u la r  and 

p a r a l l e l  t o  th e  e l e c t r i c  f i e l d  o f  th e  pump, o ^ a n d  . D ichro­

ism a lo n e  does n o t change th e  p h ase  d e la y  6, b u t i t  does change 

th e  r a t i o  Ax  /A)( . C o n seq u en tly , induced  b ir e f r in g e n c e  changes a

l i n e a r l y  p o la r iz e d  probe to  an e l l i p t i c a l l y  p o la r iz e d  p ro b e , w h ile  

induced  d ich ro ism  r o t a t e s  th e  p la n e  o f  p o l a r iz a t io n  o f  th e  p ro b e . 

T h is was u sed  e a r l i e r  in  t h i s  pap e r t o  d is t in g u is h  betw een  them . 

B oth  r e q u i r e  d e g e n e ra te  e n e rg y  l e v e l s ( i . e . ,  d i f f e r e n t  wave fu n c ­

tio n s  w ith  th e  same e n e rg y ). However, induced  b ir e f r in g e n c e
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r e q u i r e s  o n ly  v i r t u a l  t r a n s i t i o n s  to  th e s e  l e v e l s  w h ile  induced  

d ich ro ism  r e q u i r e s  r e a l  t r a n s i t i o n s  t o  th e s e  d e g e n e ra te  l e v e l s ,  so  

d ich ro ism  im p lie s  m id g a p ( i .e . ,d e f e c t)  d e g e n e ra te  en e rg y  l e v e l s .

C o nsider th e  c r y s t a l  be tw een  p o la r iz e r  and  a n a ly z e r ,  w ith  

an in duced  p o la r iz a t io n  a s  in  th e  ex p e rim en t p re v io u s ly  d e s c r ib e d .  

The c r y s t a l  h as  a  th ic k n e s s  L (0.155 cm), a  s t r o n g  b ir e f r in g e n c e  , a  

weak d ich ro ism  , and  i s  p robed  by a p u ls e  t h a t  i s  l i n e a r l y  p o la r ­

iz e d  a t  45°(A (/ =A± ) t o  th e  in duced  o p t ic a l  a x is .  The a n a ly z e r  i s  

a t  an a n g le  6 t o  th e  o p t i c a l  a x is .  The em erging  probe  i s  e l l i p t i -  

c a l l y  p o la r iz e d ,  w here th e  a n g le  o f th e  sem i-m ino r ax is  o f  th e  

e l l i p s e  i s  a t  an a n g le  0 to  th e  o p t i c a l  a x is ,  w here 0 i s  th e  m ini­

mum tr a n s m is s io n  a n g le  f o r  th e  a n a ly z e r .  The p o la r iz a t io n  e l l i p s e  

f o r  t h i s  s i t u a t io n  i s  shown in  f ig u r e  3*7.1. The a p p ro p r ia te  equa­

t io n s  f o r  th e  em erg ing  p u ls e  a r e  then(W aldeck  and C ro s s ,1981; 

A y ra l,  e t .  a l .  1984; Y ariv and  Yen, 1984):

T '/T = s in 26 w here 6=2irLAn/X and  8=0 

ta n  20 = 2Aj_ Af/ cos 6 /U ^  2-A;/ 2)

Aj_ /A l( = e x p ( - (o x ~ a  ( )L) (3*7.1)

N ote th e  c a se  o f  z e ro  d ich ro ism tA ^ =A;/ ) .  U sing th e  t h i r d  

e q u a tio n , e i t h e r  0=45°(sem i-m inor a x is  unchanged)o r 6 = 9 0 ° (c irc u la r  

p o l a r i z a t i o n ) .  So any s h i f t  in  a n g le  0 a f t e r  e x c i ta t io n  im p lie s  i n ­

duced  d ich ro ism , a s  s t a t e d  p re v io u s ly .  E s tim a te s  o f t h e s e  induced  

e f f e c t s  w ere made u sin g  th e  f o l lo w in g  m easu rem en ts  in  (3 .7 .1 ) . At 

6=0=3 0 °, T '/T = 0 .5  so  5=45°, so  u s in g  3.7 .1  i t  i s  found  t h a t  6=45° 

and a ,( - a A =5 cm- 1 .
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M a te r ia l  p a ra m e te rs  w ere be e s t im a te d .  Induced  d ichro ism  

i s  known to  be a  fo u r-w a v e  m ixing e f f e c t ( i . e . ,  p ro p o r t io n a l  t o  

Epump2)- The o p t i c a l l y  induced  b ir e f r in g e n c e  m ust a l s o  be a  fo u r -  

wave m ixing e f f e c t ,  b ecau se  any e f f e c t  l i n e a r  in  EpUmp w ould  a v e r­

age to  z e ro  becau se  o f  th e  o s c i l l a t i n g  f i e l d  EpUmp , i . e . ,  th e  f o l ­

lo w ing  eq u a tio n s  can  be used:

An=KXEpUmp2 

aa - a  =Sq (3-7.2)

U sing q a s  101* MW/cm2, th e  d ich ro ism  c o n s ta n t  S was found 

to  be 5x10""* cm-1 MW-1 and th e  K err c o n s ta n t  K was 1.5x10- l 9 in/V2. 

The d ich ro ism , a s  s t a t e d  b e fo re ,  was c e r t a in ly  r e l a t e d  t o  midgap 

d e fe c t  s t a t e s ,  b u t o r ig in  o f  th e  K err e f f e c t  i s  s t i l l  n o t c e r ta in .  

The induced  p o la r iz a t io n  ex ten d ed  th ro u g h  th e  sam e re g io n  a s  th e  

induced  a b s o rp t io n  p re v io u s ly  d e s c r ib e d ,  s u g g e s t in g  t h a t  th e  same 

d e fe c t  l e v e l s  may have enhanced th e  induced  p o la r iz a t io n .  The 

f a s t  p icosecond  decay  o f  th e  tr a n s m is s io n  T \  shown in  f ig .  3 -6 .1 , 

e l im in a te d  th e  p o s s ib i l i t y  o f induced  p h o to r e f r a c t io n .  The absence  

o f  c i r c u l a r  d ich ro ism  and o p t i c a l  a c t i v i t y  showed t h a t  o f f -d ia g o n a l  

n o n lin e a r  e f f e c t s ( i . e . ,  fo u r-w av e  m ixing w ith o u t an  induced  c ax is ) 

w ere n e g l ig a b le  in  t h i s  ex p e rim en t(Y ariv  and Y eh,1984). As w ith  

many a b s o lu te  m easu rem en ts , a  la r g e  u n c e r ta in ty  comes from  th e  

i n t e n s i t y  m easu rem en ts .

The mechanism f o r  induced  d ich ro ism (an d  p ro b a b ly  t h e  b ir e ­

f r in g e n c e )  in v o lv e d  th e  dynam ics o f  t h e  d e f e c ts .  The re sp o n se  

tim e  o f th e  b ir e f r in g e n c e  (=8 ps) was p u ls e  w id th  l im i te d ,  j u s t
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l i k e  th e  f a s t  a b s o rp tio n  com ponent. Some th e o r ie s  p re d ic t  t h a t  

deep l e v e l s  in  sem ico n d u c to rs  co u ld  enhance th e  K err e f f e c t  

becau se  o f  s a tu r a t i o n  o f  d e g e n e ra te  s ta te s (C h a n g ,1 9 8 l ; P e r l in ,  

1981). The f a s t  re sp o n se  tim e  o f t h e  in d u ced  d ich ro ism  and b i r e ­

fr in g e n c e  in d ic a te  an u l t r a f a s t  r e d i s t r i b u t io n  betw een  d e g e n e ra te  

s t a t e s  o f  t h e  R l e v e l .  T his p o s s ib i l i t y  i s  shown in  t h e  s c h em a tic  

o f f ig u r e  3 .7 .2 . In  t h i s  f ig u re ,  d e g e n e ra te  l e v e l s  in  R p re fe re n ­

t i a l l y  a b so rb  d i f f e r e n t  p o la r iz a t io n s  o f  t h e  p robe , c au s in g  in ­

duced d ic h ro ism . A s im i l ia r  model u s in g  v i r t u a l  t r a n s i t i o n s  in ­

s te a d  o f a b so rp t io n  can e x p la in  t h e  K err e f f e c t .  The e x is te n c e  o f  

p ico seco n d  fo u r-w a v e  m ixing from  d e f e c ts  s u g g e s ts  th e  u se  o f  sem i­

co n d u c to r  im p u r i t ie s  by r e s o n a n t  enhancem ent o f phase co n ju g a tio n .

M odels u s in g  th e  deep donor and s h a llo w  a c c e p to r  e x p la in  

a l l  th e  r e s u l t s  o f th e  pum p-probe e x p e rim e n ts  d e sc r ib e d  in  t h i s  

c h a p te r .  These m odels d e sc r ib e  t h e  reco m b in a tio n  o f f r e e  h o le s ,  

b u t do n o t  in c lu d e  e l e c t r o n s  in  th e  c o n d u c tio n  band. In  th e  n e x t 

c h a p te r ,  b o th  th e  a f f e c t  o f  d e f e c ts  on th e  co n d u c tio n  band and 

m u lt i -p h o to n  a b so rp t io n  w i l l  be in v e s t ig a te d .
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F ig :  3 . 2 .1 :  P ico seco n d  pum p-probe a p p a ra tu s .  The 1.06/Cm p u ls e  was g e n e ra te d
by a Nd: g l a s s  l a s e r ,  and th e  0 .53^tm  second harm onic  was g e n e ra te d  in  a KDP 
c e l l .  A l l  o th e r  w a v e le n g th s  w ere g e n e ra te d  in  th e  CCl^: c e l l  shown.
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_ WAVELENGTH (nm)

F ig .  3 .3 .2 :  T ran sm iss io n  s p e c t r a ,  a t  0 ps d e la y ,  f o r  b o th  th e
u n p o la r iz e d  a b s o rp t io n  and th e  p o l a r iz e d  t r a n s m is s io n  e x p e rim e n ts . 
B oth p o la r iz e d  and u n p o la r iz e d  in d u ced  change in  tr a n s m is s io n  
w ere c o n s ta n t  from  740 nm to  810 nm.

