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Phase diagram of a two-dimensional liquid in GaAsÕAl xGa1ÀxAs biased double quantum wells
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Photoluminescence~PL! and PL excitation~PLE! measurements have been performed in GaAs/AlxGa12xAs
biased double quantum well heterostructures. The recombination of electrons,e, with holes,h, located in the
same or in two adjacent wells, has been investigated for different exciting power densities,P, and tempera-
tures,T. For increasingP or decreasingT, a sharp transition from two gases of photoexcited electrons and
holes, spatially separated and confined in the two wells, to two two-dimensional~2D! liquids has been ob-
served. The gas-to-2D-liquid transition is evidenced by a strong screening of applied biases and by major
changes in the optical spectra. The phase diagram in the (P,T) plane of thee-h system has been determined.
Time-resolved PL, cw PL, and PLE in the presence of a magnetic field normal to the quantum wells support
the presence ofe- andh-liquid phases in the two wells with a critical density equal to 8.831010 cm22 and a
binding energy of 2.5 meV.
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I. INTRODUCTION

Symmetric and asymmetric double quantum we
~DQW’s! have been the object of extensive study in the l
decade,1–6 since their properties are very attractive on pur
fundamental grounds. In particular, in biased DQW’s ex
tons can be photoexcited where electrons and holes are
fined in adjacent QW’s and, therefore, spatially separa
~interwell excitons!. These excitons should be characteriz
by radiative decay times much longer than those of intraw
excitons, where both carriers are in the same well. Interw
excitons, therefore, can attain a high density at lowT, even
in a two-dimensional~2D! system, and condensate as the
retically predicted.7–12 Some claims of the observation o
collective phenomena in a gas of interacting interwell ex
tons have been reported, indeed, in the last years.3–6

In the present paper, low-T photoluminescence~PL! mea-
surements are performed in biased GaAs/AlxGa12xAs
double quantum well heterostructures. These measurem
provide a strong evidence that interwell excitons underg
phase transition from a gas phase to a 2D liquid phase.
transition is sharp, both in exciting power density,P, and
temperature,T. It is characterized by clear changes in the
spectra and by a strong screening of the electrical field in
the p-i -n DQW structure. The presence of a liquid has be
confirmed by time-resolved experiments and by an anal
of PL and PL excitation~PLE! spectra under a magnetic fie
applied along the growth direction. Characteristic energy
thermodynamic parameters of the liquid have also b
evaluated.

II. EXPERIMENTAL DETAILS

p-i -n GaAs/AlxGa12xAs (x50.35) DQW heterostruc-
tures have been grown by molecular beam epitaxy onn-type
PRB 610163-1829/2000/61~12!/8420~5!/$15.00
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GaAs~001! substrates (231018 cm23 Si doping!. In all
structures, the sequence of layers is the following: 0.5mm
n-type GaAs buffer layer (1018 cm23 Si doping!; 0.3 mm
Al xGa12xAs insulating barrier; 8 nm GaAs well; 5 nm
AlGaAs barrier; 8 nm GaAs well; 0.3mm AlxGa12xAs in-
sulating barrier; 100 nmp-type GaAs top contact laye
(1018 cm23 Be doping!, and finally a 5 nmGaAs cap layer.
Ohmic Au contacts have been made ton and p regions in
0.130.1 cm2 lithographically etched mesa. In dark as we
as at low photoexcitation power with photon energ
smaller than the AlxGa12xAs barrier band gap, the sample
exhibit a p-i -n diode I-V characteristic~I & 10 nA for ap-
plied biases ranging from10.8 to21 V!. Steady-state exci-
tation conditions were always obtained by a tunable
sapphire laser. Time-resolved experiments were carried
with the use of a picosecond laser (l5625 nm) and a time-
correlated photon counting system. The emitted light w
dispersed by a double monochromator and detected b
charge coupled device camera~PL! and/or a cooled GaAs
photomultiplier ~PLE and time-resolved PL spectra!. For
magneto-optical studies, an optical cryostat with a superc
ducting split-coil solenoid (B<7 T) has been used, with th
magnetic field parallel to the heterostructure growth dir
tion. All magneto-optical measurements were carried out
Faraday geometry with circular light polarization of the P
and PLE spectra.

