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Abstract—L uminescence spectra of interwell excitons in GaAs/AlGaAs double quantum wells with electric-
field-tilted bands (n—i—n) structures were studied. In these structures the electron and the hole in the interwell
exciton are spatially separated between neighboring quantum wells by a narrow AlAs barrier. Under resonant
excitation by circularly polarized light the luminescence line of the interwell excitons exhibited appreciable
narrowing as their concentration increased and the degree of circular polarization of the photoluminescence
increased substantially. Under resonant excitation by linearly polarized light the alignment of theinterwell exci-
tons increased as a threshold process with increasing optical pumping. By analyzing time-resolved spectraand
the kinetics of the photoluminescence intensity under pulsed excitation it was established that under these con-
ditions the rate of radiative recombination increases substantially. The observed effect occurs at bel ow-critical
temperatures and isinterpreted in terms of the collective behavior of the interwell excitons. Studies of the lumi-
nescence spectrain amagnetic field showed that the collective exciton phaseis dielectric and in this phase the

interwell excitons retain their individual properties. © 2000 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

Quasi-two-dimensiona  systems, double quantum
wells, and superlattices are attracting interest in particular
because of the fundamental possibility of spatialy sepa
rating photoexcited electron and hole carriers between
neighboring quantum wells [1-15]. In double quantum
wells with an applied eectric field which tilts the
bands, excitons can be excited whose electron and hole
are situated in different quantum wells separated by a
barrier transparent to tunneling. These excitons are
called spatialy indirect (1) or interwell excitonsin con-
trast to the direct intrawell excitons (D) where the elec-
tron and the hole in the exciton are located in the same
quantum wells. Interwell excitons are long-lived com-
pared with intrawel | excitons so that they can easily build
up, and agas cong sting of these excitons can be cooled to
fairly low temperatures. As aresult of destroyed inversion
symmetry, interwell excitons have a dipole moment even
in the ground state. The theory predicts various possible
scenarios for collective behavior in afairly dense sys-
tem of spatially separated electronsand holes[1, 9-14].
It was shown in [14] that despite the dipole—dipole
repulsion of interwell excitons, for certain critica
parameters, i.e., the dipole moment of the interwell
excitons, their density, and temperature, the stable state
in the e-h system may be the liquid dielectric phase of
these excitons. In an earlier study [11] it was noted that
the condensed dielectric exciton phase can only occur
in the presence of lateral confinement (random or arti-
ficialy produced) in the quantum-well plane. Under
these confinement conditions and the associated exter-

nal compression, it is easier for excitons to build up to
high critical densities sufficient for the appearance of
collective exciton interaction effects.

It should be borne in mind that in real semiconduct-
ing-heterostructure tunnel-coupled quantum systems
there isaways arandom potential as aresult of various
structural defects, i.e., residual impurities, charged and
neutral, fluctuations of the barrier width and the widths of
the quantum wells themselves, and so on. These fluctua-
tions create a random potentia relief in the quantum-well
planes so that photoexcited dectrons and holes spatialy
separated between neighboring wells, and aso interwell
excitons are highly localized at these fluctuations at fairly
low temperatures. This strong locdlization effect in cou-
pled quantum systems is manifest in particular in lateral
thermoactivated carrier tunneling and is observed in
experiments to study spectra narrowing of the lumines-
cence line with increasng temperature, which corre-
sponds to interwell radiative recombination [7].

In the present study we investigate the photolumi-
nescence of interwell excitonsin double quantum wells
with a barrier containing four AIAs monolayers sepa-
rating the quantum wells. With such narrow barriersthe
interwell excitons are fairly strongly coupled. Under
these conditions the interwell excitons are localized at
lateral fluctuations of the random potential without any
significant changesin their internal structureif the lin-
ear scales of the fluctuations are | > ag (Bohr radius of
an exciton ag < 100 A) and the fluctuation amplitudes
are A > KT. We know that in structures with narrow
AlAs barriers the fluctuations of the barrier width are
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large-scale and consequently the corresponding fluctu-
ationsof thelateral potentia relief will also belarge-scale.
It is naturaly predicted that at fairly low temperatures
interwell excitonswill be located in these large-scale ran-
dom laterdl potential wells. It is interesting to know
whether asystem of interwell excitonsunder conditions of
such random lateral confinement will demonstrate critical
behavior with increasing density and at fairly low tem-
peratures. In the present paper we attempt to answer
these questions.

The paper is constructed as follows. After describ-
ing the double-quantum-well heterostructures being
studied and the experimental technique in Section 2, in
Section 3 we describe the radiative recombination proper-
ties of localized and delocdlized interwell excitons under
conditions of resonant excitation by circularly polarized
light when the pump power, eectrica bias voltage, and
temperature are varied. The time evolution of the spectra
and the decay kinetics of the luminescence intensity of
interwell excitons under conditions of pulsed laser exci-
tation are discussed in Section 4. The diamagnetic
properties of interwell excitons, their Zeeman splitting,
and g-factor are presented in Section 5. In Section 6 we
describe experiments using interwell excitons which
accumulated in alatera potential well of deformation ori-
gin far from the photoexcitation region. Finaly in the con-
cluding section 7 various properties of interwell excitons
observed in their luminescence spectra and their critical
behavior as afunction of the optical pumping and tem-
perature are interpreted in terms of collective exciton
behavior.

