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. 

The advent of  ~ ~ n c h r o n o u s ~ ~  pumped, modelackcd, c a v i t y  dumped dye 
I 

lasers and f a s t  ph t m l t i p l i a r s  has  all- - t i m e - r e s o l v d  

and picosecond r q i m .  This  enabl4s t h e  t r a n s i e n t  s t u d y  of  exc i ton  
. 

phenowna i n  semic&ductors whose i n t c r a c t i u k ,  p a r t i c u l a r l y  i n  d i r e c t  
- --  

I 

' gap m a t e r i a l ~ , ~  take = p l x c P  m t h i s  time .c.le. Tim-resolved 
- 

s p u t r o s c u p y  al low t h e  d i r e c t '  rreewrelrent of  t r a n s i t i o n  o s c i l l a t o r  

s t r e n g t h s ,  a q u a n t i t y  which i s ,  s e n s i t i v e  t o  t h e o r e t i c a l  exc i ton  

model a, t h u s  a1 1 w i n g  experirrbntal tests of theory. Time-resolved 
t 
\ 

p h o t o l u m i n e s c ~ c e  is also use fq l  for  i d e n t i f y i n g  t h i r d  p a r t i c l e  
, . 

e r e p l i c a s  of  principle t r a n s i t i o n s  t h u s  enabl ing  estimates of  t h e  
- - -  - -- - - - - - - - - - 

exci ton  binding e n e r g i e s  t o  be  ma+. In Si, t h e  l i f e t l r e s  of  t h e  
I 

8 

d q ~ t  simple a c c e p t o r s  In  and TIi as well as t he -deepes t  s imple  

donor Bi, bound e x c i t o n s  were wasu?,td and i n  t h e  "case of  t h e  
' -* 

u c q 1 9 o r s  found t o  agrw with p r e d i c t i o n s  based on t h e  simplest 

t h w r y .  In CdSe it was d e t e r m i n d  t h a t  baund e x c i t o n s  are formed from 

t h e  t r app ing  of f r e e  e x c i t m s ,  c o n t r a r y  to  o t h e r  published r e s u l t s ,  by 

observing t h e  time d-in b+haviour of t h e  f r t e  and bound exc i ton  

luminescance. S e l e c t i v e  e x c i t a t i m  of t h e  bound e x c i t o n  t r a n s i t i o n  

all& i i i e n t i f i c a t i o n  of  satellite l i n n  and i n  the c a s e  o f  fhe 
I 

a c c q t o r ,  gave a binding u w r g y  s u b s t a n t i a l l y  less than  t h e  c m  

k m  8cc+ptors. for Z n h b t h e  l i f e t i m u  of  bound excituns were 



measured and t h e  results cumpared wi th  t h a o r e k i c a l  predict i&li .  I n  t h e  

case of  W s  t ime-resolved photoluminescence a l l w e d  t h e  t e s t i n g  of 
V 

t u o  rodels pu t  forward t o  e x p l a i n  t h e  'damage l i n w P  c h a r a c t e r i s t i c  of  
3. 

s i m p l e  growth by mlac~ler beam epi taxy .  w i t h e r  model was found t o  b e  
< L . - 

- - -  t - - . - - - , 

c m s i  st i t h  e x p a r i w t  f a r  the.  whole sat  of  l i n e s .  h l u t i v e  
a* 

e x c i t a t i o n  o f  t h e  h i g h e s t  energy  .'darageva l i n e  showd . it t o  b e  

accep to r  l i k e  a l t hough  wi th  a smaller b inding  energy t h a n  p r e v i w r l y  
a 

i 
- - 

- - 

thought .  These same samples  also showed a t i w d e p ~ d m t  d ip ,  under ,$ 

s e l e c t e d  e x c i t a t i o n  c o n d i t i o n s ,  i n  t h e  p o l a r i t o n  r e g i o n  of  t h e  . 
1 < 

spactrum. T h i s  b e h a v i w r  was rbde led  wi th  r ea sonab le  s u c c e s s  u s ing  t h e  . . 
Boltzaann equa t ion  f o r  t h o  t r a n s p o r t  o f  p o l a r i t o n s  to  t h e  s u r f a c e .  
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Tim TO B C I  TON 

A -  f r e t  h o l e  and e l u t r o n  i n  a semiconductor exper ience  a Coulorb 

Y - a t t r a c t i o n  which* favor. t h e  'formation o f  a bound state with a 

consequent reduct ion i n  t o t a l  energy.' This  bound e lec t ron-ho le  s t a t e  --- - -- 

4 s  c a l l 4  a f r e t  e x c i t m  ( 1  C1.11. The two-par t ic le  i n t e r a c t i o n  

p o t e n t i a l  is 

where E ' i s  t h e  d i e l u t r i c  constant  which t a k e s  i n t o  account t h e  
C - -- 

I s c reening of  t h e  ba re  Coulorb p o t e n t i a l  by t h e  p o l a r i z a b i l i t y  of  t h e  

e 
I- host  l a t t i c e .  By analogy to  t h e  hydrogen atom t h e  energy s p u t r u m  can ' 

+ c 
then be wr i t t an  a s  

where m is t h e  'reduced mass, m = k-l + These 
9 

e l e c t t o n  and h o l e  m s s + s  a r e  e f f a c t i v i  masses t h u s  crudely  t ak ing  i n t o  
/' 

. *xcifi&ticms. The d i ~ l u t r i c  constant  for  s m i c o n d u c t o r s  is of t h e  

% ', ord+tj-10 and t h e  r d y c e d  u b s , i s  usua l ly  f a r  less than one, leading 
t 



* 
- PAeE 2 

r' - 

t o  binding energ iks  o f  t h e  o r d i r  of w V  r a t h e r  than eV. FE 
v 

- - 

wavefunct ims are t h u s  very extended, of order 100 A. Due t o  t h e  small 
u 

b-inding e n e r g i e s  FE i n  amst semiconductors a r e  s t a b l e  only  a t  

cryogenic temperatures. These e x c i t m s  are not l o c a l i z d  and are t h u s  
0 

f r e e  to move around-in t h e  c r y s t a l  hence adding t o  t h e  energy l e v e l s  

of e q u e t i m  1.2 a k i n e t i c  energy term leading to  f E  bands 

The above d i scuss ion  c u r  be put  on r more f o r u l  footing.  A 
t 

s i n g l e  p a r t i c l e  e x c i t a t i o n  vavefunction f w  an e l u t r o n  can be wr i t t en  

where uk(b) is t h e  pe r iod ic  p a r t  of a Bloch function. This 
J 

vavefunctiwr is not l o c a l i z e d  i n  r e a l  space  and hence t h e r e  is no 

Cwlorrb a t t r a c t i o n  between such a state and a corresponding hole  
- - * 

s t a t e .  A t  t h e  expense of e b i t  of energy a wrvepacket cu r  be f o r m  by 

expanding around t h e  band extrmurr wavevutor  ko, i n  terms of t h e  

v r v e f ~ c t i o n s  i n  equat ion 1.4, t o  for-m a l o c a l i r e d  axc i t a t ion .  Rwt 

, -- uavefunction for  a l o c a l i z e d  e l u t r o n  can t h m  be u r i t t w  as a Fourier  

" with expansion coat  f i c i m t s  Al, 
- 4  



and the corresponding localized hole 

valence band extremum QO is 

wavefunction expended around the , 

If the particle is not too localized, waning that the wavefunction is 

spread out over sw+ral lattice constants, the sum over k can be 

restricted to k near ko. The - Bloch functions can then be 

approximated by the band ' extremum values and take out of the s u m .  

This is the essence ,of the so called effective mass approximation 
- - - - 

Equations 1.5 n w  becore . 
,/ 

-.2 

u 1 . h  

0 
4r 

1. The quantities in brackets are slwly varying mvelopefunctions 

ext~ding over many lattice sites. A localized quasi-particle 

mahlrted by w envelops function. 



and B have been amalgamated i n t o  C 

- 

This  again c o n s i s t s  of a s l w l y  varying envelope funct ion m d u l a t d ~  
- - 

Bloch functions.  The t o t a l  symmetry of  t h e  FE is given by t h e  d i r u t  
e 

product of t h e  symmetry of  t h e  band edges and t h e  envelope function. 
ch - 

This must be k w t  i n  r i n d  th+n der iv ing  s e l u t i c m  r u l ~ .  The 

wavefunction i n  equat ion 1.7 r e p r e s e n t s  a FE loca ted  at a q k ~ i f i c  
- 

p l a c e  i n  t h e  c r y s t a l .  T h i s  is t o o  r e s t r i c t i v e  s i n c e  we e x p u t  a  FE t o  

be f r e e  t o  move i n  t h e  c r y s t a l ,  because t h e  i n t e r a c t i o n  p o t e n t i a l  on' a 
, ? .  
" ( ,  - 

scale - of  many l a t t i c e  sites is j u s t  t h e  Coulomb p o t e n t i a l  h i c h  

d e p q d s  only on t h e  r e l a t i v e  separa t ion.  A de loca l i zed  FE wavefunction 
- - - - 

- - 
of well def ined total wavevector & c u r  be  c w r s t r u c t d  by 

t h e  i n  equat ion 1.7 so t h a t  Q+~S only p a i r s  adding to  th / r i g h t  

4 

yI*o'l-i+nt,~- can con t r ibu te .  The envelapa funct ion i n  q u a t i o n  1.7 t h u s  

Tkir a F f e c t i v e l y  reawes me of t h e  wm and i n  +rr~cr! introducts 

soae de loca l i za t ion .  What is l e f t  is d a l o c a l i z d  c w t w  of uss h i o n  



on the r+lativc, #tim of the glq,tS_jOll r_s#lr_s#lhol+. This can be seen by 
-$ 

transforming to  cmter of mass coordinates 

, I 
--a . - 

/" 
/ , 

- - - - - 

The FE +nvelope Mv+fur%tion part of equation 1.8 can be rewritten as  

a product of  an internal uav+functim and one of cmter of mass motion 

The FE wavefunction w i l l  then satisfy a W i l t m i a n  of the form 
- 

uhrr+ the C(Q) is the Fourier transform of the hydrogenic functions 



h e i e  a, is t h e  FE Bohr r a d i u s  given by 
4. \ 

The energy abwe t h e  mini- of  t h e  band needed t o  form t h e  

l o c a l i z e d  states is more than recovered by t h e  r e s u l t i n g  binding of 

t h ~  l o c a l i z e d  + lk t ron  and h o l e  due to  t h e  C o u l d  potcmtial .  F ~ H  
4 

e l c c t r m s  and h o l e s  i n  a semiconductor at lw t s r p e r a t u r e s  re t h u s  P 
L 

u n s t a b l e  t o  formation o f  FE uhich are t h e  lowest mergy ,  i n t r i n s i c  

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

Ul t imate ly  t h e  e lu t rm ? = d i n e s  with t h e  hql& and t h e  FE 

a n n i h i l a t e s  g iv ing  up its m e r g y  t o  c r e a t e  a s l i g h t l y  b e l w  band-gap 

photon which can be  de tec ted  w t s i d e  t h e  c r y s t a l .  A FE h a s  a 

. c h a r a c t e r i s t i c  luminescence lineshp c o n s i s t i n g  of a sharp  lw energy 

edge corresponding t o  a FE with z e r o  c e n t e r  of urns motion and r 

EPoltzur#, tai l  t o  higher mergy.  Since wavevector must b e  cm.+rv+d 

upm FE m n i h i l r t i m  t h i s  c h a r a c t e r i s t i c  l i n e  shape is g m e r a l l y  H H ~  
-- 

only  i n  phonm r q l i c a s  of t h e  FE t r a n s i t i o n  s i n c e  a phomm is t h w  

a v a i l a b l e  t o  absorb t excess  momentum. I n  t h e  no-pharwrr r - i m  of 

t h e  q u t r t m  only  ~ u n t i a l l y  s t a t i cmary  FE with c w t e r  of MS. 



m t t a  Ed-cur csmt+tbttt+, r&Mp frra s h w s p i h f  ort;)re+ 

no-phonor, l i n w h . ~ ~ .  The radiat ive  d u a y  r a t e  s f  the FE is determined 
-- b 

by the overlap of s l u t r o n  and hole uavefqct icms but the obs;rved , 

d u a y  ti- of the  rarely corr~porrds to  the  radiat ive  rate .  The 

r e a m  for t h i s  is that FE are readi ly  trapped on i rpur i t i e s  t o  form 

bwnd excitons  (El. The observed d u a y  ra te  is thus u w a l l y  the 

trapping rats .  , 



Larrpert t1.31 f i r s t  suggested t h a t  FE could  g e t  t r a p p d  on donor 

and accuptor i m p u r i t i e s  t o  form BE fu r the r  r d u c i n g  t h e i r  wmrgy by 

t h e  exc i ton  l o c a l i z a t i o n  energy of  t h e  b inding c m t s r .  W made 

a n a l o g i e s  bet- ah exc i ton  bound t o  a n e u t r a l  impuri ty and t h e  
ppp - - - - -- - - 

hydrogen molecule as wall as an exc i ton  bound to  an ionized impuri ty 

and t h e  Hz icfm. Hopfield C1.+41 discusrod t h e  s t a b i l i t y  c r i t e k i o n  i n  

terms of  t h e  e lu t rm to  h o l e  e f f u t r v e  mass ratio and d e t e r r i n w i  t h a t  

e x c i t m s  buund t o  n w t r a l  i m p u r i t i e s  are s t a b l e  fo r  a11 MS. rat!- 

whereas e x c i t m s  bound t o  ionized i r p u r i t i e s  are s t a b l e  on ly  for  

r e a t r i c t d  v a l u e s  of  t h e  mass r a t i o .  S p u i f i c P l l y  i n  8i where 

r - w, n e i t h e r  ionized impuri ty cen te r  can bind an excitcm, 

donor is s t a b l e  while m excitcm bound to  an i o n i z d  acceptor  i.u not.  

A BE, upon a n n i h i l a t i o n ,  g i v e s  o f f  e photon of  energy less than t h a t  

of  a FE. In  f a c t  t h e  e x c i t m  l o c a l i z a t i o n  energy i s  d i r > . c t l y  

determined - o p t i c a l l y  by measuring t h e  m e r g y  d i f f e r e n c e  between. t h e  BE 

and FE l i n e s .  There e x i s t s  an e r rp i r i c r l  r e l a t i o n s h i p  bet- t h e  

exc i ton  l o c a l i z a t i o n  energy Esx and t h e  impur i ty  binding energy E i  

knwg a s  H . y n ~ '  r u l e  t l .S I ,  where r and b are c m s t u r t c  for  a g i v ~  



ut er i a1 . tt has  bcm found t a hold  f n -inF ciiic-t anc w. Insim 

and b-0. I f  e f f e c t i v e  rass theory were e n t i r e l y  app l icab le  

i r r p u r i t i ~  of t h e  UH type i.4. donars or  accaptors  would have 

t h e  mame ion iza t ion  m d  exci ton binding energy. Experimentally 

ac tua l  e n s r g i w  are of ten  f w n d  t o  vary considerably f roa  

a1 1 

t h e  

t h e  

t h e  

e f f w t i v e  us8 v a l u ~  and t h i s  is a t t r i b u t e d  to  l a t t i c e  s t r a i n s  or 
- --- -- 

d i f f e r ences  i n  t h e  co re  p o t ~ t i r l s  of t h e  d i f f e r e n t  i r p u r i t i e s .  A 

dart range po t en t i a l ,  c a l l e d  a c m t r a l  c e l l  potarft ial i  is added t o  

: t h e  Coulomb po t en t i a l  t o  accamt .  for t he se  d i f f e r e n c ~  i n  binding 
1 

- -- - 

- y Y  . 
A BE l i n e  is dis t inguished o p t i c a l l y  f roa  a FE l i n e  by its 

e x t r e m l y  n a r r w  l i n e  width, s i n c e  un1i.ke 8 fT, a BE d w s  not have a 

Bo l t zunn  t a i l  due t o  thermal motion. BE usre f i r s t  detected i n  Si by 

k y n e s  tl.51 who, by s e l u t i v e  doping, i d m t i f i o d  l i n ~  cotresponding 

t o  e x c i t m s  bwnd to  u v e r b l  c r - m  impur i t i es  i n  s i l i c a r .  The n w t r a l  

i l rpuri ty wavefunction, as well as t h e  FE wavefunction, are very 
P 

ex twdeds  covering up t o  hundreds oP l a t t i c e  sites, h m c e  t h e  FE 

t rapping c ro s s  sutiar t o  form BE is larga.  This c r o s s  s u t i o n  can be 
\ 

determined u p t i c a l l y  by l l ~ u r r i n g  t h e  d u a y  rates of t h e  FE and BE, i f  

t h e  dens i ty  o f  trapping cwt t e r s  is known. P r w i d d  t h e  d ~ s i t y  of 

ilrpuritiem is not so high t h a t  BE wavefunctions w e r l a p  appreciably 

t h e  l i f e t i n  of a BE is c h a r a c t e r i s t i c  of t h e  binding cen te r  and is 

t h e  inverme of t h e  urr, of t h e  r a d i a t i v e  and nar  r a d i a t i v e  d u a y  rates. 

A l a rge  d i s t i n c t i o n  rust be made here  bet- d i r u t  m d  

i n d i r u t - g l p  m i c a r d u c t o r s .  In d i  rcct-7 semiconductors BE 

ru#bin. t im cur  procwd without t h e  pa r t i c ipa t i on  of r m t w  



l i f e t i m e s  of t h e  order of 1 ns. In t h e  c a m  of k i n  i n d i r u t - p a p  
-----I 
/ 

semiconductors t h e  rad ia t iv*  r a t e  i s  much roduced due to  t h e  n+odod 

pa r t i c ipa t i on  of r momentum ccwrkrving phawm. In t h i s  case  t h e  t o t a l  

decay & r a t e  is u-lly d a i n a t d  by t h e  non-radiative Auger d u a y ,  
I 

here  t h e  BE h r g y  is p i v m  off t o  t h e  r-ininp &rticlle of t h e  
- - -- - - - - - - - 

neutra l  BE ccmplax. For shallow BE i n  Si  t h e  l i  fetim of t h e  BE is of 

t h e  order of &m h e r e a s  for  da-er BE t h e  l i f e t i m e  is r e d u c d  to  Isms I. 
1 

than a nu. f i  d u a y  r a t e  i n  these  d i f f e r en t  c i r c u n t a n c a  is t h e  
i - \i - 

top ic  of t h i  next s+t ions .  
i 

The uh l f i e i d  of BE i n  various semiconductors, including t h e  4 6 g. ', 
effects of e x t ~ p e r t u r b a t i o n s  of t h e  sample, Has b e m  ex tms ive ly  

C- 
r e v i e w d  by Dean and Herbert t1.61. The next s ec t i ons  w i l l  d i scuss  

only those a uts relevant  t o  time r e s o l v d  spu t ro scopy  of BE in' Y!' > 

- T '  



The BE oscillator strength detarmtned from the strength of the 

absorption in dirwt-gap s+aicmductors is wprisingly large c-arsd 

to to intrinsic FE absorption, considering the relatively low density 

'I of irrpurity cwtters. This "was first explained by Raahba and 
- - - - - - - - - 

BurgenimhvM tl.7,Xm81 who showed that a s h a l l ~  BE possesses a giant 
\ '. 

oscillator strength proportional to the volume of space covered by the 
I -  / . . 

BE wavefunction. ?he shallowest =.thus have the largest oscillator 
- 

strengths and c&vernely the shwtcrt lifetimes. Before deriving this 

result som background quantities n w d  to be discussed; ,.'P 
A set of classical ouillators with resonance fr+quency ~o 

driven by a field of frequency w contributes a polarization per unit 

ti .-. z- , . 
* '7 

r e  N is the nurber of omcillators per unit volura,' r is the"uss of 
a :-. ?4. 
the oscillator and f is the oscillator strength. With a wit$&le 

----I 
quurtum mechanical definition of f the interaction of light with 

'1 

utter cur be adaquately treated. In the lw fr+qumcy limit equatim 'r.. 
"b, '. 



From semiclass ical  r ad i a t i on  theory i n  t h e  d ipo le  approximation C1.101 - - 
we have t h e  following r e s u l t s  

Here Bif is t h e  Eins te in  B coef f ic ien t  t1.111, 
d 

- t r a n s i t i m  probabi l i ty  par un i t  t iw then multiplied by d 

spec t r a l  energy densi ty ,  and t h e  squared t e r ~  is t h e  v i p o l e  mat i x  
\ f 

el-t b e t w w  t h e  i n i t i a l  and f i na l  s t a t e s  s q u r r d .  ~urt- t h e  

quantum mechanical po la r iza t ion  - -  - per un i t  volume i n  t h e  low f r q u w c y  - 

Colgaring t h e  c l a s s i c a l  po la r iza t ion  ( e q h t i o n  1.17) with t h e  quantum 

mchanical  po la r iza t ion  ( q u a t i o n  1. lg), r w i t a b l e  quantum ~ c h a n i c a l  
2 

d e f i n i t i o n  of t h e  oscillator: s t r m g t h  f is 



an incident electric f i e l d  i n  me d i r c c t w ,  so m average m l y  113 of 

t h e  randomly oriantd oscillators p a r t i c i p a t d .  For t h e  purposes of 
L 

ca lcu la t ing  t h e  r a d i a t i v e  l i f e t i m e  t h e  dircrcticm is u n i w o r t a n t  and 

' t h e  o s c i l l a t o r  s t r m g t h -  is the re fo re  a f ac to r  of 3 t o o  'small. ' I t  

1 

h i n g  t h e  i d e n t i t y  imdmlyln3 = <mlpln> Cl.kp3,  t h i q  'equation can a l s o  
-=. 

x* /' 
be wr i t t en  i n  term of t h e  m t u r .  matrix el-f as 

In term of t h i s  m i l l a t o r  s t r eng th  t h e  q u a t i o n  1.10 can be 

u n i t  time, is re la td  to t h e  induced t r a n s i t i o n  rate by- t1.113 



.1 & 
In term pf t h e  o s c i l l a t o r  s t r m g t h ,  .the A coef f ic ien t ;  using 

P 
'equations 1.22 and 1.23 can be wri t ten  as rn 
G .a r '  

f 

U. are in t e r e s t ed  i n  th; r a d i a t i v e  l i f e t i m e  of an ex5it.d state. The -a- 

exc i ted  state population is d x r e a s d  by spontanm.  m i s s i d n  of 

photons, a process  which occurs  with a probabi l i ty  given by A. In a 
8 . 2  

% 

d i e l e c t r i c  M d i w  of r e f r a c t i v e  index n t h e  induced emission rate is 

increased by a fac tor  n" due t o  t h ~  increased photon dwrr i ty  of ., 
' 3 .  

f i n a l  s t a t e s  but d u r e r s e d  by nz due to  t h e  d i v i q i m ~  by t h e  

increased i n c i d m t  m e r g y  densi ty ,  y ie ld ing  a net  i n c r e p e - o f  t h e  

c m f f i c i s n t  B by a fac tor  of n t1.123. Since t h e  s p o n t m k s  and 
- 

induced emission ratem are r e l a t e d  by q u a t i o n  1.23 t h e  coe f f i c i en t  h 

is s i m i l a r l y  increased by a factor  n. The r a d i a t i v e  l i f i t i w  T = ~ / A  i n  ,' 

b 

a d i e l e c t r i c  medium of r e f r a c t i v e  index n is t h u s  g i v w  by - ~ 

0 

* 
This  can be w i t t a n  i n  .ore cmveniant  u n i t s  as tl.131 . 



where X is t h e  t r a n s i t i b n  wavelength i n  vacuua i n  crr. 
-1 ,' 

4" 
r-' The o s c i l l a t o r  s t r e n g t h  can conveniently be determined , 

experimamtally from t h e  i n t e g r a t e d  absorpt ion of a t r a n s i t i o n  t1.143. 

I n  term of t h e  absorpt ion c o e f f i c i r n t  a which r e p r e s e n t s  t h e  

f r a c t i o n a l  change i n  i n t e n s i t y  1 with unit-length, t h e  absorbed 

pouer, W is given by 

&ere  I(& is t h e  i n c i d w t  l i g h t  i n t e n s i t y  of f r q u m c y  w If t h e  
- 

i n t m s i t y  is approximately i n d e p w d w t  of f r q u e n c y  i n  t h e  d l 1  range 
L 

here  is non zero,  then I(& can be  taken wt of t h e  i n t e g r a l  



where Nt is t h e  '-number o f  absorbing c e n t e r s  i n  t h e  i n i t i a l  state. 

The f i r s t  bracket  is t h e  t r a n s i t i o n  p robab i l i ty ,  per cen te r  and u n i t  

ti#, and t h e  second bracket  is t h e  energy absorbed per t ramsi t ion .  

Equating 1.28 and 1.29 and s u b s t i t u t i n g  i n  iw t h e  E i n s t e i n  B 

- - -- - c o e J f i c i e n t  from equation 1.22 g i v e s  for  t h e  o s c i l l a t o r  s t r h g t h  

- 
For an absorpt ion measurement, t h e  appropr ia te  expression for  t h e  

\ 

w c i l l a t o r  s t r e n g t h  is equation 1.20 r a t h e r  than 1.21a, c m s q u e n t l y  

. t h e  f a c t o r  of 3 does  not appear i n  t h i s  r e s u l t .  

The m t u r  matrix el-t connecting a FE o r  BE t o  t h e  c r y s t a l  

ground s t a t e  can be w r i t t e n  as t1.83 

B 

where t h e  C are t h e  expansion c o e f f i  s in k-war of t h e  e x c i t m  

I 
s n v e l q m  function. The band-to-band .matr ix  el-t for  an allowed 

trmsitim does  not depend s t r o n g l y  on k, and h m c e  c n  be taken to  be 

constant  w e r  t h e  range of k n e d d  i n  t h e  expansion. I t  can t h e r e f o r e  

b e ,  taken out  of t h e  sum and i n c l u d d  in- t h e  constant  D. Each 



t o  t h e  t o t a l  

de t  er m i  n d  by 

zero  momentum 

o p t i ~ a l ' ~ u t r i x  element of t h e  exciton with a w i g h t  

t h e  - - e x p a r ~ ~ i o n  c o d f i c i w t  'C. Since l i g h t  has  

coqmred t o  e l u t r o n r , .  holes, or e x c i t m s ,  
i 

h 

having t h e  hole  '&vevactw opposi te  t o  t h e  e lec t ron  w a v e v ~ ~ t o f  

( = -b) a r e  c o n n e c t d  v i a  an op t i ca l  t r ans i t i on .  A l l  o ther  
- 

p a i r s  a r e  not c m n w t e d  and do not c a t r i h u t e  t o  t h e  total op t i ca l  
- 

matrix e l ~ m t .  

The all& k values  are c lo se ly  spaced and aquation 1.31 can be 

w r i t t w  i n  t h e  continuum l i m i t  as 
- - - L 

'1 is t h e  k-space u~ve func t ion  of t h e  exciton. '1 can be 

wri t ten as a Fourier sum of r e a l  space corrpontnts yie lding 

Subs t i tu t ing  t h i s  i n t o  equation 1.32 and in tegra t ing  ww k g ives  

I n t w a t i n g  over on+ of t h e  s p a t i a l  va r i ab l e s  is nw t r i v i a l  due to  
L 



the d e l t a  function. Wr tias-, a f t e r - t n t w r a t i n g  a u w - ~  --A 

, This is an i n t u i t i v e l y  p leas ing  rawlt s i n c e  it is r e a m a b l e  
- - - -  

t h a t  t h e  

as a s t a r t i n g  point  e x c w t  t h a t  
10 

- - - - 

order to e l e c t r o n  &?Id h a l e  mst b* at t h e  

recombine. This could have b e m  Lsed 

- place  i n  space i n  

t meaning is !no t  so c l e a r  for  nm-local ized Bloch s t a t e s .  

S u b s t i t u t i n g  t h e  v t r u  matrix element from aquatiom 1.35, in to  
- - 

equation 1.21b for  t h e  o s c i l l a t o r  s t r e n g t h  g i v e s  

where t h e  c o n s t a n t s  Dt and 21kr have b m  amalgamatad i n t o  t h e  n w  

cons tan t  Dp2. I f  t h e  p a i r  m v e l o p e  wavefunction cor t s i s t s  of t h e  

product  of a normali tad f r w  h o l e  and f r e e  e l u t r o n  wavefunctions t h e  

i n t e g r a l  is i d e n t i c a l l y  uni ty .  Htnce t h e  c.mstant  can be w r i t t w  a s  

where f, urd are t h e  band-to-bmd o r c i l l a t o r  s t r w g t h  8nd 

fr-cy r e s p u t i v e l y .  Fw a ,  FE ' with u 4  urd mr t h e  



- 6 
The FE oscillator strmgth i s  thus 

The total FE m i l l a t o r  strmgth is proportional'to the sample volume. 

A quantity indwmdmt of u q l e  s ize,  is the FE oscillator strmgth 

per klecular vplurn f& 

The ratio of 

w l u m  i s  thus 

b 
fs% I_?.L~. ( 0 )  I t  1.40 . 

. 
the irpurity & t o  the FE oscillator strength per unit 

from quation 1.36 
. .=3 

Tk. diffcrmce bet- the frcqumcics I* and LL is usually very 

c 

9 



-11 urd hmce  t h e  fraquency ratio can be takm a s  unity. This is t h e  

ealilmt r-lt of t h e  work of Rantha m d  

numwrtot is of order  un i ty  uhweas  

Qda,". a, is t h e  r r ad ius  of 

dmor ina tor  follows approximately from 

+be datuminator i n  of order 

t h e  k. The value of t h e  

t h e  no ru l i za t i a r r  c d i t i m .  

The r a t i o  of t h e  i q u r i t y  t o  FE wavefunctim is thus  approxi&e& 
* 4 

- - 
g i w n  by - - - - - - - - - 

\ 

Since a*= >> Q, f i  >> f r  and we have t h e  SO ca l l ed  g i m t  

o s c i l l a t o r  r t r m g t h  e f f u t  for irrpurity BE i n  d i r e c t - g . ~ ,  materials. To 

eva lua te  t h e  r i g h t  hand s i d e  of e q w t l o n  1.41 w e  accurate ly  one must 
0 

evaluate  t h e  i n t eg ra l  over t h e  impurity BE wavefunctim approximately. 

~c can p r o c H  a follows.'  or a weakly L m d  e x c i t k  t h e  . BE 

wavefunctiarr can be expanded i n  term nm-localized F€ w v e f u n c t i m s  

i n  c lo se  an logy t o  t h e  d e v a l ~ t  of t h e  FE i t n e l f  i n  s u t i o n  1.1 1 

8ubs t i t u t i ng  i n  for  t h e  FE wvefunct ion from -tion 1-10 Uck 



.where t h e  sum wer t h e  e x p m s i m  co+ff ic ian ts  has  baen wri t ten as 

F(R), mother  envelope function. In term of t h i s  cmvelope function 
- -- - - - - - - -- -- 

rrqrrrtion 1-41 can be n i t t m  a s  

- 

- Froll t h i s  r k l t  we MC t h a t  t h e  r a t i o  of t h e  oscillator s t r m g t h s ' i s  

given by t he  nurrber of ro lwu l -  contained within t h e  BE wavefunction 

B 
v o l w .  Am F(R) can be f M d  by put t ing  \ i n t o  r 'Bchro+dinger e q r u t i m  

for F(R) a physical ly  r + a m a b l +  potent ia l .  A s i ~ l e  choice, t h a t  - - 

adaqucltely desc r ibm hn +xciton weakly bound 

a d e l t a  function poten t ia l  with t h e  d w t h  of 

+qua1 t h e  excituh loca l iza t ion  energy. The 

F(R) is thus  

where & is h loca l iza t ion  

+ . ~ n t i a l l y  t h e  6rnn.s l u n c t i m  

t o  a neutral  impurity, i a ,  

th+ poten t ia l  a d j u s t d  t o  " 

S c h r d i n g e r  +quat ion for 

energy of t h e  axciton. F R  is 

for t he  l+tlmholtz +quatiom [1-151 

with th. an11 k& n o t m l i z d  .elution 



The value of the numwator in equatiorr '1.43 can n w  be evaluated using 

the above expression for F(R1. 

