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Carrier-carrier scattering in GaAs ÕAl xGa1ÀxAs quantum wells

K. W. Sun* and T. S. Song
Department of Electronic Engineering, Feng Chia University, Taichung, Taiwan, Republic of China

C.-K. Sun and J. C. Wang
Department of Electrical Engineering and Graduate Institute of Electro-Optical Engineering, National Taiwan University,

Taipei, Taiwan, Republic of China

M. G. Kane
Sarnoff Corporation, Princeton, New Jersey 08543

S. Y. Wang and C. P. Lee
Department of Electronics Engineering and Institute of Electronics, National Chiao Tung University,

Hsin Chu, Taiwan, Republic of China
~Received 7 December 1999; revised manuscript received 14 March 2000!

We have studied carrier dynamics in highly nonequilibrium two-dimensional~2D! carrier distributions
generated with femtosecond laser pulses inp-doped GaAs/Al0.32Ga0.68As quantum wells at photoexcited carrier
densities between 109 and 1011 cm22. The initially nonthermal carrier distribution is quickly broadened due to
inelastic carrier-carrier scattering, with the broadening rate increasing as carrier density is increased. Measure-
ments of the unrelaxed peak height in the hot electron-neutral acceptor luminescence spectra are compared
with calculations of the carrier distribution using integration of the 2D dynamically screened Boltzmann
equation. Our results indicate that carrier-carrier scattering becomes as significant a scattering mechanism as
LO-phonon emission at density of about 1010 cm22.
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I. INTRODUCTION

Femtosecond optical spectroscopy has proven to be a
useful tool for the study of fundamental nonequilibriu
properties in semiconductors.1–9 Femtosecond excitation o
GaAs can generate an initial highly nonequilibrium electr
distribution, which then thermalizes to an equilibrium dist
bution by carrier-carrier interactions and phonon emissi
Thermalization times of 50 to 300 fsec have been dedu
from hole burning in transient absorption spectra for exc
tion below the optical-phonon energy.3–5 Luminescence up-
conversion experiments reveal the rapid redistribution
electrons and holes over a wide energy range within the
100 fsec after excitation at densities larger than 1017cm23,
demonstrating the dominant role of carrier-carrier scatter
at these carrier densities.8 Carrier-carrier interactions amon
highly nonequilibrium photoexcited carriers in GaAs ha
been studied at injected carrier densities from 1015 to
1017cm23 in Refs. 2, 10, and 11. The rate of carrier-carr
scattering within the highly nonequilibrium distribution cr
ated by laser excitation is comparable to the LO-phon
emission rate of approximately 1/~150 fsec! ~Refs. 12–15! at
a carrier density of about 1016cm23.

While there are still questions remaining, it appears s
to say that hot electron relaxation in bulk GaAs is relative
well understood. However, in 2D the situation is uncle
Less experimental data on carrier-carrier scattering rates
available for 2D carriers than 3D carriers. Kash has stud
the energy loss rate of a hot electron to a thermali
electron-hole plasma in GaAs/AlxGa12xAs quantum wells.16

Knox and co-workers studied scattering among 2D carr
in a nonthermal distribution.4,17,18 They found that at an in-
jected carrier density of 231010cm22 in undoped quantum
PRB 610163-1829/2000/61~23!/15592~4!/$15.00
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wells electrons scatter out of the initial distribution in abo
100 fsec and form a thermal distribution in about 200 fs
Kane calculated 2D carrier-carrier scattering rates and fo
qualitative agreement with the results of Knox a
co-workers.19

In this report we have made time-resolved measurem
of the electron distribution at densities between 109 and
1011cm22. We excited the sample with an ultrafast optic
pulse and measured the time-integrated hot electron to
tral acceptor@hot(e,Å) # luminescence spectrum as a fun
tion of photoexcited carrier density. We are able to creat
highly nonequilibrium distribution of energetic carriers b
cause the 120 fsec laser pulses are shorter than the
phonon emission time~;150 fsec!.20–25 By measuring the
height of the first unrelaxed peak in the hot(e,Å) lumines-
cence spectra, we are able to sample the electron distribu
within an LO-phonon emission time.