III. EXPERIMENTAL RESULTS

First, we present PL spectra taken at different tempe
tures and fixed excitation power, always near the gas-to
liquid phase transition. PL measurements have been
formed with homogeneousresonantexcitation of intrawell
light hole ~1sLH! excitons. Crossed slits have been used
8420 ©2000 The American Physical Society
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order to select the radiation emitted by a 1003100 mm2

spot at the center of the photexcited region of the mesa.
spectra have been measured between 3.64 and 2.2 K in
of ;0.1 K. Some of these spectra are displayed in Fig. 1
the case of a low excitation-power intensity,P51
31022 W cm22. Between 3.64 and 2.55 K, only interwe
(I ) and charged (X6) excitons are observed. TheI-band en-
ergy depends linearly on the applied bias~not shown here! as
expected for interwell excitons which are formed by ele
trons and holes confined in different, adjacent QW’s. It h
been shown that, in the present case of lowP and T, these
interwell excitons are localized by random potential fluctu
tions, source of an inhomogeneous broadening.13,14 More-
over, free excitons (X) may bind to localized carriers an
form three-particle exciton complexes, or trions, which a
responsible for theX6-band emission in Fig. 1. Betwee
3.64 and 2.55 K, at lowP, both interwell excitons and local
ized trions are more stable than free excitons, whose e
sion is observed typically atT*10 K. In that case, indeed
the thermal energy becomes comparable to the trion bind
energy and trions are ionized@X6→X1e(h)#. Interwell ex-
citons and trions in this regime of intermediate-to-high te
peratures are discussed in detail elsewhere.15

The main object of interest of the present paper is
phase transition from a gas of interwell excitons to an int
well exciton condensate, as discussed in the following. I
very narrow interval ofT, namely, forT going from 2.55 to
2.42 K, the PL spectrum undergoes a series of ma
changes. AtT52.49 K the interwellI band virtually van-
ishes, while an intrawell exciton band abruptly appears,
intensity of which increases for decreasingT. At the same
time, a new PL band (L in Fig. 1! gradually replaces the
trion band from which it differs with respect to spectral p
sition, shape, and linewidth. In theT range where PL spectr

FIG. 1. Photoluminescence spectra under resonant excita
(Eexc51.613 eV) of the intrawell 1sLH-exciton state measured a
different temperatures in the range~3.64–2.2! K. P51
31022 W cm22, applied direct bias equal to 0.7 V.
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exhibit those drastic changes, the photocurrent in thep-i -n
DQW circuit smoothly varies by a small amount~from 8 nA
at 6 K to 3 nA at 2 K!. There is no relation, therefore
between the PL changes observed in the photoexcitede-h
system across the critical temperatureTc52.49 K and the
current flowing in the circuit.

For T>Tc and P5131022 W cm22, the photoexcited
electron-hole system is rather dilute, with an upper limit
the averageI-exciton densitync<83108 cm22. This value
has been estimated by assuming that the interwell-exc
decay time is of the order of 231028 s and that resonan
photoexcitation at 1.61 eV is fully converted intoI excitons
in the QW’s. Such a diluted, homogeneous gas cannot sc
significantly the electric field applied to thep-i -n-structure.
In fact, atT53.64 K and for a forward bias of10.7 V, the
interwell I band is lower than the free exciton bandX by as
much as 14 meV, see Fig. 1, which corresponds to a S
shift produced by an electric field in the DQW equal to
kV/cm. The disappearance of theI band belowTc clearly
indicates, therefore, a strong screening of the electric fiel
thep-i -n structure. This is possible only in the presence o
rather dense system (;1011 cm22) of photoexcited carriers
where, most likely, electrons and holes are spatially se
rated between adjacent QW’s.

From a theoretical point of view, the system of two h
mogeneous, rather dilute gases of photoexcited electrons
holes localized each in a different QW becomes unstabl
Tc toward an inhomogeneous redistribution of electrons a
holes.9 In particular, belowTc the system divides into two
phases, the former with a low, the latter with a rather h
carrier density. Some indications of such an instability c
be found in the PL spectra reported in Fig. 1 where, for
.T.2.5 K, theI band of interwell excitons begins to mov
toward high energies and to broaden fordecreasing Tbefore
vanishing belowTc . In the following, we will demonstrate
that the new bandL observed belowTc is due to two 2D
liquids of electrons and holes where electrons and holes
spatially separated and confined in adjacent QW’s.

