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random potential with a large amplitude
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The kinetics of indirect photoluminescence of GaAs/AlxGa12xAs double quantum wells,
characterized by a random potential with a large amplitude~the linewidth of the indirect
photoluminescence is comparable to the binding energy of an indirect exciton! in
magnetic fieldsB<12 T at low temperaturesT>1.3 K is investigated. It is found that the indirect-
recombination time increases with the magnetic field and decreases with increasing
temperature. It is shown that the kinetics of indirect photoluminescence corresponds to single-
exciton recombination in the presence of a random potential in the plane of the double
quantum wells. The variation of the nonradiative recombination time is discussed in terms of the
variation of the transport of indirect excitons to nonradiative recombination centers, and the
variation of the radiative recombination time is discussed in terms of the variation of the population
of optically active excitonic states and the localization radius of indirect excitons. The
photoluminescence kinetics of indirect excitons, which is observed in the studied
GaAs/AlxGa12xAs double quantum wells for which the random potential has a large amplitude,
is qualitatively different from the photoluminescence kinetics of indirect excitons in AlAs/
GaAs wells and GaAs/AlxGa12xAs double quantum wells with a random potential having a small
amplitude. The temporal evolution of the photoluminescence spectra in the direct and
indirect regimes is studied. It is shown that the evolution of the photoluminescence spectra
corresponds to excitonic recombination in a random potential. ©1999 American Institute of
Physics.@S1063-7761~99!02605-0#
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1. INTRODUCTION

The neutral system consisting of spatially separated t
dimensional layers of electrons and holes in double quan
wells has been widely studied in recent years.1–12 This sys-
tem is of interest primarily because of the possibility of co
structing structures with the required architecture and a
rate of indirect~interwell! recombination. Since the effectiv
carrier temperature is determined by the ratio of the rel
ation and recombination times, the low indirec
recombination rate makes it possible to obtain a neu
electron–hole system of a high density with a low effect
temperature. A number of theoretical treatments have sh
that in a system of spatially separated layers of electrons
holes in double quantum wells at low temperatures collec
states can be observed, including a condensate of ind
excitons similar to the Bose–Einstein condens
bosons.13–20An interesting particular case is a system of sp
tially separated layers of electrons and holes in a strong m
netic field perpendicular to the plane of the well. A numb
of theoretical studies have shown that the critical conditio
for condensation of excitons are improved in a strong m
netic field as a result of complete quantization of the ene
spectrum of electrons and holes15,16 and as a result of the
1031063-7761/99/88(5)/9/$15.00
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lifting of spin degeneracy. Theory predicts that when t
distance between the electron and hole layers is sm
d& l B ( l B5A\c/eB is the magnetic length!, the ground state
of the system is determined by the electron–hole interac
and is an exciton condensate, while for large distanc
d* l B , the ground state is determined by electron–elect
and hole–hole interaction and is an incompressible Fe
liquid or Wigner crystal of electrons and holes.18,19

An inevitable property of semiconductor quantum we
and double quantum wells is the existence of a random
tential produced in the plane of a well by irregularities of t
interfaces, composition fluctuations, defects, and impurit
A random potential qualitatively affects the properties of t
system. Specifically, a strong random potential destroys p
sible collective states~see Ref. 12 and citations there!. No
theory of a system of spatially separated electron and h
layers in the presence of a random potential is yet availa
We shall parametrize the magnitude of the potential by
ratio of the binding energy of an indirect exciton to the wid
of the indirect luminescence line, determined by the am
tude of the random potential,EI /DPL . In terms of the pa-
rametersd, l B , EI , and DPL ~in a zero magnetic field the
analog ofl B is the Bohr radius of an indirect exciton!, four
6 © 1999 American Institute of Physics
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classes of spatially separated electron–hole system
double quantum wells can be distinguished. Class B1 c
sists of double quantum wells with a small effective distan
between the layers and a weak disorder (d& l B , EI@DPL).
According to theoretical studies,13–20 for this class of double
quantum wells the ground state of the system at low te
peratures should be an excitonic condensate, and the cr
conditions for condensation of excitons are improved in
strong magnetic field.15,16 Class B2 consists of double qua
tum wells with a small distance between the layers a
strong disorder (d& l B , EI&DPL). Class A1 consists o
double quantum wells with a large distance between the
ers and weak disorder (d* l B , EI@DPL). According to
theory,18,19for this class of double quantum wells the grou
state of the system at low temperatures should be an inc
pressible Fermi liquid or a Wigner crystal of electrons a
holes. Class A2 consists of double quantum wells with
large distance between the layers and strong disorded
* l B , EI&DPL). This classification must be supplement
by the carrier density and the temperature, which determ
the phase boundaries. Interclass transitions between
classes are probably, continuous. Thus a transition betw
the classes B1 and A1 and a transition between the cla
B2 and A2 can be accomplished by increasing the magn
field, while a transition between the classes B1 and B2
between the classes A1 and A2 can be followed by study
double quantum wells with various degrees of disorder.