U n p o la r iz e d  a b s o rp t io n  e x p e rim e n t, showing th e  r a t i o  T/Tq 
(89) b etw een  th e  tr a n s m is s io n  o f  th e  e x c i te d  sam ple and th e  
t r a n s m is s io n  o f th e  u n e x c ite d  sam ple .

j P o la r iz e d  t r a n s m is s io n  e x p e rim e n t, show ing th e  r a t i o  
T /T q  (00) betw een  th e  t r a n s m is s io n  th ro u g h  c ro s s e d  p o la r i z e r s  
and th e  t r a n s m is s io n  th ro u g h  u n c ro s se d  p o la r i z e r s  f o r  th e  
e x c i te d  sam ple .
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...PUMP INTENSITY .(Arb. Units)..__
F ig .  3 . 3 .3 :  Induced  change in  ab so rp tio n ,A c C , a t

790 nm a s  a  fu n c t io n  o f  pump p u ls e  e n e rg y , J ,  a t  0 ps 

d e la y (a o )  and a t  200 p s  d e la y ( 0 0 ) .  A lso  shown i s  th e  

p r e d ic te d  change in  a b so rp tio n ,A o C jp ,  f o r  th e  ab so rp ­

t i o n  o f  f r e e  c a r r i e r s  ind u ced  by u n s a tu ra te d  two 

p ho ton  a b s o rp t io n .
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CL
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2
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i

LJ
Ll._I

100
TEMPERATURE (K )

1000

F ig .  3 . 3 .4 :  L i f e - t i m e , o f  a b s o rp t io n ( s lo w
com ponent) a s  a fu n c t io n  o f l a t t i c e  te m p e ra tu re ,
Tl . An e x p o n e n t ia l  decay  i s  u sed  a s  an ap p ro x im a tio n  
o f  th e  slow  com ponent. The d a ta  i s  com pared to  
a  c u b ic  te m p e ra tu re  d ependence , p r e d ic te d  by th e  
c a sc a d e  th e o ry .
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a b s o r p t io n ,  
two s te p  
a b s o r p t io n .

■10 f>S

O p tic a l  
R-A a b so rp t io n  
by pump.

by pump.

F ig .  3 .4 .. 1: E nergy l e v e l  s c h em a tic  e x p la in in g  th e  pump-
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TRANSMISSION VS TIME

30

, TiutCp. )
F ig .  3 .5 .1 a :  Computer c u rv e s  f o r  two c  v a lu e s  compared to  th e  
e x p e r im e n ta l v a lu e s  a t  two te m p e ra tu re s ,  w ith in  th e  f i r s t  50 p s . 
E xcep t f o r  c , th e  o th e r  p a ra m e te rs  a r e  f ix e d  a t  th e  v a l u e s ,  ,
s t a t e d  in  th e  t e x t ,  c =3.7x10 cm / s ( -----) ,  293 K (+ ), c =10 cm / s
( ----- ) ,  100 K © .  a 3
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_Q---------- B---g--

F lg .  3 .5 .11): 
e x p e r im e n ta l v a lu e s  
E xcep t f o r  c ^ , th e  c 
in  th e  t e x t ,  c = 3 .i
( ------) ,  100 K O t

Com puter c u rv e s  f o r  two c v a lu e s  com pared to  th e  
> a t  two te m p e ra tu re s ,  ov er, a  ra n g e  o f  1 .3  n s .  
o th e r  p a ra m e te rs  -■ .
7v1 Pi I c ( ■ \

the_gal^es stated
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F ig .  3 . 5 .2 :  Com puter g e n e ra te d  decay  cu rv e  o f  deep donor
e l e c t r o n s  (■— ) com pared to  th e  decay  cu rv e  o f  th e  f r e e  h o le s  (----- ) .
The e x c i t a t i o n  p u ls e  i s  assum ed to  be 7 p s  w id e . The f r e e  
h o le  decay  i s  n e a r ly  p u ls e  w id th  l im i t e d .
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TRANSUISSI ON VS TIU £
20

+

 ----------.  ___________________________ r jME(p , ) ___
F ig .  3 .5 .3 a :  Com puter g e n e ra te d  c u rv e s  f o r  d i f f e r e n t  v a lu e s
o f  c , o v e r  a  r a n g e o f  50 p s ,  com pared to  th e  room te m p e ra tu re
d a ta ? + ) .  c = 1 .0x10 cm / s ( » ) »  c =3.7x10 cm / s ( -----) ,
ca = 1 .5 x !0  cm / s (  ) .  3
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F ig .  3 .5 .3 b :  Computer g e n e ra te d  cu rv es  f o r  d i f f e r e n t  v a lu e s
o f  c , o v e r  a ran g e  o f  1 .3  n s ,  compared to  th e  room te m p e ra tu re
d a t a t+ ) .  _c =1.0x10 cmJ / s ( # ) »  c =3.7x10 cm / s ( ----- ) ,
ca= 1 .5 x !0  cm / s ( ----- ) .  a
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TRANSU | SS l'ON"VS T'lUE.

TIUE(p.)
F ig . 3 .5 .4 a :  Computer g e n e ra te d  cu rv es  f o r  d i f f e r e n t  v a lu e s  o f
c, , com pared to  th e  room te m p e ra tu re  d a t a ( + ) , in , .th e  ra n g e  o f 50 p s .
ch=2xl0  cm / s (  ) s ch=10_:3cmJ / s (  • ) ,  ch =5xlO_::>cmJ / s (  ) .
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transuTssion vs TIUE

e*2
T I M E ( p 3 )

F ig .  3 .5 .4 b :  Com puter g e n e ra te d  c u rv e s  f o r  d i f f e r e n t  v a lu e s
o f  c ^ ,  com pared to  th e  room te m p e ra tu re  d a t a (+ ) ,  i n  th e  ran g e  o f
o f  1 .3  n s .  c =2x10 cm / s ( -----) ,  c =10 cm /s(* * •) ,
ch = 5x l0  cin / s ( ----- ) .  h
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F ig .'  3 .6 .1 :  Apparatus fo r  measuring p ic o -
. second induced p o la r ise d  tra n sm issio n . Sample 
was p laced  between a p o la r iz e r  ana an a lyzer .

. ;The•induced tran sm ission  T1 was measured 
when the p o la r iz e r  and an a lyzer  were cro ssed .  
The CdSe sample was rep laced  w ith  a CS2 c e l l  
to  f in d  the p o s it io n  wnere the pump ana 

- probe paths had 0 a e la y .
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Unexcited Somple

Excited Somple

F ig . 3 .6 .2 :  Induced tra n sm iss io n , T ' , as
fu n ctio n  o f  a n g le , 0 , between the 1060 nm
e x c ita t io n  p u lse  p o la r iz a t io n . P o la r iz e r  
was a t 315^ to  the pump p u lse  p o la r iz a t io n ,  
so a t  9=45 , the p o la r iz e r  and an a lyzer were 
cro ssed . E x c itea  sample (®®), u n excited  
sam ple(0 0 ).
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Trnia (ps)
F ig . 3 .6 .3 :  Induced  p o la r iz e d  t r a n s m is s io n
th ro u g h  c ro s s e d  p o l a r i z e r s ,  T’ (— • — ) ,  and 
th e  r a t i o  T '/T ( — K— ) ,  w here T i s  th e  u n p o l­
a r iz e d  t r a n s m is s io n .  The r a t i o  T ’ /T  shows 
th e  ind u ced  p o l a r i z a t i o n  c o r r e c te d  f o r  th e  l a r g e  
induced  a b s o r p t io n .
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3 .7 .1 :  P o lar iza tion , e l l i p s e ,  showingF ig. . . .  ______________ _____________
an gle  £  o f the serai-minor a x is  and angle 6 
o f the a n a ly zer . P o la r iz e r  i s  f ix e d  a t  
315u. Note th a t when d=9, T' i s  a t  a 
minimum. When no dichroism  e x i s t s ,  <5=450.

7, 1
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Figure 3 .7 .2 :  Energy l e v e l  diagram fo rF igure 3 .7 .2 :  E n er g y ______ ____ _____
e x p la in in g  p icosecond  induced d ichroism ,

7,3, 2 : l e v e l

Energy l e v e l  R .p r e fe r e n t ia l ly  absorbs "f 
d i f f e r e n t  p o la r iz a t io n s  o f  l ig h t  in to  
d i f f e r e n t  degenerate  l e v e l s .  Once e x c it e d ,  
th e  e le c tr o n s  in  R r e d is t r ib u te  among the  

de-.generate l e v e l s  w ith in  p ico seco n d s .
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C h ap te r 4

N o n lin ea r T ran sm iss io n  and A n ti-S to k e s  Lum inescence

4.1 INTRODUCTION

The e x p e rim e n ts  d is c u s se d  in  th e  p rev io u s  c h a p te r s  w ere 

done w ith  th e  e x p l i c i t  p u rp o se  o f  s tu d y in g  th e  dynam ics of d e fe c t  

l e v e l  e l e c t r o n s  in  SI CdSe. They showed t h a t  t h e s e  sa m p le s  of 

undoped CdSe w ere h ig h ly  co m pensa ted , and co u ld  n o t be ap p ro x i­

m ated  by an  i n t r i n s i c  c r y s t a l .  U n c o n tro lle d  d e f e c ts  co u ld  d i s t o r t  

m easu rem en ts  o f  i n t r i n s i c  p r o p e r t ie s ,  su ch  a s  n o n l in e a r  a b so rp tio n  

o r e x c ito n  l i f e - t i m e .  T h is  c h a p te r  d e s c r ib e s  e x p e rim e n ts  on m u lt i ­

pho ton  a b so rp t io n  and th e  a n t i - S to k e s  PL to  show how u n c o n t r o l l ­

a b le  d e f e c ts  c o u ld  e f f e c t  commonly m easu red  p r o p e r t ie s .  F u r th e r ­

m ore, th e  o p t i c a l  reco m b in a tio n  r a t e s  o f  th e  c o n d u c tio n  band e l e c ­

t r o n s ,  t h a t  w ere m easu red  by th e s e  e x p e rim e n ts , e x p la in s  th e  low 

c o n c e n tr a t io n  o f  th e rm a l c a r r i e r s  in  SI CdSe.

