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Energy- and time-resolved measurements of luminescence of 1s excitons (n =1,e —hh) in GaAs-AlAs
multi-quantum-well structures have been carried out for the first time in the picosecond time domain.
Dynamical population changes of excitons are directly visualized in the energy-time coordinates. Results
indicate that excitons lose their energy in the exciton band at a rate of 1.0x 106 eV/s. This rate is much
slower than the calculated kinetic-energy-loss rate and is ascribed to the random nature of the well.

Excitons in multi-quantum-well (MQW) structures have
prominent two-dimensional characters because of the quan-
tum size effect.! Wave functions and binding energies of
excitons in MQW are quite different from those of excitons
in bulk crystals as a result of this effect.”* In addition to
the two-dimensional characters, excitons in MQW have an
inhomogeneous character which is inevitably given in the
process of the sample preparation.>® The well thickness is
considered to be fluctuated by an order of one atomic layer.
This yields the fluctuation of the resonance energy of exci-
tons. Thus excitons in MQW are considered as a typical ex-
ample of the two-dimensional excitons in the random po-
tential.

Energetical relaxation processes of excitons in the two-
dimensional random well are expected to be quite different
from those of excitons in three-dimensional regular crystals.
However, to our knowledge, there exist no experimental as
well as theoretical studies dealing with energetical relaxation
processes of excitons in the two-dimensional random well.
In this work, the energy- and time-resolved luminescence of
weakly excited excitons in MQW has been studied for the
first time. Energetical relaxation processes of excitons in
MQW are discussed on the basis of the experimental results
and of a simple calculation which takes account of the two-
dimensional character of excitons.

The sample used in this experiment was grown by molec-
ular beam epitaxy (MBE) on a GaAs (100) substrate. It
consists of alternate 76-A GaAs well layers and 33-A AlAs
barrier layers of the total thickness 2.98 um. A window was
etched in the GaAs substrate for the optical absorption mea-
surement.

A rhodamine 6-G dye laser synchronously pumped by a
mode-locked argon laser was used, which gives 1-2-ps light
pulses of 300 pJ. The pulse duration was continually moni-
tored by using a rapid-scan autocorrelator.” The lasing pho-
ton energy was 2.063 eV with a spectral width of 3 meV.
The laser beam was focused on a GaAs-AlAs MQW sample
immersed in liquid helium with a spot size of 200 um. The
spectrally resolved temporal response of the luminescence
was analyzed by using a combined system of a 25-cm mono-
chromator, a synchroscan streak camera (HTV-C1587), an
SIT (silicon intensifier target) camera, and a computer. The
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streak camera was synchronously operated with the mode-
locked argon laser. The averaging at a high repetition rate
(82 MHz) enabled us to observe directly the spectrally
resolved [full width at half maximum (FWHM) = 1.1
meV] temporal response of the exciton luminescence from
GaAs-AlAs MQW excited by only 300-pJ light pulses.
Time resolution of the streak camera was found to be 30 ps.
However, the time resolution of the combined system of
the monochromator and the streak camera was lowered to
70 ps, because of the spread of the light path in the mono-
chromator.

In Fig. 1, spectra of the absorption and time-integrated
luminescence are shown. The absorption peak observed at
1.6225 eV with 7.5-meV width (FWHM) is ascribed to the
1s exciton (n=1,e —hh) composed of an electron and a
heavy hole belonging to the lowest state (n=1) in the
quantum well. The observed spectral width is attributed to
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FIG. 1. Absorption coefficient and time-integrated luminescence
spectra of GaAs-AlAs MQW (76-A GaAs well, 33-2 AlAs barrier,
298 um) at 42 K. The spectral resolution is 0.3 meV.
Luminescence spectra were obtained under (a) pulsed dye laser
(2.063 eV, 1-2 ps, 300 pJ) and (b) cw He-Ne laser (1.959 eV, 0.01
mW) excitation.
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the fluctuation of the well thickness from the following dis-
cussion.® The energy of the 1s exciton in the well measured
from the bottom of the well (the band-gap energy of bulk
GaAs) is E,-1(1s)=1.6225 eV—E,=103.3 meV, where
E;=1.5192 eV is the band-gap energy of GaAs.! Assuming
the fluctuation of the well width to be the half of the lattice
constant a of GaAs and noting that E,.(1ls) is approxi-
mately proportional to the inverse square of the well thick-
ness L,;, >3 one can calculate the fluctuation of E,-(1s) in
MQW as