Defining the cffutive range of the potential as 

and using equation 1.48 the expression for the impurity ouillator 

The irpurity BE oscillator strength &add then d u r e a w  with 

increasing BE locrlixatim energy Em as 



The c w r q x m d i n g  r ad i a t ive  l i fe t imes,  g i v m  by equation 1.26, thus  

i nc reasm with increasing l a a l i z a t i m  energy. For typical BE and FE 

p a r m t e r n  i n  a dir-ut-gap semiconductor t h e  BE o s c i l l a t o r  s t r m g t h  is 
i: 

? 

;of order uni ty  Md h e  r a d i a t i v e % f + t i m  of order 1 ns. The-resul ts  

of t h i s  t h m r y  w i l l  be corpared t o  t h e  experimental r ~ l t s  for ZnLk 

i n  chapter S. 
6 

In an i n d i r u t - g a p  memiconductor t h e  band edge t o  band edge 
a ,  

matrix el-t is zero, due t o  t h e  n w d  t o  cmmwve wavevactor i n  an 

opt ica l  t rmmit ion.  The &we ana lys i s  is thus  inappropria te  s ince  any 
. @ 

no-phmm o s c i l l a t o r  s t rength  for an i n d i r u t  BE is due to t h e  -11 

G l i t u d e  la rge  wavevector c # p m m t s  of t h e  BE wavefunction. I t  

d w w d s  p r u i u l y  &I t h w  -11 c a q o n m t s ,  for vhich t h e  B l a h  
-0 

function can not be  a p p r o x i u t d  by t h  band extremum function. Very - 

rha l lou  BE vhich conbqu+ntly  have a small spread i n  k-mpue thus  have 

excwdingly -11 no-phomm o s c i l l a t o r  s t r m g t h s .  J h p e r  E with 

correspondingly grea te r  k l p a c e  mprerd. have la rger  no-phorrm 

m i l l a t o r  s t rmg ths .  In t h e  case o f  s h a l l w  i n d i r u t  BE, r ad i a t ive  - a b  

t r m s i t i o n r  p r o c 4  u e h  more readi ly 'wi th  phcmon par t ic ipa t ion .  The 

t o t a l  r d i a t i v e  m i l l a t o r  s t r m g t h  is b v e r  .uch smaller than i n  

t h e  d i r u t - g a p  c . u ,  urd con.+aumtly r ad i a t ive  l i f e t i m  a r e  of t h e  
- .  

wder of urn er e v m  m. 



l i f e t i m e  is less than 

d w a y  non-radiatively,  i n  which cane t h e  obmerved 

t h e  r ad i a t i ve  l i fe t ime.  

I f  t h e  binding center  concentration is knawn, t h e  non-radiative d u a y  

rate can be determined by expe r i#n t a l l y  measuring t h e  integrated -- 

absorption,  thereby deteraining l/r- with help of equation 1.30, 

and meawring t h e  total l i f e t i m e  r thereby determining the  

non-radiative rate through equation 1.52. Usually one works i n  t he  

l i m i t  of . e i t h e r  of t h e  rates being dominant, i n  which case  t h e  
v 

wasured  d u a y  t i v k  w i l l  e s s e n t i a l l y  he equal to t h e  inverse  of t h e  

dominant . dway  ra te .  The irgwtulce of, n#r - ru l ia t ive  d u a y  f n  
- 

indirect-gap iw~ iconduc to r s  w a s  . f i r s t  r ea l i zed  'by klwm et. a1. 

11.161, rrho noted t h a t  for  t h e  P s i t +  donw BE i n  Was, t h e  m a s u r d  . 
l i f e t i m e  of 21 n s  was SQO times 1-w than t h e  r a d i a t i v e  lifatiw of 11 

us, ca lcu la ted  fram t h e  in tegra ted  absorption c r o s s  sutim. Thiw f a s t  - 
decay was a t t r i b u t d  t o  Auger d u a y ,  i n  rrhi.ch t h e  annih i la t ion  mergy  

of  t h e  E is taken up as kine t ic  mergy  by t h e  r m i n i n g  p a r t i c l e  of 

t h e  n w t r r l  i r g u r i t y  BE c o q l e x .  The r emin ing  p a r t i c l e  is i n j u t d  

d m  i n t o  t h e  condr#ti"orr band <for  e lu t ronm)  w band ( fa r  - - 

holes) ,  whereafter f h i s  hot c a r r i e r  quickly relaxes by diving o f f a  

cascade of phonons. The Auger rate .h#lld increase  rap id ly  with 



increasing binding mergy, s ince  t h e  spread st t h e  bwnd p a r t i c l e  
- - 

b.vavefuncticm i n  k-.pace, and hmce  t h e  overlap with t h e  l a rge  . 
uavevutor  f r w  p a r t i c l e  f i na l  s t a t e s ,  is i n v e r s d y  proport ima1 t o  

t he  loca l iza t ion  i n  real space. Dean et. al .  t1.171 h a v e g i v m  

qua l i t a t i ve  arguments for t he  d + p ~ d m c +  of t h e  Auger r a t e  on t h e  
_I 
I- \-/ 

rxciton loca l iza t ion  enerm'. The argument p r o c n d s  as follous.  The 
, 

/ 
I 

Auger rate d+p+nds od t h e  overlap of t h e  l i k e  pa r t i c lw i  i n  t h e = -  
i 

cmplex. In a We1 BE *ere om of t h e  Like pa r t i c l e s ,  a ho le  say, is 

t i g h t l y  b a d  and t h e  other  is w a k l y  b m d  i n  a hydrogenic 1S state 

with e f f e c t i v e  Bahr r ad ius  a, #I* ho1r)lole overlap is given by t b  

square of t he  hydrogutic uaGefunctim a t  rrO. 

But'  a im r e l a t ed  t o  t h e  exciton loca l iza t ion  energy thrcmgh equation 

1.14, consqu+nt ly  t h e  i n t e r p a r t i c l e  overlap is proportional t o  

e s u m d  factor  influencing t h e  Auger r a t e  is t h e  spread i n  k-.p.ce 
.P 

of th+ #re t i g h t l y  bornd par t ic le .  A g r ~ t u  s p r d  -8 larger 

w e r l a p  wi th  t h e  frw p a r t i c l e  f i ~ l  #states. Assuming t h a t  the t i e t l y  

bound p a r t i c l e  im i n  r hydrugmic s t a t e  with e f f e c t i v e  Bohr r.diua a, 

t h e  spread i n  k-sprce is givut '  by t h e  F a u r i u  transform of t h e  



St ra igh t  forward in tegra t ion  and algebra given t h e ' r a w l t  

f o r  the square of t h e  k-spac t  wvefuct ion,  ignoring t h e  cons tmt  

factors.  The eff+ct iv* Bdrr rad ius  and f r ee  p a r t i c l e  uavevutor  a r t  

given by 

b 

where h is t h e  e f f u t i v *  mss of th+ e j w t d  hole, Err 1. t h e  

a c c w t &  binding w urd ET is t f i n a l  st&* .rr+rgy of t h e  

+ j u t &  hole amsuminq a mher i ca l  band. In term of th+rrr v d m ,  t he  



square of the uav&m&ton for krkr f t  propwt i an&tc - -  

& is al-t equal t o  t h e  band-gap energy which is very ruch grea te r  - - - - - 

I 

than t h e  acceptor binding ontrgy G. Hence q u a t i o n  1.59 b u m e s  

"$- 
e r e  t h e  lamt ~ t a p  folloulr from Haynsd r u l e  equation 1.1S. The 

combined e f f e c t s  of these  two f ac to r s  is t h a t  t h e  nm- rad i a t i v t  Auger 

l i f e t i m e  s~ is e x p u t d  to  vary a s  
- - 

E x p w i r m t r l l y  11.181, for  accaptwm Pnd chars i n  81, t)H Auger 

l i f e t i m  has  b+.n fwrrd t o  obey a p w r  law r e l a t i m a h i p  similar t o  

+qurrtim 1.61 with m exponent of -3.9 fo r  a c c q t w s  and 4 .6  fw 

bwn made by various groups 11.19-1.213 with reawnably  good r ~ u l t a .  
I 

In gi, far boUI &ral dor#n and accaptw BE t h e  + x p u i m n t a l l y  



d e t e r r i n d  1 i  feeir+ i s  invariably dcminatd by the Augw.d.cay rat+. 
- - - -- 

In the d i r e c t - ~ ~  materials studied hers howver the huge radiative 

rota was fwnd to daainate for the shallow B€. 



THIRD PARTLgE.PARTICIPATm 

P a r t i a l l y  n m - r u l i a t i v e  d u a y s  of BE a r e  a l s o  possible. I n , t h i r  

case  some of t h e  BE energy is taken up by a t h i r d  p a r t i c l e ,  e i t h e r  a 

phonm or t h e  r m i n i n g  e lec t ron  or hole of t h e  neu t ra l  binding 

c+nter. Buch pkonm-as s i s t4  t r a n s i t i o n s  h y e  already b r m  mti"m.d 

as important d u a y  channels' for s h ~ l l o u ~ i n . i n @ i r u t - g a p  - . 
% - 

roriconductors. S p u t r o u o p i c a l l y  t h i s  leads  to  r q l i c a s  of t h e  main, 

or no-phmm l i n e  .h$f t .d  t o  1ar.r energies. The igorfmr of 
-. r 

t h i s  to ti--resolved s p u t r o u a p y  is t h a t  a f l  r+pl icas  of a given 
r 

4 

t r a n s i t i o n  a u r t  have i den t i ca l  t r ans i en t  behaviwr s i n c e  they 

o r i g i n a t e  from t h e  sam+ i n i t i a l  population. .This o f t &  he lps  i n  
? 

i d u t t i f y i n g  lminescehce  l i n e s  m d  ' i n  .+parating s p e c t r a l l y -  
',-- 

over 1 appi ng 1 u r i n w c m c e  featurys. 

. In t h e  cerpwnd d i r u t - g a p  semicmductors, t h e  predominant phmon 
- - 

i n t e r ac t i on  is u i t h  sm&ll wavevutor LO phmms ,  s i n c e  t he se  phonans 

have macroscopic e l e c t r i c  f i e l d s  associated with them and h a +  c w p l a  
1- 

s t r m g l y  t o  e l u t r o n s  and holes. In t h e  ca se  of S i  t h e  predominant 

phonon in te rac t ion  of t h e  FE and e h a l l w  BE is u i t h  momentum 

c o n u r v i n g  acoust ic  and op t i c  phonons. 
I 

The o t h e r .  kind of t h i r d  p a r t i c l e  r e p l i c a  is pur t l y  t l u t r m i c  i n  

or igin .  I t  is i n  a p a r t i a l  Auger d u a y  i n  uhich t h e  remaining 

e l u t r o n i ~  p a r t i c l e  at t h e  n w t r a l  BE c#plax ia  l e f t  i n  an excitcrd 

s t a h '  of t h e  i-uri ty center.  In t h e  case  of n w t r a l  dmor  (acceptor)  

c w t e r s  thim ia  c a l l e d  a t w u - + l ~ t r o n  (hole) t tansi*ion.  The 

8 l u t r o r i i c  +xcit+d stat- of t h e  irrpurity cur t h u s - b - & p d  out i f  
-4 



t h e s e  t r a n s i t i o n s  can b e  ob%erv+d,If p-type o r b i t a l  - or l a r g e  quantum 

number t l t c t r t m i c  e x c i t e d  states can b e  obaerved then t h e  ionimt iorc  

energy o f  t h e  i q u r i t y  can be accura te ly  d e t e r m i n d  f r a  th;' 

hydrogmic  l i m i t ,  s ince ,  t h e  p-type or l a r g e  quantum n u d e r  

wavefunctions d o  not sample t h e  c e n t r a l  c e l l  r q i o n  very much. I f ,  as 

is o f t e n  t h e  case ,  one imes on ly  t h e  tuo-pa r t i c l e  trurmitig 

corresponding t o  t h e  IS-2S trmsiti'on, then t h e  i m i G t i & - m & g y  cur 
be approximately determined to  be  4/3 of t h e  energy s p l i t t i n g  b e t w e n  

t h e  p r i n c i p a l  and 2 p a r t i c l e  satellite l i n e .  These par4i.l Auger 

t r a n s i t i o n s  were f i r s t  observed and i d m t i f i d  by Wan et. aI .  t1.221 

fo r  -P  rite donors i n  Gap, al though Thomas and Hopfield had pos tu la ted  

t h e i r  exf s t a n c e  earlier C1.231. 'I, I 



U - 
I 

In d i r u t - g a p  w ~ i c o n d u c t o r s  with e l e c t r i c  d ipo le  a c t i v e  e x c i t m  
% 

t rans i t ions ,  there  exists a s t rong  coupling of t h e  FE with l i g h t  of 

t h e  same uavevactor. This coupling, a s  pbinted wt by Hopfield t1.243, 

r e s u l t s  i n -  a m i x e d  mode exc i ta t ion  ca l l ed  a polari ton.  The pbfariton 
- L- 

dispersion curve is presented i n  f igure  1.1.. The coupling opms up a 

gap st the crossing point r e su l t i ng  i n  a two branch polar i ton 
4 

diapermion curve given by 

where Eo is t h e  d i e l e c t r i c  constant i n  t h e  .b .mce  of po la r i tms , .  

ELT is the  w l i t t i n g  betwe- t h e  longitudinal thcoupled FE and t h e  

e w p l d  t ransverse  p o l a r i t m s  (and is thus a m a w r e  of t h e  c w p l i n g  

s t r q t h ) ,  E is t h e  p o l a r i t m  energy and Eo(k) is t h e  energy of t h e  

uncoupld FE of uavevutor  k which is q u a 1  to  t h e  t r ansv r r se  exciton 

energy ET p lus  t h e  k ine t ic  m r g y  tern.  In t h e  near resonance region 
- 

Eo(k)-E << E t h i  dispersion r e l a t i on  can be approximately ur , i t t .n  a s  

&I t he  lawr branch, at l i r g e  uavev+ctors t h e  po la r i tons  are 

p r h i n m t l y  exciton-like h e r e n  a t  small wrrvevectors they a r e  



photon-like. On t h e  upper branch t h e  p o l a r i t o n r  s t a r t  out  exci ton- l ike  
ppppp 

but r a p i d l y  b u m  photon-like with increaming wavevector. 

The na tu re  of t h e  p o l a r i t o n  dimpersion r e l a t i o n  has  a profound 

e f f e c t  on t luminescenee mechanism in t h i s  energy region 

t1.25,1.261. Note t h a t  t h e  1-r p o l a r i t o n  branch do+% not have a 

m i n i m  energy. Exciton-l ike p o l a r i t o n s  can be  i n e l a m t i c a l l y  s c a t t e r e d  

t o  t h e  locnr energy photon-like region of  t h e  d i spers ion  curve. Thes r  - 

photon-like p o l a r i t o n s  i n t e r a c t  only w a k l y  with t h e  l a t t i c e  and 

r a p i d l y  leave  t h e  c r y s t a l .  Toyozaua t,l,.2S1 predic twi  t h a t  i n  t h e  

* k m B  region of the 1-r dfspars ion  curve  a *bott leneckm to  f u r t h w  
1 

i n e l a s t i c  s c a t t e r i n g  to lowr energy would r e s u l t  due t o  a lack of 

s u i t a b l e  phonons and t h e  -11 d e n s i t y  of f i n a l  states i n  t h e  

photon-like region of t h e  d i spers ion  curve. The ex i s tence  of t h i s  
0 

bot t l eneck  h a s  b exper imenta l ly  v e r i f i e d  with ti- resolvwi 

p h o t o l u n i n t x e n c e  t1.26,l.27la Due t o  t h i s  b o t t l m u k ,  a quasi-thermal 

equi l ibr ium .of p o l a r i t o m  can be e s t a b l i s h e d  above t h e  kne+ of t h e  

d i spers ion  curve. Th+ group v e l a i t y  of  t h e  p o l a r i t o n s ,  v=(l/h)dE/dk, - 
v a r i e s  very r a p i d l y  with m e r g y  t1.2BJ Md h a s  o minimum j u s t  &we 

t h e  knee of t h e  30wr p o l a r i t o n  branch ( f i g u r e  1.ib).  Velocity 

dependent s c a t t e r i n g  processes  are g r e a t l y  mhanced i n  t h i s  m e r g y  

region. This  . n h r a c ~ m t  i n  s c a t t e r i n g ,  together  with t h e  lw group 

v e l a i t y ,  r e s u l t s  i n  rreh .lower d i f f u s i o n  of  t h e  po la r i tons .  

its energy to  a phdm &ich t h m  t r a v e l s  unhinderwl to  the  w r f u e  t o  

* 



between e x c i t m  .nd photon crnnot be ude, mince e x c i t a t i w i s  i n  t h i s  

energy region a r e  i n h e r w t l y  - m i x t u r ~ .  .Nophcmon pola r i ton  

, luminescence r e s u l t s  f r a  thox p o l a r i t a s ,  uhich upon r w c h i n g  t h e  

1-- 

surface,  a r e  t r r n u i t t u l  as l i g h t  / This means t h a t  a t h w e t i c a l  7 B 
/ 

descr ipt ion of polaritm lurin-wtce bac- a t r m s p w t  p r o b l m  
- - - - - - 

/ 

t1.291. This introduces cqrrsider.ble complexity to  t h e  lumin+.cence f 

*probl+r with t h e  mt r e s u l t  t h a t  t h e  exfhei7.#rtally o b s ~ r v d  no-phaon 

polrri tcm luminescence l i n e  shyre doer not n u c r s u r i l y  r e f l e c t  t h e  
f 

population d i s t r i b u t i o n  of  po l a r i t ans  i n  t h e  i n t e r i o r  of t h e  

1 . - semiconductor. - 



Figure 1 .1  

W a v e v e c t o r  ( lo8 n-9 
. l!ll!l . l!h 

Energy (me,V> 

the parurtcrs suitable for &As (chapter 7 )  and, - w&ion 1.63. The 

.upper (UP8) and 1-r CCPB) 'polaritom branches are tabelled. 
I 

0 )  ih- are the LP8 and UPB gray, velocit ies  calculatd fior 

equation 1.63 \ 



Non-excitonic lumin+umcs  1 i n u  are a l s o  -ti- sew i n  t h e  

near band-gap energy rqjion.  T h u e  t r a n s i t i o n s  rrs e i t h e r  n y t r a l  
x. 

donor to ncutr.1 acceptor pa i r  CW) rccodairiation, or f r w  c a r r i e r  to  
' 

n w t r a l  impurity t r a n i i t i a n s .  The mergy  of a l u r ine scmce  photon 
" 

- - --- - - - 

r m l t i n g  from r IMP r u # b i n a t i o n  is giv& by C1.303 

- &eke G, E,, and ~d vs t h e  b a n d - g w , ~ c e p t o r  and donor binding . 
" - 

energies  r . .pu t ive ly ,  € is t h e  d i e l e c t r i c  constant and R is t h e  pa i r  .' 
separation.  The appmrance of t h e  C o u l d  term i n  q u a t i o n  1.64 can be 

C 

'understood. ;by following an +nergy cycle. The binding energy of a hole  
- - - 

on an ionized acceptor is r-ysthe p r u w c e  of a nearby iomizad 

donor core  adding a repuls ive  po ten t ia l .  The s u b s q ~ . n t  binding of an 
d 

e l u t y o n  on t h e  i c m i z d  donw is not apprwiab ly  a f f u t d  by t h  n w  - 
e 

neutra l  u c o p t o r .  The suamd binding mergy  of t h e  e lu t rm and hole  

on t h e  DAP is thus  

R is q u m t i z d  clue. t o  t h e  f ac t  t h ~ t  t h e  dmor  and acc8ptw .u.t occupy 

w l l 4 + f i W  l a t t i c e  sit-. In very pure  q l u  sharp  l i n e s  



correspmding t o  c l w  W a r e  a a w t i m s  obu rv& For more d i s t u r t  

f 

DAP r u d i n a t i o n  t h e  spectrum becums quasi-continuous urd t h e  
% 

observed l w i n t s c t n c e  f ea tu re  is a very broad peak consis t ing of 

con t r ibu t ions  from many DAP of d i f f e r m t  saparatiorrs. 

Free-to-bwnd tr.nsitims, n a w l y  f e e  e l u t r o n  t o  neutra l  

acceptor (Ao,+) or f r e e  

i t  a photon energy b e l w  

of t h e :  neutra l  impurity. 
0 

hole  t o  neutra l  dmor  (DO,h), a r e  o b s e r v d  

t h e  gap corresponding to t h e  binding-wergy 

These l i n t s  a r e  usual ly  character ized by a 

b l t z r u t n  t a i l  to  higher energy, r e f l ec t i ng  t h e  i n i t i a l  k ine t ic  wergy  

of t h e  free p e r t l c l e ,  - - - 

necessary la rger  uavev.ctor contr ibut ions  exist i n  t h e  k-sprce 

expansion of t h e  i r p u r i t y  uavefunctim. 

T k  -'w, mc I l l a t a  s t rength  can be calculatad f r a  .quation 1.41 

E1.131 as follbvs. The donor &id a c c w t o r  a r e  both a s w n d  t o  bind t h e  

e l u t r d  hol; r e l p u t i v e l y  i n  t h e  15-like hydrogenic stat... 
- 

Furtharlrore, as is t h e  ca se  i n  B.CI. as well as t h e  E M  coapounds 
I 

s t u d i d  h e r  m d < & ,  m u r i n g  t h a t  t h e  donor uavefunction is w c h  

more e x t e n d 4  than t h e  acceptor uavefunctim. A pa r t i cu l a r  pa i r  is 

a l s o  a u d  t o  be i rolatd - f r o r  t h e  e f f u t r  of other i . pu r i t i e s .  
-- - 

43 

Picking t h e  center  of our coordinate sysfm t o  l i e  a t  t h e  acc-tor 

- co re  t h e  DAP uwefunct ion,  can b* wri t ten .s 



. 
-- 

. The i n t t g r a l  i n  q u a t i o n  1.41 can then be approximately e v a l u a t d  by 

taking t h e  donor wavefunction to  be canstant wer t h e  whole space 

c o v e r d  by t h e  acc+ptor uavefunctim, and qua1 t o  t h e  value e v a l u r t d  

a t  t h e  acceptor core. This is c o m i s t m t  v i t h  t h t  assumption t h a t  

~ D > > . A .  The i n t q r a l  thus  b u m  

BWbmtituting t h i s  i n t o  t h e  erpr&sion for t h e  - i l l a t o r  ;trcngth i n  

term of the FE o s c i l l r t o r  s t r+ngth equation 1.41, y i e l d s  

The ex t r a  factor of 1/2 aria- bumw t h e  + l e c t r m  and hole  rrnt have 

w i t *  .p in  to  r u d i r w  ond t h i s  occurs, on average, i n  a m  h a l l  of 
,-- -.\ 

h e  cases. We, i n  particulaP, t h e  strorrg d+p.rrd+nce of t h e  

o s c i l l a t o r  s t rength  on t h e  pa i r  m a r a t i t m  Rw The c n c i l l a t w  strcmgth 

d.cr#a- +xponmtial ly  v i t h  i n c r k i n g  pa i r  s+paration. This has  . 
profomd i ~ l i c a t i o n s  on t h e  t in  r-1- spectra of DAP band. The 

o b u r v d  peak of t h e  IMP band s h i f t s  to  1-r +nergy v i t h  increasing 

t i n  &lay a f t e r  e x c i t a t i m  since, at long delay tim, only DAP pair. 



\ 

with l a r g e  R have f a i l e d  to  r u m b i n e .  - This - is t h e  c h a r a c t e r i u t i c  

s i g n a t u r e  of a DAP b d .  

The f r w - t o - b w n d  oscillator . s t r m g t h  can also b c a l c u l a t e d  

along t h e  above l i n e s .  The p a i r  ~ v e l q m  wrvefunctiorr appearing i n  k 
i n t w r a l  of q u a t i a n  1.41 is i n  t h e  c a m  o f  r f r w  h o l e  m d ' a  bound 

C h m i n g  t h e  c o r e  of t h e  dmor as t h e  o r i g i n  t h e  i n t e g r a l  of q u a t i o n  

1.41 b+cores 

Fram t h i s  r m l t  me can s t h a t  t h e  i n t q r a l ,  m d  h m c o  t h e  

oscillator strength, d e c r e r s ~  r a p i d l y  with inc reas ing  q  p a r t i c u l a r l y  

i f  t h e  i l rpur i ty  uavetunction is d i f f u s e ,  i.e. rl, -11. This  is t h e  

f r c t w  t h a t  causes  t h  c h a r a c t e r i s t i c  B o l t z u n n  tail of frw-to-bound 

t r a n s i t i o n s  t o  be  c u t  o f f  for  very .h.llw bound states. Tho larg-t 

acfll.ta s t r w q t h  is k d n d  f o r  q d ,  tor r*lfch c a n ' t h *  tnt.prd 



Here L is t h e  e lec t ron  e f f e c t i v e  USS and ED t h e  donor binding- 

mergy. This r e s u l t  can be inser ted  i n  equation 1.41 with stme 

n d i f i c g t i m s .  The o s c i l l ~ t o r  s t rength  so o b t a i n d  ust be u l t i p l i d  
I . - - -- - -  

by t h e  t o t a l  n d m r  of n&tral  donor. in t h e  -1. Gv, where NP 
I :* 

is t h e  n w t r a l  dmor  density.  This is n u e s s a r y  s i n c e  t h e  f r w  

p a r t i c l e  is t o t a l l y  delocal ized and can i n t e r a c t  with a11 iqhri t ies  

at once. The f r G  hole  to  neut ra l  donor o s c i l l a t o r  s t rength  is thus  

given by 

The analogous result for t h e  f r e e  e l u t r c m  to  n w t r a l  acceptor 

o u i l l a t w  mtrmgth is o b t a i n d  from *tion 1-72 by r q l i c i n g  e, 

6 and MD by ~cr, . L and k, The factor  o f  112 t h a t  occurred 

i n  t h e  PAP case  is c u x e l l e d  her* by an ex t r a  fac tor  o f i 2  a r i s i n g  from 

th. fac t  t h a t  a Or++ p a r t i c l e ,  being t o t a l l y  &localized,  dam not 

iqcne r pa r t i cu l a r  polrr izat iorr  #I t h e  emittad l i g h t  md c m  couple 

r w l t  is iden t i ca l  t o  t h e  r e s u l t  quoted by P m k w e  C1.311 uhw 

rwrittwt i n  terms of t h e  averagrd band-to-bmd m a t r i x  element ins tead  





The extmnion of spectrowcopy i n t o  t h e  time domain can y ie ld  

valuable information on t h e  i n t e r ac t i ons  of t l m t a r y  exc i ta t ion@ i n  
- - - - - - - 

= l i d s  12.11. These fnteracticma t y p i c a l l y  proc&d on r piconwond 

ti- w a l e ,  and h w c e  have only r u m t l y  bwm exp . r imta l l y  

a c c ~ m i b l e .  1 im- r - lvd  lmimncmca masurements are saa+tims 

possible  without p u l s d  laser exc i ta t ion  by s inu.oid . l ly  mdu la t i ng  

t h e  laner output m d  m e a w i n g  p h n s  s h i f t s ,  with r-ect t o  t h e  

exci ta t ion,  i n  t h e  i n d u c d  l u m i n e ~ m c e  12.2,2.31. This  method is 

. m ~ n t i a l l y  l i m i t e d  to single txpmon t i a l  decays and t h e  r a s q l t n  a r t  

t hus  e a s i l y  mi s in t e rp re td .  

The t u h n i q u r  of .odelocking 12.4-2.71'tha axial d n  of a laser i; - 

-4 

- provides t h e  AM. of r e l i a b l y  gmera t ing  p icoskond  and 

sub-picosecond pu lses  for  urn i n  t i l ~ - t ~ o l v e d  aputroscopy.  With I 
p u l a  l a w r s ,  nm- l inear i t i -  i n  t h e  1umines . c~~ .  i n t o m i t i -  cu r  be 

~ l o y d  to  g e m r a t e  co r r e l a t i on  functions 12.8-2.101 which y i e ld  tine 

i n f w u t i m  e v ~  without fast detectors .  This t u h n i q u a  is i n  

principl. nimilar to t u c o n d  harmonic paneration method of 

d.t+rmintng t h e  l nc r  p u l u  width -rib.d i n  ~ c t i a r  2.8. A siqler ,  

#re r+l i .b l+ method is the us+ ob  puls+d l a m r n  and ' d i r e c t  

mumurammtt of t)H d u r y  of t h e  Iw ineu+nc+  with ti-. Curramtfy, t h e  
- 

hst t in  r w o l u t i o n  ((10 pn) i n  obtained with streak canras 

€2.11-2.133, but phot l r rul t ip l iwm are r ap id ly  approaching t h i s  ti- 
% 



5 ~ 

ratolutfm EZf4l and i n  addtttott httttackb&bLdpramkcr.rsgturd 

sensitivity. 
;4 

The adCmt of .odeldk.d lasws' and c~mcurrently, th. dwelop-t 

of fast photorultipliw tub+% and streak cwras, ha& .n.bld the 
e 

t 
i 

- 
direct mawr-t of luminescmea decay to be pushd into tha 

picosucmd rwim. This o p ~ s  up the possibility of experimtally 

studying the dynamical interactias of elc~~ntrry excitations in 

-lids. A survey of experi~rmtal tuhnlques and applications of 

ultrashort light pulses has b m  given in several ruent publications 
- 
- 

C2.1S,2.161. . 



A laser reeonator ~ lac+.  r ~ t r i c t i m s  m t h e  allowed wavevectws 
m ,  

Zt t h e  - l i pk t  in\ jas ing .odes. An e l c c t r o u g n e t i c  wave corresponding 

t o  ur allowd d e  wst have exact ly  t h e  same phew a f t e r  one round 

t r i p  thrcwgh t h e  l a se r  cav i ty  t2.171. Consider s cavi ty  cons is t ing  of \ 
plan* mirrors ~ p a r a t h  by a d i s tance  L. The a b w e  c r i t e r i a - i s  thus--- - 

expressed u t h e m t i c a l l  
- 

- 

- 1 - 
kr2L = h. I 2.1 

1 

- 
where k is t h e  tor of l i gh t ,  i.c. t h e  change of phase with 

Z 

dinturce,  and i$ integer.  Each of t h e  values  of k above 

+ 

cn respcnds  t o  an all+ axia l  l a se r  rrdc. In an ihh-meously 

4 broadened laser  many f t hese  axi a1 d e s  w i  11 general 1 y be Pbove 

In the 4 . 5 -  long cav i ty  of an argon ion laser t h e  rode spacing is 

t h r d  400 M, and t h e  &,r of par t ic ipa t ing  mod--uithin t h e  4 Bllt /- 

5 "3 

- 

boppl+r bro.dmed b d u i d t h  is &out SO. Xn a mi r i l a r ly  d i ~ n s i o r r e d  I 

dye l m r  t h e  bmdwidth is lrueh larger  and thw..nds of axial d e s  



\ 

can par t i c ipa te .  for a laser operating - - i n  - - - t h e  -- TDbo .odb ; rSn ing  1 *.- 
d 

t h a t  t h e  i n t e r c a v i t y  e i w t r i c  ' f i e l d  depmdm 1 em th+ axial' 

coordinate  x ,  t h e  r l l ~ . c a v i t y  rodes are standing waves of t h e  form 

Focusing our a t t e n t i o n  UI a pa r t i cu l a r  point  i n  space, t h e  time 

depwdent e l e c t r i c  f i e l d  c'an be wr i t t en  as a sum of c m t r i b u t i m l r  from 

t h e  d i f f e r en t  ax i a l  nudes 

where ~o is t h e  angular frequency of t h e  c w t t r  mode, Q is t h e  

angular rode spacing fr+quincy and I, is t h e  phase of t h e  mth mode. 

