
PHYSICAL REVIEW B 15 JULY 1999-IIVOLUME 60, NUMBER 4
Harmonic-potential traps for indirect excitons in coupled quantum wells
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We explain our method of creating an in-plane harmonic potential for indirect excitons in coupled quantum
wells, which has been developed for experiments on Bose condensation of excitons in two dimensions,
although this method may also be used for trapping a two-dimensional electron gas. The indirect excitons in
our coupled quantum wells exhibit a Stark shift of over 60 meV and lifetime of approximately 100 ns when
electric field is applied normal to the wells. The excitons also move in response to applied voltage as if they
had charge, with an effective mobility of 800 cm2/V s. We find that the effects of screening of the electric field
at high carrier density are very important for understanding the behavior of the excitons.
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I. INTRODUCTION

Over the past 15 years, several experiments have i
cated evidence of Bose effects or Bose condensation of
citons in semiconductors.1–13 One common element of all o
these experiments has been that the exciton or biexciton
is created by a laser in a particular spot, and then the
freely expands out of this excitation region. This experime
tal geometry leads to a particular problem for studies of B
condensation: exactly what is the ground state of the sys
into which the particles should condense? Presumabl
‘‘local’’ ground state can be defined, similar to the way th
superfluid helium can remain in a quasiequilibrium grou
state even while it flows from one region of a vessel to
other. One does not expect that the exciton gas must fill
entire crystal before it can condense. Nevertheless, the
of a well-defined ground state forces all of these studies
deal with hydrodynamicsof excitons, a topic still not well
understood, in part because the excitons couple strongl
hot phonons.

By contrast, the recent experiments with alkali atoms
magneto-optical traps14,15 have produced a dramatic tellta
of Bose condensation, namely, aspatial condensation into a
two-component distribution, with the condensate particles
a well-defined ground state, which is possible because
atoms lie trap with a nearly harmonic potential. It has lo
been known16 that excitons in a harmonic potential will als
show this behavior if they undergo Bose condensation
method of creating a harmonic potential for excitons in b
semiconductors is well established,16 but so far, experimenta
attempts with bulk semiconductors have not succeede
creating a density of excitons high enough for Bose cond
sation in this kind of trap.

Our goal has been to try to produce this kind of trap in
system of two-dimensional excitons, known as indirect,
‘‘dipole,’’ excitons. This system is appealing because~1! the
excitons can have long lifetimes due to the spatial separa
of the electron and hole,~2! the interaction between th
dipole-aligned excitons is strongly repulsive, so that a Fer
PRB 600163-1829/99/60~4!/2661~9!/$15.00
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liquid state is not expected at high density, and~3! the qual-
ity of semiconductor heterostructures has been steadily
creasing, so that true two-dimensional physics can
studied. In a true two-dimensional system, Bose-Einst
condensation is not expected, but rather a Kosterl
Thouless transition to a superfluid state17 ~although
Fernández-Rossier, Tejedor, and Merlin18 have recently ar-
gued that the coupling of the excitons to the photon sta
will allow them to undergo Bose condensation in two dime
sions.! When even a small confining potential is created
two dimensions, however, then Bose condensation in
dimensions is possible.19 Zhu, Littlewood, and Rice20 have
recently examined a scenario like this, in which indirect e
citons are confined to a trap.

Early experiments with this type of exciton7 showed evi-
dence for Bose effects, but later work21 showed that local-
ization due to random variations in the structures sign
cantly complicated the analysis of the luminescen
lineshape. More recent studies of similar structures8,9 have
shown quite promising results, including evidence for
creased diffusion out of the excitation region at high dens
and low temperature. Other recent measurements of the
fusion of indirect excitons have also shown fast expansio
high densities.22 Enhanced diffusion is expected for supe
fluid excitons,23 but can also be attributed to other, classic
effects which also occur at high density, such as phon
wind.24 By contrast, if the excitons moveinward toward the
center of the excitation region due to a confining potent
no classical effect can reproduce this effect.