II. EXPERIMENTAL RESULTS

The MQW samples studied here were 5 nm GaAs we
with 25 nm thick Al0.32Ga0.68As barriers. The quantum well
werep-doped with Be at a density of 1018cm23 in the central
1 nm of each well. The quantum well samples consisted o
stack of 40 wells and were grown on@100# undoped GaAs
substrates. For all experiments reported here, the sam
were held in a closed-cycle cryostat refrigerator atT510 K
to ensure that virtually all the acceptors were neutral and
reduce the equilibrium LO-phonon occupancy to insign
cant levels. The hot(e,Å) luminescence spectra are take
with a SPEX Triplemate spectrometer and a liquid-nitrog
15 592 ©2000 The American Physical Society
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cooled CCD detector. The experiments have employed
excitation sources–an argon ion laser-pumped cw dye l
and a self-mode-locked Ti:sapphire laser. The cw dye la
was operated at an energy of 1.797 eV, and the self-mo
locked Ti:sapphire laser, which generated 120 fsec opt
pulses at a 80 MHz repetition rate, was operated at the s
energy. An optical multichannel analyzer was used to mo
tor the laser pulse width throughout the experiments.

Figure 1 shows the time-integrated luminescence sp
trum with the dye laser used to excite a low carrier dens
The sharp peak at 1.756 eV and shoulder at 1.745 eV in
1 are first-order Raman peaks from photon scattering w
GaAs-like and AlxGa12xAs-like LO phonons. These peak
will not be analyzed here. In Fig. 1, the peak at 1.73 eV
the unrelaxed peak due to electrons that have been excite
the laser pulse to the lowest conduction subband from
lowest heavy-hole subband by the laser pulse and have
combined with neutral acceptors. The peak below this on
1.695 eV is a superposition of a peak due to electrons exc
from the heavy-hole subband that have emitted one 37 m
LO phonon, and electrons excited from the lowest light-h
subband. Nevertheless, the well-defined higher peak at
eV demonstrates that 2D photoexcited electrons re
through successive LO-phonon emission events before
combining with neutral acceptors.

In Fig. 2 we show spectra obtained using a self-mo
locked Ti:sapphire laser as the excitation source. By defoc
ing the laser, the injected carrier density was varied from9

to 1011cm22. Using a periscope arrangement behind the
trance slit in the spectrometer, the photoexcited carrier d
sities are determined from the laser spot size on the sam
and the absorption coefficient of the QW samples at the
citation wavelength. Our detection system is adjusted
sample only the central half of the laser spot, thus minim
ing uncertainties associated with non-uniform injection. W
have also compared our estimated carrier densities with th
obtained in differential-transmission type experiments,4,16–18

in which the absorption depth can be accurately determin
and our estimate of the injected carrier densities agr
within a factor of 2.~Carrier diffusion can be ignored on
femtosecond time scale.!

FIG. 1. Time-integrated luminescence spectrum of GaAs qu
tum wells during cw excitation at 1.797 eV. The carrier density
low. The peak at 1.73 eV corresponds to electrons that have
excited to the lowest conduction subband from the lowest hea
hole subband, and have recombined with neutral acceptors wit
emitting an LO phonon.
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The spectra for injected carrier densities from 109 to
1011cm22 are shown in Figs. 2~a!–2~d!. The unrelaxed peak
begins to decrease at carrier densities above 109 cm22. As
the injected carrier density is increased to 1011cm22, the
peaks disappear. The unrelaxed peak corresponds to the
tron distribution near the initial energy during the first 15
fsec ~the LO-phonon emission time!, convolved with
density-independent broadening mechanisms such
acceptor-acceptor interactions. We find no change in
linewidth of the peak, and thus measurements of the in
grated area under the peak give the same results as me
ing the peak height. In Fig. 3 we plot the unrelaxed pe
intensity relative to the background~which remains rela-
tively constant! in each spectrum as a function of injecte
carrier density. The probability is small that an electron w
be scattered out of this peak before emitting a LO phonon
during a LO-phonon emission time, scattering transfers li
energy among carriers relative to the width of the peak. T
at low densities the unrelaxed peak is unaffected by carr
carrier scattering. At higher densities, however, the inter
tions among carriers are stronger, and at sufficiently h
densities carrier-carrier scattering will reduce the height
the unrelaxed peak. The height of the unrelaxed peak t
allowed us to compare the relative importance of carri
carrier scattering and LO-phonon emission for the scatte
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FIG. 2. Time-integrated luminescence spectrum of GaAs qu
tum wells excited by 120 fsec pulses at varying carrier densit
Carrier-carrier scattering causes the peaks to disappear as the c
density is increased.
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of energetic electrons. We interpret the decrease of the u
laxed peak height with increasing carrier density as evide
of the increasing importance of carrier-carrier scattering re
tive to LO-phonon scattering.

