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The kinetics of indirect photoluminescence of GaAs(®d; _,As double quantum wells,
characterized by a random potential with a large amplittitie linewidth of the indirect
photoluminescence is comparable to the binding energy of an indirect exaiton

magnetic fieldB8=<12 T at low temperatures=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/ALGa ,As 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/AGa, _,As 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[S1063-776099)02605-0

1. INTRODUCTION lifting of spin degeneracy. Theory predicts that when the
distance between the electron and hole layers is small,

The neutral system consisting of spatially separated twog<| (Iz= \Ac/eB is the magnetic lengihthe ground state
dimensional layers of electrons and holes in double quanturgs the system is determined by the electron—hole interaction
wells has been widely studied in recent year§.This sys-  and is an exciton condensate, while for large distances,
tem is of interest primarily because of the possibility of CON-4=|,, the ground state is determined by electron—electron

structing structures with the required architecture and a low,,4 hole—hole interaction and is an incompressible Fermi
rate of indirect(interwell) recombination. Since the effective liquid or Wigner crystal of electrons and hofts®

carrier temperature is determined by the ratio of the relax-

ation gnd_ recomb|nat|on_ tlmes_, the IOW. indirect- :rmd double quantum wells is the existence of a random po-
recombination rate makes it possible to obtain a neutratential roduced in the plane of a well by irregularities of the
electron—hole system of a high density with a low effective. P P ylrreg

temperature. A number of theoretical treatments have shc)V\I|I[|1terfr:1ces, composition fluctuations, defects, and impurities.

that in a system of spatially separated layers of electrons arfd random pot_e_ntial qualitatively affects the br operties of the
holes in double guantum wells at low temperatures collectiveyStem. Specifically, a strong random potential destroys pos-

states can be observed, including a condensate of indireSiP!€ collective statessee Ref. 12 and citations theréo
excitons similar to the Bose—Einstein condensatdh€ory of a system of spatially separated electron and hole

bosonst®~2°An interesting particular case is a system of SpaJayers in the presence of a random potential is yet available.
tially separated layers of electrons and holes in a strong magVe shall parametrize the magnitude of the potential by the
netic field perpendicular to the plane of the well. A numberratio of the binding energy of an indirect exciton to the width
of theoretical studies have shown that the critical condition®f the indirect luminescence line, determined by the ampli-
for condensation of excitons are improved in a strong magtude of the random potentia, /Ap . In terms of the pa-
netic field as a result of complete quantization of the energyametersd, Ig, E,, andAp, (in a zero magnetic field the
spectrum of electrons and hoted® and as a result of the analog ofl; is the Bohr radius of an indirect excitprfour

An inevitable property of semiconductor quantum wells
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classes of spatially separated electron—hole systems inith the analogous dependences for class B1, B2, and Al
double quantum wells can be distinguished. Class B1 condouble quantum wells.

sists of double quantum wells with a small effective distance

between the layers and a weak disordé<(g, E;>Ap ). 2. SAMPLE AND EXPERIMENTAL PROCEDURE

According to theoretical studigg;?for this class of double L .
guantum wells the ground state of the system at low tem-. In gate voltage tunable™—i—n" heterostructure with a

peratures should be an excitonic condensate, and the criticgl'lngle GaAs/AlGa_xAs double quantum well, which was

conditions for condensation of excitons are improved in aad]usted by varying the gate voltage, was grown by

) ; Y .
strong magnetic field®*® Class B2 consists of double quan- rgoéiccuciﬁrsiz(;ag tSv%taSX%n?r\]Nigg gaﬁs 3:235?3@'—:—3?]; a
tum wells with a small distance between the layers and Y ' ’ q P

strong disorder d<Ig, E,<Ap.). Class Al consists of rated by a 5.5 nm thick AlzGa,e\s barvier and surrounded
: : by 55 nm thick A} 35G&, g5AS barriers. The band diagram of
double quantum wells with a large distance between the lay-~ * : o S .
. . thei layer of the structure in the indirect regime is shown in
ers and weak disorderdglg, E/>Api). According to oty The 1100 nm thick* layers on the substrate side and
theory32%for this class of double quantum wells the ground.. 2" - y

state of the system at low temperatures should be an inco {he 110 nm thick layer on the surface side were doped with