A well-defined confining potential is also important fo
tests of phase coherence of the exciton condensate. Rece
several authors18,25,26 have proposed optical probes of th
phase coherence of the exciton condensate. Underlying
these approaches is the fact that Bose condensation im
spontaneous phase coherence, and since excitons coup
photon states, this phase coherence should transfer to
photons, even in the absence of lasing. Confining the e
tons to a trap is much more amenable to these kinds of t
than allowing free expansion of the exciton gas, since
2661 ©1999 The American Physical Society
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2662 PRB 60V. NEGOITA, D. W. SNOKE, AND K. EBERL
ground state in a harmonic potential is well defined.
As previously reported,27 we have succeeded at creating

harmonic-potential minimum for indirect excitons in a tw
dimensional plane. In this paper we discuss in detail
physical considerations which come in to these experime

II. CHARACTERISTICS OF INDIRECT EXCITONS
IN COUPLED QUANTUM WELLS

The samples we used were GaAs/AlxGa12xAs coupled
quantum well structures fabricated via molecular-beam e
taxy ~MBE! at the Max-Planck-Institute in Stuttgart; the su
strate is heavilyp-doped and the capping layer is heav
n-doped in order to allow electric field perpendicular to pla
of the quantum wells; the intrinsic field due to the doping
approximately 21 kV/cm. Five sets of coupled quantu
wells are created which consist of two 60 Å undoped Ga
wells with a 42 Å Al0.3Ga0.7As barrier between them, with
200 Å pure AlAs barriers in between the sets of coup
quantum wells to prevent any coupling between them. T
inset of Fig. 1 illustrates the band structure when elec
field is applied; ‘‘indirect’’ excitons are formed from elec
trons and holes in different quantum wells, while ‘‘direct
excitons are formed from electrons and holes in the sa
well. Figure 1 gives the energy of the luminescence lines
a function of the electric field. As the electric field is in
creased, the energy of the indirect excitons undergoe
strong Stark shift to lower energy, as also seen in previ
studies~e.g., Refs. 28–30!. The spatial separation of electro
and hole into two separate planes also increases the life
of the excitons; in our samples we measure lifetimes of
indirect excitons of around 100 ns at high applied voltage
seen at late times in Fig. 2.

The behavior of the luminescence at early times in Fig
indicates that the analysis of the luminescence is more c

FIG. 1. Peak photon energy of the two luminescence lines fr
the structure, as a function of electric field relative to the flat-ba
field. Solid circles: indirect~interwell! excitons, open circles: direc
~intrawell! excitons. Inset: Band structure of the coupled quant
well structures used in this experiment. Indirect excitons are form
from electrons in the lowest conduction subband and the hig
valence subband.
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plicated than one might first expect. The direct exciton lum
nescence shows an initial fast decay, while the indirect e
ton luminescence rises initially. One might interpret th
behavior simply in terms of conversion from the upper,
rect exciton species down into the lower, indirect excit
species, but the density dependence of the curves giv
more complicated picture. The initial decay time of the upp
line is muchfasterat higher power, while the initial rise time
of the lower line isslower at higher power. Looking at the
luminescence spectra as a function of time helps us to un
stand this behavior. As seen in Fig. 3, the energy of
lower, indirect exciton line shifts strongly over time follow
ing the laser pulse. We interpret this shift as due to the ef
of screening of the electric field at early times when t
carrier density is high; both the excitons themselves as w
as free carriers can contribute to screening out the app
field. This screening reduces the effective field felt by t
excitons for up to 75 ns after the laser pulse; as seen in
3~b!, the blueshift of the indirect exciton line relaxes back
the unscreened position with a time constant of about 25

