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Selective Exciton Formation in Thin GaAs/Al Gat — As Quantum Wells

P. W. M. Blom, * P. 3. van Hall, C. Smit, J. P. Cuypers, and 3. H. Wolter
Department of Physics, Eindhoven University of Technology, P. O. Box 5i3, 5600 MB Eindhoven, The Netherlands

(Received 30 November 1992)

We demonstrate experimentally that the exciton luminescence rise times in GaAs/Al„Ga& — As quan-
tum wells oscillate as a function of laser excess energy. We interpret these results as the occurrence of a
selective optical-phonon assisted exciton formation. Experiments on doped quantum wells confirm our
exciton formation model.

PACS numbers: 78.55.Cr, 73.20.Dx, 78.66.Fd

Exciton spectra of the photoluminescence and photo-
conductivity of various semiconductors are well known to
exhibit oscillatory behavior [1-9]. Since optical excita-
tion gives rise to the direct generation of excitons or to
free electrons and holes, the origin of these oscillations
arises from the relaxation of either hot carriers [2,5,8] or
hot excitons [1,3,4,6,7]. The oscillation directly reveals
whether the relaxation of photogenerated carriers is dom-
inated by hot excitons (AcoLo) or hot carriers [AtoLo(1
+m,*/mh*)]. The creation of hot excitons with high mo-
menta is an indirect process in which the large exciton
wave vector is compensated for by the wave vector of a
simultaneously created phonon. In I I-VI semiconductors
this indirect exciton formation process is dominant due to
the large electron phonon coupling [1,3,4,61. In III-V
semiconductors no hot exciton eA'ects have been reported
and the observed oscillations were attributed to the relax-
ation of hot electrons [8,10] or resonant capture of hot
electrons [11]. In this situation the dynamical properties
of the excitons are governed by subsequent carrier cool-
ing, exciton formation, and exciton relaxation.

The larger exciton binding energy in quantum wells
with regard to bulk reduces the redissociation probability
of the hot excitons and thus enhances the hot exciton re-
laxation eAects. In II-VI quantum wells the creation of
hot excitons at high momentum and their subsequent re-
laxation by LO-phonon emission has been demonstrated
using picosecond time-resolved luminescence spectroscopy
[12,13]. In III-V quantum wells no hot exciton eAects
have been observed [14] in spite of the larger exciton
binding energy. Only in a coupled GaAs-(A1, Ga) As
quantum-well system, where the relaxation rates could be
modified by the tunneling through the barrier between
the wells, hot exciton eA'ects have been observed [15].
Ho~ever, the question whether the exciton dynamics in
III-V quantum wells are dominated by the direct forma-
tion and relaxation of hot excitons or by the relaxation of
hot carriers with subsequent exciton formation and relax-
ation has not been clarified.

The dependence of the exciton luminescence on the en-
ergy and momentum of the participating electron and
hole provides information about the dominant mecha-
nism. For excitation energies below the band edge the re-
ported dependence of the luminescence rise time on the
photon energy was attributed to exciton relaxation eAects

[16-19]. From the fast initial rise of the photolumines-
cence for small excess energies exciton formation times of
& 20 ps were deduced [16,18] and a time-resolved study

on an asymmetric double quantum well [20] provided an

exciton formation time of 14.4 ps. For photon energies
exceeding the electron-heavy-hole band edge no depen-
dence of the luminescence rise times on laser energy has
been observed [16-181. From the absence of an enhance-
ment of the excitation formation for a laser energy of one
LO-phonon energy larger than the exciton state, it was
assumed that the formation of excitons was dominated by
the emission of acoustic phonons [16]. However, no
theoretical or experimental study is available which
disentangles the various mechanisms of exciton forma-
tion.

