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In-plane transport of photoexcited carriers in GaAs quantum wells
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We have measured the picosecond-time-resolved in-plane motion of carriers in a multiple quantum
well by a spatially scanned pump-probe technique at bath temperatures between 8.5 and 60 K. The
effective ambipolar diffusivity measured from the spatial expansion of a nonequilibrium carrier distribu-
tion is found to increase with pump power, i.e., carrier density. We believe that this effect is in part due

to the formation of a degenerate semiconductor plasma and to screening of scattering centers. An in-

crease in the diffusivity is observed with the change in the bath temperature from 8.5 to 60 K that is con-
sistent with a simple impurity-limited scattering model. The diffusivity at 0-200 ps is found to increase
with the incident photon energy, while the diffusivity measured at 500 ps remains relatively constant
with increasing photon energy. The decrease in the expansion rate with time is ascribed to the decreas-

ing kinetic energies of the carriers.

I. INTRODUCTION

The properties of photoexcited carriers in
GaAs/Al„Ga, „As heterostructures have been exten-
sively studied by spectroscopic means. Recently spatial
techniques have been developed in order to understand
the underlying mechanisms governing the transport of
carriers. Time-of-flight measurements have been used to
measure exciton transport, showing the dependence of
diffusivity on the well width and the sample tempera-
ture. ' An earlier study of exciton transport used an opti-
cal four-wave-mixing technique to measure transport and
spatial localization effects, and four-wave-mixing was
also used to study ambipolar transport. More recently a
space- and time-resolved Raman probe has also been em-
ployed to examine the transport of plasma. In our labo-
ratory, the in-plane transport properties of photoexcited
carriers have been measured using a scanned pump-probe
technique which showed that the transport was depen-
dent on initial pump intensity. '

This work presents a study of ambipolar transport in
quantum wells and examines both the spatial expansion
and spectral changes. Since the hot photoexcited carriers
relax in energy while diffusing in space, the spectral and
spatial evolution of nonequihbrium carriers optically in-
jected in a localized region are interrelated. Despite this,
no comprehensive time-resolved study of both of these
phenomena under the same conditions has been reported.
It is obvious that the local carrier density arising from an
absorbed laser pulse depends on the excitation parame-
ters, the carrier diffusivity, and the carrier lifetime. In
order to develop a picture of both the spatial and the
spectral properties, we have used a picosecond time-
resolved spatial-imaging technique as in Ref. 5. Time-
resolved information about photoexcited carriers is ob-
tained by measuring their perturbation on the optical ab-
sorption spectra of the sample. The carriers excited by a

pump pulse cause an increase in the transmission of a
subsequent probe pulse. Absorption spectra are mea-
sured by overlapping the spatial position of the pump and
probe beams. Both the pump and the probe beams can
be sharply and independently focused as they pass
through a multiple quantum well (MQW), and spatial in-
formation is gained by scanning either the pump or the
probe beam parallel to the plane of the well, as shown in
Fig. 1(a). In an accompanying paper (hereafter referred
to as paper I) we examine the influence of the nonequili-
brium carrier density on the picosecond time-resolved
transmission spectra at low temperatures. In this paper
we concentrate on the time-resolved spatial expansion of
photoexcited carriers in the MQW under the same condi-
tions.

This paper is organized as follows: We describe the ex-
perimental procedure developed to obtain our spatial-
spectral information. The lateral spread of carriers in the
quantum well is quantitatively described by following the
evolution of the full width at half maximum (FWHM or
b, ) of the spatial carrier distribution. Experimental
dependences of b, (t) on bath temperature, T (= lattice
temperature TL ), and the photon energy of the pump
pulse are described in terms of an effective diffusivity. We
find that the observed dependence of the diffusivity on
temperature and carrier density can be interpreted in
terms of a model based on ionized impurity scattering.

II. EXPERIMENTAL METHODS

The schematic illustration in Fig. 1(b) depicts our ex-
perimental setup. The optical pulses are produced by
Styrl-8 and Styrl-9 dye lasers synchronously pumped by a
mode-locked argon-ion laser at 76 MHz. The wave-
lengths of the pump and probe lasers span an energy
range near and above the band-gap energy. The spectral
width of the laser pulses is approximately 0.4 meV, and
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the cross-correlation width is & 5 ps and stable to & 1 ps.
The time delay between the pulses is varied by a
computer-controlled external delay line in the probe-
beam path. The polarization of the pump beam is rotated
90' to the probe-beam polarization; the two beams are
then made colinear at the polarizing beam splitter. The
combined beam is focused onto the sample by a 10-mm
focal-length achromat, L3, which is fixed relative to the
sample inside a variable-temperature optical cryostat
operating in either a helium-immersion or a gas-Aow
mode. The light transmitted through the sample is fo-
cused onto a photodiode, and any residual (transmitted)
pump light is blocked by a linear polarizer. Depending
on the type of measurement, either the probe or the
pump beam is mechanically chopped and the ac signal
from the photodiode is fed to a lock-in amplifier.