For s i w l i c i t y  each rode w i l l  be a s d  t o  be of equal u p l i t u d e  

€0. A c- factor  can t h m  be ex t rac ted  frcm t h e  rur leaving 

This  has  t h e  farm of a c a r r i e r  wave, a t  fbe c m t e r  wxlr ~ ~ y ,  - 

% 1- -. 
. . .odul@t+d by t h e  rur term. W o t v l l y  t h e  phasen of t h4  d m  chmge  

randomly and th+ r e s u l t a n t  f i e l d  f l u c t u r t ~  unprmlictably. I f ,  
* 



- - - 

h-ver, the  phases can be loc&.d together C2.191 such t h a t  

L -- - 

where 1 is a constant hues 1 and the sum i n  equaticm 2.5 - 

becorns a g-tric meriw-ihich can e a s i l y  b t  wrnd to y i e l d  
- - - - - - - - 

The powr  output, which is p a o ~ w t i o n a l  t o  t h e  e l e c t r i c  f i t l d  - 

s 

amplitude . q u a r d ,  of such a l a se r  is thus  " I 

M e r e  T is t h e  t ransp iss ion  of t h e  output coupler and €0 is t h e  

vrcuua d i e l ~ t r i c  constant.  The factor  of 1/2 arises f roa  averaging 

over t h e  very rapid o s c i l l a t i o n s  of t h e  c w t e r  frequency. The time 

o r i g i n  ham b+m chosen t o  e l imina te  t h e  constant p h a ~  factors .  

S w e r a l  i n t e r e s t i ng  corrclusions can i d i a t e l y  be d r a m  from t h i s  

r e su l t .  F i r s t , -  it is per iodic  w i th  period p h / B  which, thrcmgh 

qttrti rn 2.2 c m  be +++n to  be t h +  round trip tt# of mi opt-ftd pulse  
- 

i n  a I r ~ r  cav i ty  of langth-L. Swond, t h e  powr is 
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is zero. The limit of equation 2.8, for t twding  to jr, where .j is 

any intqpr, % 

i- 

r e  NPiSr+l is the numb+? of participating d e s .  In cmt~ast, -for N - - - - T  

- - - - 
rodas with random pha&, the povn is abtaincrd by wrring the powers 

- 

- 

in the N modes thus obtaining 

T M  modelocking thus causes a p u k  posnr m h m c e m n t  proportional to 
- 

the rider of participating mdes. The pulse width, taken as the time 

bat- nodes, can be found by looking at only the numerator in 

aquation 2.8 since, if the nurbtr of participating modes is large, the 

n u m r a t w  c h m p s  ruch rw+ rapidly than the denominator. The p u l u  

width is thUs equal to the period of the sine function in the / 

n u ~ r  at or 
1 

7 b = )LB is the gain bandwidth of the l a ~ r .  The p u l w  width is 

thus irwermly propwtiatal to the available bmih$dth. This-is just - 

!' 



t h e  usual stat .rwnt t h a t  t h e  product of th? t i m m d  f r q u m c y  -read 

rhQuld be of w d e r  1. The exact value depend. on t h e  pu lse  shape. The /' 
r s k l e l a k d  l a se r  t hus  o p w a t u  i n  m i n t r i n s i c a l l y  p u l d  rode, with a 

r e p e t i t i o n  r a t e  set by t h e  r&d t r i p  time of t h e  op t i ca l  pu lse  i n  t h e  

cavity.  Uhat remain*' t o  @e m is h w  t h i s  locking of phases can be 

achi wed. 
, f 



M e l o c k i n g  is achieved by Irodulating t h e  laser gain,  or loss, at 

t h e  p u l s e  round t r i p  f r .quwcy  Q t2.201. Assum t h a t  r leser, Yhich is 

l a s i n g  on me axial We, is W u l r t d  at t h e  r w n d  t r i p  f r q u s n c y  by 

a s i n u s o i d r l  funct ion  of t h e  form 

where 6, t h e  modulation u p l i t u d e ,  is (1 md 4 is t h e  phase of t h e  

- Illrodulation. The r e s u l t a n t  f i e l d ,  at t h e  modulator, is t h u s  

With t h e  he lp  of  a t r i g m - t r i c  i d ~ t i t y ,  t h i s  can b e  r w i t t e n  as 

The phase of t h e  sideband, r e l a t i v e  to  t h e  fundamental, is 4 c m s t m t  



fixed by t h e  phases of t h e  fundamental and t h e  modulator. This is 

prec ise ly  t h e  modelaking condition of equation 2.6. The s iMmnds ,  

being allowd axia l  modes, a r e  q l i f i e d  by st imulated emission and i n  
- - - - - - - - - - - 

turn g m e r a t e  sidebands of t h e i r  o m ,  u n t i l  a11 t h e  a l l o w 4  ax ia l  

I d e m  under th+ laser gain p r o f i l e  o sc i l l a t e ;  The phamo of all  t h e s t  

- modes a 1 now re la td  through equation 2.6. The mod- all  t r ans fe r  

wergy  amongst each other and t h i s  p r a v m t s  tha phase of a mode from 

d r i f t i ng ,  s ince  a r e f e r m c e  p h a u  is cont inual ly  being supplied from 

th+ mode's neighbours by t h i s  energy t ransfer .  A more rigorous 

discussion of modelocking can be found i n  Yariv t2.181, but no greater  

physical inmight i n t o  t h e  modelocking w h a n i s m  is gained. 
> 

e d u l a t i o n  of t h e  laser gain cur be u h i e v e d  using a 

' u t u r r b l e  absorber,. a Pockels c a l l ,  or an uous to-ap t ic  device near 

one of . t he  cav i ty  mirrors. For t h e  A r p  ion laser used i n  t h i s  w k ,  

modelaking was a c h i e v d  with qn scwsto-qMc modulator dr iven at 1/2 I 

of t h e  cav i ty  mode spacing fr+qumcy of 82 Wz. This e s t ab l i shes  an 

acoust ic  standing wave i n  th+ crymtal, p rwided  t h i s  f r q m n c y  is also 

an acoustic r m m c e  of t h e  modulating c rys ta l .  The c rys t a l  resmance 

f r q u m c y  can be t y p u a t u r e  tuned t o  exact ly  1/2 of t h e  node spacing 

frequency. A mthod of l txking the  c rys t a l  r m . n c e  to the 'dr ive 

B f r q u u u y  by ac t ive ly  varying t h e  RF povrrr -lid to  the c r y s t a l  is 

d m r i b d  i n  w d i x  1. - Such m arr.ng+m+nt - +nsures t h+ t  a god 



modelocking. Henever h e  acoustic wave amplitude g m s  thr- zero - 
- - - 

, ( twice per cyc le )  t h e  t r m ~ i s s i o n  through tp c e l l  is a t  a u x i r u .  

A t  o ther  times, so&, of t h e  l i g h t  is d i f f r ac t ed  out of t)H cavi ty  by 

t h e  a c w s t i c a l l y  i n d u c d  r e f r a c t i v e  index grat ing,  t hus  producing .#cr 

lams. This t u h n i q u e  of modelocking a CU l ase r  by ex te rna l ly  

modulating t h e  gain a t  exact ly  t h e  cav i ty  round t r i p  frequency is 

c a l l e d  a c t i v e  Irodelocking. for an a r m  l a se r ,  which has  a burdoidth- - 

of .pproxiutely 5 Wz on a given Iauer t r ans i t i on ,  it is poss ib le  t o  

generate  pulses  of width 4200 p s  by t h i s  method. 

The discussion of &locking so fa r  has  b~ ccnftned to  the  

f r q u e n c y  domain. W e l o c k i n g  c w  a l s o  be understood i n  t h e  ti- 

damai n. Hare ime imagines a f a s t  shu t t e r  i n  t h e  l a se r  cav i ty  n p r  one 

of t h e  epd i s  o p e n 4  for a shor t  p e r i d  with a r ape t i t i on  r a t e  

equal to  t h e  round t r i p  time of a pulse  i n  t h e  cavity.  (tnly a pulse  

which a r r i v e s  at t h e  shu t t e r  uh+n.i t  is opm can be w s t a i n d .  The 

pu lse  can,,, however, be subs t an t i a l l y  shor te r  than t h e  length of t i n  

t h e  shu t t e r  is opm, but t h i s  is harder t o  und+rst.ml i n  t h i s  picture.  

Faut t u rn  of f  can be r ead i ly  unde r s t ad ,  s i nce  t h e  inversion cur  be 

d q l e t d  a f t e r  passage of t h e  l a rge  pulse. This c u t s  off  any t r a i l i n g  

wings. The o r i g i n  of t h e  f a s t  t u rn  m is h ~ v e r  not so obvious. An 

ac tua l  ahu t te r  c w  be c o n s t r u c t d  using a c e l l  containing a sa turab le  

&.orbing dye. A l a r g e  &lu bleach- t h e  dye n d  p r q m g a t a  through 

i t  without u c h  lchs. m m e q u ~ t  smaller p u l ~ s  a r r i v ing  a R e r  the dye i 
has rww+red are ucuble to  b lmch  t h e  dye and we t h u s  mtrmgly 

A 

Both desc r ip t i ons  of modelaking are f w u l l y  idwt t ica l  to each 



other,  but c.rtrin as put^ of modelocking a r e  easier to  unders tmd 
0 

e i th r  t)H f r e q u u u y  ar tim W i n .  Both point. of view can be % L d  

interch.nge&ly, A ' lasw is u i d  to  b t  c w l e t e l y  Irodelocksd &.n 

t h e  a x i a l  l a s ing  #dm are locked Qogether. f h i s  r-lts i n  a t r a i n  of 

p u l w ,  W width is s a i d  to be  transform l i m i t d ,  with a r a p e t i t i o n  

r a t e  ~t by t h e  c a v i t y  rwnd t r i p  time. Such a laser provides an i dea l  
- - - - - - - 

source for t i m ~ r ~ 1 v w I  spu t roacopy  m a ns or p s  tim6 kale .  - 

L . 



'7 
An ac t ive ly  aode loekd  ion l a se r  cur  be  u s d  to synchrmcumly 

p w p  a dye laser, which w i l l  t h r ,  automatically also be ~ e l & k d ,  

p r w i d d  t h e  dye laser cav i ty  l-tk is p r u i s e l y  matched t o  t h e  pmp 

l a s e r  cav i ty  length C2.211. With' t h i s  g m t r y  t h e  c i r cu l a t i ng  - dye 

l a s e r  pulse  a r r i v e s  a t  t h e  dye jet just a f t e r  t h e  p w - p u l s e  has  

brought t h e  dye to threuhold. This can r e s u l t  i n  e x t r m l y  shor t  

puls-, s i n t h  t h e  l ~ d i n g  edge of t h e  pulse  a r r i v e s  a t  t h e  dye jet 

when t h e  gain is still b e l w  threnhold, whereas t h e  t r a i l i n g  edge 

a r r i v e s  a f t e r  t h e  pulse peak has  depleted t h e  i nve r s im ,  t hus  put t ing 

t h e  gain  b e l w  t h r d l d  t2.221. The peak of thq pulse  is thus  

a r p l i f i e d ,  while t h e  s k i r t s  of t h e  pula+ a r e  suppressed, r e w l t i n g  i n  

p u l m  s u b s t a n t i a l l y  sho r t e r  than t h e  pmp pulses, provided t h e  

necessary bandwidth exists. The process of synchrcwlously purping can ', 
also be u n d e r s t d  i n  t h e  f r q u e n c y  domain, The dye la-r gain is 

r o d u l a t d  by a t r a i n  of 'purp pulmen r a t h w  than a s inumid ,  but 

because of its per iod ic i ty ,  t h e  modulation can be expressed a s  a 

Fourier sum containing only cont r ibu t ions  of frequency an int.gr.1 

w l t i p l t  of t h e  cav i ty  ax i a l  mde *acing frequmcy. The s i t u a t i o n  is 

thus  a s  i n  t p r e v i m s  sect ion,  except t h a t  a s i n g l e  .od. now 

t r a n s f e r s  energy to a whole h a t  of ne ighbur s ,  rathe; than Jus t  its 
i 

m a r e s t  neighbwrs.  In any cam,  t h e  rod.. are again locked together 

i n  phase and h a u s e  of th+ l a r g e  w a i l a b l e  dy+ l . ~ r ' b a m k i d # ,  t h i s  
t 

cu r  r e s u l t  i n  very shor t  .odelock& lamer pulses. Pulses  .hotter than 
7 

100 f r  L2.23,2.241 have r u w t l y  bewt u h i w e d .  Mding a tuning 



pulmes at t h e  expense of  p u 1 ~  width. A spectral width o f  0.5 m V ,  
4 

which cor rnpor rds  t o  425 Bh, r e s u l t s  i n  4 t ransform l i m i t e d  p u l s e  

width o f  order  10 ps. T h i s  s p e c t r a l  width is n a r r w  enough to  allw 
\ 

reurnant e x c i t a t i o n  of p a r t i c u l a r  exc i ton  l u r i n w + n c e  fea tu res ,  while 

still being short en- to  b e  conmiderd  a d e l t a  hnctlon e x c i t a t i o n  
- 

p u l s e  g i v m  t h e  time r e s o l u t i o n  limits of t h e  detutim sys t im 

& l o y d  i n  t h i s  work. A synchronously p u r g d  dye laser system as 

descr ibed h e  is t h u s  capab le  o f  d e l i v e r i n g  r cont inuous  t r a i n  of 

tunable ,  #delocked p u l s ~ ,  oT apwtral l i n w i d t h  4 . 5  m d ,  time 

dura t ion  -10 ps, and at a r w e t i t i c m  r a t +  of  82 MHz. 



~ h +  pulse  r e p e t i t i o n  rate of a #d+lock+d laser is .+t by Pi! + 

c a v i t y  - l m p t h  and is t h u s  not wsi l y  variable.  The mdelock+d liser 

used i n  t h i s  w k  h a  an i n t r i n s i c  r q e t i t i o n  rate of B2 Wz 
_ _ - - - - - _ - - 

corr-ding ' to  a period b d m n  pula- of 4 2  ns. Ihis is 

incmvcnian t ly  sho r t  uhm m a w r i n g  t h e  d u a y  of a system with a 
B 

l i  f e t i w  i n  t h e  +ns range, s i n c e  t h e  next la-r .@hlse a r r i v e s  before 
- - 

t h e  luminesc+nce has a chance t o  d u a y  completely. A method of 
I 

louer ing the r q w t i t i o r r  r a t e  mid thus  be d ~ i r a b l e .  

. This can be  done by replacing t h e  p a r t i a l l y  t ransmi t t ing  output a' 

mirror by a t o t a l l y  re f lec t i r& one and placing an ~ w s t - t i c  

def l tc tcm c r y s t a l ,  c a l l e d  a Bragg c e l l ,  i n  t h e  lamer cav i ty  a t  a beam 

wrist near one of t h o a n d  mirrors. Output coupling is mzu achieved by_ - _ -  

launching a s h w t  a c w s t i c  wave i n  t h e  c r y s t a l ,  h41ch d e f l u t s  a par t  ' 

- 
of t h e  beam wt of t h e  c r y s t a l  by 0r.gg d i f  fractiorr C2.251 f roa  t h e  

induced, t r a n s i m t  r e f r a c t i v e  index grat ing.  Bragg d i  f f r ac t i on  

r r f f i c i m c i ~  can be very l a r g e  0 7 0 % )  t2.25,2.263 .nd t hus  llcnt of t h e  - I 
/- - 

? i n t r a c a v i t y  energy c m  be  d u q d  out  of t h e  cav i t y  i n  orre pu lw.  By 

synchronizing t h e  cav i t y  dumper driv+r and t h e  moddocker d r iver ,  t h e  
8 

t iming of t h e  applil& acwmt ic  wave can b+ adjusted so t h a t  it is 

l a m h d  j u s t  be fore  a I c a d e l a k d  p u l w  a r r i v w  at the*Brrgg c e l l .  

Thus, provided t h e  acous t ic  wave has  t r ave l l ad  out of a c t i v e  region 
- 

i r p i n g d  upon b y  t h e  l i g h t  before  t h e  next w d e l a k d  p u l u  a r r i v ~ ,  

only  one pulse  is e j ~ t a d  frcm t h e  cavity.  By t h i s  mthod,  pu l ses  can 



a r b i t r a r y  u r b r r l t i p l e  of t h e  i n t r i n s i c ,  mcxhlocked r e p e t i t i m  rat+. An 

a d d d  borrus of cav i ty  dwping is grea te r  peak powar. This  a c u r s  

~UUIH of t h e  i n c r e a s d  cav i ty  Q at tins uhm t h e  is no Biagg 

J/ d e f l e c t i m ,  ther+by a l l w i n g  t h e  r s d e l o c k d  pu l r  o bur ld  up to  a 

grea te r  int+nsi  ty. 
- - - 

h e  i-tmt par-ter charac te r iz ing  cav i ty  dumper performance 

'is t h e  t r a i \ i n g  pul- ( t he  next mde1ock.d p u l s h  suppression. 
k 

Typically, a t o m w c i a l  cav i ty  d w r  is o p u i f i e d  a s  having a 

t r a i l i n g  p u 1 6  wppr+ss+d b y '  a factor  of a d w  500 (2.261. These 

t r a i l i n g  pulmu can .still appear am annoyingly l a r g e  peaks rn a 

logarithmic s c a l e  ( f i gu re  2.1) m d  can i n t e r f e r e  with l i f e t i m e  f i t s  to  

t h e  data. W t r a i l i n g  pu lses  can be fur ther  suppressed by f o l l w i n g  

t h e  cav i ty  dumper with a Pockels c e l l ,  tr,igger+d to cu t  o f f  
* 

t r . n ~ s m i o n  r i g h t  a f t e r  h e  fsin pulse  ham passed through. h l y  t h e  
> - 

cut  off  of (r .n&s&m n+& t o  be - rapid,  t h e  buildup t o  f u l l  

t r m d s s i m  need be only fa& en& so t h a t  f u l l  tranrrrrisefm is 

restored before t h e  next cav i ty  durp+d pulrr! a r r ives .  The #xi- 

c av i ty  d w e r  r e p e t i t i o n  r a t e  is 4 MHz, t hus  f u l l  t r m u i s s i o n  -st be 

r+stord i n  250 n s  while trurmnimmim must be cu t  o f f  i n  12 m. These 

re laxed '  Pockelm c e l l  d r i v e  r q u i r m n t c  can r ead i ly  be achinvcd by 
-- 

s i q l e  c i r c u i t r y ,  a s  d w r i b d  i n  appendix 2. The r e s u l t  is depict& 

i n  f i gu re  2.1, uhich mhms an ' a i d i t i m l - s u p p r e s s 6  of order 100, 
. 

r+suI€ing i n  a t o t a l  t r a i l i n g  p u l w  suppr-ibn of order 1@. -1 

This c#pl*t- t h e  d m r i p t i o n  of thk s y n c h r ~ l ~ l ~ l s l y  m, 
1 

< ", 

cav i ty  duqmd, mddocked  dyb laser u w d  i n  t h i s  work n ari exc i t a t i on  



diagram of the corplete system i s  .hom'in figure 2.2. 



DUMPER ONLY 

Figure 2.1 
/ 

\ . WITH POCKELS .CELL 

Top curvet wtput  2f the mode-locked cavity  dumped laser system a t  . 

600 nm urd a 4 l+tz r q ~ e t i t i o n  rat, without the rrodulator as d e t a c t d  

by the Varian photovl l t ipl ier  tub+ d e s c t i b d  i n  sect ion 2.6. The main 

puls* and thr- t ra i l ing  pulses are shamt The markers r l m g  the 

Bottom curvet as .bwe but with the Boekels c e l l  t r r i i i n g  pulse 



LASER SCHEMATIC !k;:F , 
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head Ar ion laser 

computer controlled . 

dye laser tuner 

---+ 
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to experiment 

I I 

This is r block diagram of the synchronously p w d ,  cavi ty  dump4 dye 
, 0 

laser system u s d  to gtrrerrte tunable, p i c m o r r d  1-r p u l ~ . .  



- ,  

Photoluminescence l i f e t i m e  k a w r m t s  can be  made with a ' /' 

t u h n i q u e  borrovcd f r a  nuclear physics ca l l ed  delayed coincidence - 

photon counting. F igure  2.3 is a schematic diagram of t h e  d a t a  

coll+ction s y s t m .  The time measur+ment is done by t h e  TAC or 
- 

ti~-to-awlitude<mvcrtcr. A start p u l s i  to  t h i s  device  starts ; 

voltaga r q  p i c h  r u g s  up upt i1  a st- pu l se  a r r ives .  The terminal 

vol tage is them cl-+d and appears as a p u l m  a t  t h e  output of t h e  ' 
e 

TAC. e w t p u t  vol tage is thus  proportional  t o  t h e  ti- ddfference 
f .  

be twen  t h e  start  and s top  p u l s ~ s .  Remarkably, t h e  time reso lu t i on  of 

a goad TAC is 1-8 than 10 p s  12.273. The w t p u t  of t h e  TAC is then 

d ig i t i z ed  y an analog to  d i g i t a l  converter  and s+nt t o  a c#gut+r. 7 ?I 

The c#rputer t hus  r u e i v e s  a number corrwponding t o  t h e  t im 
5 

di f fe rence  bet- t h e  start and st- p u l s w  for  each p a i r  of*pulses .  
2 1 

' i  

incr-ta t h e  number at 

--he c o q u t e r  i n t e r p r e t s  t h i s  W e r  a s  addr.rs i n  a m y  bank and . 
- -- -> - - 

t h a t  d d r e s v e b y  ark After c o l l e c t i n g  m y  

such numbers, a histogram of t h e  Iuain+scence d u a y  is b u i l t  up i n  

t h e  sample, after baing analyzad by a 

by a - p h o t u w l t i p l i a r  tube operat ing i n  t h e  
- 

photon counting rode. Whm a photon is d e t s c t d ,  t h e  r e s u l t i n g  
---. 

p h o t a u l t i p l i w  curromt t r i g g e r s  t h e  constant  f r u t i o n  diuri ,minator, '  

'\ 
uSd a .€art p u l ~  is g u w r t d  m d  a p p l i d  

a r e  g w e r a t d  by -ling a p o r t i m  of  t h e  
. . 

aval.nch* photodiode t h e  w t p u t  of t h i c h  

L 
T 

to t h e  TM. The mtop $Is+% 
1 

T 

exc i t i ng  laser b e u  with an - 



PM€ 60 
- - - - - - - - 

- * 

, 

f r a c t i o n  discr iminator .  The s t o p  p u l s e s  a r e  delay& with a long 
- - -- 

coax ia l  l i n e  so t h a t  t h e y  a r r i v e  at t h e  TAC -time a f t e r  t h e  s t a r t  

pulses .  The s t o p  rate is t h e  same as t h e  l a s e r  repet i t ic tn  rate her-. 
, 

t h e  start rate is much l ~ ~ n r ,  s i n c e  a luminescence photcm is not 
t -- de tec ted  for  every l a s e r  pulse. This  cho ice  of start urd a t o p  is w c q  

more e f f i c i e n t  t h a n  t h e  m e  i n t u i t i v e  r e v e r s e  choict_.ince t h e  - T d  
as has  a reset dead  time of 4 0  w a f t e r e a c h s t a r t p u l s e i n i t i a t d -  - 

cycle.  A high *tart rate, &respanding t o  t h e  r e p e t i t i m  r a t e  of a 
> , 

--modelocked laser; u ~ l d  r e s u l t  i n  t h e  1winesc .nce  st- p u l s e s  . L>--\ 
overwhelmingly arrf vlng d u r i n p  t h i s  rnet ti* and hence b d n g  u&&d. 

'1 

- 

/ 
/ 

, -7 In t h e  reverse  a r r a n q e m n t  mlqed h e r e  h w v e r  a T K  c y c l e  is only , ' 
, 
\ / 

i n i t i a t e d  &ten a l w i n c u m c e  p h o t o n  i r _ _ d + c t . d ,  t h u s  eat)\". 
\ 

luminescence photon c o n t r i b u t e s  t o  t h e  hb togram o f  t h e  du&y.  The 
- 

luminescence count rate must be  k q ~ t  l o u  &ough MI* t h e L p r o b . b i l i t y  
, , 

of d e t e c t i n g  t u o  lu l r inescmce photons per l m r  pul;e is very-bw 
- - 

t2.28,2.291. \nic is n o c w u r y  s i n c e  t h e  above method can m l y  p7occ.s 
- 

one photon and d i s t o r t i o n s o f  t h e  d a t a  wwld remult i f  a 

s i g n i f i c a n t  photqns w r e  missed: P r a c t i c a l l y  t h i s  m+ms 

k..ping t h e  l w i n e s c m c e  c-t r i t e  a factoy of 1000 o r  u, below t h e  - 
laser p u l s e  rate. This  d a t a  c o l l e c t i o n  r p c h m  is i d e a l l y  wit& for 

modelocked 1 e x c i t a t i o n  s i n c e  t h e  high r e p e t i t i m  rate of w h  
- .  

lasers all- a histogram with good a igna l  t o  n o i s e  t o  be  c o l l u t d  i n  

a s h o r t  wace of time. Typically,  a d u a y  can be  c o l l u t d  i n  .bout 10 
* 

r i n u t m  w lest. 7-- 

1' 9 

" The w e r a l l  tim r e s o l u t i o n  of t h e  .bwe system is l i m i t e d  by t h e  1 

4 

rwqmr+ time of c u r r w t l y  a v a i l a b l e  photol ru l t ip l iers .  fuo ditfwmmt - 



p h o t o w l t i p l i e r s  wre u s d  i n  t h i s  wqk .  One, a h r i r n  VPn159A3, h a s  

an instrumental  h a l f  width i n  respon t o  a t r a i n  of lodelocked p u l s e s  .r\ 
of &SO p s  whereas t h e  o the r ,  a lbmaatw R1294U-01, h a s  - an I 

i n m t r u n n t a l  width of 430 ps. The Harrah.tw t u b e  h a s  a long 
/ .  

wavelwgth c u t o f f  a r w n d  800 na and t h u s  c w l d  not be used fay  t h e  81 

and &As work. The V a r i ~  t u b e  on t h e  o the r  hand, has a long 

w r v e l ~ g t h  cu to f f  around 1.2 m as wll as g r e a t e r  dynamic r a n g e - a n d  I- - - -- 

, 

1-r dark count. If t h e  observed l i f e t i m e  is of  t h e  same wdar of 

magnitude as t h e  instrument response me wrt remember t h a t  t h e  

o b s e r v d  decay is t h e  convolution of t h e  t r u e  luminescmce decay with 

/- 

i 
t h e  i n s t r u r m t  r q m n s e .  The t r u e  l i f e t i m e  of t h e  luminescence can 

il I .-- 
then still be  e x t r a c t d  u i t h  a deconvolut im p r o c d u r e .  Th i s  is t h e  

&jut of . a p p ~ i x  3. ~ i t h  d u m v o l u t i m ,  l i f e t i m  n dart as 30 p s  

with t h e  Hummatsu  t d g  and 100 p~ with . the Varian tube,  can be  

r e l i a b l y  ext rac ted .  
- - - - - 

lhtter time re .o lu t ion  i m  p o s s i b l e  with a s t r e a k  camera 

2.11-2.131, but with reduced s w s i t i v i t y  Md dynamic range. The 
- 

descr ibed i n s t h t a t f m ,  with its high s k n i t i v i t y  and ad.qwte  t i n  -- 

r*rolut ion,  i n  op t inua  , f o r -  s tudying excitcm ~hen-. i n  - -- 



EXPERIMENTAL APPARATUS 
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I 
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- 

The ti- cwref 'ated photcm counting technique results i n  a 

histogram .of t h e  l u r i n m + n c e  d u a y  a t  t h e  wavelmgth of t h e  

8 p u t r # n t e r .  IQ w u l d  be des i rab le  to  have whole. s p u t r a  

corr..p#rding to d i f f e r h t  time windms. W#h a u t  of a p u t r a  whwa 

t h e  ewr lu t im  of t h e  spac t ra l  farrtures with ti-. This i m  par t icular ly-  - - 

useful i f  t h e  uavelwgth peak of a lumineumce  fea ture  s h i f t s  with , 

ti-, such am with a DAP band. Wch *a set of spec t ra  is also useful 

for locat ing r e p l i c a s  of the principal  t r ans i t i ons ,  which rust a l l  

d u a y  a t  t h e  un rate. By o p u a t i n g  t h e  whole da ta  c o l l e c t i m  symtm . ' 

under computer control ,  t h e  co l l ec t ion  of a ut of time-rewlv+d 
0 

mput ra  can be r e a l i z d .  The c-uter c o l l u t s  a histogram of t h e  

l u r i n m c w c e  d u a y  a t  a g i v m  wavslwgth f a r  a tiHd in te rva l .  The 

total nunber of c w n t r  i n  a l l  t h e  histogr-r chamelm corresponding 
J - - - - 

*e-s& ti- windan  a r e  ,d, and each uu is s tad 

himtogrammr is . c l e a r d  and t h e  spectracter .dvnc+d t o  t h e  next 

wavelmgth location. With t h e  prerwtt software, up t o  8 time windows 

can be set m d  thus, up to 8 t in+-r+rolvd m p u t r a  can be c o l l u t w l  
\ 
\ 

s i r u l t ~ ~ s l y .  The J u a i k c a n  be r q w t d  an a r b i t r a r y  nruber of-  ti- 

and t h e  r e s u l t  a v e r q d . '  ki'ince a11 s p u t r a  we col1.ct.d at -+, 

ra ther  than soqumt ia l ly ,  t h e r e  is .  no chance of a change i n  

e x p w i m t r l  ccmdition. f w  rge t r a  corresponding to d i f f e r &  ti- 

wi-. A =hamt ic  of the c-ter sptem is s h ~  i n  f i gu re  2.4. 
P 



DATA COLLECTION SYSTEM 
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I 
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spectrometer 

micro computer 
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uindw. , 



The delayed coincidence photon c * m t i n g  

of s u t i m  2.6 i n  con ju rk t im  with 

photorrultiplier tubas  dcns not have s u f f i c i e n t  time reeolu t ion  to  \ - 

dqtermine t h e  l a se r  pulse  width. To determine t h e  pu lse  width d i r u t l y  , 1 .  
r 
- -- - /- - - --- 

a s t r eak  c w r a  is needed-but  l a c k i n p t h a t *  t h e  p h u w i d t h ' c a n  still ' 
. , 

C 

be determined with an i n d i r w t ,  non-linear t u h n i q u e  C2.30,2.311 based 

on swond harmonic generatkon C2.321. A block diagram of t h e  n u n s a r y  

apparatus is* &om i n  f i gu re  2.5. The la-r pulse  is s p l i t  i n t o  two 
*" 

crqual pul-s by a beam s p l i t  a t .  These pu lses  then t r a v e l  down t h e  t 
4 a r m  of  an i + ? e r f e r m t e r ,  one a' m of u h i c h ' i r  of va r i ab l e  length. The 

p u l s ~  a r e  then r u # b i n + d  a t  t h e  beam s p l i t t e r  and sen t  through a 

non-linear c rys t a l .  The r e su l t an t  s u o n d  harmonic u l t r a - v i o l a t  ( W )  

l i g h t  pulse  is mqt through a 8 pgsm v i s i b l e  cu t  f i l t e r  and t h e  

i n t w s i t y  of t h e  W is detoctad by a phot# lu l t ip l ie r  tube. The amount 

of W generated d q e n d s  on t h e  s p a t i a l  warlap-of t h e  pu lses  i n s i d e  

t h e  nm-linear c rys t a l .  An autocorrela t ion t r a c e  can be formud,by 

per iod ica l ly  varying t h e  path length of t h e  va r i ab l e  i n t c r f e r o r c t e r  

arm and displaying t h e  

r e su l t an t  trace i m  an 

with a s l w l y  varying 

ha rwn ic  m r a t d  by 

r e su l t an t  W i n t w s i t y  m an oscil loscope.  The 

average of a very l a r g e  number of User pu l se s  

w e r l r p .  The i n t e n s i t y  of t h e  t h e  s u o n d  

th+ two -1 amplit* p u l s w  is proportional 
- - 

t o  t h e  ti- average of t h e  fourth pw+r of the e l ~ t r i c  f i e l d  i n s ide  

th+ nm-linear c r y s t a l  t2.313 
-C-< 



1 

I 

Hare t h e  quan t i ty  E ( y t ) t = I ( y t l  is t h e  i n t m a i t y  of me of th+ input 1 

/ 

pulses  at t h e  fundamental frequency. T = c/& is t h e  ti= di f fe rence  
- - - - - - 

i n  a r r i v a l  of t h e  two pu lses  i t  t h e  n i m ~ l i n e a r  c r p t r l  due to  a path 

d i f f e r ence  bl i n  t h e  interferom+ter. The t r i angu la r  b racke t s  s i g n i f y  a 
+ - 

ti- average long colrpared to  t h e  pu lse  durat ion and r + p e t i t i m  r a t e  
-- 
- 

of t h e  l a se r  but  sho r t  c o a p a r d  t o  t h e  r a t e  of change of r. With t h e  

a i d  of tr igonometric iden t i t i em +qu+tion 2.16 can be  w i t t y  as 

where R(r1 c m t a i n s  very rapidl; varying t e r n  correspmding t o  t h e  

, i n t e r f e r ence  fring+s. This  turn is not -rv+d i n  experi-t 12;311 
- ?  

and can be ignored. The wtocor re la t i am function @(TI is g i v m  by . 
>.-.&- 

/ 

W(0)  = 0 for  p u l ~ l i ,  t h u s  fram equation 2.17 t h e  con t r a s t  r& t io ,  

* 
I(%a,O)rI(2u,~), is w s i l y  ~ . n  to &a1 311. The width of tXa 

-- 

au tocor re la t ion  t r u e  ir ,  approximately +qua1 t o  t h e  t i ~  width of t h e  

l a s e r  pu lw .  The ac tua l  relaticmat@p is determined by t h e  p u l w  - 

8 ,  1 



C2.301, byt for p r a c t i c a l l y  d+.irM- accuracies  c m  be tak+n as one. ti 

The a u t o c w r e l a t i m  t r a c e  is umeful for determining t h e  ex ten t  of 

mdelacking. Two . t rac . r  are , .how i n  f i gu re  2.6, a) r e p r ~ t s  an 
> 

inc#pl*te ly  modelock& pulse  t r a i n  and b) a c w l c t e l y  #delock+d 

p u l ~  t r a in .  The l a r g e  sp ike  i n  t h e  middle of f i gu re  2.6. c o r r w a n d s  

t o  exac t ly  ze ro  path  d i  f f e r ~ c e ,  uhere a11 t t w  no i ' k  f luctuat icms are 
, 

s p a t i a l l y  supe r inposd  i n  t h e  non - l t ne r~  c r y s t a l ,  leading t o  mi 

m o u l o u s l y  l a r g e  W output. In a completely # d e l a k &  pulse  t r a i n  

t h e m  nois+ f l uc tua t i ons  C P U S ~  by r andmly  varying phases are absent 

s i nce  a11 t h e  phawm are lock&, C s u t i o n  2.2) and t h i s  coherence 

sp ike  is there fore  not o b s e r v d .  
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Figure 2.5 

a 

Block  diagram of the  urtocorrelator used to determine the lamr p u l ~  

width. The path 1 q t h  of  m e  arY of the i n t e r f e r ~ b r  i s  v a p i d  

periodically by r r+tro -re f lu tor  mounted or, r hi* c-limc+ 



Time i n  ps 

- 
Ex.rp1.s of autocwrtlat ion trace. obtained using the  system d e p i c t d  

i n  figure 2 .  The t r u +  in  A) corr..ponds to an incorrpletdy 

mod+lockud laser with m autocorrrrlatim trece  width of -1Opm M 

f u l l y  W l o c k d  1-1. 