At experimental investigation ofG –Xz AlAs/GaAs
double quantum wells, characterized by a small distance
tween the electron and hole layers,d'3 –4 nm, EI;10
meV, andDPL from 3 to 6 meV, which therefore belong t
the classes B1 and B2, implying condensation of indir
excitons in strong magnetic fields at low temperatures h
been observed: an anomalous increase of the diffusion c
ficient and radiative recombination rate of excitons, int
preted as the appearance of superfluidity of excitons
superradiance of an excitonic condensate,12 and anomalously
large fluctuations of the total intensity of the photolumine
cence of excitons, interpreted as critical fluctuations nea
phase transition, which are associated with instability of c
densate domains.8 As the disorder in the experimental AlAs
GaAs wells increased, these anomalies became weake
disappeared, which corresponded to a transition from c
B1 to class B2.12

The kinetics of photoluminescence in double quant
wells belonging to the class A1 has been investigated
zero magnetic field. Specifically, double quantum we
GaAs/AlxGa12xAs with d'12 nm, EI;5 meV, andDPL

51.3 meV have been investigated.21 A sharp increase o
intensity and narrowing of the photoluminescence line
indirect excitons were found after the pulsed laser excita
was switched off at low temperatures and high exciton d
sities. The effect was described by a rapid increase in
population of optically active excitonic 2D states.21

In the present work we investigate the optical propert
of a system consisting of spatially separated layers of e
trons and holes in class A2 wells. Specifically, we investig
GaAs/AlxGa12xAs double quantum wells withd;11 nm
andEI;DPL;6 meV. The experimental data are compar
in
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with the analogous dependences for class B1, B2, and
double quantum wells.

2. SAMPLE AND EXPERIMENTAL PROCEDURE

In gate voltage tunablen1 – i –n1 heterostructure with a
single GaAs/AlxGa12xAs double quantum well, which wa
adjusted by varying the gate voltage, was grown
molecular-beam epitaxy on ann1-GaAs substrate. Thei
layer consists of two, 5 nm wide, GaAs quantum wells se
rated by a 5.5 nm thick Al0.35Ga0.65As barrier and surrounded
by 55 nm thick Al0.35Ga0.65As barriers. The band diagram o
the i layer of the structure in the indirect regime is shown
Fig. 1. The 1100 nm thickn1 layers on the substrate side an
the 110 nm thick layer on the surface side were doped w
Si to a densityNSi5531017cm23. To improve the electrical
contact,d doping withNSi51013 cm22 was performed at 10
nm from the surface. As a result of the high doping dens
then1 layers are of a metallic character, and the gate volt
Vg applied between the substrate and the surface decreas
the i layer. The front gate consisted of a frame around a m
with a 2003200 mm2 window.

The sample was placed in a helium cryostat with a
perconducting solenoid. Excitation and detection were p
formed through a 200mm in diameter optical light guide
placed 300mm from the mesa surface. The carriers we
excited by a pulse semiconductor laser (\v51.85 eV!. The
laser pulse was approximately square with;50 ns duration
and ;1 ns edges. The temporal resolution of the detect
system was 0.5 ns. A double grating monochromator, a p
tomultiplier, and a time-correlated photon counting syst
with time resolution were used to detect the signal.