For two-dimensional (2D) spatial imaging, the probe
beam is raster scanned across a region containing the
pump-beam spot IFig. 1(a)]. To accomplish this, the
probe beam is focused by lens L2 at a spot before the Lu-
cite refracting blocks, labeled x and y. The rotation of
the Lucite blocks about orthogonal axes by electronically
controlled galvanometers translates the focused spot on

the sample. Lenses L2 and L, independently determine
the focus and position of the probe and pump spots on
the sample. In order to calibrate the spatial scan range
and to determine the spot size of the beams in the plane
of the sample, metallic crosses with 10-pm-wide lines
were deposited on the surface of the sapphire substrate.
After adjusting the focal spots with the target, the convo-
luted beam spot of the focused pump and probe beams
has a FWHM of about 4 pm, implying that each beam
has a FWHM of about 3 pm. Galvanometer rotation,
time delay, probe-beam wavelength, and data acquisition
are coordinated by a computer and displayed on a video
monitor.

The sample used in this work is a MQW with 30
periods of 210-A GaAs wells and 100-A barriers of
Alp 25GaQ 75As. The sample is glued with cyanoacrylate
("super glue" ) to a 0.5-mm-thick sapphire substrate with
the c axis perpendicular to the wells. The GaAs substrate
is etched away over a 0.5-mm-diameter region to provide
a transmission window through the wells. A spatial
scan of the etched region shows inhomogeneities in the
local spectrum. Since we are able to determine variation
in the spectrum with a few-micron spatial resolution,
etch pits and defects in the sample show up clearly in the
image. In taking data, we avoided the regions with large
inhomogeneities.

Time-resolved transmission spectra are recorded with
the pump and probe beams positioned to pass through
the same spot in the MQW window. Figure 2 shows
transmission spectra taken by stepping the wavelength of
the probe-laser pulse at fixed time delay with respect to
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FIG. l. (a) Diagram of MQW sample. The probe and the

pump laser are focused into a 0.5-mm-diam region where the
GaAs substrate has been etched away, leaving only the
quantum-well structure mounted to the sapphire substrate. The
pump and the probe beams can be independently translated. (b)

Schematic of the picosecond absorption-imaging apparatus, as
described in the text.
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FICx. 2. Transmission spectrum of the probe beam at x =0
[Fig. 1(a)] and bath temperature of 30 K, measured by varying
the probe wavelength. Heavy-hole (HH) and light-hole (LH) ab-

sorption lines are seen. The transmission I is normalized to the
MQW transmission for a photon energy just below the gap
(1.518 eV). The solid curve is the transmission measured by a
nonperturbing probe beam with no pump pulse, and the dashed
curve is the transmission measured 10 ps after the pump pulse.
P,b, is the average pump power absorbed by the MQW. For
zero pump power, the transmission of the probe beam at the
HH resonance is 0.03, corresponding to an absorbance of 5 X 10
cm
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the pump pulse. The intensity of the probe beam is re-
duced to roughly —,

' of the power level below which no
self-induced perturbations are observed in the spectra (0.4
pW in a 4-pm-diam spot). The solid curve is the probe
spectrum with the pump beam off, and the dashed curve
shows the changes induced in the probe spectrum at a
time 10 ps after the peak of the pump pulse. The heavy-
hole and the light-hole exciton energies are in agreement
with the well-width and barrier parameters described
above. A more detailed investigation of these spectra is
the subject of the accompanying paper I.