2. EXPERIMENTAL TECHNIQUE
AND STRUCTURES

We investigated GaAs/AlGaAs n—-i—n heterostruc-
tures with a GaAgAIAS/GaAs double quantum well and
narrow AlAstunnel barrier (4 ML) between thewells (the
width of the GaAs quantum wells was approximately
120 A andtheAlAsbarrier was approximately 11 A). The
entire structure was grown by molecular beam epitaxy on
a (001)-oriented n-type doped GaAs substrate having an
Si dopant concentration of 10'® cm3. First a 0.5 pm
thick Si-doped (10™ cm®) GaAs buffer layer was grown
on the substrate, followed by a0.15 um AlGaAsisolating
layer (x = 0.33) and GaAs/AIAs/GaAs double quantum
wells.

The heterojunction of each GaAs quantum well with
theisolating AlGaAs layer was also separated by a nar-
row (4 ML) AlAs barrier. The narrow AlAs barriers
were grown using a stop growth regime. In this growth
technique the fluctuations of the AlAs barrier widths
are large-scale. The double quantum wells were fol-
lowed by a0.15 um thick isolating AlGaAs layer then
a0.1 umthick Si-doped (10'® cm3) GaAslayer. Single
broad GaAs quantum wells (of width =300 A) were
located in the isolating AlGaAs barriers near the doped
regions. The luminescence from these quantum wells
was used to assess the e-h excitations “ percolating”

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 90

LARIONOV et al.

toward the contact, doped regions of the structure and
also to monitor qualitatively the density of interwell
excitons building up in the double quantum wells under
resonant excitation. The upper part of the structure was
covered with a 100 A thick GaAs layer. Mesas having
dimensionsof 1 x 1 mm were fabricated on the as-grown
structure by a lithographic technique. Metal contacts of
Au + Ge+ Pt dloy were deposited asaframe on the upper
part of the mesaand also the doped buffer layer.

The luminescence spectra were investigated under
conditions of cw resonant excitation of intrawell direct
heavy-hole excitons using a tunable Ti-sapphire laser.
Circularly polarized resonant excitation was used to
achieve optical orientation of the angular momentum in
the exciton. The luminescence signal was analyzed using
a circular analyzer. The time evolution of the lumines-
cence spectra and their intensity kinetics were studied
under pulsed excitation by apicosecond laser (wavelength
6200 A, pulse duration 30 ps, repetition frequency
0.8 MH2z). Pulsed measurements of the spectra and
luminescence kinetics were made using a time-corre-
lated photon counting system.

In order to detect the luminescence spectra we pro-
jected the optical excitation spot on the mesa onto
crossed dlitswhich were used to monitor the uniformity
of the excitation and to select suitable regions of the
structure for detection. Under cw excitation the lumi-
nescence spectra of the interwell excitons were also
studied in the presence of a magnetic field perpendicu-
lar to the quantum-well planes (Faraday geometry).
The diamagnetic shift of the excitons and their Zeeman
splitting (o, o~ components of the spectra) were ana-
lyzed under these conditions.

3. LUMINESCENCE SPECTRA
OF INTERWELL EXCITONS
UNDER RESONANT PHOTOEXCITATION

In this section we shall analyze the behavior of the
luminescence spectraof interwell excitonswhen intrawell
spatialy direct heavy-hole excitons (1sHH excitons) are
resonantly excited by circularly polarized light. We are
interested in how these spectra behave (their profile,
intensity, and degree of circular polarization) when the
excitation power density, applied electric field, and
temperature vary.

3.1. Figure 1 shows luminescence spectra of
intrawell (D) and interwell (1) excitons measured under
resonant excitation and various applied electric fields.
The optical transitions studied areillustrated schemati-
caly in Fig. 2. In the intrawell luminescence range at
zero electric bias two lines can be identified, free,
1sHH, and bound excitons [15]. At low temperatures the
direct exciton (line D) isobserved asaweak “ shoulder” on
the violet wing of the exciton complex line. At negative
eectricfidddsfrom —0.3V aninterwell radiative recombi-
nation line appears which shifts dmost linearly toward
lower energies as the applied voltage increases in accor-
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dance with the linear Stark shift of the size-quantization
levelsinthe quantum wells (seeinset to Fig. 1). Then only
the line of the charged exciton complex remains signifi-
cant in the intrawdl recombination spectrum [15]. At
higher negative fields U < —0.4 V under cw excitation
only the photoluminescence line of the interwell exci-
tons dominatesin the spectrawhile the luminescence of
the direct intrawell excitons and exciton complexes is
of considerably lower intensity under these conditions.

The intensity of the interwell exciton line behaves
nonmonotonically as a function of the applied bias. It
appearsin the luminescence spectrum at voltages when
the Stark shift exceeds the difference between the bind-
ing energies of the intrawell and interwell excitons
eFz>E; —E,.

At U ~-0.7V theintensity of this line has a maxi-
mum and then decreases with increasing electric field
(see Fig. 1). This behavior is easily understood if we
bear in mind that as the field increases, the effective
dipole moment of the interwell exciton increasesin the
growth direction of the structure (z-axis) and the over-
lap of the electron and hole wave functions in the exci-
ton decreases monotonically.

3.2. At fairly low temperatures (T = 2 K) and low
pumping the luminescence line of the interwell exci-
tons hasalarge width (FWHM = 4-5 meV) and theline
profileitself is asymmetric with afairly extended long-
wavelength tail and relatively steep violet edge (see
Figs. 1, 3). These characteristics of the photolumines-
cence line of the interwell excitons are a consequence
of their strong localization at fluctuations of the random
potential [6]. In this case the line width reflects the sta
tistical distribution of the amplitudes of the random
potential. The pumping levels are so low that the aver-
age density of the spatially separated electrons and
holes is n,_j, < 10° cm. At these concentrations the
average dtatistical filling of lateral random potentia
wells having linear scales| < 1 um by interwell exci-
tonsisless than unity and the inhomogeneous width of
the photoluminescence spectrum of the interwell exci-
tonsisfairly large (Fig. 1).