A possible dependence of the exciton formation process
on the laser energy is di%cult to observe, since variations
in the exciton formation time of & 20 ps are very small in

comparison with the reported luminescence rise times of
400 ps [16-191 for wide quantum wells. These long rise
times were attributed to the migration of excitons to-
wards the lower energy positions in an inhomogeneous
quantum well by emission of acoustic phonons [17], the
intrinsic relaxation of excitons [16], and a drift-diA'usion

model driven by potential Auctuations in the quantum
well plane [21]. By narrowing the quantum wells the
slow exciton relaxation process can be enhanced substan-
tially due to a decrease of the acoustic phonon scattering
time, which varies linearly with the well width [22].
Furthermore, with increasing excitation density the rise
times are reduced as a result of electron-exciton and
exciton-scattering [16,18,19]. By calculating the
broadening of the electron and hole distributions during
the initial LO-phonon cascade, we obtained that an exci-
tation density of 5&10' cm still gives rise to a spectral
distribution of a few meV for the electrons.

In the present study we have investigated the lumines-
cence rise times of thin (26 A) GaAs/A1GaAs quantum
well structures as a function of laser energy. The alumi-
num fraction in the AIGaAs layers is 0.3 (sample A) and
0.4 (sample B). For both aluminum fractions the quan-
tum wells contain one electron bound state, one light-hole
bound state, and two heavy-hole bound states. The exci-
ton formation process has been studied by subpicosecond
time-resolved luminescence experiments using an up-
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FIG. 1. Time evolution of the exciton luminescence of sam-
ple A at the spectral peak (1.705 eV) for two different excita-
tion photon energies. The experiments were carried out at
T =8 K with an excitation density of 5&10' cm in the quan-
tum wells. The fitted curves, which are plotted as a solid and a
dashed line, provide luminescence rise times of 27 and 32 ps for
the laser energies of 1.892 and 1.877 eV, respectively.

Excitation Energy (eV)

FIG. 2. Exciton luminescence rise times (0) at T=8 K as a
function of excitation energy of sample 8 (x =0.4). The excita-
tion density amounts to 5 X 10' cm . Oscillations between 25
and 40 ps in the exciton luminescence rise times are observed
with a periodicity of about 20 meV. The solid line is a guide to
the eye.

conversion light gate. In this up-conversion technique the
luminescence excited by a short laser pulse (0.6 ps) is
mixed with the laser itself in a nonlinear crystal to gen-
erate the sum or diff'erence frequency radiation, providing
time resolution comparable to the laser pulse. The time-
resolved experiments have been carried out at T =8 K at
an excitation density of 5X10' cm with laser energies
lower than the barrier band gap. Our spectral window is

determined by the phase-matching conditions in the non-

linear crystal and is limited to 2 meV. As a result we can
only monitor the time-resolved behavior of the central
part of the exciton luminescence peak.

In Fig. 1 the time evolution of the exciton luminescence
of sample A after excitation with a subpicosecond laser
pulse is shown for laser energies of 1.892 and 1.877 eV,
which are both beneath the barrier band gap of sample
A. For the diAerent laser energies rise times of 27 and
32~ I ps have been obtained, respectively. It should be
noted that in the literature the rise time is often defined
as the time for the luminescence to reach its maximum
value [16,18], while we obtain our rise times from an ex-
ponential fit. In order to compare our rise times with re-

ported values, they should be multiplied by a factor 3.
For a quantum well width of 26 A and an excitation den-

sity of 5 & 10' cm the exciton luminescence reaches its
maximum value around 100 ps, in agreement with the re-
sults of Eccleston et al. [18], and becomes sensitive to the
exciton formation time. This enables us to investigate the
dependence of the exciton formation process on laser en-

ergy. Figure 2 shows the dependence of the exciton
luminescence rise times on laser energy in the interval
1.92-2.00 eV for sample B. We observe an oscillating
rise time of the exciton luminescence with a period of
nearly 20 meV and a diA'erence in amplitude of about 12
ps. Such an oscillating rise time has also been observed
in sample A with the same periodicity.

Oscillations as a result of hot exciton relaxation would

appear with a constant oscillation period of 36.8 meV.

The decreasing period of the observed oscillations in Fig.
2 with increasing laser energy definitely indicates that hot
exciton relaxation can be excluded as an explanation for
the observed resonances. Furthermore, the resonances
cannot be attributed only to hot electron effects [8] which
should give rise to a constant oscillation period of 42
meV. The observed oscillating behavior strongly suggests
that the exciton formation process of free electrons and
holes is sensitive to the positions in momentum space of
the electrons and holes after the initial LO-phonon cas-
cade.

