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R6sum6 L e s  r6sonances  exc i ton iques  d a n s  l e s  s t r u c t u r e s  2 p u t s  quant iques  
m u l t i p l e s  p e u v e n t  @ t r e  f o r t e m e n t  modi f i6es  par  u n e  e x c i t a t i o n  op t ique  d a n s  l a  
z o n e  s p e c t r a l e  d e  t ransparence .  C e t  e f f e t  S t a r k  o p t i q u e  l e s  dCplace v e r s  1es plus 
h a u t e s  Cnergies t o u t  e n  d i m i n u a n t  l e u r  i n t e n s i t 6  jusqu'h leur  d i spar i t ion  
quasi-complgte.  U n e  r e l a t i o n  l i n i a i r e  e x i s t e  e n t r e  ces d e u x  e f fe t s .  L e  
dCplacement  d e s  r a i e s  n 'est  p a s l i n C a i r e  a v e c  I ' in tens i tk  lumineuse  a u x  f o r t e s  
e x c i t a t i o n s  m a i s  ce c o m p o r t e m e n t  s 'explique e n  t e n a n t  c o m p t e  d e  l a  r6duc t ion  
s i m u l t a n 6 e  d e  l a  f o r c e  d 'osci l lateur.  

A b s t r a c t  Exc i ton ic  r e s o n a n c e s  i n  MQWS c a n  b e  s t r o n g l y  a f f e c t e d  by e x c i t i n g  t h e  
semiconductor  in  t h e  t r a n s p a r e n c y  region. This  o p t i c a l  S t a r k  e f f e c t  shows  u p  a s  a 
b l u e  s h i f t  of  t h e  e x c i t o n i c  l i n e s  a s s o c i a t e d  w i t h  a r e d u c t i o n  of t h e  osc i l l a tor  
s t r e n g t h  a n d  i s  a p p a r e n t  on ly  w h i l e  t h e  e l e c t r o m a g n e t i c  f i e l d  i s  p resen t .  We have  
s t u d i e d  t h e  d e p e n d e n c e  of t h i s  s h i f t  a s  a func t ion  of i n t e n s i t y  a n d  showed i n  
p a r t i c u l a r  how i t s  s a t u r a t i o n  i s  r e l a t e d  t o  t h e  osc i l l a tor  s t r e n g t h  reduction.  

Exc i ton ic  r e s o n a n c e s  a r e  a t  t h e  or ig in  of  l a r g e  o p t i c a l  non-l ineari t ies ,  espec ia l ly  
in Mul t ip le  Q u a n t u m  Wells S t r u c t u r e s  (MQWS) w h e r e  moreover  t h e y  a r e  p r e s e n t  e v e n  at 
room t e m p e r a t u r e .  T h e s e  f e a t u r e s  m a k e  MQWS very a t t r a c t i v e  b o t h  f rom a f u n d a m e n t a l  
po in t  of view a n d  f o r  a p p l i c a t i o n s  t o  o p t i c a l  devices. T h e  r e c e n t l y  r e p o r t e d  o p t i c a l  S t a r k  
e f f e c t  [1,2] h a s  r a i s e d  a wide  c u r r e n t  of i n t e r e s t  s i n c e  i t  cor responds  t o  t h e  coupl ing  of 
e l e c t r o n i c  s t a t e s  wi th  photons  of e n e r g y  below t h e  absorp t ion  edge .  T h e  use  of a pump 
w a v e l e n g t h  in  t h e  t r a n s p a r e n c y  reg ion  of  t h e  MQWS o f f e r s  g r e a t  p romise  f o r  o p t i c a l  
dev ices  s i n c e  i t  i m p l i e s  a n  u l t r a f a s t  response  t i m e  .and a l m o s t  t h e  a b s e n c e  of h e a t  
dissipat ion.  I t  was  a l r e a d y  known f o r  a t o m s  t h a t  t h e  v i r t u a l  a b s o r p t i o n  a n d  re-emission o f  
non-resonant  photons  l e a d s  t o  a s h i f t  of t h e  a t o m i c  levels. In so l ids  such a s i t u a t i o n  
should a l s o  b e  e n c o u n t e r e d  for  t r a n s i t i o n s  l i k e  excitons.  T h e  s m a l l  m a g n i t u d e  of t h e  
cor responding  e n e r g y  s h i f t  w i t h  r e s p e c t  t o  t y p i c a l  e x c i t o n i c  t r a n s i t i o n  l ~ n e w i d t h  requi res  
t h e  use of  I s e r s  with q u i t e  high p e a k  power. This  i s  o b t a i n e d  b y  using very s h o r t  l a s e r  
pu lses  ( 1 0 - I f )  which in  t h e  s a m e  t i m e  y i e l d  d i r e c t  i n f o r m a t i o n s  o n  t h e  d y n a m i c s  of t h i s  
o p t i c a l  S t a r k  e f f e c t .  In o u r  e x p e r i m e n t a l  condi t ions ,  t h e  m a g n i t u d e  of  t h e  e f f e c t  c a n  b e  
large.  We r e p o r t  h e r e  i t s  s tudy  in  f u n c t i o n  of  t h e  l a s e r  in tens i ty .  