"5 t0 a densityNg=5% 107 cm 3. To im he electri
) S . Si . prove the electrical
pressible Fermi liquid or a Wigner crystal of electrons andcontact,5 doping withNg =10 cn-2 was performed at 10

holes. Class A2 consists of double quantum wells with & 1 from the surface. As a result of the hiah doping densit
large distance between the layers and strong disorder ( ' 9 ping y

. 7 then™ layers are of a metallic character, and the gate voltage
=lg, E;=<Ap|). This classification must be supplemented y g g

; . . "V, applied between the substrate and the surface decreases in
by the carrier density and the temperature, which determmﬁq‘?J PP

the phase boundaries. Interclass transitions between trw

The sample was placed in a helium cryostat with a su-
(S-:rconducting solenoid. Excitation and detection were per-
rmed through a 20Qwm in diameter optical light guide,
aced 300um from the mesa surface. The carriers were
xcited by a pulse semiconductor laséi(=1.85 e\j. The
laser pulse was approximately square wit0 ns duration
and ~1 ns edges. The temporal resolution of the detection

double quantum wells, characterized by a small distance bes'ystem was 0.5 ns. A double grating monochromator, a pho-

tr;]N:\?natr:](;eAelefcrtor%n BigdGhn(zlsvlayﬁ![::tgh::efT)Té Egj}o o tomultiplier, and a time-correlated photon counting system
' PL » WhI 9 10 \ith time resolution were used to detect the signal.

the classes B1 and B2, implying condensation of indirect
excitons in strong magnetic fields at low temperatures have
been observed: an anomalous increase of the diffusion coef: "HOTOLUMINESCENCE KINETICS IN THE INDIRECT
L L o . . EGIME
ficient and radiative recombination rate of excitons, inter-
preted as the appearance of superfluidity of excitons and The indirect regime in then™—i—n" structure of the
superradiance of an excitonic condensatnd anomalously GaAs/AlLGa,_,As double quantum wells occurs for finite
large fluctuations of the total intensity of the photolumines-values ofV,. TheVy dependence of the photoluminescence
cence of excitons, interpreted as critical fluctuations near apectra and kinetics are shown in Figs. 1a and 1c.\Fpr
phase transition, which are associated with instability of con=<0.3 V the energy of the photoluminescence line is essen-
densate domairfsAs the disorder in the experimental AlAs/ tially independent oWy, and the decay of this line is char-
GaAs wells increased, these anomalies became weaker aadterized by a short lifetime. Therefore the ground state of
disappeared, which corresponded to a transition from clashe system fo =<0.3 V is a direct exciton. Fov;=0.4 V,
B1 to class B2?2 increasingV, produces an approximately linear energy shift
The kinetics of photoluminescence in double quantunof the principal photoluminescence line and increases the
wells belonging to the class Al has been investigated in @ecay time of the line. Therefore fdf;=0.4 V electrons and
zero magnetic field. Specifically, double quantum wellsholes in the ground state of the system occupy different
GaAs/ALGa _,As with d~12nm, E,~5 meV, andAp,  quantum wells; this corresponds to an indirect regime. The
=1.3 meV have been investigattfdA sharp increase of magnitude of the shift of the indirect photoluminescence line
intensity and narrowing of the photoluminescence line ofis determined by the electrostatic energfyd, wheree is the
indirect excitons were found after the pulsed laser excitatiorelectron charge anid is the electric field in the direction. A
was switched off at low temperatures and high exciton dentransition from the direct regime into the indirect regime
sities. The effect was described by a rapid increase in theccurs in a nonzero electric fiel, _, . This corresponds to
population of optically active excitonic 2D stat&s. excitonic recombination with direct and indirect exciton en-
In the present work we investigate the optical propertiergies?p=E,—Ep and £, =E,—E,—eFd, whereEg is the
of a system consisting of spatially separated layers of elecenergy gap, including the electron and hole quantization en-
trons and holes in class A2 wells. Specifically, we investigateergy in the double quantum wely andE, are the binding
GaAs/ALGa _,As double quantum wells witd~11 nm  energies of the direct and indirect excitons. FerFp_, the
andE,~Ap ~6 meV. The experimental data are comparedenergy difference between the single-particle direct and in-

the classes B1 and Al and a transition between the class
B2 and A2 can be accomplished by increasing the magnetiE
field, while a transition between the classes B1 and B2 angi
between the classes Al and A2 can be followed by studyin
double quantum wells with various degrees of disorder.
At experimental investigation ofl'—X, AIAs/GaAs