One might posit that the blueshift is due to the mean-fi
renormalization of the exciton level due to the repulsive

d

d
st

FIG. 2. ~a! Total intensity of the direct exciton luminescenc
line, integrated spatially over the entire excitation area and in
grated spectrally over the rangel5758 to 768 nm, from a coupled
quantum well sample with an electric field of 42 kV/cm with th
sample immersed in superfluid helium atT52 K, as a function of
time following a short~5 ps! laser pulse at 620 nm, for two lase
excitation powers. Full power~P! corresponds to 3.03103 W/cm2.
~b! Total intensity of the indirect exciton luminescence line und
the same conditions and for the same two excitation intensit
integrated spatially over the excitation area and integrated spect
over the rangel5779 to 789 nm. The very short lifetime signal a
early time is due to hot carrier luminescence from the substrate.
curves in both~a! and ~b! at different powers have been shifted b
an overall multiplicative factor to avoid overlap.



o
ic
a
th
gh
re
p
e
u
a

ns
ife
t
x-
r,

di-
tro

a
c

us
th
n
e

ut
ec

rons

rect
late
er,
r-

h
is

a
es
ct

s
At
ed
es

us

ce
ld,
m.
ex-

e
ion

es
ec-

PRB 60 2663HARMONIC-POTENTIAL TRAPS FOR INDIRECT . . .
teractions between the excitons at high density, but two
servations argue against this. First, the direct excitons, wh
are also polarized by the electric field and therefore also h
strongly repulsive interactions with each other and with
indirect excitons, do not shift upward in energy at all; at hi
density, the direct line actually shifts slightly to the red, p
sumably due to lattice heating which causes the band ga
decrease. Although the direct excitons are smaller and th
fore their interactions should have shorter range, one wo
expect that if the densities are high enough to give a me
field blueshift of the indirect excitons, the direct excito
should also show some shift. Second, the initial short l
time of the direct excitons can be understood as an effec
screening. If the effective electric field felt by the direct e
citons is lower at early times, their lifetimes will be shorte
since the long radiative lifetime of both the direct and in
rect excitons is due to the spatial separation of the elec
and hole brought about by the electric field.

The early-time behavior of the two lines seen in Fig. 2 c
therefore be understood in the following way: the indire
excitons have a slow initial rise time at high density beca
their luminescence is shifted to higher energies, out of
spectral range of our measurement, and therefore they do
enter the spectral range of our measurement until late tim
while the direct excitons plotted in Fig. 2~a! have a short
initial lifetime due to the screening of the electric field, b
eventually have a long radiative lifetime since both the dir

FIG. 3. ~a! Indirect exciton luminescence spectrum at vario
times following an intense~25 nJ!, short ~5 ps! laser pulse at 660
nm, for 60 kV/cm applied field, withT56 K. ~b! Average photon
energy of the data shown in~a! as a function of time. The solid line
is a fit to a single exponential decay of the energy shift witht
526.5 ns.
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and the indirect excitons have spatially separated elect
and holes.

It comes as a surprise, however, that the upper, di
exciton luminescence has such a long overall lifetime at
times, since they can presumably couple down to the low
indirect exciton state. Their population is clearly not in the
mal equilibrium with the lower, indirect exciton level at hig
applied field, since the energy separation of the levels
several hundred timeskBT. The fact that the upper line has
lifetime comparable to that of the lower line at late tim
implies that the rate for converting from direct into indire
excitons is very slow at high electric field.

Figure 4~a! shows the relative intensity of the two lines a
a function of applied field for three different laser powers.
zero electric field, the upper line can not be distinguish
from the lower line. As the field is increased, the two lin

