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Fermi-Dirac Distribution of Excitons in Coupled Quantum Wells
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Time-resolved and cw photoluminescence of excitons in coupled quantum wells with an applied elec-
tric field is modeled using a Fermi-Dirac distribution. This distribution can result from inhomogeneous
broadening due to interface roughness and the strong, short-range electric dipole repulsion between exci-
tons. The model quantitatively explains the striking temperature dependence of the luminescence
linewidth and peak position previously interpreted as a phase transition to an ordered state [T. Fuku-
zawa, E. E. Mendez, and J. M. Hong, Phys. Rev. Lett. 64, 3066 (1990)]. At very low temperatures (S6
K), the excitons are in a metastable distribution.

PACS numbers: 73.20.Dx, 78.47.+p, 78.55.Cr, 78.65.Fa

An exciton in a bulk semiconductor or a quantum
structure is an electron and a hole which pair up because
of their mutual Coulomb attraction. Because both elec-
tron and hole are fermions, the exciton is bosonlike. Re-
cently, several experiments have been interpreted in

terms of a possible condensation of excitons, in bulk
Cu20 (Refs. 1 and 2) and in coupled quantum wells. In
a symmetric coupled quantum well with an electric field

applied along the growth direction, the electrons and
holes separate. This separation reduces the overlap be-
tween their respective wave functions, and greatly in-

creases the exciton radiative lifetime. ' Because of the
longer lifetime, it has been suggested that there would be
sufficient time for the excitons to come to a condensed,
ordered phase. The recent observation of a sharply
narrower linewidth of excitons in a coupled quantum
well as the temperature was decreased from 12 to 6 K
was interpreted as possible evidence for this condensa-
tion.

On the other hand, the quantum-well structures grown

by modern epitaxial techniques do not result in micro-
scopically smooth heterointerfaces. ' It has been known
for some time that this roughness leads to an inhomo-
geneous broadening of the excitonic absorption. Here
we show that the excitonic occupation of this inhomo-
geneous line can be modeled with a Fermi-Dirac distri-
bution. (Using a Fermi-Dirac distribution does not im-

ply that the excitons are fermions. For example, the
equilibrium occupation of a set of impurity states follows
a Fermi-Dirac distribution if each impurity can trap only
a single particle. ) Since isolated excitons have boson
characteristics, the Fermi-Dirac distribution apparently
results from a strong repulsion of the excitons. The
repulsion must be large enough that two excitons do not
occupy the same spatial position, yet short ranged
enough to be neglected for spatially separated excitons.
Excitons in coupled quantum wells in an electric field
have an electric dipole along the growth direction, and
we will show that the repulsion between the dipoles can
satisfy these conditions.

The p-i-n diode sample used here consists of ten un-
doped double-quantum-well units separated by 200 A of
Alo3Gao7As. Each unit consists of two 50-A-wide GaAs
quantum wells separated by a 40-A-thick Alo3Gao7As
barrier. The layers were grown on an n+-type GaAs
substrate and capped with 5000 A of heavily p+-type
GaAs. For all data reported here, the applied electric
field across the quantum-well region was 30 kV/cm. For
the time-resolved photoluminescence, electron-hole pairs
were generated in the quantum wells by 30-psec laser
diode pulses at 1.646 eV, produced at a 5-MHz repeti-
tion rate. The energy density at the sample was about 5
nJcm per pulse, resulting in a maximum exciton den-
sity of about 10 cm . (As an additional check on den-
sity, we observed no screening of the external electric
field, implying an exciton density below 10'' cm .)
The luminescence was filtered and dispersed in a spec-
trometer with 0.2-meV resolution, and the kinetics of the
luminescence was measured at a series of energies using
a photon timing setup' with 140-psec full width at half
maximum (FWHM) resolution. Luminescence spectra
at fixed times after excitation were reconstructed from
the kinetics. Each spectrum consisted of a peak arising
from the recombination of "indirect' excitons (with elec-
tron and hole wave functions mostly confined in diferent
quantum wells). A secondary, very weak feature, peaked
at = 1.625 eV, originated from recombination of
"direct" excitons (wave functions localized in the same
well). Three series of time-resolved spectra for the in-
direct excitons (the focus of this paper) at different tem-
peratures are shown in Fig. 1.

