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R6sum6: L a  s a t u r a t i o n  d e  I 'absorption b a n d e  h b a n d e  p r o d u i t e  p a r  u n e  f o r t e  
d e n s i t 6  d e  p o r t e u r s  photocr66s  d i s p a r a i t  r a p i d e m e n t ,  e n  u n e  d i z a i n e  d e  
picosecondes,  d a n s  l e s  s t r u c t u r e s  i p u i t s  quant iques  mul t ip les  h basse  t e m p d -  
ra ture .  C e  raccourc issement  d e  l a  d u r e e  d e  v i e  d e s  p o r t e u r s  e s t  dir $ I t6mission 
s t i m u l P e  l e  long  d e s  c o u c h e s  exc i tges .  Les  e x p e r i e n c e s  d e  luminescence  
c o n f i r m e n t  c e t t e  i n t e r p r e t a t i o n .  
Abstract :  Band t o  band absorp t ion  i n  m u l t i p l e  q u a n t u m  well  s t r u c t u r e s  a t  low 
t e m p e r a t u r e  recovers  in  t e n s  of picoseconds a f t e r  i t s  s a t u r a t i o n  by a l a r g e  
d e n s i t y  of  p h o t o e x c i t e d  car r ie rs .  Ampl i f ica t ion  of t h e  s p o n t a n e o u s  emiss ion  
a l o n g  t h e  e x c i t e d  l a y e r s  i s  a t  t h e  or ig in  of t h i s  s h o r t  l i fe t ime.  Luminescence  
e x p e r i m e n t s  conf i rm t h i s  i n t e r p r e t a t i o n .  

Mul t ip le  Q u a n t u m  Well S t r u c t u r e s  (MQWS) o f f e r  g r e a t  p romises  f o r  a p p l i c a t i o n s  in 
o p t o e l e c t r o n i c  devices  d u e  t o  t h e i r  l a r g e  o p t i c a l  non-l ineari t ies .  T h e  o n s e t  of t h e  o p t i c a l  
p roper ty  modi f ica t ion  h a s  b e e n  d e m o n s t r a t e d  t o  b e  in  t h e  picosecond r a n g e  o r  l ess  
d e p e n d i n g  o n  t h e  e x c i t a t i o n  dura t ion .  R e c e n t l y  t h e  problem of t h e  recovery  t i m e  h a s  a l s o  
b e e n  approached .  S e v e r a l  a t t e m p t s  h a v e  b e e n  m a d e  in  t h i s  c o n t e x t  t o  r e d u c e  t h e  e x c i t e d  
c a r r i e r  l i f e t i m e  t h r o u g h  non-rad ia t ive  processes  [1,2]. In our  s t u d i e s  o n  GaAs / AlGaAS 
MQWS's, w e  h a v e  found  a n  unusually f a s t  absorp t ion  recovery  (within t h e  f i r s t  10 ps) in  
t h e  s p e c t r a l  reg ion  a b o v e  t h e  n = I  e x c i t o n  i n  t h e  c a s e  of a  MQW s t r u c t u r e  e x c i t e d  a t  low 
t e m p e r a t u r e  by u l t r a s h o r t  l igh t  pulses. Such a f a s t  recovery  d i d  n o t  occur  in  prev ious  
s t u d i e s  on  bulk GaAs [3] under  s imi la r  e x c i t a t i o n  in tens i t i es .  We p r e s e n t  s e v e r a l  
e x p e r i m e n t a l  e v i d e n c e s  t h a t  t h i s  e f f e c t  i s  d u e  t o  t h e  l a r g e  s t i m u l a t e d  r e c o m b i n a t i o n  r a t e  
c a u s e d  by a m p l i f i e d  s p o n t a n e o u s  luminescence  gu ided  a l o n g  t h e  MQWS. 

T h e  MQWS sample ,  grown by molecular  b e a m  e p i t a x y ,  cons is t s  of 60 GaAs w e l l s  of 
75  a width s e p a r a t e d  by Alo.jGae7As b a r r i e r s  of 8 5  A, sandwiched  b e t w e e n  t w o  AlGaAs 
l a y e r s  e a c h  of I  p m  thickness. o r  t ransmiss ion  e x p e r i m e n t s ,  t h e  GaAs s u b s t r a t e  was  
removed by s e l e c t i v e  e t c h i n g  o n  a s u r f a c e  of a b o u t  1 mm2. Af te r  t h i s  p r e p a r a t i o n ,  t h e  
MQWS r e m a i n s  p r o t e c t e d  by t h e  t w o  AlGaAs layers ,  t r a n s p a r e n t  a t  t h e  wavelengths  of 
i n t e r e s t .  T h e  good q u a l i t y  of t h e  s a m p l e  i s  c o n f i r m e d  by wel l  d e f i n e d  e x c i t o n i c  s t r u c t u r e s  
a t  15K a n d  room t e m p e r a t u r e .  