FIG. 4. ~a! Total integrated intensity of the two luminescen
lines from the coupled quantum wells as a function of electric fie
at T52 K, for three laser powers, at excitation wavelength 620 n
Dashed lines: indirect exciton luminescence; solid lines: direct
citon luminescence. Triangles: 300 W/cm2; squares: 100 W/cm2;
circles: 30 W/cm2. ~b! Relative intensity of the two luminescenc
lines from the coupled quantum wells as a function of excitat
intensity, for the same conditions as in~a!, at an electric field of 58
kV/cm. As seen in this figure, the direct exciton line becom
brighter than the indirect exciton line at high density and high el
tric field.
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2664 PRB 60V. NEGOITA, D. W. SNOKE, AND K. EBERL
become distinguishable, and the intensity of the upper e
ton line falls dramatically, as expected for populations of
excitons in thermal equilibrium.31 As the applied field con-
tinues to increase, however, the upper luminescence line
comes brighter, until it actually overwhelms the light em
sion from the lower line. This effect has been observ
before32 and has been explained in terms of the symmet
of the states—at low electric field, the upper line correspo
to a forbidden symmetric-antisymmetric transition, whi
becomes more allowed as the electric field increases.
shown in Fig. 4~b!, the intensity of the upper line increase
superlinearly with laser intensity, while the lower line in
creases sublinearly. This can be understood in terms of
decrease of the direct exciton lifetime at high density,
follows. Since the laser photons create free carriers with h
energy ~but not high enough to cross over the pure AlA
barriers! both the direct and indirect exciton states are i
tially populated. At high electric field and high carrier de
sity, the rate of conversion of the direct excitons to indire
excitons is slow compared to their rate of radiative decay
that recombination into photons becomes the dominant de
mechanism for the direct excitons. At early times, this
combination rate occurs more quickly when the electric fi
is screened out, as discussed above, causing relatively
direct excitons to convert into photons instead of indir
excitons. Since the screening depends strongly on the ca
density, the intensity of the direct exciton luminescence
creases superlinearly with laser power, at the expense o
indirect exciton population.

As seen in Fig. 3~a!, the indirect exciton line has signifi
cant homogeneous broadening at early times at high ca
density; the direct exciton line has essentially the sa
broadening at the same times. At late times and at low t
peratures, several peaks approximately 3–5 meV apart
pear in the indirect exciton luminescence, which have b
seen before~e.g., Refs. 33, 34! in high-quality quantum well
structures and attributed variously to monolayer plateaus
excitons bound to impurities. At late times and at low te
perature and low excitation density, the indirect lumine
cence decreases to a full width at half maximum of abou
meV. In other words, although monolayer islands may e
in these samples, which give energy variations of aroun
meV for our well width of 60 Å,33 they do not prevent the
excitons from flowing to the lowest monolayer plateaus~the
regions at which the quantum wells are widest! at late times.
We take the measured width of 1 meV as the measure
inhomogeneous broadening due to alloy disorder or resid
stresses in the sample. We found that if the back surfac
the substrate is polished after the quantum wells have b
grown, this inhomogeneous broadening increases dram
cally, up to 10 meV, presumably due to residual stres
introduced in the polishing process. At best we could red
this to around 5 meV after etching and annealing. Since
discussed in the next section, we need a polished subs
for our experiment, this led us to start with a substrate p
ished on both sides before the quantum wells were depos
The quantum wells grown by molecular beam epitaxy on
substrates polished on both sides also had inhomogen
broadening of approximately 1 meV, as measured by
late-time photoluminescence linewidth.

The interaction of the free carriers, direct excitons a
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indirect excitons seen here leads to a highly nonlinear sys
in which both the wavelength and the intensity of the ph
tons impinging on the sample strongly affects the spec
width and position of the absorption and emission lines. W
can imagine numerous possibilities for utilizing these effe
for nonlinear optics. Our interest at present, however, is
the behavior of the indirect excitons at low temperature
quasiequilibrium. The above effects imply that if the scree
ing at high density cannot be eliminated, we must either
low laser power or observe the luminescence at least 50
after the laser pulse in order to see nearly equilibrium exci
levels.

III. THE HARMONIC POTENTIAL TRAP

As mentioned above, previous experiments16 have suc-
ceeded in creating a harmonic potential for excitons in b
semiconductors via applied inhomogeneous stress. Crea
a harmonic potential for excitons in GaAs quantum wells
nontrivial, however. Since GaAs has a large hydrostatic
formation potential, any stress geometry which leads t
significant hydrostatic compression will cause a large shif
the excitons tohigherenergy. In the case of a purely uniaxi
stress, it is well known35 that the exciton energy shifts up
ward with increasing stress.