We first analyze the time-resolved photoluminescence
of the excitons to show that the excitonic distribution
within the inhomogeneous line is thermal" at all but the
lowest temperatures and that the Fermi-Dirac distribu-
tion can be used to model the data accurately. During
the first few nanoseconds, the exciton kinetics is quite
complex. The free carriers generated by the laser relax
into excitons, ' the kinetic energy of each exciton is re-
duced to = kT by interactions with phonons, ' the direct
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FIG. 1. Photoluminescence spectra of the indirect excitons
in a coupled quantum well for various delay times at three
diAerent temperatures. The delay times and their relative scal-
ings are the same for each temperature, and are indicated in

(c). Solid curves are the calculated spectra, derived as ex-
plained in the text, while the symbols are the measured spectra.
The dashed curve in (b) is the density of states (DOS) used in

all calculations. The fine structure in this DOS results from
noise in the measured spectra.

time t .N(E, t) is proportional to the experimentally
measured luminescence intensity 1(E,t).

From Eq. (1) and the spectra at 18 K in Fig. 1(a), one
can derive D(E). Then one can predict the spectrum at
any other temperature again using Eq. (1). For T & 18
K, Eq. (1) gives a good agreement with the data. At
lower temperatures, however, the MB distribution clear-
ly does not apply, as the measured spectra change shape
with time, that is, with integrated exciton density. For
the Bose-Einstein (BE) distribution function, the chemi-
cal potential p must be at a lower energy than any exci-
ton state so that the distribution function is always non-
negative. The low-energy tail of the DOS extends below
1.592 eV, while the luminescence at 12 K is primarily at
E & 1.597 eV. For E & 1.597 eV, (E p)/kq—T & 5, so
that E & 1.597 eV corresponds to the high-energy tail of
the BE distribution. Therefore the BE distribution func-
tion in this range will be essentially identical to the MB
distribution function. Since neither distribution can
model the low-temperature data, we try instead to fit the
data with a Fermi-Dirac (FD) distribution, i.e. ,

N(E, r ) =D(E)f(E,P, T), (2)
where f(E,p, T) =[exp[(E p)/kqT—1+ lI ' is the FD
distribution function. The chemical potential p is im-
plicitly a function of temperature and density. For the
time-resolved spectra, the integrated exciton density
changes with time and longer times correspond simply to
lower densities. The corresponding change in p is deter-
mined by

D (E )f(E,p, T )dE tx: I(E, t )dE (3)

excitons relax into indirect excitons, and the excitons
drift into the low-energy regions of the quantum wells. '

In a conventional single quantum well or a coupled weil
with no applied fields, the exciton lifetime is typically
less than a nanosecond, ' ' and so the excitons have all
recombined before this part of the kinetics ends. Be-
cause of the much longer lifetime of excitons in the cou-
pled wells with an applied field, ' one can observe the
excitons well after this short-time relaxation. At longer
times, such as those displayed in Fig. 1, it might be pos-
sible for the excitons to occupy the inhomogeneous dis-
tribution in quasithermal equilibrium. " Analysis of the
18-K spectra indicates that this is indeed the case. For
18 K and higher temperatures, the spectral shape is sta-
tionary with time, while the intensity decreases monoton-
ically with time as the excitons recombine. Because the
distribution is independent of density, the classical Max-
well-Boltzmann (MB) distribution is evidently a good
approximation at these higher temperatures. If the den-
sity of states (DOS) representing the spatial dependence
of the exciton energy is D(E), with E the exciton energy,
then for the MB distribution