-- 
a 

' Si l icon  is m indiract-gap s c ~ l i c d ~ c t o r i  and .hould according t o  
5 C 

2r' - 
-&"l 

t h e  discussion i n  chyl te r  1 have its BE decay r a t e s  d a i n a t i  by t h e  
' .&- 

Z r y o n - r a d i a t i v e  Auger mh.ili-m (scctib. 1 4  T h e  exper i . in ta I ly-  -- ---- 

d 

observed l u r i h ~ m c p  d u a y  r a t e s  a r e  thus  ind ica t ive  b f  t h a  Auger 

* rates. A ' number of studiem of Auger ,procesms i n  s i l i c o n  have been 
f 

under both exper imntal '  arid t h w r e t  ical t3. t-3.31. Tlmse etudf em 0 -= 

are i n  pmd agr-t and .bar a rapid decrease i n  k l i f e t i n e  with 
- 

increaqing binding enargy. This cur 'be qua l i t a t i ve ly  u i r d e r e t d  i n  
4 .  

terms of a grea te r  spread i n  K-mpace for t h e  m e  loca l i t ad  excitons, 

r e su l t i ng  i n  as la rger  overlap with possible  f r ee  p a r t i c l e  f i na l  state. 

and hmce, a larger Auger d u a y  ra te .  Schrid t3.11 has  deduced m . / 

- -- - - - 

m p i r i c a l  power law re la t ionsh ip  betdean binding energyand'Auger 
1 ,  

dacay rat- of BE i n  Si. For accsp tw BE, 



re-tively. The agr-t with tKe -4.0 exponent derived for  a crude 
3 

--. 
R+cently it has  been wWest*dv;that th. e f f e c t i v e  .US 

I 

" 2 

approximation ( u c t i c m  1.1) underlying tt-6 t h k r e t i c a l  c a l c u l a t i m s  of 

t h e  BFi l i f e t i -  should break d w n  for d++p cuitars C3.43.-This w n l d  

J i S  extrapoIat ion by mans of +quati 3.1 and 3.2 from t h e  remltni for A 

r 

s h a l l o m r  c#ters .  This p r # r p t d  t h e . n r a a . u r m t ,  for  t h e  f i r s t  time, 

of t h e  K i d w a y  t ins for  T! and Bi, r espec t ive ly  t h e  d m n t  s iv le  
4:6< . - - h .  ,F 
, > acceptor and donor i n  S i .  For t h e  246 nsV d w p  T I  acceptor,  

' / ," e 
1 

/ extrapolat ing 'from I n  (154 MU), u s ing  r e l a t i o n  3.1, and ein In BE 
G (9 

\ 
. l i f e t i n  of 2.4' ns y i e l d s  an +xp.cted BE l i f e t i m e  of 2 8 0 p s .  QI t h e  

s " basiu  of t h e  measured T I  o s c i l l a t o r  s t r eng th  and Iminesc+nce ' 
3 -  - 

~ ~ f f i c i m y  (s+ction 1.2 and 1-41 the T! Auger decay,  rate had 

prev i tps ly  be& estimated 75-300 p s  t3.51. The 

n r r u r d  r-lt is 
s .  

\ 

v p r d i c t i o n r .  Thus t h e  e f f - t s  predic ted by Jar- at. al. C3.41 a r e  
D r - 

' .pp&irwtly no t  irportmt for t h e  T! BE. 

G i n g  a value for  t h e  Bi binding energy of 69 wV 13161 and 
4 & 

r e l a t i o n  3.2 ' to  ex t r apo l a t e  from. As (BE l i f e t i m e  = 183 ns, dcmor 

1 binding +nergy = 53 n V )  t3.13 r-qeults i n  an e x p u t + d  Bi BE l i f e t i m e  

of 66 ns. The n a w r d  l i f e t i -  was, h o w v e r , ' o n l y ~ 8 . 6  ns, 7 ti- 
- 

than e x p u t a d  ind ica t ing  t h a t  t h e  silrple theory o f  ihkn 
d 

i o n  4 leading t o  rrquatim 3.2 is not m t i r e l y  app l icab le  for  



Neglecting s a t u r a t i o n  e f  f u t m ,  meaning t h a t  t h e  nurrber of ba re  

binding c e n t e r s  i w g l i g f b l y  a f f u t d  by t h e  fr- excitcm WE) 
i ' 

. concentra t ion,  t h e  FE decay it g i v e  by 
I 

where n- is t FE c m c e n t r a t i o n ~ a n d  l/m is tv FE'rapture rate 

by t h e  * impuri t ies .  TO is t h e  r a d i a t i v e  decay r a t e  of f r w  e r t i t m r  

which is of t h e  order  of mi i n  81 C3.73. The f r e e  exci ton cap tu re  r a t e  
I .  

on t h e  o ther  hand is very fast, 06 t h e  order of ns, even for  l i g h t l y  

doped sample. (4010 i m p u r i t i e s  per cs5). The r a d i a t i v e  term i n  3.3 

is a t h u s  t o t a l l y  n e g i i g i b l e  i n  c m a r i m  t o  t h e  cap tu re  term. Equation 

3.3 t h u s  s i r g l i f i e s  t o  4 I 

a 

The E c o n c ~ t r a t i m ,  n- is s i m i l a r l y  given by 



not be t h e  ml'y a v a i l a b l e  decay channel for  t h e  FE, i .em there c w l d  

.- 
be other  impur i t i e s  vhicb bind e x c i t a t s .  S ince  t h e  urrple t+rgeratura 

is very lw (T < 4 . B )  and t h e  exc i ton  l o c a l i z a t i o n  w e r g y  i$ g r e a t e r  - -- *' -. 

than.  severa l  r+V, a term corr+.ponding to  thermal evaporat ion C3.71 of 

BE need not be included. The set of q u a t i c m a  3.4 and 3.5 can be 

, n i t t e n  i n  u t r i x  form as - 

The general  e o l u t i m  is of t h e  form 13-83 

". r e  r and t h e  c o n s t u r t  vector  @ h a v e  t o  be determined. S u b s t i t u t i n g  
r\ 

thim i n t o  q u a t i q 3 . 6  and div id ing  ou t  t h e  exponential  term y i e l d s  

The eigmv.luu,  r, are found tram th. s e c u l a r  -tion o b t a i n 4  by 

setting t h e  determinant of t h e  c m f f i c i w t t  matrix equal t o  z e r o  

y i e l d i n g  



?he eigenvwtors, found by subetituting the above eigmvalues in 
-2 

quat ion 3.8 are 

The g+nerX\solution of equation 3.6 i s  thus 

At t 4  = (nFr(O) 0 )  and hence the constmtrr c are datermind t o  b* 
-, 

Writing the general solution quaticm 3 . 1 1  i n  scalar form and 

substituting i n  the above valuw for the cmstra t s  c remults in  



for  t h e  FE populat ion &td 

\\ - - --- 

for  t h e  BL: pqwlaticm. The $E lurinescenc+ i n t e n s i t y ,  which is 

propprticmal t o  t h e  nurber of BE is t h u s  of t h e  form 

M r e  T ,  t h e  d ~ a y  ti- c m s t a h t ,  is t h e  longer of  T- and r=, 

and T r ,  t h e  r t im ccmmtmt, is t h e  mhwter. Thus i f  t h e  sample_ 
/ 

is heav i ly  dopcd, r e w l t i n g a n  a very s h o r t  FE t r app ing  ti-, t h e  
- 

na.ur+d luminescence decry  w i  11 correspond to t h e  W f i  f e t i ' w .  In 

thim c a s e  t h e  l w i n e s c m c e  r i s *  t i r  ~omtnt w i l l  c o r r q o n d  to  t h e ,  

FE l i f e t i m .  - I f ,  on t h e  o the r  hmd, t h e  i r r p ~ n i t y  c m c e h t r a t i o n  is . 

r e l a t i v e l y  l i g h t ,  t h e  FE t r app ing  tiw m y  well be  longer than t h e  BE 

l i f e t i - .  I n  t h i s  came t h e  luminescance rise tirn cmlr tant  w i l l  

corr-d t o  t h e  BE l i  f e t i n  and t h e  l u i n e u m c e  d ~ a y  time t o  t h e  

FE l i f e t i m .  In  a l i g h t l y  d q e d  sample, high e x c i t a t i o n  d m k i t i e s  u y  . .. 

maturate t h e  FE decay channels ,  i n  whkh c a s e  t h e  r im and f a l l  of  t h e  , 
l u r i n e u m c e  w i l l  no longer be  d..cribd by s i r g l e , e x p o k n ~ i a l m .  i -  
n+verthelemm, t h e  p i c t u r e  remains q u a l i t a t i v e l y  t h e  run with t h e  rxw \ 

1 
t f m  r e l a t d ~  t o  t h e  BE: decay time and t h e  f a l l .  corresponding t o  t h e  -? - 



of the photolumin+umce decay curve charactwimtics. 



4 

The ma.ur+lrmtm *re done umihrp t h e  cav i ty  c h 4 ~ d ,  .odelocked 

dye l a u r  d e u r i b e d  i n  chapter 2 operating a t  600 nm with a 4 )+lz 
- 

rope t i t i on  r a t e  and a (10 p ~ ' p u 1 s e  width am an exc i t a t i on  owrce .  T)H 
- 

-1- r mnwltd i n  a l i qu id  b i w r s i m  cryos ta t  a l l w f n g  
- 

o b w r v a t i o m  a t  t . q e r a t u r e ~  b e t ~  1.8 n d  4.2k. The luinewcence 

was detected using a f a s t  p h o t o u l t i p l i e r  ( V a r i u  WH-lS9A3) q e r a t i n g  

. i n  a photon counting d e  a s  d i u u s m d  i n  ~ c t i o n  2.6. 

The toaporal inmtrumnt response was found to  be wavelength 

dqmmdent, with t h e  response time lwg thmbng  - , t he  long w c r v e l ~ g t h  
4 

cutoff  ' of t h e  photamultiplier  is rmched. A t  wavelmgths c o r r d i m d i n g  

t o  n m r  gap luminrncence i n  81, t h e  r e w p m e  time of t h e  Varian 

p h o t o u l t i p l i e r  used here  is conmider'ablY l m g e r  than t h e  t.por.1 

r M p o n ~  t o  vimible op t i ca l  pulmes quoted i n  sec t ion  2.6. The r e s p m n ,  

ti- of t he  photomultiplier  a t  the ,  T t  BE: wavelength was ,experimentally - 
determined by par-tricaHy generating photom 13.9-3.111 a t  th; T I  

wrvelmgth f roa  t h e  600 n r  mode1ock.d p u l m ~  t r a i n ,  using a nonlinear * 

crymtal. The t o t a l  mymtm re-me w e  thu. determined t o  have a 

b # r i s e t i n  of 70.p.~ a CW( of a b o u t ' 3 ~  pr m d  an exponent ia l  tail  with 

f a l l  ti- constant of 530 ps  at t h e  wavelength of T t  BE (1.116 -1. 
I 

t h c e ,  i n  arder  to  i n t e r p r e t  t h e  T I  da ta  t h e  m a w r o d  BE d u a y  curve 
9 .  ..- 

ust be deconvo1~t.d with thim w . u r + d  1.116 m i n s f r u r m t a l  rmonse 
4 

"0 obta in% t h e  true BE t r ans i en t  b rhav iwr  as d i u u s s d  i n  appet~dix 3. 

- In  t h e  came of t h e  In d Bi BE duonvolu t ion  w s  unnecessary s ince  
B 

t he se  If f e t i m  w e  fwnd  to be cms ide rab ly  longer than t h e  sy%tem 



, 
respcmse, Ma hone* ~ l d  be n q l i g i b l y  - - - - af fec ted  - - -- by'duuvtwluticm. 

Observations of t h e  . t rans ien t  photolurrineumce of 2 di  f f e r m t  T! 

d o p d  5i urples i l l u s t r a t e s  both possible  cases  of r e l a t i v e  BE and FE 

lifetimes. F i p r e  3.1. was o b t a i n d  from a r e l a t i v e l y  l i g h t l y  d o p d  

rurple. M r e  t h e  dway  is s l i g h t l y  nonuxpcmmtia1 urd i n t w w i t y  

dependant, ind ica t ing  t h a t  some sa tura t ion  is occurring. By f i t t i n g  a 

so lu t i on  of t h s  -form of crquatim 3.15 t o  t h e  rise and i n i t t a l  decay, 

t h e  T I  BE: decry time const& is determined to  be 290 ps. The curve i n  

Figure 3.1b is r a more heavily d o p d  T! sample. I t  Jlan w 

expcmmtiaf, purg p w r  indapandmt decay, indicat ing t h a t  maturation - 

effects a r e  nq j l i g ib l e .  F i t t i n g  a so lu t ion  of t h e  f,orm of +quatim 
1 

3.15 t o  t h e  da t a  ur ing t h e  decorrvoluticm program rewlts i n  a rise of 

260 ps  and a fa11 of 270 ps. Interpret ing t h e  f a l l  a s  t h e  BE d u a y  - 

g ives  a l i f e t i m e  of 276 pa for t h e  T! BE i n  good agr-t with t h a t  

obtained from t h e  rise i n  Figure 3.1a. Reasonable f i t s  could be 

obtained over a region of rd = 270 f 50 pa, with muitably adju8t.d 
s 

i s  ti-%, This ra ther  l a rge  uncbrtafnty occurs b u a u s e  t h e  ayst+a 

fal l  time a t  1.116 is m l y  s l i g h t l y  f a s t e r  than t h a t  of t h e  

lu r ineu+nce .  There was no o b s e r v d  t . rpera ture  depmdwce of  t h e  

l i f a t i m r  b e t m  1.8 .nd 4.2 K:This f i r s t  d i r e c t  wawr-t of t h e  

T1  BE d . c a y h e  is thus  i n  good agreement w i t  ext rapolat ion frora 

t h e  known r e s u l t s .  for  shall-r ~ c . p t o t s ,  a s  f a l l i n g  within 

t h e  rang? ' expk td  f r o r  o s c i l l a t o r  st and l&in..cence 
b * %  

a I 

e f f i c i m y  mrstrr'-ts €3.53. - - 

For t h e  In da t a  t h e  BE: recorbination ti- uas d e t ~ r m t n d  by a -  

s t r a i g h t  l i n e  f i t  to  t h e  log of t h e  lwinememce d u a y  at 1.- urr. . . 



corrcmtraticmn rmg ing  f roa  4x10am m (Figure 3.2a) to  

cm'"(figure 3 . a )  to Sx10s7 cm'" (Figure 3.2~). There 

observed t-rature d e p d e n c e  i n  t h e  1.8 t o  4.2 K range, md 

no p w  powr  d+p.ndence over r wide range of puy, p ~ ~ r o .  These 
t 

r w l t m  .HII to  ind i ca t e  a nl igh t  dqwndence of t h e  Auger rate on t h e  
- - - -  

i apu r l t y  cmcentra t ion.  The d o v e  r e s u l t s  a g r w  r eawnab le  well with 

t h a t  of Schmid 13.11, uho c b t a i n d  2.7, ns. 

This is balisved t o  be t h e  f i r s t  wasurement of t h e  B i  BE 

l i f e t i m .  [In t h e  b a s i s  of r e l a t i o n  3.2 t h e  expected BE l i fe t i 'b  is 60 

ns. The ~ a s u r @  l i f e t i -  a t  1.6806 m -5 8.6 na . ( f i gu re  3.3), 
. C 

considerably shor te r  than t h e  predicted v a l u e 7  Again t h e r e  was no 

o b s e r v d  t m e r a t u r e  d + ~ ~ n d s n c e  or p u q ~  power dependence. 

Concluding t h e  Si work, t h e  T I  BE l i f e t i m e  was determined t o  be 

c lo se  t o  thp an t ic ipa ted  v r lue_shwing  t h a t  t h e  e f f e c t s  predicted by 

Jar08 et. a1. t3.43 do not occur even for  t h e  d t y l e s t  s i a p l e  acceptor 

i n  Si. The In r e s u l t s  wre i n  reamamable agreement with r previous 

mwr-t and ahwd a -  s l i g h t  c m c m t r a t i o n  dqmndence. The Bi Bk 

l i f e t i n  was found to  be ruth shor te r  than m t i c i p r t d  on t h e  b b i 8  of 

extrapolat ion frcm dallosnr donors ind ica t ing  t h a t  t h e  s i v l a  theory 

o f  s u t i o n  1.4 is not app l icab le  for stm+ a s  yet  un~xpla inwi  r-m. 
4 



a 
Figure 3.1 

5 10 15 

TIME IN NANOSECONDS 

Time resolved lwinexmce from the T! BE at 1.116 HI. The + are the 
' 3  

experimental points. e =lid line is the- best fit uCing the 
c P 

indicated rise and fall tiws in equation 3.15 and convoluting with 

h, the instrument respmse. The vertical markers r . p r m t  d u d -  of y' .,' 

intensity. 

a) ~/x1OX4 T I  era 

b) 40" T1 CR-5 



TIME I N  NANOSECONDS 

Lurrine8cmce dway of  the  In BE. The straight  l i n e s  are l e a s t  squares 

f i t s  to the data yie lding the indicatad l i f t  The vert ical  
4 

urkfrm r e p r m n t  d.c.dcl, of i n t m d t y .  
, 



TIME IN NANOSECONDS . 

3 

The straight  lin; is a .learnt 
0. 

~rtlrin-encA d ~ a y  o f  the  ~i BE. 

f i t  to the data yielding r l i f?time of 8.6 ns. The.v*rtical 

repr*scmt "decades of i n t m s i t y .  



T b  p h o t o l u r i n ~ m c e  s p u t r u a  o f ,  weakly exc i ted  (eg. i n  t h e  

r e g i m  where s t i r u l a t d  emission and exciton-gxciton i n t e r ac t i ons  a r e  

C4.1-1:51 and was found to be i n  general agr+.rcmt u t t h  t h e  w d e l  -. 
forward by Thomas and Hopfield t4.61 t o  explain  t h e  pkcrtolumin~cance -- 

of t he  s imi la r  6irwt-g.p material CdB. The s p ~ t r u r c m s & s t s o F  . - - 

T 

i n t r i n s i c  polar i ton lwinescence,  and at lower +nergies t h e  u n t e s o l v d  @I' 

t i i 
l w i t k u + n c e  from excitonu bound t o  neutra l  donors ( I 2  l i n e )  and I 

I 

, acc+ptors (11 lin;), plum t h e  various r e p l i c a s  of t he se  i i t t ~ .  

The l i fe t ime  of t h e  I2  l i n e  i n  CdS was f i r s t  det+rmin@ by t h e  

phase s h i f t  n t h &  C4.73 (-tion 2.11, which relies on t h e  arruuption 
- - - 

t h a t  the d u a y s  a r e  s t r i c t l y  e x p m m t i r l  and t h a t  t h e  bu i ld  up is very 

fas t .  e r u e n t l y  t h e  I 2  and I1 l i f e t imes  On CdS have b m  d i r e c t l y  

determined, using r rrodelock+d lamer rwrccr sa/6 &-fast p h o t m u l t i p l i e r  , 

\ 
tube detrrctw, t o  be  0.6 and 1.0 n s  r e q w c t i v e l y  f4.83. J o r g e n ~ n  and 

2%" 

H v u  a t t q t + d  t o  r a a w r e  t h e  12 and po la r i ton  l i f e t i m e s  i n  by an 

i nd i r ec t  t u h n i q u e  u t i l i z i n g  t h e  non-lineari ty of t h e  Iuminescwce 

?&ensity with r..p.ct to  exc i t a t i on  p e r  14.91.- They obtain& 

remults uhich suggested t h a t  th+ lu r ineu+nc+ decay of 12 was much 

Ca+t.r t h q  t h a t  of the polari tons.  This  1 d  them to condud+ that t h e  
. 

- 
capture  of polaritonm by t h e  neutra l  donors to  for; d- BE i s ,  - -I _ - .  1 .- 

i n s ign i f i can t  at, lcnr exc i t a t i on  and h m e  t h a t  po la r i ton  capture-by 



n w t r a l  donors was not t h e  dominant method of E formation or of 
, 

p o l a r i t q  decay i n  MB.. This xmd a very wut c o n c l w i a ,  
- 
7 

tr 

p a r t i c u l a r l y  a s  d i r ec t .  l i f e t i -  meaaurnmt  t4.83 and ~ c i t r t i a r 9  

spu t r cncopy  t4.101 i n  CdS had .horn t h e  contrary t o  be t h e  came. i n  
t 8, 

t h i s  'very s imi la r  material .  This prorrptd t h e  f i r s t  d i r u t  w a s u r m t  
f ,g 

. 

of t h e  l i f e t i m e s  of t h e  E and polari tcms i n  WSe using bath above 
a 

, b. 

t h i n  p l a t e l e t s  with t h e  c-axis i n  t h e  plane of t h e  cry8t.l. No 

B infgrra t icm .bat t h e  i l l ~ u r i t y  content of these  crystal .  warn 
d 

- 

% , avai lable .  ' 

I .  - ).'. 
~ i t h  resonant e x c i t a t i m  of t h e  I1 like L r+pbic.-OF < ,  I f  yam 

cv 
obwrved which is b e l i e v d  t o  be a tvo-hole t r u r s $ t i o n  i s u a i o n  1.5). 

\ I  - 
u 

9 p> 1 
This f i x e s  t h e  binding energy of t h e  neutra l  acceptor ,- r e s p w i b l e  for* ' 1 

? 

i 

t h e  I1 l i n e  i n  t h i s  sal~ple at considerably l,ws than that .of  +i ther  c - i  ', 
, 

t h e  k or Li w c e p t o i  v& r-td earlier t4.21. Thlm i. be l ipu 'd  \ .  I. 
@'r 

t o  be t h e  first tw-hcile BE t r a n s i t i o n  to be obs+rV@'Jn a 1 1 - V l  

I n .  t h i s  Cd% ruple t u o  d i s t i n c t  peaks i n  t h e  i n t r i n s i c  polbritorl 
B < 

region of t h e  .p.ctrru were observed. .lhm .sH*ld to 'have  very 
4 

s, 

d i f f e r e n t  c p l i n g  strength& to  LO phmans, a r  rnll -as s l i g h t l y  ? 

> P 

t' 

d i f f e r e n t  \ d u a y  cha rac t e r i s t i c s .  i s  together v v h  t h e  ,2 wV ' .- 
? 

s p l i t t i n g  be twen  t h e  peaks, r u g g ~ t s  t h a t  t h y  o r i g i n a t e  frtm e, . . 
d i f f e r e n t  polaritorr branches. The o r ig in  of similar splitting." - " , 

T -- 

obnevvd i n  t h e  po la r i ton  .spectrum of mt other  d i r u t - g a p  i. iconductors is t h e  s u b j u t  of considerable disput.e t chap tw 7 ) .  
P - 





- c a m  t o  b+ w c h  too vide for  s e l u t i v e  exc i t a t i on  e x p e r i m t s ,  

nuesmita t i r rg  t h e  urn* of 3/4 r Spex T h r o u t n .  to  narrow, t h e  1.-r 

u i m  detected by r necmd 314, @ex m u k h r o u t a  coupled t o  i very 

f a s t  m ic rahmne l  p l a t e  photomrl t i p l i e r  ( t b m m a t s u  ~1294h-01) cwlrrd 

t o  -30 C. The t i n - r e s o l v e d  s p w t r a  were collected. by t h e  da t a  

acquis i t ion  systw d - r m t i m  2.7.. The,fota l  system r e s p a t k  

a. 
t o  t h  dye l n r r  exc i t a t i on  pulse% in . '  t h i s  wavelength r e g i a i - i s  

- 
d+pictul  i n  f igure  4 . a .  - - 1 

the spec t r a l  scam *re d#r+ a d i f f e r w t  d e t u t o r  (Varian ,- 
:= h 



- and I1 are p1so c l m r l y  vis ible .  The lw 'mergy band labelwl W is . 
-- - L -- - - - - - - - L  - 

t h e  - d o n o r - . c ~ + p t & ~ ~ a i r  r u a b i n a t i m  bmd C4.11. The ~ ~ p k o n o n  .nerG 

CM be accurately  determined to be 26.4 2 0.2 mV f r m  the pumitions 
I 

EP t h e  sharp BE and BE* r&licat. The p o l a r i t m  peaks i n  th-e CdBe Q 

P 

uqln a r e  rach c l w e r  , to  1 2  than th&e i n  a previously publimhed 
4 

apu t rum C4.43. The l a a t i m  of t h e  p o l a r i t m  peaks .+em to  be u q l e  *r 

- 0  

d v d m t  i n  WSe 14.121 f o t  MI() a s  yet  unexplained reawn. 
- - - - - -- ---- - 

n 

' The peakq A 1  and A2 r r a  both from p o l a r i t m  lrulin+u+nco a s  

ve r i f i ed  by t b i r  h tmd t i -  relative t o  t& with inc reas ing  - - 

..--- 1 

t+aperrtur+ ( f igu re  4.2). H.d A 2  b m  due t o  loca l ized  s ta te , .  its I*, 
I 

i n t ann i ty  r e l a t i v e  t o  t h e  p o l a r i t m s  wid have decreasad rt higher 

sample temperatures. Tke 7polaritm nature  of .ndik%is  a l s o  b- 

s t r u c t u r e  at exac t ly  t he  saw energi+s smn in  l u r i n e s c c ~ c e .  In t h e i r  
.. 

study of t r ans i en t  behavior i n  CdBc, 6 m d  Jagensen  14.91 did  not 

- \ 
r t S d v e  e ne@6m& p o l a r l f m  lln+s, n G  t h & f  i T i t f w t u r e  i n  tho  

LO phonon r e p l i c a  energy r q i m  evicknt i n  f i g w e  4.1. The l i n e  they 



repl ica .  The w m d  d u h d  l i n e  ham been dram exactly 1 LO pharon . 

onergy (26.4 w V )  rbav+ t h e  f i r s t .  This higher energy d m h d  l i n e  

f a l l s  r i gh t  i n  bet- t h e  A 1  and A 2  peaks w i n p l y  ind ica t ing  t h a t  
- - - * - -  - - 

- - -  - A  A - -- -- 

the  lar mergy- - d g t  of  t h e  LO r .p l ica  o r i g i n a t u  f r a i  t h e  population * 
: - 

of p o l a r i t m i  , r m o n d b l e  for t h e  la, .nergy cdpc of t h e  &I peak. This 

is however not t h e  case. TOYOZM I4.133 ahawed t h a t  t h e  s t rength  of 
. - - - L -- - --- - - - -  -- 

4 

- - 

t h e  corrpling between an e x c i t m  nd t h e  14.0 r e p l i c a  should vary as qg  
3 

for. -11 p h m  wavevectors q. This beans t h a t  t h e  lower polar i ton 
-YO' b 

- = 2  \ 
brurch tA2) should couple more ef  f u t i v c l y  40 LO phonms. This r e su l t ,  

•’?a 

has b . m  ver i f ied  i n  Cd6+ by r m m t  Br i l lou in  s c a t t e r i n g  t4.141. The - 

apparent c h t r a f i c t i m  of t h e  p r k t  experimtntal r e s u l t s  with these  + 

+ 
c o n c l u s i a s  - can b. - + e c u ~ i l + b y  r ea l i z ing  t b t  t h e  above mtion.d - -- 

5 . * 
mtr.polatia to  determine t h e  lw energy edge (H t h e  1-U) r e p l i c a  Is 

inva l id  fa p o l a r i f a s .  A g l ~ i  at t h e  polar$ton d t q m k i o n  &ve 

( f igure  1.1) sham t h a t  unl ike r regular f e x c i t m t h e l o w r  

polar i ton branch curves i n  suck a wax t h a t  t h e  w v + v u t o r  changes very - 

little for a r e l a t i v e l y  lngc change i n ' m e r p y  b d o u  t h e  k ~ c r  i n  th* 
\ 

-7 
8 CP 

d i s p e r ~ i o n  curve. as the e f f e c t  of adding a curved ta i l  td t h e  

14.0 ph#rorr ' r . p l i ca  as HII~ i n  f i gu re  4.2. This m s  tM t h e  

ob.rrv+d 1-U pkanan r e p l i c a  c n  i n  fac t  o r ig ina t e  fr& t h e  l a n r  



, *. 
- - - 

t 49  A- -- - 

- ,  
I 

I PAE 89 - 
-..,, * 7 * t 

-- -- 4 3 F i & ~ - 4 e & w h g 4 4 4 4 & - t ~ ~ r  

0 

polar i tan  peaks are mparatcd by 2 mV swms incoqmtib le  with H -4- 
.a 0 -  

exphnbtion of t h e  high W r g y  polariton peak A1 i n  t e r m  of a mxirur 

i n  t h e  t r m s n i s s i m  of t h e  c rys t a l  nutface as has b ~ l l  W Q O ~ H ~ W J  for [: t WS I4.8,4.12,4.lS1. This .  r e su l t  ins t& suggests tha t  t h e m  peaks f--= 

B 

a r i s e  from the  two di f ferent  branch- ~f t b  polaritonm A t  from t h e  
- - -  a A-L-+ - - -- - - - - ----- * 

, upper polaritom br&h &d f r a  the  low+;. FurtMr s u p p a t  for t h i s  

urggmtion is t h e  ob vat i on tha t  ' t he m a s u r d  -ph&ol mi nescmce 
- 

d u a y s  of A 1  m d  A2 ( f igure  4.4) a r e  s l i g h t l y  dfffar+nt. The A 1  d u a y  
- 2  -- ---- - - - - -- - - . - 

- - -  - - -c - - - - - 

shows a stronger f a s t  comp&+nt a we1 1 as having a sl ipht ry  h o r t e r  

overall  'decay ti-. There was, howwer, _no observed ubveletqth 

dependknca of the dway c h a r u t a r i s t i c r  within +rch p+.k A 1  or AZ. The - 

@+cay changes f r d  t ~ l  typep t o  ,A2 typeF quit& suddmly upon changing 

( the m r g y  i f  o b s w v a t i a  f r& 1826 mV to 1- n V .  I f  both At and A2 
/ 

arose I r o n  t h e  u ~ . ~ p o l a r i t m _ b r u r c h  t h e  d+cay cha rac te r i s t i c s  W d  

be expwtcd t o  vary c m t i n u a n l y  m r  both l ink since t h e  .ore rapid 

,- 

of these k i g h n  -gy '&lari ton.. dZi .";. 2 
3' 

. * L 
- 

-m 



CdSe T=1.5OKT 

-J 1740 , 
6 .  1 

. f 1 0 meV per division 

PHOTON ENERGY 

Figure 4.1 
- I L 

t 

\ 
Photollmin+.c+rrc* q m c t r u  of  at 

& m e  b.nd-0.p excitation light at 590 MI. 