+
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direct pair states is equal to the difference between the bindf the indirect photoluminescence line can be estimated by
ing energies of the direct and indirect excitorefp_,d comparing the widths of the direct and indirect photolumi-
=Ep—E, (see Refs. 7 and 9 and the references cited therenescence lines. In the GaAs/8a _,As double quantum
The width of the indirect-exciton line is determined by well studied the indirect photoluminescence li@€5 meV
the random potential in the plane of the double quantunfor V,=0.8 V) is even narrower than that of the direct pho-
well. Several types of disorder, making the main contributiontoluminescence ling€14.7 meV in the direct regime with
to the inhomogeneous broadening of the indirect photolumiV,=0 and 9.4 meV in the indirect regime with,=0.8 V),
nescence line, can be distinguished:imterfacial fluctua- indicating that fluctuations of the electric field make a neg-
tions; b electric-field fluctuations in thez direction; 9 ligibly small contribution to the broadening of the line. The
charged impuritiegother types of disorder, such as compo-quantum wells in the experimental structure are narrow: 5
sition fluctuations, neutral impurities, and defects also existhm corresponds to 18 monolayers. In narrow wells interface
but their contribution to disorder is, as a rule, small€tuc-  fluctuations make the main contribution to inhomogeneous
tuations of the electric field in the direction give rise to broadening of the line. Thus, in the experimental double
in-phase fluctuations of the potential for an electron and for juantum well a fluctuation of the well width by one mono-
hole, so that they can be treated as fluctuations of the poteayer with an infinite terrace produces a chaidge~5 meV
tial for the indirect exciton center of mass. Charged impuri-in the electron energy and2 meV in the hole energy. The
ties give rise to antiphase fluctuations of the potential for arfiniteness of the terraces results in quantization of the elec-
electron and for a hole. Strong fluctuations due to chargetton and hole energies in the plane. This produces states in
impurities can result in breakup of the exciton and indepenthe entire energy interval from 0 t),,. The observed width
dent localization of an electron and a hole in a local mini-of the indirect photoluminescence line correspondsétp
mum of the random potentié’r.lnterfacial fluctuations give (Fig. 19. This confirms that interfacial fluctuations make the
rise to in-phase fluctuations of the potential for an electrordominant contribution to the broadening of the line. There-
and a hole in single quantum wells; for an indirect excitonfore the large magnitude of the random potential in the ex-
(electron—hole pajrin GaAs/ALGa _,As wells interfacial perimental GaAs/AlGa, _,As double quantum wells is due
fluctuations produce independent fluctuations of the potentigbrimarily to the small width of the quantum wells. The shape
for an electron and a hole. Fluctuations of the electric field inof the photoluminescence line reflects the energy distribution
thez direction are determined primarily by fluctuations of the of excitons over local energy minima in the random poten-
extent of the section where gate voltage drops. To reductal. The direct-photoluminescence line is probably broad-
such fluctuations to a minimm th&" layers should possess ened in part because the widths of the two quantum wells are
good conductivity, and thielayer should be a good insulator. different and the direct photoluminescence line includes two
Then the region where gate voltage drops is clearlyspectrally unresolved lines from the two quantum wells.
determined—it is the layer. In the experimental structure in the indirect regime both
Since fluctuations of the electric field in tledirection  radiative and nonradiative recombination contribute to the
are specific to indirect excitons in double quantum wells,recombination of indirect excitons. The observed decrease of
their relative contribution to the inhomogeneous broadenindghe recombination rate with delay timsee, for example,



JETP 88 (5), May 1999 Butov et al. 1039

Fig. 1) is characteristic for both radiative and nonradiative 7, arb. units
recombination of indirect excitons. The radiative recombina- 50
tion rate of an exciton is proportional to the population of the 1
optically active D excitonic states(with quasimomenta 40
k<ky= #/fic, wherec is the velocity of light in the mediuin
and it increases with the extent of the wave function of the 13
exciton center of mass in the plane, called the coherent aree
of the exciton(the radiative recombination rate saturates
when the coherent length of the reciprocal of the wavelength
of the emitted light is reached?=2° As a result of the spread
of the localization radius in a random potential, the radiative
recombination time of excitons is nonuniform over the plane L N~
of the double quantum well. As a result, the radiative recom- 0+ T T . T
bination rate decreases with increasing delay time, since itis 2% 1375 1590 1605 1620  1.635
excitons with a large localization radius that are the first to Energy, eV
recombine in the photoluminescence decay process. [ . arb. units