3. PHOTOLUMINESCENCE KINETICS IN THE INDIRECT
REGIME

The indirect regime in then1 – i –n1 structure of the
GaAs/AlxGa12xAs double quantum wells occurs for finit
values ofVg . TheVg dependence of the photoluminescen
spectra and kinetics are shown in Figs. 1a and 1c. ForVg

&0.3 V the energy of the photoluminescence line is ess
tially independent ofVg , and the decay of this line is char
acterized by a short lifetime. Therefore the ground state
the system forVg&0.3 V is a direct exciton. ForVg*0.4 V,
increasingVg produces an approximately linear energy sh
of the principal photoluminescence line and increases
decay time of the line. Therefore forVg*0.4 V electrons and
holes in the ground state of the system occupy differ
quantum wells; this corresponds to an indirect regime. T
magnitude of the shift of the indirect photoluminescence l
is determined by the electrostatic energyeFd, wheree is the
electron charge andF is the electric field in thez direction. A
transition from the direct regime into the indirect regim
occurs in a nonzero electric fieldFD2I . This corresponds to
excitonic recombination with direct and indirect exciton e
ergiesED5Eg2ED andE I5Eg2EI2eFd, whereEg is the
energy gap, including the electron and hole quantization
ergy in the double quantum well,ED andEI are the binding
energies of the direct and indirect excitons. ForF5FD2I the
energy difference between the single-particle direct and
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FIG. 1. Time-integrated photoluminescenc
spectrum~a, b! and photoluminescence kinetics
measured at the maximum of the principal lin
~c, d!, as a function of the gate voltage~a, c! and
magnetic field~b, d! at T51.3 K andWex510
W/cm2. The dashed line corresponds to the tra
ing edge of the 50 ns laser excitation pulse. T
spectra and kinetics are shifted along the ord
nate for clarity. The direct and indirect photolu
minescence lines are labeled byD andI, respec-
tively. The band diagram of the
GaAs/AlxGa12xAs double quantum well is
shown in the inset.
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direct pair states is equal to the difference between the b
ing energies of the direct and indirect excitons:eFD2Id
5ED2EI ~see Refs. 7 and 9 and the references cited the!.

The width of the indirect-exciton line is determined b
the random potential in the plane of the double quant
well. Several types of disorder, making the main contribut
to the inhomogeneous broadening of the indirect photolu
nescence line, can be distinguished: a! interfacial fluctua-
tions; b! electric-field fluctuations in thez direction; c!
charged impurities~other types of disorder, such as comp
sition fluctuations, neutral impurities, and defects also ex
but their contribution to disorder is, as a rule, smaller!. Fluc-
tuations of the electric field in thez direction give rise to
in-phase fluctuations of the potential for an electron and fo
hole, so that they can be treated as fluctuations of the po
tial for the indirect exciton center of mass. Charged impu
ties give rise to antiphase fluctuations of the potential for
electron and for a hole. Strong fluctuations due to char
impurities can result in breakup of the exciton and indep
dent localization of an electron and a hole in a local mi
mum of the random potential.11 Interfacial fluctuations give
rise to in-phase fluctuations of the potential for an elect
and a hole in single quantum wells; for an indirect excit
~electron–hole pair! in GaAs/AlxGa12xAs wells interfacial
fluctuations produce independent fluctuations of the poten
for an electron and a hole. Fluctuations of the electric field
thez direction are determined primarily by fluctuations of t
extent of the section where gate voltage drops. To red
such fluctuations to a minimm then1 layers should posses
good conductivity, and thei layer should be a good insulato
Then the region where gate voltage drops is clea
determined—it is thei layer.

