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Abstract—Photoluminescence spectra of interwell excitons in double GaAs/AlGaAs quantum wells (n—H-n
structures) have been investigated (an interwell exciton in these systems is an electron—hole pair spatially sep-
arated by a narrow AlAs barrier). Under resonance excitation by circularly polarized light, the luminescence
line of interwell excitons exhibits a significant narrowing and a drastic increase in the degree of circular polar-
ization of photoluminescence with increasing exciton concentration. It isfound that the radiative recombination
rate significantly increases under these conditions. This phenomenon is observed at temperatures lower than the
critical point and can be interpreted in terms of the collective behavior of interwell excitons. © 2000 MAIK

“ Nauka/Interperiodica” .
PACS numbers; 73.20.Mf; 73.20.Dx; 78.55.Cr

1. Tunneling quantum systems (superlattices and
double quantum wells) have long been the subjects of
intensive studies [1-8]. In principle, electron and hole
charge carriers can be spatially separated in these two-
dimensional systems, which isthe reason for thisinter-
est. In double quantum wells with an applied band-
declining electric displacement, one can excite excitons
with the electron and the hole located in different quan-
tum wells separated by a tunnel-transparent barrier.
Such excitons are named spatially indirect (1) or inter-
well excitons, as distinct from direct intrawell excitons,
in which the electron and the hole are located in the
same quantum well. Interwell excitons are long-lived
as compared to intrawell excitons. Therefore, these
excitons can easily be accumulated, and the gas of such
excitons can be cooled down to rather low tempera-
tures. Because the central symmetry is broken, inter-
well excitons have a dipole moment aready in the
ground state. Theory predicts various possible scenar-
ios of the collective behavior in a system of spatially
separated electrons and holes [1, 9-14]. Thus, in the
recent work [14], it was shown that a liquid dielectric
phase of such excitons could be a stable state of the
electron—hole system at certain critical parameters (the
dipole moment of interwell excitons, their density, and
temperature) in spite of the dipole—dipole repulsion of
interwell excitons. Previoudly, it wasindicated [11] that
a condensed dielectric excitonic phase can occur only
in the case of lateral confinement (accidental or artifi-
cidly prepared) in the quantum well plane. This con-
finement and the related external compression allow

L E-mail: timofeev@issp.ac.ru

rather large densities to be achieved in the gas of inter-
well excitons.

A random potentia dueto diverse structural defects
(residua charged and neutral impurities, fluctuations of
the barrier width and the widths of the interwell exci-
tons themselves, etc.) is aways present in the real tun-
neling quantum systems based on semiconductor het-
erostructures. These fluctuations generate a random
potential profile in quantum well planes. Therefore,
photoexcited electrons and holes spatially separated
between neighboring quantum wells, as well as exci-
tons, become strongly localized in the regions of these
fluctuations at sufficiently low temperatures. This
localization effect in coupled quantum systems is, in
particular, manifested in the lateral, thermally activated
tunneling of charge carriers and is revealed in experi-
ments on spectral narrowing of the luminescence line
corresponding to interwell radiative recombination
with increasing temperature [7].

Thiswork is devoted to studying the photolumines-
cence of interwell excitons in a double quantum well
with the barrier separating the quantum wells that con-
tains four AIAs monolayers. When the barriers are so
narrow, interwell excitons are rather strongly bound. In
this case, if the linear scale of fluctuations | > ag (the
exciton Bohr radius is about ag <100 A) and the ampli-
tude of fluctuations A > KT, interwell excitons are to be
localized at lateral fluctuations of the random potential
without changing significantly their internal structure.
It isknown that the barrier width in structures with nar-
row AlAs barriers is characterized by large-scale fluc-
tuations. Therefore, the lateral potential barrier will
also be characterized by large-scale fluctuations. It is
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Fig. 1. (8 Schematic diagram of optica transitions,
(b) spectral positions of lines of the direct exciton (1sHH),
the excitonic complex (T), and interwell excitons (I,) as a

function of the el ectric displacement; and (c) the behavior of
luminescence spectra of interwell excitons as a function of
the applied voltage (numbers on the right of the spectra cor-
respond to the electric voltagein volts) at T =2 K.

reasonable to expect that interwell excitons at suffi-
ciently low temperatures will reside in such accidental
lateral large-scale potential wells. It is interesting to
know whether the system of excitons under conditions
of such accidental lateral confinement will exhibit crit-
ical behavior when the density increases at |ow temper-
atures. In this work, we attempt to answer the above
guestions.

