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Femtosecond Carrier Thermalization in Dense Fermi Seas
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We study the effects of excess thermalized electron and hole populations on femtosecond carrier
thermalization in optically excited GaAs quantum wells. In modulation-doped samples we find that the
presence of 3x10" cm 2 electrons produces an extraordinarily fast carrier thermalization (faster than
10 fs); however, the presence of the same density of holes yields a thermalization time close to that of
undoped samples (=60 fs). These results give the first direct evidence that electron-electron interac-
tions yield the dominant contributions to carrier thermalization in GaAs and also show that the electron
distribution function itself influences thermalization dynamics.

PACS numbers: 78.50.Ge, 71.45.—d, 72. 15.Lh, 78.47.+p

Ultrashort optical excitation now allows us to establish
nonthermal (i.e. , non-Fermi) distributions of electrons
and holes in the conduction and valence bands of semi-

conductors and to observe them in such a short time that
they have not yet scattered out of the states into which

they were injected. The carriers can then thermalize
(i.e., assume Fermi-type distributions) within their
respective energy bands by a variety of scattering pro-
cesses, including carrier-carrier scattering (CCS), pho-

non and plasmon emission, intervalley scattering, etc. '

With excitation high above the band edge, all of these
processes are active and they contribute to thermaliza-
tion on the femtosecond time scale. Several experiments
have been done in this regime with GaAs and excitation
at 625 nm.

It is possible to isolate CCS from the other relaxation
processes by near-band-gap excitation. In this case, the
only allowable thermalization mechanism is CCS since
essentially the entire carrier distribution function is

below the threshold for the competing processes and
transitions from the spin-orbit split-of band are avoided.
This condition has been achieved in GaAs bulk and
quantum well structures (QWS).

When a photon is absorbed by a semiconductor, for
every electron which is created, one hole is created.
Therefore, even in the simplified condition of near-band-

gap excitation where only CCS is operative, the interac-
tion has three terms: electron-electron (e-e), electron-
hole (e-h), and hole-hole (h-h) scattering. Because the
electrons and holes have different properties such as
mass, phonon interaction, etc. , these three scattering
mechanisms are expected to be different in nature.
Furthermore, the carrier distribution in k space should
alter the dynamics. In the present work we investigate
experimentally these scattering mechanisms and the
influence of an e or h distribution near k =0 on the fem-
tosecond carrier thermalization process in GaAs QWS.
We accomplish this by monitoring the occupation of
specific energy states using femtosecond time-resolved
optical-absorption measurements. We perform first a set

of experiments in undoped GaAs QWS at small excess
energy ( = 20 meV), then repeat the experiments in

doped quantum wells. We use a technique known as
modulation doping in which carrier scattering is isolat-
ed from impurity scattering by doping of the barriers
only. When the barriers are doped with Si (Be), excess
electrons (holes) spill into the well and create a dense
Fermi sea of electrons (holes) which are in thermal equi-
librium with the lattice which is at room temperature for
the present experiments. Since our experimental tech-
nique is sensitive to the energy distribution of the car-
riers, we directly measure the inelastic scattering -contri-
bution to CCS. In each case we determine the carrier
thermalization time by comparison of the data with a
relaxation-time approxiination model, which we describe
brielly after discussion of the experiments.

The experimental technique is as follows. Laser pulses
of 100-fs duration at a wavelength of 805 nm are gen-
erated and amplified at 8-kHz repetition rate with a
copper-vapor laser-pumped amplifier. These pulses,
when focused into a 1-mm jet of ethylene glycol, produce
white-light continuum pulses, with the center wavelength
at 805 nm, yielding continuum intensities which are
several orders of magnitude larger than previously avail-
able. A small portion of this infrared continuum (4%)
is split off and passed through a variable time-delay
stage and focused to a 15-20-pm-diam spot in the sam-

ple, and the transmitted probe light is detected by a
spectrometer and Reticon optical multichannel analyzer.
The rest of the continuum pulse is passed through an in-
terference filter to select a 100-fs pump pulse of the
desired spectrum and focused to a 50-60-pm-diam spot
overlapping the probe pulse on the sample. The cross-
correlation measurement between the selected pump and
probe pulses is 150 fs full-width at half-maximum, corre-
sponding to 100-fs selected pump pulse and 100-fs probe
pulse widths. We directly measure the differential ab-
sorption spectrum by inserting a shutter into the pump
beam and chopping it at a 6-Hz rate while synchronously
detecting the change in the transmitted probe spectrum.
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This process is repeated 200 times at each time delay for
the data shown here.