Since fluctuations of the electric field in thez direction
are specific to indirect excitons in double quantum we
their relative contribution to the inhomogeneous broaden
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of the indirect photoluminescence line can be estimated
comparing the widths of the direct and indirect photolum
nescence lines. In the GaAs/AlxGa12xAs double quantum
well studied the indirect photoluminescence line~6.5 meV
for Vg50.8 V! is even narrower than that of the direct ph
toluminescence line~14.7 meV in the direct regime with
Vg50 and 9.4 meV in the indirect regime withVg50.8 V!,
indicating that fluctuations of the electric field make a ne
ligibly small contribution to the broadening of the line. Th
quantum wells in the experimental structure are narrow
nm corresponds to 18 monolayers. In narrow wells interfa
fluctuations make the main contribution to inhomogeneo
broadening of the line. Thus, in the experimental dou
quantum well a fluctuation of the well width by one mon
layer with an infinite terrace produces a changedm ;5 meV
in the electron energy and;2 meV in the hole energy. The
finiteness of the terraces results in quantization of the e
tron and hole energies in the plane. This produces state
the entire energy interval from 0 todm . The observed width
of the indirect photoluminescence line corresponds todm

~Fig. 1a!. This confirms that interfacial fluctuations make th
dominant contribution to the broadening of the line. The
fore the large magnitude of the random potential in the
perimental GaAs/AlxGa12xAs double quantum wells is du
primarily to the small width of the quantum wells. The sha
of the photoluminescence line reflects the energy distribu
of excitons over local energy minima in the random pote
tial. The direct-photoluminescence line is probably broa
ened in part because the widths of the two quantum wells
different and the direct photoluminescence line includes t
spectrally unresolved lines from the two quantum wells.

In the experimental structure in the indirect regime bo
radiative and nonradiative recombination contribute to
recombination of indirect excitons. The observed decreas
the recombination rate with delay time~see, for example,
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Fig. 1! is characteristic for both radiative and nonradiati
recombination of indirect excitons. The radiative recombin
tion rate of an exciton is proportional to the population of t
optically active 2D excitonic states~with quasimomenta
k<k05E /\c, wherec is the velocity of light in the medium!
and it increases with the extent of the wave function of
exciton center of mass in the plane, called the coherent
of the exciton ~the radiative recombination rate saturat
when the coherent length of the reciprocal of the wavelen
of the emitted light is reached!.22–26As a result of the spread
of the localization radius in a random potential, the radiat
recombination time of excitons is nonuniform over the pla
of the double quantum well. As a result, the radiative reco
bination rate decreases with increasing delay time, since
excitons with a large localization radius that are the first
recombine in the photoluminescence decay process.

Moreover, as the delay time increases, electrons
holes independently localized in the local minima of the ra
dom potential and having, as a result of the spatial separa
in the plane~in addition to separation in thez direction for
indirect electron–hole pairs!, a low radiative-recombination
rate make an increasingly larger contribution to the inten
of photoluminescence. Since the independently locali
electrons and holes with the smallest separation in the p
are the first to recombine in the process of photolumin
cence decay, the radiative recombination rate of indep
dently localized electrons and holes also decreases with
creasing delay time.11 In narrow double quantum wells
characterized by a low diffusion coefficient of indirect exc
tons, nonradiative recombination is determined by exci
transport toward nonradiative recombination centers.12,27–29

The decrease of the nonradiative recombination rate with
delay time is due to the monotonic decrease of the exc
diffusion coefficient. As a result, more and more localiz
excitons, which have not had enough time to reach the c
ters of nonradiative recombination and to recombine, p
dominate in the spectrum.

The magnetic-field and temperature dependences of
indirect-photoluminescence spectra and kinetics are
played in Figs. 1b, 1d and 2. The temperature dependenc
the indirect-photoluminescence spectra and kinetics in str
magnetic fields,B<12 T, is qualitatively the same as th
analogous dependence forB50. The corresponding initia
decay time of photoluminescence,t, and the integrated in
tensity of indirect photoluminescence,I PL , are shown in Fig.
3. The timet increases with magnetic field~Figs. 1d and 3a!
and decreases with increasing temperature~Fig. 2b, 3b, and
3c!.