In order to find out whether such a concept of "sensi-
tive spots" is realistic in our experimental conditions we
have performed a series of Monte Carlo simulations [23].
The comparison between the calculated and observed
structure in the luminescence rise time directly reveals in-
formation about the dominant exciton formation mecha-
nism, the relevant conditions for energy and momentum
(i.e. , energy and momentum conservation and relative ve-

locity of the participating electron and holes), and the
role of carrier-carrier scattering during the LO-phonon
cascade. In order to obtain the positions of the electrons
and holes in their subbands after photoexcitation and
during exciton formation we have used the dispersion re-
lations of the various subbands in momentum space as
calculated by means of an empirical pseudopotential
method by Cuypers and van Haeringen [24]. After exci-
tation both the electrons and holes will relax by means of
a LO-phonon cascade until they are within one LO-
phonon energy from their subband minima. The light
holes will subsequently scatter to the heavy-hole subband,
which process is still being fast due to the large density of
states connected with the heavy-hole eA'ective mass.

In Fig. 3 we compare the position of the photoexcited
electrons from the light- (e~h) and heavy-hole band (e»)
after their LO-phonon cascade [Fig. 3(a)] with the ob-
served and calculated rise times [Fig. 3(b)] as a function
of laser energy. Our Monte Carlo study has revealed that
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FIG. 3. Comparison between electron (ehh and each) and hole
(hh and lh) excess energies (a) after the phonon cascade and
exciton luminescence rise times (b) as a function of excitation
energy. The electron excess energies continuously vary between
0 and 36.8 meV with a period of 42 meV. The excess energy of
the light holes gradually increases from 20 to 33 meV as the ex-
citation energy increases from 1.92 to 2.01 eV. A minimum in

the exciton rise times is observed whenever free electrons and
holes are able to form excitons by LO-phonon emission. The
minima correspond to electron excess energies of about 25 meV,
since holes are available at the subband maximum for all laser
energies.

a structure which closely resembles the experimental data
[23] is obtained by LO-phonon-assisted exciton formation
whenever (i) the sum of electron and heavy-hole energy is

equal to the LO-phonon energy minus the exciton binding
energy and (ii) one of the participating particles has en-
ergy and momentum close to zero. As an example at a
laser energy of 1.985 eV the excess energy of the elec-
trons excited from the heavy-hole subband (ehh) amounts
to 25 meV with regard to the subband minimum, whereas
the excess energy of the heavy hole is about 2 meV. By
emitting a LO phonon of 36.8 meV, the electron-hole pair
lowers its total energy by 10 meV, which is nearly equal
to the exciton binding energy for our thin quantum well.
With decreasing laser energy the next minimum occurs at
1.970 eV where the excess energy of the electrons excited
from the light-hole subband amounts to 25 meV after the
phonon cascade. From the amplitude of the oscillations
we obtain a difference between LO-phonon-assisted exci-
ton formation (1 ps) and acoustic-phonon-assisted exciton
formation of 12 ps. The observed exciton formation time
of 12 ps due to acoustic-phonon emission is in agreement
with earlier reported exciton formation times [16,18,20].

Another important feature is that for laser energies
smaller than 1.960 eV the excess energy of the heavy
holes is close to the LO-phonon threshold. By means of
carrier-carrier scattering, which is a fast process for the
heavy holes as a result of their large eAective mass, a part
of the heavy holes exceeds the LO-phonon threshold and

is immediately transferred to the subband minimum by
LO-phonon emission. Above 1.96 eV the heavy holes end
around k =0 after the LO-phonon cascade. So in the
whole energy range we have heavy holes around k =0.
The energy positions of the LO-phonon-assisted exciton
formation, which are indicated by the arrows in Fig. 3(a),
correspond within a few meV to the observed minima of
the exciton luminescence rise times. Only the experimen-
tal minimum at 2.00 eV deviates from the calculated
minima at 2.01 eV with 10 meV. However, it should be
noted that the calculated positions strongly depend on the
precise knowledge of the band structure, which is hard to
obtain, especially for the various hole bands.