Figure 
-' - 

(r 

790 5 meV per division 1830 - PHOTON ENERGY IN mev 
- -  - - - - -  

4.2 - i 
* 

Q . % * : .  * 
8 $ 

, . 

A p o r t i a  of the 'photoluminescm~e spectrru at higher tmperhure T - w 
-a 

d 
I 

25K a) and at T = 1 . S  b). Thr; lower mergy d n h d  l ine  r @ p r d t s  * ,  

the apparent lw +nwgy edge of the polariton LO r+plica. The higher 
e 

mergy- dash.d l ine  i s  exactly me LO pkann mergy (26.4 wV) above = - 

the lanr line. The high teqmrature spoctrur ham b.rr, ahiftod up i n  
L 

mwgy by 2 meV t o  u t c h  the low tmperature spectrua, fri order t o  - 



I , - 3.- <+ 

PCLBE: 92 
/ ., . - 

&- 

(., 
b 

--- - - - - - -- Y 

4 

- 

* Figure 4.3 shovs t h e  photelurinescance d-ay of *he M, AZ, 12, 
t 

- * 
and 11 lin+s at- a fix*, a ~ & ~ a g e ,  h v +  b&-gap pupp i n t ~ s i t y  of 

"1: 

. a p p r o x i u t e l y  N)O rU/c@* a t  a" r q w t i t i o n  rate pi 4 M. 6 decay of 

t h e  A 1  &XI A2 po la r i t&  l ~ i n . . c n c e  (figur? 4;3 c 81 d l  was 
- A- 

/ 

4 . a ) .  'Figure. C3e Jlow t h e  total instrument rHponu to t h e  30 p s  4 '  

. wid+ dye la-r pulsar. ButpriSlngly, t h e  l i f e t i m e s  of t h e  12 ( f i g w a  
* 

-- -- 
A -  - 

4.S> n d  I f  f fries --re- found to d q w d  s t r 6 n g l y v  p@Ci ntiiiii t 5  - = 

t 

Thim v m  f w d  to be t r u e  +& u i t h  re-ant exc i t a t i on  of t h 4  BE, 
L 

indicat ing t h a t  t h e  !engthkinlng of t h e i r  l i  f e t i m  u i t h  increas ing  

p u q  barn k not w r c l y  due t o  u t u r a t i o n  of th polar i ton  capture  

- ra te .  A -1. h e a t i n g  e f f r c t  i n  be rug& out  &no t h e  o b s e r v d  

av+rag+.  pump pawr. This was ve r i f i ed  by lotwring t h e  r + p e t i t i m  h i e  
L 

of t)H: cav i ty  duq+r by a +factor of 10, thus  decreasing the-average - 

7 

p-r by a &or of 10 *i1+ 1-eaving t h e  pwk p a v r  a l a t  unchanged. 
-$ 

Wo chart& i n  t h e  sh.p+ of tk. k a y  c u r v a  w s  obmv+d. 
b 

With above band-gap e x c i t a t i k  at high pw+r l+vels ,  s a tu ra t ion  

of t h e  r+cc&ination chuwmls don play r role am +videneed by t b  

w b r t a n t i r l  fength+ning of t h e  polar i ton a l i f + t h +  ( f igu re  4.4). In - ' 
t h i s  above b.nd-0.p high +xci ta t iun densi ty  regime t h e  I i f a t i m  of  

. I *xp+ctrtim t h a i  undw m y .  g i v i  set of cond i t i om th.\ & l i n w  -can 
8 I 

n+vw -I r ap id ly  than t h e  p o h r i t m r .  In & d n i n p  t h e  A 



. var ied  by a f ac to r  of 1W. The high-t excititicrrr M l t i t y  uHd war - - 

-10 u/cm2 a v e r ~ q e ,  or a perk p& d m s i  t y  of - 1 ' ~  u / c ~ ,  w t h e  
4 

1 

1-t < c o g r ~ p a g d i n g  to f i gu re  4.5gl lo4 WIcma avetage. Tho only 

'&?fer.nce. i n  t h e  e x p e r i m t a l  c m d i t i a n  r e s b l t i n p  in t h e  $.cay 
1 - . 

. curves  of figur# 4.5 ws t h e  i n a e r t i m  of var ious  n w t r a l  d m a i t y  
. . '6 ", - - - - - - - -+----- --- 

f l i t &  i n  t h e  *;citing la& beam."* f (k ;mhgpf  t h e  lamqr spot k 
.I - I ,  

C t h e  @la was not.churg&. F o r e  highei  txci t ,a t ion power@ n w t r a l  

-3-4' dens i t y  f i l t e r s  -re placqd n he l w i n e s c w x e  pqth to k q  t h  count 
- -  - -  - 
2 - - - - -  

rate low. , 
t 

The rmon for  ' t h t  o b s c r p d  b&wi  our is not c lea r .  The dona and 
T 

. icc-tqr c m c m t r a t i m s  i n  t he se  W e  . : h l c s  must b e  quite large,  ,as 

I 

l t n e  at 'high t.q.ratures, a s  seen i n  f i gu re  4.2. I t  is p a r i b l e  t h a t  
I , 

&A 

t h e  -1 s p a t i a l  - - extent .- --- of - t h e  - BE -- wavefunctions a n d  t h e  c lo s+ '  -- 

. . 
proximity of o ther  d e t w t s  leads t o  l'& "&riatian i.n t h e  1 , i f e t i m  

md- t o .  .tuntw limg bet- binding ccrrter8. There appears  t o  be 2 r 
d i s t i n c t  rqjicms i n  t h e  pump p-r dWmd.me of  t h e  l i f e t i m s .  In  t h e  

%. high pmkr  regime, baginning at -1_00 W/c* average p w r  at a 4 ntt 

r w e t i t i o n  rate ( f i gu re  4.5d1, where t h e  l i f e t i -  lmgthhn  r ap id ly  - 
* .  sh .. > 

with incr-ming p w  power, mtura t icm of %the p o l u i t o n  r u o r b i n a t i m  
- 

rate appears to be  t h e  dminmnt f k t o r .  &lqu t h i q  r q i m  t h e  l i f e t i -  

of  "I2 v a r i e s  more s l w l y  with pup i n t e n s i t y  myl u t u r a t i o n  . I s  nof " 

d 

* 
d A s i t i m  at h i c h  boik t h e  polariton. .nd 12 m e  ~b. . rvab l .  ttw - .3 

$9 

I i f r t i -  of the p o l a r l t a n  wre al&s .hater than th@e of  €he B€. 
-t -- 



s 

'r+cmtly Mnaai . and E r a  C4.161 have prwentetl  t h e  results of d i r e c t  -. r 8 

i f  w a s u r m n t s  of, t h e  I2 and I1 l in -  i n  Cmk &ing t h e  un 
- - - -  - -- - - .  --- L 

- - P- 
-- 

- 
exper f rmtu l  wthod,-  which yielded t h e  considerably 1-r l i f e t i m e s  

of O.St n s  and 0.80 n s  tor I2 and I1 which wre .ppar+ntly exc i ta t ion  
* 

remults ind ica te  t h a t  t k  BE l i f e t imes  +servedL her* are 

o b u r w d  by Finmi  m d  Era t4.163 i n  t h e i r  apparently higher q u a l i t y  . 
u g l r  are the  u n p w t u r b d  H t e t l m  of i so l a t ed  i b r i t y  q. 

- 

f.. 
. . 

h i n i t i a l  f a s t  drop of th+ p o l u i t o n  l u m i ~ ( ~ c e  nham i n  / 

figure 4.4 c t .d due to t h e  trapping of p o l y i t o n a  on binding 

L .  . cen te r s  u n t i l  maturation ws r w h a d .  This-conclusion is wpportcrd, by 

t h e  Obwvat i0))  t-bt t h e  i ldup of t h e  12 l u r t n ~ a m c e  ( f igu re  4.44) 
4 P 

not corp le te  u n t i l  t h e  p l r r i tms had r w h e d  t h e i r  f i n d  d u a y  

rate .  l h + i n i t i a l  f a s t  drop of t h e  I1 l r u i n m m c r  mist be due t o  mmd 
A - - -  - - - - - 

u r p e r i q x m d ,  .hwt l ived  l u r r i ~ e u m c e  of a d i f f i r m t  nature,  as is 

w i d m t  i n  t h r  time-r+.olv4 . pu t ra  a f  f igure  4.6. Th- a p u t r a  a1.o 
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-- ~ - - r . . e h . d .  IkF-3iF@mnm+mplicn of t h e  p ~ l a r i t ~ u m  i n  - -. 
.< ,+;i2 *, 

these .p .c t raS  ahw t h e  i n i t i a l  rapid cooling of t h e  p o l a r i t a  ' g i m  i n  . . 

t h e  f l r r t  nanosuond a f t e r  t h e  1 a s w  p u l u  - C4.171. A l i n e  mhwe * 
% ..' . .,LC \--;. 

ana lys i s  is not poss ib le  due to tk. p r q c *  -of utrong ni.r&y" E $. 

1urineu.nce.  It might be thought t h a t  t h e  initial  drop i n  t h e  
a 4 

qo-phcmon polar i ton  lmin-mce c w l d  be du. to  t h f s  cooling. In t h i s  
d 

- -  
-A _ _  - - -_ - 

- 
case, W v e r  a* ~d e x p u t  t h e  r b t i o  of t tw f a s t  t o  t h e  sl(ciw 

c q o n a n t  t o  vary with wavelmgth in s ide  of a polar i ton #eak with no 

fa& capm&t a t  th* very la, energy edge. In f y t  i n  t h i s  c a w  t h e  .. - - - -- - A - - c +  - - 

- - -- - -  - - --, 

- luminescence f r k  t h e  lw mergy edge corrnponiling to th. l a m b  
+ .  

I 

d e r g y  p o l a r i t m s  should .ha, n ' o b s h r v h l e  buildup due -to .fewling 
- 

from, t h e  ho t te r  h ighw wtergy polari tons.  there is hokvrrr no 

obs&v&lc change i n  t h4  ratio with wvelength within one polar i tan 

no-phona, p a k .  m t l y ,  t h e  i n t m s i t y  ratio af t h e  f a s t  to  the mlw 
-, 

- -- 

- colgonents dwrealca9-with - increas ing  purp p m r  which a g r w s  with 

. expectation of t h e  t r a p p i n g ~ a l .  
-,  - 

1 

\ 

if 

.* . - 
% .  

-i 

5 I 

- 

- 
I * 

- 

- B I 

2 I 

* L 





TIME IN NAN ECONDS 
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figure 4.4 7, . :-- 
6 

B 

" 
s .  

Lurin+sccncr! dscayp of var i w s  lines with 43 W c r ?  of above b 8 ~ d q . p  
t 4 b 

I 

. '* P I  I1 line . ,  A ,  * 
7, r 

2 .  a l, - - 

bl I2 lint - a 

4 & 
7 -  

- - - - - .  & & & - -  - ,---- 

5 )  A2 pol~it~tl +. 1 , - < 
0 

.!SJ A1 polariton 
% 

2 

f - *- . - - 

Each curve has b m  q f f ~ t  by an d.cd**f~P~larit~. 



1-aMr pul sqs. 
I 

For c lar i ty , ,  the curves have bwri offset by arbitrary shifts. 



L unequivgcally which lin- a r e  r+pl icas-of  12, I1  or t h e  p o l a r i t m s .  

- This is very useful for i d m t i f y i n g  g d b l e  BE tuo-ul.ctron or 

~ c c e p t o r  is l e f t  i n a m  d e d r d c  excited s t a t e  upon m n i h i l a t i m  of 

t h e  &.' These t r a n s i t i o n s  can be used to estimate t h e  dcmor or 

--- - - 
acceptor binding KSrgy-6y aswing GI e f f e c t i v e  ~ n & - h j d r - q e n f c  -el - -- 

(sect ion 1.5p. tuo-electron & A  t r a n s i t i o n s  of t h i s  type have been 

observed i n  CdS+ by varicnm gr-s C4.3,4.41. W r y  et.. a1. C4.41 have * 

determined i n  t h i s  crenntr t h a t  e typ ica l  dmcn binding. mergy i n  cdse 

is 19.5 HV. Analogous two-halsr t r a n r i t i m s  have not ,  u n t i l  n w ,  b w n  

reported. 
- - - - -  - - - 

9 8 

P w i n p  t h  high energy p o t ~ r i t o n  peak A 1  r+liorrantly producd  a 
' <- 

spectrum i d m t i c a l  t o  me resu l t i ng  from above brndiprp * ~ c i t a t i o n .  %:' - ..: -. 
- .~ 

This .is furt)Hr evidence' t h a t  - the  capture  of p o l a r i t m s  by neutral  

donors and acceptors  is t h e  main m r c +  of BE l u r i n m c m e .  Pumping 
% 

t h e  second polar i ton  peak AZ (Figpre 4.7a) *produced a spectrum a1-t a 

l i k e  q abwe bmd-pap me e x c q ~ t  t h a t  t h e  p o l a r i t m  LO rop l i ca  is 

almost nfm-xistmt Md t h e  s t rength  of t h e  l i n e  label& a is u c h  

greater .  Ue conelude t h a t  a and v, which a r e  approximately t h e  m& 

k tram m excited state of t h e  -BE ly ing &we A2. a and v a r e  t h e  
-F 



t4.203 m d .  more r.c&ly, by Puls  et. &-6$.214.231. The s t ronges t  of 

t h w ,  ca l l ad  c ,  is located r3 nV a b w e  t h e  g r a d  state, e q w l  t o  
t 

t h e  approximate V-6 and or-$ s p l i t t i n g .  Hmce a and V probrbly r e s u l t  
, 

from t h e  c exci td  s t a t e s  of t h e  dmor  BE responsible  for 6 and 6. Thg_ 
- - -  - - -- ,-*- 

extradrdinary s t r w g t h  of these  exci tad s t a t e  l i n e s  i nd ica t e  tk& t h e  
; - 

e x c i t d  s t a t e l i f e t i w s r u ~ t b ~ o f  t h * r u r n & d e r o f  m a g n i t u d e a s t h a t  , - 

- - >  of t he  BE' ground state, and t h a t  t h e  relaxatim to  t h e  ground state is 
- - 

r e l a t i v e l y  ilw. F u r t h r m r t ,  t h e  capture  cross, s+ction of a polar i  ton 

i n t o  a dmor BE excited state .use b& large.  This is perhaps bt 

surpr i s ing  considwing t h e  near r e m a n c e  of tm e m i t 4  s t a t e  with 
4- 

t h e  A2 p o l a r i t m  i n  our Cd urples, as e v i d ~ e  by t h e  dramatic Y 
increase i n  €he 8 l i n e  s t rength  with resonant exc i t a t i on  of A2 ( f igufe  

I 4 

? 

4,jl).  - > - - - - -- 

d 

wing 12 ,resonantly as i n  f i gu re  4.- r m l t s  i n  a spectrum 

c c m s i s t i n ~  of m l y  t h e  g r o u n d s t a t e  tuo-elutrm t r a n s i t i o n s  and t h e  1 

m d  2-LO phomm r+plicas of 12. By varying t h e  wrvel+ngth of t h e  purrp 
\ 

- r w r c e  s l i g h t l y  within t h e  12 l i n w i d t h ,  t h e  ratios of 6 &d B can be 
< 

changed, s u g g d t i n g  t h a t  they arise f r a  d i f f e r en t  donors. 6 is 

favored by exc i t a t i on  on t h e  high energy s i d e  of 12. 6 - t o  

~ t i t u t i 0 1 ~ 1  dOl#)T such as t h e  me studied by W r y  a t .  al. ~4.41. A 
-- --- - -  

-study i n  Cd8 of 7 d i f f e r e n t  urbmtitutional donors 14.241 shwr t h a t  

cen t r a l  c e l l  c w r ' u t i o m  ar t  very -11 Md that ccms+qumtly t h e  
- 

domar binding e r g y  can be ca lcu l r ted  t o  .bout .f 1 mV by aswing  a 
1 
I 

I 



seemed t o  correspond t o  a donor which binds a6 exci ton w e  strongly,  

was h-ver higher i n  energy than the  l i n e  -6. Thir  ind ica tes  a large b 

negative cen t ra l  - ce l l  correct ion,  which by analogy to  Cd8, q'psts  A 

* 
t h a t  t h e  ctnl!& r e s p m s i b l c  fa r  --.,+ 6 is probably n& a m i q l e  

subs t i tu t iona l  donor. 
- 

Ruping  'I1 - resonantly I r e s u l t s  i n  t h e  spectrum &om i n  f iparr-  - -.- - -- -- 
4 - 8 -0 

4 . 7 ~ .  I t  c o n s i s t s  of t h e  LO phonon r w l i c a r  of I1 m d  a l i n e  labeled - 
\ 

11-2-hol'e along with scme other weak, unident i f iwl  l i n w .  ~ . w i n ; a  
1 "# 

, - - 
an estimate of t h e  acc.ptor binding G .of 76 w V .  Thir is 

w b s h t i a l l y  less than t h e  409  r a V  binding energy of t h e  Li & Na 

acceptors  i n  CdBc E4.23. The value of 76 w V  is, however borne out'by 
b 

t h e  posi t ion of t h e  DM" band. The photon .+ wergy  ot t h e  DAQ 

luminescence is given by (sect ion 1.7) 
- - - - - 

u k r e  R is t h e  d i s t m c t  bet- t h e  donor and acceptor. For CdB+ t h e  

po la r i ton  binding energy is 4 6  r a V  [4.25,4.263. Adding t h i s  t o  t h e  

energy of t h e  1-t polar i ton (A21 yi  e l d r  fpt  t h e  band-gap energy 
-- 

E, 1824 + 16 = 1 W  m V .  hi ng 20 HV 14.41 as t h e  dtmor binding 



L& > 
- - )t ttt L m r - r ~ w h t r ~ % t  . _ -  , 

1 , < 

i T i - m s v A  ' -tra with resonar t  e x c i t . t i a  a! 12 a at at - 

l eh t  for  ' t h e  f i r s t  h s  or SO al l  l i n m ' d k a y  wi th  t h e  w l i fet ime; 

fu r the r  c m f i r n i n g  t h a t  a11 lim i n  f igur+ 4 . a  u e  rap l i cau  of 12. . - 
4 , 

Simi la r ly  a11 l i n e s  i n  f i gu re  4.7c, with resonant w c i t a t i o n  of 11, 

d k a y  at  t h e  sum rate. -At ' l a g u  dulays  a f t e r  t h e  laser pu lse  some . . 
F ,  A - & -- - T. - 

uniden t i f i ed ,  longer l i v d ,  broad l r c r i n ~ e m c e  bands appear. 

6 l r u i n - m c e  decay c u r v m  of t h e  BE with r-ml e x c i t a t i o n  
3 

r e  obtainrd by m i t o r i n g  th /  l u m i n w m c e  at t h e  140 phomon 
- - - - -  -- -- - - - -  - - - 

- -- 
r ~ l i c a  u h i l e  purping the no-phonon l i n e  d i r ec t l y .  ~ ' H I I ~ ~ C Y I ~  

previously,,  a p u r ~ ,  l e v e l  d.pmdwc+ was again observed, although d w  - 
t o  t h e  r e l a t i b e .  weakness of the  LO r+pl ica  it could not be f o l I o w d  

w 4 r  as wide a rang4 as with &we b.nd-9.p e x c i t a t i m .  With t h i s  

r ~ m t  rrxcitation w were a b l e  t o  extend t h e  12 l i f e t i m e  t o  4 .0  ns 

urd t h e  Ll l i f e t i m e  t o  1 2  n In se r t i ng  a 1P neu t r a l  d+nsi ty  - 

. ,  - f i l t e r  r+duced the 12 l i f e t i -  t o  4 .2  n s  and t h e  I d  - l i f e t ime  t o  41 

m. With resmut excitation, sa tu r a t i on  bf t h e  po l a r i t on  d u a y  rate 

curnot b+ a fac tor  and h m c e  t h i s  c l e a r l y  show% t h a t  r#cr other  

mchanism i n  add i t ion  to sa tu r a t i on  was racrpm&bb$ f a r  t h e  pos l~r  

d.pwrjmte of tb 12 l i f e t i m e  with &ye bmt-gap  e x c i t a t i o n  ( f i gu re  

b 

Thwe pas .OW e x c i t a t i m  wvelength  d e p ~ d e n c e  of I t h e  12 

1 exponent ia l .  w a y  with an i n i t i a l  ruch f a s t e r  ( t yp i ca l l y  250 ps) decay ' 
,- 

f o l l m  by \ a  longer decay (1 m) w e  c h a r i c t e r i s t i c  of t h e  high 
- 

1 
I 
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- - -.- - -- - - - - - - - - a - x +  
* w r g y  "side. One p w r i b l e  expluration for t h i s  is again t b  ex ih twce  

of 2 d i  f f w e n t  donors with d i  f (went  BE l i f e t i m . . f k e .  fut c-Cnt - 

would than c o r r e s p d  t o  t h e  d u a y  of exci tons  b& to t h e  d a w  
P 

primari ly  r.MpoR.ibl+ for t h e  1~ mergy s i d e  of 12, and t h e  long . 
7 
- 2  

$5 ccqxmcmt to  t h e  tunnel l ing of t h e  . h a l l o w r ,  l m g e r  l i v d  + BE t o  
* * '  5 

t d q e r  stat-. e b+haviour of t h e  two-electron t ranmi t imu - 

- - - - - - -- - A -- --- 

, p r & i w r t y  a s s o c i r t d  u i t h  the high and low wergy  s i d w  of I2 i m  
L . - 

however, incompatible u i t h  t h i s  explanation s ince  i n  thim came one 
FT 

r '  

vould expwt  . (* t o  see * buildup of 8 with law a -p r~%xc i t a t i on .  T ~ W  
8, @'t.= - -- -- 
,,?" 

expectat ions  are not borne out b y \ e x p e r i W ,  h i t h e r  & or 6 .hw a 

buildup and both 6 m d  1 have both r f a s t  and a slaw c q w m m t  

f o l l w i n g  +xci ta t ion on t h e  lw energy r i d e  of 12, r lb+i t*wi th  

d i  f f w w t  r a t i o s  of f a s t  t o  slow c a p m w t s .  No c o n s i s t ~ t  explanatian . . of t h e w  observatiolls h a s  been of fwd.  

- , ---- - P* - -  - 

- 

+ 

dC4: 

- 
a - 

a 
-- 
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I740 1840 - 

PHOTON ENERGY IN meV Figure 4.6 

Timwresolved spectrum with s1OO dk.3 of abw* bmd-gap 

.-excitat im. 
-. 

a) 0 - 0.5 nm after 1-r pulw 

k +I totat, ti- tntifgr&&t, V t r m  - - 

The r q i m  of the If and I2 peaks has b m  roducd by a factor of 10 
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1750 10meV per division 1840 -- 

Figure 4.7 PHOTON ENERGY IN meV 

-.t 

R e m n t  * x c ~ & i o n  8pectra showing the replicas of  the BE linw. 3~ . 

b) purging I2 
dl 

C I  pumping I1 
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a .  

+J 

C < c pABB\ I- -- 
f \ .  

;i '7 1 
\ - - \ -  

I 7 , -  

\ .  

b 

The ' d u a y  rate of BE in+:  I-VI s6aiconductcrrs wro: f i r s t  s tudied i n  

CdS w i n g  t h e  p h a s e r h i f t  rathod CJ. 11 Cnactim 2.11. The li f a t i m a  of - 
-- - A A -A A A A - - - - -- -- 

t h e  . donor n d  . c c c p t n b B E  wr,e found t o  be I S  and 1.0 m, 
# 

reapb+ively, i n  qood agreement with a t h w r y  previously . . put forward 

by and 6ur&ishvi l i  CSm2,5.31~lWe r&tly - - Wnders and C ? y g  
- - 

devel'hp r t h w y  for e f f . c t i v e u s s  1 i k e B E d e c a y t i r r a s ~ d h a v e  
il 

c a l c u l @ d  t h e  e x p u t e d '  donor md acceptn. BE l i f e t i m  for m y  
I 

I 

r r r ter i i lm h.41.  There e x i s t s ,  at t h i s  time, very f w  axpe t i rmta f  

rewlts with vhich to  compare t h ~ e  pr+dictad.dacay rater. * 

I 

- The phas+-%hift ~ t h o d  usrrid to  d i t e r r i n e  t h e  BE: lifedimem i n  
I 

d.p+nds m t h e r e  being.  only me m i q l t  expontnt ia l  d.ca$. ctmpcmmt. - 

. I  

TIW p r w m e  of a ~ c o h d .  or of l slaw build& r e s u l t s  i n  
b 

I i. 
-,+ . I 

, u b i g u i t i e s  i n .  t h e  i n t w p r e t a t i m .  of t h e  data: Thj advcnt of 

synchronwily  pumped Irobe1ock.d dye lasers rrrd f a s t  ph tomul t ip l ie r  

tub.;' has  opmed t h e  d o n  t o  d i r e t  l i f e t i m e  wasurLts i n  t h e  
? l 

wb-nanomcmd r + g i ~  cwpld with g r w t  s t n s i t i v i t y l  and dynamic 

rang+. Rwmt ly ;  using such a system t h e  l i f e t i m e s  of i n  WSe have 4 ;  
b w  determined. (uctim 4.3). This was also d m e  by ll nami and Era, i 
tS.53 o b t a i n d  mubetantial ly Imger  l y  i nd i ca t i ve  

- - - - - - - - - - - - - 

of hipher qua l i t y  uq les .  The obs+rv.d short+ned 

by l a r g e  i q u r i t y  c a n t e n t r a t i a m  a high  lamer 4 ' - r  due to  
- 

wer1.p of t h e  very e x t m u ~  BE uwefunctions.  Tir 'most re l id le  
.. 

'IF 





L- RE8UTS 

> .  
me expwik t a l  apparatus cmsi r r t s  of t h e  ac t ive ly  modela~rwi, - _  I . < 

repeti t iorr  rate of 4 ))(t. To e r e a h  t h e  n u e s u r y .  above-bmd-gap 

- 

ph6tons (2.mV for ZnW?, a-KOP frequency doubling c rys ta lL  u&sL us-& - - - -- - ---- 

The r ~ u l t u r t  2 9 S n m  beam w a s  than focrkad cm to t h e  mhpl+s, h i c h  for 

t h w e  ~ x p e r i ~ ~ ~ t a  *re imrw i n  super f lu id  tk at  1.W. fhe average 
a 

- pow? ' dms i  ot ewci t a t i m i n c i d ~ t -  on the sawpa-+- war .*tO Ji/cP - -  - -  
- - 

was ma1yz.d using a s i n g l e  s t age  3/4 r spectrumeter and detect& by a 

m i c r a h n n e l  p l a t e  p h u t o u l t i p l i e r  tvbr. <i(.uutw R1294LMl). The 
- 

-1- u ~ d  i n  thi. study *re a11 bulk -l doped with N., ~ i , .  

< 

3 function and ver i fying t h e  result.  i p  several  differet&, -1- 
% ?  

'i!* .. 
.+qL 9 4%4, 

" e x p e r i m t a l  time r..olutim. The m r e c o l v d  lh & Li acc.ptor @&in-: 
* - q 4 i - .  

F 

#topkw+, WMtq thtt both u c r p t o r  BE h a v c t h e  4-e* - 

I 

This is ewprc td  uithiri  th+ f r a a w m k  of t h  Rashba and 6urgmimhvili  



has a l i f e t i m e  of h p r  ( f igure  S.lb-). Doping with Ag rtwl4m 

mimsim . corresponding to ; very s t rongly l#al iz .d  BE with a 

of LO ptmnon r e p l i c a s  t5.71. Thim l i n e  Clabeled AQI* by 

Wan c)t. a1. tS.71) has i time decay constant of 2.fnm. Ue wet4 wyble 

t o  &&rve t h e  AgaO l i n e ,  u h i ~ h  i8 i u ~ r g e t i c  with 11, or t h e  Au 

BE r6ortec1 to l ie  just b e i w  the-usual 11 l ine ,  p r e i i i M y 6 u a u m e  of 

' the  very 1 ow a v e ~ ~ . , ~ o u + r  our exc i ta t ion  m r c e .  



0 n8 ". 14 ns - 
Time 

The luminescence d ~ a y  of t h e  variwm 'BE l i n e s  a f t e r  pulsod 

wccitation. 12 rrnd I1 r e  the  r h a l l w  donor and acceptor BE 

r - t i v e l h e  t r r i  1abcll.d 11- lq tg~catesponds  to a perturb& 
r,"i*: 
3 

shal lw acc+ptor ' kn te r  . 11-dm i:&' t h e  Cu-r+lrt& BE l i ne ,  whereas 
- 7 

Agio i m  ' relit& BE line.  The nu6erical values of t h e  

I i f + t i =  are .horn in  Fig. 5.2. Each of t h e  t i c k  u r k s  mi t h e  
- - -  - -- 

ver t i ca l  u r-r-ts e d+c f i n t m s i t y .  W curves haw 

 baa^ d i a p l r c d  v+r t ica l ly  for c la r i ty .  



Figure  5.2 is a log-log p lb t  of t h e  observed BE l i f e t i m e  vs. t h e  
. 4%: 

exci ton l oca l i z a t i on  energy ib. The d r s h d  l i ne ,  a r b i t r a r i l y  d r a w  

through. /- t&l point ,  cor respmds  to  t h e  f h d  p r o d i c t d  by t h e  t h r w y  

The experimental p o i n t s  arc i n  reau#rabl+ agr-t +,- with t h i s  theory 

ev+n for  t h e  d e q ~  Ag acceptor corplex r t e p o n ~ i b l e ~  for the Agio 
/ 

l ine .  Consequently, t h e  obswved BE decays corcrespcmd to dominantly 

r a d i a t i v e  li f e t i l n s ,  s i n c e  t h s  Auger rate i n c r e m e s  with increas ing BE 

binding energy CS.81 ( sec t ion  1.41, and hence  i f  i t  were i q o r t n t  
- > *  - - -- - - - - - 

t h a r a  would , be a reversa l  of t h e  observed trend- to  longer 1 i fe t i - s  

with i n c r m s i n p / i x c i t m  l a a l i z a t i q n  energy. Thi8 is i n ,  con t r a s t  - t o  s 

i t 

t h e  report4 '<ay of ZnTc &ere t h e  Auger mechanism, doem play n 
'-. 

i-ortmt r o l i  for  t h e  dwpar  BE CS..91. * a  * 

I 

The BE l i f e t i n e  T is r e l a t a d  t o  t h e  t r a n s i t i o n  m i l l a t a r  
4 ' 

s t r e n g t h  f by equatim 1.26 
-1 

P 

&re X is the t r r n r i t f o a  uawelmgth in -cn  i n  v . c u u ~  and n i m  t b  - - 
h 

f i .  