In QWS, long-range direct screening does not
influence significantly the absorption of the correlated
electron-hole systems ' (excitons and Fermi-edge
singularities"' ) which is essentially governed by the
occupation of the lowest available states close to
k =0. " Therefore, the evolution of the absorption at
the injection energy yields information on the time it
takes the carriers to scatter out of the state in which they
were generated, whereas the evolution at the absorption
edge gives information on the time it takes them to reach
the extrema of their respective bands. In a previous ex-
periment, undoped 9.6-nm-thick GaAs quantum wells
were excited optically with 100-fs pulses near the band
edge at a photocarrier density of Nr)'=2&10' cm
Spectral hole burning was observed in a region around
the pump spectrum, and the carriers were observed to
thermalize in about 100 fs. With the much higher exci-
tation energy now available, we have investigated the
density dependence of the thermalization process in the
same sample. Figure 1(a) shows a set of differential
transmission spectra, d T/To, at 66-fs intervals for a pho-
tocarrier density N~j= 5 x 10" cm . ' In an energy
region centered about the pump spectrum, a broad hole
burning is observed followed by a rapid thermalization to
a Boltzmann-type distribution. We also see that at
ht =0, the bleaching in the region of the exciton reso-
nances (lrtru = 1.46 eV) has already reached its final

value, in contrast with the low-density excitation
wherein at ht 0 the exciton bleaching is only 6 of its
final value which is obtained at much longer times
(ht ) 200 fs). Experiments performed at various excita-
tion densities confirm this trend, demonstrating that ex-
citons bleach faster as the density is increased. This
occurs because as the density increases, CCS ejects car-
riers out of their initial states faster and they reach the
bottom of the band earlier. By comparison with our
relaxation-time approximation model, we find that r&h

reduces from = 100 to 30 fs when the photocarrier den-

sity goes from N, I, = 2 x 10' cm to 5 x 10" cm
The weak dependence of the thermalization time with

density, scaling approximately as r&hcL(N$$) ', origi-
nates from the near cancellation of two competing pro-
cesses. ' Thermalization by CCS requires numerous
scattering events during which significant energy is ex-
changed. At low excitation densities, the intrinsic
scattering rate is high, but elastic scattering dominates,
exchanging small amounts of energy per collision, thus
resulting in a relatively long thermalization time (100
fs). At high densities, the intrinsic scattering rate is re-
duced by screening and degeneracy, but the probability
for inelastic scattering, which exchanges much more en-

ergy per collision, increases significantly; hence the
thermalization speeds up only moderately' (30 fs). It is

interesting to note that the thermalization time that we
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FIG. 1. Differential absorption spectra for (a) the undoped
QWS at 66-fs time-delay intervals; (b) the n-modulation doped
QWS at 33-fs time-delay intervals; and (c) the p-modulation
doped QWS at 66-fs time-delay intervals.

measure at the highest density is significantly larger than
the time constant obtained by Lin et al. in bulk GaAs
for comparable densities. This difference is due to the
fact that in our experiment CCS is the only relaxation
mechanism involved in the thermalization. Nonetheless,
the weak dependence which we find for the density
dependence of the CCS rate in our high-density experi-
ments is consistent with the weak dependence which has
been found in other experiments.

The n-type sample consists of 12-nm wells and 40-nm
barriers, the central 10 nm of which were doped with Si.
This provided an areal electron density of about
N, = 3 x 10"cm in the wells, as determined by Hall
measurements and a room-temperature mobility p
=2000 cm /V s. In modulation-doped QWS, the lowest
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states accessible by optical absorption are "Fermi-edge
singularities""' which appear at the Fermi energy.
Figure 1(b) shows the differential transmission spectra
at 33-fs intervals for a density of photocarriers
N,~) = 3x10" cm and excess energy above the Fermi
edge as for the undoped case just discussed. No evidence
of a nonthermal distribution is observed. The differential
spectra now rise as a uniform Boltzmann-type distribu-
tion for all times; quite a different result than in the un-

doped case. It is our contention that in this case, carrier
thermalization is so rapid that it occurs on a time scale
below the system time resolution. Our relaxation-time
approximation model indicates that zth &10 fs is re-
quired to reproduce this result. The spectra show instan-
taneously a small negative dip at the low-energy edge
which indicates a slight decrease of the transmission. It
originates from a slight shift and broadening at the Fer-
mi edge as the photocarriers are injected. This experi-
ment shows that thermalization is much faster in the
presence of a thermalized Fermi sea of electrons.

The p-type sample consists of 11-nm wells with 40-nm
barriers, the central 10 nm of which were doped with Be,
yielding an areal hole density in the well of Np'
= 2 x 10" cm and a room-temperature mobility
@=200 cm /V s. Figure 1(c) shows the differential
transmission spectra under identical conditions as for the
n-type cases but at 66-fs intervals. A clear spectral hole
burning is again observed around delay time ht =0 in a
region of energy around the pump spectrum. A thermal-
ized profile is reached in about 100 fs, but at early times
the line shape is much more complicated than in the two
previous cases. The relatively complex differential spec-
trum at h, t =0 has a simple interpretation. In Fig. 2 we