2. We investigated an n—-i-n GaAs/AlGaAs hete-
rostructure  with a double quantum  well
GaAg/AlAS/GaAs (the width of GaAs wells is about
120 A, and the width of the AlAsbarrier isabout 11 A).
The structure was grown using mol ecul ar-beam epitaxy
on an n-type doped GaA s support (the concentration of
the doping Si: impurity was 10'® cm™3) with the (001)
crystallographic orientation. First, a 0.5-pum buffer
layer of Si-doped (10'® cm3) GaAs was grown on the
support. Next, an insulating AlGaAs layer (x = 0.33)
with a thickness of 0.15 um was put in place. Next,
GaAg/AlAS/GaAs double quantum wells were grown.
After the double quantum well, an insulating AlGaAs
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layer with athickness of 0.15 um was put in place, fol-
lowed by a0.1-um layer of Si-doped (108 cm3) GaAs.
The whole structure was covered by a 100-A GaAs
layer. Mesas of size 1 x 1 mm? were made on the struc-
ture by the lithographic method. Metallic contacts of an
Au + Ge + Pt dloy were applied to the buffer layer and
to the doped layer in the upper part of amesa.

L uminescence spectra were investigated under con-
ditions of resonance excitation of intrawell direct
heavy-hole excitons with the use of a tunable Ti-sap-
phire laser. With the aim of optically orienting the
angular momentum of the exciton, we used circularly
polarized resonance excitation. The kinetics of [umi-
nescence spectrawas studied under pulse excitation by
apicosecond laser (wavelength 6200 A, pulse duration
30 ps, and pulse frequency 0.8 MHz). The time evolu-
tion of spectra and the kinetics of intensities were mea-
sured using a system of time-correlated single-photon
counting.

3.1. Figure 1c demonstrates the luminescence spec-
traof interwell excitons (l,) measured under resonance
excitation of the 1sHH exciton and at various applied
electric displacements. Two lines are observed in the
region of intrawell luminescence at a zero electric dis-
placement: the line 1sHH of the free exciton and the
line T of the bound exciton. At a negative electric dis-
placement, starting from —0.4 V, the spectra exhibit a
line of interwell radiative recombination, which lin-
early shifts toward lower energies as the applied volt-
ageincreases (see Fig. 1b). Inthis case, only the line of
the charged excitonic complex T remains in the spec-
trum of intrawell recombination [15]. At large negative
displacements U < -0.8 V and stationary excitation,
only the luminescence line of the interwell exciton
remains detectabl e in the spectra, whereas the lumines-
cence of direct intrawell excitons and excitonic com-
plexes is several orders of magnitude weaker in inten-
sity. Theintensity of the interwell-exciton line behaves
as anonmonotonic function of the applied negative dis-
placement. This line appears in the luminescence spec-
trum at such electric displacements when the Stark shift
exceeds the difference of binding energies of the
intrawell and interwell excitons, eFz= E; — E,. At U ~
—0.7V, theintensity of thisline isamaximum and then
monotonically drops with increasing electric field (see
Fig. 1c). This behavior can easily be understood with
regard to the fact that, as the field increases, the effec-
tive dipole moment of the interwell exciton increasesin
the direction of structure growth (z-axis). In this case,
the overlap between the wave functions of the electron
and the hole in the exciton monotonically decreases.