0 



*. 
1 

7 

' 4 
e &+re Po is t h e  v o l k  of one Zntk, molecule m d  ! is t h e  

characteristic length of t h e  impurity BE ~wavefuhction. The 

- - . - 

r e l a t i m s h i p  bitwen the cheractar i i i t ic  length and the BE l oca l i za t i on  --- 

mergy  6 is g i v m  by equation 1.49 
\ 

4 

k i n g  equations 5. 2-5.4 w i t h  

5- 4 

- 

t h e  values  

n = 2 .6  CS.101, h = 4. 1x10-%ma CS.101, m = .giro CS.101 and 

1 x = 1.4xlb= CS.113 apprqwia t e  for  ZnSe a well a s  

Ex1 = 10.5 u V  from 'the m a s u r d  spectra ,  y i e l d .  t h e  predicted I 2  

and I 1  l i f e t imes  of jlOO and 499 p s  r e s p u t i v a l y .  

Raohbr and Burptnishvi l i  (aectim 1.3) ka lcu l a t e  Qhe wvelope  BE 

w v e f u m t i o n  by using a d e l t a  function potmti .al  with adjur tabl@- 

rtrmgtlr.  his tt- not l e d  t o  a very rmlixtic BE vavefuntim - -' 

although t h e  theory d w s  s t o  c o r r ~ t l y  predict  t h e  BE l i f e t i m e  

dwmd+nce on t h e  l oca l i za t i on  mergy. In  pa r t i cu l a r ,  t h e  thaory - 

f ,  



p r o v i s i m  is made for  Wolrb ina t ion  with t h e  i r g u r i t y  ca r r i e r .  I t  also 
,- I. 

does not include t h e  t f f * c t s  of i n t t r - p a r t i c l a  co r r e l a t i ons  on, t h e  
1 

wavefunctim. S m d s r s  and Chang t5.41 have attempted t o  r u t i f y  sow 

of these  def ic ienc ies ,  within t h e  spher ical  c f f u t i v e  u s  ' 

by construct ing a var ia t iona l  BE ~ v e l o p e  wavefunction 4 
which includes  - - 

r a t i o  "of t h e  

- - > - - - - - - - - A- 

co r r e l a t i on  e f f u t u .  The wavefunctim depwds m t h e  

i l p u r i t y  c a r r i e r  mans t6  t h e  mass of t h e  c a r r i k r  of t h e  _ 

Thus, for a -or t h e  mass r a t i o  8 1s g i v m  by 
/ d  

- - 

r = ~ h ;  wavv,iunction is a d j u s t d  t o  c o r r u t l y  handle t h e  . 
- 

- # 

known limits of small and larg* 8 corresponding Eo analogs o f  t h e  Hz 

and H' sys t ea s  respect ively .  They obtain for t h e  impurity BE 

o s c i l l a t o r  s t rength  t h e  expression 

where u i t h e  akgular t r a n s i t i o n  frequency and P is t h e  wergy  

. q r i i v a l h t  butd-to-4md matrix el-t s q u a r d .  They have calcul&t*d 
7 

t h e  value of t h e  matrix element <I IF> for  a11 values  of t h e  mass r a t i o  

r. They do not g ive  values for  Znb ,  but uning r = 0.21 for  donors a d  
, * 

r .P-4.76 for  acceptors  w d  t h e i r  f igure  3, t h e  estimated ww1.p 

i n t + a l s  a r e  I<IIF>l t  = 17.8 for  I 2  and 1.41 for  11. The pr tviously  
I 

4 

t V  CS.111. Using t h i s  value of P* .nd equations 5.5 and 5.2 r e s u l t s  i n  

p r u i i c t u l  I i f e t imer  of 27 pa and 340 pa for  12 Md 11, r+.p.ctiwty. 
- 



P m  114 

~ C H  Y~IW are d i ~ l a y + d ~ s ~ w  c i r c l e s  i,n figure 5.2. These values 

are i n  quite r e a m a b l e  agr+tnnt with experimental,valuas for I1 and . 

12. This is i n  cmtrast  to the r q m r t d  case of CdS+ t5.53, where the 

8Mderm and Chmk theory predicts l i fet imes an order of magnitude 
- 0  

shorter than the obmrvml values. 
%% , .. e? 

+ . 3 * 

- .  LA-L P- 



Figure 5.2 

A 309-log plot of BE l i f e t i -  vr. BE l a a l i z a t i m  energy. The cromm+s 

r e p r w w t  t h e  e ~ ~ e r i m n t a l ~ o i n t s .  The dashed l i n e  c o r r ~ p o n d s  to the  

trend predicted by the  Rashba ~ ~ g . n i . h v i l i t h c o r y a r % i t r a r i l y  
.& * 



@+ A *r i a  of t i m k w o l v e d  m p u t r a  of theX8argle  doped with Na and 

~i ( f igure  5.3) ~ o w s  t h a t  at long delay ti-' a f t e r  t h e  1-r pulses, 

'two longe r - l i vd  l i n d  emerge. Clne is i d i a t e l y  b e l w  t h e  I1 l i n e  

while, t h e '  other lies below 1 1 4 ~ ~ .  The l i n e  below 11, labelad 

d Il- q g ,  was-observed i n m l y  two of our sp.91w- Since both-?-and - - - -  

Il-deep have these  associated l i n t s ,  i t  seem r e a m a b l e  t h a t  they a r e  

due to  . a perturbed vwmicm of - t he  bas i c  acceptor species. The t in  
p: 

d s a y  ef It-long -is depictad i n  f i gu re  S.lc. I t  shows a d d b i t a  2 -- -- - - 

unknom or ig in  as w l B  am an i n i t i a l  f a s t e r  d u a y  of 440 ps. For t h e  

p u r p m  of f igure  5.2 u+ have as- t h a t  t h i s  i n i t i a l  f a s t e r  

coqmnettt is the  r ad i a t ive  dacay r e  of axci tons  bound t o  t h i s  
' a  

c+ntw. It is c l ea r  t h a t  t h e s e  1-r encrpyG"lincs c m ' ~  be simple 
7 * 

- - - - 
r e p l i c r s  of 11 and 114-  since they do not 'have t h e  necessary 

iden t ica l  t rans ien t  charac t+r i s t ics .  

a 





acceptor BE l i n e  was first r a p o r t d  by Khtal and Ploog t6.13 i n  t h e  

low-t.ar~,erature lurfnarrcwm spwtrrrrr of high qua l i ty ,  p-type . 
moluular  bur,  g r a m  W ( f igure  6.1). Subsequently 

% 
many groups i n t w w i t y  of t h e s e  l i n e s  (henceforth 

. - - - - 

ca l led  t h e  KP l i ne s1  is r f u n c t i k  of growth condi t ions  and doping 

f6.1-6.91. Th. t a t r t i v e  r-lt of t h m  inves t iga t ions  was t h a t  these  
, 
t 

l i n e s  could be due &a t h e  r u c m b i n a t i m  of excit+u bound to 8. 
d 

vrcapcy-C complexes. This r e s u l t s  is, e v e r ,  by no means firmly 

e s t a h l i s h d  and no d+quat+  microscopic madel of t h e  o r ig in  of t h e  

variwm l i n e s  of t K e  d t f k t  r # p l e x  has  b- w g g e s t d .  ' - < - -  - 



G a A s  MBE 3 - 1 4  

figure 6.1 

ENERGY 1 5 2 9  m e v  

This i s  r 1.m sputrua of nBE &As .bowing the -rim of l i n ~  

lrbrlld KP brlw th+ mrrgy of the wurl acc+pWr BE 1 . b d Q d  AO,Xm 



There have be&--- &he; model-r proposed which do sndiavor to  
r ; 

explain t he  d e t a i l s  of t h e  s t r u c t u r e  i n  t h e  KP l i n e  s p u t r a l  region 
r 

(1504-1511 ~ V J .  E ~ V H  and Hnlliday 16.61 prop- a model in'which 
1 

t h e  l i n n  c a r & m n d  t o  exci tons  b a n d  to a @ c . p t a  p a i r i  with 
c: - 

C differan$ aqwrrtimr. The highest  energyAina <i!Hl.l w V ) ,  c a l l &  g r -  -- 

i 
w l d  t h m  corrmporrd to M is01at.d acceptor BE, a lbe i  t a dwper  me 

i 
than t h e  usual C accaptor BE i n  H E  6aAs. The lino lowest i n  energy, 

neighbor acceptor pairs ,  The l i f e t i m e  of a BE is a s e n s i t i v e  f u n c t i o n -  
.. 

of binding mergy;(6.71 (sut im 1.31. T h e - l o c ~ l i r a t i m  energy changes '  

by a factor  of -2 i n  going f roa  g t o  v, hanee t h e r e  Bhwld be an 

e a s i l y  observable and c m t i n u w s  increase  i n  t h e  l i f e t i m e s  of t h e  .. 
7 

l i n e s  going f roa  g to v. 
- -  - 

Reynolds et. ol .  16.83 have wpgwstcd t h a t  t h e  KP l i ne s ,  o? which 
. r -  

they o b u r v e  60 subcmonen  s, aye d i . c re te  DAP r u d i n a t i o n  l i n e s  t - - - 

betwen 81 donws  m d  C 'acc-tors which a r e  paired nmrandomly. This 

F &el is d i f f i c u l t  t o  r e c m c i l e  with t h e  f ac t  t h a t  t h e  KP lid a r e  

q u i t e  s t rung  i n  -1- which have v i r t u a l l y  no donw BE w f r e e  ho le  - 
+ ,  

t o  donor luainescmce from t h e  q i l a y e r .  b e  of t h e  c h a r a c t a t i s t i c s  of 

DAP r+c#binatiunrr is a very long. l i f e t i m e  which i n c r e a s k  . 

+xpUI+ntially with il 'Kreming p i  ~ p a r a t b m  t6-91 (swtim l m 7 ) -  

-7 

t r ans i en t  M a v i o r  of t h e  KP l i n ~  going f r m  t h e  high-anergy g t o  t h e  

l-~gy v l ine .  



The experiaental ly  observed &r .nn imt  B e h i v i o r  of t h e  KP lines 

do+s no t  support e i t he r  of these  Ilodels. The l i n e  g and its rssoeiatd 

lw-ehergy shoulder were found t o  decay very much l i k e  t h e  C acc-tor 

BE l ine .  The low-mergy KP l i n e s  p through v, hw+v+r, wre found to 
- - - - - - 

have an idmtic.1 t r ans i en t  b d t a v i n  which d i f f e r s  wbmtant ia l ly  from 
- 7 

t h a t  of 9, and is ruch f a s t e r  than typical  DAP ruambinat ian ra tes .  

The saaples  used i n  t h i s  study are t h e  k a s  t h m  rwortd on 

i n  tuo previous works [6.416.10?. These rugles were a11 

i unintent ional ly  doped p-type -1- 3 t o  4 microns th ick  grown by HIE 

and o b t a i n 4  fram WE. Sorc of these  urrplm, nam+ly, samples 3-4, 

3-9, and 3-14, have very -11 donor c m c m f  r a t i o n s  as evidmc+d by 

" t h e  s i n g l e  po la r i tan  peak and lack of danor BE l b i n m m c e  t6.101. 
9 

These sam' s a r p l e s  had s t rong KP - luminerconce of t h e  sam - -  gmera l  - 

*ape 4.1 tha t  first, reportmi by K h z e l  and P l q  t6.11. . 

The samples wre i u n r s d  i n  w p a r f l u i d  f o r  t h e  

photo1 w i n e s c w c e  m+awrments. The lurin+scmce war exci t+d using the  
I 

/ 
# d e l o c k d ,  cav i ty  drrrr~ed dye laser oy.t+r d m r i b e d  i n  chapter 2 with 

a r q e t i t i o n  r a t e  of 4 I+k and a h l se  width of (30 p s  oper;td e i t he r  
t 

above t h e  bind-gap (990 m) or resonantly a t  t h e  polar i ton wavelength 

C8l8 m). The lumin-mce was ma1yz.d using a 'datble 3/4m 
0 =; 

spectrometer and d ~ t u t e d  by t h e  ti- c o r r e l a t d  photon c o u n t h g  

p h o t o r r l t i p l i w .  S iau l taneomly  c o l l u t d  2 .  t i w e s o l v a l  spec t r a  

_ c o l l u t d  by t h e  syrtm d e u r i b d  i n  m t i m  2.7 w r e  found to be  
- 



1 
A swim of t i a e - r e w l v u l  Isf~actra ofd q l e  3-4 using 

abw+-band-g.p exc i ta t ion  is .sham i n  f igure  6,2. This -rim of 
I 

spectra,  with large 2 5 - n ~  tim uirtdous, c l e a r l y '  ah- t h a t  t h e  

acc.ptor BE and t h e  g l i n e  d u a y  w h  rare quickly than do t h e  l i n w  p 
' ,a ,- 

through v, which chcay with i d m t i c a l  or very near ly  i d w t i c a l  

i t i m  The r e l a t i v e  i n t m % i t i ~ ( o f  t hese  l i n e s  do-not change even 
I 

= out to 180 ns  a f t .w  'tht la-r Higher apwtr.1 reso lu t ion  than - - 
t h a t  aaploy+d. i n  f igure  6.2 rhowr; thlat t h e  l i n e s  from.p to  v which are 

I 
unr.ro1v.d i n  f i gu re  6.2 ;lu, d.c& i d e n t i c a l l y  with t h e  u i n  l ines .  

* 
The lurrin..c.nc, d u a y  curv+s of s#. of these  l i n m  are mhom i n  

* s \ 5 
f igure  6.3. The C wc+ptor B€ ( A O , X )  and t h e  g l i n e  have ident ica l  

l i f e t i m  of 1.2 f 0.1 m which follows t h e  p o l a r i t o n , d u a y  at t h i s  " 

average purg i n t e n s i t y  of 4500 &/crt. At 1-r puap powers, 'where t h e  

polrF&tort - w a y  channels  are no# n t u r a t w i ,  t h e  g l i n e  has  r li f e t i ~  "~ - - 

s l i g h t l y  longer than t h a t  of <AO,X), ak expected from t,he general 

comiderationw of l i f e t i m  versus  binding +nergy d i a c u r d  i n  -tion 
- 

1.3. The top  d u a y  curve of f i gu re  6.3 is from t h e  v l i n e  and t h e  

w o n d  f r m  t h e  top  is from t h e  unr+solvd q,r,m lin-. These l i nes ,  

.-,rs +. -11 am tha o t h u s  be twen  p Md V, have an i n i t i a l  exponential 

d u a y  t i n  c m t u r t  of 2.4 f 0.1 n s  f o l l p H d  by a r e k a t i v e l y  strong, 

- - 
! lag.; llv+d c o q a m n t  having a t in constant o i  26 3 I ns,  kc decay 

% 

c u r v w  of a11 t h e  p t h r w  v l in-  are indimtinguimhable. )kt* from 
% 

- - - - -- 

f i g ~ + .  6.2 and 6.3 t h a t  both t)H C accaptor BE <AO,X) Md t h e  g 

line also hw+ a similar l a g - l i v d  c o q m e n l  CT = 24 f 3 m) but t h a t  
af 

it. relative mtrcmgth is m order of u g n i t u d e  veaker. I t  i m  a s d  



PW 
. - /c 

t h r t  th; f& c o q m w t t n  of a l l  tk.u &cay.. rh ich  are w e  

c h a r a c t e r i s t i c  of d i r e c t  gap impurity BE, are t h e  t r u e  r a d i a t i v e  d u a y  

rat-, while t h e  long components are -due to t h e  t r m s f e r  of exc i t a t i on  

?': -. 
f roa  r#n u n i d m t i f i e d  long-lived same. 

The de ta i l s ,  of t h e  d u a y  curves depwd d a t  upm t h e .  

e x c i t a t i o n  dens i t y  even i n  t h i s  r e l a t i v e l y  low pow++ rwiu  pr . .uub ly  
A -  - - - - - - - - - - - A- A - 

due t o  uavefunctfcm overlap with other  n+arby impurity BE, m e f f u t  

a h i c h  appears t o  b e  quit* ' c- i n  d i r e c t  gap smiconduc tors  

( s u t i o n  4.41. The g m e r a l  r m l t  t h a t  ' g m d  (A0,%) d u a y  mo?e 
+* 

-P 

- - -  

quickly  than p ' through v, m d  t h a t  al l  p throuQh v colrponwts d u a y  ; 
.-& . . 

" s imi l a r l y ,  d o k n o t ,  howsvar, d+pwdan  tha sxc ika t i o r rd+ns i t y .  

Lifet ime measurements repor ted 'by k l l i d a y  et. al. C6.111 agre4 

q u a l i t a t i v e l y  with t h e  above r e s u l t s .  ne i r  value for the d l i n e  

l i f e t i m e  is 1.0 n s  i n  c l o s e  agreamnt  with t h e  r a l t  p r ~ ~ t w l  here. 

The - l i f e t i m e s  - of t h e  l w r ' e n e r g y  - -- l i n e s  were al l  r w o r t e d  t o  - be - 4 n s  

and i d m t l c a l  wi thin  t h e ,  quotcrd margin of error. Hal l idry  et. - a1. 

hawve r  chose 6 i n t e r p r e t  t h e w  r e s u l t s  a s  +vidmce f y  t h e  p a i r d  -- 

. , 

acceptor model. v o l n i c k  et. 11. C6.121 have a l s o  r c p o r t d  l i f e t i &  

wawr+r+ants of  t h e  KP l i n e s  i n  a m l e  d t i c h  .horn a l a rgo  h e r  of  
/ 

resolved l ines .  They ob ta in  a l i f e t i m e  which increa- smoothly from a 
\ 

%.B, 

value of  1.3 n s  for  t h e  g-line to  a value  of 12 n r ,  for  t h e  l i n e  . 

l a b e l l &  q (14 i n  t h e i r  no ta t ion)  and al l  t h e  ? w i n i n g  1-r energy 

l i ne s .  On, t h e  b a s i s  of the%+ r e s u l t s  Skolnick et. a1. a r g u d  that t h e  

with t h e  l i n t  q as t h e  swim l i m i t ,  but t h a t  t h e  l w r  energy l in-  
- - 

have r d i f f e r e n t  or igin .  f u r t h e r  evidence for  t h i s  proposal is t h e  

c. h 



-., . betcmn g and p ind ica t ing  t h e  u c q ~ t o r  na ture  of the.+ lirws. 1t is 

notwmrthy however t ha t  no t-ole r@ieas  of principl-e fin- 1-r 
L ,  

i n  mergy  than p wrr discernible.  On t h e  other  hand t x c i t a t i o n  
L1 

I * 

s p u t r o u o p y  r-lts for por t ions  of t h e  v lib (6.141 show . 
4 

contr ibut ions  for a11 t h e  higher mergy  l ines ,  excluding g m d  its 
- - - - - - - -- - - - - - 

I d r  energy wing, i n  approximately t h e  r a t i o s  as UQWI i n  

luminkcmce. This I m d s  w i g h t  t o  t h e  cmclumim drawn from t h e  
.. -" 

ti--resolved s p u t r a  t h a t  t h e  l i n e s  p through v o r i g i n a t e  from t h e  
- 

mam ' i n i t i a l  state. I f  t h i s  were not t h e  ca se  t h e  s t rong  coupling 
, A* 

betwen the  l i n e s  p thraugh v d.#n%trated by t h e  exc i ta t ion  

. wputFoscopy wwld requl t  i n  a t h e  lumineoccnce intemskty 

or ig ina t ing  frcm t h e  lwest energy l i n e  v. 

In conclusion, t i u - r e s d l v e d  -troscupy of t h e  KP l i n e s  c l e a r l y  

.kan t h a t  t h e  tuo  m i c r a c ~ i c - . o d d s  of t h e  18 l i n e s  di.cuss.d i n  t h e  i - 

i n t r a j u c t i m  cannot be appl icable  for t h e  whole KP qkctrua s ince  both 

v w l d  predict  a steady increase i n  lifetim for t h e  series 9 through v 

P d i c h  was not obwrved experimentally. I t  i s  poss ib le  t h a t  the ,paired 

- t +  

acceptor model is appl icable  for t h e  higher energy ~t of l ines ,  but 

t h e  m i g h t  of experimnt.1 e v i d k e  w g g s r t s  t h a t  t h e  lower mergy  

- l i n e s  have a d i f f e r e n t ,  a s  yet  undet.errin+d, origin.  



PHOTON .ENERGY (mev) - 

Y' 

\ 

Figur+ 6.2 

W u m e  of kcc t ra  r w a d d  during w q u ~ t i a l  2S-n. tlm windows 
P 

after th+ I r u r  pulse. After the it i i t irl  f u t  duay of the acc-tor 

, t h i  -of thd sputra  - r-in unchmgd during IatW the  

uindeu, eut te 17S n s  a t t u  the ksw pub+. -RH-mampl-~@~~ 

was 4 . 6 K  and the avertpa axcitation dwmity ~n Sb0 at 590 
. =T 
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is t h a t  t h e  i# l i n e s  cons i s t  of two. d i s t i n c t  g r w p r t  p and its 
1 

l o r e n e r g y  wing, and t he?  linem p through v. This conclusicm has  

a l ready been reached by Contwr et. a1. C6.153 on t h e  b a s i s  of 

resonant exc i t a t i on  ui  tii t h e  sutm+qusnt otmervation o f  a t ~ o l i -  - -- - 

r e p l i c a  (sect ion 1.3) of g. The acceptor BE twa-hole r+plicam are, i n  

general ,  d i f f i c u l t  t o  observe s i nce  they occur i n  t h e  same spec t ra l  - 

- region as  t h e  donor-to-acc+ptw and frw ~+lhctrorr to-acceptar  -- - - - - -- 

t r a n s i t i o n s  ( sec t ion  1.7). Tim-r+rolv+d spectroscopy can be of sorn 
*i 

u t i l i t y  here  s i n c e  t h e  decay of t h e  t w - h o l e  t r a n s i t i o n s  must follow 

t h a t  of t h e  acceptor BE whereas t h e  free-tcrbwnd end donor-acceptor 

pa i r  t r a n s i t i o n s  i t h i s  region have a d&ay ti- of hundreds o f  
P 

nanosecmds.~ By ' s e t t i n g  sho r t  time windour, it is poss ib le  t o  
f - - - -- -- 

disc r imina te  aga ins t  t h e  unwanted, l ong - l i vd  luminescence. 

. - 
A s e r i e s  o f t i r c - r e s o l v t d s p e c t r a f o r ~ s l u p l s q 3 ~ w i f h . h o r t  . 

(1.3 ns )  windous and resonant exci , ta t ian  of t h e  p o l a r i t m s  is 

presy l ted  i n  Fig. 3. On t h e  top  l e f t ,  for cmari.on, is rhom t h e  

0-1.3 n s  spactrum of r metal organic c h m i c a l  vapor d+pcnition (MXVD) 

sarple which does not exh ib i t  m y  KP Iurinesc+nce. I t  .houlr m l y  t h e  
S 

regular  C Gcep to r  18-28 (1493.7 w V )  and 18-36 (1489.8 HV) two-holo 

t r ans i t i ons .  The #BE m l e s  which have KP lurrin-me d t ~  

The i n t ~ s i t ~  of both of t he se  p-ks &relates with t h e  i n t m s i t y  of 

t h e  g l i n e  i n  t h e  q r i e s  of m t r a  + w t d i n g  to 1- de lay  ti-. 



to  be constant ammg t h e  M E  s~ples. Thin, a s  wll as the-  absence of 

t h w  l i n m  i n  t h e  FC)(=VD 1 ,  i n d i w t e s  t h a t  these  lines a r e  

r w l i c a s  of g. W6 have in te rpre ted  t h e  1497.0 meV l i n e  as t h e  1s-28 

r ep l i ca  md t h e  1498.8 mV Line a r e  t h e  -35 rapl ica .  CQntwr eta rl. 7 / .  
[6.151, tho - &served a broad p e a p  around 1497 and a sharp l i n t  at 

- - A - - - - 

1497.8 -9, intevpreted t h e  1494.8 saV l i n t  as t h e  IS-% transi t iam 

and t h e  1497 r c V  peak as t h e  f r e e  'electron t o  g-acceptor t rans i t ion .  
F 

Our t r a n s i h t  r+aul t s ,  however, c l e a r l y  show tha t  t h e  1497 rv peak 
cannot b e  & free-to-bound t r a n s i t i o n  s ince  t h e  d e c a y  of such a 

- 

t r ans i t i on  follows t h e  f r e e - d u t r c m  population, which is much longer 

l i v d  a s  cv idancd  by t h e  slw decay" of t h e  f r e e  e lec t ron  t o  
t 

C-accwtor t r a n s i t i o n  (p-A?, f igure  6.41. 'The new a r s i g n v t  of 

t h e s e  r w l i c r s  .. i puts  thd 1s-2S tn y,.differenca of t h e  g acc-tor .at P ?+ 

14;O mV and t h e  18-38 - e n e r g - d i f f e r m e  - a t  16.3 r c V .  Assuming a - 

simple hydrogenic made1 (sect ion 1.53, t h i s  g iver  a g-acceptor binding , . -, ,- * . r 
w w g y  of 48.3 W ,  considerably less than t h o  22.9 MU deduced by 

--- 
-- 

Contwr at. PI. C6.153 or  f h e  26.0 wV of t h e  C & ~ ~ t o r .  C6.163 

In conclusim t h e  l i n e  g was deteraimad &t%e b a s i s  of its 

t r ans i en t  behavior and t h e  observed t w - h o l e  t r a n s i t i o n s  t o  be due to  

m acc.ptor BE, confirming a previously p u b l i s h d  r e s u l t  on t h e  nature  - - 

of g t6.151. W v e r ,  t h e  binding mergy of g was found t o  be only 

48.5 r n V ,  r a ther  than t h e  22.9 r a V  previously- rqorted, C6.151 on t h e  
- 

b a s i s  of r r ~ i n t e r p r t t a t i o n  of t h e  observed r q l i c a s  of g. - 

i 
". 

1 
- 

I 
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I 1 1 I . I m Figure 6.4 
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Q 
/' 

Series of q k t r a  with - *rntial 1.3-ns windows a f t e r  t h e  l a se r  
k 

pulse. The e a r l y  u i n d ~ r h o w t h e B E f ~ a t u r e s u h i l e t h e I a t e r o n w  . 
drw t h e  rise of t h e  dotmr rvwJ f r e t  electron-to-acc+p€br t r a n s i t i o n s  

CDAP and e - A*). A s p c t r u m  of an MICUD urrple is .hmn i n  t h e  top 

l e f t  corner for  coqtarism. Th-+ spec t r a  were r u o r d d  by r m a n t l y  

pumping t h e  po la r i ton  ' with an average exc i t a t i on  d m s i t y  of 

t h4  pr incipal  C-and g-acceptor BE peaks (AO,X and'g, r e s p u t i v e l y )  

a r t  labelled IS-2s or 1s-3s dopanding on t h e  f i n a l  accep tw &ate. 
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In * d i r e c t  gap semiconductors with d i p o l e . a c t i v t  exci tons  t h e r e  
h* - gy -- - 

' exists :a s t rong+c#cp l ing  of  with photons of 
, 

r m l t i n g  i n  mixed d e s  ce l l ed  p o l a r i t a s  C7.13 (sect ion 1.6). The 

nature  of t h e  po la r j ton  .d jopers ien r e l a t i o n  ( f igure  1 .1~)  has  a 

- profound + f l u *  #r tfie luniin#cence mechanism i n  t h i s  anergy regim - 
- - 

E7.1,7.21. No-phonon polar i ton  lurrinesernce r e s u l t s  t r a  t h e  @ 

po la r i t ens  which upan reaching t h e  surface,  a r e  converttd i n t o  

photons external  t o  t h e  c rys t a l .  Thus, a theo re t i ca l  descr ip t ion  of 

p o l a r i t a r  luminescence bu-  a t ranspor t  problem C7.31. This 

introduces considerable c m i e x i t y  t o  t h e  descr ip t ion  of t h e  

. lurinescance, with t h e  ne t  r e s u l t  t h a t  t h e  experimentally observed 
- .  

-h& p o l a r i t m '  lruinescence l ineshape d& not n e c u r i l y  

r e f l ~ t  t h e  populatian d i s t r i b u t i m  of p o l s r i t m s  i n s f d s  t h e  crymtal. 

a The usual exper i r r r r t r l ly  & s e r v d  exciton-polari ton spectrum is a 

d-bublet, r a ther  than the u ing le t  e x p u t e d  from t h e  qumi-equi l ib r ia ted  

po la r i ton  pogula t im above t h e  k n t e  i n  t h e  1-r branch o f * t h e  

d i m r s i m  curve e7.41. This doublet s t r u c t u r e  has b w  in te rpre teds  i n  

u n y  ways. moss &. al. C7.51 explain& t h r  higher energy po l a r i t en  . , ' 
N 

#. 
I (  1 

*. / 
, I* 

F- -TA % p u k  i n  CdS as a r i s i n g  froin r minimum i n  t b  r e f t c t i v i ~  uf-the -- 

;r murface a t  t h i s  mergy. %I1 et. a1. t7.61 a t t r i b u t e d  t h 9  doublet 
e 

polaritam spectrum i n  8 d s  t o  emission f r a  two po la r i t an  



I 
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brmehes.  -Akbm&h&y -W d & k t - ~ ~ s ~ + + t - ~ e l & -  

f r u - a l s c t r o n  s c a t t e r i n g  t7.73, or to i n t r i n s i c  reabsorpti6n (meming 

s c a t t e r i n g  f r#  phonons C7.2,7.83) of po la r i tons  moving towards t he  

w d a c e  t7.9-7.111. I t  has  a l s o  been w g g e s t d  t h a t  polar i t o n  impurity 

s c a t t e r i n g  is t h e  dominant s ca t t e r ing  n u h w i u  at low temperatures 

C7.121. R e c m t l y  it has barn experimentally shwn t h a t  e l a s t i c  n w t r a l  
- - - - -- --- - - - 

donor s c a t t e r i n g  has  a &k+d e f f c c t  on t h e  polari& 1wine.c.nce 

l ineshape t7.13-7.151, and is c o n s q u m t l y  t h e  s ca t t e r ing  m c h a n i u  

responsible  for  t h e  're&sarptiarr9, uher i  'absorptim' is here  broadly 1 
J' 

-- - -. - -- 

defined a s  requir ing only a change i n  d i r ec t i on  of t h e  polar it on^. 

Very r u e n t l y  Schul the i s  and Tu 17.161 have ins tead s u g g e s t d  t h a t  t h e  
- - 

d i p  i n  t h e  po la r i ton  spectrum is due to  absorption c a u m  by a sur face  

e l e c t r i c  f i e l d  modified po la r i ton  resmurce.  Pres+nt.d here  is sow 

exper imentgl evidutce  which @tau t h i s  last explmat i im unl ikely  for 

t h e  -1- usid i n  t h i s  uork, a l t e r n a t i v e  e r p l u r a t i m  of - t h e  - - 

experimental r e s u l t s  of Schul theis  and Tu w i l l  be  suggested. k w v e r ,  

i t  is important t o  understand t h e  coqt lex i ty  of t h e  p r o b l m  urd hmce  

t h e  l i m i t a t i o n s  of r s impl i f ied  mxlel. Any m h a n i u ' u h i c h  a f f u t s  t h e  

t ranspor t  of po l a r i t ons  to  t h e  -1e surface,  t h e  probabi l i ty  of 

transmission at t h e  surface,  t h e  s p a t i a l  d i s t r i b u t i o n  of .polaritonm i n  .* : - 

t h e  c r y s t a l  or t h e  po la r i ton  w e r g y  d i s t r i b u t i o n  can inf luence t h e  t h e  

observed po la r i ton  l u r i n e s c ~ c e .  Cmsequmtly,  one can exput grea t  

v a r i a t i o n s  i n  t h e  W r v e d  emission with d i f f e r m t  -la, s u r f u e  

p r tpa ra t  ion or expe r iwn ta l  conditions. 