T h e  e x p e r i m e n t s  a r e  p e r f o r m e d  fo l lowing  t h e  c lass ica l  p u m p  a n d  p r o b e  scheme.  
T h e  p r l m a r y  l a s e r  source  i s  t h e  a m p l i f i e d  o u t p u t  of a coll iding-pulse mode-locked d y e  
laser .  T h e  pulse  d u r a t i o n  i s  s h o r t e r  t h a n  100  f s  wi th  a n  e n e r g y  p e r  pu lse  of 0.3 m J  a t  620  
nm and  10 Hz r e p e t i t i o n  r a t e .  T h e  b e a m  i s  s p l i t  in  t w o  parts ,  bo th  of  t h e m  b e l n g  focused  
o n  t w o  d i f f e r e n t  w a t e r  c e l l s  t o  produce  t w o  wavelength  c o n t i n u u m s  of 100  f s  dura t ion .  
T h e  p u m p  pulse  is  o b t a i n e d  by a s e l e c t i o n  ins ide  t h e  cont inuum of t h e  a p p r o p r i a t e  
w a v e l e n g t h  wi th  a n  i n t e r f e r e n t i a l  f i l t e r  a n d  a f u r t h e r  a m p l i f i c a t i o n  in  a double-pass 
a m p l i f i e r  pumped by a frequency-doubled YAG laser .  T h e  f i l t e r  s p e c t r a l  wid th  impl ies  a 
pump d u r a t i o n  of 4 0 0  f s  l e a d i n g  t o  a n  i n c i d e n t  m a x i m a l  power of 5 GW/cmZ on  t h e  
sample.  T h e  p r o b e  b e a m  i s  o b t a i n e d  by s t r o n g l y  a t t e n u a t i n g  t h e  cont inuum.  T h e  
pola r iza t ion  of  t h e  p r o b e  i s  s e t  p a r a l l e l  o r  perpendicu la r  t o  t h a t  of t h e  pump. T h e  s a m p l e  
i s  a GaAs-AIGaAs MQWS wi th  100  a th ick  wel l s  a n d  b a r r i e r s  a n d  i s  he ld  at T = 15K. T h e  
s p e c t r u m  of t h e  p r o b e  pulse  t r a n s m i t t e d  th rough t h e  pump- i r rad ia ted  s a m p l e  is  r e c o r d e d  
at d i f f e r e n t  d e l a y s  b e t w e e n  t h e  pump a n d  t h e  p r o b e  o n  a n  o p t i c a l  m u l t i c h a n n e l  a n a l y z e r  . 
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Absorption s p e c t r a  r e c o r d e d  at t h e  maximum of t h e  p u m p  pulse a r e  d i sp layed  o n  
f i g u r e  1 f o r  d i f f e r e n t  pump in tens i t i es .  T h e  p u m p  wavelength  8 2 7  nm cor responds  t o  a 
d e t u n i n g  of 46  meV with r e s p e c t  t o  t h e  lowes t  absorp t ion  l ine,  i.e. t h e  heavy-hole (h-h) 
e x c i t o n  (802.5 nm). T h e  most  s t r i k i n g  f e a t u r e  in  t h e  e x c i t o n i c  resonances  modi f ica t ion  
l i es  in  t h e  evolu t ion  towards  h igher  e n e r g y  (b lue  sh i f t )  when  t h e  i n t e n s i t y  of t h e  p u m p  
increases.  A s h i f t  of 8 meV a n d  m o r e  c a n  b e  o b t a i n e d  f o r  t h e  h-h exc i ton ,  ind ica t ing  t h a t  
t h e  e f f e c t  c a n  b e  q u i t e  l a r g e  a n d  i s  not  on ly  a s m a l l  modula t ion .  T h e  l ight-hole (I-h) 
e x c i t o n  i s  a l s o  a f f e c t e d  b u t  in  a mi lder  way; t h e r e  i s  a  f a c t o r  3 i n  t h e  m a g n i t u d e  of t h e  
e n e r g y  s h i f t  fo r  t h e  h-h and  I-h excitons.  T h e  o t h e r  n o t i c e a b l e  f e a t u r e  in  f i g u r e  1 i s  t h e  
d e c r e a s e  of t h e  e x c i t o n  osc i l l a tor  s t r e n g t h  s i m u l t a n e o u s  w i t h  t h e  l i n e  shif t .  For  t h e  
h ighes t  in tens i ty ,  a n  a l m o s t  c o m p l e t e  d i s a p p e a r e n c e  of t h e  h-h l i n e  occurs, making  i t  