To quantitatively study the carrier diffusion, we need
to relate the observed changes in transmission to the
number of carriers in the path of the probe beam. The
total initial number of carriers is proportional to the ab-
sorbed energy per pulse at the pump wavelength, which
in turn is related to the average incident power by the re-
lation E „,„=P,b, lf =(rlP;„, P, )lf—, where ri is the
fraction of the incident power that passes into the sam-
ple, P, is the transmitted power, and f =76 MHz is the
pulse repetition rate. gP;„,is determined by measuring
the maximum transmitted power, P, , at a photon energy
below the band gap (e.g., h v=1.518 eV in Fig. 2) where
the absorption is assumed to be insignificant. The
difference between this power and the power measured
when the laser is tuned to A vp p

above the band edge is
the total power absorbed by the MQW, P,b, . For a typi-
cal hv „=1.6 eV, P,»/P, =0.90, implying that the
power absorbed by a single well is on average
[1—(0.10}'~3o]Pro=0.07P, , or roughly 7% of the power
passing through the well. The 30 quantum wells serve to
increase the optical absorption signal, but produce a vari-
ation in carrier density from front to back of a factor of
6—9 depending on photon energy. As a representative
value, the average single-well carrier density at a pump
power of P,b,

= lpW is n =1X10 cm for a FWHM
spot diameter of 4 pm. All laser powers specified in the
figures refer to P,b, . The carrier density estimated in this
way represents the peak density obtained during the laser
pulse.

Figure 3(a) shows the relationship between the pump-
induced change in the transmission, AI, and the incident
pump power for a fixed probe delay at 12 ps. EI is scaled
to be between 0 for no bleaching and 1.00 for no probe
absorption. A saturation in AI is clearly observed above
30 pW, and a linear relation between EI and P,b, is ap-
proached only below about 4 pW, corresponding to less
than 10% change in transmission. The range of linearity
may be extended by spatially integrating EI about the
pump spot and plotting this versus P,b, . The result, plot-
ted in Fig. 3(b), shows a nearly linear dependence up to
about 50 pW. This analysis demonstrates that part of the
"saturation" effect observed in Fig. 3(a) arises from the
spread of carriers laterally from the initial excitation re-
gion. We also see from a comparison of Figs. 3(a} and
3(b) that one cannot assume a linear relationship between
AI and the carrier density for EI in excess of about 50%
bleaching. Within these qualifying limitations, however,
the density can be approximated by the measured change
in the transmission, b,I (t).
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FIG. 3. (a) Carrier-induced transmission of the probe beam
EI (defined in Fig. 2), as a function of the pump power. Both
beams are spatially fixed and concentric (i.e., x =0 in Fig. 1),
and the time delay between them is 20 ps. (b) Spatially integrat-
ed transmission intensity obtained by scanning the probe beam
across the pump spot and assuming cylindrical symmetry.
(AI X5 in Fig. 5). This quantity exhibits a more-linear depen-
dence on excitation power than the peak, AI, indicating that the
saturation of EI in (a) is in part due to diffusion of carriers out
of the pump region. The slopes of the lines are unity.

III. TIME-RESOLVED IMAGING OF 2D TRANSPORT

The capabilities we have described provide a sophisti-
cated tool to study carrier motion with picosecond reso-
lution. We effectively create a "movie" of the expansion
process by measuring the x-y profile of the carrier distri-
bution at a series of delay times. A time-resolved two-
dimensional image produced by raster scanning the probe
beam in the x and y directions is displayed in Fig. 4(a).
The wavelength of the probe beam is fixed at the center
of the heavy-hole exciton absorption line. The peak in
the middle of Fig. 4(a) is due to the carrier-induced
differential transmission, EI, of the probe beam 20 ps
after the pump pulse. Figure 4(b) shows the enhanced
transmission in the same region 1000 ps after the pump
pulse. We see a reduced height and broadened width of
the carrier distribution, indicating carrier recombination
and lateral spatial expansion.

The rate of expansion of the carrier distribution over
time is readily measured from information contained in
these 2D images; however, the axia1 symmetry of the dis-
tribution indicates that the spatial distribution is com-
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pletely characterized by a one-dimensional scan "through
the peak. " The line scans in Fig. 5(a) taken at a bath
temperature of 40 K show the expansion in space of the
carrier distribution as well as the decrease in height due
to recombination. In this example, the time-averaged
pump power absorbed by the crystal is P,b, =195 pW,
corresponding to a pulse energy 2.6 pJ. To more clearly
show the expansion as a function of time, the spatial
profiles in Fig. 5(a) are scaled to the same maximum
height and replotted in Fig. 5(b). The square of the
FWHM as a function of time, b, (t), is plotted for several
pump powers in Fig. 6(a).