We h a v e  p e r f o r m e d  t ime-resolved t ransmiss ion  e x p e r i m e n t s  using t h e  c lass ica l  
pump a n d  p r o b e  s c h e m e  a n d  t ime-reso lved  luminescence  measurements .  In bo th  cases ,  t h e  
pr imary  s o u r c e  i s  t h e  o u t p u t  of a  CPM d y e  l a s e r  a m p l i f i e d  t h r o u g h  f o u r  s t a g e s  of d y e s  
p u m p e d  by a frequency-doubled Nd-Yag l a s e r  a t  10 Hz [ 4 ] .  These  pu lses  h a v e  a d u r a t i o n  of 
100 f s  with a n  e n e r g y  of 0.3 m J  a t  6 2 0  nm. T h e  b e a m  i s  t h e n  sp l i t  in  t w o  par t s ,  o n e  of  t h e  
o p t i c a l  p a t h s  t rave l l ing  t h r o u g h  a v a r i a b l e  o p t ~ c a l  path.  In t h i s  pump-probe s c h e m e ,  a  
wavelength  cont inuum of t h e  s a m e  d u r a t i o n  as t t ie  i n i t i a l  pu lse  i s  g e n e r a t e d  i n  e a c h  p a t h  
by focusing t h e  b e a m  i n t o  d i f f e r e n t  w a t e r  cells. T h e  p u m p  wavelenglh  i s  s e l e c t e d  wi th  a n  
i n t e r f e r e n t i a l  f ~ l t e r  c e n t e r e d  a t  690  nm, t h e  e n e r g y  per  pulse a r o u n d  0.5 pJ. This 
e x c i t a t i o n  b e a m  i s  focused  o n  a 0.1 m m z  a r e a  l e a d i n g  t o  a n  e n e r g y  d e n s i t y  of 0.5 mJ/cmZ.  
T h e  o t h e r  c o n t i n u u m  i s  f i l t e r e d  o u t  a n d  a t t e n u a t e d  t o  b e  much less  i n t e n s e  t h a n  t h e  
exc i ta t ion .  
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T h e  l u m i n e s c e n c e  e x p e r i m e n t s  h a v e  b e e n  p e r f o r m e d  b y  us ing  a n  o p t i c a l  g a t e  dr iven  
by t h e  o p t i c a l  K e r r  e f f e c t  [ 5 ] .  T h e  luminescence  s igna l  i s  s e n t  t h r o u g h  t w o  crossed  
p o l a r i z e r s  with a c e l l  f i l l ed  of C S  in-between a n d  i s  a f t e r  t h a t  c o l l e c t e d  i n t o  t h e  
s p e c t r o m e t e r .  In a b s e n c e  of a n y  per?urbation,  t h e  CS2 l iquid i s  i so t rop ic  a n d  no  s igna l  
p a s s e s  t h r o u g h  t h e  c rossed  polarizers .  An an iso t ropy  c a n  b e  induced  by sh in ing  t h e  l iquid 
by p a r t  of t h e  pump b e a m  at 620  nm. This  e f f e c t  c o m e s  f r o m  t h e  o r i e n t a t i o n  of t h e  
molecules  t o w a r d s  t h e  e l e c t r o m a g n e t i c  f i e l d  (op t ica l  K e r r  e f fec t ) .  T h e  induced  a n i s o t r o p y  
l e a d s  t o  a r o t a t i o n  of t h e  s i g n a l  polarizat ion:  t h e  c o m p o n e n t  p a r a l l e l  t o  t h e  second 
p o l a r i z e r  i s  t h e n  non-null a n d  c a n  b e  d e t e c t e d .  By vary ing  t h e  d e l a y  b e t w e e n  t h e  pu lse  at 
6 2 0  n m  o n  t h e  l iquid c e l l  a n d  a n d  t h e  e x c i t i n g  pu lse  o n  t h e  sample ,  w e  c o l l e c t  d i r e c t l y  o n  
t h e  m u l t i c h a n n e l  a n a l y z e r  t h e  t ime-reso lved  s p e c t r a l  d e p e n d e n c e  of  t h e  luminescence  
signal .  T h e  z e r o  d e l a y  i s  d e t e r m i n e d  by t h e  d e t e c t i o n  of t h e  e x c i t i n g  b e a m  s c a t t e r e d  f r o m  
t h e  s a m p l e  sur face .  T h e  t i m e  r e s o l u t i o n  d e p e n d s  bo th  o n  t h e  medium r e l a x a t i o n  c o n s t a n t  
a n d  o n  t h e  ve loc i ty  m i s m a t c h  b e t w e e n  620  nm a n d  800  nm in  C S  a l l  a l o n g  t h e  cel l .  T h e  
r e l a x a t i o n  of C S  by i t se l f  g ives  a n  o p e n i n g  t i m e  of  a b o u t  0.6 ps g u t  t h e  d i sper t ion  in  t h e  2 1 c m  l o n g  c e l l  l e a d s  t o  a t i m e  reso lu t ion  of 2 ps. This  c a n  b e  improved  b y  using e i t h e r  a  
s h o r t e r  c e l l  o r  a l iquid such a s  b e n z e n e  [5] b u t  a t  t h e  e x p e n s e  of a  lower ing  of t h e  g a t e  
e f f i c i e n c y  ( f o r  a I  c m  c e l l  of CS2 t h e  o p e n i n g  e f f i c i e n c y  r a n g e s  b e t w e e n  10% a n d  30%). 