The luminescence intensity, profile, and line width
of the interwell excitons varies substantially as the
power of the resonant excitation of direct intrawell
excitons 1sHH by circularly polarized light increases
(seeFig. 3). Linel narrowsto 1.3 meV with increasing
pumping, i.e., it becomes almost four times narrower.
Its intensity at the maximum increases superlinearly
while the line profile becomes almost symmetric or
homogeneously broadened in contrast to the clearly
inhomogeneously broadened profile of the photolumi-
nescence spectrum of the interwell excitons at low
excitation dengities. In the strongly narrowing region
the interwell exciton line is shifted by up to 1 meV
toward lower energies as the pumping increases. Only
at negligible pump powers P > 6 W/cm? does this line
shift toward higher energies and become broader. A line
shift toward higher energies indicates that the applied
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Fig. 1. Behavior of the luminescence spectra of interwell
excitons as a function of applied voltage; T and D are the
intrawell luminescence lines of an exciton complex and a
direct 1sHH exciton at T = 2 K. The interwell exciton line
(1) is constructed as a linear function of the applied electric
field (see also inset to figure). The numbersto the left of the
measured spectra correspond to the applied electric field.
These photol uminescence spectrawere measured at various
applied voltages between 0 and —1.05V at intervals of 0.05V.
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Fig. 2. Schematic of optical transitions on application of an
electrical voltage which shiftsthe size-quantization levelsin
the double quantum wells. The arrows show the optical tran-
sitions corresponding to the intrawell (direct) D and inter-
well (spatially indirect) | excitons.
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Fig. 3. Luminescence spectra and degree of circular polar-
ization of interwell excitons for various optical pump pow-
ers under conditions of resonant excitation of heavy-hole
intrawell excitonsand T=1.8 K: T and | arethelines of the
intrawel| exciton complex and an interwell exciton, thesolid
curves give the photol uminescence spectra measured for o*
polarization and the dashed curves give the spectra for the
o~ polarization. The numbers on the left of the spectra give
the intensity scale factors and those on the right give the
excitation power densities. The inset gives the photolumi-
nescence intensity of line | (filled circles) and its degree of
circular polarization (open squares) as a function of the
power density. The dashed curve gives the linear approxi-
mation of the photoluminescence intensity of linel.

electric field is screened when the density of the inter-
well excitons becomes sufficiently high. Then, using
the Gauss formula we can obtain an upper estimate of
the interwell exciton density from the spectral shift.
Thisestimate givesn = 3 x 10'° cm? for the concentration
of interwell excitons when the line width becomes mini-
mal. We observed appreciable narrowing of the lumines-
cence line of the interwell excitons for various negative
bias voltages between —0.5V and —-1.2 V. At high nega-
tive voltages ssmilar narrowing of the interwell-exciton
luminescence line occurred at significantly lower pump
powers.

The strong narrowing of the interwell-exciton pho-
toluminescence line at low temperatures suggests that
at high excitation densitiesthelateral fluctuations of the
random potential begin to be significantly screened. As
aresult of this screening of the random potential relief

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 90

LARIONOV et al.

at fairly high pumping levels the interwell excitonslie
above the percolation threshold (or the mobility threshold
associated with the strong localization effect) and are
ddlocdized. As the density of these delocdized interwell
excitons increases, the narrow photoluminescence lineis
shifted toward lower energies (see Fig. 3). From this
observation it follows that the ground-state energy of the
interacting interwell excitons decreases as their density
increases despite dipole-dipolerepulsion. Thisbehavior is
typical of a dense system of Bose particles as their con-
centration increases at fairly low temperature.

3.3. The degree of circular polarization of the inter-
well-exciton luminescence line exhibits interesting
behavior in the region where its intensity increases
superlinearly with increasing resonant excitation power
(see Fig. 3). In our experiments using circularly polar-
ized exciting light, direct, completely spin-oriented
1sHH excitons were created for which the heavy-hole
angular momentum is J, = +3/2 and the electron spin
S, =-1/2. Asaresult of carrier tunneling and binding to
form interwell excitons, and also asaresult of spin-at-
tice relaxation and strong spin—orbit interaction for the
holes, the spin “memory” of the interwell excitons is
partially lost but still remains appreciable and is amost
5-10% at a low excitation density, although the inter-
well excitons are localized under these conditions and the
corresponding  photoluminescence line is inhomoge-
neoudly broadened. At constant pumping the degree of cir-
cular polarization of the interwell-exciton photolumines-
cence decreases monotonically with increasing bias volt-
age. Asthe power dendty of the resonant photoexcitation
increases when the interwell-exciton photoluminescence
line exhibits substantial narrowing, the degree of circular
polarization of the corresponding line increases several-
fold as athreshold process. Assuming that the rate of spin
relaxation varies little with increasing pumping (most
likely it only increases), this increase in the degree of
circular polarization is naturally attributed to a reduc-
tion in the lifetime of the interwell excitons. This is
deduced from a simple kinetic expression linking the
degree of circular polarization with the lifetimes and
spin relaxation [16]:

Y = Yol (1 +14/1),

where y, and y are the degrees of polarization of the
intrawell and interwell excitons, and 14 and 1, are the radi-
ative recombination and spin relaxation times of the inter-
well excitons, respectively. Assuming that T, isbarely sen-
sitive to the pumping, using this expression we can easily
conclude that the experimentally observed trebling of the
degree of circular polarization of the interwell excitons
with increasing excitation power isaconsequence of an
at least fivefold increase in their rate of radiative anni-
hilation. In the next section (Section 4) we discuss the
lifetimes of interwell excitons determined directly
using pulsed measurements.