First we consider if b, (t) adequately represents the spa-
tial motion of the carriers. A bimolecular recombination
term, proportional to —Bn, would tend to decrease the
peak of the distribution more rapidly than the flanks,
causing the shape of the distribution to flatten with time
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FIG. 5. (a) Line scans across the transmission peak for a
series of delay times. (b) Same as in (a) but with the peak inten-

sities scaled to the same value. The 6 denotes the full width at
half maximum. These data clearly show the spatial expansion
of the photoexcited carriers.
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FIG. 4. (a) The transmitted probe intensity at the HH reso-
nance as a function of position 20 ps after the pump pulse. The
peak in the middle shows the enhanced transmission of the
probe (i.e., "bleaching" ) due to the presence of carriers. The
trough at the upper edge is due to blockage of a 10-pm-wide
metal strip deposited on the surface of the sample for spatial
calibration. The larger structures in the foreground are due to
variations in the exciton spectrum due to local inhomogeneities.
(b) The same spatial scan shown 1000 ps later. The bleached re-

gion has expanded due to carrier diffusion, and the integrated
intensity is reduced as the carriers recombine. The two plots
have the same absolute scales. The bath temperature is 40 K.
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FIG. 6. (a) The square of b as a function of time for different

pump powers, showing an increase in effective diffusivity with

power. The curves are drawn to guide the eye. (b) The effective

diffusivity is measured from the slope of 6' vs time.
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where the expansion is cylindrically symmetric and ~ is
the recombination time. For an initial Gaussian-shaped
distribution, the solutions are of the form

CJp1l p
2

P
2

n (r, t)= exp exp
4Dt +op 4Dt +op

(2)

and lead to an apparent rapid motion of the carriers as
measured by the FWHM. To test this possibility, line
scans of a defocused 35-pm-wide distribution were mea-
sured as a function of time, then scaled to the same max-
imum height for comparison, as in Fig. 5(b). No change
was observed in the width or shape of the distribution
with time, indicating that bimolecular recombination
terms were not significant. The carrier densities obtained
in the wide defocused spot were lower than the highest
densities studied in our experiments, so the relevance of
the test is limited to medium to low carrier densities.
More qualitatively, line scans taken at high density did
not greatly depart from the general Gaussian shape ob-
served at lower densities, indicating an insensitivity to
density-dependent terms. Accordingly, we approximate-
ly characterize the expansion of the carrier distribution
by measuring the time dependence of the FWHM alone.

For a purely diffusive process, one expects the expan-
sion to be described by the two-dimensional diffusion
equation,

We first attempt to separate the effects of carrier tem-
perature and density on the diffusivity by resonantly ex-
citing at the heavy-hole (HH) exciton in order to mini-
mize the kinetic energy of the carriers. As discussed in
paper I, nonresonant photoexcitation initiates the car-
riers in a hot distribution with the carrier temperature
T, ) Tz for the carrier densities and time resolution in
our experiments. The carriers cool through phonon
emission with a time constant -250 ps that appears to
increase slightly with increasing density. ' Figure 6 de-
picts the expansion of carriers which are losing excess en-

ergy with time while decreasing in density through
recombination and expansion. Figure 7(a) shows the cor-
responding resonant excitation case at a sample tempera-
ture of 8.5 K. The time behavior of 5 appears to divide
into two regimes: at times before 100 ps, the slope of 6
versus time is strongly dependent on the initial carrier
density, whereas at times after 200 ps, the slope remains
relatively insensitive to the changes in the initial density.
From Fig. 6, we note that the faster expansion persists
longer at 40 K (nonresonant excitation) than at 8.5 K
(resonant), but that here too, the initial carrier density
(pump power) primarily affects the expansion rate at ear-
ly times.

One might immediately speculate about the origin of
this time- and power-dependent diffusivity. Previous
work at T ~ 15 K interpreted a similar effect in terms of a
ballistic-phonon wind, and such a mechanism may play

where era is the initial 1/e half-width. The diffusivity, D,
is obtained from the slope of the curve of 6 versus time
using the relation

(3)
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where 11.09=161n(2) and b0=41n(2)era is the initial
(FWHM) determined by the laser spot size on the sam-
ple.

We see from Fig. 6(a) that b, does not increase at a
constant expansion rate as predicted by Eq. (3), but in-
stead increases at a rate that monotonically decreases.
Also, the expansion rate increases strongly with increas-
ing carrier density, a parameter which does not enter the
simple diffusion description. We define an effective
diffusion constant, D,z, as the instantaneous value of
dA /dt divided by 11.09, which may be approximated as
the slope between adjacent data points, or the slope of a
smooth curve fit to the data. Figure 6(b) shows how D,ft
decreases with time for the three different initial excita-
tion densities. For a given initial density, the effective
diffusivity is seen to decrease in time by over a factor of 4.