N(E, t) ee D(E)exp( —E/kgT),
where N(E, t) is the exciton density at energy E and

for each time t. Equation (3) expresses the requirement
that the measured integrated luminescence intensity is
proportional to the calculated integrated exciton density.
Because p cannot be independently measured, D(E)
cannot be determined from Eq. (2) using a single mea-
sured spectrum. Instead, we iteratively determine p and
D(E) from the 12-K data at 4 and 40 nsec. An initial
guess for p at 40 nsec is made, and Eq. (2) is then used
to determine a DOS from the 40-nsec data. The predict-
ed 4-nsec spectrum is then calculated from this DOS,
where p at 4 nsec is determined from Eq. (3). The ini-
tial guess for p at 40 nsec is then varied until a satisfac-
tory spectrum at 4 nsec is obtained. The DOS obtained
from this procedure is shown in Fig. 1(b), and will be
used as D(E) in all subsequent calculations. All other
time-resolved spectra may be calculated from this DOS
using Eqs. (2) and (3) without additional adjustable pa-
rameters. As seen in Figs. 1(a) and 1(b), this procedure
gives good results for T ~ 12 K, except at the lowest ex-
citon energies E ~ 1.598 eV. For the 6-K spectra (where
much of the luminescence is at these lowest energies),
the calculated variation with times does not match the
measurements. Except for these low energies and tem-
peratures, a FD distribution seems to be a good choice
for the data. The deviations will be discussed below.

2248



VOLUME 66, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1991

(T) = (0) — (k T) 2 dlnD(E)
p =p

dE , ~=&(o)
(4)

Further support for the Fermi-Dirac distribution
comes from cw luminescence spectra. As reported ear-
lier, there is a striking change of spectral width and
peak position with temperature as shown in Fig. 2. ' For
these data, the intensity of the 1.657-eV cw dye laser is
held constant at 0. 1 W crn . Because the photo-
luminescence decay time is a nearly constant 40 nsec
throughout this temperature range, the exciton density in
the cw experiments is constant at about 3x10 cm
To model the cw data, p is first adjusted to fit the 12-K
data using the DOS of Fig. 1(b). The change in p with
temperature is then determined by requiring fN(E)dE
to be constant with temperature. The predicted change
in spectral shape and width are shown in Fig. 2, as is the
calculated change in p. Except for temperatures below 6
K, the quantitative agreement between the model and
the data is excellent. Changes in density, particularly
around 12 K, produce significant changes in the mea-
sured spectra for exciton densities several times higher or
lower than the data of Fig. 2. These changes are accu-
rately predicted by the model.

The striking changes in the spectra of Fig. 2 can be
understood by examining the temperature variation of
the chemical potential p(T) at constant density. Ex-
panding p(T) about p(0) gives the result'
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FIG. 2. (a) Measured (points) and calculated (lines) cw
photoluminescence spectra at three different temperatures.
The laser intensity is the same for all data; the calculations as-
sume a constant exciton density. The density of states is shown
in Fig. l(b). (b) Measured and calculated full width at half
maximum for the set of spectra represented in (a). The dashed
curve is the calculated variation in the chemical potential with
temperature.

In conventional fermion systems such as metals or par-
tially filled valence or conduction bands in semiconduc-
tors, D (E) changes slowly around p (0), so p changes
slowly with T. In the low-energy tail of a Gaussian or
other similarly broadened DOS, D(E) increases approxi-
mately exponentially with E and therefore p changes
rapidly, as can be seen in Fig. 2(b). In fact, although p
in Fig. 2(b) is not derived using Eq. (4), it is in reason-
able agreement with Eq. (4). For temperatures below
about 12 K, the chemical potential is near the peak of
the luminescence and the FD distribution must be used
to accurately model the data. For temperatures above
18 K, p is in the low-energy tail of the luminescence, and
so the MB distribution is a reasonable approximation.
Thus, the large change in spectral width and peak posi-
tion result directly from the rapid decrease in p(T).

The FD distribution is clearly a good model for the
data. We now consider why this distribution might ap-
ply to these excitons. It is important to recall that the
GaAs/Alo 3Gao 7As interface is not perfectly smooth, and
that the roughness leads to inhomogeneous broadening of
the exciton line. The spatial scale of the roughness is
not critical here; we require only that different spatial
positions in the quantum-well plane correspond to
different, energies. ' In our heterostructure, roughness of
one monolayer corresponds to an inhomogeneous width
of about 6 meV, in reasonable agreement with the width
of the calculated DOS. In a coupled quantum well with

