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~ 6 s u m 8  - Nous presentons  l e s  r e s u l t a t s  d e  nos e tudes  s u r  l e s  p ropr i6 t6s  op t iques  nonl in8ai-  
r e s  d e  v e r r e s  commerciaux contenant  d e s  mic roc r i s t aux  semiconducteurs a i n s i  que d e  nos  Qtu-  
d e s  p r 6 l i m i n a i r e s  s u r  d e s  v e r r e s  exp6rimentaux montrant un f o r t  e f f e t  d e  confinement.  

Abst ract  - We presen t  r e s u l t s  of our  s t u d i e s  of t h e  non l inea r  o p t i c a l  p r o p e r t i e s  of commer- 
c i a l  semi'-onductor-doped g l a s s e s  and of our  unders t  and ing  of  t h e i r  mechanism. Pre l iminary  
r e s u l t s  obta ined on exper imenta l  g l a s s e s  showing a  s t r o n g  quantum confinement e f f e c t  a r e  
a l s o  r epor t ed .  

1 - INTRODUCTION 

Nonlinear o p t i c a l  phenomena such  a s  o p t i c a l  phase con juga t ion  o r  o p t i c a l  b i s t a b i l i t y  could lead 

t o  a  l a r g e  v a r i e t y  of  a p p l i c a t i o n s  i n  t h e  d a t a  p rocess ing  f i e l d .  However, t h e  implementation of  

p r a c t i c a l  dev ices  s t r o n g l y  depends upon t h e  a v a i l a b i l i t y  of  a p p r o p r i a t e  non l inea r  m a t e r i a l s  having,  

among o t h e r  p r o p e r t i e s ,  a  l a r g e  va lue  f o r  X(3) and a  f a s t  response .  With t h i s  r e s p e c t ,  man-made 

composite m a t e r i a l s  such  a s  t h e  semiconductor-doped g l a s s e s  hold g r e a t  promise. 

Semiconductor-doped g l a s s e s ,  commercially a v a i l a b l e  a s  c o l o r  f i l t e r s ,  c o n s i s t  of  sma l l  semiconduc- 

t o r  p a r t i c l e s  embedded i n  a  g l a s s  matr ix .  They were shown t o  be n o n l i n e a r  m a t e r i a l s  as e a r l y  a s  

1964[", but  r e a l l y  s t a r t e d  t o  be s tud ied  a s  phase con juga t ing  media i n  ~ 9 8 3 ' ~ ~ .  We r e p o r t  here 

t h e  r e s u l t s  of  ou r  thorough s tudy  of t h e s e  commercial g l a s s e s .  More r e c e n t l y ,  exper imenta l  g l a s s e s  

con ta in ing  s m a l l e r  p a r t i c l e s  have a l s o  been i n v e s t i g a t e d .  

2  - C_qMMERCZALLY AVAILABLE SEMICONDUCTOR-DOPED GLASSES 

Using e l e c t r o n  microscopy o r  small-angle X-ray s c a t t e r i n g ,  we have observed t h a t  t h e s e  g l a s s e s  

such  a s  t h e  Scho t t  OG 570 o r  RG 610 f i l t e r s  c o n t a i n  s p h e r i c a l  p a r t i c l e s  o f  CdSSe w i t h  an average 
0 

d iamete r  of 70-80 A.  These p a r t i c l e s  a r e  no t  sma l l  enough t o  e x h i b i t  a  s i z e a b l e  quantum s i z e  e f f e c t  

and t h e i r  abso rp t ion  s p e c t r a  look l i k e  t h o s e  of  t h e  corresponding bulk  semiconductor.  

We have shown t h a t  apbotochemical  process  which we termed reduces  t h e  non l inea r  

response  t ime (decqy t ime)  from t e n s  of nanoseconds t o  t e n s  of picoseconds o r  l e s s .  Taking advan- 

t a g e  of  t h i s ,  a  b i s t a b l e  dev ice  having a  25 psec response  t ime has been demonstrated bu Yumoto e t  

a l L 4 ] .  Th i s  darkening e f f e c t  a l s o  l e a d s  t o  t h e  format ion of permanent g r a t i n g s  having i n t e r e s t i n g  

p r o p e r t i e s .  Owing t o  darkening and Auger recombination t o  be d i scussed  below, t h e s e  g l a s s e s  a r e  

f a s t  response  m a t e r i a l s .  