The remainder of the paper examines the experimental
factors responsible for the time- and density-dependent
diffusivity noted above. We emphasize the roles of the
carrier density, carrier velocity, plasma versus excitonic
state of the carriers, and impurity scattering. Although
this analysis provides insights into the carrier expansion
process, we find that no simple model emerges that is
capable of completely describing the behavior that we ob-
serve.
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FIG. 7. (a) The square of 5 plotted as a function of time for
the pump energy resonant with the HH exciton for various
pump powers. (b) The effective diffusivity derived from the
slopes of the curves in (a) as a function of carrier density.



13 466 H. W. YOON, D. R. WAKE, J. P. WOLFE, AND H. MORKOU 46

some role in this data at 8.5 K. However, we find a simi-
lar density dependence in the expansion to occur when
the lattice temperature is 40 K (Fig. 6) and the typical
phonon mean free path is less than a few microns, argu-
ing against a ballistic phonon-wind mechanism at these
higher temperatures. Furthermore, in Fig. 6(a) the initial
expansion velocity of the carriers at 195 pW is approxi-
mately 8X10 cm/s. This rate is greater than the veloci-
ty of sound (u, =5 X 10 crn/s for LA phonons in GaAs),
which would not be expected from a phonon-wind-driven
expansion.

In Fig. 7(b), the effective diffusivities are obtained from
the slopes of smooth curves fit to the data in Fig. 7(a).
Each curve of Fig. 7(b) portrays the expansion process,
with time as a parametric variable increasing along the
curves from right to left. The expansion rates of carrier
populations may be compared for a particular density
reached from different initial conditions. Notice that at
high excitation levels the initial carrier density is not pro-
portional to the excitation power because the initial 6
also increases with power, possibly due to a differential
bleaching at high density [see Fig. 3(a) and the corre-
sponding discussion]. The data of Fig. 7 demonstrate
that there is not a simple one-to-one relationship between
the carrier density and the diffusivity.

It is surprising that the diffusivity lacks a simple one-
to-one relationship with carrier density. One possibility
is that those carriers which start at a higher density have
a greater kinetic energy. In other words, the distribu-
tions at n =4X10" cm in Fig. 7(b) have different
effective temperatures. Retarded cooling rates have been
previously observed at high carrier density in quantum
wells, however, the present experiment involves near-
resonant absorption. Another possibility is that the car-
riers increase in temperature due to Auger heating. The
Auger mechanism seems to be especially relevant for res-
onantly pumped distributions in which the carriers are
not excited with large excess energies. Unfortunately, a
typical Auger coefficient for GaAs is on the order of
10 —10 cm /s, " whereas the magnitude necessary
to appreciably affect the population within the first few
pjcoseconds js 4X10 —1X10 cm /s. On the other
hand, the Auger recombination may be enhanced by any
mechanism that relaxes the constraint of rnomenturn con-
servation in the scattering process. ' If Auger recom-
bination began during the laser pulse that resonantly ex-
cites the carriers, the heated carriers and nonequilibrium
phonons generated would tend to promote the Auger
nonradiative recombination coefficient until they cooled.
Moreover, there is uncertainty in the size of the Auger
coefficient in quantum wells, in large part due to uncer-
tainty in the electron-hole overlap integral. ' Only more
precise calculations and experiments can reconcile the
importance of Auger heating under intense photoexcita-
tion in quantum wells, but presently we do not have
another likely candidate to explain the boosted expansion
rate at early times and high density [e.g. , Fig. 7(b) for
n )3X10"cm ].

The diffusivity depends more on the instantaneous den-
sity than the initial conditions for n (3X 10"cm . The
diffusivity is observed to increase with increasing density

in the range (1—3) X 10" cm in Fig. 7(b), implying the
existence of an electron-hole plasma for n ) 1 X 10"
cm . A density-dependent scattering rate can arise first,
from the increase in the kinetic energy of a degenerate
plasma, and second, from the screening of ionized
scatterers by the plasma. The density dependence of the
exciton linewidth, discussed in paper I, suggests the dorn-
inance of the excitonic state at densities below —1 X 10"
cm, whereas the density-dependent diffusivity above
—1X 10" cm suggests that a transition to the plasma
phase at this density. In fact, these densities may be
above the critical density, nM, at which the metal-
insulator transition is believed to occur. Some many-
body calculations indicate a pseudo-2D Mott criterion of
nM a -0.06—0.08, ' which yields n~=3X10 cm for
a = 138 A. Subsequent calculations suggest that
n~ a -0.8 in 2D, ' yielding n~ =3 X 10" cm for
a =138 A. Transmission experiments on an 180-A well
structure' and on modulation doped wells of 200-A
width also suggest a critical density at —1 X 10" crn