Moreover, as the delay time increases, electrons and o
holes independently localized in the local minima of the ran-
dom potential and having, as a result of the spatial separation1
in the plane(in addition to separation in the direction for
indirect electron—hole pairsa low radiative-recombination
rate make an increasingly larger contribution to the intensity 100‘;
of photoluminescence. Since the independently localized ]
electrons and holes with the smallest separation in the plane
are the first to recombine in the process of photolumines- 103
cence decay, the radiative recombination rate of indepen-

—
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dently localized electrons and holes also decreases with in- 10
creasing delay timé' In narrow double quantum wells, .. : — :
characterized by a low diffusion coefficient of indirect exci- 50 100 150 200 250 300
tons, nonradiative recombination is determined by exciton Time, ns

transport toward nonradlatlye.recombma_tlon_ Cen{é%'_zlg FIG. 2. Time-integrated photoluminescence specttgmand indirect pho-
The decrease of the nonradiative recombination rate with thgiuminescence kinetics, measured at the maximum of the indirecttjne
delay time is due to the monotonic decrease of the excitoas a function of temperature wity="0.8 V, W,,=10 W/cn?, andB=0.
diffusion coefficient. As a result, more and more localizedThe speptra and kinetics are shiftg_d along the ordinate for clarity._ Tr_\e
. . . dashed line corresponds to the trailing edge of the 50 ns laser excitation
excitons, Whlch h.ave not ha‘?' en.OUQh time to reaCh. the Cerl)'ulse. The direct and indirect photoluminescence lines are label&dang
ters of nonradiative recombination and to recombine, pret, respectively.
dominate in the spectrum.
The magnetic-field and temperature dependences of the
indirect-photoluminescence spectra and kinetics are digoluminescence does not exhibit a sharp increase in the stud-
played in Figs. 1b, 1d and 2. The temperature dependence @fd double quantum well with a large random potential after
the indirect-photoluminescence spectra and kinetics in stronthe laser excitation pulse ceases because the large potential
magnetic fieldsB<12 T, is qualitatively the same as the smears the boundary between the optically actiwéh k
analogous dependence fBr=0. The corresponding initial <k,) and passivek>k,) excitonic state¥, so that the pos-
decay time of photoluminescence, and the integrated in- sible sharp increase in the population of optically active
tensity of indirect photoluminescendg, , are shown in Fig. states does not result in a higher photoluminescence inten-
3. The timer increases with magnetic fieleFigs. 1d and 3a  sity. The absence of a sharp decrease iof strong magnetic
and decreases with increasing temperatéig. 2b, 3b, and fields, which is observed in AlAs/GaAs double quantum
30). wells (B1 clas$ and indicates the appearance of superfluidity
The observed photoluminescence  kinetics inof excitons? indicates the absence of collective effects in
GaAs/ALGa _,As double quantum wells is qualitatively dif- the studied double quantum wells with a large random po-
ferent from the kinetics in the B1-, B2-, and Al-class doubletential and a low binding energy of the indirect excit@2
guantum wells investigated: in contrast to GaAs@d, _,As  clasg, as expectedsee Sec. 11
double quantum wells with weak disordérl clas3,?*in the The observed monotonic increase of the lifetime with the
experimental GaAs/AGa _,As double quantum wells a magnetic field is characteristic for radiative and nonradiative
sharp increase in the intensity of photoluminescence after thgingle-exciton recombination in a random potential. The
laser excitation pulse ceases is not observed; in contrast tthange in the radiative lifetime of excitons with increasing
AlAs/GaAs double quantum welle81 clas3,®'?in the ex- magnetic field is determined by the ratio of the increase in
perimental GaAs/AlGa, _,As wells a sharp decrease pin  the oscillator strength of the exciton as a result of a decrease
strong magnetic fields is not observed. The intensity of phoin the exciton radiu¥ and the decrease in the oscillator
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strength of an exciton as a result of a decrease in the locakrgy for photoexcitation is only 100 meV lower than the
ization radius of the excitdA % in a magnetic field as a energy of the A 3:Ga, gAS barrier, so that as a result of the
result of an increase in the mass of the magnetoexéitéh. Franz—Keldysh effect and the tails of the density of states in