pump intensity: GW/cm2 

wavelength [nm] 

Figure  1 Time-resolved absorp t ion  s p e c t r a  of a MQWS at 1 5  K 
dur ing  t h e  p r e s e n c e  of a n  i n t e n s e  o p t i c a l  pump pulse  a t  8 2 7  nm. 

T h e  wel l s  a n d  t h e  b a r r i e r s  a r e  bo th  of 100  a width. T h e  pump 
i n t e n s i t i e s  a r e  a s  indicated.  

d i f f icu l t  t o  m e a s u r e  t h e  s h i f t  i n  t h i s  e x t r e m e  case .  T h e  observed  broadening  is  n o t  very  
l a r g e  a n d  m a y  p a r t l y  b e  d u e  t o  s o m e  f l u c t u a t i o n s  of  t h e  pump i n t e n s i t y  a l t h o u g h  a s m a l l  
window w a s  a p p l i e d  t o  s e l e c t  p u m p  pulses with e n e r g i e s  wi th in  20% variat ion.  T h e  o v e r a l l  
e f f e c t  i s  a l s o  s m a l l e r  f o r  t h e  I-h exciton.  A f t e r  t h e  e n d  of  t h e  p u m p  pulse ( s i tua t ion  n o t  
shown o n  t h e  f igure) ,  t h e  recovery  of t h e  absorp t ion  s p e c t r u m  i s  a l m o s t  c o m p l e t e .  T h e  
e x c i t o n i c  l i n e s  a r e  a g a i n  e x a c t l y  in  t h e  s a m e  posi t ion a s  b e f o r e  t h e  exc i ta t ion .  Only  a 
s m a l l  reduc t ion  of t h e  osc i l l a tor  s t r e n g t h  i n d i c a t e s  t h e  p r e s e n c e  in t h e  s y s t e m  of a  
probably  s m a l l  popula t ion  of f r e e  e l e c t r o n s  a n d  holes,  possibly c r e a t e d  th rough a 
two-photon absorp t ion  process. Otherwise ,  n o  r e a l  e x c i t o n  popula t ion  h a s  b e e n  bui l t  
dur ing  t h i s  v i r tua l  exc i ta t ion .  

We h a v e  r e p o r t e d  on  f i g u r e  2 t h e  r e l a t i v e  var ia t ion  Af of t h e  osc i l l a tor  s t r e n g t h  
f  in func t ion  of t h e  observed  e n e r g y  sh i f tAE r e l a t i v e  t o  t h e  2-dimensional  e x c i t o n  binding 
e n e r g y  Ex. T h e  e x p e r i m e n t a l  po in ts  fol low q u i t e  well  a l i n e a r  law: 

e x c e p t  for  r h e  h ighes t  i n t e n s i t y  w h e r e  t h e  s m a l l  a m p l i t u d e  of t h e  e x c l t o n i c  l i n e  m a y  l e a d  
t o  s o m e  uncer ta in ty .  This  r e s u l t  should b e  c o m p a r e d  with t h e  r e l a t i o n s h i p  b e t w e e n  Af l f  
a n d  AEIE in MQWS in p r e s e n c e  of a real popula t ion  of exc i tons  [31. T h e  s a m e  l a w  h a s  
b e e n  foun'6 b u t  f o r  w e l l s  of 50  a thickness.  In t h e  c a s e  of t h e  100 a t h i c k  wel l s  ( s a m e  
sample) ,  no  a p p r e c i a b l e  b l u e  s h i f t  c o u l d  b e  observed  d u e  t o  t h e  s t r o n g  reduc t ion  of t h e  
osc i l l a tor  s t r e n g t h  in  p r e s e n c e  of a l a r g e  number  of exc i tons .  