T h e  absorp t ion  s p e c t r a  d i sp lay  very  d i f f e r e n t  behaviors  at h igh  a n d  low 
t e m p e r a t u r e s  ( f ig  1-a a n d  I-b). In b o t h  cases ,  t h e  s a t u r a t i o n  of t h e  e x c i t o n i c  absorp t ion  is 
a l m o s t  fu l ly  a c h i e v e d  wi th in  1 ps  a f t e r  exc i ta t ion .  A t  room t e m p e r a t u r e  t h e  s a t u r a t i o n  of  
t h e  b a n d  t o  b a n d  a b s o r p t i o n  i s  s ign i f ican t  a n d  i s  a l m o s t  s t a b l e  dur ing  t h e  f i r s t  hundred  
picoseconds.  A t  low t e m p e r a t u r e s  (T = 15K)  t h e  absorp t ion  s a t u r a t i o n  i s  q u i t e  s imi la r  just 
a f t e r  t h e  c r e a t i o n  of t h e  e l e c t r o n s  a n d  t h e  h o l e s  by t h e  690  nm p u m p  pulse. However,  in  
t h e  fol lowing t i m e s  t h e  behavior  i s  r a t h e r  d i f f e r e n t  s i n c e  a f t e r  20 ps  t h e  band  t o  band  
a b s o r p t i o n  h a s  a l m o s t  c o m p l e t e l y  recovered  i t s  in i t i a l  v a l u e  whi le  on ly  e x c i t o n s  r e m a i n  
bleached.  