Some o f  th e s e  ex p e rim e n ts  s e p a ra te d  c o n t r ib u t io n s  from  

tw o pho ton  a b s o rp t io n  and tw o s te p  a b s o rp t io n ,  a s  shown in  f ig u re  

4 .1 .1 . In  b o th  p ro c e s s e s ,  tw o ph o to n s a re  ab so rb ed  by an e le c t r o n  

w hich moves from  th e  v a le n c e  band to  th e  co n d u c tio n  band. Two 

p ho ton  a b s o rp t io n  i s  an i n t r i n s i c  p ro c e s s  w here th e  p h o tons a re  

s im u lta n e o u s ly  ab so rb ed , u s in g  a  v i r t u a l  in te rm e d ia te  le v e l(B e c h te l  

and S m ith , 1976; R e in tje s  and  M cGroddy,1973). B ecause t h i s  l e v e l  i s  

a  v i r t u a l  s t e p ,  c o n s e rv a t io n  o f  en e rg y  does n o t d e te rm in e  i t s  

e n e rg y  and so  i t - i s - u s u a l l y  an i n t r i n s i c  en erg y  l e v e l .  In  tw o s te p  

a b so rp t io n ,  th e  e l e c t r o n  i s  f i r s t  e x c i te d  from  th e  v a le n c e  band to
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a  r e a l  l e v e l ,  and  th e n  from  th e  r e a l  l e v e l  to  th e  co n d u c tio n  band. 

B ecause ea c h  s t e p  m ust c o n se rv e  en e rg y , below  gap tw o s te p  

a b so rp t io n  im p lie s  a d e fe c t  s t a t e .  The e x is te n c e  o f  two s te p  

a b so rp t io n  w ould in d ic a te  t h a t  d e f e c ts  and im p u r i t ie s  co u ld  

enhance n o n l in e a r  a b so rp t io n .

4 .2  LONG LIVED TRAPS

D uring th e  a b s o rp t io n  m easu rem en ts d e sc r ib e d  in  s e c t io n  

3 .2 , when th e  p robe  was b lo c k e d , a  s m a ll  a n t i - S to k e s  (AS) PL was 

d e te c te d  from  th e  back s u r f a c e  o f th e  p h o to e x c ite d  sam p le . The 

s p e c t r a  o f  th e  PL a t  room te m p e ra tu re ,  shown in  f ig u re  4.2.1 fo r  

sam ple  H3, peaked  a t  750 nm and ex ten d ed  from  740 nm to  770 nm. 

The s te a d y  s t a t e  a b s o rp t io n  o f  CdSe,as shown in  f ig u r e  2 .8 .2 ,  in d i­

c a te s  t h a t  th e  s h o r t  w a v e len g th  c u t - o f f  was p ro b a b ly  due to  s e l f ­

a b so rp t io n .  The s e l f - a b s o r p t io n  in d ic a te s  t h a t  t h e  number o f pho­

to e x c i te d  c o n d u c tio n  e le c t r o n s  was s m a ll  n e a r  th e  back s u r f a c e  o f 

th e  sam p le . A s m a ll  number o f c o n d u c tio n  e l e c t r o n s  in  th e  b u lk  of 

th e  sam ple  was p re v io u s ly  assum ed in  th e  model f o r  a b s o rp tio n  

decay . S tead y  s t a t e  PL m easu rem en ts o f t h e  r a t i o  R, d e sc r ib e d  in  

c h a p te r  2, had p re v io u s ly  id e n t i f ie d  th e  PL in  t h i s  s p e c t r a l  re g io n  

as coming from  a  t r a n s i t i o n  betw een  th e  c o n d u c tio n  band t a i l  and 

th e  v a le n c e  band.

In  o rd e r  to  s tu d y  how S e-v ap o r a n n e a lin g  changes th e  dyn­

am ics o f e l e c t r o n s  in  undoped CdSe, th e  PL from  th e  SI sam p le s  of- 

CdSe w ere com pared w ith  th e  PL from  one sam ple  o f  low  r e s i s t i v i t y  

CdSe. In  a l l  th e  SI sa m p le s , th e  decay  tim e  o f th e  PL was l e s s
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th a n  th e  tim e  r e s o lu t io n  o f  th e  d u a l t r a c e  o s c i l lo s c o p e  u s e d ( i .e . ,

<40 n s ) .  However, sam ple  L2, which was a  low re s is t iv i ty (L R )

sam p le  t h a t  had  n o t been  a n n e a le d  in  Se v a p o r, had a  PL w ith  a  

decay  tim e  o f  200 ns  which c o u ld  be m easu red  by o s c i l lo s c o p e .  The 

o s c i l lo s c o p e  t r a c e s  f o r  th e  PL a t  745 nm a r e  com pared in  f ig u re  

4 .2 .2  f o r  h igh  and low r e s i s t i v i t y  CdSe. A slow  component of 

decay  a t  710 nm w i l l  be d is c u s s e d  in  s e c t io n  4 .5  fo r  SI CdSe. 

H ow ever, t h i s  com ponent i s  n e a r ly  th e  sam e(=2 ns) f o r  b o th  SI CdSe 

and LR C d S e C F o re s ti,p r iv a te  com m unication ; J u n n a k a r .p r iv a te  commun­

ic a t io n ) .  This shows t h a t  th e  s t r e a k  cam era  does n o t have th e

s e n s i t i v i t y  o r  te m p o ra l ra n g e  to  d e t e c t  t h e  v e ry  slow  com ponent o f

LR CdSe a t  750 nm.

The o s c i l lo s c o p e  m easu rem en ts  show ed t h a t  a  m ajor d i f f e r ­

ence b e tw een  th e  dynam ics o f  e l e c t r o n s  in  SI CdSe and undoped, low  

r e s is t iv i ty (L R )  CdSe i s  t h a t  th e  sh a llo w  don o rs  in  th e  LR CdSe' have 

an e x tre m e ly  s low  te m p o ra l com ponent o f  decay . T his shows t h a t  

an n e a lin g  CdSe w ith  S e-v ap o r re d u c e s  th e  c o n c e n tr a t io n  o f  lo n g  

l iv e d ,  s h a llo w  donor t r a p s .  The p re se n c e  o f th e s e  lo n g  liv e d  

t r a p s  in  LR CdSe e x p la in s  why th e  K la sen s  th e o ry  d id  n o t u s u a l ly  

a p p ly  to  t h e s e  sa m p le s , as was shown in  th e  s te a d y  s t a t e  PL work 

o f  c h a p te r  2. The lo n g  l iv e d  t r a p s  p ro b a b ly  c o n t r ib u te  to  th e  

th e rm a l  c o n c e n tr a t io n  o f c o n d u c tio n  e l e c t r o n s  in  LR CdSe. The 

s h o r t  decay  tim e  o f  PL in  SI CdSe show ed t h a t  lo n g  l iv e d  t r a p s  do 

n o t p la y  a  m ajor r o l e  in  th e  dynam ics o f  e l e c t r o n s  in  SI CdSe, and 

th e r e f o r e  w i l l  n o t be c a r e f u l l y  d is c u s s e d  in  t h i s  t h e s i s .  The r e s ­

ponse tim e  o f a  se m ic o n d u c to r , which i s  caused  by lo n g  liv e d  

t r a p s ,  o f t e n  l im i t s  th e  sp eed  o f  an e le c t r o n i c  dev ice (R o se ,1 9 5 3 ).
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T h e re fo re ,  th e  s h o r t  r e s p o n s e  tim e  o f  SI CdSe may in d ic a te  t h a t  SI 

CdSe w ould be u s e f u l  in  u l t r a f a s t  e l e c t r o n i c s .  The e x is te n c e  o f  a 

s low  com ponent o f  decay  ca u se d  by lo n g  l iv e d  t r a p s  has  been  s t u ­

d ied  by tim e  r e s o lv e d  PC in  inhom ogenous n - ty p e  C d S e (S ta ro s tin  and 

S e rd y u k ,1 975; S t a r o s t i n  and V akarov, 1980)-

4 .3  NONLINEAR ANTI-STOKES LUMINESCENCE

The AS PL p h o to n s had  a  much l a r g e r  ene rg y (= 1 .6 6  eV) th a n

th e  e x c i ta t io n  p h o to n s(1 .1 7  eV), so  t h a t  t h i s  PL was e x c i te d  by a

n o n lin e a r  a b s o rp t io n  p ro c e s s .  T h e re fo re ,  th e  AS PL co u ld  be u sed  

t o  d is t in g u is h  b e tw een  i n t r i n s i c  and e x t r in s i c  n o n l in e a r  a b s o rp t io n .  

The fo l lo w in g  tw o a s su m p tio n s  w ere made. F i r s t ,  th e  r e s p o n s e  tim e  

o f  th e  PL in  SI CdSe was much s h o r t e r  th a n  th e  tim e  r e s o lu t io n  o f 

th e  o s c i l lo s c o p e ,  so  t h a t  th e  m agnitude o f  th e  s ig n a l  in  SI CdSe 

was p ro p o r t io n a l  t o  th e  tim e  in t e g r a t e d  (TI) PL. Second, t h a t  th e  

e m it t in g  s t a t e s  o f th e  AS PL a t  room te m p e ra tu re  came from  th e  

c o n d u c tio n  band t a i l .  T his assu m p tio n  was b ased  on  th e  PL work in  

c h a p te r  2 and  th e  re s p o n s e  t im e  m easu rem en ts  in  t h e  l a s t  s e c t io n .

The dependence o f  th e  TI PL(745 nm) on pump en e rg y  was m eas­

u re d , f o r  sam p le  H3 a t  room te m p e ra tu re ,  t o  d is t in g u is h  b e tw een  

th e  tw o s t e p  and tw o pho to n  e x c i t a t i o n .  In  c h a p te r  2 , th e  power

law  o f  th e  co n d u c tio n  band t a i l  (T) f o r  a l l  SI sam p le s  was shown

t o  be s l i g h t l y  h ig h e r  th a n  f o r  th e  band to  band PL. The pow er law  

o f  th e  band to  band PL in  sam p le  H3 was 1 .4 , f o r  th e  S to k e s  PL,, 

e x c i te d  in  a s in g le  s t e p  above th e  bandgap. The AS PL o f  th e  con­

d u c tio n  band t a i l  obeyed  a  pow er law  o f  =2, a s  se e n  in  th e  lu m i­
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n escen ce  vs J  cu rv e  a t  750 run in  f ig u r e  4 .3 .1 .  which e lim in a te d  

d i r e c t  tw o pho ton  d i r e c t  a b s o rp tio n  becau se  a  tw o pho ton  p ro c e s s  

would ca u se  a  pow er law  o f  = 3 (tw ice th e  s te a d y  s t a t e  v a lu e  o f  1.4) 

in  th e  lo n g  p u ls e  l im i t  and a  power law  o f 4 ( th e  s q u a re  o f th e  tw o 

pho ton  sq u a re  law ) in  th e  s h o r t  p u ls e  l im it(B ra u n s te in  and Ockman, 

1964; H a ls te d  e t .  a l . ,  1977).