F i g u r e  2 R e l a t i v e  h-h e x c i t o n  e n e r g y  s h i f t  in  func t ion  of 
t h e  r e l a t i v e  d e c r e a s e  of t h e  e x c i t o n  osc i l l a tor  s t rength .  

By t ranspos ing  t h e  p ic ture  of  d ressed  a t o m s  t o  exc i tons ,  t h e  model  of t h e  dressed  
exc i ton  [ I ]  p r e d i c t s  w h e n  t h e  pump b e a m  i s  in t h e  t r a n s p a r e n c y  reg ion  of t h e  c r i s t a l ,  a  
b l u e  s h i f t  AE of t h e  e x c i t o n  l lne  given by: 

K w a n d  45 W a r e  t h e  e x c i t o n  a n d  p u m p  photon  energ ies .  R i s  t h e  R a b i  f requency  a n d  i t s  
squ%re is  p r B p o r t i o n a ~  t o  t h e  i n t e n s i t y  of t h e  e l e c t r o m a g n e t i c  f i e l d  and  t h e  osc i l l a tor  
s t r e n g t h  of t h e  e x c i t o n i c  t rans i t ion .  At low p u m p  in tens i ty ,  express ion  (2) c a n  be  
a p p r o x i m a t e d  by: 

w h e r e  a i s  a  cons tan t .  This  h a s  t o  b e  c o m p a r e d  with a r e c e n t  c a l c u l a t i o n  of  S. 
Schrnit t -Rink e t  a1.[4] w h e r e  at low pump i n t e n s i t y  t h e  s h i f t  has  a s i m ~ l a r  expression:  

w h e r e  p i s  t h e  i n t e r b a n d  d i p o l e  m a t r i x  e l e m e n t ,  E t h e  pump f ie ld ,  $ I s  t h e  wave  func t ion  
of t h e  I s  e x c i t o n  and  N t h e  s a t u r a t i o n  d e n s i t y  Rue t o  e x c i t o n i c  phase-space f i l l ing.  In 
bo th  cases,  t h e  b lue  s h i h  i s  p ropor t ionna l  t o  t h e  pump in tens i ty ,  t h e  e x c i t o n  osc i l l a tor  
s t r e n g t h  a n d  t h e  inverse  of t h e  de tuning ,  t h e  d ~ f f e r e n c e  ly ing  in  t h e  p i - o p o r t i o n n a l ~ t y  
fac tor .  

We h a v e  r e p o r t e d  in  f i g u r e  3 t h e  m a g n i t u d e  of t h e  m e a s u r e d  b l u e  s h i f t  In 
func t ion  of t h e  pump i n t e n s i t y  f o r  t h e  heavy-hole exc i ton .  T h e  d e t u n i n g  b e t w e n  t h e  pump 
a n d  t h e  h-h e x c i t o n  i s  46 meV. At low pump in tens i ty ,  t h e  p r e d i c t e d  l i n e a r  behavior  i s  
observed.  However, f o r  i n t e n s i t i e s  l a r g e r  t h a n  0.3 GW/cm2, t h e  s h i f t  s t a r t s  t o  s a t u r a t e  and  
never  g o  beyond t h e  e x c i t o n  binding energy .  This d e p a r t u r e  f rom t h e  l i n e a r  d e p e n d e n c e  
may have  d i f f e r e n t  origins: 

i )  in  t h e  model  of t h e  dressed  exc i ton ,  t h e  p u m p  i n t e n s i t y  a p p e a r s  under  a  
s q u a r e  r o o t  a n d  t h e  l i n e a r  a p p r o x i m a t l o n  is va l id  only if t h e  R a b i  f requency  1s 
s m a l l e r  t h a n  t h e  de tuning .  T h e  s t r o n g e s t  observed  b lue  s h i f t  cor responds  t o  
f i R  = 26 meV; t h i s  t e r m  i s  n o t  n e g l i g e a b l e  w i t h  r e s p e c t  t o  t h e  d e t u n i n g  but  

t h e  e r r o r  ~ n t r o d u c e d  by using t h e  a p p r o x i m a t l o n  (3) i n s t e a d  of t h e  s q u a r r e  r o o t  
law i s  only 10% a n d  c a n n o t  b e  repons ib le  for  t h e  e n e r g y  s h i f t  s a t u r a t ~ o n ;  

