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R6sum6 : La sa tu ra t ion  se' lect ive des 6 t a t s  couples optiquement ( t rou  spec- 
t i5Ti lT-a Qte '  observge en r6gime femtoseconde dans une s t ruc tu re  'a p u i t s  
quantiques m l t i p l e s  de GaAs/AlGaAs. La comparaison avec des re 'su l ta ts  
ante'r ieurs obtenus sur  l e  GaAs massif  dans l e s  6mes condi t ions d 'exc i ta -  
t i o n  montre que l e s  c o l l i s i o n s  ent re por teurs sont env i ron deux f o i s  plus 
e f f i c a c e s  dans l a  s t ruc tu re  'a p u i t s  quantiques, en ra ison  de l a  rCduct ion 
des e f f e t s  d16cran ZI deux dimensions, a i n s i  que de l 'augmentat ion de l a  
renorma? i sat ion  de bande i n t e r d i  t e  par rappor t  au materi  au massif. 

Abs t rac t  : The dynamical spectral-hole-burning e f f e c t ,  due t o  se lec t i ve  
s a t u r a t i o n  o f  the o p t i c a l l y  coupled states, has been observed i n  the femto- 
second regime i n  a GaAs/AlGaAs m u l t i p l e  quantum we l l  structure. Comparison 
w i t h  previous r e s u l t s  on bulk GaAs under s i m i l a r  e x c i t a t i o n  condi t ions 
shows t h a t  c a r r i e r - c a r r i e r  c o l l i s i o n s  are about twice as e f f i c i e n t  i n  the 
quantum wel ls,  due t o  the reduct ion o f  screening e f f i c i e n c y  i n  two-dimen- 
s iona l  s t ructures,  as we l l  as the increase o f  band-gap renormal izat ion w i th  
respect  t o  the bulk mate r ia l .  

U l t r a s h o r t  l i g h t  pulses are a very e f f e c t i v e  means t o  generate highly-non-equi- 
l i b r i u m  c a r r i e r s  and the t ime-resolved o p t i c a l  techniques can be used t o  ob ta in  
various informations on the in t raband r e l a x a t i o n  mechanisms 11-31. Recently we have 
observed 21, f o r  the f i r s t  time i n  a d i rect -gap semiconductor, a  femtosecond spec- 
t r a l  hole- b u r n i n g  due t o  nonthermalized photoexcited c a r r i e r s  i n  a @-thick GaAs 
layer .  Due t o  a ca re fu l  choice o f  the pump l i n e w i d t h  (5 meV)  and cen t ra l  wavelength 
(20 meV above the band-gap), the e lect ron-hole p a i r  dephasing time could be resolved 
by studying the spect ra l  dependance o f  the absorpt ion sa tu ra t ion  around the pump 
wavelength- i n  a pump-probe experiment w i t h  100 f s  probing resolut ion.  Since the 
sample was a t  low temperature and the above-band-gap pump excess energy was rmch 
smal ler  than the po la r  o p t i c a l  phonon energy (37 R V ) ,  the i n t e r c a r r i e r  c o l l i s i o n s  
were the dominant s c a t t e r i n g  process. These experiments have thus provided a unique 
oppor tun i t y  t o  study the c a r r i e r - c a r r i e r  s c a t t e r i n g  ra tes  w i t h i n  a photogenerated 
e lect ron-hole (e-h) plasma, and the therma l i za t ion  dynamics o f  i n i t i a l l y  quasi-mono- 
energet ic  e lec t ron  d i s t r i b u t i o n s .  

This  technique i s  used here t o  study such c o l l i s i o n  ra tes  i n  GaAs/AlGaAs M u l t i -  
p l e  Quantum Well St ructures (MQWS), so as t o  compare them w i t h  our previous r e s u l t s  
on b u l k  GaAs. Other  experiments on non-thermal d i s t r i b u t i o n s  i n  such MQWS 131 have 
on ly  y i e l d e d  q u a l i t a t i v e  r e s u l t s  because the pump spectrum was too la rge  t o  al low 
the  determinat ion o f  the e-h homogeneous l i n e w i d t h  through a frequency -domain measu- 
rement. The present experiment i s  made under s i m i l a r  e x c i t a t i o n  condi t ions (pulse 
durat ion, spect ra l  width, i n t e n s i t y ,  and photon excess energy above the band gap) as 
i n  Ref. 2, so as t o  have d i r e c t  access t o  the e f f e c t  o f  the quantum we l l  reduced 
dimensional i ty.  
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The molecular-beam-epitaxy-grown MQWS sample cons is ts  of 60 GaAs we l l s  o f  114 a 
thickness separated by A1 3Ga irAs b a r r i e r s  of 79 a, sandwiched between two AI0 3 
GaO 7 A ~  layers,  each of ?*pm ?hlckness. The GaAs substrate was removed by s e l e c t ~ v e  
e t c t i ~ n g  on a surface o f  about 1 m2 and a n t i r e f l e c t i o n  coat ings were deposited, 
thereby a1 l owi ng t o  measure MQWS transmission spectra. 