The phase boundary in the (P,T) plane of the gas-to-2D-
liquid transition has been defined by determining at differ
P’s the abrupt changes in the PL spectra which characte
Tc . The resulting phase diagram is shown in Fig. 2 for
applied bias of10.7 V. The critical temperature increase
fast withP at low power density, then it asymptotically sat
rates at;8.5 K at the highestP. In the upper part of the
phase diagram, namely, forT.Tc , all bands are due to
charged excitonic complexes, to interwell recombination
spatially separatede-h pairs, or, at higherT, to intrawell
excitons. In the lower part of the phase diagram, namely,
T,Tc , bands due to two condensed carrier liquids and f
excitons dominate the PL spectra. A sharp transition in
PL spectra, similar to that reported in Fig. 1 for decreasinT
at fixedP, has been observed also when crossing the ph
boundary by increasingP at fixed T ~the transition takes
place for a change ofP of the order of615% at high-power
density, of 65% at low-power density!. Preliminary C-V
measurements performed in the same DQW’s simu
neously with PL measurements show that the capacitanc
the system changes sharply by roughly 25% at the gas
2D-liquid transition. No sharp changes have been obser

on
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instead, whenC-V measurements have been performed
the dark. This behavior confirms the presence of a ph
transition in the system when excess carriers are phot
cited.

The critical density for the transition to a 2D liquid, a
estimated from the excitation intensityP at the phase bound

FIG. 3. Time-resolved PL spectra taken at 2 K under pul
picosecond laser excitation (Eexc51.983 eV, 30 ps pulses,P51
3105 W cm22, V50). The upper spectrum is integrated, low
spectra are measured with different windows and at different t
delays with respect to the excitation laser pulse.

FIG. 2. Phase boundary dividing a diluted exciton phase~inter-
well excitons,I, and charged exciton complexes,X6) from a dense
2D liquid phase with electrons and holes separately confined
adjacent QW’s. The applied direct bias is 0.7 V. The upper sc
provides an estimate of the upper limit of theI-exciton density.
These values have been obtained by assuming that the decay
of the I excitons is of the order of 231028 s and that photoexci-
tation at 1.61 eV, resonant with the 1sLH, is fully converted intoI
excitons in the QW’s.
n
se
x-
ary at fixedT, is roughly independent of the applied forwa
bias, while it increases with an applied reverse bias. T
supports the transition of the two diluted gases ofe andh to
two 2D liquids where electrons and holes are spatially se
rated and confined in adjacent QW’s, against the format
e.g., of asingle, neutrale-h liquid in one or both the QW’s.
In fact, a reverse bias lowers the energy of interwell excito
I. This requires a lower energy of the interband liquid befo
condensation can take place and therefore a higher cri
density~and excitation power!, as experimentally found. On
the other hand, a reverse bias should not much affect a
tral liquid in one well, as it does not much affect the fre
excitons,X.

The results of time-resolved PL experiments~laser pulses
of a few picoseconds and wavelengthl5625 nm) are re-
ported in Fig. 3 for different delay times, together with a c
integrated spectrum. Emission from theL andX band domi-
nates the time-resolved spectra at high excitation intens
up to a 4 nsdelay, where it exhibits a roughly constant spe
tral width. For delays greater than 4 ns, the trion lineX6 and
interwell line I appear and begin to increase in intensi
Preliminary time-decay measurements at the emission
ergy of theL band have also been performed. After an init
fast decrease, with a characteristic time of the order of 1
the signal decreases quite slowly, with a lifetime of about
ns, much longer than decay times typical of intrawell fr
excitons~100 ps!. The above features confirm that, for d
creasing excitation intensity, the system undergoes a dra
transition from a 2D-liquid phase to a gas phase.

The behavior of theL band in a magnetic fieldB perpen-
dicular to the QW planes has been then studied. Lo

d

e

FIG. 4. PL spectra atT52 K measured for different magneti
fields B from 1 to 3 T. (Eexc51.613 eV, P5131022 W cm22,
applied direct bias equal to 0.7 V!. The magnetic field is applied
parallel to the sample growth direction. Dashed lines join differ
N50 andN51 occupied Landau level states.
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temperature PL spectra measured in the liquid phase fors2

circular polarization are reported in Fig. 4 for 1<B<3 T.
The spectra exhibit well-resolvedN50 andN51 occupied
Landau levels~just below the Fermi energy of the liquid!
which are typical of electrons and holes in adjacent QW
Low-temperature PLE spectra (T52 K! have been taken
then, in the same heterostructures in order to identify the
unoccupied liquid states~namely, those just above the Ferm
energy!. These spectra have been measured in the case os2

circular polarization in steps of 0.2 T and are reported in F
5 in steps of 0.4 T for 1.4<B<5 T, as well as forB50.
The detection energy was that of theN50 state. While at
B50 T only the exciton states of heavy and light hol
~1sHH, 2sHH, and 1sLH! can be detected, unfilled Landa
levels of the liquid begin to be resolved aboveB51.4 T,
starting from theN53 level, and to move to higher energ
with increasingB. The N52 level is resolved forB*2 T,
while theN51 level is resolved only forB*3.4 T. Finally,
when the magnetic field exceeds 3.6 T, theN50 ground
Landau state begins to appear in the spectra. The antic
ing between the 1sHH-intrawell exciton level and each dif
ferent Landau level can be noticed from the spectra repo
in the figure. A reduced cyclotron mass of 0.052m0 is de-
duced from the dependence onB of the Landau levels, which
implies that free holes are involved in the optical transitio
By taking an electron massme50.07m0, one getsmh
50.2m0 for the heavy-hole mass.