The m echanism s o f  .two s ta g e  e x c i ta t io n  can  now be deduced, 

a s  d e sc r ib e d  in  th e  m odel shown in  f ig u re  3 .4 .1 .  T his model was 

u sed  to  e x p la in  th e  a b so rp t io n  m easu rem en ts in  c h a p te r  3, w here 

i n s te a d  o f t h e  a b s o rp t io n  o f a second pump pho to n , a p robe photon 

was ab so rb ed . This model p re d ic t s  t h a t  th e  d e n s i ty  o f  sh a llo w  

donor e l e c t r o n s ,  n t ,  w ould be p ro p o r t io n a l  t o  b o th  t h e  energy  o f 

th e  e x c i ta t io n  p u ls e ,  J ,  and to  th e  d e n s ity ,  nr , o f  e l e c t r o n s  in  

th e  deep d o n o r ( i .e . ,  n t~ n r J ) .  This was shown e x p e r im e n ta lly  as 

f o l lo w s .  The lu m in escen ce  Lt  from  l e v e l s  T obeyed th e  fo llo w in g  

power la w , as shown in  f ig u r e  4 .3 .1 :

Lt -n t p~ J2 (4 .3 .1 )

U sing e q u a tio n  3 -4 .1 , w here p ~ J ° 's, and  e q u a tio n  4 .3 .1 , 

w here n ^ p - J 2, th e  c o n d u c tio n  band t a i l  d e n s ity  n^ i s  found  p ro p o r­

t io n a l  to  J 1; s. However, a c c o rd in g  t o  e q u a tio n s  3-4.1 and 4 .3 .1 , 

J lc 5 ~nr J .  This shows th a t  n f -n r J ,  a s  p r e d ic te d  by th e  m odel. 

T hus, th e  s im p le s t  m odel f o r  tw o s ta g e  e x c i ta t io n ,  t h a t  a  v a le n c e  

band e le c t r o n  moves in to  th e  con d u c tio n  band v ia  th e  reco m b in a tio n  

c e n te r ,  i s  co n firm ed  e x p e r im e n ta l ly .  An a l t e r n a t e  m ethod o f  f in d ­

in g  two s te p  e x c i ta t io n  was used , in  o rd e r  to  con firm  th e  r e s u l t s
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4 .4  NONLINEAR TRANSMISSION STUDIES

In  o rd e r  t o  s tu d y  m u lti-p h o to n  a b s o rp t io n  o f v a le n c e  e l e c ­

t ro n s  in to  th e  con d u c tio n  band, th e  t ra n s m is s io n  o f  th e  1.06 pm 

e x c i ta t io n  p u lse  and  th e  b a n d -to -b a n d  lum in escen ce  induced  by th e  

e x c i ta t io n  p u lse  w ere  m easu red .

The t r a n s m is s io n  o f  th e  pump p u ls e  was m easured  a f t e r  

b lo c k in g  th e  probe p u ls e .  A s c a t t e r  p l a t e  was p la c e d  a f t e r  th e  

s a m p le , a s  shown in  f ig u re  4 .4 .1 , so  t h a t  th e  t r a n s m i t te d  1.06 ym 

p u ls e  c o u ld  be r e d i r e c t e d  and m easured  by th e  sam e sy stem  m easur­

in g  th e  p ro b e . The m onochrom eter was a d ju s te d  t o  m easure th e  

1.06 ym s c a t t e r e d  l i g h t .  The o s c i l lo s c o p e  re v e a le d  a  l a r g e  c o n t r i ­

b u tio n  from  s t r a y  p u ls e s  t h a t  le a k e d  th ro u g h  th e  p u ls e  s e l e c t o r ,  

so  a  s a tu r a b l e  a b s o rb e r  c e l l  was u sed  to  ab so rb  th e s e  weak in te n ­

s i t y  p u ls e s .  N o n lin ea r e f f e c t s  o f th e  p l a t e  w ere n o t inv o lv ed  

b ecau se  th e  sam ple  a b so rb ed  m ost o f th e  p u ls e  and b ecau se  th e

s c a t t e r  p l a t e  was p la c e d  so  t h a t  p u ls e  was n o t fo c u sse d  on

s c a t t e r  p l a t e .  The l i n e a r i t y  o f  th e  d e te c to r  was m easured  by rem ­

o v ing  th e  sam p le . At h igh i n t e n s i t i e s ,  a  p h o tod iode  was more

l in e a r  th a n  th e  PMT. Both d e te c to r s  w ere u sed  w ith in  t h e i r  ran g e  

o f  l i n e a r i t y ,  so  t h a t  a l a r g e  dynam ic ra n g e  o f i n t e n s i t i e s  co u ld  be 

m easu red . The a b s o lu te  i n t e n s i t y  o f  th e  p u ls e  was c a l ib r a te d  

u s in g  a  H adron en e rg y  m e te r . The a b s o lu te  t ra n s m is s io n  and th e  

a b s o lu te  e x c i ta t io n  in t e n s i t y  had l a r g e r  u n c e r ta in t ie s  th an  th e

r e l a t i v e  m easu rem en ts , u s in g  th e s e  p ro c e d u re s . I t  sh o u ld  be n o te d
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th a t  th e  e n t i r e  s p a t i a l  p r o f i l e  o f  th e  p u ls e  i s  sam pled  t h i s  way, 

so  t h a t  n o n lin e a r  d e fo c u ss in g  co u ld  n o t change th e  resu ltsC G u h a  

e t .  a l . ,  1985).

The 1.06 pm pump tr a n s m is s io n ,  T, was m easu red  a s  a  fu n c t io n  

o f  pump en e rg y  J .  The d a ta  was f i t t e d  by l e a s t  sq u a re s  to  th e  

f o l lo w in g  fo rm u la  f o r  i n t r i n s i c  tw o p h o ton  a b s o rp t io n (R e in t je s  and 

McGroddy, 1973; R e in tje s  e t .  a l . ,  1975; S te w a r t  and B asa, 1980):

T_1 = a + bJ (4 .4 .1 )

w here T, J ,  a and b a r e  in  a r b i t r a r y  u n i t s .

The r a t i o  1 / I  vs J  i s  com pared in  f ig u r e  4 .4 .2  w ith  a  th e o ­

r e t i c a l  f i t  from  e q u a tio n  4 .4 .1 . The l e a s t  s q u a re s  f i t  showed t h a t  

th e  b e s t  p a ra m e te rs  w ere a=2. 32 , and b=0.93, w ith  a  c o e f f ic ie n t  o f 

c o r r e l a t i o n  r 2=0 .71 . The poor g r a p h ic a l  f i t  and  th e  s m a ll  r 2 in d i­

c a te d  t h a t  th e  m odel f o r  e q u a tio n  1 was n o t v a l id .  The r a t i o  1 /T  

seem ed to  f i t  a  s im p le  power law  o f  0 .5  b e t t e r  ( r 2=0.91) as d is ­

p la y e d  in  f ig u re  4 .4 .1 . One c o n c lu d es  t h a t  some ty p e  o f  tw o s te p  

e x c i ta t io n ,  as opposed to  tw o p h o ton  e x c i ta t io n ,  was s ig n i f ic a n t  

under th e s e  c o n d itio n s .  E q u a tio n s f o r  tw o s t e p  e x c i ta t io n  depend 

on th e  n a tu r e  o f  th e  in te rm e d ia te  l e v e l .

The same model t h a t  e x p la in s  th e  AS PL e x p la in s  th e  

t r a n s m is s io n  d a ta .  I f  B e e r 's  law  i s  assum ed, w here Aa i s  th e  in ­

duced a b s o rp t io n  a t  1.06 pm by e l e c t r o n s  in  le v e l  R and L th e

sam p le  t h ic k n e s s ,  th e n :

T-1 =exp(LAa) =1 +LAa=1 +k 0J°* 5 (4 .4 .2 )
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w hich can e x p la in  th e  s u b l in e a r  f i t  o f  T-1  in  f ig u r e  4 .4 .1  and  con­

f i rm s  th e  m odel u sed  in  s e c t io n  4 .3  and  c h a p te r  3.

B oth  th e  n o n l in e a r  PL and n o n l in e a r  tra n s m is s io n  m easu re­

m en ts  im p ly  a  la r g e  c o n t r ib u t io n  from  tw o  s t e p  a b s o rp t io n .  A

la r g e  tw o  s t e p  a b s o rp t io n  im p lie s  t h a t  t h e  f i r s t  s te p  in  a b so rp ­

t io n  i s  l a r g e  and t h a t  i n t r i n s i c  tw o ph o to n  a b s o rp t io n  i s  s m a ll .  

The s m a ll  s te a d y  s t a t e  a b so rp tio n (= 0 .5  cm- 1 ) and  th e  h ig h  tw o 

p h o to n  c o - e f f i c i e n t  (3 .5  MW^cm- 1 ) o f  CdSe do n o t su p p o r t  t h i s  

r e s u l t .  However, th e  o p t i c a l  a b s o rp t io n  o f  deep  s t a t e  R may be 

enhanced  by th e  s u r f a c e  p o t e n t i a l ,  h igh  c a r r i e r  t e m p e ra tu re s ,  o p t i ­

c a l  phonon c o n c e n tr a t io n s  o r p lasm a d e n s i t i e s  g e n e ra te d  d u rin g  th e  

p u ls e .  O ther i n v e s t i g a to r s  have found  tw o s t e p  a b s o rp t io n  in  II-V I 

s e m ic o n d u c to rs  under c o n d itio n s  s im i l i a r  t o  th e  ex p e rim e n ts  d i s -  

c u s s e d (S te w a r t and B asa,1980; Z y u l'k o v  e t .  a l . ,1 9 8 3 ;  H a ls te d  e t .  

a l .  1977).