Figure 5 shows the experimental geometry which allo
us to create a harmonic-potential minimum for the indire
excitons. The quantum well sample is clamped between
metal plates, each with a small hole, and a pin is pres
against the GaAs substrate, which has been polished on
surfaces prior to the MBE fabrication. The pin creates
shear strain maximum in the quantum wells, as well a
slight hydrostatic expansion, each of which leads to an
ergy minimum for the excitons via the Pikus–Bir deform
tion Hamiltonian36 for GaAs,

HPB5a~exx1eyy1ezz!13b@~Jx
22J2/3!exx1c.p.#

1
6d

)
F1

2
~JxJy1JyJx!exy1c.p.G , ~1!

wherea is the hydrostatic deformation potential andb andd
are the shear deformation potentials for GaAs,37 and theJ’s

FIG. 5. Experimental geometry for applying inhomogeneo
strain and electric field to the samples. The pin is pressed aga
the sample with approximately 5 lb of force.
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PRB 60 2665HARMONIC-POTENTIAL TRAPS FOR INDIRECT . . .
refer to the spin states of the valence band,m53/2, 1/2,
21/2, and23/2. For a uniaxial strain along thez direction,
this Hamiltonian corresponds toEPB53aehydro63beshear,
where ehydro5

1
3 (exx1eyy1ezz) and eshear5(ezz2

1
2 exx

2 1
2 eyy). The use of a shear stress maximum to produc

potential energy minimum has been used for carriers in b
semiconductors,16,38,39but in the present case, thehydrostatic
term also makes a significant contribution to the exciton
ergy, as discussed below. Too much stress from the pin
cleave the sample, of course, but springs on the back of
sample help to prevent this, allowing a reproducible, cont
lable stress.

In addition, the pin is held at a fixed, negative volta
while the clamping plates are connected to ground. T
causes a current to flow through the heavily doped subst
so that the voltage across the quantum wells drops to zer
away from the pin. As seen in Fig. 1, higher electric fie
corresponds to lower energy for the indirect excitons, so
this effect also contributes to a potential energy minimum
the excitons below the pin.

The entire assembly is placed in liquid or gaseous heliu
and the quantum wells are excited by a laser through
window of an optical cryostat by means of a prism attach
to the lower metal plate. The force on the pin is controlled
a micrometer at the top of the cryostat, as in Ref. 39. Fig
6 shows time-integrated luminescence from a coupled qu
tum well sample taken with a CCD camera on the back of
imaging spectrometer as the laser spot is scanned acros
surface of the sample. As seen in Fig. 6~a!, a well depth of
more than 10 meV can be created, compared to the inho
geneous broadening in these samples of around 1 m

FIG. 6. ~a! Time-integrated image through an imaging spe
trometer of the indirect exciton luminescence as the laser spo
scanned across the surface of the quantum well sample with
kV/cm applied field. The point of lowest energy corresponds to
point directly below the tip of the pin shown in Fig. 5.~b! Time-
integrated image for the same conditions but zero applied field
seen in this comparison, the inhomogeneous electric field giv
contribution to the trap as large as that of the applied shear str
a
lk

-
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l-

is
te,
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,
e
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y
e
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n
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When the voltage applied to the pin is set to zero, the sa
time-integrated scan gives Fig. 6~b!, which shows that the
effect of the variation in voltage is about the same as
effect of the applied stress.