The results obtained from PL and PLE spectra are s
marized in the Landau fan diagram reported in the right s
of Fig. 6. This allows us to determine some energy and th
modynamic parameters of the liquid. The linear extrapo
tion to zero magnetic field of the energies of the differe

FIG. 5. PLE spectra measured atT52 K for different magnetic
fieldsB from 1.4 to 5 T (P5131022 W cm22, applied direct bias
equal to 0.7 V!. The magnetic field is applied parallel to the samp
growth direction. Different Landau level structures correspond
N50, 1, 2, and 3 states of the liquid phase are joined by das
lines. A PLE spectrum atB50 T showing 1sHH, 2sHH, and 1sLH
exciton bands is also reported.
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Landau levels provides the bottom of theL band (E0

51.5835 eV). The quasiequilibrium density of the liqu
has been also determined, in two independent ways. Firs
upper limit of the liquid density,ns , can be estimated from
the relationns→eB* /\, whereB* is the magnetic field for
which the lowest spin states begin to appear in the P
spectra. In fact, only the emitted radiation withs2 polariza-
tion is measured in the present PLE spectra. Therefore,
the lowest spin sublevels are detected, namely, suble
where electron spin is11/2 and hole spin is23/2. For the
Pauli exclusion principle, theN50 Landau state become
observable in PLE spectra only for filling factorn
5ns\/eB,1, wherefore the above relation. Second, a d
ferent estimate ofns can be obtained from the analysis of th
discontinuities in the dependence onB of the peak PL energy
of theL band~the first spectral moment!.16 Such discontinui-
ties are related to cyclotron and spin gaps in the energy s
trum of the liquid and can be observed in Fig. 6 for the fillin
factorsn52 andn51. Thus, the quasiequilibrium densit
ns is evaluated equal to 8.831010 cm22, which leads to a
Fermi energyEF5EF

e1EF
h5p\2ns /m equal to 4.1 meV

@for the above deduced value (0.052m0) of the reduced ef-
fective massm#. This value is independent of the applie
forward bias and provides an upper estimate of the mob
edge~metal-insulator transition! in the electron and hole 2D
layers. In the case of a reverse bias, instead, the critical d
sity increases with the applied field, reaching the value
1.531011 cm22 for V522.5 V.

The line shape of the liquid PL band has an asymme
triangular form. This is typical of the radiative recombinatio
band in a 2D system of degenerate electrons and holes u
the constraint of conservation of thee andh quasimomenta
and of ane degeneracy higher than theh degeneracy. We
have approximated theL emission band, with no adjustabl
parameter and no broadening of quantum states, with
following simple formula: I (\v)} f e(\v2E) f h(E)d@\v
2E02Ee(Ke)2Eh(Kh)#, given by the dashed line in Fig. 7

g
d

FIG. 6. The Landau fan diagram of unfilled~full dots! and oc-
cupied ~open circles! Landau states of the liquid phase and t
behavior of 1sHH exciton~diamonds! in a magnetic field are shown
in the right side of the figure. This diagram has been obtained fr
PL ~open symbols! and PLE spectra~full dots! at T52 K, like
those reported in Figs. 4 and 5. In the left side, the PL spectrum
intrawell excitons and 2D liquid measured atB50 T and T
52 K is reported.E0 is the bottom of theL band, andm is the
chemical potential of a pair in the liquid state.n51 andn52 are
filling factors.
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8424 PRB 61V. B. TIMOFEEV et al.
If we account also for a Gaussian broadening of the quan
states, the 2D liquid band intensity is give
by I (\v)}*0

` f e(\v2E) f h(E)w(E)dE, where w(E)
}exp@(2E/G)2#. By introducing a single adjustable param
eter,G, the simulation of the liquid band much improves,
shown by the full line in Fig. 7 (G 5 0.7 meV!. Since the
mobile carriers in the liquid screen the random potential fl
tuations which give rise to exciton localization, the value
the broadeningG estimated for theL band is much less tha
the inhomogeneous broadening of theI line in the dilute
regime~where the fluctuations are unscreened!. The binding
energy of the 2D liquid, as estimated on the basis of
above fit, is 2.5 meV. Finally, it should be noticed that t

FIG. 7. Simulation~dashed line! of the L-band line shape atT
50 K with no adjustable parameter and null broadening. Bes
~thin solid line! of the 2D L-band line shape atT52 K (P51
31022 W cm22, applied direct bias equal to 0.7 V! for a Gaussian
broadeningG50.7 meV.
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absence of sharp changes in the photocurrent in corres
dence with the sharp changes observed, instead, in PL
C-V measurements suggests that gas and liquid phase
hexist in each of the two wells, where a separation o
metal, liquid phase from an insulating gas phase should t
place.

