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Photoluminescence kinetics of indirect excitons in GaAs/AGa; _,As coupled quantum wells
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Photoluminescenc@Ll) kinetics of long-lifetime indirect excitons in a GaAs/8a, _,As coupled quantum
well characterized by a small in-plane random potential was studied at temperaturds<115 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 intenisityeasedsharply. 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 potentidlS0163-182@09)00104-4

A number of collective phenomena, in particular excitonA|O.33(330.67A3 barrier layers. Then™ layers are Si doped
condensation and superfluidity, have been predicted for &aAs withNg;=5x 10" cm 3. A schematic band diagram
low-temperature two-dimensiondPD) exciton system in  of GaAs/ALGa,_,As CQW’s is shown in Fig. 1. The elec-
semiconductor quantum well structufeEhe principal limi- tric field in thez direction was monitored by the external gate
tation for the realization of the low-temperature exciton sys-voltageV, . Carriers were photoexcited by a pulsed semicon-
tem is the electron hole recombination, which limits the ex-ductor laser £ w=1.85 eV} with a pulse duration of 50 ns.
citon lifetime and results in the high effective exciton The edge sharpness of the pulses including the system reso-
temperature. The latter is determined by the ratio betweefution was 0.2 ns. The PL kinetics was measured by a time
the exciton energy relaxation rate and the exciton recombieorrelated photon counting system.
nation rate. The indirec{interwell) excitons in coupled The gate voltage dependence of the time integrated PL
guantum wellfCQW'’s) are characterized by a long recom- spectrum and the exciton PL kinetics is shown in Fig. 1. At
bination lifetime; therefore, CQW’s present an opportunityV,=<0.2 V the ground state is direct exciton, which is seen
for experimental study of a high-density low-temperature exfrom the gate-voltage-independent exciton energy and short
citon system. PL decay time. The double structure of the direct exciton line

In the general case of nonresonant excitation, the occupaesults presumably from the difference in the widths of two
tion of low-energy exciton states that are responsible for th@W’s. At V,=0.2 V the indirect exciton is lower in energy
formation of collective statés is determined by the exciton than the dlrect exciton and its energy reduces approximately
energy relaxation and can be revealed in the exciton photdinearly with V¢ [Fig. 1(a)]. The observed transition from the
luminescencgPL) kinetics. In the present paper we study direct to the indirect exciton ground state with increasifg
the PL kinetics of long-lifetime indirect excitons in a is typical of CQW’s with a wide interwell barriefsee Ref.
GaAs/ALGa _,As CQW characterized by a small in-plane 10 and references thergin
random potential. The earlier studies of the PL kinetics of Figure 1b) shows the indirect exciton PL kinetics mea-
indirect excitons in GaAs/AGa, _,As CQW's have demon- sured at the maximum of the time integrated indirect exciton
strated a long indirect exciton recombination tifié,re-  spectrum. The main feature of the indirect exciton PL kinet-
vealed a metastable exciton energy distribufiamd allowed ics is a strong and sharp increase of the indirect exciton PL
for the measurement of the exciton energy relaxation in théntensity just after the excitation is switched off: In about 1
hopping regimé. ns the PL intensity is increased by a factor of 2 in magnitude.

The studied electric field tunable This after-excitation PL intensity jum@PL jump was ob-
n"-i-n"GaAs/ALGa _,As CQW structure has been grown served for all studied excitation pulse widttfeom 3 to 500
by molecular-beam epitaxy. Thieregion consists of two ns) and excitation energigérom 1.598 to 1.94 ey The PL
8-nm GaAs quantum wellfQW'’s) separated by the 4-nm jump was observed only for indirect excitons with a long
Alg3Ga gAs barrier and surrounded by two 200-nm decay time[Fig. 1(b)] and was found to be a general effect
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FIG. 1. () Gate voltage dependence of the time integrated PL 10 2942 0" xcitotion pulse =
spectrum andb) the PL kinetics measured at the line maximum of 3 80 | 130 180
direct (at Vy=0 and 0.2  and indirect(at Vy=0.4—1.6 V) exci- Time (ns)
tons atT=1.5 K andW,,= 10 W/cn?. The broad line at the lowest
energies corresponds to the'-GaAs emission. The excitation FIG. 2. (a) Time delay dependence of the indirect exciton PL