As pointed out by Hillrner et al. ,
' the plasma scatter-

ing rate will in general be different from that of the exci-
tons. They suggested that the inverse scattering rate, or
momentum relaxation time, is longer for plasma than for
excitons, in apparent agreement with our results. Addi-
tionally, at low temperatures and at the higher densities
in our experiment, the electronic-distribution function is
expected initially to be degenerate with a quasi-Fermi en-

ergy in excess of k~ Tb„h. Thus screening of scattering
centers and a higher average velocity of carriers in a de-
generate distribution can explain the large initial (t & 100
ps) diffusivity which increases with the carrier density.

The dependence of D,ff on carrier velocity may be ex-
amined independently of the density dependence by excit-
ing near the band edge at a moderate initial carrier densi-

ty 10" crn over a range of bath temperatures. We
assume that the carrier temperature remains near the
bath (lattice) temperature during the expansion. Figure
8(a) shows expansion data for constant excitation density
and T =20, 40, and 61.8 K. Under these conditions, the
expanding carrier population should be nondegenerate
and the LO-phonon population produced by carrier
thermalization will be insignificant. Figure 8(b) shows the
D,ff obtained from the slopes of the expansion curves for
the three temperatures as a function of time and Fig. 9(a)
replots these data points as a function of temperature.
For simplicity, we assume an energy-independent scatter-
ing rate and mobility, consistent with measurement on n-

type modulation-doped quantum wells with rnobilities
—10 cm /V s. An energy-independent scattering time
for a screened Coulomb potential over a 10—60 K tem-
perature range agrees with calculations in the Born ap-
proximation to better than 10%%uo.

' The Einstein relation,
or simply modeling the diffusivity as —U ~ leads us to
then expect that the diffusivity is linear in

T, —((mu )/2) and Fig. 9(a) shows this to be borne
out. ' Figure 8(b) suggests, however, that the scattering
time ~, must be decreasing with time as the density de-
creases with expansion and recombination. Thus we find

that the "diffusion" of the two-component semiconductor
plasma depends on both the average carrier velocity and
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FIG. 8. (a) The square of 6 plotted as a function of time at
different temperatures for the pump energy resonant with the
HH exciton. (b) The effective diffusivity corresponding to the
curves in (a).

the density-dependent scattering rate.
The value of the diffusivity and its temperature depen-

dence at 700 ps is in agreement with luminescence mea-
surements made under similar conditions by Hillmer
et a/. Their time-of-Aight luminescence experiments
show a similar increase in diffusivity with temperature
from 10 to -70 K. The linear T dependence of the
diffusivity was observed for a range of quantum-well
widths from 80 to 740 A. Our diffusivity data, deter-
mined from the spatial evolution of the differential ab-
sorption spectra, show a similar increase with tempera-
ture at a given delay time of 1 ns. Our data extend these
results to show a more complex temperature dependence
at earlier times which also depends on the delay time
from the pump pulse.

We now return to the dependence of the expansion rate
on the initial kinetic energy of the carriers. Studies have
shown that electrons photoexcited by photon energies
greater than the band-gap energy can achieve tempera-
tures, T„much greater than the lattice temperature. '

The carrier temperature determined from time-resolved
luminescence data indicate that T, can be as high as 150
K, with the lattice temperature at liquid-helium tempera-
tures. The rate of decrease of the carrier temperature de-
pends on the carrier density; a larger carrier density leads

to a slower rate of decline in T„and the characteristic
time for the drop in T, can be as long as 300 ps.

The dependence of D,N on excess pump energy at early
time is shown in Fig. 10 for T=8.5 K and 3.9-pW
excitation-power level. The D,ff increases from 20 to 100
cm /s as the photon energy is increased by 30 meV. Fur-
ther increasing the photon energy above 1.552 eV does
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not lead to corresponding increases in D,ff, an observa-
tion we will shortly address. We believe that the increase
in D,ff with excess energy is due to the more rapid carrier
motion at the higher carrier temperatures. The cooling
of the carrier distribution reduces the thermal velocity, so
that at 500 ps the expansion rate is relatively independent
of the initial excitation energy.