3.4. When direct 1sHH excitons (polarized parall€el
to the layer plane) were excited resonantly by linearly
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polarized light, asthe pump power increased we observed
athresholdincreasein thelinear polarization of the narrow
photoluminescence line (alignment of interwell excitons)
in the region of superlinearly increasing intensity. When
the excitation densities were low and the interwell exci-
tons were strongly locdlized at fluctuations of the random
potential, their spectrum remained weakly polarized
under the same conditions. The results of these experi-
ments are illustrated in Fig. 4 which clearly shows an
abrupt increase in the linear polarization of the inter-
well-exciton photoluminescence in a narrow range of
pumping. Thisalignment of the lateral dipole moment of
the interwell excitons reached a maximum and then
decreased asthe power density of the resonant excitation
increased further, when screening of the applied electric
voltage became appreciable (the pump range in which
the photoluminescence line began to show appreciable
broadening and shift toward higher energies).

3.5. Thus, as the concentration of interwell excitons
increases, the intensity of the corresponding photolu-
minescence line increases superlinearly and the line
exhibits strong narrowing while its degree of polariza-
tion increases, which indirectly indicates that the life-
time of the interwell excitonsis reduced. These effects
were very sensitive to temperature. We observed that
when the temperature increased above critical values at
high constant pump power, the line width of the inter-
well excitons increased abruptly and the degree of cir-
cular polarization dropped to its previous level. The
temperature behavior of the degree of circular polariza-
tion and the photoluminescence line width of the inter-
well excitonsareillustrated in Fig. 5. It can be seen that
the critical temperature at which such dramatic spectral
changes occurred in thiscaseis T, < 6 K (AT = £1 K).

4. KINETICS
OF THE PHOTOLUMINESCENCE SPECTRA

In this section we shall discuss the time evolution of
the luminescence spectra of intrawell and interwell exci-
tons and aso the kinetics of the intensities of the corre-
sponding photoluminescence spectra under conditions
of pulsed excitation using a picosecond |aser.

Under these pulsed excitation conditions at the time
of action of the laser pulse hot photoexcited electrons
and holes are generated in each quantum well with
equal density and not spatially separated. The spatia
separation of the carriers between neighboring tunnel-
coupled quantum wells is the result of complex kinetic
processes involving intrawell relaxation and recombi-
nation of carriers and also carrier tunneling through the
interwell barrier. Figure 6 shows the time evolution of
the photoluminescence spectra under pulsed excitation
measured for different delays relative to the exciting
laser pulseat T= 1.8 K and applied voltage U = 0.7 V.
For zero delays and integration of the signal with 1 ns
time gates the spectra only reveal a region of direct
intrawell luminescence. The photoluminescence spec-
trum of the interwell excitons only begins to form at

Yi, % Intensity, arb. units
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Fig. 4. Degree of linear polarization of interwell excitons
(open circles) and photoluminescence intensity (filled
sguares) under resonant excitation of intrawell excitons by
linearly polarized light as a function of optical pumping at
T=15K.
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Fig. 5. Photoluminescence spectra of interwell excitons
under resonant excitation by circularly polarized light, mea-
sured at various temperatures (numbers on the right of the
spectra give the temperature) and optical pump power

3W/cm?. The solid curves give the photoluminescence
spectra measured for the ¢* polarization and the dashed

curves give those for the o~ polarization. The temperature
dependences of the luminescence line width of theinterwell
excitons I' and the degree of circular polarization y are
shown in the inset.
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Fig. 6. Time evolution of the luminescence spectra of inter-
well excitons and intensity kinetics of the narrow line (see
inset) under conditions of pulsed excitationand T=2K at —
0.75 V. Spectrum 1 was measured with zero delay and an
integration time of 1 ns; spectra 2-9 were measured with
delaysof 2,3,4,5, 6, 7, 8, and 10 nsand an integration time
of 2 ns; spectra 10-13 correspond to delays of 12, 16, 25,
and 25 ns and integration times of 4, 4, 5, and 6 ns, respec-
tively; spectra 14 and 15 correspond to delays of 30 and
40 ns and integration times of 10 and 12 ns, respectively.

timedelayst =2 ns. Thisdelay iscaused by carrier tun-
neling through the barrier (mainly electrons for which
the effective mass in the vertical direction is much
lower than the hole mass), accompanied by spatial sep-
aration of carriers between quantum wells, intrawell
energy relaxation (thermalization) and simultaneous
recombination. It can be seen from Fig. 6 that for small
delays (1 = 24 ns) the width of the interwell photolu-
minescence spectrum is large (3-4 meV). However, as
the time delay increases, afairly narrow line begins to
form at the violet edge of the interwell photolumines-
cence spectrum. The width of thislineis 1.5 meV for
an 8 nsdelay, i.e., thewidth isreduced almost threefold
compared with that for the initial delays. The intensity
of this line decays far more rapidly with time than the
structurelessinterwel | luminescence spectrum below it.
For delays greater than 20 nsthis line can no longer be
resolved and merges with the structureless part of the
spectrum whose profile remains almost unchanged and
can be observed for delays greater than 50 ns. This
behavior can be seen very clearly in the intensity kinet-
ics measured directly at the spectral position of the nar-

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 90

LARIONOV et al.

row line and the structureless continuum below it (see
inset to Fig. 6).