We a l s o  s tud ied  t h e  s a t u r a t i o n  behaviour of t h e  phase-conjugating r e f l e c t i v i t y  i n  t h e s e  g l a s s e s  

and showed how it is r e l a t e d  t o  abso rp t ion  s a t u r a t i o n .  Using a tunab le  dye l a s e r ,  we have a l s o  obser- 
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ved t h a t  t h e  modul~ls of t h e  Kerr s u s c e p t i b i l i t y  X(3)(w,-w,w) is p ropor t iona l  t o  t h e  abso rp t ion  

c o e f f i c i e n t  when t h e  o p e r a t i n g  wavelength is va r i ed  below, ac ross  and above t h e  band gap. We have 

solved t h e  problem of  X(3)  phase measurements, t h u s  e l u c i d a t i n g  an apparent  sum-rule v i o l a t i o n  

f o r  t h e  t e n s o r i a l  components of x ( ~ )  and ob ta in ing  va lues  f o r  t h i s  phase below, ac ross  and above 

t h e  gap. 

We have shown t h a t  a  pulsed e x c i t a t i o n  of  t h e s e  g l a s s e s  l e a d s  t o  a  b lue  s h i f t  of  t h e  abso rp t ion  

edge. Th i s  allowed u s  t o  i n t e r p r e t  almost a l l  t h e  n o n l i n e a r  o p t i c a l  p r o p e r t i e s  of t h e  commercial 

g l a s s e s  i n  terms of band f i l l i n g  [51 

We have a l s o  shown t h a t ,  a t  high f l u e n c e s ,  Auger recombination o f  f r e e  c a r r i e r s  becomes e f f i c i e n t  

i n  t h e  s m a l l  c r y s t a l l i t e s .  P rev ious ly ,  we had shown t h a t  i t  is necessa ry  t o  t a k e  Auger recombina- 

t i o n  i n t o  account i n  o r d e r  t o  exp la in  abso rp t ion  s a t u r a t i o n  and n e a r l y  degene ra t e  four-wave mixing 

d a t a  obta ined w i t h  a  Scho t t  RG 715 glass[61 We d i r e c t l y  observed t h e  recombination of  f r e e  ca r -  

r i e r s  i n  t h e  t ime domain u s i n g  two t echn iques  : absorp t ion  recovery s tud ied  by va ry ing  t h e  probe 

p u l s e  d e l a y  i n  a  convent ional  pump-probe experiment and o p t i c a l  phase con j u g a t i o n ,  va ry ing  t h e  

backward-pump p u l s e  d e l a y  i n  a  conven t iona l  degene ra t e  four-wave mixing c o n f i g u r a t i o n .  S ince  t h e s e  

measurements were performed on a  Scho t t  OG 570 g l a s s  a t  t h e  wavelength 532 nm, i n  which c a s e  X ( 3 )  

is  imaginary[51, t h e  change i n  t h e  abso rp t ion  c o e f f i c i e n t  ACI and t h e  modulus of X(3) a r e  propor- 

t i o n a l ,  s o  t h a t  t h e  two t y p e s  of measurements a r e  r e l a t e d .  They a l low u s  t o  s tudy  t h e  temporal evo- 

l u t i o n  of  AN, t h e  r~umber d e n s i t y  o f  photoexci ted  c a r r i e r s .  

The r e s u l t s  obta ined us ing  t h e  o p t i c a l  phase con juga t ion  technique a t  v a r i o u s  f luences  (28 psec 

p u l s e s  were used)  a r e  shown i n  f i g u r e  1. The decay c l e a r l y  has a  slow and a  f a s t  component which 

we as s ign  r e s p e c t i v e l y  t o  t rapped and f r e e  c a r r i e r s .  We focus  on t h e  f a s t  component which shows a  

nonexponent ia l  and in tens i ty-dependent  behaviour.  It can be f i t  assuming t h e  recombination equa t ion  

DELAY (ps) DELAY (ps) 

Fig.  1 - Change of  t h e  abso rp t ion  c o e f f i c i e n t ,  c a l c u l a t e d  from o p t i c a l  phase 
conjugat ion d a t a ,  a s  a  func t ion  of  t h e  backward pump p u l s e  d e l a y ,  f o r  va r ious  
pump f luences .  S o l i d  l i n e s  a r e  t h e o r e t i c a l  f i t s  from eq .  ( 1 ) .  The f i t t e d  t ime 
c o n s t a n t s  T a r e  i n  a )  1 . 2 5 n s ,  b)  1 n s ,  c )  and d )  0 . 7 5 n s .  