T h e  induced  c h a n g e s  in  t h e  band  t o  band  absorp t ion  m a g n i t u d e  c a n  b e  d i rec t ly  
r e l a t e d  t o  t h e  e lec t ron-hole  d i s t r ibu t ion .  With a s i m p l e  model  [6] t h e  d a t a  c a n  b e  
a n a l y z e d  giving t h e  c a r r i e r  d e n s i t y  a n d  t e m p e r a t u r e  a t  e a c h  de lay .  By assuming  a n  e q u a l  
t e m p e r a t u r e  f o r  t h e  e l e c t r o n s  a n d  t h e  holes, w e  f i n d  t h a t  a t  r o o m  t e m p e r a t u r e  t h e  c a r r i e r  
d e n s i t y  i s  a l m o s t  c o n s t a n t  ( less  t h a n  20% c h a n g e )  o n  o u r  t i m e  s c a l e  whi le  a rap id  c o o l i n g  
of t h e  e l e c t r o n i c  t e m p e r a t u r e  ( in i t i a l ly  11 00K) occurs  t o w a r q j h e - P t t i c e  t e m p e r a t u r e .  A t  
low l a t t i c e  t e m p e r a t u r e ,  t h e  i n i t i a l  c a r r i e r  d e n s i t y  i s  a l s o  1 0  c m  b u t  d r o p s  by a f a c t o r  
3 in  15ps. T h e  c o o l i n g  process  i s  s l igh t ly  less  e f f ic ien t .  T h e s e  d i f f e r e n c e s  in  t h e  c a r r i e r  
d e n s i t y  evolu t ion  c a n n o t  b e  e x p l a i n e d  only  by t a k i n g  i n t o  a c c o u n t  t h e  usua l  b imolecular  
recombina t ion ,  which would' l e a d  t o  a d i s a p p e a r e n c e  of t h e  c a r r i e r s  o n  a nanosecond t i m e  
sca le .  S u r f a c e  o r  d e f e c t  annih i la t ions  c a n  b e  r u l e d  out .  We a t t r i b u t e  t h e r e f o r e  such  a 
s h o r t  r e c o m b i n a t i o n  t i m e  at low t e m p e r a t u r e  to t h e  a p p e a r e n c e  of s t r o n g  s t i m u l a t e d  
emission.  Indeed  in  o u r  e x p e r i m e n t a l  condi t ions  ( re la t ive ly  h igh  c a r r i e r  d e n s i t i e s  a t  l o w  
t e m p e r a t u r e )  a s u b s t a n t i a l  g a i n  c a n  developp.  T h e  s p o t  d i a m e t e r  i s  typ ica l ly  300pm; 
h e n c e  t h e  l u m i n e s c e n c e  g u i d e d  a l o n g  t h e  MQWS l a y e r  c a n  u n d e r g o  s u b s t a n t i a l  
a m p l i f i c a t i o n  a n d  t h e r e f o r e  cons iderab ly  i n c r e a s e  t h e  recombina t ion  r a t e  t h r o u g h  
s t i m u l a t e d  emission.  This  mechanism i s  l ess  e f f e c t i v e  when  t h e  s a m p l e  i s  a t  300K d u e  t o  
t h e  h igher  e l e c t r o n i c  t e m p e r a t u r e .  

T o  conf i rm t h e  r o l e  of s t i m u l a t e d  emission,  w e  h a v e  observed  t h e  luminescence  
e m i t t e d  by t h e  s a m p l e  e d g e  whi le  t h e  e x c i t a t i o n  b e a m  was  focused  o n  t h e  f r o n t  sur face .  
In a f i r s t  e x p e r i m e n t ,  t h e  t i m e - i n t e g r a t e d  s igna l  was  m o n i t o r e d  a s  a func t ion  of t h e  
e x c i t a t i o n  l e n g t h  f o r  a f i x e d  e x c i t a t i o n  densi ty.  T h e  t i m e - i n t e g r a t d  s p e c t r a  d i sp layed  t w o  
d i s t i n c t  fea tures :  a  l i n e  a t  7 9 0  nm o r i g i n a t i n g  f rom t h e  e x c i t o n  a n n i h i l a t i o n  a n d  a band  a t  
794.5 nm cor responding  t o  t h e  p l a s m a  emission. This  emiss ion  i s  a t  lower  e n e r g y  t h a n  t h e  
e x c i t o n i c  t r a n s i t i o n  d u e  t o  t h e  b a n d  g a p  renormat iza t ion .  By increas ing  t h e  l e n g t h  of  t h e  
e x c i t e d  a r e a  f r o m  a reduced  s p o t  n e a r  t h e  e d g e  of o b s e r v a t i o n  t o  a s t r i p  of  3 mm length ,  
t h e  t w o  l i n e s  b e h a v e d  very d i f f e r e n t l y .  T h e  e x c i t o n  l u m i n e s c e n c e  was  a l m o s t  c o n s t a n t  i n  
i n t e n s i t y  a n d  shape.  O n  t h e  c o n t r a r y ,  t h e  p l a s m a  emission increased  e x p o n e n t i a l l y  wi th  
t h e  e x c i t a  ion l e n g t h ,  a c l e a r  e v i d e n c e  of ampl i f ica t ion  a l o n g  t h e  MQWS layers.  T h e  g a i n  1 .  . of 1 0  cm-  1s q u l t e  low but  cor responds  t o  a s m a l l e r  e x c i t a t i o n  d e n s i t y  n e c e s s i t a t e d  t o  
r e a l i z e  t h e  b e a m  geomet ry .  
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Figure 1 : Transmission spect ra  of t h e  sample  for  various delays between pump and 
probe. Sample t empera tu re  i s  (a) T=15K and (b) T-300K. 
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F i g u r e 2  : Time-resolved s p e c t r a  of t h e  luminescence  c o l l e c t e d  a t  t h e  e d g e  
of t h e  MQWS a t  1 5  K f o r  t w o  d i f f e r e n t s  d e l a y s  a f t e r  t h e  pump e x c i t a t i o n  

(12  ps  f o r  (a) a n d  24 ps f o r  (b)). 