It is important to note that the narrow line of inter-
well-exciton photoluminescence characterized by
short-lived intensity decay kinetics under pulsed exci-
tation conditions is only observed at fairly low temper-
atures, as under cw excitation. For example, for al2 ns
delay the narrow line begins to become broader with
increasing temperature and merges with the structure-
less background below it at T = 6 K. For shorter delays
and therefore higher interwell exciton density this line
disappears in the spectrum at significantly higher tem-
peratures. For example, for a7 nsdelay the narrow line
disappearsin the spectraat T = 9 K. Theinterwell exci-
ton lifetime can be measured directly from the intensity
decay kinetics. In accordance with Fig. 6 (see inseat), this
time measured for a narrow photoluminescence line of
delocaized interwell excitons a T = 1.8 K is 20 ns
whereas the decay time of the broad photoluminescence
band corresponding to localized exciton states is almost
three times greater at 70 ns. This explains at least qual-
itatively why the degree of circular polarization of the
narrow photoluminescence line of the delocalized exci-
tons increases. Direct measurements of the intensity
decay kinetics can be used to estimate the spin relax-
ation times in an interwell exciton. Using the formula
given above for the degree of circular polarization and
the measured lifetime of an interwell excitonat T=1.8K,
we obtain for the spin relaxation time tg ~ 2 x 108 s.
The intensity decay kinetics of the narrow photolumi-
nescence line are also sensitive to temperature and the
corresponding decay time increases monotonically
with decreasing temperature. For example, the decay
timeist=20nsa T=18K whereasat T=5K we
have T = 10 ns. The same qualitative behavior of thetime-
resolved spectra and the interwell photoluminescence
kineticswas observed for applied voltages between-0.4V
and-0.9V.

5. LUMINESCENCE SPECTRA
OF INTERWELL EXCITONS
IN A MAGNETIC FIELD

In this section we are interested in the diamagnetic
properties of interwell excitons and their Zeeman split-
ting. These investigations were carried out at low exci-
tation densitieswhen theinterwell excitons are strongly
localized and their spectrum inhomogeneously broad-
ened and at high pump densities when the photolumi-
nescence line of theinterwell recombination is substan-
tially narrower. In these experiments we analyzed the
Zeeman components * and o~ of the interwell photo-
luminescence spectrum measured in a magnetic field
perpendicular to the planes of the quantum wells (Fara-
day geometry).

Figure 7 shows the interwell photoluminescence
spectra (0~ component) measured when direct 1sHH
excitons were resonantly excited at high power density
inamagneticfield between0and 2T at 0.1 T intervals.
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Fig. 7. Photoluminescence spectra of interwell excitonsina
magnetic field perpendicular to the quantum-well plane and
T =2K. These spectrawere measured in therange 0-2 T at
0.1 T intervals. The spectra were measured using the o~
polarization and pump power density 3 W/cm®. The inset
shows the diamagnetic shift of the delocalized interwell
excitons.

The figure clearly shows a superlinear shift of the nar-
row photoluminescence linein the region of weak mag-
netic fields as B increases. The inset gives the spectral
position of the maximum of the narrow interwell pho-
toluminescence line as a function of the square of the
magnetic field. The quadratic diamagnetic shift of this
line is clearly satisfied in fields B < 2 T whereas in
strong fields a linear contribution to the magnetic sus-
ceptibility begins to become significant [17]. Using a
correction quadratic in B to the ground-state energy of
an interwell exciton, we can estimate its Bohr radiusin
the quantum-well plane using the well-known formula:

eZ
8uc

AE = B? &,

2

where [@3 = naé and u is the reduced exciton mass
(m. = 0.067m, and m, = 0.2my). The Bohr radius of an
interwell exciton thus determined was ag = 170 A.
From thiswe can obtain alower estimate of the binding
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Fig. 8. Zeeman splitting of the photoluminescence line of
delocalized interwell excitonsat B=6.5T and T=2K. The
solid and dashed curves correspondtothe o~ and 6™ circular
polarizations, respectively. The inset shows the intensity
ratio of the Zeeman components as a function of the mag-
netic field.

energy of an interwell exciton E. = €/eag which was
Eoc =3 meV.

The narrow interwell-exciton line in a transverse
magnetic field issplit into adoublet, asinthe case of an
intrawell heavy-hole direct exciton. By way of example
Fig. 8 shows the Zeeman splitting (o* and 6~ compo-
nents) of thislineat B = 6.5T. In this case unpolarized
light was used for excitation (see lower part of Fig. 8).
Figure 9 is a diagram of the allowed optical transitions
predicted in Faraday geometry. The Zeeman splitting,
which is0.2 meV (B =6.5T) can be used to determine
the effective g-factor of an interwell exciton g, = 0.53.
The magnitude of the Zeeman splitting and the related
effective exciton g-factor can also be determined using
the intensity ratio of the corresponding o* and o~ com-
ponents assuming that the spin states are uniformly
populated and the electron temperature given. The
independently determined exciton g-factor agreed to
within 10% with the value obtained directly from the
Zeeman splitting. We thus conclude that the distribution
between the split spin satesis quasi-equilibrium and also
thetemperature of the e ectron systemis0.2 K higher than
the temperature of the helium bath at T=2 K and pump
power density 6 W/cm?. Hence the optical pumping
used experimentally does not strongly overheat the
electron (exciton) system relative to the helium bath
temperature and the lattice temperature.
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Fig. 9. Diagram of optical transitions under conditions of
Zeeman splitting of the ground state of an interwell exciton.