4 .5  STREAK CAMERA PL METHODS

Picosecond  b an d -to -b a n d  PL, a t  room te m p e ra tu re ,  was s t u ­

d ied  by s t r e a k  cam era  f o r  t h r e e  r e a s o n s .  F i r s t ,  th e  e f f e c t  o f  th e  

deep donor on th e  p icosecond  PL was d e m o n s tra te d . Many p rev io u s  

s tu d ie s  o f p ico seco n d  PL in CdSe have been  done, u s u a l ly  a t  very  

low  t e m p e ra tu re s ,  and th e  r e s u l t s  a p p l ie d  t o  th e  f r e e  e x c ito n  

theo ry (B o ick o  e t .  a l .  ,1978; J .  Shah, 1974; H. Y oshida e t .  a l .  1981). 

The d e f e c t  l e v e l s  d e sc r ib e d  in  t h i s  t h e s i s  co u ld  have in tro d u c e d  

e r r o r s  in  t h e s e  e x c ito n  s tu d i e s .  Second, t h e  c a p tu re  o f  c o n d u c tio n  

e l e c t r o n s  was m easu red  in  o rd e r  to  com pare w ith  th e  c a p tu re  o f
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h o le s  d e sc r ib e d  in  c h a p te r  3- T his was im p o r ta n t becau se  SI CdSe 

has  n e i th e r  th e rm a l  e l e c t r o n s  n o r th e rm a l  h o le s ,  so  d e f e c ts  m ust 

c a p tu re  b o th  c a r r i e r s .  T h ird , th e  PL was u sed  to  m easu re  th e  tem ­

p o ra l  b e h av io r o f  t h e  c a r r i e r  te m p e ra tu re  t o  com pare w ith  th e  l a t ­

t i c e  te m p e ra tu re  used- in  c h a p te r  3. The s t r e a k  cam era  tech n iq u e  

has  been u sed  and  d e sc r ib e d  by many i n v e s t ig a to r s ,  so  t h i s  th e s i s  

w i l l  c o n c e n tr a te  on th e  r e s u l t s  o f  th e s e  m easurem ents(N . H. 

S c h i l l e r  and  R. R. A lfan o , 1982; R. R. A lfan o , 1984).

The f r e e  c a r r i e r  lu m in escen ce  o f sam ple  H3, e x c i te d  by a

1 .06 ym pump p u ls e  and m easu red  from  th e  f r o n t  o f th e  sam p le , was 

tim e  r e s o lv e d  a t  710 nm and 660 nm a t  room te m p e ra tu re  w ith  a 

Hamamatsu s t r e a k  cam era . Narrow band f i l t e r s ( ± 5  nm) w ere u sed  to  

s e l e c t  t h e  w av e len g th  o f  lu m in escen ce . The maximum in t e n s i ty  o f 

e x c i ta t io n ,  a s  m easu red  by p h o to d io d es , was abou t one o rd e r  o f 

m agnitude l a r g e r  th a n  in  th e  a b s o rp tio n  ex p e rim e n ts . N e u tra l den­

s i t y  f i l t e r s  were u sed  to  v a ry  th e  e x c i ta t io n  i n t e n s i t y .  A s a l i e n t  

p o in t i s  t h a t  th e  a b s o rp t io n  o f  CdSe a t  710 nm and 660 nm i s  g re ­

a t e r  th a n  10” cm- 1 , so  t h a t  th e  lum in escen ce  can be d e te c te d  o n ly  

w ith in  1 ym below  th e  s u r f a c e ,  a lth o u g h  th e  1.06 ym p u ls e  pene­

t r a t e s  much d e e p e r . The e x c i ta t io n  n e a r  th e  s u r f a c e  would be more 

h ig h ly  e x c i te d  th a n  th e  b u lk . The maximum energy  o f  th e  p u ls e  in  

th e  s t r e a k  cam era m easu rem en ts was m easured  by Hadron en erg y  

m e te r t o  be =8 mJ.

The sam ple  was much m ore h ig h ly  e x c i te d  in  th e  s t r e a k  

cam era ex p e rim en t th a n  in  th e  a b s o rp t io n  ex p e rim e n ts  f o r  tw o r e a ­

s o n s . F i r s t ,  th e  e x c i ta t io n  p u ls e  en e rg y  u sed  in  th e  s t r e a k  cam era 

e x p e r im e n t  =8 mJ) was an o rd e r  o f m agnitude l a r g e r  th a n  in  th e
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a b s o rp t io n  ex p e rim e n ts (= 0 .8  m J). Second, th e  PL was m easured  by 

th e  s t r e a k  cam era  from  th e  h ig h ly  e x c i te d  f r o n t  s u r f a c e  o f  th e  

sa m p le . The p e n e t r a t io n  d ep th  o f  th e  lu m in escen ce  a t  710 nm and 

660 nm i s  ab o u t 0 .3  pm, p ro v in g  t h a t  th e  s t r e a k  cam era  exam ined PL 

e n t i r e l y  from  th e  f r o n t  s u r f a c e .  The tw o photon  a b s o rp t io n  co ­

e f f i c i e n t  i s  =0.025 cm/MW in  C dSe(B echtel and  S m ith , 1976; S te w a r t 

and Basa, 1980). T his c o - e f f i c i e n t  may in v o lv e  b o th  two pho ton  

a b s o rp t io n  and  tw o s t e p  a b s o rp t io n .  Using th e  power o f  th e  p u ls e ,  

=10s MW/cm2, th e  p e n e t r a t io n  d e p th  i s  c a l c u l a t e d  t o  be =4 pm, so  

th e  f r o n t  s u r f a c e  was m ore h ig h ly  e x c i te d  th a n  th e  b u lk . A s a l i ­

e n t p o in t i s  t h a t  th e  c o n c e n tr a t io n  of cond u c tio n  e l e c t r o n s  was 

much g r e a t e r  on th e  f r o n t  s u r f a c e  o f  t h e  sam ple  th a n  n e a r  th e  

back s u r f a c e .  The AS PL m easured  from th e  back s u r f a c e  was s e l f  

ab so rb e d  f o r  A<730 nm, a s  shown in  f ig u re  4 .2 .1 . However, th e  PL 

m easu red  by th e  s t r e a k  cam era  from  th e  f r o n t  s u r f a c e  was v e ry  

s t r o n g  a t  710 nm, in d ic a t in g  r a d ia t iv e ,  e l e c t r o n - h o le  recom bina­

t io n .

4.6 STREAK CAMERA RESULTS AMD DISCUSSION

The PL a t  710 nm, n e a r  th e  bottom  o f th e  f r e e  c a r r i e r  

band , showed a  f a s t  com ponent (=100 p s ) ,  whose d u ra t io n  was 

w eakly  d ependen t on pump i n t e n s i t y ,  and a slow  com ponent (2 .0  n s) 

in d ep en d en t o f  pump in t e n s i t y  a s  shown in  f ig u r e  4 .6 .1 . The f a s t  

com ponent o f  PL was f a r  s lo w e r th a n  th e  f a s t  component o f th e  

a b s o rp t io n .  The lum in escen ce  L a s  a f u n c t io n  o f tim e  t ,  was 

f i t t e d  t o  th e  fo l lo w in g  e m p ir ic a l fo rm u la ;
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L(t)=A pexp(——)+AQexp(——) (4 .6 .1 )

w here  th e  decay  c o n s ta n ts  o f th e  f a s t  and slow  co m ponen ts ,xp  and 

■tp,, and  t h e i r  a m p litu d e s ,  Ap and AL, a r e  shown in  4-.6.1 t a b l e  fo r  

b o th  band edge lu m in escen ce  a t  710 nm and h o t c a r r i e r  lu m in escen ce  

a t  660 nm f o r  sam p le  H3. The s t r o n g  above bandgap lu m in escen ce  

a t  710 nm show ed t h a t  many e l e c t r o n s  and  h o le s  w ere g e n e ra te d  on 

th e  s u r f a c e .  In  t h i s  e x p e rim e n t, z e ro  t im e  i s  c o n s id e re d  th e  peak 

o f  th e  lu m in escen ce .

The f a s t  com ponent o f th e  PL was u sed  to  e s t im a te  th e  

th e rm a l  v e lo c i ty ,  v^, u sed  in  c h a p te r  3 to  e s t im a te  th e  h o le  cap ­

tu r e  c ro s s  s e c t io n .  The te m p o ra l  p r o f i l e  o f  th e  f r e e  c a r r i e r  lum ­

in e sc e n c e  a t  710±10 nm and 660±10 nm (the d i f f e r e n c e  betw een  pho ton  

e n e rg ie s  AE i s  0 .132 eV) i s  shown in  f ig u r e  4 .6 .2 . The c a l c u l a t e d  

p la sm a  te m p e ra tu re  Tq , i s  a l s o  shown in  f ig u r e  4 .6 .2 , w here Tq was 

c a l c u l a t e d  by th e  M axw ellian  fo rm u la :

The f r e e  c a r r i e r  te m p e ra tu re ,T Q , s t a r t e d  a t  1800 K and 

d e c re a se d  t o  room te m p e ra tu re  w ith  a  decay  tim e  o f  =55 p s , as 

shown in  f ig u re  4 .6 .1 . High c a r r i e r  te m p e ra tu re s  in  s e m ic o n d u c to rs  

a r e  u s u a l ly  g e n e ra te d  by f r e e  c a r r i e r  b a n d -to -b a n d  Auger t r a n s i ­

t io n s  o r  by e x c i ta t io n  h ig h  in  th e  f r e e  c a r r i e r  bands. The c a r r i e r  

t e m p e ra tu re  decays by phonon e m iss io n . S ou rces  o f e r r o r  f o r  Tq 

in c lu d e  Auger p ro c e s s e s ,  s c re e n in g  and a  n o n -M axw ellian  d i s t r i b u ­

t io n  o f  f r e e  c a r r i e r s .  B ecause b a n d - to -b a n d  Auger p ro c e s s e s  a r e  

n e g l ig ib le  in  l a r g e  bandgap se m ic o n d u c to rs ,.  Tq i s  in d ep en d en t o f 

e x c i ta t io n  i n t e n s i t y  and  so  w ould be n e a r ly  th e  same in  b o th

L(660 nm) 
L(71 0 nm) (4 .6 .2 )
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a b s o rp t io n  and s t r e a k  cam era  m easu rem en ts . The h ig h  c a r r i e r  tem ­

p e r a tu r e  o n ly  l a s t e d  55 p s , w hich w as much s h o r t e r  th a n  t h e  slow  

com ponent o f a b s o rp t io n  t r, s o th e  te m p e ra tu re  s tu d y  in  c h a p te r  3 

was n o t be a f f e c t e d  by th e  h o t c a r r i e r s .  S c re e n in g  co u ld  have 

s lo w ed  down th e  h o t  c a r r i e r  c o o lin g  in  t h e  s t r e a k  cam era  e x p e r i­

m en ts , b u t h o t c a r r i e r s  c o u ld  n o t in f lu e n c e  th e  slow  com ponents o f 

a b s o rp t io n  and PL. The l a r g e s t  so u rc e  o f  e r r o r  i s  p ro b a b ly  th e  

M axw ellian  d i s t r i b u t io n  assum ed in  e q u a tio n  4 .6 .2 ,  w hich may p a r t l y  

e x p la in  th e  h igh  v a lu e  o f  found  in  c h a p te r  3.