The observed photoluminescence kinetics
GaAs/AlxGa12xAs double quantum wells is qualitatively dif
ferent from the kinetics in the B1-, B2-, and A1-class dou
quantum wells investigated: in contrast to GaAs/AlxGa12xAs
double quantum wells with weak disorder~A1 class!,21 in the
experimental GaAs/AlxGa12xAs double quantum wells a
sharp increase in the intensity of photoluminescence after
laser excitation pulse ceases is not observed; in contra
AlAs/GaAs double quantum wells~B1 class!,8,12 in the ex-
perimental GaAs/AlxGa12xAs wells a sharp decrease oft in
strong magnetic fields is not observed. The intensity of p
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toluminescence does not exhibit a sharp increase in the s
ied double quantum well with a large random potential af
the laser excitation pulse ceases because the large pote
smears the boundary between the optically active~with k
<k0) and passive (k.k0) excitonic states30, so that the pos-
sible sharp increase in the population of optically act
states does not result in a higher photoluminescence in
sity. The absence of a sharp decrease oft in strong magnetic
fields, which is observed in AlAs/GaAs double quantu
wells ~B1 class! and indicates the appearance of superfluid
of excitons,12 indicates the absence of collective effects
the studied double quantum wells with a large random
tential and a low binding energy of the indirect exciton~A2
class!, as expected~see Sec. 1!.

The observed monotonic increase of the lifetime with t
magnetic field is characteristic for radiative and nonradiat
single-exciton recombination in a random potential. T
change in the radiative lifetime of excitons with increasi
magnetic field is determined by the ratio of the increase
the oscillator strength of the exciton as a result of a decre
in the exciton radius31 and the decrease in the oscillat

FIG. 2. Time-integrated photoluminescence spectrum~a! and indirect pho-
toluminescence kinetics, measured at the maximum of the indirect line~b!,
as a function of temperature withVg50.8 V, Wex510 W/cm2, andB50.
The spectra and kinetics are shifted along the ordinate for clarity.
dashed line corresponds to the trailing edge of the 50 ns laser excita
pulse. The direct and indirect photoluminescence lines are labeled byD and
I, respectively.
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FIG. 3. Measured indirect-recombination timest
(j) and the integrated intensity of indirect pho
toluminescence together with the deduced rad
tive and nonradiative indirect recombination time
t r (s) andtnr (n) versus the magnetic field with
Vg50.8 V andWex510 W/cm2.
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strength of an exciton as a result of a decrease in the lo
ization radius of the exciton22–26 in a magnetic field as a
result of an increase in the mass of the magnetoexciton.31,32

The increase in the nonradiative lifetime of an exciton~de-
termined by transport toward nonradiative recombinat
centers! with the magnetic field is due to a decrease in
diffusion coefficient caused by an increase in the magneto
citon mass.33 A decrease of the diffusion coefficient wit
increasing magnetic field has also been observed for ind
excitons in AlAs/GaAs double quantum wells in weak ma
netic fields12 and for direct excitons in single
GaAs/AlxGa12xAs double quantum wells.34 We note that a
monotonic increase of the radiative and nonradiative l
times with increasing magnetic field is also characteristic
independently localized electrons and holes and is due
decrease of the carrier localization radius.

The method described in Ref. 12 was used to distingu
the radiative and nonradiative lifetimes. The radiative li
time t r can be directly extracted from the measured to
lifetime t and the time-integrated photoluminescence int
sity I PL . For single-exponential decay of photoluminescen
t r5(G/I PL)t, whereG is the generation rate of electron
hole pairs in double quantum wells~weak nonexponentiality
introduces negligible quantitative corrections12!. The quan-
tity G is unknown; to estimate it the quantum yield wi
parameters corresponding to maximumI PL was taken to be
1. Then G5I max and t r5(I max/I PL)t, where I max is the
maximum integrated photoluminescence intensity obser
in the experimental double quantum well withVg50.3 V
~Fig. 1a!. The formulat215t r

211tnr
21 was used to find the

nonradiative lifetimetnr using the measured value oft and
the calculated value oft r . The values oft r andtnr found in
this manner are shown in Fig. 3.