The photoluminescence spectra shown in the upper
part of Fig. 8 were measured under resonant excitation by
circularly polarized light (o* component). In this case, as
can be seen from Fig. 8, the degree of circular polariza-
tion between the split Zeeman components increased
more than 1.1 times compared with the photolumines-
cence spectra measured in the same magnetic field but
excited by resonant unpolarized light. This experimental
observation indicates that in a magnetic field under con-
ditions of resonant photoexcitation by circularly polar-
ized light the spin splitting in the exciton increases. In
particular in a magnetic field B = 6.5 T this splitting
increases 1.5 times and is 0.3 meV. The increase in the
spin splitting in this case is naturaly attributed to
amplification of the effective electron g-factor:

¥ + gy ueB,

AEg, = (|g
where the effective amplified electron g-factor is gff =

go + (Ag)®", and g2 isthe unperturbed (“bar”) electron
g-factor. The value thus determined in (Ag)®" = 0.27 and

the published value gg =-0.44. We attribute the ampli-

fication of the effective electron g-factor to alignment
of the spins of the nuclear subsystem which occursasa
result of contact interaction between spin-oriented
electrons excited by the circularly polarized light and
nuclei of the dominant heterostructure material (in par-
ticular Ganuclei, seefor example [16]). In the presence
of an external magnetic field this effect is significant
since thefield defines the preferential orientation of the
nuclear spins. In the absence of an external magnetic
field the orientations of the nuclear spins are random
and the contributions of the various components com-
pensate for each other.

We also investigated the photol uminescence spectra
of interwell radiative recombination in amagnetic field
at low excitation density when the interwell excitons
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are strongly localized at fluctuations of the random
potential and the corresponding line in the spectrum is
broad. In this case, the diamagnetic correction to the
ground-state energy was determined from the depen-
dence of thefirst moment M, of the photoluminescence
spectrum of the interwell excitons on the square of the

magnetic field (M, = IE I (E)dBII (E)dE). It wasfound

that the diamagnetic correction to the energy for localized
excitons is agpproximately 1.5 times this correction for
delocdized excitons. The diamagnetic shift can be used to
estimatethelinear scalesof lateral confinement associated
with the random potentia at which the interwell excitons
are localized at low dendties and low temperatures. This
linear scale of localization was ~400 A. The broad pho-
toluminescence line of the localized interwell excitons
in amagnetic field is also split into a Zeeman doublet.
The doublet splitting and the exciton g-factor were esti-
mated most accurately using the intensity ratio of the
o* and o~ components. Thevaue obtained for the g-factor
was close to that for delocalized excitons.

6. BUILDUP OF INTERWELL EXCITONS
IN A LATERAL POTENTIAL WELL FAR
FROM THE PHOTOEXCITATION REGION

In previous sections we have discussed the spectra
of interwell excitons measured under conditions where
the luminescence was detected directly in the region of
excitation on the mesa. In this section we discuss exper-
imentsinwhichinterwell excitonsaccumulated in alat-
eral potential well far from the photoexcitation point.
The interwell excitons were located in this potential
well as aresult of natural drift from the region of pho-
toexcitation under the action of forces associated with
the gradient of the strain potential. It was established
that apotential well of strain origin appearsin the quan-
tum-well plane if a narrow (100 um wide) metal (Au)
stripe around 1 1 thick is deposited on the mesa surface
of the structure. A substantial difference between the
coefficients of thermal expansion of the metal stripe
and the base materia of the GaAs mesa gave rise to
strain forces, which at liquid helium temperatures lead to
nonuniform compression of the structure perpendicular to
the quantum well plane. The largest strain occurred
directly beneath the metal stripe and propagated insidethe
mesa. Thisstrain was observed in particular inthe fact that
the luminescence line of the intrawell excitons measured
directly beneath the meta stripe was spectraly shifted
toward lower energies by around 1.5-2 meV asaresult of
mechanical compressive strain.

Experiments taking this into account were carried
out asfollows. An exciting laser spot smaller than 100 um
was focused near one of the sides of the metal stripe on
the mesa surface. The mesa surface was projected onto
the plane of crossed dits which could be used to moni-
tor the “sampling” of the photoluminescence both
directly from the region of excitation and at the oppo-
site edge of the metal stripe, i.e., approximately 100 p
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from the exciting spot [regions (1) and (2) in Fig. 10
which shows the photoexcitation and detection condi-
tions used experimentally]. These experiments were
carried out using a GaAgAlGaAs heterostructure
(p—i—n structure) with a double quantum well (the
width of the quantum well was 80 A and the width of the
AlGaAs barrier 40 A). Figure 11 illustrates the behav-
ior of the luminescence spectraat various pump powers
when detected from region (2) some distance from the
region of excitation. The luminescence from region (2)
associated with interwell radiative recombination only
became appreciable at high optical pump powers when
the applied electric bias was strongly screened directly
in the excitation zone (1) Thus, it can be seen from
Fig. 11 that initialy at low pump powers the interwell
exciton line is strongly inhomogeneoudly broadened (its
half-width is 4-5 meV) which istypica of low interwell
exciton densities when these are locdized at fluctuations
of the random potential. With increasing pumping a nar-
row line begins to form at the violet edge of the photolu-
minescence spectrum. Theintendity of thislineincreases
superlinearly with increasing excitation power (see
inset to Fig. 11) and the line itself narrows substan-
tialy, to a minimum width of 1.3 meV. The maximum
of thisnarrow lineisinitially shifted toward lower ener-
gies(around 1-1.5 meV) and only at high pump powers
does this line begin to broaden and shift into the violet
asaresult of screening of the applied electricfield. This
narrowing of the narrow photoluminescence line of the
interwell excitons and superlinear increase in itsinten-
sty is observed when detected from region (2) a various
applied bias voltages. Figure 12 illugtrates the linear Stark
shift of this line when the ectric fiedd is varied, which
irrefutably indicates its interwell exciton nature. Direct
measurements of the decay kinetics of the photolumines-
cenceintensity made under pulsed excitation at various
temperatures demonstrated (see Fig. 13) that the life-
time of delocalized interwell excitons at low tempera-
tures, T< 6 K, i.e., when the corresponding photolumi-
nescencelineisnarrow, isseveral times shorter than the
lifetime of the localized interwell excitons (low pump
powers or temperatures T = 6K).