The increase in the nonradiative lifetime of an excitde-  Al,Ga _,As, the absorption in the barrier layers was sub-
termined by transport toward nonradiative recombinationstantial. The collection of carriers generated in the barrier
center$ with the magnetic field is due to a decrease in thelayers to double quantum wells made an appreciable contri-
diffusion coefficient caused by an increase in the magnetoexsution to G, comparable to the generation in GaAs layers.
citon mass® A decrease of the diffusion coefficient with Thus the increase in the total photoluminescence intensity
increasing magnetic field has also been observed for indireatith a small applied gate voltagéig. 1) is due to an in-
excitons in AlAs/GaAs double quantum wells in weak mag-crease irG as a result of the drift of carriers generated in the
netic fieldd? and for direct excitons in single barrier layers(this effect is absent for photoexcitation with
GaAs/AlLGa _,As double quantum welf¥ We note that a photon energy much less than the gap width in the barrier
monotonic increase of the radiative and nonradiative lifedayer9. The drift of carriers generated in the barrier layers in
times with increasing magnetic field is also characteristic fodouble quantum wells can depend on the magnetic field and
independently localized electrons and holes and is due to ®mperature. For this reas@is not independent of the pa-
decrease of the carrier localization radius. rameters, and the method described above for finding the
The method described in Ref. 12 was used to distinguisllependence of, on the magnetic field and temperature from
the radiative and nonradiative lifetimes. The radiative life-the measured values afand|p, is not entirely correct for
time 7, can be directly extracted from the measured totalthe present experiment. Moreover, an error in estimating the
lifetime = and the time-integrated photoluminescence intenquantum yield for parameters corresponding to maximum
sity I 5, . For single-exponential decay of photoluminescencd p, will enter in the absolute value of andr,, as well as in
7,=(G/lp) 7, whereG is the generation rate of electron— the magnetic-field and temperature dependencesr,pf
hole pairs in double quantum wellereak nonexponentiality Nonetheless the method employed makes it possible to fol-
introduces negligible quantitative correctidfs The quan- low the qualitative variations of, and r,,, as a function of
tity G is unknown; to estimate it the quantum yield with magnetic field and temperature.
parameters corresponding to maximlipy was taken to be It is evident in Fig. 3 that, is virtually independent of
1. Then G=Ia and 7,= (I max/1p) 7. Where | o is the  the magnetic field and,,, increases monotonically with the
maximum integrated photoluminescence intensity observefield. This corresponds to the single-exciton behavior de-
in the experimental double quantum well withy=0.3 V  scribed above. As temperature increasesncreases and,,
(Fig. 1a. The formular 1= Tr_l+ r;rl was used to find the decreases$Fig. 3; the opposing behavior af and 7, could
nonradiative lifetimer,,, using the measured value efand  cause a weak nonmonotonicity of the temperature variations
the calculated value of, . The values ofr, and7,, found in  of 7, and the possible increase oft low temperatures falls
this manner are shown in Fig. 3. within the experimental error, Figs. 2 angl The decrease in
Note that the parameter dependencerofound by the 7, with increasing temperature is characteristic for both
method indicated above is correct@ does not depend on single-exciton recombination and recombination of indepen-
the given parameter. This condition was satisfied for thedently localized electrons and holes and is due to the in-
AlAs/GaAs double quantum wells studied in Ref. 12. How- crease in the diffusion of excitor(glectrons and holggo-
ever, it is not satisfied in the present investigations ofward nonradiative recombination centers as a result of their
GaAs/ALGa _,As double quantum wells. The photon en- thermal activation from local minima of the random poten-
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tial. The increase i, with temperature is characteristic for L,/W, . arb. units
excitonic recombination because the population of optically a
active excitonic states decreagésr a Boltzmann distribu- 100- I

tion of excitons the fraction of optically active excitons with

k=<kg is 1—exp(—Ey/kT), where E0=ﬁ2k3/2m~1 K; for

T>E, the Boltzmann distribution leads to a linear increase I

of the radiative lifetime of excitons with increasing D 10 wicm?