T h e  t ime-resolved s p e c t r a  of t h e  e d g e  emiss ion  a r e  r e c o r d e d  i n  t h e  s a m e  e x c i t a t i o n  
condi t ions  a s  f o r  t h e '  pump-probe exper iments .  T h e r e f o r e  t h e  s p e c t r a  a r e  s t r o n g l y  
d o m i n a t e d  by t h e  p l a s m a  a m p l i f i e d  emission,  t h e  e x c i t o n  luminescence  b e i n g  negl igeable .  
T h e  s i g n a l  e x h i b i t s  a f i r s t  m a x i m u m  b e f o r e  d e c r e a s i n g  t o  zero ,  fo l lowed by a s e c o n d  
maximum,  t h e n  a t h i r d  o n e  w i t h  a s m a l l e r  i n t e n s i t y  a n d  s o  on. By moving t h e  pos i t ion  of 
t h e  e x c i t i n g  s p o t  w e  h a v e  c h e c k e d  t h a t  t h e s e  d i f f e r e n t  l i g h t  p a c k e t s  (a l so  s e e n  as s p i k e s  
w i t h  a s t r e a k  c a m e r a )  cor respond t o  m u l t i p l e  r e f l e c t i o n s  o n  t h e  s a m p l e  edges .  T h e  l i g h t  i s  
e m i t t e d  on ly  o n c e  b u t  t r a v e l  d i f f e r e n t  o p t i c a l  p a t h s  ins ide  t h e  s a m p l e  b e f o r e  t h e  
co l lec t ion  a t  t h e  edge .  T h e  a m p l i f i e d  emission d o e s  n o t  a p p e a r  i n s t a n t a n e o u s l y  a f t e r  
e x c i t a t i o n  s i n c e  t h e  g a i n  c a n  deve lopp  only  a f t e r  t h e  cool ing  of t h e  e x c i t e d  car r ie rs .  A t  a 
d e l a y  of 1 2  ps ( f ig  2) t h e  low e n e r g y  luminescence  e d g e  i s  a t  8 1 2  nm, cor responding  t o  a 
band  g a p  r e n o r m a l i z a t i o n  of 5 0  meV. A t  2 4  ps, t h e  e d g e  i s  a t  8 0 6  nm imply ing  t h e r e f o r e  a 
b a n d  g a p  renormal iza t ion  of 38.6 meV. Following G. T r a n k l e  et al. [7], t h e  2D band-gap 

r e n o r m a l i z a t i o n  d e p e n d s  o n  t h e  d e n s i t y  fo l lowing  a n . -  2 D 
law. S t a r t i n g  with a c a r r i e r  

d e n s l t y  of a f e w  1 0 ' ~ c m - ~ ,  t h e  evolu t ion  of t h e  b a n d  g a p  r e n o r m a l i z a t i o n  c o r r e s p o n d s  t o  
a d e c r e a s e  of t h e  d e n s i t y  by a f a c t o r  2.2 which i s  cons is ten t  with t h e  v a l u e  d e d u c e d  f r o m  
t h e  absorp t ion  exper iments .  

In conclusion t h e  t ime-resolved absorp t ion  a n d  luminescence  e x p e r i m e n t s  conf i rm 
t h e  i m p o r t a n c e  of t h e  s t i m u l a t e d  emiss ion  a l o n g  t h e  MQWS l a y e r s  in t h e  r e d u c t i o n  of t h e  
c a r r i e r  l i fe t ime.  This  f a s t  recovery  of t h e  band  t o  band  absorp t ion  f o r  a s a m p l e  a t  low 
t e m p e r a t u r e  m a y  h a v e  s o m e  impl ica t ions  f o r  t h e  u s e  of such  s t r u c t u r e s  in  o p t i c a l  devices.  
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