These experiments have therefore demonstrated that
the strong narrowing of the interwell radiative recombi-
nation line as the interwell exciton density increasesis
of a genera nature in the presence of lateral confine-
ment, either random (as a result of fluctuations of the
random potential) or artificially created (accumulation
of interwell excitons in a strain potential well far from
the region of photoexcitation).

7. DISCUSSION OF EXPERIMENTAL RESULTS
AND CONCLUSIONS

When we attempt to explain the complete set of
experimental results presented above in terms of asim-
ple single-particle picture of radiative annihilation of
interwell excitons localized at fluctuations of the ran-
dom potential, we encounter major difficulties. If the

Intensity, arb. units
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Fig. 10. Diagram of experiments to detect photolumines-
cence of interwell excitonsfar from the region of excitation.
(a) Top view, metal stripe on mesa shown hatched, width of
metal stripe 100 um, (1) pump region, (2) region from
which photoluminescence detected. (b) Qualitative picture
of the deformation potential U(r) beneath metal frame. The
zdirection is perpendicular to the quantum well plane (x, y).
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Fig. 11. Photoluminescence spectra of interwell | and
intrawell D and T excitonsat various pump powers, detected
from region (2) on the mesa as shown in the experimental
setup in Fig. 10. The numberson theright of the spectragive
the excitation power density and those on the left give the
scale factors for the intensities of the corresponding spectra
T =2 K. The inset gives the intensity of the narrow inter-
well-exciton line as a function of the pump power density.
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Fig. 12. Photoluminescence spectra of interwell excitons at
various voltages: |, D, and T are the photoluminescence
lines of theinterwell excitons, direct intrawell excitons, and
exciton charged complexes, respectively. The spectral posi-
tion of the photoluminescencelinesasafunction of the el ec-
tricfield isillustrated in the inset top | eft.

appearance of a narrow line in the photoluminescence
spectra is attributed to interwell delocalized excitons,
which can appear above the percolation threshold as a
result of screening of the random potential, it isdifficult
to explain why this effect is so temperature-critical and
does not occur when T > T.. The threshold increase in
the degree of circular polarization and the alignment of
theinterwell excitonsastheir concentration increasesare
also completely unexplained. However, these results can
be explained at least qudlitatively as a consequence of
the collective behavior of delocaized interwell excitons
when acritical concentration and temperature are reached.
It can be postul ated these structureswith narrow AlAsbar-
riers exhibit large-scale fluctuations of the potentia
caused in particular by variations of the barrier width.
These potentia fluctuations are poorly screened, unlike
the random potentid, because of residua charge impuri-
ties which are also present in these structures. As a
result of large-scale fluctuations of the potential relief
in the quantum well plane photoexcited interwell exci-
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Fig. 13. Photoluminescence kinetics of the narrow inter-
well-exciton line at various temperatures (numbers on the
right of the spectra).

tons may accumulate in macroscopically extended
regions with lateral confinement asfar as several tenths
of micron. In fact, variations of the effective lateral
potential U(r) = U(w(r)) may be linked to variations of
the quantum well width w(r). Under quasiequilibrium
conditionsthe lateral distribution of the exciton density
will be determined by the equality p(n(r)) + U(r) = u,
where p isthe chemical potential of the interwell exci-
tons, which is related to their average density in the
guantum wells, and p(n) isthe chemical potential of the
homogeneous dielectric exciton phase in the lateral
confinement region. Quite clearly |u(r)| < |u| since
H(N) = -Eq | + [0U] (Ee iSthe exciton binding energy)
and the exciton density in the lateral confinement
region may be substantially higher than the average den-
sity in the quantum well plane generated by the optical
pumping. These are the regions where the main events
associated with photoexcited interwell excitons take
place. These events may evolve according to different
scenarios but each is based on the assumption of collec-
tive interaction in a system of interwell excitons delo-
calized within macroscopically large lateral regions. In
one scenario it could be postulated that on reaching
critical densities and temperature the interwell excitons
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condense to form a metallic e-h liquid with spatially
separate electron-hole layers. If the narrow line in the
spectrum is related to the metallic liquid phase, an
upper estimate of its density can be obtained from the
line width which, in this case, should be not less than
the sum of the Fermi energies of the electrons and
holes. Thus, the estimated density is 3 x 10%° cm and
the dimensionless parameter corresponding to this den-

sity isr = 1/,/rina3 = 4. Quite clearly the condensed
phase in this approach is too “friable” to consider the
Coulomb interaction in the interwell exciton com-
pletely screened. Hence at these concentrations exci-
tons should retain their individuality so that the con-
densed phase cannot be metallic. This conclusion is
also supported by studies of the photoluminescence
spectrain amagnetic field in Faraday geometry. It was
established (Section 5) that the narrow line, like afree
exciton, splitsinto a Zeeman doublet with the intensity
ratio of the o* and 6~ components corresponding to the
temperature and spin splitting, i.e., theindividual prop-
erties of the exciton are completely conserved in the
condensed phase.