The fact that a potential minimum occurs is strongly co
nected to the geometry which leaves the lower surface of
sample unconstrained. This leads to a local hydrostaticex-
pansionof the sample, which lowers the energy of the ex
tons via the first term of Eq.~1!. When the sample is place
on a glass slide, a local hydrostaticcompressionoccurs. In
this case, the positive shift in energy due to the hydrost
deformation potential~which is approximately five times
larger than the shear deformation potential37! cancels the
negative shift due to the shear strain, leading to nearly no
shift and an energymaximumfor the excitons below the pin
as seen in Fig. 7. Figure 8 shows numerical solutions of
static stress field equations for these two experimental ge
etries ~the details of these calculations will be present
elsewhere40!. In Fig. 8~a!, the boundary conditions are th
same as the experimental geometry of Fig. 6, in which
bottom surface is suspended freely over a small hole in
bottom plate, while Fig. 8~b! shows the solution of the sam
equations for the boundary conditions of Fig. 6, in which t
bottom surface is held fixed. As seen in these plots, the s
of the hydrostatic strain changes sign from compression
expansion depending on the boundary conditions. The
that the bottom surface is left suspended freely is there
essential for the production of a harmonic potential trap
the excitons. We note that the horizontal, spatial scale of
image in Fig. 7 is much smaller than that of Fig. 6. This
because of the particular details of the way in which t
deformation potential terms cancel, which will be discuss
elsewhere.40 The shift of exciton line depends sensitively o
the deformation potentials, and therefore these experim
also allow us to measure ratios of the hydrostatic and sh
deformation potentials in GaAs.40

In a harmonic potential minimum in two dimensions, th
critical number for Bose condensation is given by

Nc5(
n

n
1

en\v/kBT21

5
~kBT!2

~\v0!2 E e de
1

ee21
51.8

~kBT!2

~\v0!2 , ~2!

wherev05(a/m)1/2. The shape of the well shown in Fig
6~a! corresponds to a force constant ofa565 meV/mm2,

-
is

43
e

s
a
s.

FIG. 7. Time-integrated image through an imaging spectrom
of the exciton luminescence as the laser spot is scanned acros
surface of the quantum well sample with zero applied field, wh
the sample is pressed with a pin as in Fig. 5, but the bottom sur
is placed flat on a glass slide.
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approximatingU5ax2/2 in the center of the trap. For a tem
perature of 2 K and exciton mass on the order of the electr
mass, this critical number is approximately 107. For com-
parison, a single laser pulse from our dye laser contains m
than 1011 photons. By contrast, a three-dimensional well w
the same force constant would require a critical numbe
the same temperature of 1.2@(kBT)3/(\v0)3# 5331010,
which leaves little room for loss processes or inefficient p
ton absorption.

One can also estimate whether the indirect excitons
remainweakly interactingat critical density in this well. The
effective area of the equilibrium gas in this well atT52 K is
found approximately by equating the thermal energy with
potential energy, i.e., kBT5 1

2ax2, which implies x
5A2kBT/a.80mm. For 107 excitons this implies an inter
particle spacing ofAp(80mm)2/107544 nm. By compari-
son, the effective hardcore size of the indirect excitons is
the order of the total width of the coupled quantum we
which in this case is 16 nm. Since this is well below t
interparticle spacing, the indirect excitons should be
equately described by the theory of the weakly interact
Bose gas.

Despite the promise of the above estimates, we have

FIG. 8. ~a! Numerical solution of the static field equations f
the elastic constants of GaAs and the experimental geometry of
5 for a 500mm thick substrate, when the bottom surface is s
pended freely over a 2.5 mm hole, as illustrated in the inset~the
boundary conditions of the data in Fig. 6!. Solid lines: the hydro-
static strain (exx1eyy1ezz) on the bottom surface of the sampl
Dashed lines: the shear strain 3(ezz2exx/22eyy/2). ~b! Solution for
the same geometry and the same applied force, but the bo
surface constrained to zero displacement, as illustrated in the
~the boundary conditions of the data in Fig. 7!.
re
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e
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yet seen evidence for Bose effects in this well. As discus
in Sec. II, the screening at high carrier density leads to s
eral undesirable effects. First, it causes shorter exciton
time, which reduces the total density. Second, the blues
of the indirect exciton line is spatially inhomogeneous, lea
ing to an energymaximumin the center of the laser puls
where the carrier density is the highest. Figure 9 shows th
time-gated images of the indirect exciton luminescence
lowing a short laser pulse in the center of the well shown
Fig. 6~a!. As seen in this figure, at early time the excitons
the center of the laser spot have higher blueshift due to
higher carrier density. Only at late times, after the excit
density has fallen significantly, does this maximum disa
pear.

