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Photoluminescence kinetics of indirect excitons in GaAs/AlxGa12xAs coupled quantum wells
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Photoluminescence~PL! kinetics of long-lifetime indirect excitons in a GaAs/AlxGa12xAs coupled quantum
well characterized by a small in-plane random potential was studied at temperatures 1.5<T<15 K for a wide
range of exciton densities. Strong deviations of the indirect exciton PL kinetics from monoexponential PL
rise/decay were observed at low temperatures and high exciton densities. In particular, right after the excitation
is switched off, the spectrally integrated indirect exciton PL intensityincreasedsharply. Simultaneously, the
indirect exciton energy distribution was observed to narrow significantly. The observed increase in intensity is
attributed to the sharp increase of occupation of the optically active exciton states. The energy distribution
narrowing is explained in terms of the phonon mediated exciton energy relaxation in momentum space and in
the in-plane random potential.@S0163-1829~99!00104-6#
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A number of collective phenomena, in particular excit
condensation and superfluidity, have been predicted fo
low-temperature two-dimensional~2D! exciton system in
semiconductor quantum well structures.1 The principal limi-
tation for the realization of the low-temperature exciton s
tem is the electron hole recombination, which limits the e
citon lifetime and results in the high effective excito
temperature. The latter is determined by the ratio betw
the exciton energy relaxation rate and the exciton recom
nation rate. The indirect~interwell! excitons in coupled
quantum wells~CQW’s! are characterized by a long recom
bination lifetime; therefore, CQW’s present an opportun
for experimental study of a high-density low-temperature
citon system.

In the general case of nonresonant excitation, the occu
tion of low-energy exciton states that are responsible for
formation of collective states2,3 is determined by the exciton
energy relaxation and can be revealed in the exciton ph
luminescence~PL! kinetics. In the present paper we stud
the PL kinetics of long-lifetime indirect excitons in
GaAs/AlxGa12xAs CQW characterized by a small in-plan
random potential. The earlier studies of the PL kinetics
indirect excitons in GaAs/AlxGa12xAs CQW’s have demon-
strated a long indirect exciton recombination time,4–7 re-
vealed a metastable exciton energy distribution,8 and allowed
for the measurement of the exciton energy relaxation in
hopping regime.9

The studied electric field tunabl
n1- i -n1GaAs/AlxGa12xAs CQW structure has been grow
by molecular-beam epitaxy. Thei region consists of two
8-nm GaAs quantum wells~QW’s! separated by the 4-nm
Al0.33Ga0.67As barrier and surrounded by two 200-n
PRB 590163-1829/99/59~3!/1625~4!/$15.00
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Al0.33Ga0.67As barrier layers. Then1 layers are Si doped
GaAs withNSi5531017 cm23. A schematic band diagram
of GaAs/AlxGa12xAs CQW’s is shown in Fig. 1. The elec
tric field in thez direction was monitored by the external ga
voltageVg . Carriers were photoexcited by a pulsed semico
ductor laser (\v51.85 eV! with a pulse duration of 50 ns
The edge sharpness of the pulses including the system r
lution was 0.2 ns. The PL kinetics was measured by a t
correlated photon counting system.

The gate voltage dependence of the time integrated
spectrum and the exciton PL kinetics is shown in Fig. 1.
Vg&0.2 V the ground state is direct exciton, which is se
from the gate-voltage-independent exciton energy and s
PL decay time. The double structure of the direct exciton l
results presumably from the difference in the widths of tw
QW’s. At Vg*0.2 V the indirect exciton is lower in energ
than the direct exciton and its energy reduces approxima
linearly with Vg @Fig. 1~a!#. The observed transition from th
direct to the indirect exciton ground state with increasingVg
is typical of CQW’s with a wide interwell barrier~see Ref.
10 and references therein!.

Figure 1~b! shows the indirect exciton PL kinetics me
sured at the maximum of the time integrated indirect exci
spectrum. The main feature of the indirect exciton PL kin
ics is a strong and sharp increase of the indirect exciton
intensity just after the excitation is switched off: In about
ns the PL intensity is increased by a factor of 2 in magnitu
This after-excitation PL intensity jump~PL jump! was ob-
served for all studied excitation pulse widths~from 3 to 500
ns! and excitation energies~from 1.598 to 1.94 eV!. The PL
jump was observed only for indirect excitons with a lon
decay time@Fig. 1~b!# and was found to be a general effe
1625 ©1999 The American Physical Society
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for indirect excitons in various CQW structures: We ha
observed the PL jump also in InxGa12xAs/GaAs CQW’s,
and G-Xz AlAs/GaAs CQW’s. The necessary condition fo
the observation of the PL jump is a small linewidth of ind
rect exciton PL, which indicates a small disorder in the str
ture; no PL jump was observed in GaAs/AlxGa12xAs,
InxGa12xAs/GaAs, and AlAs/GaAs CQW’s with an indirec
exciton PL linewidth at cw excitation larger than;3 meV.
The largest PL jump was observed in the CQW with t
narrowest indirect exciton PL line and this CQW is cons
ered in the present paper.