3.2. The luminescence line of the interwell exciton

a sufficiently low temperatures (T = 2 K) and small
pumping intensities has a large width (FWHM =
4-5meV), and the line shape is asymmetric with a
rather extended long-wavelength tail and a relatively
sharp violet edge (see Fig. 2). These features of the
photoluminescence line of interwell excitons are the
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conseguences of their strong localization in the regions
of fluctuations of the random potential. In this case, the
line width reflects the statistical distribution of ampli-
tudes of the random potential (it is implied that the
pumping is so small, n,_, < 10° cm, that the occu-
pation of accidental potential wells with linear scales
| <1 pum does not exceed one).

The luminescence line width and shape of interwell
excitons significantly change with increasing power of
the resonance excitation of direct 1sHH intrawell exci-
tons by circularly polarized light (see Fig. 2). With
increasing pumping, line | is narrowed down to
1.5 meV, that is, more than three times. The narrowing
of the line is accompanied by a strong superlinear
increaseinitsintensity (seetheinset in Fig. 2). Only at
high pumping intensities (P > 6 W/cm?) does this line
shift toward high energies and somewhat broaden. The
line shift toward high energiesindicates that the applied
electric field is screened when the interwell-exciton
density becomes sufficiently large. From here, the
interwell-exciton density can be estimated from the
above when the luminescence line width reaches its
minimum. This estimation gives n = 3 x 10'° cm™ for
the concentration. We observed a significant narrowing
of the luminescenceline of interwell excitons at various
applied negative displacement voltages from —-0.5V to
—1.2 V. At large negative displacements, the narrowing
of the luminescence line of interwell excitons occurred
at considerably lower pumping intensities.

3.3. Of interest is the behavior of the degree of cir-
cular polarization y of the interwell-exciton line with
increasing power of resonance excitation (see the inset
in Fig. 2). Direct, 1sHH, fully spin-oriented excitons
(Jp =+3/2 and S, = —1/2) were generated in our experi-
ments on resonance excitation by circularly polarized
light. Because of the tunneling of carriers, their binding
into interwell excitons, spin-attice relaxation, and
strong spin—orhit interaction of holes, the spin memory
of interwell excitons is partially lost but, nevertheless,
remains high and comprises ailmost 15-20% at a low
excitation density. When the power of resonance exci-
tation increases so that the luminescence line of inter-
well excitons becomes strongly narrowed, the degree of
circular polarization of the corresponding line
increases more than two times. If it is suggested that the
spin relaxation rate 1 varies only dightly with increas-
ing pumping intensity (most likely, it can only
increase), then the increase in the degree of circular
polarization can be naturally associated with the
decrease in the lifetime t4 of interwell excitons. This
follows from the simple kinetic equation relating the
degree of circular polarization with the lifetime and the
spin relaxation time 'y = yy/ (1 + t4/ty) [16]. A threshold
increase in the circular polarization of the narrow pho-
toluminescence line of interwell excitons with increas-
ing pumping was observed at resonance excitation by
linearly polarized light (polarization was parallel to the
plane of layers). When the excitation densities were not
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Fig. 2. Photoluminescence spectra of interwell excitons
(linel) at various powers of the resonance excitation of the

direct 1sHH exciton by circularly polarized light (%),
applied displacement —1 V, and T = 2 K. Numbers on the
right of the spectra correspond to pumping intensities in

W/cm?, those on the left correspond to the scale factorsin
respect to the two upper spectra. The inset presents the line
intensity of interwell excitons (round symbols, |eft scale)
and itsdegreeof circular polarization (square symbols, right
scale) as functions of the power density. The dashed lineis
an extrapolation of the linear dependence of the intensity.

high and interwell excitons were strongly localized in
the regions of fluctuations of the random potential, the
photoluminescence spectra remained fully depolarized
under such conditions. The details of experiments with
linearly polarized excitation will be published sepa-
rately.