We shall assume that strong narrowing of the inter-
well-exciton photoluminescence line and the sensitiv-
ity of this effect to density and temperature may be
associated with the condensation of interwell excitons
to form a collective dielectric exciton phase. It was
shown in [14] that for specific values of the interwell-
exciton dipole moment a fairly dense system of inter-
well excitons may condense to form adielectric liquid
despite the dipol e—dipol e repul sion between these exci-
tons. It was also shown in[11] that when critical condi-
tions are satisfied the collective phase of the interwell
excitons is most likely to occur in regions with lateral
confinement. According to our experiments using cw
excitation such condensation occursat T< 5.5 K and an
average exciton concentration of 3 x 10'° cm. More-
over, the narrowing of the photoluminescence line of the
interwell excitons astheir density increases at |ow temper-
ature is accompanied by a systematic shift of this line
toward lower energies (approximately by 1.5 meV). This
behavior may be demonstrated by afairly dense system
of Bose quasiparticles having integer spin where
|[UPKT — 0. However, the possibility of Bose-Eingtein
condensation of an exciton gas in systems of reduced
dimensions is avery delicate and difficult problem [18].
Nevertheless, these observations serve as an indepen-
dent argument in support of the assumption that in this
particular case, we are dealing with a fairly dense
dielectric collective phase in interwell excitons.

The condensed component of the excitons should be
in phase within the coherence length. Spatial coherence
should occur at least on scales of the de Broglie wave-
length of an interwell exciton, A, whichat T=2K is

Ao = N .J/TIMKT = 1.5 x 103 A and ismore than an order
of magnitude greater than the exciton Bohr radius
(ag ~ 100 A). The exciton density under these condi-
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tions corresponds to the dimensionless parameter r =

nAZ, = 4. Increased spatial coherencein the condensed

phaseisindicated by the observed threshold increasein
the alignment of interwell excitons under conditions of
resonant exciton by linearly polarized light. Thisalign-
ment effect is directly related to the transverse relax-
ation and thus to the time of loss of phase coherence.
A substantial increase in the alignment of interwell exci-
tons which takes place as a threshold process may imply
that the resultant collective exciton state has fairly long
phase shift times (according to our estimates this time
isaround 1 nsa T = 2 K). Then the radiative decay of
phase-correlated interwell excitons in the condensate
should have dgnificantly higher radiative probabilities
compared with the photoluminescence of the uncon-
densed excitons. This conclusion also agrees with the
experiment.

The assumption that interwell excitons condense to
form adielectric collective phase is neverthel ess based
on the unanswered important question concerning the
gpatial coherence scales of this collective state. This
guestion may be answered using measurements of the
photoluminescence intensity correlations under condi-
tions when the postul ated exciton condensation occurs.

ACKNOWLEDGMENTS

In conclusion, the authors thank S. lordanskii,
A.S. losdevich, V.D. Kulakovskii, R.E. Lozovik,
V.G. Lysenko, and R.A. Suris for interesting discussions.
Thiswork was partly financed by the Russian Foundation
for Basic Research (project no. 98-02-16656) and the
Interdepartmental Program “Nanostructures.”

REFERENCES

1. Yu. E. Lozovik and V. |. Yudson, Zh. Eksp. Teor. Fiz. 71,
738 (1976) [Sov. Phys. JETP 44, 389 (1976)].

2. T. Fukuzawa, E. E. Méndez, and J. M. Hong, Phys. Rev.
Lett. 64, 3066 (1990).

3. J.E. Golub, K. Kash, J. P Harbison, and L. T. Flores, Phys.
Rev. B 41, 8564 (1990).

4. J. A. Kash, M. Zachau, E. E. Méndez, et al., Phys. Rev.
Lett. 66, 2247 (1991).

5. L. V. Butov, A. Zrenner, G. A. Abdtreiter, et al., Phys.
Rev. Lett. 73, 304 (1994); L. V. Butov, in Proceedings of
the 23rd International Conference on Physics of Semi-
conductors, Berlin, 1996.

6. V. B. Timofeev, A. |. Filin, A. V. Larionov, €t al., Euro-
phys. Lett. 41, 435 (1998).

7. V. B. Timofeev, A. V. Larionov, A. S. loselevich, et al.,
Pis'ma Zh. Eksp. Teor. Fiz. 67, 580 (1998) [JETP Lett.
67, 613 (1998)].

8. V.V.Krivolapchuk, E. S. Moskalenko, A. L. Zhmodikov,
et al., Solid State Commun. 111, 49 (1999).

No. 6 2000



1104 LARIONOV et al.

9. D.YoshiokaandA.H. MacDonald, J. Phys. Soc. Jon. 59,  15. V. B. Timofeev, A. V. Larionov, M. Grassi Aless, et al.,

4211 (1990). Phys. Rev. B 60, 8897 (1999).
10. X. M. Chen and J. J. Quinn, Phys. Rev. Lett. 67, 895 16, Optical Orientation, Modern Problem in Condensed

(1991). Matter Sciences, Ed. by F. Mayer and B. Zhakharchenya
11. Xuejun Zhu, P. B. Littlewood, M. S. Hybersten, and (Elsevier, Amsterdam, 1984), Vol. 8.

T. Rice, Phys. Rev. Let. 74, 1633 (1995). 17. G. E. W. Bauer and T. Ando, Phys. Rev. B 37, 3130
12. J. Fernandez-Rossier and C. Tejedor, Phys. Rev. Lett. 78, (1988); 38, 6015 (1988).

4809 (1997).

i ) . . 18. J. M. Kosterlitz and D. J. Thouless, J. Phys. C 6, 181
13. Lerwen Liu, L. Swierkowski, and D. Nelson, Physica B (1973).

(Amsterdam) 249251, 594 (1998).

14. Yu. E. Lozovik and O. L. Berman, Zh. Eksp. Teor. Fiz. _ _
111, 1879 (1997) [JETP 84, 1027 (1997)]. Trandation was provided by AlIP

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 90 No. 6 2000