Pump-and-probe measurements were performed as described i n  Ref. 2. The pump 
pulse was obtained by spect ra l  f i l t e r i n g  o f  a w h i t e - l i g h t  continuum by means o f  a 
narrow bandwidth (5 m e V )  i n t e r f e r e n t i a l  f i l t e r .  This se lected pulse (bandwidth- l imi - 
t e d  450 f s  durat ion)  was f u r t h e r  amp l i f i ed  i n  a s t y r y l - 9  dye s o l u t i o n  141, r a i s i n g  
the ava i lab le  pump energy t o  the pJ l e v e l .  The probing pulse was a broad-band c o n t i -  
nuum pulse o f  100 f s  durat ion, which determines the time r e s o l u t i o n  o f  the exper i -  
ment. I t s  i n t e n s i t y  was low enough t o  keep the sample i n  the l i n e a r  regime i n  absen- 
ce o f  the pump, as confirmed by comparison w i t h  a convent ional ly  measured absorpt ion 
spectrum. The pump and probe pulses were obtained i n  two separate continuum c e l l s  so 
as t o  avoid any poss ib le  a r t i f a c t  due t o  coherence coupl ing. 

WAVELENGTH ( nm ) 

FIG. l : Time-resolved transmission spectra a t  various probe delays a f t e r  the begin- 
n i n g  o f  the pump pulse, under narrow-band exc i ta t ion .  I n s e r t  : transmission 
spectra under broad-band e x c i t a t i o n  ( the  wiggles around 780 nm are i n s t r u -  
mental ) 

A t y p i c a l  se t  o f  transmission spectra i s  shown on Fig. 1, a t  se lected values o f  
the delay between the probe and pump pulses. The pump i n t e n s i t y  spectrum (bottom 
curve i n  Fig. 1) has a cen t ra l  wavelength o f  792 nm. The pump excess energy above 
the  band-edge o f  the n = 1 heavy-hole t o  conduction subbands i s  approximately 20 
meV, so t h a t  the r e s u l t s  are d i r e c t l y  comparable t o  the bulk GaAs r e s u l t s  121. The 
curve labe led  -2 ps i s  c h a r a c t e r i s t i c  o f  the unexcited sample, wh i le  dur ing and 
a f t e r  the pump pulse the transmission increases due t o  the absorpt ion saturat ion.  A 
very d i s t i n c t  feature i n  the v i c i n i t y  o f  the pump wavelength i s  espec ia l l y  apparent 
i n  the leading edge o f  the pump pulse (curves labe led  0.2 and 0.4 ps), which pro- 
g ress ive ly  disappears a f t e r  the pump maximum i n t e n s i t y  (occur ing a t  0.5 ps, curve 
n o t  shown), l eav ing  p lace t o  a smooth v a r i a t i o n  o f  transmission (curve 3.2 ps). This  
fea tu re  i s  i n d i c a t i v e  o f  a dynamical spect ra l  hole-burning which corresponds t o  the  
p r e f e r e n t i a l  f i l l i n g  o f  the subband states d i r e c t l y  coupled t o  the pump pulse. As 
shown i n  the i n s e r t  of Fig. 1 t h i s  does not  occur under broad-band pumping (715-815 



m ) ,  where one observes transmission spectra c h a r a c t e r i s t i c  of thermal i z e d  c a r r i e r  
d i s t r i b u t i o n s .  Also apparent on Fig. 1 are some i n t e r e s t i n g  data on the n = 2 e x c i t o n  
(centered a t  764 nm). From the very beginning o f  the pump pulse, a s i g n i f i c a n t  scre- 
ening occurs, as wel l  as a red  s h i f t  o f  about 4 mV o f  the onset o f  the n = 2 t ran -  
s i t i o n .  Since the n = 2 subbands are e s s e n t i a l l y  empty these are pure many-body 
e f f e c t s  (exc i ton  screening and band-gap renormal izat ion)  induced on the n = 2 sub- 
band states by an e-h plasma i n  the n = 1 subbands. 