B an d -to -b an d  PL c o u ld  decay  fo u r  w ays: d i r e c t  e l e c t r o n -  

h o le  re c o m b in a tio n , d if f u s io n  in to  th e  b u lk , reco m b in a tio n  th ro u g h  

an  in te rm e d ia te  e x c i to n  s t a t e  o r reco m b in a tio n  th ro u g h  d e fe c t  

s t a t e s .  The in t e n s i t y  dependence  o f  th e  f a s t  com ponent, shown in  

t a b l e  4 .6 .1 , showed t h a t  th e  f a s t  com ponent decayed  e i t h e r  by 

d i r e c t  re c o m b in a tio n  o r  d i f f u s io n .  The s lo w  com ponent was n o t in ­

te n s i t y  d ep en d en t, w hich show ed t h a t  i t  was due e i t h e r  t o  f r e e  

e x c ito n  re c o m b in a tio n  o r re c o m b in a tio n  th ro u g h  a  d e f e c t  l e v e l .  At 

room te m p e ra tu re ,  th e  th e rm a l  energy  (26 meV) was much l a r g e r  

th a n  th e  f r e e  e x c ito n  b in d in g  energy (15  meV), s o  t h a t  e x c ito n s  

would d is s o c ia te  much f a s t e r  th a n  th e y  c o u ld  reco m b in e . Conse­

q u e n t ly ,  th e  slow  com ponent o f  band edge PL decay  m ust come from  

d e f e c t  l e v e l  rec o m b in a tio n . T hese c r y s t a l s  w ere  c h e m ic a lly  p o l­

is h e d ,  which re d u c e s  th e  s u r f a c e  reco m b in a tio n (H u p p e rt e t .  

a l ,1 9 8 2 ) .  The e x p e rim e n ts  d e sc r ib e d  in  c h a p te r s  2 and 3 su g g e s te d  

th a t  th e  PL re c o m b in a tio n  was dom inated  by b u lk  d e f e c t  l e v e l s .  I t  

w i l l  now be shown t h a t  th e  sam e d e f e c t  l e v e l s  d e s c r ib e d  p re v i­

o u s ly  co u ld  e x p la in  th e  PL decay  a t  th e  band edge(710  nm). The
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e f f e c t - o f  th e  s u r f a c e  on  th e  d e fe c t  l e v e l s  w i l l  n o t be s tu d ie d  in  

t h i s  t h e s i s .

A model i s  u sed  t o  e x p la in  th e  s t r e a k  cam era  PL m easu re­

m ents w hich i s  d i f f e r e n t  from  th e  m odel u sed  in  c h a p te r  3 . The 

m odel f o r  th e  s t r e a k  cam era  ex p e rim en ts  has t o  in c lu d e  a  h igh  con­

c e n t r a t io n  o f  c o n d u c tio n  e le c t r o n s .  The m odel in  c h a p te r  3 

assum ed th e  c o n c e n tr a t io n  o f  c o n d u c tio n  e l e c t r o n s  i s  s m a l le r  th a n  

th e  c o n c e n tr a t io n  o f  th e  deep  donor, w hich may n o t  be t r u e  a t  v e ry  

high  e x c i ta t io n  u sed  f o r  th e  s t r e a k  cam era . At h igh  in te n s i ty  

e x c i ta t io n ,  d i r e c t  e le c t r o n - h o le  rec o m b in a tio n  m ust be in -  

c lu d e d ( i .e . ,  te rm  wnp). F u rth e rm o re , a t  v e ry  h igh  e x c i ta t io n ,  

p>>Nr , pa so  n=p. B ecause C h » c a , th e  s h a llo w  a c c e p to r  i s  co n si­

de re d  n e g l ig ib le .  The con d u ctio n  band t a i l  i s  c o n s id e re d  n e g l ig i ­

b le  becau se  o f  th e  r e s u l t s  in  c h a p te r  2 . C onduction  e le c t r o n s  a re  

assum ed to  be c a p tu re d  by em pty deep donor l e v e l s ( i . e . ,  te rm  kn), 

b u t th e  f r e e  h o le  c a p tu re  m easured  in  c h a p te r  3 i s  so  f a s t  t h a t  

th e  deep donor i s  ex p e c te d  t o  rem ain  n e a r ly  em pty . Then th e  high 

in t e n s i t y  r a t e  e q u a tio n s  a f t e r  t h e .p u ls e ( q = 0 ) , u s in g  o n ly  th e  deep 

l e v e l  R, a r e :

n=p

d n /d t= -k n -w n z

k=c eNr =oe vt Nr  (4 .6 .3 )

The PL i n t e n s i t y  L (t)  f o l lo w s  th e  s ta n d a rd  b i-m o le c u la r

reco m b in a tio n  e q u a t io n s ,  w ith  a  slow  com ponent and  a  f a s t  compo­

n e n t .  The PL n e a r  th e  band ed ge(= 7 l0  nm) i s  p r o p o r t io n a l  t o  n2, so

t h a t  f o r  t  v e ry  la r g e  w here w n « k - 1 , th e  fo l lo w in g  e x p o n e n tia l
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decay  i s  a s o lu t io n  to  4 .6 .3 :

L (t)  = Al e x p ( - t /  T£,)

2k= iL“ 1 (4 .6 .4 )

which d e s c r ib e s  th e  slow  com ponent in  e m p ir ic a l  e q u a tio n  4 .6 .1 . 

T h is s lo w  com ponent was n e a r ly  th e  sam e in  th e  LR sam p les , show­

in g  t h a t  t h e  deep le v e l s  in  SI and LR CdSe a r e  s im i l ia r .

The v a lu e  o f  th e  slow  com ponent decay  tim e(TL=2 n s ) ,  u sed

in  4 .6 .4 , g iv es  k- 1 =4.0 n s . The f a s t  com ponent i s  ex p ec ted  to  

change w ith  i n t e n s i t y ^ -1 =wn), a s  shown in  t a b l e  4 .6 .1 . This 

th e s i s  w i l l  fo cu s  on th e  slow  com ponent b ecau se  i t  was caused  by 

d e f e c t s .  To e s t im a te  ce , th e  c o n c e n tr a t io n  o f  th e  deep donor Nr  

i s  assum ed =1018 cm-3 (a ty p ic a l  s o l u b i l i t y  f o r  an im p u rity  in  a 

c r y s t a l ) ,  so  t h a t  ce =2.5x10- lo cm3s - 1 . N ote t h a t  c e « c j 1, so  th e  R 

c o u ld  n ev e r  be s a tu r a t e d  w ith  e le c t r o n s  becau se  ev e ry  c a p tu re d  

e l e c t r o n  in  R im m ed ia te ly  recom bines w ith  a f r e e  h o le . The c ro s s  

s e c t io n  f o r  e l e c t r o n  c a p tu re ,  using  th e  room te m p e ra tu re  th e rm a l 

v e lo c i ty  v t =2 .5x107cm /s , i s  c a l c u la te d  a s  oe =10-17 cm2. The l a r g ­

e s t  so u rc e  o f  e r r o r  in  c a lc u la t in g  oe i s  p ro b a b ly  cau sed  by th e  

e s t im a te d  c o n c e n tr a t io n  Nr . The e n e rg y  l e v e l  s c h em a tic  in  f ig u r e

4 .6 .3  show s how d i r e c t  b a n d -to -b a n d  re c o m b in a tio n  and recom bina­

t io n  th ro u g h  th e  deep donor e x p la in s  th e  tw o  te m p o ra l com ponents

in  th e  s t r e a k  cam era  m easu rem en ts. The re c o m b in a tio n  o f  conduc­

t io n  e l e c t r o n s  by th e  deep  donor and th e  a b sen ce  o f  lo n g  l iv e d  

t r a p s ( d e s c r ib e d  in  s e c t io n  4.2) t o g e th e r  e x p la in  th e  h igh r e s i s t i v ­

i t y  o f  SI C d S e ..
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T his c h a p te r  has shown how con d u c tio n  e le c t r o n s  in  SI CdSe 

a r e  b o th  o p t i c a l l y  e x c i te d  and recom bine th ro u g h  th e  deep  donor. 

The e x p e rim e n ts  in  c h a p te r s  3 and  4 have d i r e c t l y  m easu red  th e  

r a t e s  t h a t  th e  deep donor R c a p tu r e s  f r e e  h o le s ,  a c c e p to r  bound 

h o le s  and f r e e  e l e c t r o n s .
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Conduction band.

V ir tu a l l e v e l  
/ /  ( in t r in s i c - s ta te )  .
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a b so rp tio n .