IV. CONCLUSIONS

In conclusion, we have shown that at lowT a system of
photoexcited electrons and holes in GaAs/AlxGa12xAs p-i -n
DQW undergoes a phase transition from a gas phase to
2D liquid states where electrons and holes are spatially s
rated and confined in adjacent QW layers. This transition
accompanied by major and sharp changes in the PL and
spectra, as well as inC-V measurements, with no corre
sponding abrupt change in the sample photoconductiv
The phase boundary between the diluted excitonic phase
the 2D liquid phase has been determined in the excit
power density vs carrier-temperature plane for different
plied bias. The main parameters of the 2D liquid were de
mined.

ACKNOWLEDGMENTS

The authors acknowledge fruitful discussions with Yu.
Bychkov, G. M. Eliashberg, L. V. Keldysh, and I. V. Kuku
shkin. One of the authors~V.B.T.! gratefully acknowledges
the support of the Landau-Centro Volta Network and of t
Russian Foundation of Fundamental Research, while ano
author~A.V.L.! acknowledges the Nanostructure Program
Russian Ministry of Science and Technology for partial
nancial support as well as support from INTAS 95-0576. T
samples were grown by C. B. Soerensen, III-V Nanolab
laboratory run jointly by Research Center COM and t
Niels Bohr Institute of the Copenhagen University.

t

e,

-
ys.

.

.

1Y. J. Chen, E. S. Koteles, B. S. Elman, and C. A. Armieto, Ph
Rev. B36, 4562~1987!.

2J. E. Golub, K. Kash, J. P. Harbison, and L. T. Flores, Phys. R
B 41, 8564~1990!.

3T. Fukuzawa, E. E. Mendes, and J. M. Hong, Phys. Rev. Lett.64,
3066 ~1990!.

4J. A. Kash, M. Zachau, E. E. Mendes, J. M. Hong, and T. Fu
zawa, Phys. Rev. Lett.68, 2247~1991!.

5L. V. Butov, A. Zrenner, G. Abstreiter, G. Boem, and G. W
imann, Phys. Rev. Lett.73, 304 ~1994!.

6V. V. Krivolapchuk, E. S. Moskalenko, A. L. Zhmodikov, T. S
Cheng, and C. T. Foxon, Solid State Commun.111, 49 ~1999!.

7Yu. E. Lozovik and V. I. Yudson, Zh. E´ksp. Teor. Fiz.71, 738
~1976! @Sov. Phys. JETP44, 389 ~1976!#.

8D. Yoshioka and A. H. MacDonald, J. Phys. Soc. Jpn.59, 4211
~1990!.
.

v.

-

9X. M. Chen and J. J. Quinn, Phys. Rev. Lett.67, 895 ~1991!.
10Xuejun Zhu, P. B. Littlewood, M. S. Hybersen, and T. Ric

Phys. Rev. Lett.74, 1633~1995!.
11J. Fernandez-Rossier and C. Tejedor, Phys. Rev. Lett.78, 4809

~1997!.
12Lerwen Liu, L. Swierkowski, and D. Neilson, Physica B249-251,

594 ~1998!.
13V. B. Timofeev, A. I. Filin, A. V. Larionov, J. Zeman, G. Mar

tinez, J. M. Hvam, D. Birkedal, and C. B. Soerensen, Europh
Lett. 41, 435 ~1998!.

14V. B. Timofeev, A. V. Larionov, A. S. Ioselevich, J. Zeman, G
Martinez, J. M. Hvam, and C. B. Soerensen, Pis’ma Zh. E´ksp.
Teor. Fiz.67, 597 ~1998! @JETP Lett.67, 633 ~1998!#.

15V. B. Timofeev, A. V. Larionov, M. Grassi Alessi, M. Capizzi, A
Frova, and J. M. Hvam, Phys. Rev. B60, 8897~1999!.

16I. V. Kukushkin and V. B. Timofeev, Adv. Phys.45, 147~1996!.