an applied electric field, the excitons have an electric di-
pole along the growth direction, corresponding in this
sample to an electron-hole separation of about 100 A.
As a result of this dipole, there is a strong short-range
repulsion between excitons, amounting to 1.3 meV for a
200-A exciton separation, and 7.0 meV for a 100-A sep-
aration. In the absence of interactions between the exci-
tons, BE statistics would apply, and in equilibrium most
of the excitons would occupy states within =kT of the
chemical potential. Such states represent only a tiny
fraction of the area of the quantum-well plane, so that
the density of excitons in these areas of lowest energy
would be orders of magnitude higher than the average
density. Because of the strong dipole repulsion of the ex-
citons, in equilibrium the excitons will spread out to oth-
er areas (of higher energy) in the quantum-well plane.
Because the excitons are avoiding each other, the FD
distribution gives a good noninteracting-particle approxi-
mation to the equilibrium configuration. An exact solu-
tion will require details about the scale of interface
roughness and the actual distance dependence of the
repulsion, and so will be much more complex. By using
the FD distribution, we approximate the repulsion by a
step function. The repulsion is assumed to be greater
than the luminescence linewidth for excitons separated
by ~ (an exciton radius) and zero for larger separations.
This approximation means that the potential energy of

2249



VOLUME 66, NUMBER 17 PHYSICAL REVIEW LETTERS 29 APRIL 1991

one exciton is not altered by the presence of other exci-
tons, except that no two excitons occupy the same spatial
position.

It may seem that the deviations from the FD distribu-
tion seen in Fig. 1(c) and at low temperatures in Fig.
2(b) weaken the evidence for our model. We now show

that the excitons can be in a metastable distribution at
these low temperatures, and that this metastability is a
natural consequence of our model. We have noted that
the interface roughness leads to a position-dependent ex-
citon energy. As a result, there will be "barriers" and
"valleys" in the exciton energy as a function of position.
In order for the DOS to be occupied in thermal equilibri-

um, an exciton must be able to move by thermal activa-
tion from one valley to another within its lifetime. Be-
cause of interactions with phonons, each exciton has ki-

netic energy = kT, ' corresponding to a thermal veloci-

ty v th
= 10 cm sec ' at 6 K. The probability that an ex-

citon is thermally activated over a barrier of height h,E
on any single attempt is =exp( dE/kT—), while the at-
tempt frequency is roughly U, h/W, where W is the dis-

tance between barriers. Therefore, the typical time for
an exciton to get over a barrier is

t = (W/U h)e

Because of the exponential variation of t with hE, and

because neither hE nor 8 is accurately known, we can
only estimate this time. Choosing a typical barrier
height as half the width of the DOS, BE=3 meV, and

taking W=2000 4, Eq. (5) gives t=8 nsec, which is of
the same order of magnitude as the 40-nsec exciton life-

time. Clearly, below some temperature excitons will be-

come trapped in va11eys, and will not be able to occupy
the DOS thermally. Because of the exponential depen-
dence in Eq. (5), this metastable trapping will occur
below a threshold temperature. Then, the luminescence
wi11 stop changing with decreasing temperature, as is ob-
served in Fig. 2(b) for temperatures below 6 K. The
metastability is also seen in Fig. 1(c), where the ob-
served changes with time are much smaller than predict-
ed by the thermal model.

Excitons in this coupled quantum well occupy a densi-

ty of states which is inhomogeneously broadened by in-

terface roughness. Repulsion between excitons results in

a Fermi-Dirac distribution when the temperature is high

enough that excitons can be thermally activated over the
potential barriers. A large increase with energy in the
density of states around the chemical potential leads to
striking changes in the luminescence spectrum as a func-
tion of temperature or exciton density. The dipole in-

teraction of these excitons provides one source of repul-
sion. With no applied field, there is no first-order dipole
repulsion of excitons in either coupled or single quantum
wells. On the other hand, there are still interactions be-
tween excitons. A second-order dipole repulsion and, at
high densities, phase-space filling will cause excitons to
repel each other. One may therefore speculate on the ex-
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citon distribution in the absence of an electric field.
However, because of the short exciton lifetimes in the
absence of a field, the excitons do not reach quasiequi-
librium. In addition, as heterointerface qualities are im-

proved, the inhomogeneous linewidth will decrease. Fi-
nally, at high densities, screening of the external field
and also the possibility of an electron-hole liquid will
need to be considered. Studying the thermodynamics in

these regimes remains a challenge.
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