(c e fe e t  
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A
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F ig . 4 .1 .1 :  Two photon ab sorp tion  vs two
s te p  ab so rp tio n . Two photon ab sorp tion  u ses 
a v ir t u a l  in term ed ia te  l e v e l , ,  i n t r i n s i c ' t o  
th e  c r y s t a l .  Two / s t e p -  absorption  u ses a 
r e a l  in term ed ia te  l e v e l ,  which i s  a d e fe c t  
s t a t e .
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F ig .  4 .2 .1 :  Spectrum  o f  a n t i - S to k e s  PL a t  room

te m p e ra tu re  f o r  S I CdSe(sam ple .
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200 n s .
I ]

: PL from  SI C dSe(sam ple
H^) showing a decay  tim e  o f 

; l e s s  th a n  40 n s .

I n t e n s i t y  o f pump p u ls e .

3 8 M

PL from  low r e s i s t i v i t y  
C dSe(sam ple L0) show ing 
a  decay  tim e Z f  200 n s .

I n t e n s i t y  o f pump p u ls e .

F ig .  4 .2 .2 :  O s c i l lo s c o p e  t r a c e s  show ing th e  room
te m p e ra tu re  PL a t  745 nm f o r  two sam ples o f  CdSe, 
and th e  i n t e n s i t i e s  o f  th e  1060 nm e x c i t a t i o n  
p u l s e s .  The PL from  th e  S I CdSe(> 108il-cm ) 
had a decay  tim e  o f  l e s s  th a n  40 n s ,  w h ile  th e  
PL from  th e  low r e s i s t i v i t y  C d S e(12 il-cm ) had 
a  decay  tim e  o f  200 n s .
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Q>
C<D

C
E
3
- J Sample H - .V

o .o i

1.0 0.1 
Pump Intensity

0.0

F ig .  4 .3 .1 :  Time in t e g r a t e d  P L ( a r b i t r a r y  u n i t s ) ,  a t '
room te m p e ra tu re ,  a s  a fu n c t io n  o f  e x c i t a t i o n  
in t e n s i t y  J ( a r b i t r a r y  u n i t s ) .  M easured PL(««) i s
compared to  b o th  a sq u a re  la w ( ) and cu b ic  la w ( ) .
The PL sh o u ld  v a ry  a s  a  t h i r d  power o f  J  i n  th e  lo n g  
p u ls e  ap p ro x im a tio n  and a s  a f o u r th  power o f  J  in  
th e  s h o r t  p u ls e  a p p ro x im a tio n , f o r  i n t r i n s i c  two 
p h o ton  a b s o r p t io n .
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F ig .  4 .4 .1 :  S tro n g  p u ls e  t r a n s m is s io n  e x p e rim e n t.

S c a t t e r  p l a t e  i s  p la c e d  a sm a ll  d i s ta n c e  beh in d  th e  

sam ple so  t h a t  p a r t  o f  th e  t r a n s m i t te d  p u ls e  i s  r e d i r e c t e d  

in to  th e  d e t e c t o r ,  w h ile  th e  d i r e c t  p u ls e  i s  m easured  

b e fo re  th e  sam p le . E x c i t a t i o n  p u ls e  en e rg y  i s  v a r ie d  

by a  n e u t r a l  d ensity (N D ) f i l t e r .
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I /T =  2.32+0.93 J

- Pump Intensity (orb. units)

F ig .  '4 . 4 . 2 :  S tro n g  p u ls e  t r a n s m i s s i o n ^  *) o f  a 1 .0 6 /fm

pumping p u ls e  a s  a  f u n c t io n  o f  e x c i t a t i o n  i n t e n s i t y  J .  D ata

p o in ts  a r e  compared to  a  l e a s t  sq u a re s  f i t  o f  T = a+bJ( ) ,

th e  two ph o to n  a b s o rp t io n  fo rm u la , and to  X ^ = b J ^ '^ ( -----) ,  an

e m p ir ic a l  fo rm u la . The two p h o ton  a b s o r p t io n  model does 

n o t  f i t  w e l l .
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F ig .  4 .6 .1 :  Time dependence o f  PL, a t  room temp­

e r a tu r e  fo r  sam ple m easured  a t  710 nm by a 

s t r e a k  cam era. The d a ta  p o in ts  w ere f i t t e d  to  

a  b i - e x p o n e n t ia l  c u rv e . The cu rv e  shows a  s h o r t  

com ponent('* '100  p s) w hich  v a r ie d  w ith  e x c i t a t i o n  

i n t e n s i t y  and a  lo n g  com ponent( 2 .0  n s ) w hich  

was in d e p e n d e n t o f e x c i t a t i o n  i n t e n s i t y .
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1800

2  1400
o

h-
1000

c
3 6 0 0
xi

L (710 nm), I xo

-J 4 0 0
-L (6 6 0  nm), 2x

- 2 0 0  - 1 0 0

TIME (p s )

F ig .  4 .6 .2 :  S tr e a k  cam era m easurem ents o f  PL a t  710

nm and 660 nm( ) ,  sm oothed f o r  i l l u s t r a t i o n  p u rp o se s .

The c a r r i e r  te m p e ra tu re  Tc ( ) i s  shown a s  a fu n c t io n  o f

tim e , w here T^ “i s  d e f in e d  by th e  fo rm u la :

LC660 nm )/L(710 nm) =exp ( - ^ E / k ^ )  , A E = 0 .132 eV

The c a r r i e r  te m p e ra tu re  Tc h a s  a decay  tim e  o f 55 p s ,

and peaks a t  1800 K.
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Pump abso rp tio n -;
c a p tu re  by

two p h o to n .

l e v e l .

Shallow  a c c e p to r  A,

F ig .  4 .6 .3 :  Energy  l e v e l  s c h em a tic  e x p la in in g  s t r e a k

cam era m easurem ents a t  th e  band edge .
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TABLE 4.6.1

B i-e x p o n e n tia l  f i t  o f  th e  s t r e a k  cam era  lum in escen ce  u s in g  th e  

fo l lo w in g  eq u a tio n :

L (t)= A pexp(-t/xp )+ A Le x p ( - t / tl)

w here  xp i s  fo r  th e  f a s t  com ponent and it, i s  f o r  th e  slow  compo­

n e n t  The e x c i ta t io n  in t e n s i t y ,  J ,  i s  in  a r b i t r a r y  u n i t s .

I n t e n s i t y  J A(r.m) xp(ps) XT. (ps) — ”L Ap/Ar,

*t.5±0.7 710 105 ±5 1990+55 15o±30 35±5 it.3

1.15+0.21 710 257 ±1 8 1975±106 65 r1 2 10+3 6.5

0 .53±0.06 710 301 +1 D 1900+100 62±2o 13±3 it.7

5.0±0.1 660 71+3 1973±25 33±l3 3±1 10.9
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C hap ter 5 

C o n clu sio n s and F u tu re  D ire c tio n s

E xperim en ts  w ere p e rfo rm ed  on undoped, Se vapor a n n e a le d  

S I CdSe u s in g  a wide v a r i e ty  o f  te c h n iq u e s  and under v a r io u s  ex p e r­

im e n ta l  c o n d i t io n s .  A new deep  l e v e l  was found  and s tu d ie d .  

T echn iques f o r  c h a r a c te r iz in g  d e f e c ts  in  sem ico n d u c to rs  w ere dev­

e lo p e d .

I t  was found  t h a t  th e  tim e  r e s o lv e d  and n o n lin e a r  p ro p e r ­

t i e s  s tu d ie d  in  SI CdSe co u ld  be ex p la in e d  u s in g  th r e e  d e fe c t  

b an d s. F i r s t ,  th e  main re c o m b in a tio n  c e n te r  i s  a  deep  le v e l(R ) ,  

p ro b a b ly  a  deep  donor =1.3 eV above th e  v a len ce  band, w ith  a very  

l a r g e  c ro s s  s e c t io n  f o r  f r e e  h o le  c a p tu re .  T his deep  l e v e l  has 

d e g e n e ra te  l e v e l s  and i s  inhom ogenously  b roadened . Second, a 

s h a llo w  acce p to r(A ), =105 meV above th e  v a le n c e  band, i s  a ls o  a 

r e c o m b in a tio n  c e n te r .  T h ird , sh a llo w  donors c o n t r ib u te  t o  t'ne 

band t a i l  lu m in escen ce . The sh a llo w  donors do n o t p la y  a  m ajor 

r o l e  in  th e  re c o m b in a tio n  o f  f r e e  c a r r i e r s  in  SI CdSe, b u t a r e  lo n g  

l iv e d  t r a p s  in  low  r e s i s t i v i t y  CdSe. These th r e e  l e v e l s  cau se  th e  

p ico seco n d  re c o m b in a tio n , m u lti-p h o to n  a b s o rp tio n  and h igh  e l e c t r i ­

c a l  r e s i s t i v i t y  o f SI CdSe. Because o f  th e  wide ran g e  o f  e x p e r i­

m e n ta l c o n d itio n s ,  d i f f e r e n t  m odels u sin g  th e  same l e v e l s  w ere 

u sed  to  e x p la in  th e  d a ta .

Under low  i n t e n s i t y  s te a d y  s t a t e  e x c i ta t io n ,  a tw o l e v e l

model by K la sen s , u s in g  re c o m b in a tio n  c e n te r s  R and A, ex p la in e d

th e  n o n lin e a r  PL. A co n d u c tio n  band t a i l  T c a u se s  lum in escen ce

b u t was n o t a  reco m b in a tio n  c e n te r .  D i f f e r e n t  sam p les  can be c l a s ­
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s i f i e d  by d i f f e r e n t  c o n d itio n s  in  th e  K lasen s m odel. The p ic o se ­

cond m easu rem en ts , b o th  a b so rp t io n  and lu m in escen ce , show t h a t  R 

c a p tu re s  h o le s  v e ry  rap id ly (< 1 0  p s) , c a p tu re s  co n d u c tio n  e l e c t r o n s  

on a  nanosecond  s e a le ( 2  n s  a t  room te m p e ra tu re )  and p ro b ab ly  

t r a n s f e r s  e l e c t r o n s  t o  A(=1 n s  a t  room te m p e ra tu re )  by a  cascad e  

m echanism . The ca sc a d e  m echanism i s  a  p ro c e s s  w here th e  e l e c t r o n  

t r a n s f e r s  in  s ta g e s  down a  la d d e r  o f e l e c t r o n i c  l e v e l s  by e m ittin g  

a c o u s t ic a l  phonons. The deep l e v e l  a l s o  ca u se s  tw o s te p  a b so rp ­

t io n  and induced  d ich ro ism . The induced  d ich ro ism  shows t r a n s f e r  

b e tw een  d e g e n e ra te  l e v e l s  w ith in  R f a s t e r  th a n  10 p s . The deep 

donor caused  o p t i c a l  tw o s te p  a b s o rp tio n  from  th e  v a le n c e  band to  

th e  con d u c tio n  band. P henom enological m odels u sing  th e s e  

p ro c e s s e s  e x p la in e d  th e  r e s u l t s  o f th e  p icosecond  m easurem ents 

w e l l .