The p h o t o l r u i n e x . n c c  was exc i t ed  .using t h e  mdelockcd 

s y n c h r m w s l y  pump& dye laser' system described i n  chapter  2. his 

r e s u l t e d  i n  (10 pm pulses ,  at e i t h e r  390 nr ,  us11 &we t h e  gap of 

dye# R66 and s t y r i l  9 r e s p u t i v a l y .  The i n t r i n s i c  r e p e t i t i o n  rate of 

80 tht set by t h e  ion  laser A v i  ty l m g t h  was reduced to  4 f h z  us ing  a 

c a v i t y  d q e r  ( s u t i o n  2.5). The lrbcr pulayr t r a i n  was d i r e c t e d  on to  
'L 

- - -- - - 

the f ron t  s u r f a c e  of a H E  8 . ~ h r ' c r y s t r l  i m e r s e d  i n  s u p e r f l u i d  He. The 

r e s u l t a n t  l u r i n e l ~ c e n c t  was pnalyzd using t h e  d a t a  a c q u i s i t i o n  systar 

d e u t i b d  i n  sactims 2.6 and 2.7. The r e d  response of t h e  -tw 

micro-chumel plate p h o t m l t i p l i e r  R129W-01 p r o v d  t o  be  

i n s u f f i c i e n t  for  t h e  BrAs work n u e s s i t a t i n g  t h e  u s e  of  t h e  Varian 

p h o t # u l t i p l i e r  (VPtlfS9A3) w i t h  its - lowtr time r t s o l d i o n  (section - - - -  - 

2.6). The inc iden t  a n c i t a t i o n  d e n s i t y  on t h e  suaplao had t o  be  kapt 

b+ lw  a b w t  lUlc r t  i n  order t o  r e s o l v e  t h e  _ the  d i f f e r a n t - e ~ l i n t a .  



Using CU photoluminescence Koteles et. a l .  t7.131 have shown t h a t  

t h e  shape of t h e  po la r i ton  luminescence dqmnds s t rongly  on t h e  

neutra l  donor conctntra t ion.  A series of s p u t r a *  of sugles with 

progressively smaller donor concmtra t ions  a s  e v i d ~ c d  by t h e  r e d u c d  

donor BE Md f r e ~  hole  tb neutra l  bma (DOIhl -1im i n t m d t i & i s - - - - -  

diqplay.d i n  f igure  7.1. .This set of -1es ( d e s c r i b d  i n  s e c t i m  

6.3 ahowmi a change from t h e  usual doublet t o  a narrow s i n g l e  l i n e  a s  

t h e  donor concentrakion war dureased .  The r e s u l t s  of time resolved 

~ k r m n t s  'on t h t  saw series of srqles a r e  premmted here. ~ i g u r i  
- 

7.2b dep ic t s  a series of ti- resolved spec t ra  of a -1s having an 

i n t e r r r e d i i t d h w t r a ]  donor concentration (HE€ 3-14) rrhich, under CW 

exc i ta t ion ,  e x h i b i t s  only a s i n g l e  polar i ton peak. Note t h e  evolution 

of t h e  po la r i ton  l ineshape f roa  a doublet, at shor t  delay times a f t e r  

t h e  l a se r  pulses,  t o ' a  s i n g l e t  a t  longer. delays. Other samples, with 

even lower donor concentrations,  such a% )(BE 3-9 have only a s i n g l e  
- . P 

i 

peak a t  a l l  tires ( f fgure  7 . 2 ~ 1 ,  whereas o the r s  with grea te r  donor 

concentra t ions  (eg. P E  3-31 always havdc,a d h l e t  regard less  of t h e  
h 

time delay ( f i gu re  7.2.). For t h e  sample with an i n t e r w d i a t e  doiror 

concentration t h e  s i n g l e t  l i n e  shape is obaerved when t h e  laser .p+ 

dens i ty  is r d u c d  a s  shm i n  f i gu re  7-33. Purrping t h e  n-2 e x c i t d  

i -e 
st te of t h e  polar i ton,  j u s t  be lou . the  bmd-gap r a l t s  i n  a s i n g l e t  

pulari tcm peak i n  a11 . rq les ,  t v m  thus* with rdrtiurly_ 1wg+_&rxorp 
- 

c m c n t r a t i m s  ( f i gu re  7.3.). Careful crbswvation of. t h e  tr.nmi.nt 

lurin+umce curves ( f i gu re  7.4) .kourr t h a t  t h e  d i p  is due t o  a s l w r  



b u i l d q  of the obs+rv.d - - lurin+%ccmce - - - - - - in  t h i s  energy rwion ,  rather 
e 

than to a difference i n  lminescenc+ d u a y  rate.  The p o l a r i t m s  i n  t h e  

r w i m  of  the dip are -thus delay@ in  their  arrival a t  the 

with resp.ct t o  p o l a r i t m s  of  adjacent energies. 



1511 4 

Energy h e V >  

T h w '  art CW spectra of a -t of NEE 8.A. -1- with progrwrively 



C) MBE 3-9 

P h o t o ~ e s c e k e  Energy 

figure 7.2 

1 .  - I 

Y 

A ser i e s  of t i m e . 0 1 v . d  spectra uaing 0.5 n s  windan of 3 differ& 
B hies with decreasing ndutral dmor concentration going frqm A) to 

I i 

C). -1. taqerature was 4 . M  and the average excitation d m s i t y  

was 500 * / c e  corr+spcmding t o  a peak poenr of 4WU/cr". 01 

&mu? catcentration. The energy u a l -  for the t h r u  wts  of s p u t r a  

are identical to the one g i v m  for the c w t r a l  set. 
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A). MBE 3-8 
I 

6) MBE 3-14 

1 high power 

f igure  7.3 Photoluminescence Energy 

A1 comperes t h e  exci tm-polar i ton spectra  when t he  -la was excited 

by above and be la ,  bmd-gap radiation. h e  top spectrum was c o 1 l u t . d  

while w i n g  above t h e  gap with an exci tat ion d m a l t y  of 400 

rW/cmZ with  the  m l e  i ~ a r 9 . d  i n  superfluid H.. The bottoa 

spectrum was c o l l u t e d  wdw ident ical  experimntal  conditions excopt 

tha t  t h e  f i r s t  excited state of t h e  polariton uam r.rorr.ntly ptmp.d. 
- - - - 

0 )  d m s t r a t e s  t h e  e f f ec t  of exci ta t ion dwmity an t h e  polaritor, 

apctrum. The top and bottom w p u t r a  *re c o l l . c t 4  w i n g  average 
-- 

. ~ c i t a t i o n  d.n.iti88 of 2!u/cD= .rrd m ~ V C R =  r ~ t i v e l y .  



figure 

0 0 
Time (ns) 

P 

b 

7.4 
Q 

'i 

These traces are the mawred, 'Sime-depsndmt p h o t o l u m i n ~ m c a  curves 
J 

in the polariton mergy region. The top right i n w r t a h w s  the 0.S4.0 
"*a 
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0. 

The inpur i ty  e l a s t i c  x a t t @ r i n g  cram sec t ion  for polariton. can 
* 

be detcrminegl from t h e  bare  crams u c t i m  a. p i n t 4  out by 
0 

-f ield C7.171. Using Fermirs golden r u l e  t h e  d i f f e r e n t i a l  bare  

s ca t t e r ing  c r w s  s u t i c m  can be wri t ten as C7.171 exci ton 

where v, i a '  t h e  mechanical exciton velocity.  'For e l a s t i c ,  s-yave 

s ca t t e r ing ,  the M depends qnly on t h e  energy of the 

s w t i a  can thus  be writ ten am exciton. 

po la r i ton  s ca t t e r ing  t h e r e  are ,  i n ~ e n s r i r l ,  two bmdm for, 8 For 

given energy' and t h u s  e l r s t i c , ' in te r -band  s c a t t e r i n g  is possible. The 1. 
a1 ast i c s c a t t e r i n g  cr&s sec t ion  can be u r i t t d n  a s  pol ar i t cm 

- 



. can be  calculated from the dispersion relation (equation 1.63). The? 

polariton scrtterfng matrix elawnt is' related t o  the bare exciton 

Whkre 0 ( r , i )  corresponds t o  the werlrp of the exciton portion of the 

ini t ia l  a d  final s tate  polariton uav+functions. 

- - r i  can be  evaluated using Hopfieldvs 17.11, c parameters l 

The ralevant c paramtwo t7.11 'art 



GT 4 E l  4 
-. E m 1  €1 = C-I 

. d '  ' I  
. . 

. 
here ELfl E T ( ~ ) ,  E l  and EZ r the longitudinal-trursverse 

energy splitting, the kinetic mergy of the uncwpld transverse 

exciton of uavwutor k, the lwer branch (LPBl polariton energy and 

the upper branch (UP01 polariton energy rqmctively. The wer1.p 

squared of We exci tor, port ion of the uavsfbtn~tiorr-wrr-founrl+4. 

wsmtially equal to 1 in the dole region of interwt, fw both intw 

and intrr-burd scattering. The polultcm urvtfqnction is thus dmmt 



E,, is t h e  k i n e t i c  energy of t h e  i n i t i a l  po la r i ton  givan by 

E k = l / 2 . , v ~ ~ .  Equation 7.3 c& t hus  be rewri t ten as 

- - - - - - - - - - - - - - 

where k, and v, are t h e  bare  axciton wavtvutor  and veloci ty ,  
i 

r e s p u t i v ~ l y .  Tha matrix ol-t is evaluated for t h e  k ine t i c  tnargy 
- - - 

of t h e  incident polar i ton.  Hence v,=vi and equation 7.11 becores 

Again kb(E) m d  ~ ~ ( € 1  a r& c a l c u l ~ t d  for a given po la r i ton  energy 
A 

and branch using tquat ion 1.63. The t r a n s i t i o n  rat ts  rri are 
0 

ca l cu l i t ed  from t h e  above c ros s  s u t i o n s  using 

~ h e r +  ND is t h e  d w s i t y  qf s ca t t e r ing  c w t e r s  and V A E I  is t h e  

v e l a i t y  of t h e  i n c i d m t  polori tons.  
- - - - - - -- - -- - - 

/ 
I------ L et. a1. t7.141 have c a l c u l r t d  t h e  exciton e l a s t i c  w a t t w i n g  

i 

c r a m  w t i m  using p a r t i a l  wave analymis. Th#ne r e s u l t o  indicated 
- 

t h a t  s - w v e  s c a t t e r i n g  is p r d m i n m t  and t h a t  n w t r a l  dmw 



s c a t t e r i n g  is at least - an ordw -of rngnitttde l a r g e r  than neu t ra l  . -,- - A - - - - --- 

acceptor  s c a t t e r i n g  at i l l  energies.  This result is r ~ a s c m a b l e  m 
a i  

physica l  grounds. S ince  . the donor binding energy i% B.As is u c h  7 

eraller than t h e  acceptor binding energy, t h e  n w t r a l  donor 

wavefuncti.pn is much w e  extended i n  space, urd hence rhmld provide 

a l a r g e r  s c a t t e r i n g  c r o s s  sec t ion.  k i n g  t h e  ba re  excitcin a t t e r i n g  i c r a s s  s e c t i o n  fo r  n w t r i l -  donors ca lcu la ted  by Lee et. a1. 7.141-md - - 
+- -- 

equa t ions  7.12-7.13 n well as i n c i d m t  v e l o c i t i e s  c a l c u l a t e d  from 

q u a t i o n  1.63 r e s u l t s  i n  6 t r m s i t i m  r a t e s  dep ic ted  i n  f i g u r e  7.5 

*for  -a s c a t t e r i n g  c e n t e r  d e n s i t y  of i b l ~ / c r ~ .  -p 

\ 

The n w t r a l  donor s c a t t e r i n g  c r o s s  s e c t i o n  for  p o l a r i t o n s  

obta ined by d i v i d i n g  t h e  s c a t t e r i n g  rate d+pict+d i n  f i g u r e  7.5 by t h e  
> 

group ve loc i ty ,  h a s  a peak i n  t h e  bot t leneck region, which, coupled 

with t h e  wallet groug v e l o c i t y  i n  t h i s  energy region,  r e w l t s  i n  a 

de lay  i n  t h e  a r r i v a l  o f  t h e s e  p o l a r i t a s  at t h e  surface .  l'h. a r r i v a l  / 
d e l a y  of  b a l l i s t i c  p o l a r i t o n s  i n  t h e  d i p  region due t o  t h e  reduct ion i 

\ 
I_ 

i n  g r w p  v e l o c i t y  alone,  as might be  t h e  c a s e  i n  very l i g h t l y  - dog4 - 

-lei, is beyond t h e  experimental time r e s o l u t i o n  s i n c e  t h e  bulk of 

t h e  i n i t i a l  p o l a r i t o n  populat ion is f o r h  within 1 rum In CU 

l w i n c s c c n c c ,  t h i s  c r e a t e s  a d i p  i n  t h e  e x c i t m ~ o l a r i t o n  wectrw of 

v l e s  with l a r g e  d m o r  concentra t ions ,  s i n c e  on t h e i r  s1-r journey 

t o  t h e  m l e  s u r f a c e  i n e l a s t i c  s c a t t e r i n g  o r  t r app ing  mechanisms have 

more 9 to  depopulate p o l a r i t o n s  i n  t h i s  w e r g y  r.gion. In a .r 

t i ln-resolvcd - p h & o l t i m i n ~ + n ~ e  however, t h i s  -4-kr, cur T- 
time dependant d i p  i n  more l i g h t l y  dopd urrp1.r. A t  s h o r t  tima .ore 

of t h e  f a s t e r  t r a w l l i n g ,  , l e u  ncattrrd p o l a r i t a m  ahwe md below -- 



+ =  

- 
- -  - - -  -- - - - - - - - - - - .&a- -- 

bhr dFp iaer~y r a m  reach  t h c u r f a c e .  A t  lamer ti- t h e  t h e  W Q  

populous. polarit- i n  t h  d i p  energy region reach t h ~  surface,  giving 

r f u  t o  a #putrum more indica t ive  of t h e  population d is t r ibu t ion .  In 

t h e m  w e  l i g h t l y  doped u r p l ~ ,  won  t h e  p o l a r i t m s  i n  t h b d i p  
A .  

m w g y  r q i m ,  r i k h  the  sur face  before being i n e l a s t i c a l l y  s c a t t e r d  . 
wt -of t h i s  energy region. * l i k e  t h e  CW IuminescBnc~ case, t h e  

-- -- -- 
existence of t h e  d i p  i n  t h & +  u q l e s  d& nit-depend on i<&astic 

scatf  a r ing  

pa l a r i  tons. 

polar i'tms 

delays. A 8  

t h e  nurber 

rschanisms, but on t h e  a r r i v a l  delay of t h e  d ip  region 
> 

For vary small n w t r a l  donor concentrat ions  a l l  t h e  - ,  m 

- - - -  
d i f fuse  rap id ly  and no d ip  is observed, ev& at shor t  t i n  

the  exc i ta t ion  d m s i t y  of .bod band pap l i g h t  is increased 

of photo-gmcrated f r e e  c a r r i e r s  is increased. This scJeens 

t h e  C w l d  in te rac t ion ,  hindering pola r i ton  formation near t h e  
4 

surface. The bulk of t h e  polar i ton d i s t r i bu t ion  thus  and% up fur ther  

f r o r  t h e  wle surface.  The observ~ti-on t h a t  t h e  &nitud+ a4 t h e  d ip  - - 

increaues with increasing exc i ta t ion  d m s i t y  can be q u a l i t a t i v e l y  

e x p l a f n d  .in t h i s  way s ince  t h e  centroid of t h e  polar i ton d i s t r i bu t ion  - - 

i 

is n w  far ther  from t h e  -1e surface and c o n s q u ~ t l y  t h e  differrr rce  *- 

i n  a r r i v a l  ti- at the  sur face  bet- t h e  d i p  energy region 

pola r i tons  md , polaritonm higher and lower i n  ene rgy . i s  enhmc+d. 

Similarly,  below gap. exc i ta t ion ,  r m a n f l y  c rea t ing  n-2 polar i tons ,  

result'. i n  an i n i t i a l  d i s t r i b u t i o n  c loser  t o  t h e  ' w f a c a  t i n c e  t h e r e  

is n w  no f r ee  c a r r i e r  s c rwn ing  to hinder p o l a r i t m  formation. Such .a 

d is t r ibu t ion ,  with many #r& p o l a r i t o m  clcn+ t6 @ $ % r f u e , r m s  

i n  a w#h r+duc+d a r r i v a l  dd,@ a t z t h +  .urfac+ of po lwi tono  of al l  

(nergies. This r e s u l t s  i n  a%ing le  peak p o l a r i t m  spcctrua, even for 
i 



initial distribution on the o b s w v d  exciton-polariton linwhrpe haa 

also been studied using CU excitation C7.1S1. 



Pola r i ton  Energy h e V >  
1 

I 
figure 7.3 

branch r for. a nwtra1 dcmm ccmcmtratim of 1OSm/caa. The 
- 

inrtfcim 1 utd 2 refer to the U)B urd UPB respectively. - 



r: 
-- - -- - -- 
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A rodel of po la r i ton  lurinescwice using a tim~ d m m t  

Boltzrrnn equation and considering only e l a s t i c  n w t r a l  donor 

s c a t t e r i n g  was constructed. Tkis model i n t r i n s i c > l l y  al l-  for 
I 

I 

mul t ip le  s ca t t e r ing  events  i n  cont ras t  t o  previous t r e a t l r m t s  of 
U A - - - - - - - - - - - 

polar i ton  luninesctnce with neutra l  donor s ca t t a r ing  under CU 
- 

exc i t a t i on  C7.13-7.153. The "observed photon in tens i ty ,  I (E , t )  is given 

by t h e  equation 

- -  

&re b is t h e  branch index, nb t h e  r e f r a c t i v e  index ca lcu la ted  frm 

equation 1.63, Tb(E,Ql is t h e  t r u l t i s s i v i t y  of t h e  surface, s ( E ) o  - - - - 

is t h e  polar i ton group veloci ty ,  k(xpO,vbCE),t) is' t h e  polar i ton 

nudmr dens i ty  d i s t r i b u t i o n  function a t  t h e  -1e w r f l c a  and Q is 
1 

t h e  angular d i r ec t i on  of d e t u t i o n .  

The t rmsmiss ion  function of t h e  LPB d u r e a s ~  rap id ly  above EL 

whereas t h e  transmission of t h e  lRB increases  ( s u t i c m  7.6).  

L u n i n e u w c e  frcm t h e  wergy  ' rwim above EL is thus  pr imari ly  from 

t h e  UPB. The po la r i t ons  of t h e  upper branch, due t o  t h e i r  l a rge  

ve loc i ty  and small s c a t t e r i n g  c r o s s  sect ion,  p r w i d v  r path wher.by 

LPE po la r i t ons  can rap id ly  escape t h e  c r y s t a l  i f  a  iiGih%iuTiF 

populating t h e  WE s t a t e s  +xiu?.s. ng n c h m i u  is 

p r w i d d  by e l a s t i c  n w t r a l  donor u a t t e r i  a c r y s t a l  with a - - 



trip. mtrh+- v a ~ m , -  p o t r t + ~ t & e t - ~  
t .  

t' 

thq dip m r g y  regim, have a mons of rapidly reachia the sample -- 

surface, whereas the dip polaritons are delayed in reaching the 

surface. .This results in a doublet line shape. c In samgiy with 1-r 
neutral donor ccmc+ntraticms, dip pol~itonr reach the surface m r a  

easily, uhile higher mergy LPB polaritas cannot easily be scattered . 
- - - -  - -- -- - - - - - - - - 

to the UPB, hindering their n c q e  troll the crystal resulting in a 
mingle polariton pe~k. C 

I 

Ch has b ted out by Travnikov and Krivolapchuk t7k31 fd 
- - 

- 

the f34 tiw  in t case, the solution of equation 7.14 hinges on 
+ 

calculating the distributibn function N at the sa~lple surface. In 
-- 

other words the lwind+nce problem boils down to a polariton 

transport protrl+ll. Corrsidwing mly one branch for the m t ,  the 

time dqmndsnt Boltzunn equation. for the distribution function N can 

h r e  Q(y',y) is the x~ttering rate of polaritons fr& velocity y to 
- - -  

velocity yp. Since only iktr*ic, elastic pure s-wrrve!scattwing will 

a semi-infinite crystal anly motion perpedicular to the ~urple 
- - - -  - 

wrface im ilportant. This illow quation 7.15 to be transformed into 
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, 
i - 

0 is t h e  m p l e  be tw .n  t h e  d i rec t ion  of  p o l a r 4  propagat im and t h e  

p o s i t i v e  x-axis which po in t s  i n t o  t h e  c rys ta l .  l' i s t h t  u a t t s r i n g  - --- 

ra t+ ,  uh i l a  q is t h e  angular d e p n d ~ c e  of t h e  s ca t t e r ing  r a t e  

introduced by t h e  geometrical f ac to r s  r e su l t i ng  f roa  t h e  change Pn 

var iables .  Since only e l a s t i c -  s c a t t e r i n g  ' is being considered -- - - 

po la r i t ons  of d i  f f e r cn t  ener0 ies  a r e  not cor tp ld  by +qurtim 7.16 and 
. 

, hmce,  equat ion,  7.16 can be separately, ca lcu la ted  for each wergy  
I ? 

value. The eXplkit mergy d.p.nd.nce w i l l  be dropped from t h c  

equation. For s-uave s c a t t e r i n g  q(9,9') can be s i ap ly  evaluated by 

considering t h c  f r a c t i a  of t h e = t o t a 1 , 4 ~  k l i d  angle represented 6; 
.'I 

t h e  f i n a l  polar i& d i r u t i m .  Hmce 

\ 

q is no longer s m t r i c  i n  t h i s  space only d . p d s  cm t h e  f i na l  

angle. Equation 7.16 can thus  be r e w i t t e n  i n  t h e  form ,- 



exponmtial  d u a y  with a phanomwtological trapping 9 r, has b m  
P I 

added to  t h e  loss term i n  e q u a t i q  7.18. However being energy 

indqwndmt,  it cannot change - t h e  shape of t h e  o b s a r v d  polar i ton -- 
- 

dis t r ibu t ion .   introducing t h e  m o n d  polar i ton branch, and a l l w i n g  

for in tw-brurch  sca t t e r ing  changes equatibn 7.18 i n t o  two coupled 

equations for w e r g i e s  above EL 

r e  r is t h e  t rmmit ion  r a t e  from i n i t i a l  branch i to  f ina l  . 
- B .  

branch r c a i c u . f t H  from t h e  cr-8 section uSinp -tlon 7.13iTfiis-- - A- 

met of e q u a t i m s  wn ~ l v d : ' n u m r ' i c a l l y ,  for a d a r  of anergi+s i'n . * 
/ 

th. polar i ton rWi& of t h e  &rW, u i t h ' d i f f c r m t  n w t r a l  dark 



cmcmtrat ions. 
- - - - - - - - - - - 

To solve this equation, one n A s  to as- a +-able initial 

distributtion function No. This initial distribution is completely 

unknom; but the qualitative results are not gr-tly d . p d m t  om the 

functional f o r m  c h a w  for the distribution. The spiti.1 dl&ibutim 

should be parked, in the .bulk .of the . . sample, ~ i t h  a11 directions of ' 

propagat im qua1 ly fkbble, uhi le the - .nwgy  diitr ibut ion should be- - ----- - 

* 
peaked in the knee region. For simplicity, NO has b w i ~  amuucrd to be - 

separable into an wcrpy distribution and a spatial distribution C7.31 

,a A 

g i v ~  by -2, 3& - - - 

Fkw Lo is the' characteristic goneriatidm lwgth of free carriers by 

f r w  carriers due to free carrier traps at the sample surface uhich 
- - - 

deplete the cdrrithr concmtration near the surfact and hence a l w  the 

polaritm d&sity. A ~uasdur energy distribution 

peaked at L and of width EM was rrswmd. 



In wder  t o  ca l cu l a t e  t h e  polar i ton luminescence f roa  equa t im  

7.14 an exiression / for t h e  energy and branch dependmt trwuiss&m 

c? 
function is needed. The ' e x i s t m c e  of t h e  t uo  -polar i ton brpinchei 

I coapl ica tes  t h e  c r l c u l r t i o n  of t he  transmission f u n c t i m  s i n c e  t h e  
- --  --/,L% 

F r n n e l  eq&i&s no lor& provide w f f i c i e n t  bclundary conditions. 

Addi t i m a 1  boundary c m d i  t i o n s  (ABC) must be supplied 17.201. 
d 

Fo l lwing  Ihkary and Yu t7.4,7.191 t h e  t r k s l r i s s i o n  and r e f l ac t ion  

c & f f i c i m t s  have been calculated using t h e  Pekar A k  t7.211. fhe 
- 

- 

- -  - - - - - 

where @ i m  a pcmeralized Poynting vector appr&riata  f o r  po la r i tons  
d 

and & is r unit v u t o r  pwpmdicular  t o  t h e  urrfrce .  r is t h e  i n i t i a l  

branch index and mp is f ina l  b r m h  index. .'I. cnresponds  to  pure I 
I 
I *  

r e f l ec t ion  i n t o  the lldn branch while m p = O  corresponds to  trmrrissicm 

i n t o  external photons. For t h e  external photons t h e  Poynting vector is ' 

- 
is 

-+ - - - ---- 
For t h e  polar i tmlr  t b r *  is an addi t ional  m c h u i i c r l  contr ibut ion froa 



pa 2- *- 
t h e  p a r t i a l  e x c i t m  na ture  t o  t h e  Poynting v u t o r  h. 193. Thus for  LPB 

- - - - - - - - - 

p o l a r i t g m  t h e  fbynting vector is given by 

and t h e  UP0 Poynting vector- is - - - - - - -- 
-A - -- -- - -- L---p 

h e r =  Xr = (nag - Eo) is t h e  po la r izab i l i ty .  For s i - l i c ty  t h e  ,+, 

polarbrat ion of t h e  po l a r i t ons  was taken t o  l ie always i n  t h e  p l h e  6.l: 

'1 
0 

t h e  inkerface t hus  a l l w i n g  t h i s  s impl i f ied  a r o b l ~  to  be solved *- I -:L* 
t ? k  \ 

without- keeping t r ack  of a p o p u l r t i m  of longitudinal  +xc i tms .  
- - - -  - - L -- 

Consider a L6E wave p d a r i t e d  i n  the plane of t h e  i n t e r f ace  incident 

on t h e  surface.  The cont inu i ty  of t h e  t m g m t i r l  colgonmt - of 8 rcroms 
I 

t h e  i n t e r f a c e  g ives  t h e  condit ion 

where 8%- s t h e  f i e l d  of t h e  component r * f l u t d  back I n t o  \- 
t h e  LPB. The cenf inu i ty  of tha t r r n ~ m t i c r l c _ - ~ m t o f  H g i v e ~  



yields the final 
F 

polrrizrtims at the i n t ~ r f a c e  should be zero 

The angles i n  equation 

and 

c=&/s; aIlotm equations written as 

with solution 



? 

.=+ -2 - q ~ t 1  - %I%&) - ql  €%/%I> 
7.31 Cq, - q,X/1(1 + qo(1 - X / ' X 1 > 3  

I -- 

C = 2s 1 

tq, - q,X/1(1 .+ qo(1 - %/%a) 3 

- - - -  - - - - -  - - - - - -  -- 

a 
The squares of these coeficiants, wh.n substituted in equations 

7.23-7.25 and subsequently in equation 7.22, gives the probability of 
C 

tranuisria as a photon or reflution as a polariton' into one of the 

a *  two branches. Care wst be taken when evaluating the squares of tbs* 
- 

coefficients since th+.q ccmffici~ts can be complex drrpmding on the - 
energy region and the angles. The calculated generalized reflection 

coefficients for normal incidence are displayed in figure 7.6 



Polar i ton Energy (meV) 

Polarlton Energy h e V >  

1515 1516 - - 

Polar i ton Energy h e V )  

f igure 7.6 

a )  is the  percent of the  incident polaritons of  normal incidence 

tr.nwiitt&J as,extcrnal photc&s using, t h e  Pekar ABC 
. # 

b) is t tw pwcont of  the  inc idmt  p o l a r i t S s  of  normal fnciiiikce 

r c f l u t d  into  the LPB 

C )  am Q) but r e f l u t e d  i n t o  the  UQB 



e 

Equat ions  7.20 can be w r i t t e n  i n  f i n i t e  d i f f e r e n c e  form and 
.? 

,* d ro lvad n w r i c a l l y .  A t  t h e  i n t e r f a c e  t h e  UPB and LPB d i s t r i b u t i o n s  

mst be  adjus ted  fo r  t h o s e  p o l a r i t m s  vhich are r ( l f 1 u t e d  ( a u t i o n  

7.51. The ch- ti- i n c r m t  must be -11 enough to avoid 
I 

\ 
a 

- - - -- - - - - - 

, i n s t a b i l i t i e s  i n  t h e  so lu t ion .  1 n s t a b i l i t i + s  can a r r i k  i f  for example 
* 

t h e  time increment is long ancwgh t h a t  p a r t i c l e s  beyond t h e  neares t  . 
ne ighbwr  c e l l  can reach t h e  c u r r e n t  c e l l .  To avoid t h i s  s i t u a t i o n  t h e  - 

fol lowing condi t ion  on t h e  s p a t i a l  and time increments mrmt b e  

s a t i s f i e d  

4 -  

I n  i t h i s  c a s e  v is t h e  maxi- p o l a r i t m  v e l o c i t y  wi th in  t h e  margy. 

range of i n t e r a t .  S i m i l a r l y  t h e  time i n c r m t  must not be  so long a s  

to  allw more than a small f r a c t i o n ,  m y  S%, of t h e  total nwlber of 

p o l a r i t o n s  within a c e l l  t o  be m a t t e r e d  dur ing me time increment. 

For n e u t r a l  donor s c a t t e r i n g  cen te r  d m s i  t ias not  exceeding loxe 

equat ion 7.32 r a p r e s e n t s  t h e  more r e s t v i c t i v e  condit ion.  

The proceidure  f o r  eva lua t ing  q u t i o n r  7.20 is am f o l l a m .  F i r s t  

t h e  u a v e v u t o r s  -and v e l o c i t i e s  .of both p o l a r i t o n  b r m c h m  a r e  

c a l c u l a t e d  from equat ion 1.63 for  t h e  cu+tmt ~ q y  Cmfy fw th i tP -  

i f  €<EL). The s u r f a c e  t r u r u r i s s i a n  and r e f l e c t i o n  c m f f i c i e n t s  for  

a11 q l e s  w o  calcu1at .d next  f o l 2 ~  by t h e  t r a m i t i o n  rtt- P for 
II 



t h m  a l l 4  t o  evolve i n  time i n  accordance with equations 7.20.-For 

each time i n c r m t  t h e  n W e r  of po la r i tons  t ransmit ted t h r w g h  t h e  

&face ir maved, ' t hus  bui lding up r decay curve for  t h a t  pa r t i cu l a r  

mwgy.  This is then repeated for t h e  next po la r i ton  mergy u n t i l  - -- -- 
d u a y  curves have been ca l cu l a t t d  for  t h e  whole po l a r i t en  spectrum. A 

- - - 
- 

- - - - - - - - - 

s e r i e s  of ti-reso1vIrd M u t r a ,  for comparison w i t h ' e x p e r i m t ,  a r e  

t h m  gwera ted  by convoluting these  calculaFed lu r inexc incr  curves 

i, with a r m l 4 r f i c  i n s t r u m n t  r w o n s e  m d  su#i g t h e  I w l n e u m c s  for 
- -  - - 

t h e  duration of t h e  d e s i r d  time windous. The r e s u l t s  for  t h r e e  - 

d i f f w m t  neutra l  donor concmt ra t i ons  are depicted i n  f i q u r r  7.7. the 

pararrrteqs uewd t o  generate  t he se  s p u t r a  are: 

-- 

LO was set to t h e  approximatt above band gap absorption length of 
-- - -' . - 

B.A. u h i l e  LS was a rb i t r ' a r i ly  set t o  Om# ur, a valud .which produced 

' r w u l t s  remedtling t h e  e x p e r i r m t a l  obprrrvatims i n  f i gu re  7.2. 
Lp 



L It is c l ea r  t h a t  t h e  polar i ton llgactrua d w m d s  d r a s t i c a l l y  om 

t h e  i n i t i a l  p q u l a t i m .  d i s t r i bu t ion  of Spolaritons. I f  t h e  su r f ace  

rucp rb ina t iw  length Li wra reduced then t h e r e  v w l d  be a durermtd  ' 
- -  

tine dependent dip, s i n c e  t h e r e  would be a grea te r  number of 

p o l a r i t a s  of a11 energ ies  at- ' the wr face, leading to inmtmtanwus - - - - -- 

lunrinescmce a t  a l l  po la r i ton  energies. The p o l r r i t a  s p a t i a l  

d i s t r i b u t i o n  would a l s o  have a l a rge  e f f u t  i n  CU photoluri&u+nce, 

s i nce  a sh&b y.surface r=om&ination l w g t h  would' r d u c e  t h u  tim - 
- 

ava i l ab l e  fo r  t h e  i n e l a s t i c  s c a t t e r i n g  m c h a n i u s  to  reduce t h e  n-r 

_ of d i p  energy rwim polari-tons reaching t h e  surface.  The e f f e c t s  of 

su r f ace  preparation C7.16,7.233 on t h e  l u r i n e u w t c e  m p u t r w  can be 

explained i n  t h i s  way. Cleavage-of a QaAs salrplt  i n  u l t r a  high wcuur  

C7.231 causes a disappearance of t h e  d i p  during l u a i n w c w c e  

nwrwremnts ,  al though subrequmt exposure t o  a i r  r ~ s t a b l i s h e s  t h e  

dip. This e f f w t  ,can e a s i l y  be explainmi, a. was d q e  by t h e  authorm, 
e 

- 

by invoking w f r c e  states. Since t h e  number of sur face  t r a p s  a f t e r  

cleavage i n  UHU is fa r  1 La w i l l  be decreased. The important 
- 

ef fwt  of t h e  s p a t i a l  d i s t r i b u t i o n  of po l r r i t ons  was a l s o  r e a l i  qdeby \ 
i ch  C7.101 i n  t h e  interpreta t icm of t h e i r  

. The a f f u t  of sur face  e l u t r l / c  f i e l d  on t h e  
I 

& 

d o l a r i t m  l i n e  shape I7.161 can a l s o  be i n t e r p r e t 4  .lag th+.e H n w .  
, - - _  -- / \/' 

su r f ace  f i e l d  sqarates' t h e  photo g w e r a t d  ho les  and elutrmm 

hindering polar i fon f o r u t i c m  i n  t h e  .u r f#e  rrgian.  This w l d  WV* @ 

. J  
- 



reWt of  inc reas ing  t h e  d i s t a n c e  t o  t h e  s u r f a c e  fo r  a11 po la r i tons ,  
L + 

and h w c e  a l l w i n g  increassd  s c a t t e r i n g  for t h o s e  i n  t h e  b o t t l m e c k  

m e r g y  . a* r w i o n .  Ekhul theis  and Tu C7.161 have hpucver a r g u d  t h a t  t h t i r  

r e s u l t s  should be i n t e r p r e t e d  as a r i s i n g  dua to ik e l ~ t r i c  f i e l d  

m d i f i d  pofa r i ton  r a o n a n c e  near t h e  surface .  Our e x p e r i r n n t a l  - 

- - - - - - -- - - -- 

r e s u l t s  .how t h a t  t h i s  m u h m i w  is not a p p l i c a b l e  i n  uur sanplao. 