SE,,-l(ls) E2E‘n-l(ls)(8Lz/Lz)
=2E,-1(1s)(a/2L;)=17.7T meV . 1)

Here 8E,-,(1s) is the fluctuation of E,~{(1s), L,=76 A is
the well thickness, 8L, is the fluctuation of L., and a =5.64
A.% Because this estimated value of 7.7 meV almost coin-
cides with the measured value of 7.5 meV, it is concluded
that the width of absorption arises from the fluctuation of
the well width which is — a/2.1

A time-integrated luminescence band under the 1-2-ps
pulse excitation is observed at the lower-energy side of the
absorption band as shown in Fig. 1. Peaks of the lumines-
cence and absorption spectra are separated by 6.5 meV.
This fact indicates that photogenerated excitons are populat-
ed at the low-energy states in the exciton band, because the
luminescence spectra reflect the energetical distribution of
excitons. The excitation photon energy (=2.063 eV) in the
present case is above the band-gap energy of GaAs and
below the indirect (=2.229 eV; X ) as well as direct (=3.13
eV; T') excitonic band-gap energy of AlAs.!! Therefore,
only the GaAs well layers are photoexcited. The number of
photoexcited layers is less than 20, because the absorption
coefficient for 2.063 eV is above the detection limit (5x 10*
cm™!). The luminescence band changes little, even when
the excitation level is reduced to 0.01 mW (CW) He-Ne
laser excitation. Therefore, it is sure that the luminescence
band observed under the 1 ~2-ps (300 pJ) pulse excitation
arises from 1s excitons. Any other luminescence bands,
such as those due to 2s excitons and 1s excitons
(n=1,e-lh) in MQW, the AlAs barrier layers, and the
GaAs substrate, were not observed.

The energy- and time-resolved results of luminescence
are shown in Figs. 2 and 3. These figures are constructed
from the spectrally resolved temporal response of lumines-
cence. As is seen from the figures, the observed rise of the
population of excitons is determined by the time resolution
of the instrument at the high-energy extremity (1.6228 eV).
On the other hand, it takes about 400 ps for the population
of excitons lower than 1.616 eV to reach its maximum. Be-
cause the reflectivity in the relevant energy range was found
not to change very much (AR/R < 0.2), the change of the
refractive index also should be small. Thus the energy and
time responses of luminescence can be regarded as directly
reflecting the dynamics of the exciton population, because
the energy dependence of the emission probability of exci-
tons can be neglected. The temporal change of population
is clearly observed in Fig. 3. Excitons drift toward lower-
energy states losing their energy. The spectrally integrated
luminescence does not show a single exponential decay.
However, a characteristic time to decay to the 1/e value of
the maximum is about 480 ps. This decay characteristic
does not depend on the excitation intensity down to 10%.
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FIG. 2. A bird’s-eye view of energy- and time-resolved lumines-
cence intensity of the excitons (n =1,e-hh) in GaAs-AlAs MQW at
4.2 K.

Therefore, we need not take account of the effect of the bi-
molecular recombination.

To discuss the energetical relaxation of excitons, the aver-
age energy (E(t)) of the ensemble of excitons is defined

as follows:
12
/[ Ef(E,,t)] , 2
i=1

12
(E(t)) = ZE,-f(E,-,t)
i=1
where f(E;t) is the spectrally resolved temporal response
of the luminescence shown in Fig. 2, and E’s (i=1-12)
correspond to the observed photon energies. The temporal
change of (E(t)) is shown in Fig. 4. The result clearly
shows that the average energy of excitons decreases at a
constant rate of 1.0x 106 eV/s.

The kinetic energy decreasing rate of two-dimensional ex-
citons via the deformation-potential-type interaction with
LA phonons is calculated by the following equation, which
is a direct extension of the expression describing the energy
decreasing rate of two-dimensional hot electrons, 214

(dE(t)/dt)dp= - (2M2D2/ﬁ3p)[kBTe(t)"kBTL] ’ 3)
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FIG. 3. A contour map of Fig. 2.
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FIG. 4. Temporal change of the average energy of the excitons
(n=1,e-hh) in GaAs-AlAs MQW at 4.2 K.

