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Abstract. An investigation of the hot carrier relaxation in GaAs/(AlGa)As
quantum wells and bulk GaAs in the high carrier density limit is presented. Using
a time-resolved luminescence up-conversion technique with <80fs temporal
resolution, carrier temperatures are measured in the 100fs to 2ns range. Qur
results show that hot carrier cooling in quantum wells becomes significantly
slower than in the bulk for carrier densities greater than 2 x 10'8cm ™3,

It is well known that the hot carrier cooling rate
decreases with increasing carrier concentration in both
ow and bulk structures [1]. The first study comparing
GaAs/(AlGa)As qws and bulk GaAs reported similar
cooling rates at a carrier density (n) of 2.5 x 10'7¢m™?
[2]. Subsequent studies reported a much slower cooling
rate in Qws than in bulk at higher carrier densities
(n > 10'®cm~3) [3-6]. However, recent publications
{7, 8] have concluded that the cooling rates of bulk GaAs
and GaAs/{AlGa)As Qws are equivalent. The relative hot
electron cooling rates for bulk and Qw structures is an
important, basic question that affects many applications
of Qw structures [9] and has inspired a large number of
theoretical studies [10]. We have therefore re-examined
this problem in the carrier density range of
2 x 10'%cm ™2 to 1.5 x 10'"?cm ™2 to resolve this appa-
rent experimental controversy.

The samples were grown by metallorganic chemical-
vapour deposition on {100)GaAs substrates. The bulk
samples consist of (i) a 2000 A and (ii) a 4000 A nominally
undoped GaAs layer surrounded by thin (<0.2 um)
(AlGa)As layers which are transparent to the 1.97eV
pump. The multiple quantum well structure (MQW} con-
sists of fourteen periods of 135 A-thick GaAs and 400 A-
thick Al, 4sGag s,As grown on the GaAs substrate. The
GaAs layers in the MQW contain a 3.5% Al concentration
which raises the bandgap by ~ 50 meV and ensures that
the luminescence signal of the high-energy tail of the Mow
is not confused with that of the GaAs substrate.

Time-resolved luminescence spectra were obtained by
the technigue of sum frequency generation [11,12], using
an arrangement nearly identical to that of [13] with the
following modifications: the luminescence was collected
in reflection; a 1.35 mm barium metaborate (8BO) crystal
was used for up-conversion; and a cooled, low-noise
(0.5 Hz dark count) Bi photomultiplier tube was used for
" detection. The group-velocity mismatch between the
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pump and the luminescence wavelengths is 50fsmm ™! in

BBO and the pump pulse duration is <50fs, yielding an
overall temporal resolution of < 80fs. We calculate [14]
the spectral resolution to be 10meV.

Time-resolved luminescence spectra were recorded at
room temperature for each sample at the following
incident pump powers: 25mW, 12.5mW and 5mW. The
PL spectra of the 2000A bulk GaAs sample contains a
contribution from the substrate at the earliest times
(< 5ps) until the substrate carriers have diffused suffi-
ciently. Thus results from this sample are discussed only
for delays =5ps. The substrate luminescence of the
4000 A bulk GaAs is minimal. Representative spectra
and carrier temperature fits for the 4000 A bulk GaAs
sample at each excitation power are shown in figure 1 for
several time delays. All spectra were corrected for the
spectral response of the up-conversion system. The
clectron temperatures were determined by fitting the
high-energy tails of the spectra; only the region that is
linear on a semilogarithmic plot was chosen for the fit.
Figure 1(a) displays a plot of the pL spectrum at 100fs for
the highest carrier density, which shows that the initial
carrier temperature is 1200 K. Figures 1(b), (c) and (d)
show the evolution of the carrier distribution at time
delays of 1 ps, 20 ps and 100 ps for each excitation power.
The quasi-Fermi energy of the electron distribution was
deduced by fitting the pL spectra and is located approx-
imately at the position of the kink in the semilog plot of
the spectra (see figure 1{c)(d)). The carrier density (n) was
calculated from the values of the quasi-Fermi levels at the
highest excitation power and then scaled according to
excitation power. The value of the carrier density agrees
well with our calculation using beamwaist, reflection and

 absorption parameters; we estimate this value to be

accurate to within 15%,. The carrier densities for the
4000A GaAs sample are 1 x 10?em™3, 5 x 108 ¢m 3
and 2 x 10'® cm~? corresponding to the incident excita-
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Figure 1. Representative time-resolved luminescence
spectra for the 4000 A bulk GaAs sample at room
temperature at each excitation power

{squares =1 x 10"%°cm 3, circles =5 x 10"8cm ™3,
triangles = 2 x 10'®cm™?). The carrier temperature fits
(straight lines) and values are shown for each carrier
density at delay times of (2) 100fs, (6) 1 ps, (¢) 20ps,
and (o) 100 ps.
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Figure 2. Representative time-resolved luminescence
spectra for the Mmaw sample at room temperature at the
same excitation power as the bulk (squares = 1.4 x
10" em™ 3, circles = 6.8 x 10" cm ™3, triangles =

2.7 x 108 cm™ 2}, The carrier temperature fits (straight
lines) and values are shown for each carrier density at
delay times of (a) 1 ps, (b) 5ps, {¢) 20ps, and (d)
100 ps.

tion powers of 25mW, 12.5mW and 5 mW, respectively.
The carrier densities are 45%, greater for the 2000 A GaAs
sample (PL spectra not shown).