It is not clear from these experiments whether the scre
ing is mostly due to free carriers or the excitons themselv
If it is mostly free carriers in the quantum wells due to t
large excess energy~300 meV! of the laser photons at 66
nm, then this can be eliminated by near-resonant excitat
We expect that the contribution to screening by the excit
should be minimal at densities at or below the density cal
lated above for a weakly interacting gas. If the screening
observe is due primarily to excitons and not due to free c
riers, then this indicates that we have achieved very h
densities in these quantum wells, well above what is nec
sary for Bose condensation, albeit at a high effective te
perature.

While we cannot directly measure the exciton tempe
ture, we can estimate the exciton temperature from the s
trum of the band-edge luminescence from the GaAs subs
for the first few nanoseconds after the laser pulse. Strai
line fits to the logarithm of the high-energy luminescence
the free carriers in the substrate give temperatures of gre
than 150 K for times up to 6 ns after an intense laser pu
with a cooling rate of about 20 K/ns, when the sample
immersed in liquid helium. This makes it likely that the e

ig.
-

m
et

FIG. 9. Time-gated images of the indirect exciton luminesce
for various delays following a short laser pulse in the center of
well shown in Fig. 6~a!, using a time-gated Princeton CCD came
on the back of an imaging spectrometer. The time gate width
these images was 50 ns, although time resolution as low as 5
possible with this system.
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citon gas does not cool to the lattice temperature until w
after 50 ns, since the cooling rate slows at late times. Cha
ing to longer-wavelength, near-resonant excitation may
nificantly reduce this effective temperature.

IV. DIFFUSION OF INDIRECT EXCITONS

Another important issue in attempting to see Bose effe
in these traps is whether the excitons can diffuse far eno
to equilibrate in the trap within their lifetime. We can me
sure the diffusion constant of the excitons via time-resolv
spatial imaging of the luminescence as in Fig. 9.

Figure 10 shows the spatial profile of the indirect excit
luminescence at various times after a laser pulse has cre
them about 400mm from the center of the well. Each o
these profiles has been obtained by integrating over the
spectrum~thex axis! of a time-gated image similar to one o
those shown in Fig. 9. Thet50 profile, however, corre-
sponds to the luminescence profile of the hot carrier lu
nescence of the substrate, since this gives an accurate
sure of the laser spot size. The earliest recorded indi
exciton luminescence is always much broader than thi
high laser power, indicating an explosive expansion wit
just a few nanoseconds.

Care must be taken to deduce a correct diffusion cons
from these data. Although the expansion fromt50 to 50 ns
seen in Fig. 10 indicates a diffusion constant of 1000 cm2/s,
there exists an effect which could give a false indication
fast expansion. At high carrier density, the screening sign
cantly alters the exciton level, leading to a shorter lifetim
for the direct excitons and presumably also for the indir
excitons. If the lifetime is shorter in regions of high excito
density near the center of the spot, deducing the diffus
constant from the spatial profile of the exciton luminesce
will give a false measurement, since the full width at h
maximum would increase in this case even if the excito
did not diffuse at all. At times greater than 50 ns after t

FIG. 10. Spatial profiles of the luminescence from the coup
quantum well structure at various times after a short~5 ps! laser
pulse. The laser is focused about 400mm from the center of the trap
shown in Fig. 6. As seen in this figure, the indirect excitons d
toward the center of the well due to the gradient in potential ene
The t50 profile, which mirrors the laser focus, is obtained from t
profile of the hot free-carrier luminescence from the substrate.
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laser pulse, however, we can be certain that the exciton
have a single lifetime, since as seen in Figs. 2 and 3,
effect of screening ceases by then. We find that the diffus
constant 50 ns after an intense laser pulse is 400 cm2/s, fall-
ing to around 1 cm2/s at late times. The diffusivity of the
excitons is strongly dependent on the exciton density, as
seen in Ref. 22, presumably due to localization of the ex
tons at low densities.