where M is the exciton translational mass, D is the exciton
deformation potential, p is the areal mass density in a layer
thickness L,, T.(t) is the effective temperature of two-
dimensional excitons, and 7, is the lattice temperature.
The piezoelectric-type interaction with LA or TA phonons is
considered to give the minor contribution to the energy-
decreasing rate of two-dimensional excitons compared with
the deformation-potential-type interaction in GaAs except at
the large wave vector of excitons.'> !¢ The Frohlich-type in-
teraction with LO phonons also does not contribute to the
energy relaxation of excitons in the exciton band, because
LO phonon energy (=36.2 meV) is larger than the ob-
served luminescence bandwidth. Equation (3) is integrated
as follows, because (E (¢)) =kpT.(t):

T.(t)=T,+[T.(0)— T lexpl — QM*D¥i%p)t] , 4)

where 7.(0) is the initial temperature of the excitons. Us-
ing the values of M = 0.7m, (electron mass),!” D =9.6 eV,
p = piaimL; = (53 g/em?®) x (76 x 1078 cm) = 4.0 x 1076
g/cm?,? and T, =4.2 K, the exponent in Eq. (4) is obtained
as — (2M*D¥Yr%p)t=—(4.1x10" s~!)z. This indicates
that two-dimensional excitons lose their kinetic energy at a
time constant of 24 ps. This calculated decay rate is much
faster than the observed one, if all the energy losses are at-
tributed to the kinetic-energy loss.

In the above calculation, we have taken account only of
the two dimensionality of excitons. In reality, not only the
two dimensionality but also the randomness due to the fluc-
tuation of the well width contributes to the energetical re-
laxation of excitons. In MQW there should be a number of
clusters in which the well width is homogeneous. The la-
teral characteristic size 1, of the clusters is estimated to be
an order of the exciton Bohr radius az=136 A, because
the absorption spectrum of excitons does not show sub-
structures. Because the excitation spot size of 200 um cov-
ers many (an order of 10%) clusters, the statistical distribu-
tion of the lateral size of clusters in each photoexcited well
structure is expected to be the same. Supposing the ex-
treme case that the cluster lateral size is much larger than
ap, the exciton energy levels in each cluster are different
from each other by the multiple of 7.7 meV in our sample,
because the fluctuation of the well width is the multiple of
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a/2. Around the cluster boundaries, the intercluster
translational motion of excitons is restricted, because the
mismatch of the resonance energy of ls excitons should be
compensated by the emission or absorption of acoustic pho-
nons. Thus excitons are localized in clusters with the loss
of the kinetic energy and intercluster movement of excitons
is weakly allowed with the emission or absorption of acous-
tic phonons.

Similarly to the three-dimensional case, photogenerated
two-dimensional electron-hole pairs will quickly lose their
energy to form excitons with the emission of a number of
phonons within the present time resolution.?’ The calcula-
tion described in Eq. (4) shows that the kinetic energy loss
of excitons is almost completed within the present time
resolution. What process is responsible for the observed
energy-loss rate of excitons? In the random well, there can
be two channels for the energetic relaxation processes of ex-
citons. On the one hand, excitons lose their kinetic energy
via the acoustic-phonon interaction. On the other hand, ex-
citons lose their energy migrating toward the lower-energy
positions in an inhomogeneous well with the emission of
acoustic phonons. After most of the kinetic energy is lost,
the kinetic-energy-loss process works little because
(dE(t)/dt) 4, is proportional to the excess kinetic energy
ksT.(t)—kpTy, so that excitons lose their energy mainly
via the latter process. If this is correct, the estimation based
on Eq. (3) and the result of Fig. 4 show that the alternation
of the energy-loss channels occurs when the excess kinetic
energy of excitons becomes smaller than 0.024 meV. Then
the localization of the excitons is established with the loss of
the kinetic energy. After that, excitons lose their energy
slowly, migrating toward lower-energy positions in the inho-
mogeneous well with the emission of acoustic phonons. As
stated above, the intercluster migration of excitons presum-
ably interprets the observed slow energy-decreasing rate of
excitons, although at present we cannot calculate quantita-
tively the enérgy-decreasing rate on the basis of this model.
Detailed experiments on various samples having different
degrees of two dimensionality and randomness are now in
progress.

In summary, picosecond relaxation processes of 1s exci-
tons (n=1,e-hh) in GaAs-AlAs MQW have been studied
by observing the energy- and time-resolved luminescence.
The decreasing rate of the average energy of excitons is
constant and found to be 1.0x 10® eV/s. This rate is much
slower than the kinetic-energy-loss rate calculated by taking
account of the two dimensionality of excitons. Instead, the
energetic relaxation process due to intercluster migration of
excitons with the emission of acoustic phonons is proposed
to interpret the observed slow rate.
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