The saturation in D,ff as a function of the excess pho-
ton energy is probably caused by the rapid loss of energy
of the carrier population due to the LO-phonon emission.
The LO-phonon emission rate from a highly energetic
electron is of order 150 fs and numerous studies have
shown the importance of LO-phonon emission in limiting
the effective electronic temperature. This process acts
to clamp the energy dependence of D,ff at an upper limit
of approximately 30 meV for the times scales of interest
in these experiments. Even if the carriers are created
with a single kinetic energy somewhat less than that of an
LO phonon, 36 meV, they scatter into a thermalized dis-
tribution with the same average energy, and a significant
fraction can have kinetic energies larger than 36 meV.
Hence, the cooling due to LO-phonon emission can be
significant even when the average excess energy is well
below 36 meV.

IV. DISCUSSION OF SCATTERING MECHANISMS

The excitation pulse creates a two-component semicon-
ductor plasma in which the population density of the
electrons is virtually equal to the density of holes, with
both densities much greater than the density of impuri-
ties. The electron effective mass, m,' =0.0665m 0, is
much lighter than the heavy-hole effective mass,
m HH =0.45ma, where ma is the free-electron rest mass.
The electrons move with a thermal velocity,
(m,*/m HH

)'~ times the heavy-hole thermal velocity, or
v, =2.6vHH. Thus, the electrons will attempt to move out
from the photoexcitation spot more rapidly than the
holes, but they lack sufficient thermal energy to
significantly polarize the charge distribution. Therefore,
the electron-hole population expands collectively as a
neutral two-component plasma with an effective carrier
mass limited mainly by the heavy holes. In the absence
of external forces (e.g. , phonon winds), the diffusivity
measured in our experiment is thus an ambipolar
diffusivity given by, '

Pp n +An p
Den

Pp+Pn
(4)

where p (p„)is the hole (electron) mobility and D (D„)
is the hole (electron) diffusivity.

For a nondegenerate distribution, the Einstein relation
connects the mobility and diffusivity: p=eD/k~ T. Even
in degenerate distributions, D and p are linearly related:
p=C(eD/ksT) where C is a degeneracy-dependent con-
stant on the order of 1 —10. In the nondegenerate case,
the ambipolar diffusivity reduces to the expression
D,&=2D /(1+D /D„). The hole diffusivity is much
less than the electron diffusivity because the hole mass
and scattering cross section is greater than the corre-

sponding electron quantities. Experimentally this is
verified by the disparate mobilities measured in
modulation-doped structures where p„/prp 10 /
(2X10 ). Thus D,ff=2D, i.e., the expansion of the
electron-hole system is determined by the hole diffusivity.
The principle effect of the electrons may be to additional-
ly enhance D,z by screening the holes from scattering
centers at high carrier density.

Various mechanisms can dominate the scattering rate
depending on the particular conditions, including phonon
scattering, interface roughness, and impurity scattering
mechanisms. At the lattice temperatures employed here,
the phonon populations for the resonant excitation case
are small, and neither optical- nor acoustic-deformation-
potential scattering is significant. For example, at 10 K
acoustic-deformation-potential scattering for holes yields
a mobility of —10 cm /Vs decreasing to —10 cm /Vs
at 100 K, which would correspond to a T-independent
diffusivity of 9X10 cm /s. Interface-roughness scatter-
ing is not expected to be important since the well width is
relatively wide (210 A), and well-width fluctuations cause
very small perturbations in the electronic levels, possibly
proportional to 1/L . The mechanism most likely to
govern the expansion of the photoexcited population is
therefore impurity scattering.

In modulation-doped GaAs quantum wells, the trans-
port of the one-component electron plasma is governed by
Coulombic scattering by background impurities for
T &80 K. We have argued above that it is the hole
mobilities which limit the transport of the tao-component
photoexcited plasma. The two-component plasma's hole
scattering will be governed by a similar mechanism. Fig-
ure 9(b) shows the data of Fig. 9(a) transformed via the
Einstein relation to the corresponding mobilities. Our
experiments involve a complicated system in which the
electrons and holes in the two-component plasma can
have either degenerate or nondegenerate statistics. To
our knowledge this situation has not been theoretically
treated in the literature.