Thus, with increasing concentration of interwell
excitons, the corresponding photoluminescence line is
narrowed down and the degree of its polarization
increases, which gives indirect evidence that the radia-
tive decay time shortens. This phenomenon turned out
to be very sensitive to temperature. At temperatures
higher than critical values and fixed large pumping
intensities, the line width of interwell excitons
increases abruptly and the degree of circular polariza-
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Fig. 3. Temperature dependence of the luminescence line
width of interwell excitonsI™ (round symbols, |eft scale) and
its degree of circular polarization y (square symbols, right
scale) for electric displacements of —0.7 and —-0.85 V.
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Fig. 4. Time evolution of spectra and the kinetics of the
luminescence decay of interwell excitons (see inset) under
conditions of pulse excitation at T =5 K and displacement
—0.7 V. Spectra 1-8 were measured with time delays of 2, 3,
4,5, 6, 7,8, and 10 nsand integration for 2 ns. Spectra9-12
correspond to delaysof 12, 16, 20, and 25 nsand integration
for 4, 4, 5, and 6 ns, respectively. The intensity decay time
of the narrow line of interwell excitons 1y =10 ns.

tion decreases down to previous values (see Fig. 3). In
this case, the critical temperature at which such dra-
matic spectral changes were observed was T.< 6 K (AT
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= +1 K).

3.4. We investigated the kinetics of photolumines-
cence spectra under conditions of pulse excitation with
the use of a picosecond laser. Under this excitation, hot
photoexcited electrons and holes are generated at the
instant of laser pulse action in each quantum well with
the same density and are not spatialy separated. Figure 4
presents the time evol ution of spectra under pulse exci-
tation. The spectra were measured with different time
delaysin reference to the exciting laser pulseat T=5K
and the applied voltage U =-0.7 V. At zero delays, only
the region of direct intrawell luminescence is observed
in the spectra. The photoluminescence spectrum of
interwell excitons is formed at delays 1 = 2 ns. This
delay is a consequence of carrier tunneling through the
barrier accompanied by spatial separation of charge car-
riersamong quantumwells; their intrawell energy relax-
ation; and, simultaneously, recombination. Figure 4
demonstrates that a sufficiently narrow line dominates
at the violet edge of interwell photoluminescence spec-
traat small delays (<10 ns). With increasing delay, this
line is significantly narrowed. Its width reaches
1.5meV at adeday of 6 ns; that is, it decreases almost
three times in comparison with its width at initia
delays. Theintensity of thisline decayswith time much
faster than the structurel ess spectrum of interwell lumi-
nescence benesath it. At delays longer than 20 ns, this
line is not resolved and blends into the structureless
part of the spectrum, which remains almost unchanged
inits shape and is observed at delayslonger than 40 ns.
Thisbehavior is clearly evident in the kinetics of inten-
sities measured directly at the spectra position of the
narrow line (see the inset in Fig. 4). It is essential to
note that the narrow band distinguished by the short-
term Kinetics of intensity decay under conditions of
pulse excitation is observed, as well as in the case of
stationary excitation, only at sufficiently low tempera-
tures. Thus, in the case of delays of 12 ns, the narrow
line starts to broaden and blends into the structureless
background beneath it at T= 6 K. At shorter delaysand,
hence, at ahigher density of interwell excitons, thisline
disappears in the spectrum at distinctly higher temper-
atures. For example, at adelay of 7 ns, the narrow line
disappearsin the spectraat T = 10 K. We observed the
same behavior of the time-resolved spectra and kinetics
of interwell luminescence at various applied voltagesin
the range from -0.4to -0.9V.