Note that the parameter dependence oft r found by the
method indicated above is correct ifG does not depend on
the given parameter. This condition was satisfied for
AlAs/GaAs double quantum wells studied in Ref. 12. Ho
ever, it is not satisfied in the present investigations
GaAs/AlxGa12xAs double quantum wells. The photon e
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ergy for photoexcitation is only 100 meV lower than th
energy of the Al0.35Ga0.65As barrier, so that as a result of th
Franz–Keldysh effect and the tails of the density of state
Al xGa12xAs, the absorption in the barrier layers was su
stantial. The collection of carriers generated in the bar
layers to double quantum wells made an appreciable co
bution to G, comparable to the generation in GaAs laye
Thus the increase in the total photoluminescence inten
with a small applied gate voltage~Fig. 1! is due to an in-
crease inG as a result of the drift of carriers generated in t
barrier layers~this effect is absent for photoexcitation wit
photon energy much less than the gap width in the bar
layers!. The drift of carriers generated in the barrier layers
double quantum wells can depend on the magnetic field
temperature. For this reasonG is not independent of the pa
rameters, and the method described above for finding
dependence oft r on the magnetic field and temperature fro
the measured values oft and I PL is not entirely correct for
the present experiment. Moreover, an error in estimating
quantum yield for parameters corresponding to maxim
I PL will enter in the absolute value oft r andtnr as well as in
the magnetic-field and temperature dependences oftnr .
Nonetheless the method employed makes it possible to
low the qualitative variations oft r andtnr as a function of
magnetic field and temperature.

It is evident in Fig. 3 thatt r is virtually independent of
the magnetic field andtnr increases monotonically with th
field. This corresponds to the single-exciton behavior
scribed above. As temperature increases,t r increases andtnr

decreases~Fig. 3; the opposing behavior oft r andtnr could
cause a weak nonmonotonicity of the temperature variati
of t, and the possible increase oft at low temperatures falls
within the experimental error, Figs. 2 and 3!. The decrease in
tnr with increasing temperature is characteristic for bo
single-exciton recombination and recombination of indep
dently localized electrons and holes and is due to the
crease in the diffusion of excitons~electrons and holes! to-
ward nonradiative recombination centers as a result of t
thermal activation from local minima of the random pote
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1041JETP 88 (5), May 1999 Butov et al.
tial. The increase int r with temperature is characteristic fo
excitonic recombination because the population of optica
active excitonic states decreases~for a Boltzmann distribu-
tion of excitons the fraction of optically active excitons wi
k<k0 is 12exp(2E0 /kT), where E05\2k0

2/2m;1 K; for
T@E0 the Boltzmann distribution leads to a linear increa
of the radiative lifetime of excitons with increasin
temperature!.22–26However, the observed increase oft r with
temperature contradicts the model of recombination of in
pendently localized electrons and holes, on the basis
which an increase in temperature should enhance the o
lapping of the electron and hole wave functions due to th
delocalization. Hence it follows that the random potential
the double quantum well under study is not strong enoug
break up excitons, and the fraction of independently loc
ized electrons and holes is low. Note that the magnetic-fi
and temperature dependences oft r and tnr in the studied
GaAs/AlxGa12xAs double quantum well correspond qualit
tively to the analogous dependences for AlAs/GaAs we
~B1 class! in weak magnetic fields.12 In both cases thes
dependences correspond to single-exciton recombination

The photoluminescence spectra and kinetics of indir
excitons are virtually independent of the exciton dens
fixed by the laser excitation densityWex ~Fig. 4!. For Wex

510 W/cm2 the density of indirect excitons with lifetime
t5100 ns is estimated to be several times 1010 cm22. As
Wex increases, a shift of the indirect exciton line in the d
rection of high energies is observed. This behavior co
sponds to the theoretically predicted increase of the ene
of indirect excitons with increasing density18,20 and is ex-
plained by the repulsive dipole–dipole interaction betwe
indirect excitons for low exciton densities and by the ene
shift for high electron–hole densities due to the electric fi
between the separated electron and hole layers. Moreo
since the degeneracy of the zero-dimensional excitonic s
in a local minimum of the random potential is finite~neglect-
ing the exciton-exciton interaction, the degeneracy
;S/aB

2 , whereS is the area of the local minimum andaB is
the Bohr radius of an indirect exciton!, an increase of the
exciton density results in an increase of the average exc
energy. This effect should also contribute to the obser
increase in the indirect-exciton energy with density.