An energy  l e v e l  sc h e m a tic  fo r  SI CdSe which sum m arizes 

some o f  th e s e  r e s u l t s  i s  shown in  f ig u re  5 .1 .1 . The en erg y  o f  th e  

d e f e c t  l e v e l s ,  R and A, a r e  p ro b ab ly  a c c u r a te .  E s tim a ted  c ro s s  

s e c t io n s  and t r a n s i t i o n  r a t e s  f o r  n o n ra d ia tiv e  t r a n s i t i o n s  a t  room 

te m p e ra tu re  a r e  shown in  t h i s  f ig u re .  These e s t im a te s  a r e  very  

rough  and t h e i r  l im i ta t io n s  a r e  d e sc r ib e d  in  th e  t e x t .  However, 

t h i s  diagram  g iv es  a  p h y s ic a l in s ig h t  in to  th e  p ro c e s s e s  by which 

d e f e c ts  in f lu e n c e  th e  p r o p e r t ie s  o f  SI CdSe.

T his work s u g g e s ts  many f u tu r e  d i r e c t io n s .  For th e  m a te r­

i a l  CdSe i t s e l f ,  f u tu r e  work co u ld  be done to  s tu d y  th e  sh a llo w  

don o rs  in  SI CdSe and th e  dynam ics o f  e le c t r o n s  in  LR CdSe. The 

chem ica l and p h y s ic a l n a tu r e  o f th e  d e f e c ts  s tu d ie d  in  t h i s  th e s i s ,  

and th e  e f f e c t  o f  th e  s u r f a c e  on th e s e  d e f e c ts ,  a r e  s t i l l  unknown.
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F i r s t  p r in c ip le  c a l c u l a t i o n s  were n o t a p p lie d  to  SI CdSe becau se  

th e  d e f e c ts  w ere n o t c h e m ic a lly  known. The e f f e c t  o f  known dop­

a n t s ,  su ch  a s  Cu, on th e  te m p o ra l and n o n l in e a r  p r o p e r t ie s  o f  CdSe 

c o u ld  be com pared to  f i r s t  p r in c ip a l  t h e o r i e s .  P re v io u s  s tu d ie s  o f 

th e  i n t r i n s i c  p r o p e r t ie s  o f  CdSe sh o u ld  be rev iew ed  b ecau se  o f th e  

new know ledge o f  p o s s ib le  e f f e c t s  o f  u n c o n tro l le d  d e f e c t s .

The e x t r i n s i c  p r o p e r t ie s  o f  se m ic o n d u c to rs  u n d e r h igh  ex c i­

t a t i o n ,  e s p e c ia l ly  on a  p ico seco n d  tim e  s c a l e ,  sh o u ld  be c a r e f u l ly  

s tu d ie d .  M easurem ents on c h e m ic a lly  known s y s te m s , such  as 

ZnSerCu, Si:Au and  GaAs:Cr, co u ld  be com pared to  f i r s t  p r in c ip le  

m odels o f  atom s in  c r y s t a l  en v iro n m en ts . D e fe c ts  t h a t  a r e  g e n e r­

a te d  by g ro w th , a n n e a lin g ,  n u c le a r  bom bardm ent o r  d ev ice  usage 

co u ld  be d e te c te d  and c h a ra c te r iz e d  by th e  sam e te c h n iq u e s  u sed  in  

t h i s  t h e s i s .  The p r o p e r t ie s  t h a t  w ere shown e x t r in s i c  in  t h i s  

t h e s i s ,  such  a s  p icosecond  reco m b in a tio n  and fo u r  wave m ixing a re  

im p o r ta n t in  e le c t r o n i c  and  o p t ic a l  te c h n o lo g y . T h e re fo re ,  th e s e  

p r o p e r t ie s  can be a l t e r e d  by s u i t a b l e  doping  o r bom bardm ent fo r  

v a r io u s  d ev ice  a p p l ic a t io n s .

This t h e s i s  a l s o  em phasizes th e  e f f e c t  u n in te n t io n a l ,  

u n c o n tro l le d  d e f e c ts  can  have on a s am p le . The u se  o f  more th a n  

one e x p e rim e n ta l te c h n iq u e  on a  s in g le  sa m p le , o r  th e  u se  o f  one 

tec h n iq u e  on m ore th a n  one sam p le , co u ld  s e p a r a te  th e  p r o p e r t ie s  

o f th e  i n t r i n s i c  c r y s t a l  from  th e  p r o p e r t ie s  o f  th e  u n c o n t r o l la b le  

d e f e c ts .
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Deep donor R 
(w ith  d e g en e racy )

> r h< io  Ps .

—  < -
< 1 .5 x 1 0 " 12cm2. C

Shallow  accepC or A.

L ig h t Heavy

F ig .  5 . 1 .1 :  E nergy l e v e l  sch em a tic  o f  undoped , s e m i- in s u la t in g

CdSe. The m ajo r d e f e c t  l e v e l  bands a r e  th e  deep  d o n o r , th e  

sh a llo w  a c c e p to r  and th e  sh a llo w  d o n o r. The p a ra m e te rs  o f 

n o n r a d ia t iv e  t r a n s i t i o n s  o f  th e  deep donor a r e  a t  room tem p era -
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A ppendix A1

a) The coded c o n d i t io n s  i n  th e  s in g l e  d e f e c t  
l e v e l  m odel by K la s e n s .  The q u a n t i t i e s  n ,  p ,
C, L , I ,  F and U a r e  d e f in e d  in  c h a p te r  2 .
Each q u a n t i t y  i s  shown a s  a  f u n c t io n  o f  e x c i t a t i o n  
i n t e n s i t y  U.

b) Code f o r  d i f f e r e n t  c o n d i t io n s  o f  th e  s in g l e  d e f e c t  
m odel. One d i g i t  i s  chosen  from  each  colum n.

(1) a=a
(2) a=a

(1) n=a
(2) n=p

(1) U=I
(2) U=I

(1 ) C=L
(2 ) C=I
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A p p e n d ix  A2

T r a n s itio n  i n t e n s i t i e s  ( i ‘. e . , b reak in g  
p o in ts )  fo r  the s in g le  d e fe c t  l e v e l  m odel 
by K la sen s . When tn e e x c it a t io n  in t e n s i t y  U 
p a sse s  a t r a n s i t io n  i n t e n s i t y  Ih , the  
coded c o n d it io n  and the v a lu e s  c f  m chance.
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A ppendix JQ-

a) The coded c o n d i t io n s  in  th e  two d e fe c t  
l e v e l  model by K la se n s . The q u a n t i t i e s  n p I

m C hap ter 2 ‘ The v a lu a  °'£• ’ . a ° .  exponent fo r  th e  e x c i t a t i o n
_ i n y g s i t g J J ,  i s  shown -for each q u a n t i ty .

m m  
111112 
111121 
111122 
111211 

- 111212 
111221 
111222 
112111 
112112 
112121 
112122 
112211 
112212 
112221 
112222 
121111 
121112 
121121 
121122 
121211 
121212 
121221 
121222 
122111 
122112 
122121 
122122 
122211 
122212 
122221 
122222

C ontinued  on th e  n e x t p age .
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b) Code f o r  d i f f e r e n t  c o n d i t io n s  in  th e  two d e f e c t  l e v e l  
m odel. One d i g i t  i s  chosen  from each  row.

(1) a= a° (2 ) a = a t
(1) h=hU_ (2) h=h
(1) a =h (2) a  =n (3) h“ =p (4)n=p
(1) U=I (2 ) U=P.
(1 ) .  C==L (2) C=I
(1 ) E=B (2 ) E=R
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A ppendix A4

P a r t i a l  l i s t  o f  t r a n s i t i o n  i n t e n s i t i e s  
( i . e . ,  b re a k in g  p o in ts )  f o r  th e  two d e fe c t  
l e v e l  m odel by K la se n s . When th e  e x c i t a t i o n  
in t e n s i t y  U p a s s e s  a t r a n s i t i o n  i n t e n s i t y  
U .,  th e  coded c o n d i t io n  and th e  v a lu e s  o f  m 
change.

r
f ~ b

Efe) 0 * ! uatl U&2
:

rr,0k =  2 f ;

; tr5= "
v r VY

U?=2!L
P '
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Appendix B1

P rogram  DONOR.R, f o r  c a l c u l a t i n g  th e  
c o n c e n t r a t io n s  o f  e le c t r o n s  i n  th e  deep l e v e l  
and th e  f r e e  h o le s  a s  a  f u n c t io n  o f  tim e .
R a te  e q u a t io n s  e n t e r  th e  program  by su b ro u t in e  
EONS.R, a r e  so lv e d  by l i b r a r y  fu n c t io n  ODES 
and p la c e d  i n  f i l e s  by s u b ro u t in e  PRINT.R. 
T ra n sm is s io n  a s  a  fu n c t io n  o f  tim e  i s  th e n  
c a lc u la te d  by TRNS.R.
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A ppendix B2

Program  EQNS.R, c o n ta in in g  th e  r a t e  
e q u a t io n s  f o r  th e  c o n c e n tr a t io n  o f  deep 
d onor e l e c t r o n s .  The r a t e  e q u a tio n s  u sed  
a r e  d e s c r ib e d  i n  th e  te x t ( e q u a t io n  3 . 5 .1 ) .
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A ppendix B3

Program  PRINT.R, w hich makes f i l e s  
f o r  t h e  deep  donor e l e c t r o n s ,  th e  f r e e  h o le s  
and a  d i s p la y  t a b l e  f o r  b o th .

i x i c i ) ,  X1C2): 3 f e r  m 31C." . t , _nr  J_ p  JS£ g U -J .)J  _
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- r x t 0 C 2 . 3 3 x C j t , n . x C j t , a )
Jt = jt*l -------------------------------------------
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