From the spect ra l  hole-burning lineshape one can deduce a value o f  the depha- 
s ing  time T, o f  the e-h t r a n s i t i o n  a t  the energy o f  the pump pulse. This provides a 
d i r e c t  determinat ion o f  the c a r r i e r - c a r r i e r  s c a t t e r i n g  ra tes  w i t h i n  the e lec t ron-  
ho le  plasma. I n  Ref. 2 the data were analyzed by descr ib ing the  in terband t r a n s i -  
t i o n s  as an assembly o f  two-level systems, each valence band h a t e  being o p t i c a l l y  
coupled t o  only one conduction band state,  because o f  momentum conservation. At  a 
given energy separat ion E, these two-level systems have a f i n i t e  homogeneous l i n e -  
width i-(E) = 1/T, and a j o i n t  density o f  s ta tes ,,(E). By descr ib ing the photo-exci- 
t e d  c a r r i e r  d i s t r i b u t i o n  a t  time t as the sum o f  a thermalized p a r t  f ( t ,  E )  and 
a non-thermal p a r t  fnt( t ,  E), one obta ins the f o l l o w i n g  expression L ~ ] t p o r  the ab- 
so rp t ion  c o e f f i c i e n t  a normalized t o  t h a t  o f  the unexcited sample a, : 

where A = T*(w-I+ ) / [ l + (  1+1)1/2] i s  the normalized detuning parameter w i t h  respect t o  
t h e  pump f requency  U , and I i s  t h e  l i g h t  i n t e n s i t y  normalized t o  the sa tu ra t ion  
i n t e n s i t y  o f  the two-Pevel systems. The l a s t  bracket  i n  eq. ( l )  corresponds t o  the 
hole-burning, i n  the form o f  a power-broadened Lorentzian, w h i l e  the f i r s t  bracket  
o f  the r ight -hand s ize i s  the usual term descr ib ing the absorpt ion sa tu ra t ion  by 
thermal i zed  d i s t r i b u t i o n  o f  ca r r ie rs ,  when neg lec t ing  band-gap renormal i z a t i o n  and 
screening o f  the exci t o n i c  e f fec ts .  

8 05 800 795 790 785 780 
WAVELENGTH (nm) 

FIG. 2 : Normalized d i f fe rence  spectra a t  various pump i n t e n s i t i e s  
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On F i g .  2 a r e  reproduced some normalized d i f fe rence  spectra (a, - a)/a, toge- 

t h e r  w i th  a curve ca lcu la ted  from eq.( l ) .  The experimental data here were obtained 
a t  a f i x e d  delay (corresponding t o  the maximum o f  the pump pulse) b u t  d i f f e r e n t  
e x c i t a t i o n  i n t e n s i t i e s .  A t  t h e  l o w e s t  i n t e n s i t y  (0.15 I,, the main absorpt ion 
changes come from the sa tu ra t ion  o f  the heavy-hole and l i gh t - f i o le  exc i ton ic  absorp- 
t i o n  a t  805 and 801 nm, b u t  some hole-burning a lso occurs around the pump wave- 
length.  The amplitude o f  the nonl inear  exc i ton ic  features then saturates a t  h igher  
i n t e n s i t i e s ,  and i s  superimposed on a l a r g e r  smoothly vary ing background. This i s  
cons is ten t  w i t h  the cu r ren t  desc r ip t ion  o f  e x c i t o n i c  n o n l i n e a r i t i e s  i n  MQWS !5,6], 
i n  terms o f  phase-space f i l l i n g  and exchange e f fec ts .  At h igh i n t e n s i t i e s  the ampll- 
tude o f  the hole-burning feature becomes q u i t e  s i g n i f i c a n t ,  and i t s  l ineshape can be 
compared t o  the theore t i ca l  one w i t h  reasonable accuracy. To obta in a good f i t  w i t h  
the ca lcu la ted  curve o f  eq. (1) i t  was found necessary t o  a l low f o r  a frequency o f f -  
s e t  ( r e d - s h i f t )  o f  the center o f  the non thermal d i s t r i b u t i o n  w i t h  respect  t o  the 
pump wavelength. Such a r e d - s h i f t  could come from the e f f e c t s  neglected i n  the abo- 
ve-discussed two-level model, such as the energy renormal i z a t i o n  o f  the nonthermal 
c a r r i e r s  created a t  e a r l i e r  times, o r  a s t rong energy dependence o f  the c a r r i e r -  
c a r r i e r  s c a t t e r i n g  ra tes  (being f a s t e r  a t  h igher  energies). The best f i t  was ob ta i -  
ned w i t h  the parameters ind ica ted  i n  Table I. 