A small decrease of the recombination time of indire
excitons is observed with increasingWex ~Fig. 4b!. This be-
havior is characteristic for single-exciton recombination in
random potential: the exciton localization radius increa
with exciton density ~since at low density excitons ar
strongly localized in deep local minima of the potentia!.
This decreases both the radiative-recombination time
excitations22–26 and the nonradiative-recombination time
excitons due to transport toward nonradiative-recombina
centers.

4. EVOLUTION OF PHOTOLUMINESCENCE SPECTRA IN
DIRECT AND INDIRECT REGIMES

In this section we examine the temporal revolution of t
photoluminescence spectra. This is the evolution of the
ergy distribution of excitons~electron–hole pairs! with
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weight proportional to the radiative-recombination probab
ity. The dependence of the photoluminescence spectra on
time delay is shown in Fig. 5a and 5b, respectively, for t
direct and indirect regimes. After the laser excitation pu
ends, both the direct-photoluminescence line in the dir
regime and the indirect-photoluminescence line in the in
rect regime shift monotonically in the direction of low ene
gies as the time delay increases~Fig. 5!. Similar behavior is
also observed in strong magnetic fields. The shift of the p
toluminescence line with increasing time delay is typic
both for excitonic recombination and for recombination
independently localized electron–hole pairs as well as
radiative and nonradiative recombinations. In the first pla
as the delay increases, the average energy of photoex
excitons ~electron–hole pairs! in a random potential de
creases as a result of the energy relaxation of the carr
excitons ~electrons and holes! migrate in the plane of the
double quantum well in search for lower-energy loc
minima of the potential with the emission of acous

FIG. 4. Time-integrated photoluminescence spectrum normalized to th
ser excitation density~a! and indirect-photoluminescence kinetics measur
at the maximum of the indirect line~b! as a function of the laser excitation
density withVg50.8 V, T51.3 K, andB50 and 12 T. The spectra an
kinetics are shifted along the ordinate for clarity. The dashed line co
sponds to the trailing edge of the 50 ns laser excitation pulse. The direc
indirect photoluminescence lines are labeled byD and I, respectively.
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FIG. 5. Direct-photoluminescence spectrum
the direct regime withVg50 ~a! and the
indirect-photoluminescence spectrum in the i
direct regime withVg50.8 V ~b! versus the de-
lay time,T51.3 K, B50, andWex510 W/cm2.
The spectra were measured in the time interv
shown in panels c and d. The time-integrate
spectra are shown in the top. All spectra a
scaled to roughly the same intensity. The curv
of photoluminescence kinetics versus energy a
shown for the same parameters~c, d!; the ener-
gies of the detected signal are shown in panel
and b by dashed lines. The spectra and kinet
are shifted along the ordinate for clarity. Th
dashed line in panels c and d corresponds to
trailing edge of the 50 ns laser excitation puls
The direct and indirect photoluminescence lin
are labeled byD and I, respectively.
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phonons. This mechanism of energy relaxation of exciton
a random potential was theoretically examined in Ref.
and has been observed for indirect excitons in a double q
tum well.10,36 In the second place, as the delay time
creases, the average energy of the excitons~electron–hole
pairs! in a random potential decreases because the hig
energy excitons ~independently localized electrons an
holes! have higher radiative and nonradiative recombinat
rates. As the energy of the excitons in a random poten
increases, their localization radius increases,37 which results
in a higher radiative recombination rate22–26and higher non-
radiative recombination rate, due to transport of excitons
ward nonradiative-recombination centers. For independe
localized electron–hole pairs, the higher-energy pairs a
have a higher recombination rate because of their large
calization radius and the corresponding larger overlap
tween the electron and hole in the plane.11

Another aspect of the dependence of the photolumin
cence spectra on the time delay is the energy dependen
the photoluminescence kinetics, shown in Figs. 5c and
As energy decreases, the photoluminescence decay bec
slower and slower, which corresponds to the time dep
dence of the spectra~Fig. 5a and 5b! and was discusse
above.