The fast expansion seen in Fig. 10 at early time is a
seen when there is no trap for the excitons, i.e., with z
applied stress and a homogeneous electric field. As one
see in Fig. 10, however, the potential energy gradient in
trap also leads to a drift of the excitons. From this we c
calculate an effective mobility for the excitons. To do this w
first estimate an effective ‘‘charge’’ for the excitons, by no
ing that a voltage of 3 V applied to the surface of the samp
leads to a Stark shift of the indirect excitons of about
meV for our sample geometry. The excitons therefore
spond to a voltage as if they had a charge of 0.02e. The
measured diffusion constant of the excitons of 400 cm2/s at a
temperature of about 120 K therefore implies an effect
mobility for the excitons of 800 cm2/V s. This number obvi-
ously depends on the sample geometry since the effec
‘‘charge’’ of the indirect excitons depends on the barr
thicknesses, which control the electric field felt by the ex
tons in the quantum wells; for thinner barriers this numb
will be higher.

Overall, the maximum expansion of the excitons
around 100mm. Although this is greater than the equilibrium
spatial width of the exciton gas at 2 K calculated above, this
expansion only occurs at high carrier density, which in the
experiments also implies temperatures of around 100 K
mentioned above. This also indicates the importance of
ducing the effective temperature of the excitons by us
near-resonant excitation.

V. CONCLUSIONS

These experiments open up a new path for experiment
excitons in two dimensions with a controlled volume. T
depth of the harmonic potential which we create can be c
trolled during the experiment via the applied voltage a
stress.

At this point, there is little apparent difficulty in achievin
the densities needed for Bose condensation of exciton
these wells. The remaining problems are first, getting
temperature of the excitons low enough to condense~but not
too low, or else the excitons will most likely become loca
ized!, and second, operating in a regime where screenin
not important. We have seen that the effect of screening
the exciton states is extremely important in these exp
ments. We have not determined whether this screenin
mostly due to free carriers or the excitons themselves; eli
nating the free-carrier population by using laser excitat
near the exciton resonance will help to determine this,
addition to allowing lower exciton temperatures.

In addition to changing to near-resonant excitation,
can also pursue Bose condensation of excitons in this ge
etry by adding a strong magnetic field, which will reduce t
spin degeneracy of the excitons, forcing higher numbers
particles into fewer states, and also creating a more stron
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repulsive interaction between the excitons. Seve
authors41–43 have argued that magnetic field will enhan
Bose effects of excitons; experimentally, Ref. 9 reporte
sharp increase of diffusivity of indirect excitons above
critical threshold of magnetic field.

The slow conversion of direct excitons to indirect ex
tons at high applied field may also present a barrier to B
condensation, since at high density and high voltage, a la
fraction of the excited carriers appear to remain in the dir
exciton state, which has short lifetime. The process of c
version of direct to indirect excitons, in particular its depe
dence on voltage, is not well understood, and further work
determine this mechanism is important.

Finally, we note that the method we have used here to
the excitons may have other applications. Since excitons
charge neutral, they do not respond to electric field, and
therefore difficult to control their motion. We have show
that the motion of excitons in heterostructures can be c
trolled over distances up to 100mm via inhomogeneous elec
tric field. Variation of the voltage across the quantum we
can be accomplished by depositing resistive patterns on
surface via photolithography. Small ‘‘wires’’ for exciton
can therefore be created which carry excitons from plac
e

n
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place in response to electric fields, with effective mobilitie
on the order of 1000 cm2/V s at 100 K.

We also note that the method of producing a harmon
potential using inhomogeneous strain can also be applied
other, nonexcitonic systems such as the two-dimensio
electron gas~2DEG!. Although the shear strain term in th
Pikus-Bir Hamiltonian only applies to the valence states, t
hydrostatic deformation term is believed to arise mostly fro
the conduction band.44 Therefore the hydrostatic expansio
which occurs in our stress geometry will lead to an ener
minimum for free conduction electrons in GaAs. This allow
an extra ‘‘gate,’’ independent of voltage, which can be us
to produce a spatially localized 2DEG in a well-defined ha
monic potential.
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