show the absorption spectra at h, t = —200, 0, and +400
fs together with the differential absorption at dt =0 and
the pump-pulse spectrum. The large negative dip in the
differential absorption spectrum is caused by an instan-
taneous broadening and shift of the Fermi edge which is

apparently larger than in the case of the n-type sample.
The origin of such a strong reaction of the Fermi sea of
holes is not understood at present, but it could be related
both to the complex valence-band structures of QWS
and to the dependence of many-body effects upon the
mass of the carriers in the Fermi sea. Then, as the pho-
tocarriers thermalize, they fill up the bands and the ab-
sorption edge shifts to higher energy. We note that the
hole-burning signal appears at a slightly lower energy
than the pump energy. This seems to be a reproducible
feature and may be the result of renormalization effects.
In our previous experiment at low densities in undoped
quantum wells, the hole was also burned at a slightly
lower energy; however, at high densities, the hole burn-

ing is symmetric about the pump as a result of saturation
[Fig. 1(a)I.

We find by comparison to our model that in the p-type
case the thermalization time is about 60 fs. This result
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FIG. 2. Absorption spectra of p-modulation doped sample at
time delays h, t = —200, 0, and +400 fs, and differential ab-
sorption spectrum at h, t 0 with pump spectrum. Note the
small shift between the hole burning and the pump-pulse spec-
trum, and the shift of the absorption edge due to band filling
between ht =0 and h, t =+400 fs.

stands in marked contrast with the n-type case where we
found a thermalization time of less than 10 fs, but
resembles more closely the case of the intrinsic sample.
Thus, apparently the excess hole population at the top of
the valence band is less effective in thermalizing the pho-
tocarrier distribution than an excess electron population
of about the same density at the bottom of the conduc-
tion band. Our interpretation of this result is that be-
cause of the large mass difference between e and h, e-h
scattering is mostly elastic and thus does not yield fast
thermalization. It is worth noting that by use of
luminescence techniques, momentum-relaxation times
= 80 fs were measured' for electrons in quantum wells

p-modulation doped at Nld'~ = 1.6 && 10" cm
The effects of femtosecond optical injection of carriers

in dense two-dimensional e-h systems is a complicated
problem in many-body physics that has not been solved
to date. Even modeling correctly the thermalization in
our simple case with only CCS in the I valley is ex-
tremely complicated. One approach to this problem
which has recently been developed makes use of heavy
numerical ensemble Monte Carlo simulations. ' Al-
though we have succeeded in observing nonthermal dis-
tributions in QWS over a wide range of parameters, we
need a model of the relaxation to deduce time constants
for thermalization. In order to interpret our data in sim-
ple terms, we have developed a model that summarizes
the time evolution of the carrier distribution in a single
parameter, the thermalization time zth, and yet incorpo-
rates the major ingredients of the experiment. We as-
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sume that on the time scale of the observation, no energy
is exchanged with the lattice and there is no loss of car-
riers due to intervalley scattering or recombination. We
assume a local equilibrium relaxation toward the Fermi
distribution corresponding to the instantaneous number
of carriers present in the sample. We account for ab-
sorption saturation in the 2D continuum. The time
dependence of the driving term is assumed to be a 150-fs
FWHM hyperbolic secant pulse, in agreement with the
measured cross-correlation function. We find that this
simple model gives a description of the dynamics of the
population in excellent agreement with that of the Monte
Carlo simulations' in terms of both its time evolution
and energy distribution. The zu, quoted in the previous
sections were obtained by simultaneous comparison of
the experimental time evolution at the lowest energy lev-

el and at the injection energy with the model. In partic-
ular, we find that when z,h becomes small compared to
the time width of the driving function, the nonthermal
distribution around the driving-term spectrum becomes
less pronounced. For z&h(10 fs, nonthermal distribu-
tions are not resolved.

In conclusion, we have directly demonstrated that the
thermalization rate is greatly increased by the addition
of a dense thermalized Fermi sea of electrons, but it is

not increased by the addition of a dense thermalized Fer-
mi sea of holes. In the undoped case, even at high exci-
tation densities (5x10" cm ), we resolve nonthermal
distributions with about 30-fs thermalization times; how-

ever, the addition of a less-dense thermalized Fermi sea
of electrons produces faster thermalization. This shows

clearly that the electron occupation function as well as
the total electron density is important in determining the
thermalization dynamics. In particular, these results im-

ply that occupation at k =0 increases the thermalization
rate. In the undoped case, there is no occupation at
k 0 at time t 0, and so the thermalization rate is ini-

tially small and may be dynamically modified by the
changing occupation. We have also evaluated the relax-
ation approximation solutions for this case, using a
thermalization rate consisting of a constant term plus a
term proportional to the occupation at k=0. This ap-
proach, albeit a heuristic one, yields results which are
consistent with the experiments, but more work is needed

on this point. Figure 1 strikingly evidences the qualita-
tively different thermalization behaviors of the undoped,
n-doped, and p-doped samples.
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