pulse has a steplike shapes0 ns wide that is reflected by the time spectrum aV/y=1 V, T=1.5 K, andW,,=10 Wicn?t. The spectra
dependence of the direct exciton PL\gt=0. Inset: schematic band are integrated in the time intervals shown (in). The excitation
diagram of the GaAs/AGa, _,As CQW. pulse has a steplike shape50 ns wide with the end between the
o ) ) ) intervalsc andd. The spectrum intensities are equalized for clarity.
for indirect excitons in various CQW structures: We have ) Energy dependence of the indirect exciton PL kinetics at the
observed the PL jump also in @& _,As/GaAs CQW'S, samev,, T, andW,,. The PL kinetics are measured at energies
andI'-X, AlAs/GaAs CQW's. The necessary condition for shown in(a). For comparison, dashed curves represent the monoex-
the observation of the PL jump is a small linewidth of indi- ponential PL rise/decay with the time constants corresponding to
rect exciton PL, which indicates a small disorder in the structhe fastest decay rate for decays 1, 3, and 7.
ture; no PL jump was observed in GaAs/Bb, ,As,
In,Ga _,As/GaAs, and AlAs/GaAs CQW'’s with an indirect d) the high-energy tail of the indirect exciton PL line
exciton PL linewidth at cw excitation larger than3 meV.  strongly reduces, i.e., the exciton energy distribution sharply
The largest PL jump was observed in the CQW with thenarrows. The narrowing of the indirect exciton PL line is
narrowest indirect exciton PL line and this CQW is consid-accompanied by the increase of its spectrally integrated in-
ered in the present paper. tensity by about 1.4 times¢the intensity maximum is in-
The indirect exciton PL kinetics after the PL jump also creased by 1.9 timgsWith a further time delay the indirect
strongly deviates from the monoexponential PL decay: Thdine monotonically broadens and shifts to lower energies.
PL decay rate first strongly increases and then reduces with Another aspect of the spectrum time delay dependence
the delay timgFig. 1(b)]. This behavior is also characteristic [Fig. 2@] is the energy dependence of the PL kinefies.
of high-quality samples only; in samples with large disorder2(b)]. The PL rise time monotonically decreases with reduc-
the decay rate reduces monotonically with the delay time. ing detection energy; at high energi@tecays 1-Bthe PL
Figure Za) shows the time delay dependence of the indi-rise is slower than the monoexponential rise shown by the
rect exciton PL spectrum. This dependence presents the tingished curves, while at low energiesirves 6 and )it is
evolution of the excitor{electron-hole pajrenergy distribu-  faster. The PL jump is maximum at energy corresponding to
tion with a weight proportional to the radiative recombina-the maximum of the time integrated PL spectrutecay 3
tion probability. During the excitation pulsgime intervals and is not observed at the tails of the spectiinis is valid
a, b, andc the indirect PL line is relatively broad with a large also for higher temperatures and lower excitation densities
exciton occupation of high-energy statésetween lines 1 studied. The PL decay time monotonically increases with
and 2. Just after the excitation is switched ¢fime interval  reducing detection energy; at lowest enerdidscay 7§ the
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FIG. 3. Temperature dependence of the indirect exciton PL ki- FIG. 4. Excitation density dependence of the indirect exciton PL
netics measured at the maximum of the time integrated spectrum &tnetics measured at the maximum of the time integrated spectrum
Vg=1 V and W,,=W,=10 W/cnf. The excitation pulse has a atVy,=1VandT=1.5 K.W,=10 W/cn?f. The excitation pulse has
steplike shape~50 ns wide. Left inset: the corresponding time a steplike shape-50 ns wide. Left inset: the corresponding time
integrated indirect exciton spectra. Right inset: temperature deperintegrated indirect exciton spectra. Right inset: excitation density
dence of the indirect exciton PL intensity increase after excitatiordependence of the indirect exciton PL intensity increase after exci-
switching off, A=In(lp _ max/l pL —puise-end» fOr differentWe,. tation switching off,A, for differentT.