Figure  7,s shows t h e  disappearance of t h e  d i p  with decreased 

exci  t a t i o n  power, Their p r o p c n d  m c h m i u  u w l d  p r e d i c t  t h e  opposite ,  
- 
- -- 

s i n c e  an i n  e x c i t a t i o n  d e n s i t y  u w l d  genera te  .ore fr- 
e 

c a r r i e r s  which wwld~dirscharge  t h e  deep s u r f a c e  t r a p s  respons ib le  for  

t h e  w r f a c e  e l e c t r i c  f i e l d ,  r e w ~ l t i n g  i n  a reduced dip. - 

The r m u l t s  of t h e  Bol tzr rnn equation md.1 do  no t  e x a c t l y  
\ 

r+produce t h e  experimental spec t ra .  The r u i n  r e a m  for  t h e  

d i sc rqmncy  is t h e  o r i s s i c n  of A n r l r s t i c  p c a t t e r i n g  proceweir i n  t h e  - -  --- 

&el. This  i~ not a r igorous ly  j u s t i f i a b l e  s i m p l i f i c a t i o n  s i n c e  

i n e l a s t  ic s c r t t w i n g  processes  tend t o  r e p q x d a t e  t h o s e  p a l a r i  t o n s  - 

t below t h e  bot t leneck,  and i n  h e  UPB, which r a p i d l y  e x i t  t h e  c r y s t a l .  

The omissim of t h e s e  processes  rewltr i n  t h e  c a l c u l a t e d  peaks being 

t o o  narrow at long times, p a r t i c u l a r l y  for t h e  lw donor concen t ra t ion  

case. Fur the r ro te ,  with on ly  e l a s t i c  s c a t t e r i n g ,  th+ s i n g l e  peak 

p o l a r i t a n  mpectrua is e s t a b l i r r h d  a f t e r  ,long maugh d e l a y s  r e g a r d l e s s  
I 

of t h e  n w t r a l  donor conccmtra t im s i n c e  e l a s t i c  s c s t t w i n g  can only  
- --- 

&lay t h e  a r r i v a l  t i ~  of  t h e  p o l a r i t o n s  at t h e  su r face ,  but  not  

r e d i s t r i b u t e  t h e  p 6 p u l a t i m .  A . cuqal+te  t h w r y  v w l d  also r q u i r e  a 
- 

rare r ~ l i s t i c  i n i t i a l  energy d i s t r i b u t i o n ,  c a l c u l a t e d  us ing i n e l a s t i c  



s c a t t e r i n g  ratis. k v e r t h e l e a s ,  t h e s t  r e s u l t s  c l e a r l y  i l l u s t r a t e  t h e  
'i 

i r p o r t a n t  e f f e c t  o f  e l a s t i c  n t u t r a l  donor s c a t t e r i n g  on t h e  t i ~  

evo lu t ion  of t h e  exc i  ton-polar i tm p h o t o l u r i n e u ~ c e  1 ineshape of a ' 

Ms. Wa would l i k e  to r e i t e r a t e  however, t h a t  p o l a r i t o n  lrrrrin+ac+nce 

is a complicatad t r a n s p o r t  problea with non- t r iv ia l  bwndary  

condi t ions .  Consequently, any mechanism t h a t  a f f e c t s  t h e  i n i t i a l  

d i s t r i b u t i m  e i t h e r -  i n  s p a c e  or- i,n energy, t h e  -. t r a n s p o r t - o f  t h e  - --- --- - -- 

pol,ar i tons i n  t h e  c r y s t a l ,  o r  t h e  n a t u r e  of t h e  c r y s t a l  boundary 

i t s e l f  can a f f e c t  t h e  e x p e r i r a n t a l l y  obssrvmd p o l a r i t o n  s p u t r u m .  Thus 

no  s i n g l e  aechanism cm exp la in  the huge varicbty of &stru.rtd peliit_on - -- -- 

s p e c t r a  i n  d i f f e r e n t  c r y s t a l s .  I t  is c l e a r  howver  t h a t  a 

comprehensive t h e o r y  of p o l a r i t o n  luminescence rust inc lude  t h e  e f f e c t  

of e l a s t i c  s c a t t e r i n g  from n e u t r a l  impur i t ies .  
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figure 7.7 

A ser i em of t im-reso lvd ,  s p u t r r  generated by the Bol tzrann equat ion 

4 wing i d + n t i ~ a l  paramtws  +axc-wt for the nwtr-aldorsor - - 



A s  d iscussed i n  s e c t i o n  2.3, r e l i a b l e  moddocking r q u i r e s  t h a t  a 

good s t and ing  wave be e s t a b l i s h a d  i n  t h e  mood+locking c r y s t a l .  mi8 

means t h a t  t h e  c r y s t a l  should have an -acdust ic  resonance a t  e x a c t l y  

one h a l f  of t h e  laser r e p e t i t i o n  frequwcy.  The acous t i c  resonance is 

a s e n s i t i v e  " func t ion  of  temperature and consequantly t h e  modelocking 
- - - - - -  - - --- 

c r y s t a l  is surrounded by a temperature c o n t r o l l e d  oven. Nevtr tha less ,  

I .  . t h e  subsequent a p p l i c a t i o n  of  Rf d r i v e  a t  t h e  acous t i c  resonance 

frequency at a power comparable t o  t h a t  of t h e  oven hea te r  causes 
- - 
- 

-- 
- - 

0 
a d d i t i o n a l  hea t ing  of  t h e '  c r y s t a l  changing t h e  resonance frequency. 

** 

Optimally a d j u s t i n g s u c h a s y s t e m t o o p e r a t e a t  t h e r e q u i r e d  f r a q u ~ c y  

is a d i f f i c u l t  t a s k ,  r e q u i r i n g  t e d i o u s  tweaking of con t ro l s .  The - 
e 

s i t u a t i o n  can be  d r a s t i c a l l y  iraproveci by a c t i v e l y  t r a c k i n g  t h e  c r y s t a l  
v 

a c o u s t i c  resonance by c o n t r o l l i n g  t h e  RF d r i v e  l e v e l  tA.13. This  

method relies on t h e  f a c t  t h a t  t h e  phase of the r+f lec t+d,RF wave - - -- 

changes by a f a c t o r  of  w upon going through t h e  t rymtal  resonance. 

Right at t h e  resonance frequency t h e  phase d i  f  f a r e n c t  be tu tan  t h e  

i n c i d e n t  ,and r e f l e c t e d  waves is n/2. Figure  A l . 1  is a block d iagrzk  of 

t h e  s t a b i l i z a t i o n  c i r c u i t .  The source  of the RF is a h igh ly  s t a b l e  

frequency synthes ized t u n a b l e  o s c i l l a t o r .  The output  of t h i s  . . 

o s c i l l a t o r  is ampl i f ied  and then l e r p l i t  i n t o  two p a r t s .  The RF leva1 of 

one of  t h e s e  components i s  c o n t r o l l a d  byy a DC l e v e l  set e i t h e r  

manually or by t h e  f 4 b a c k  loop, t h m  f u r t h e r  o n p l i f f d  and s.nt t o  
- - - P - - -- - - -- 

t h e  modelocker head. The o the r  coaagonant is c o n p a r d  i n  a b a l u r c d  

mixer with t h e  r e f l e c t e d  Rf picked o f f  by a uni-dirut lon.1 coupler .  
3 .  %,.I . - - 

**l 



The outpuk o f  t h e  balanced mixer, wYth two d d e n t i c a l  f requency s i g n a l s  
i 

A - - - - - - - - -- - - - 

as i npu t ,  is- a DC l e v e l  whose s i g n  and magnitude depend on t t i e  phase 

d i  f f e r t n c e  between t h e  inpu t  si gnals ;  For a phase  d i  f f e r e n c e  of a12, ' 

corresponding  t o  resonance,  t h e  DC s i g n a l  is zero. The p a t h  l e n g t h s  of  * 
/ /  

t h e  l i n t s  l ead ing  t o  t h e  balanced mixer must be  a d j u s t e d  so t h a t  t h e  

phase  d i f f q r t n c e  at t h e  mixer co r r e sponds  t o  t h e  a c t d a l  phase  
* 

d i f f e r e n c e  between t h e  r e f l e c t e d  and  i n e i d e n t  waves at - the  Irrodelocker,--- -- - 

'. 
head. The ou tpu t  DC l e v e l  of  ' t h e  mixer also *-%is' on t h e  i n t e n s i t y  = 

of  t h e  inpu t  waves. The i n t t n s i t y ' o f  t h e  r e f l e c t e d  wave g o e s  through a 

miniawr at t h e  c r y s t a l  r e m a n c k  since"-st  o f  t h e  i n c i d e n t  power i4 - - 

* 

t hen  absorbed. To racaova tths unwanted i n f l u e n c e  on t h e  DC w t p u t  o f  
a 1 

t h e  mixer t h e  o u t p u t  of  t h e  un i -d i r ec t iona l  coup le r  is a m p l i f i e d  by an 
8 

a m p l i f i e r  whose g a i n  is s a t u r a t e d  even f o r  t h e  lowest  l e v e l  of  
- 

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

mixer is t h u s  independent  o f  t h t  frequency and t h u s  t h e  o u t p u t  o f  t h e  '1 

- 
- - - - - -  - 

- - 

mixer- depends o n l y  on t h e  phase  d i f f e r e n c e .  T h i s  phase  e r r o r  s i l gna l  \ 
/ 

can then  bt used t o  a d j u s t  t h e  amount of  RF d r i v e  to  t h e  madelocker 
- L - * 

head, t h u s  c o n t r o l l i n g  t h e  c r y s t a l  t empera tu re  arid hence its resonance  

frequency. T h i s  system is now very  easy  t o  use. F i r s t  one  f l i c k s 1  t h e  
1 

swi t ch  from lock  t o  manual, d i sengaging  t h e  faadback loup. Then one  
I -- 

t u n e s  t h e  RF o s c i l l a t o r  t o  a c r y s t a l  r e h n a n c e  which is e a s i l y  

r s c o g n i z d  by ' a  mini- i n  t h e  r e f l t c t e d  power and a r a p i d  change i n  

t h e  phis*  error s i g n a l  b o u  of  which are d i s p l a y e d  on metersw t h c e  a 

r e m a n c +  c l o s e  t o  t h e  d e s i r e d  o p e r a t i n g  frequency o f  "42 13Hz is -_ 
- - - - 

faund, t h e  w i t c h  is set to  vlock' and t h e  RF d r i v e  lwd is now 

a u t o m a t i c a l l y  a d j u s t t d  so t h a t  t h e  c r y s t a l  resonance  frequency is 



locked t o  the d r i v e  frequency. The frequency o f  t h e  W source  cah nod 
- -- -- - - - 

be ad jus ted  u n t i l  optimum Rodelocking occurs  as d e t ~ r r i n e d  by t h e  

a u t o c o r r e l a t o r  - . (sect ion 2.8) without fear  of l o s i n g  t h e  a c w s t i c  . 

resonance, provided t h e  tuning is done g radua l ly  so as t o  al low for  
. . 

t h e  time needed to  heat  t h e  abodelacking c r y s t a l .  P r a c t i c a l l y ,  t h e  

frequency can b e  changed t o  t h e  c o r r e c t  rmdelocking frequency during 
+a 

t h e  -span of a f w  seconds.-The RF power i eve i  de l ive red  to-the-crystal----- -- 

once t h e  d r i v i n g  frequency has  been set t o  t h e  des i red  modelocking 

, frequency .can be increased (decrease@ by decreasing ( iyc reas ing l  t h e  
4 "  

p o w  suppl ied  t b  t h e  hea te r .  
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' f  
h 
5. 

- - - -- - - - - - --- , 

The t y p i c a l  t r a i l i n g  p u l s e  suppress ion  of  500~1 provid+d by an 

o p t i m a l l y  a d j u s t e d  c a v i t y  dumper can be  improved by fo l lowing  t h e  

c a v i t y  , dumper wi th  a Pockels  c e l l  and a p o l a r i z e r  as d i s c u s s e d  i n  

s e c t i o n  2.5 to  y i a l d  a f u r t h e r  f a c t o r  of 100 r e j ec t ion . 'The  Pocke l s  _ . . 
c e l l  used h e r e  ( I a s e r m e t r i c s  EOW 3078) requi res~+~b;bout  300 v o l t s  f o r  a 

- - - - -  B - - -  - - - - - - - - -- -- - - - - - - 

r/2 r o t a t i o n  o f  t h e  s i c  f i e l d  vet# of . l i*ght  i n  t h e  v i s i b l e  

reg ion .  The Pocke l s  c e l l  modulator h a s  itits ou tpu t  p o l a r i r e r  a d j u s t e d  I 
B f o r  maximum t r ansmis s ion  wi th  t h e  f u l l  . p o t e n t i a l  a p p l i e d  t o  t h e  

a - -- - - - - --- - - - - - - - - - - - - - 

'7 

rrrodulator. S i n c e  t h e  t r a n s m i s s i a n  wst be  c u t  o f f  b e f o r e  t h e  f i r e  

t r a i l i n g  p u l s e  a r r iws  at t h e  r o d u l a t o r  t h e  e l e c t r o n i c s o  mubt d i L h a r g e  

t h e  cha rge  on t h e  c a p a c i t o r  formed by t h e  p l a t e s  of t h e  rrodulatoi  i n  
4 

less t h a n  12 ns. f i e  . e l e c t r o n i c s  must also b e  a b l e  t o  hold  the 

p o t e n t i a l  a t  z e r o  f o r  approximate ly  30 n s  t o  s u p p r e s s  t h e  ' f i r s t  t h r e e  

or four  lrai l i n g  pulses-whrch ware f w n d  t o  Bw c m r i d e r a b i y  s t r o n g e r  - 

- -- 

-, 

t h a n  later ones. The Pockels  c e l l  p l ~ t e s  can then  b e  r e c h a r p d  through 
t - 

a r e s i s t o r  u n t i l  f u l l  t r a n s n i s & o n  is r e s t o r e d .  This. l a ~ t - ~ r o c e e ~  can > 
proceed. at a node ra t e  rate s i n c e  t h e  maximum r e p e t i t i o n  rate of  t h e  1 

c a v i t y  dunrper is 4 MHz, t h u s  a l lowing  about  200 n s  f o r  rechhrging.  The 
$ 

do,$ f 
cha rg ing  resistor must b e  small enough so t h a t  the+*chihrging p r o c e s s  is 

e s s e n t i a l l y  c m p l e t e  i n  less than  200 ns y e t  l a r g e  enough t o  k e q  t h e  

- * p w e r  d i s s i p e t i o n  i n  t h e  resistor and t h e  c u r r e n t  through t h e  a c t i v e  

d e v i c e  du r ing  t h e  c u t o f f  phase  ah a l rur rgsablo  l e v a l . , A  swi t ch ing  
I - - - - -  - -- -- 

d e v i c e  capab le  of  handl ing  t h e s e  r q u i r 1 ~ c b n t s  is t h e  h i g h - s p d ,  

high-vol tage f i e l d  sf f e c t  t r a n s i s t b r  IVF86000CNU'~de by In t e r811  uhich  



ThO u h w u t i c  diagram f o r  t h e  t r a i l i n g  p @ u  &uppres%or 
k., . .' 

is p r e - t d  i n  f i g u r e  A2.1. 

- i n p u t  is a t  a T l L  z e r o  l e v e l ,  t h e  FET i s - o f f  and the c h a r g i n g  resister 
T -C 

R h o l d s  t h e  Pocka l s  c e l l  at t h e  half-wave p o t e n t i d l  provided at t h e  

h i g h  v o l t a g e  t e rmina l .  A TTL 1 lwel of  40 n s  d u r a t i o n  gene ra t ed  by an 

- - A- 

- e x t e r n a l  v a r i a b i ~  d e l i y  c i r c u i 6  connectad to  t h e  c a i i t y  dlupFi-3jiii=h--p- 
C 

ou tpu t  is buf fe red  by- t h e  two h a l v e s  of  a 745140 l i n e  d i v e r  $o l louedm - 
by four  h a l v e s  of two National  DEi0026 high  speed c l o c k d r i v e r s ~  

+ u; 
&- - - connectad in p a r d - h l .  - high- gate d r i v e  capatti l i t y  =i s needed %a = - - e * 

- - 
7- 

I .  t u r n  t h e  FET on q u i c k l y  e n w g h  
i n  I a c e  o f  t h e  l a r g e  d ~ / d t  i t  t h e  

d r a i n .  The c i r c u i t  u s e s  R = 1W 50 W which corr-esponds t~ a power 

d i s s i p a t i o n  o f  39 W a t  a r e p e t i t i o n  rate of 4 MHz wi th  a h ibh  v l t a g e  P 
supp ly  o f  30W at  130 A. 

The e n f i r e  c i r c u i t  is con ta ined  i n  a small aluminum box -tad 
- -  - - -p - , - -  - -  

d i r e c t l y  on . t h e  P s c k e l s  c e l l  wi th  a t h i n  Cntervsning l a y e r  of  thermal  

i n w l a t i a n .  The t e r m i n a l s  o f  t'he Pocke l s  c e l l e n t a r  t h e  box v i a  a 

small h o l e  a d -  t h e  d r a i n  and s w r c e  l e a d s  o f  t h e  FET are connected 

- d i r e c t l y  t o  Ohem, wi th  t h e  FET hea t  s inked  t o  t h e  i n s i d e  s u r f a c e  of  
B ;. , b v -  $ , - .-- . t h e  box. To p reven t  o s c i l l a t i o n ,  i t  is n e t e a s a r y  t o  keep all  l e a d s  

very  s h o r t  and s h i e l d  t h e  i n p u t  c & r c u b t r y  from t h e  FET. A small muffin 

I t i n  f m t a d  on t h e  t o p  c o o l s  t h e  FET and t h e  cha rg ing  resistor. 

The e l u t r i  c e l  s h i e l d i n g  provided  by t h e  box is such  t h a t  a sensit&ve 

phokm courMng apparatus c m  -be ope ra t ad  n e a r  the-godul*or-wkth** 

i n t e r f e r a n c t ;  The u p e r a t i o n  of  t h e  c i r c u i t  is demonstrated i n  f i g u r e  

A2.2, which shows t h e  l a g  of t h e  t,ransmissian of  a c a f f t i n u m s  laser 
7 



I - - - - - - - - 

PAaElm 

beam vs. time f o r  a r e p e t i t i o n  rate of  4 M. * 
- - L -A- pp , -- A A 

I n  normal ope rd t ion ,  t h e  modulator and p o l a r i z t r  are p laced  about '  
, . 

30 cm f r p  * h e  o u t p u t  o f  t h e  c a v i t y  dimper, where t h e  waist i n  t h e  
** 

A t p u t  beam g u a r a n t e e s  e a s y  passage through t h e  +2 mna modulator 
j .  

a p e r t u r e .  Two b e a m s p l i t t e r s  p laced  b e f o r e  and a f t e r  t h e  modulator a r e  
a .  

used t o  monitor t h e  beam us ing  f a s t  photodiodes. The r equ i r ed  

t' 
- - - - L-P p- - -- - - - - - - 

ha1 f w a v e  vol a g e  is a p p l i e d  -and t h e  c i r c u i t  i s  al lowed t o  run fo r  

about  5 minutes  at  t h e  s e l e c t e d  r e p e t i t i o n  rate s o  t h a t  t h e  modulator 

can  e q u i l i b r a t e .  a i t h  t h e  c a v i t y  dumper p r o p e r l y  r d j u s t i d ,  t h + d e l a y  . 
- - 

c i r c u i t  is & j u s t e d  s o  t h a t  t h e  FET is f i r e d  just before t h e  main - 

o u t p u t  pu l se ,  and t h e  Pockels  c e l l  angles and p o l a r i z g r  a n g l t  are t hen  
- r. 

a d j u s t e d  f o r  minimum t r ansmis s ion  through t h e  modulator. Then by 

moni tor ing  t h e  photodiode b e f o r e  t h e  modu la to r - the  c a v i t y  dumper de l ay  

s e t t i n g  is m i s a d j u s t e ~  t o  make t h e  f i r s t  t r a i l i n g  p u l s e  s t r o n g e r  t han  

t h e  d e s i r e d  pu l se .  tloni t o r i n g  t h e  second photodiode, t h e ~ P o c k t l s  c t l l  
-- - - - - I - 

d e l a y  is set t o  f i r e  t h e ' t r a n s i s t o r  b e t h e n  t h e  d e s i r e d  p u l s e  and t h e  

f i r s t  t r a i l i n g  p u l s e ,  maximizing t h e  i n t e n s i t y  of  the f i r s t  and 

i i n i m i z i n g  t h e  laj)u, Small ad jus tmen t s  i h  t h e  Pocke l s  c e l l  a n g l e s  
# 

may f u r t h e r  reduce  t h e  i n t e n s i t y  of  t h e  t r a i l i n g  pulse ,  c w l e t i n g  t h e  

a d j u s t m e ~ t  of t h e  Pocke l s  c e l l  modulator. F i n a l l y ,  t h e  c a v i t y  dwrper 

is r e a d j u s t e d  t o  its proper  o p e r a t i n g  s e t t i n g s  by monitor ing t h e  

& gnal  be  f o r  l t h e  a d u l a t o r .  
8 2 ,  

The r e s u l t s  Ls observed a h igh  i p e e d  p h o t o n  c o d i n g  qsystwn,. 

are sham i n  f i g u r e  2. i .  The tap carve rq~rqmts t h e  o u t p e  of-our - . -  e . 
c a v i t y  dumper when it is ve ry  &ll akljustad, bu t  even  at t h i s  

r c j u c t i o n  r a t i o  of  .800- the t r a i l i n g  p u l s e s  a r e S q u i t e  nuticeat#*r, hr 
* 

e r J  -. . 'e 
*. - . % * 

i . , 



t h e  bottom curve t h t  Pockt lr  c e l l  modulator has  b e w  added and t h e  
- -  - - - 

r e j u t i o n  r a t i o  for t h e  f i r s t  two t r a i l i n g  p u l s e s  has been increased 

to  4x104, making them almost i n v i s i b l e  i n  t h e  dark-count n o i s e .  

t h i r d  t r a i l i n g  p u l s e  is not aa great  s i n c e  t h e  

time Started  to recharge. .p 

The wppresoion of t h e  

Pockels  c a l l  has by t h i s  



Figure A2.1 

Pockels c e l l  driver c ircuit  diagram. The c ircui t  is e n c l a d  in a 

v m t i l a t d  almi_nub shielding box i n d i c t d  by the dg.hed line.. The 

FET transistor is heat-sink4 t o  t h i s  box. Capacitors a h  i n  
. y. 

microfarads and r e ~ i ~ s t o r s  i n  ohas. 



TIME I N  NANOSECONDS 

Leg hiirrtsmi6%fon of the  modulator far a tonkinurns 600 nm fanr beam + 
urd a Irodulator r e p e t i t i m  rate of 4 M, as determined by a ,f 

1 
. . . " 

photon-cwnting detutim system. 



- - 
I f  t h e  lurainescenc+ decay time is of  t h e  same orde r  of arrgnitude 

as  t h e  f e sponse  time of t h e  d e t e c t o r ,  t h e  observed dec ry  c&r+mpondr 

t o  t h e  t r u e  luminescence decay convoluted with t h e  i n m t r u n m t  

response. In o r d e r  t o  e x t r a c t  a meaningful lifetime i n  t h i s  
I 

c i rcumstance  i t  is - necessa ry  - -  - t o  deconvolute  t h e  measured - decay - - with  -- m - - - --- 
i 

ins t rument  response  measured a t  t h e  sage wavelength as t h e  observed 

luminescence. In  t h e o r y  it is p o s s i b l e  t o  deconvolute  u s i n g ~ l a p l a c e  

t r ans fo rms ,  bu t  i n  p r a c t i c e  t h i s  is very  d i f f i c u l t  with experimental  - 

da ta .  The usual  procedure  is t o  g u e s s  a func t iona l  form o f  t h e  

s o l u t i o n ,  us t ia l ly  a sum of expon'antial  components, estimate t h e  

pa rame te r s  and t h e n  , convo lu t e  t h i s  t h e o r e t i c a l  decay cu rve  with t h e  
*.  

ins t rument  r e sponse  and compare wi th  t h e  observed da t a .  By eva lua t ing  

t h e  sum squared error between t h e  t r ia l  s o l u t i o n  and t h e  experimental  

d a t a  t h e  s u i t a b i l i t y  o f  t h e  t r i a l  parameters  is d e t e r e i n e d .  In o rde r  - 

- 

t o  a r r i v e  at mtaningful  v a l u e s  f o r  t h e  parameters  a n m - l i n e a r  f i t t i n g  , * 

-- 

procedure  must 'be  used which a d j u s t s  t h e  t r ial  p a r i m e t s r s  u n t i l  a g o 4  
I ' 

f i t  is obfained.  

A powerful ' and s imp le  a lgo r i thm f o r  t h e  minimizat ion of  an 

a r b i t r a r y  func t ion  is t h e  s implex a lgo r i thm tA.2,Am3I. b e s t  . , 

deconvolu t  ion  co r r e sponds  t o  minimizing t h e  sub squared  e r r o r  

func t ion .  T h i s  func t ion  can  b e  p i c t u r e d  as a s i n g l e  va lued  - N  
4 

- 

,. dimensional  hype r su r f ace  where N is t h e  d i m n s i o n  o f  t h e  space  
- - - -- - - -- 

corresponding  t o  t h e  n W e r  of a d j u s t a b l e  parameters;  The. t e r n  

%iup lexv  r e f e r s  t o  an N+1 dimensional  g -- t i c  f i g u r e  c o n s t r u c t e d  fl 

-A 



, wt of t h e  t r i a l  s o l u t i o n  and t h e  a d d i t i o n a l  N v e r t i c e s  f o r d  f r m  
-- - - - P - - - - - 

> 

t h e  t r i a l  s o l u t i o n  by adding s e q u e n t i a l l y  t o  each pe raaa te r  an 

b u y t e n t .  The a lgor i thm then proceeds t o  m e  and s h r i n k  t h e  s iqlex 
5 

towards . t h e  m i n i m  of  t h e  hypersur f ace  by always moving t h e  worst 
* 

v t r t e x ,  i.e. t h e  cmh with t h e  l a r g e s t  summed squared e r r o r ,  according 

t o  a s imple set of  geometrical  i n s t r u t t i a s .  Th i s  simplex method does 

not t h e  c r l c u l  St ion  of any d a r i v a t  i vas  y e t  i5 a l e t  K f a s t  
- 

. a s  t h e  s t e e p e s t  decent  . method. I t  can handle  an a r b i t r a r y  k m b t r  of 

, a d j u s t a b l e  parameters  and never s u f f e r s , f r m  i n s t a b i l i t i e s .  An 
d - 

additional- advantage of t h e  s i m p r e  a igorZtha  is its remarkable 

coqmctness  compared t o  o the r  minimization methods, al lowing it  t o  be 

r e a d i l y  programmed on any microcomputer. S ince  d e r i v a t i v e s  are not 

r t q u i r e d  t h e  w-+d squared error s u r f a c e  need not be  d i f f e r e n t i a b l e .  

Boundary cond i t ions  can t h u s  e a s i l y  b e  handled by j u s t  a s s ign ing  very 

l a r g e  summed squared error va lues  for  parameters  i n  t h e  forbidden 
- - -- -- 

region. 

The program t ik i t t en  t o  accokplish the-deconvolut ion  can  handle 

1-3 exponential  decays with w without an exponent ia l  buildup- term. 
0 

Each exponential  decay coaoponent is however l i a f t e d  to  having t h e  sak . 
w 

buildup time cons tan t  a s  t h e  o the r s .  A t i n e - s h i f t  parameter is also 

included t o  take c a r e  of  any  ti^ mhlft between t h e  a x p w i w n t a l  d a t a  

and t h e  m a u l r e d  instr-nt response. Such a s h i f t  cu)  e a s i l y  be  

p resen t  s i n c e  t h e  d a t a  and i n s t r u t  response are g e n e r a l l y  c o l l u t e d  , 

using BI ffzr.nF o p t i c &  patis. A p a t h  l eng th  d i  f & r e n c e & m l + r - -  
* 

c o r r q m n d s  t o  r tine mhift of 10 ps whiqh is j u s t  b a r e l y  s i g n i f i c a n t  



" p s  can  be detcrmi ned us ing  t h e  expsrintconta4 a p p a r a t u s  d e a c r i b d  i n  
- - - 

al 

+2 combined wi th  t h i s  d+convolut.ion procedure. The accuracy  and 
8 r i  

uniqueness  o f -  t h e  r e s u l t i n g  f i n a l  v r l u s s  o f  t h s  p a r a m t w m  depend* 

g r e a t l y  on t h e  p a r t i c u l a r  c ircumstances.  For example, a two 

exponen t i a l  decay wi th  lifetimes d i f f e r i n g  by an o rde r  of  nagnitwda o r  
* 

more t h e  r e s u l t a n t  l i fe t ' i rae  parameters  are g e n e r a l l y  a c c u r a t e  t o  

b t t t e r  t h a n  5% or - s o .  I f  the , two 1 Cfetirn+s ars  almost  i d e n k i c t l  g o d - - - -  

f i t s  w i l l  r e s u l t  for h v a r i e t y  of  l i f e t i m e  v a l u e s  wi th  a p p r o p r i a t e l y  

a d j u s t e d '  r e l a t i v e  ' S n t e n s i t i , e s  of t h e  components. In  th&s c a s e  not  t o o  

much f a i t h  can  he- pu t  i n  t h e  a c t u a l  numerical  values.  I t  is alas --- - - -  - 

p o s s i b l e  t h a t  t h e  chosen func t iona l  form of  a sum of e x p o n e n t i a l s  i i  

no t  a p p l i c a b l e ,  i n  which c a s e  an unacceptable  o r  meaningless  f i t  w i l l  
- 

r e s u l t .  
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