temperaturg?’~2However, the observed increasemfwith 3.1 Wiem?

temperature contradicts the model of recombination of inde- > 0.9 Wiom?

pendently localized electrons and holes, on the basis of

which an increase in temperature should enhance the over- A B=0 10 Wiem?

lapping of the electron and hole wave functions due to their .._,-/\ B3=0 3.1 Wiem?

delocalization. Hence it follows that the random potential in T~ B-0 0.9 Wiom?

the double quantum well under study is not strong enough to Oy T T RN

break up excitons, and the fraction of independently local- 1.560 1575 l'ﬁger lf\?s 1620 1635

ized electrons and holes is low. Note that the magnetic-field o

and temperature dependencesmpfand 7, in the studied I, arb. units

GaAs/ALGa _,As double quantum well correspond qualita- ’ i b

tively to the analogous dependences for AlAs/GaAs wells 1¢* : B-127 5

(B1 clas$ in weak magnetic field¥ In both cases these B=12T 10 W/°m2

dependences correspond to single-exciton recombination. i B=12T 3.1 Wiem
The photoluminescence spectra and kinetics of indirect 0.9 Wem?

excitons are virtually independent of the exciton density, o3

fixed by the laser excitation densiw,, (Fig. 4). For W, ! B

=10 Wicnt the density of indirect excitons with lifetime i P s

=100 ns is estimated to be several times®€m 2. As ‘ P~ 10 Wiem 5

W,, increases, a shift of the indirect exciton line in the di- 1024 i 3.1 Wiem

rection of high energies is observed. This behavior corre- ‘ 0.9 Wicm?

sponds to the theoretically predicted increase of the energy

of indirect excitons with increasing density° and is ex- ' T 1 7

plained by the repulsive dipole—dipole interaction between S0 100150 Zg?me‘niso 300 350 400

indirect excitons for low exciton densities and by the energy

shift for high electron—hole densities due to the electric fieldFIG. 4. Time-integrated photoluminescence spectrum normalized to the la-

between the separated electron and hole layers. Moreovef" excitation densitf) and indirect-photoluminescence kinetics measured

. . . . . af the maximum of the indirect lingb) as a function of the laser excitation

since the degeneracy of the zero-dimensional excitonic statgsiry WithV;=0.8 V, T=1.3 K, andB=0 and 12 T. The spectra and

in a local minimum of the random potential is finiteeglect-  kinetics are shifted along the ordinate for clarity. The dashed line corre-

ing the exciton-exciton interaction, the degeneracy i§p9nds to the trai!ing edge of_the 50 ns laser excitation pulse: The direct and

~S/a§, whereSis the area of the local minimum amé is indirect photoluminescence lines are labeledbgndl, respectively.

the Bohr radius of an indirect excithnan increase of the

exciton density results in an increase of the average exciton

energy. This effect should also contribute to the observegyeight proportional to the radiative-recombination probabil-

increase in the indirect-exciton energy with density. ity. The dependence of the photoluminescence spectra on the
A small decrease of the recombination time of indirecttime delay is shown in Fig. 5a and 5b, respectively, for the

excitons is observed with increasig,, (Fig. 4b. This be-  direct and indirect regimes. After the laser excitation pulse

havior is characteristic for single-exciton recombination in aends, both the direct-photoluminescence line in the direct

random potential: the exciton localization radius increasesegime and the indirect-photoluminescence line in the indi-

with exciton density (since at low density excitons are rect regime shift monotonically in the direction of low ener-

strongly localized in deep local minima of the potential gies as the time delay increas@sg. 5). Similar behavior is

This decreases both the radiative-recombination time ofiso observed in strong magnetic fields. The shift of the pho-

excitationg?~2% and the nonradiative-recombination time of toluminescence line with increasing time delay is typical

excitons due to transport toward nonradiative-recombinatiomoth for excitonic recombination and for recombination of

centers. independently localized electron—hole pairs as well as for

radiative and nonradiative recombinations. In the first place,

as the delay increases, the average energy of photoexcited

excitons (electron—hole paidsin a random potential de-

creases as a result of the energy relaxation of the carriers:
In this section we examine the temporal revolution of theexcitons (electrons and hol¢smigrate in the plane of the

photoluminescence spectra. This is the evolution of the endouble quantum well in search for lower-energy local

ergy distribution of excitons(electron—hole paijs with minima of the potential with the emission of acoustic