PL decay is close to the monoexponential decay with a longxcitation. Photogenerated electron-hole pairs first relax pre-
time constant. dominantly by emitting multiple LO phonorig an approxi-
With increasing temperature the indirect exciton PL linemately picosecond time scalend eventually form high
shifts to higher energies, broadens, and reduces in intensigenter-of-mass momentum excitons. These excitons then re-
and the PL jump disappeatFig. 3). At high temperatures lax down in energy by LA-phonon emission and recombine
the PL decay is close to the monoexponential decay with &hen reaching the low-energy states Witk E,. Since LO
long time constant. phonons decay into multiple LA phonons in-30 psec, a
When the excitation density is reduced, the indirect excifarge LA-phonon population builds up during pumping, in
ton line shifts to lower energies and broadens, and the PLspite of the fact that 3D phonons propagate out of the QW
jump disappearsFig. 4). At lowest excitation densities the plane in a 10-psec time scale. The high LA-phonon occu-
PL decay is close to the monoexponential decay with a longancy in turn keeps the exciton temperature relatively high
time constant. during the pumping cycle. After the excitation is switched
The observed indirect exciton PL kinetics is discussecff, the LA-phonon population decays sharply, which in turn
below. The integrated exciton PL intensity remains almostesults in the reduction of the effective exciton temperature
constant withV variation, while the decay time varies by as the excitons cool down by emitting phonons into the cold
several orders of magnitud€ig. 1. This indicates that ra- lattice. This process typically has a nanosecond time scale,
diative recombination is more efficient than nonradiative re-consistent with our observation for the rise time of the PL
combination. For delocalized 2D excitons only the stategump!® Since the recombination time scale is much longer,
with small center-of-mass momenkasko~Eg/7ic can de- fast exciton cooling sharply increases the number of opti-
cay radiatively (where E4 is the energy gap and is the cally active excitons witlEE<E,. With increasing bath tem-
speed of light in the mediumThe measured radiative decay perature the occupation of the low-energy optically active
rate is proportional to the fraction of excitons with states reduces, which results in the observed disappearance
k<ko.™'° The exciton PL kinetics is determined by the of the PL jump and increase of the PL decay titfég. 3.
kinetics of occupation of the optically active exciton states. The exciton PL kinetics is strongly influenced by the in-
The occupation of these states is increased by the energyane random potentiali) The potential results in the mix-
relaxation of photoexcited high-energy excitons via phonoring of exciton states with different momenta and therefore
emission and decreased by the exciton recombination anglashing out of the border between optically active and inac-
phonon absorption. The PL jump denotes the sharp increasie exciton state$® (i) The excitons migrate in the well
of occupation of the optically active exciton states just afterplane in search of the lower-energy sites with emission of
excitation is switched off; the sharp increase of occupation oficoustic phonons; this migration results in the slow exciton
the low-energy exciton stateg & Eo=ﬁ2k§/2m~1 K) and  energy relaxatiof’ (iii) The oscillator strength of optically
the sharp narrowing of the exciton energy distribution indi-active 2D excitons is increased with an increase of the lateral
cate the sharp reduction of the effective exciton temperaturesize of exciton center-of-mass wave functi@nd saturates
The PL jump indicates that the kinetics of exciton-phononwhen the coherence length reaches the inverse wave vector
system strongly depends on the presence or absence of tbéthe emitted light For excitons localized in the potential
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site the oscillator strength is proportional to the localizationtion for the lower-energy exciton states resulting in a smaller
aread’'° and the mean localization length is reduced withoscillator strength. Note that at largest delays and lowest
reducing energy in random potenttl(iv) The potential in-  energies the PL decay could be dominated by slow recombi-
fluences the exciton statistics: The 0D exciton state in a ponation of electrons and holes separately localized in different
tential site has finite degeneragpeglecting the exciton- potential sites. The PL jump is not observed for high-energy
exciton interaction, the degeneracy-isS/aj, whereSis the  states due to their fast decay rate and is not observed for
localization area andg is the exciton Bohr radius(v) A |ow-energy states because they are strongly localized. The
strong potential can break the exciton resulting in the sepaexciton energy relaxation from the potential higher-energy
rate Io_caliz_ation of the electron and hole in different in-planegjtes increases the occupation of lower-energy states and
potential sites. _ _therefore also contributes to the PL jump. The observed slow
The PL jump is not observed in CQW samples with ap| kinetics just after the PL jump is due to the photoexcited

large random potential because the large potential WaSh‘?ﬁgh-energy exciton relaxation in momentum space and in

out the border between the optically active and inactive Xihe in-plane random potential. Note that the fast rise time for

citon states and therefore a possible sharp increase of ﬂ?ﬁe low-energy exciton statédecay 7 in Fig. f)] indicates

low-energy state occupation would not result in the PL in- low degeneracy of these states, which is due to the small
tensity increase. Similarly, the PL jump is not observed af 9 y '

low excitation density(Fig. 4) as at low exciton density the ocalization area.
excitons are strongly localized in deep potential minima. The . .
increase of the exciton localization with decreasing exciton . W& thank D. Nikonov and W. Zhao for helpful discus-
density is also revealed in the broadening and shifting t0nS and Yu. Akulova for help in the sample processing.
lower energies of the indirect exciton lirfEig. 4). This work was supported by QUESNSF Center for Quan-
The observed energy dependence of the exciton PL kinetized Electronic Structuresby the David and Lucile Packard
ics (Fig. 2) is understood as follows. The PL decay is fasterFoundation, by the Russian Foundation of Basic Research,
at higher energies because of a possibility of exciton energgnd the Program “Physics of Solid State Nanostructures”
relaxation both in momentum space and in the in-plane ranfrom the Russian Ministry of Sciences. L.V.B. thanks
dom potential and because of the stronger exciton localizaQUEST for support during his visit to UCSB.
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