III. RESULTS OF CALCULATIONS

The method used for our calculations have been descr
previously.19 Our calculations model a 2D layer of carriers
a single GaAs quantum well. The time evolution of the c
riers is calculated using the 2D dynamically screened Bo
mann equation. The dynamic dielectric function includes
2D carrier susceptibility, calculated in the random-phase
proximation ~RPA!, and the Frohlich lattice susceptibility
Both electrons and holes are included. For simplicity
treat all holes as heavy holes, rather than partitioning
holes between heavy- and light-hole valence bands. Th
expected to lead to a slight overestimate of the scattering
in the calculations, since the in-plane effective mass of he
holes (mhh50.11m0) is more closely matched than the in
plane effective mass of light holes (mlh50.23m0) to the in-
plane electron effective mass (me50.0667m0). ~The terms
‘‘heavy hole’’ and ‘‘light hole’’ refer to the 3D states from
which the 2D states are derived; this accounts for the
heavy holes being lighter than the 2D light holes.! The en-
ergy of the incident photon is partitioned appropriately b
tween electrons and heavy holes.

We model the 2D carriers in the quantum limit, as d
scribed in Ref. 19. This means that our calculations are ba
on a 2D Coulomb matrix element that is, strictly speakin
correct only for infinitely narrow quantum wells. The effe
of quantum confinement is to increase the carrier-car
scattering rate, and corrections to the quantum limit for fin
well widths will modify the results in the direction of 3D
behavior, i.e., slower scattering. Thus the use of the quan
limit is a second reason why the calculated results are
pected to slightly overestimate the scattering rate that oc
in finite-width quantum wells.

The calculated evolution of the electron and hole distrib
tions is followed for 150 fsec, the LO-phonon emission tim
The initial and final electron distributions for various den

FIG. 3. Unrelaxed peak height vs carrier density as a function
carrier density. Experimental results are taken from data like
shown in Fig. 3. Calculated results are obtained by integrating
dynamically screened Boltzmann equation for 150 fsec.
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ties are shown in Fig. 4. The final distributions correspond
the unrelaxed peaks measured in our experiments. At hig
densities sidebands can be observed in the final distributi
separated from the main peak by the 37 meV LO-phon
energy. These sidebands are rather small and have not
observed experimentally. They are due to resonant enha
ment of the carrier-carrier scattering by the Frohlich latt
interaction, which yields a large cross section for scatter
events that exchange the LO-phonon energy. Our calc
tions reproduce this effect because they include the dyna
lattice susceptibility in the dielectric function. We have o
served this resonant enhancement in 3D calculations as w
but have found that it is very weak in 3D because chang
an electron’s energy by 37 meV involves a large moment
transfer, which is suppressed in 3D by the 1/q4 dependence
of the squared Coulomb matrix element. In 2D, however,
squared matrix element has a 1/q2 dependence, renderin
these 37 meV energy transfers more likely. Physically, t
corresponds to the fact that lowering the dimensionality
stricts the space available for glancing collisions, so tha
larger fraction of the carrier collisions are close impacts
2D than in 3D.

Figure 3 presents the results of our 2D scattering calc
tions with the experimental data. We have normalized
calculated final peak height at 109 cm22 to the measured
peak height at this density, then applied the same sca
factor to the calculated peak heights at higher densities.
agreement between measured and calculated results is g
At densities higher than 1010cm22 the calculations predic
more rapid scattering than is measured. As noted above
approximations used in the calculations should lead to
slight overestimate in the calculated scattering. Howev
both measured and calculated results predict that at dens
higher than about 1010cm22, carrier-carrier scattering be
comes the dominant scattering process among 2D carrie

IV. CONCLUSION

Our experimental results and our calculations show tha
an injected carrier density of 109 cm22 the dominant scatter
ing mechanism for photoexcited 2D electrons in GaAs qu
tum wells is LO-phonon emission. As the carrier density

f
at
e

FIG. 4. The initial and final electron energy distribution in ph
toexcited 2D plasmas at densities from 109 to 631010 cm22, as
calculated by integrating the dynamically screened Boltzma
equation for 150 fsec. All distributions are normalized to the to
density.
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increased from 109 to 1011cm22, the carrier-carrier scatter
ing rate increases, and at carrier densities greater
1010cm22, carrier-carrier scattering is the dominant scatt
ing process.
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