i i )  in t h e  expression (3) t h e  o s c ~ l l a t o r  s t r e n g t h  of t h e  e x c i t o n i c  t r a n s i t i o n  a p p e a r s  
in  t h e  n u m e r a t o r  which d e p e n d s  i tself  of t h e  m a g n i t u d e  of t h e  e l e c t r o m a g n e t i c  
f ield.  F o r  a n  i n c r e a s e  of t h e  p u m p  In tens i ty  f rom I t o  I + d1, t h e  cor responding  
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i n c r e a s e  of t h e  e x c l t o n l c  s h i f t  h a s  n o t  t o  b e  c a l c u l a t e d  o n  t h e  unper turbed  
osc i l l a tor  s t r e n g t h  f  b u t  o n  t h e  v a l u e  f  a l r e a d y  p e r t u r b e d  by t h e  f i e l d  
i n t e n s i t y  I. By u s i n 8  t h e  e x p e r i m e n t a l l y  d e t e r m i n e d  l i n e a r  re la t ionsh ip  
b e t w e e n  AE and &, o n e  obtains:  

PUMP INTENSITY in GW/cm2 

F i g u r e  3 Var ia t ion  of t h e  h-h e x c i t o n  e n e r g y  in  func t ion  
of  t h e  pump i n t e n s i t y  o n  a log-log scale.  T h e  d o t t e d  l i n e  

cor responds  t o  t h e  l i n e a r  law, t h e  dashed  l i n e  t o  
express ion  (4) in  t h e  t e x t .  

T h e  d a s h e d  l ine  on  f i g u r e  3 i s  t h e  p l o t  of t h i s  express ion  a n d  a s  c a n  b e  seen ,  f i t s  q u i t e  
well  wi th  t h e  e x p e r i m e n t a l  points .  We conc lude  t h e r e f o r e  t h a t  t h e  d e p e n d e n c e  of t h e  
osc i l l a tor  s t r e n g t h  w i t h  t h e  pump in tens i ty  i s  i tself  s u f f i c e n t  h e r e  t o  e x p l a i n  t h e  
observed  s a t u r a t i o n  of t h e  e n e r g y  shif t .  

T o  summar ize ,  t h e  o p t i c a l  S t a r k  e f f e c t  c a n  a f f e c t  s t rongly  t h e  e x c i t o n i c  
t rans i t ions .  I t  m a n i f e s t s  i tself  b o t h  a s  a  s h i f t  t o w a r d s  h igher  e n e r g i e s  of t h e  e x c i t o n  l i n e  
and  as a reduc t ion  of t h e  e x c l t o n i c  osc i l l a tor  s t rength .  We h a v e  found  a l i n e a r  
re la t ionsh ip  b e t w e e n  t h e s e  t w o  ef fec t s .  By not ing  t h a t  t h e  o p t i c a l  S t a r k  e f f e c t  c a n  b e  
cons idered  a s  a  v i r t u a l  c r e a t i o n  of exc i tons  d u r i n g  t h e  p u m p  pulse,  i t  i s  n o t  t o o  surpr i s ing  
t o  f i n d  t h e  s a m e  t y p e  of  behavior  t h a n  in  t h e  case of a 4 popula t ion  of  e x c i t o n s  in  
MQWS. T h e  major d i f f e r e n c e  l i e s  i n  t h e  f a c t  t h a t  t h i s  e f f e c t  was observed  i n  t h e  r e a l  case 
only  f o r  s t r ic t ly  2-dimensional  s y s t e m s  ( less  t h a n  100  A wells), a  condi t ion  n o t  requi red  in  
c a s e  of v i r tua l  exc i ta t ion .  F ina l ly  we  have  observed  a non-l inear  d e p e n d e n c e  of t h e  
e n e r g y  s h i f t  in func t ion  of t h e  p u m p  i n t e n s i t y  which, w e  sugges t ,  is  e x p l a i n e d  by t a k i n g  
i n t o  a c c o u n t  se l f -cons is ten t ly  t h e  reduc t ion  of t h e  osc i l l a tor  s t rength .  

We a r e  v e r y  g r a t e f u l  t o  Pr. H. M o r k o ~  a n d  W.T. Masselink f o r  t h e  e l a b o r a t i o n  of 
t h e  high q u a l i t y  m u l t i p l e  q u a n t u m  well  s t ruc tures .  This  work w a s  p a r t l y  s u p p o r t e d  by t h e  
g r a n t  no 86089 of t h e  DRET. 
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