Nevertheless, it may be useful to compare our results
to those of a single-component plasma in modulation-
doped wells. The relatively weak T dependence seen in
the plot of p vs T is similar to that exhibited by
modulation-doped structures analyzed in a number of
theoretical and experimental studies. The solid line in
Fig. 9(b) is calculated using a model for mobility limited
by ionized-impurity scattering in the heavily screened
limit

4~S,h'(sea) ~k~
p=

e m N I

where S, is the screening parameter in the strong scatter-
ing limit set equal to 2/az, where az is the effective Bohr
radius in GaAs, m* is the heavy-hole effective mass, c. is
the high-frequency dielectric constant, and N; is the den-

sity of ionized impurities. At a degenerate density, the
average electron wave vector

~
k

~

= ( 2vrn, )', where n, is
the carrier concentration. For our experimental condi-
tions, n, -4X10" cm at t =0. As the temperature is
lowered the density of ionized impurities within the well
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should decrease. In order to take into account the freeze
out of the scattering centers, we have replaced the impur-
ity density N, by No exp( —Plk&T}. The fitted curve in

Fig. 9(b) was generated by using two adjustable parame-
ters: the No =3.3 X 10' cm and the freeze-out energy
/=0. 6 meV, which corresponds to 7 K. Furthermore,
although not shown in Fig. 9, neutral-impurity scattering
places an upper limit on the mobility as the sample tem-
perature approaches T =0 K.

In order to probe the idea that the dominant mecha-
nism limiting carrier transport is the intrawell back-
ground impurities, the mobility seen at later times in Fig.
9(b) is plotted as a function of carrier density in Fig. 11.
The mobility as a function of density follows an n,'

dependence, which agrees with the idealized model of
Ref. 25 rtheir Eq. (27} with zo set =0]. The decrease in
the mobility seen at later times in Fig. 9(b) follows from
the reduction in the carrier density which corresponds to
a decrease in the Fermi momentum: kz=(2mn, )'~ . We
note that most calculations of the density dependence of
the mobility predict a n, dependence, whereas mea-
sured values span a range from n,' to n,' for
n, ) 1X10"cm . There exists one report that we are
aware of that found a n, dependence, for carrier den-
sities ranging from 1X10' to 1X10"cm . Thus we see
that even within the one-component plasma, the situation
remains uncertain, despite the excellent agreement be-
tween measured modulation-doped high-density mobili-
ties and the theoretical values.

At high temperatures and at low densities, the model
for scattering needs to take into account the changes in
the carrier distribution from a degenerate distribution to
a nondegenerate distribution. The degree of degeneracy

FIG. 11. The mobility from Fig. 9(b) plotted as a function of
density. The density is obtained from the peak of the spatial
distribution as a function of time. The line drawn shows p ~ n ~,

where y =0.5.

can be determined by the comparison of the Fermi energy
with k~ T. At a carrier density of 4X 10"cm, the Fer-
mi energy of electrons is 14.4 meV while the Fermi ener-

gy for the holes is 2.1 meV. At the highest temperature
studied, the thermal energy is greater than the hole Fermi
energy. Thus, initially the system of electrons and holes
are in a degenerate state, but as the carriers decay by
recombination, the electrons remain degenerate while the
holes become nondegenerate. The mobility due to
ionized-impurity scattering is predicted to decrease
smoothly from the heavily screened degenerate hmit ex-
hibiting no temperature dependence to the nondegenerate
lightly screened limit which shows a T dependence.
The data in Fig. 9(b} does not show a strong temperature
dependence, indicating that the low-screening limit has
not been reached.

V. CONCLUSION

In summary, we observe an ambipolar diffusivity which
is temperature dependent and consistent with the
impurity-limited scattering model. The diffusivity de-
creases in time as the carrier density diminishes by
recombination. The initial mobility at t =20 ps, can be
fitted with a two-dimensional ionized-impurity-scattering
model in which the density of scatters is 3.3 X 10' cm
and the freeze-out temperature is 7 K. The increase in
diffusivity with the carrier density is likely due to the
screening and the increased degeneracy of carriers, al-
though we are in need of an appropriate detailed model
with which to interpret our results. The average effective
ambipolar diffusivity at early times (0—200 ps) increases
with the pump photon energy, as the excess energy in-
creases up to -30 meV above the heavy-hole exciton en-
ergy. This increase in diffusivity is interpreted to origi-
nate from the higher carrier temperature generated by
larger excess energies. The absence of an increase in D,ff
with increasing pump photon energy above 30 meV is
consistent with the emission of LO phonons which limit
the rise in the carrier temperature. At 500 ps, no depen-
dence of D,ff on excess energy is observed, indicating that
by this time the carriers have cooled back to the bath
temperature. While a number of previous studies have
observed these cooling processes in semiconductors by
time-resolved spectroscopy, our experiments may be the
first to show how this cooling process manifests itself in
the diffusivity of photoexcited carriers in a quantum well.
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