The indirect exciton PL kinetics after the PL jump al
strongly deviates from the monoexponential PL decay: T
PL decay rate first strongly increases and then reduces
the delay time@Fig. 1~b!#. This behavior is also characterist
of high-quality samples only; in samples with large disord
the decay rate reduces monotonically with the delay time

Figure 2~a! shows the time delay dependence of the in
rect exciton PL spectrum. This dependence presents the
evolution of the exciton~electron-hole pair! energy distribu-
tion with a weight proportional to the radiative recombin
tion probability. During the excitation pulse~time intervals
a, b, andc the indirect PL line is relatively broad with a larg
exciton occupation of high-energy states~between lines 1
and 2!. Just after the excitation is switched off~time interval

FIG. 1. ~a! Gate voltage dependence of the time integrated
spectrum and~b! the PL kinetics measured at the line maximum
direct ~at Vg50 and 0.2 V! and indirect~at Vg50.421.6 V! exci-
tons atT51.5 K andWex510 W/cm2. The broad line at the lowes
energies corresponds to then1-GaAs emission. The excitation
pulse has a steplike shape;50 ns wide that is reflected by the tim
dependence of the direct exciton PL atVg50. Inset: schematic band
diagram of the GaAs/AlxGa12xAs CQW.
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d! the high-energy tail of the indirect exciton PL lin
strongly reduces, i.e., the exciton energy distribution shar
narrows. The narrowing of the indirect exciton PL line
accompanied by the increase of its spectrally integrated
tensity by about 1.4 times~the intensity maximum is in-
creased by 1.9 times!. With a further time delay the indirec
line monotonically broadens and shifts to lower energies

Another aspect of the spectrum time delay depende
@Fig. 2~a!# is the energy dependence of the PL kinetics@Fig.
2~b!#. The PL rise time monotonically decreases with redu
ing detection energy; at high energies~decays 1–3! the PL
rise is slower than the monoexponential rise shown by
dashed curves, while at low energies~curves 6 and 7! it is
faster. The PL jump is maximum at energy corresponding
the maximum of the time integrated PL spectrum~decay 3!
and is not observed at the tails of the spectrum~this is valid
also for higher temperatures and lower excitation densi
studied!. The PL decay time monotonically increases w
reducing detection energy; at lowest energies~decay 7! the

L

FIG. 2. ~a! Time delay dependence of the indirect exciton P
spectrum atVg51 V, T51.5 K, andWex510 W/cm2. The spectra
are integrated in the time intervals shown in~b!. The excitation
pulse has a steplike shape;50 ns wide with the end between th
intervalsc andd. The spectrum intensities are equalized for clari
~b! Energy dependence of the indirect exciton PL kinetics at
sameVg , T, and Wex . The PL kinetics are measured at energ
shown in~a!. For comparison, dashed curves represent the mon
ponential PL rise/decay with the time constants corresponding
the fastest decay rate for decays 1, 3, and 7.
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PL decay is close to the monoexponential decay with a l
time constant.

With increasing temperature the indirect exciton PL li
shifts to higher energies, broadens, and reduces in inten
and the PL jump disappears~Fig. 3!. At high temperatures
the PL decay is close to the monoexponential decay wit
long time constant.

When the excitation density is reduced, the indirect ex
ton line shifts to lower energies and broadens, and the
jump disappears~Fig. 4!. At lowest excitation densities th
PL decay is close to the monoexponential decay with a l
time constant.

The observed indirect exciton PL kinetics is discuss
below. The integrated exciton PL intensity remains alm
constant withVg variation, while the decay time varies b
several orders of magnitude~Fig. 1!. This indicates that ra-
diative recombination is more efficient than nonradiative
combination. For delocalized 2D excitons only the sta
with small center-of-mass momentak<k0'Eg /\c can de-
cay radiatively~where Eg is the energy gap andc is the
speed of light in the medium!. The measured radiative deca
rate is proportional to the fraction of excitons wi
k<k0 .11–15 The exciton PL kinetics is determined by th
kinetics of occupation of the optically active exciton stat
The occupation of these states is increased by the en
relaxation of photoexcited high-energy excitons via phon
emission and decreased by the exciton recombination
phonon absorption. The PL jump denotes the sharp incre
of occupation of the optically active exciton states just af
excitation is switched off; the sharp increase of occupation
the low-energy exciton states (E<E05\2k0

2/2m'1 K! and
the sharp narrowing of the exciton energy distribution in
cate the sharp reduction of the effective exciton temperat