where t h e  first term is t h e  common Shockley-Read term and t h e  second term corresponds  t o  Auger 

recombination. (The s u b s c r i p t  f  s t a n d s  f o r  f a s t  component). A q u a d r a t i c  term corresponding t o  

nongeminate r a d i a t i v e  recombination has been neglected s i n c e  t h e  recombination p rocess  is mainly 

nonrad ia t ive  and t h e  e x c i t o n s  a r e  u n l i k e l y  t o  be ion ized .  To fit t h e  exper imenta l  d a t a ,  it is ne- 

c e s s a r y  t o  t a k e  i n t o  account b o t h  t h e  darkening e f f e c t ,  which reduces  T ,  and t h e  Auger process .  
-26 6 -1 

The va lue  we g e t  f o r  t h e  Auger c o n s t a n t ,  A = 5 x 10 cm s , is t h e  same as t h e  one we obta ined 

i n  our  previous  work 
C61 

3 - EXPERIMENTAL SEMICONDUCTOR-DOPED GLASSES 

The mechanism of t h e  o p t i c a l  n o n l i n e a r i t y  f o r  commercially a v a i l a b l e  f i l t e r s  con ta in ind  CdSSe 
0 

m i c r o p a r t i c l e s  of  70-80 A d i ame te r  being now reasonably  we l l  unders tood,  we r e c e n t l y  turned t o  

t h e  s t u d y  of  exper imenta l  g l a s s e s ,  w i t h  sma l l e r  c r y s t a l l i t e s .  S t a r t i n g  from t h e  melt  of  a Scho t t  

RG 630 g l a s s ,  we g e t  a t r a n s p a r e n t  g l a s s  which is then hea t - t r ea t ed  i n  a temperature  g r a d i e n t .  

For  t h e  h igher  t empera tu res ,  we g e t  t h e  same abso rp t ion  spectrum as  t h a t  o f  t h e  RG 630. For i n t e r -  

mediate t empera tu res ,  we g e t  s m a l l e r  p a r t i c l e s  l ead ing  t o  a b lue-shi f ted  and s t r u c t u r e d  absorp- 

t i o n  spectrum. For s t i l l  s m a l l e r  p a r t i c l e s ,  t h e  abso rp t ion  edge is f u r t h e r  s h i f t e d ,  b u t  t h e  

s t r u c t u r e  broadens and we g e t  again  a s t r u c t u r e l e s s  abso rp t ion  spectrum. The t r a n s i t i o n  between 

quant ized l e v e l s  t h e r e f o r e  seems t o  broaden when t h e  s i z e  is reduced. 

Using a picosecond pump p u l s e  a t  532 nm, and a wh i t e  probe p u l s e ,  we observed t h e  change i n  t h e  

abso rp t ion  spectrum induced by a pulsed e x c i t a t i o n .  The f i r s t  peak, corresponding t o  t h e  I s - I s  

t r a n s i t i o n ,  when obse rvab le ,  is i n  t h e  v i c i n i t y  of  532 nm. Th i s  l i n e  was u s u a l l y  thought  t o  be 

inhomogeneously broadened due t o  s i z e  nonuniformity.  However, we d i d  no t  observe  any s p e c t r a l  hole  

burning : t h e  I s - I s  band is uniformly s a t u r a t e d .  It  t h e r e f o r e  behaves as a homogeneously broadened 

t r a n s i t i o n  on our 25 psec t imesca le .  We of  cour se  have a s i z e  d i s t r i b u t i o n ,  but t h e  broadening 

mechanism seems t o  be mainly i n t r i n s i c .  

I n  our p rev ious  work on commercial g l a s s e s ,  we observed t h a t  x ( 3 )  is  p r o p o r t i o n a l  t o  t h e  absorp- 

t i o n  c o e f f i c i e n t  a i n  a broad f requency range. Pre l iminary  r e s u l t s  u s i n g  o p t i c a l  phase conjuga- 

t i o n  a t  a f ixed  wavelength i n d i c a t e  t h a t  i n  t h e  c a s e  of exper imenta l  g l a s s e s ,  a s  t h e  s i z e  is redu- 

ced and t h e  abso rp t ion  edge is s h i f t e d  t o  t h e  b l u e ,  t h e  r a t i o  X(3)/cr pas ses  through a maximum 

when t h e  I s - I s  s t r u c t u r e  is t h e  most apparent and dec reases  when t h e  s i z e  is f u r t h e r  reduced. 
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