4. EVOLUTION OF PHOTOLUMINESCENCE SPECTRA IN
DIRECT AND INDIRECT REGIMES
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p2 2 and b by dashed lines. The spectra and kinetics
S S 5 are shifted along the ordinate for clarity. The
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s © 3 trailing edge of the 50 ns laser excitation pulse.
X N 5 The direct and indirect photoluminescence lines
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phonons. This mechanism of energy relaxation of excitons iphotoluminescence line than the width of the indirect line, a
a random potential was theoretically examined in Ref. 35specific energy dependence of the photoluminescence kinet-
and has been observed for indirect excitons in a double quarnes is observed in the mixed regin{€ig. 6). This depen-
tum well1%3 |n the second place, as the delay time in-dence is different from the monotonic decrease of the recom-
creases, the average energy of the excit@ectron—hole bination rate with decreasing energy, as is observed in the
pairg in a random potential decreases because the highedirect and indirect regimes. Specifically, in the mixed regime
energy excitons(independently localized electrons and the recombination rate on the initial times of photolumines-
holeg have higher radiative and nonradiative recombinationcence decay depends nonmonotonically on the energy,
rates. As the energy of the excitons in a random potentiateaching a minimum at energies corresponding to indirect
increases, their localization radius increaSeshich results  photoluminescencékinetics 4-6 in Fig. 6b). The high re-

in a higher radiative recombination r&te’®and higher non-  combination rate of direct photoluminescence at energies be-
radiative recombination rate, due to transport of excitons tolow the indirect-photoluminescence ener@y 9 in Fig. 6b

ward nonradiative-recombination centers. For independentlindicates that the electron—hole distance in the plane is less
localized electron—hole pairs, the higher-energy pairs alsthan the distance in thedirection. Since the latter distance
have a higher recombination rate because of their larger las ~11 nm, the electron—hole distance in the plane is less
calization radius and the corresponding larger overlap bethan the radius of a direct excitor=(LO nm) and especially
tween the electron and hole in the pldie. an indirect exciton, which has a larger radius as a result of

Another aspect of the dependence of the photolumineshe lower binding energy~20 nm)’ A small electron—hole
cence spectra on the time delay is the energy dependence distance in the plane indicates that excitonic recombination
the photoluminescence kinetics, shown in Figs. 5¢c and 5doredominates over recombination of independently localized
As energy decreases, the photoluminescence decay beconedsctrons and holes.
slower and slower, which corresponds to the time depen-
dence of the spectréFig. 5a and 5p and was discussed
above.

As a result of the inhomogeneous broadening of the di- We have investigated the kinetics of indirect photolumi-
rect and indirect photoluminescence lines, for the appropriataescence in GaAs/&Ga, _,As double quantum wells char-
gate voltages a mixed regime in which the direct and indirecticterized by a random potential with a large amplitithe
photoluminescence energies overlap can be obtained. Suchwédth of the photoluminescence line is comparable to the
regime of energy resonance between direct and indirect exbinding energy of an indirect excitprand a large distance
citons was considered in Ref. 38 in a study of the photolubetween the electron and hole layets<(11 nm, which is
minescence of zero-dimensional excitonic states in the locareater than the magnetic length & 5.5 T) in magnetic
minima of the random potentighatural quantum dotsIn fieldsB=12 T at low temperature$=1.3 K. It was found
our double quantum well the mixed regime appearsMgr that the indirect recombination time increases with the
~0.2-0.5 V; this is evident from th&, dependence of the magnetic field and decreases with temperature. Analysis of
photoluminescence spectf&ig. 1). In the studied double the variation ofr and the total intensity of photolumines-
qguantum well, characterized by a larger width of the direct-cence gave the radiative and nonradiative indirect recombi-

5. CONCLUSIONS
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lpl.arb. units indirect photoluminescence line in the indirect regime shift
60 9 3 2 ! a monotonically in the direct of lower energies as the delay
sot time increases. It was shown that the evolution of the photo-
luminescence spectra corresponds to excitonic recombination
401 in a random potential and is determined by the energy relax-
30t ation of excitons and by the energy dependence of the re-
combination rate.
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