Calculated curves (best  f i t )  

Experimental Dephasi ng Normal i zed Energy o f f s e t  C a r r i e r  densi ty  
curve t ime T2( fs )  i n t e n s i t y 1  ( s e e t e x t )  larb. u n i t s )  ................................................................................... 
Imax 150 2.5 3 meV l 
I m a ~ / ~  170 1.3 3 0.7 
1maxI4 170 0.65 3 0.5 
1max/l2 150 0.15 0 0.15 

Table 1 

One notes t h a t  the dephasing time does no t  vary s t rong ly  w i t h  the c a r r i e r  den- 
s i t y ,  as a l r e a d y  no ted  f o r  b u l k  GaAs [2,7]. This i s  due t o  the f a c t  t h a t  f o r  the 
c a r r i e r - c a r r i e r  s c a t t e r i n g  ra tes  one can distinguish three regimes o f  c a r r i e r  densi- 
t i e s  : 

(1 )  a t  low dens i t i es  N (Boltzmann l i m i t ,  and n e g l i g i b l e  screening o f  Coulomb 
i n t e r a c t i o n )  the s c a t t e r i n g  r a t e  per c a r r i e r  i s  expected t o  increase w i t h  N, i.e. 
w i t h  the number o f  s c a t t e r i n g  centers 

(2) in termediate densi ty  : the  s c a t t e r i n g  p r o b a b i l i t y  saturates as a func t ion  
o f  N, because 

(a )  the increased screening o f  coulomb i n t e r a c t i o n  
( b )  the decreased number o f  empty s tates ava i lab le  as f i n a l  s c a t t e r i n g  

s ta tes  both compensate the increase o f  s c a t t e r i n g  centers 
(3 )  s t rong degeneracy : the above mechanisms have a maximum e f f i c i e n c y ,  which 

r e s u l t s  i n  a decreasing o f  the s c a t t e r i n g  p r o b a b i l i t y  per c a r r i e r .  

As a r e s u l t  the c a r r i e r - c a r r i e r  s c a t t e r i n g  r a t e  goes through a maximum i n  the 
in termediate density regime i n  which the present experimental data were obtained. 

One a lso  notes a s i g n i f i c a n t  e f f e c t  o f  the reduced d imensional i ty  i n  the car-  
r i e r - c a r r i e r  s c a t t e r i n g  rates, since the dephasing t ime was found t o  be 300 f s  f o r  
bu lk  GaAs under q u i t e  s i m i l a r  experimental condit ions. This i s  a t t r i b u t e d  mainly t o  
the  reduced screening e f f i c i e n c y  o f  the e lect ron-hole plasma, which i s  character is-  
t i c  o f  two-d imensional  (2D), s t ruc tu res  181. Another p o s s i b i l i t y  i s  the f a c t  t h a t  
the  band-gap renormal izat ion i s  l a r g e r  in 2D than i n  3D s t ruc tu res  191, which inc re -  
ases the e f f e c t i v e  photon excess energy above the band-gap. Since the s c a t t e r i n g  
p r o b a b i l i t i e s  increase a t  h igher  energies, the band-gap renormal i z a t i o n  due t o  the  
c a r r i e r s  generated dur ing the lead ing  edge o f  the pump pulse i s  thus an i n d i r e c t  
cause f o r  l a r g e r  s c a t t e r i n g  rates. 



F i n a l l y  Fig.3 shows the t ime-evolut ion o f  the hole burning amp1 i t u d e  ( i n d i c a t i -  
ve o f  the c a r r i e r  the rma l i za t ion )  a f t e r  the e x c i t a t i o n  pulse. Although the major 
p a r t  o f  the non-thermal d i s t r i b u t i o n  vanishes very r a p i d l y  on the subpicosecond 
time-scale, a res idual  hole-burning p e r s i s t s  a t  times longer  than 2 ps a f t e r  the 
e x c i t a t i o n  pulse mximum. This  fac t ,  a l so  observed on bulk GaAs 121, shows t h a t  the 
i n e l a s t i c  c o l l i s i o n  processes responsible f o r  the c a r r i e r  thermal i z a t i o n  are mcch 
l e s s  e f f e c t i v e  than the quasi e l a s t i c  ones which con t r ibu te  t o  the dephasing time 

T*. 
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FIG.3 : Hole-burning decay a f t e r  the end o f  the pump pulse. The spectrum a t  +3.2 ps 
i s  taken as a reference f o r  the thermalized regime. 

I n  conclusion we have observed the e f f e c t  o f  dynamical spect ra l  hole-burning i n  
a GaAs quantum-well s t ructure.  Through d i r e c t  comparison w i t h  a previous measurement 
on bulk GaAs the r e s u l t s  a l low t o  study the e f f e c t  o f  d imensional i ty  on the c a r r i e r -  
c a r r i e r  s c a t t e r i n g  rates. We have found t h a t  the near band-edge homogeneous l i n e -  
w id th  i s  about twice broader i n  the MQWS than i n  the bulk mater ia l ,  and discussed 
t h i s  r e s u l t  i n  terms o f  the screening o f  coulomb i n t e r a c t i o n  and o f  the band-gap 
renormal izat ion i n  quasi two-dimensional s t ructures.  
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