4. The totality of the experimental results presented
above cannot be explained within the simple one-parti-
cle description of radiative annihilation of interwell
excitons localized at fluctuations of the random poten-
tial. Thus, the appearance of the narrow line in the pho-
toluminescence spectrum can be associated with delo-
calized interwell excitons, which appear above the per-
colation threshold. However, in this case, it remains
completely inexplicable why this phenomenon is so
sensitive to temperature and is not observed at T > T..
The threshold increase of the degree of circular polar-
ization and the superlinear growth of the intensity of
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this line al'so remains unclear. At the same time, these
results can be explained, at least, qualitatively as the
consequence of the collective behavior of delocalized
interwell excitons upon attaining the critical tempera-
ture and concentration. It can be suggested that the
investigated structures with a narrow AlAs barrier are
characterized by large-scale fluctuations of the poten-
tial, in particular, by those due to variations of the bar-
rier width. Such fluctuations of the potential are poorly
screened, as distinct from the random potential due to
residual charged impurities, which also arises in the
studied structures. Because of large-scale fluctuations
of the potentia profilein the plane of the quantum well,
photoexcited interwell excitons can accumulatein mac-
roscopically large areas with lateral confinement up to
several tenths of a micron. It isin these areas that the
main events associated with photoexcited interwell
excitons proceed. These events can develop by inde-
pendent scenarios, but collective interaction in the sys-
tem of interwell excitons delocalized within macro-
scopically large lateral areasis suggested in the basis of
each of them. Within one of the scenarios, it can be sug-
gested that interwell excitons are condensed into a
metallic e-h liquid with spatialy separated electron—
hole layers upon attaining the critical densities and
temperature. If one associates the narrow line in the
spectrum with the emerging liquid phase, then its den-
sity can be easily estimated from the above by the line
width, which, in this case, must equal the sum of Fermi
energies of electronsand holes. The density determined
in thisway equals 3 x 10'° cm?, and the dimensionless
parameter rg corresponding to this density equals rg =

i) nnaé = 4. The condensed phase within this

approach turns out to be too loose to shield completely
the Coulomb interaction in interwell excitons; that is,
excitons at these concentrations must retain their indi-
viduality. Therefore, the condensed phase cannot be
metallic. This conclusion is confirmed by studies of
photoluminescence spectrain a magnetic field with the
Faraday geometry. It was found that the narrow line,
similar to afree exciton, is split into a Zeeman doubl et
with the intensity ratio of components o*/c~ corre-
sponding to the temperature and the spin splitting
value. That is, the individual properties of the exciton
are retained in the condensed phase. The details of
these experiments will be described in a separate publi-
cation.

We suggest that the effect of strong narrowing of the
photoluminescence line of interwell excitons and the
critical character of this phenomenon with respect to
density and temperature can be associated with the con-
densation of interwell excitons into a dielectric liquid.
It was shown in [14] that, at certain values of the dipole
moment of interwell excitons, a sufficiently dense sys-
tem of interwell excitons could condense into a dielec-
tric liquid in spite of the dipole—dipole repulsion
between such excitons. It wasindicated in[11] that this
condensation could most likely occur in the regions
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with lateral confinement. According to our experi-
ments, under stationary excitation, the condensation
occursat T < 6 K and at an average exciton concentra-
tion of 3 x 10'° cm2,

The condensed part of excitons must be phased
within the coherent length. Spatial coherence must
occur at least at scales of the de Broglie wavelength of

interwell excitons A, which equals Ay, = h/./TImkT =

1.5 x 103 A at T = 2 K and exceeds the exciton Bohr
radius by more than an order of magnitude. At the same
conditions, the dimensionless parameter r = n x )\ix =4.
The observed threshold increase of the circular polar-
ization of interwell excitons gives indirect evidence of
an increase of spatial coherence in the condensed
phase. Furthermore, the radiative decay of phase-corre-
lated interwell excitons in the condensate must be dis-
tinguished by considerably larger radiative probabili-
ties, as compared to the photoluminescence of excitons
beyond the condensate. This conclusion also agrees
with the experiment.

Nevertheless, an essential question in justifying the
assumption of the condensation of interwell excitons
into adielectric liquid phase remains open and requires
an experimental answer. This gquestion concerns the
determination of the linear scales of spatial coherence.
This problem can be solved experimentally, in particu-
lar, by measuring intensity correlations under condi-
tions when the suggested exciton condensation occurs.
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