The PL jump indicates that the kinetics of exciton-phon
system strongly depends on the presence or absence o

FIG. 3. Temperature dependence of the indirect exciton PL
netics measured at the maximum of the time integrated spectru
Vg51 V and Wex5W0510 W/cm2. The excitation pulse has
steplike shape;50 ns wide. Left inset: the corresponding tim
integrated indirect exciton spectra. Right inset: temperature de
dence of the indirect exciton PL intensity increase after excita
switching off,D5 ln(IPL2max/IPL2pulse2end), for differentWex .
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excitation. Photogenerated electron-hole pairs first relax p
dominantly by emitting multiple LO phonons~in an approxi-
mately picosecond time scale! and eventually form high
center-of-mass momentum excitons. These excitons then
lax down in energy by LA-phonon emission and recomb
when reaching the low-energy states withE<E0 . Since LO
phonons decay into multiple LA phonons in 5210 psec, a
large LA-phonon population builds up during pumping,
spite of the fact that 3D phonons propagate out of the Q
plane in a 10-psec time scale. The high LA-phonon oc
pancy in turn keeps the exciton temperature relatively h
during the pumping cycle. After the excitation is switche
off, the LA-phonon population decays sharply, which in tu
results in the reduction of the effective exciton temperat
as the excitons cool down by emitting phonons into the c
lattice. This process typically has a nanosecond time sc
consistent with our observation for the rise time of the
jump.16 Since the recombination time scale is much long
fast exciton cooling sharply increases the number of o
cally active excitons withE<E0 . With increasing bath tem-
perature the occupation of the low-energy optically act
states reduces, which results in the observed disappear
of the PL jump and increase of the PL decay time~Fig. 3!.

The exciton PL kinetics is strongly influenced by the i
plane random potential.~i! The potential results in the mix
ing of exciton states with different momenta and therefo
washing out of the border between optically active and in
tive exciton states.16 ~ii ! The excitons migrate in the wel
plane in search of the lower-energy sites with emission
acoustic phonons; this migration results in the slow exci
energy relaxation.17 ~iii ! The oscillator strength of optically
active 2D excitons is increased with an increase of the lat
size of exciton center-of-mass wave function~and saturates
when the coherence length reaches the inverse wave ve
of the emitted light!. For excitons localized in the potentia

i-
at

n-
n

FIG. 4. Excitation density dependence of the indirect exciton
kinetics measured at the maximum of the time integrated spect
atVg51 V andT51.5 K.W0510 W/cm2. The excitation pulse has
a steplike shape;50 ns wide. Left inset: the corresponding tim
integrated indirect exciton spectra. Right inset: excitation den
dependence of the indirect exciton PL intensity increase after e
tation switching off,D, for differentT.
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site the oscillator strength is proportional to the localizat
area11–15 and the mean localization length is reduced w
reducing energy in random potential.18 ~iv! The potential in-
fluences the exciton statistics: The 0D exciton state in a
tential site has finite degeneracy~neglecting the exciton-
exciton interaction, the degeneracy is;S/aB

2 , whereS is the
localization area andaB is the exciton Bohr radius!. ~v! A
strong potential can break the exciton resulting in the se
rate localization of the electron and hole in different in-pla
potential sites.

The PL jump is not observed in CQW samples with
large random potential because the large potential wa
out the border between the optically active and inactive
citon states and therefore a possible sharp increase o
low-energy state occupation would not result in the PL
tensity increase. Similarly, the PL jump is not observed
low excitation density~Fig. 4! as at low exciton density the
excitons are strongly localized in deep potential minima. T
increase of the exciton localization with decreasing exci
density is also revealed in the broadening and shifting
lower energies of the indirect exciton line~Fig. 4!.

The observed energy dependence of the exciton PL ki
ics ~Fig. 2! is understood as follows. The PL decay is fas
at higher energies because of a possibility of exciton ene
relaxation both in momentum space and in the in-plane r
dom potential and because of the stronger exciton local
f

an

e

M

e

o-

a-

es
-

the
-
t

e
n
o

t-
r
y

n-
a-

tion for the lower-energy exciton states resulting in a sma
oscillator strength. Note that at largest delays and low
energies the PL decay could be dominated by slow recom
nation of electrons and holes separately localized in differ
potential sites. The PL jump is not observed for high-ene
states due to their fast decay rate and is not observed
low-energy states because they are strongly localized.
exciton energy relaxation from the potential higher-ene
sites increases the occupation of lower-energy states
therefore also contributes to the PL jump. The observed s
PL kinetics just after the PL jump is due to the photoexcit
high-energy exciton relaxation in momentum space and
the in-plane random potential. Note that the fast rise time
the low-energy exciton states@decay 7 in Fig. 2~b!# indicates
a low degeneracy of these states, which is due to the s
localization area.
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