During and after the LO-phonon cascade the carriers
spread out in momentum and energy space due to
carrier-carrier scattering. As a result of the larger
eA'ective mass the carrier-carrier scattering and thus the
diAusion in momentum space of the heavy holes are al-
most 1 order of magnitude larger than the scattering rate
and diA'usion of electrons. Because of this large hole
scattering rate the condition that one of the participating
particles (electron or heavy hole) has a small momentum
is fulfilled in our experiments.

According to our model, we should also expect a
minimum at a laser energy of 1.957 eV, where the excess
energy of the holes originating from the light-hole sub-
band amounts to 25 meV. However, since the holes are
already spread out in energy before the electrons have
completed their LO-phonon cascade, no minimum is ob-
served at this laser energy. In a sample with n-doped
quantum wells, however, this minimum should appear,
since already electrons at the subband minima are avail-
able at the moment that the holes have completed their
cascade and start to diAuse in momentum space. The ex-
perimental exciton rise times for an n-doped (1&10"
cm ) GaAs/A1GaAs multiple quantum well with a well

width of 26 A and an aluminum fraction of 0.4 is plotted
in Fig. 4 as a function of laser energy. The exciton peak
of the n doped -sample was shifted (9 meV) to a higher
energy in comparison with the undoped sample, due to a
somewhat smaller well width. Furthermore, the experi-
ments on the doped sample were carried out at a lower
excitation density (2x10' cm ) with regard to the un-

doped sample (5&&10' cm ) resulting in a lower rise
time. Therefore, in order to compare the rise times of
both samples the laser energies of the n-doped sample are
shifted 9 meV to lower energy. The excitonic behavior,
which disappears at very high doping densities [25], is
still present at our doping density. We observe that for
the n-doped sample the maximum in the luminescence
rise time at 1.957 eV of the undoped sample has disap-
peared, which strongly supports our model.

The diff'usion of the carriers by means of carrier-carrier
scattering in energy and momentum can also be enhanced
by increasing the excitation density. We have found that
with increasing excitation density from 5x10' cm to
5x10'' cm (i) the oscillations of the rise times are re-

3880



VOLUME 71, NUMBER 23 P H YS ICAL R EVI EW LETTERS 6 DECEMBER 1993

45

tri 40 -
[

35—
I—

30

25

i

70

65
I

60
I

55

50

45
ed

40

20 ' —' ss
1 92 1 94 1 96 1 98 2 00

duced within our experimental error of I ps and (ii)
the rise times decreased with a factor of 2 due to an in-
creased electron-exciton and exciton-exciton scattering
rate. As expected, we find that the amplitude of the os-
cillations decreases since at high carrier densities the car-
rier distribution is already smeared out due to carrier-
carrier scattering before the phonon cascade is completed.

For wider quantum wells with more than one bound
state we observed an expected [20] increase of the lu-
minescence rise times from 30 ps (26 A) to 80 ps (90 A),
but hardly any dependence of the exciton luminescence
rise time on laser energy. For these wide wells the num-
ber of energy positions where carriers are created in-
creases, which smears out the resonances. Furthermore,
the carriers created in the highest subbands smear out in

energy and momentum during the relaxation due to the
intersubband scattering, which is about 1 order of magni-
tude slower than intraband scattering [26].

In conclusion we have observed oscillations in the exci-
ton luminescence rise times as a function of laser energy.
The origin of these oscillations is attributed to the LO-
phonon-assisted exciton formation, a process which is
dominant whenever the sum of the excess energies of the
electrons and holes amounts to 25 meV with one of the
participating particles at k =0. Furthermore, we have
demonstrated that our model is consistent with experi-
ments on n-doped samples, which show an additional
minimum in the rise time. Finally the amplitude of the
oscillations decreases with increasing excitation density as
a result of the enhanced carrier-carrier scattering.

Excitation Energy (eV)

FIG. 4. Exciton luminescence rise times (Q) as a function of
excitation energy for a sample with n-doped quantum wells.
The layer structure of the sample is identical to sample 8 and
the dopant density is 1 X 10" cm . With regard to the intrin-
sic sample B (dashed line) no maximum is observed at laser en-
ergies of 1.96 and 1.99 eV, due to the LO-phonon emission in-
duced exciton formation of holes (Ih) with an excess energy of
25 meV and electrons at their subband minimum.
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