As a result of the inhomogeneous broadening of the
rect and indirect photoluminescence lines, for the appropr
gate voltages a mixed regime in which the direct and indir
photoluminescence energies overlap can be obtained. Su
regime of energy resonance between direct and indirect
citons was considered in Ref. 38 in a study of the photo
minescence of zero-dimensional excitonic states in the lo
minima of the random potential~natural quantum dots!. In
our double quantum well the mixed regime appears forVg

;0.220.5 V; this is evident from theVg dependence of the
photoluminescence spectra~Fig. 1!. In the studied double
quantum well, characterized by a larger width of the dire
in
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photoluminescence line than the width of the indirect line
specific energy dependence of the photoluminescence k
ics is observed in the mixed regime~Fig. 6!. This depen-
dence is different from the monotonic decrease of the rec
bination rate with decreasing energy, as is observed in
direct and indirect regimes. Specifically, in the mixed regim
the recombination rate on the initial times of photolumine
cence decay depends nonmonotonically on the ene
reaching a minimum at energies corresponding to indir
photoluminescence~kinetics 4–6 in Fig. 6b!. The high re-
combination rate of direct photoluminescence at energies
low the indirect-photoluminescence energy~8, 9 in Fig. 6b!
indicates that the electron–hole distance in the plane is
than the distance in thez direction. Since the latter distanc
is ;11 nm, the electron–hole distance in the plane is l
than the radius of a direct exciton ('10 nm) and especially
an indirect exciton, which has a larger radius as a resul
the lower binding energy ('20 nm).7 A small electron–hole
distance in the plane indicates that excitonic recombina
predominates over recombination of independently locali
electrons and holes.

5. CONCLUSIONS

We have investigated the kinetics of indirect photolum
nescence in GaAs/AlxGa12xAs double quantum wells char
acterized by a random potential with a large amplitude~the
width of the photoluminescence line is comparable to
binding energy of an indirect exciton! and a large distance
between the electron and hole layers (d;11 nm, which is
greater than the magnetic length forB*5.5 T! in magnetic
fields B<12 T at low temperaturesT>1.3 K. It was found
that the indirect recombination timet increases with the
magnetic field and decreases with temperature. Analysi
the variation oft and the total intensity of photolumines
cence gave the radiative and nonradiative indirect recom
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nation times,t r andtnr . It was found thattnr increases with
the magnetic field and decreases with increasing tempera
while t r is essentially independent of the magnetic field a
increases with temperature. It was shown that the kinetic
indirect photoluminescence corresponds to the single-exc
recombination in the presence of a random potential in
plane of the double quantum well. The variation of the no
radiative recombination time was discussed in terms of
variation of the transport of indirect excitons toward non
diative recombination centers, and the variation of the rad
tive recombination times was discussed in terms of the va
tion of the population of optically active excitonic states a
the localization radius of indirect excitons. The photolum
nescence kinetics of indirect excitons, which was observe
the studied GaAs/AlxGa12xAs double quantum wells with a
random potential having a large amplitude, is qualitativ
different from the photoluminescence kinetics of indirect e
citons in AlAs/GaAs and GaAs/AlxGa12xAs double quan-
tum wells when the amplitude of the random potential
small.

The temporal evolution of the photoluminescence sp
tra in the direct and indirect regimes was examined. It w
found that after the laser excitation pulse ceases both
direct photoluminescence line in the direct regime and

FIG. 6. Energy dependence of the photoluminescence kinetics in the m
regime corresponding to overlapping of the direct and indirect photolu
nescence lines (Vg50.4 V! at T51.3 K, B50, andWex510 W/cm2 ~b!.
The energies of the detected signal are shown in panel a, which show
time-integrated spectrum. The spectra are shifted along the ordinate for
ity. The dashed line in panel b corresponds to the trailing edge of the 5
laser excitation pulse.
re,
d
of
n
e
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in
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indirect photoluminescence line in the indirect regime sh
monotonically in the direct of lower energies as the de
time increases. It was shown that the evolution of the pho
luminescence spectra corresponds to excitonic recombina
in a random potential and is determined by the energy re
ation of excitons and by the energy dependence of the
combination rate.
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