Similarly, spectra for the MQw sample were recorded
al the same pump powers as the bulk. Representative
spectra and carrier temperature fits are presented in
figure 2 for each excitation power. The peak at 1.43eV
corresponds to the substrate luminescence and the fol-
lowing peaks are attributed to the Qw subbands. A small
fraction of the electrons in the MQw have energics that
exceed the height of the barrier potential, which can be
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Figure 3. A comparison of the carrier temperatures versus
initial carrier density for the 4000 A bulk GaAs (triangles),
the 2000 A bulk GaAs (circles), and the mow (squares)
samples at time delays of {a) 1ps, (&) 5ps, (¢) 20ps, and
{d) 100 ps. The straight lines are guides to the eye. The
different dependence in carrier cocling with respect to
initial carrier density between the maw and bulk samples is
most evident at intermediate times (5 ps—20ps) and
highest carrier densities.

observed as a sudden drop in the PL intensity at energies
>1.76eV. This fraction is less than 6% at the highest
carrier density ( < 3%; at the medium carrier density) and
is expected to make only a minor contribution to the
MQW carrier temperatures {discussed in more detail
below).

The absorption coefficieni at the pump wavelength in
the MQw sample was measured on an etched sample and
is slightly less than that of GaAs due to the 3.5% Al
doping. The MQw carrier densities are calculated to be
35% greater than the 4000 A bulk GaAs sample and 6%,
less than the 2000A GaAs sample for equal pump
powers. Lineshape analysis of the MQw spectra is some-
what more difficult due to the presence of several sub-
bands, but the measured quasi-Fermi levels yield carrier
densities that agree well with the above calculations.

In figure 3 we compare the carrier temperatures of
cach sample versus the initial carrier density for several
time delays. At 1ps (figure 3{a)) the bulk and MQw
samples have similar carrier temperatures and an ident-
ical dependence on carrier density. This represents the
state of the system before an overpopulation of the
phonon distribution can occur [1,10]. In the 5ps to
100 ps range (figure 3(b), (c),(d)) the carrier temperatures
of the MQw sample remain much hotter than the bulk
samples and show a substantially different dependence
on initial carrier density as seen by the different slopes of
the lings, In this temporal regime, the reduction in hot-
carriet cooling is greatly enhanced in the MQw structure
in comparison with the bulk as the carrier density
increases. This is also the time scale during which the
effects of a hot-phonon distribution are most evident,
suggesting that this phenomenon may be due to a
difference in the electron—phonon interplay in quasi- 2D
and 3D systems, which becomes evident at high carrier
densities. The carrier temperature of the 4000A bulk



GaAs sample has cooled to 310 K by 2000 ps (not shown)
at the highest carrier density.

It must be noted that the carriers in the Mow sample
are excited only within the well region, but at energies
above the conduction band that exceed the height of the
barrier potential. Since the holes are bound within the
quantum well at all times, the electrons are initially
trapped in the unbound states of the Qw due to Coulomb
attraction [ 15] until they are bound in the well by energy
loss via phonon emission {<1ps). Any carriers that
happen to diffuse to the barrier region would also return
to the Qw within a few picoseconds [15,16]. It is
reasonable to expect that these effects could not account
for the slowed Qw carrier cooling which occurs on a time
scale of hundreds of picoseconds. Thus we do not believe
carrier diffuston can account for the vast differences
between MQw and bulk carrier cooling that we observe.

These data show that the hot-carrier cooling is
intrinsically different in quasi-2D and 3D systems at higher
carrier densities (n > 10'®¢m 3). The experiment de-
scribed in this paper represents a significant improve-
ment over the previous methods in the ability to charac-
terize the evolution of the hot-carrier distribution. Unlike
nonlingar intensity correlation experiments [2,3] the
state of the system can evolve without perturbation after
the pump (ie, there is no probe). The method of
luminescence detection using a streak camera [7, 8] lacks
the ability to detect hot luminescence for times less than
or of the order of the phonon lifetime due to the limited
temporal resolution, which requires the experiment to be
carried out at low temperatures in order to observe any
effects of the hot-carrier relaxation. The results of these
previous studies agree with our observations in their
respective carrier density ranges. The similarity in the
cooling rates of MqQw and bulk GaAs at n=2x
1018 cm ™3, as seen in figure 3, suggests that these cooling
rates would be nearly identical at lower carrier concen-
trations, in agreement with [2,7,8]. It should also be
noted that we have observed that the precise values of the
carrier temperatures of a variety of MQw samples depend
on both sample quality and age (the latter presumably
due to degradation of the samples with oxidation of the
(AlGa)As surface), but the qualitative results of this study
are not affected.

In conclusion, the hot-carrier cooling rates in
GaAs/(AlGa)As quantum wells and bulk GaAs have
becn investigated in the high carrier density limit
(n =2 x 10"¥cm™3). The cooling rates of the quantum
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well structure are significantly slower than that of the
bulk for n= 35 x 10'"®*cm™*® and similar at n =2 x
10"%cm 3, in agreement with the results of previous
publications. The investigation of hot-carrier relaxation
in the high carrier density limit is important in order to
understand the physics governing quasi-2D and 3D hot-
carrier relaxation over the widest range of conditions and
may have important consequences in the development of
semiconductor devices.
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