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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 éivi 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.
[S0163-182609)00228-3

I. INTRODUCTION liquid state is not expected at high density, §8dthe qual-
ity of semiconductor heterostructures has been steadily in-
Over the past 15 years, several experiments have indereasing, so that true two-dimensional physics can be
cated evidence of Bose effects or Bose condensation of estudied. In a true two-dimensional system, Bose-Einstein
citons in semiconductors*®One common element of all of condensation is not expected, but rather a Kosterlitz-
these experiments has been that the exciton or biexciton gd$ouless transition to a superfluid stdte(although
is created by a laser in a particular spot, and then the gaBSernadez-Rossier, Tejedor, and Merfirhave recently ar-
freely expands out of this excitation region. This experimen-gued that the coupling of the excitons to the photon states
tal geometry leads to a particular problem for studies of Bosevill allow them to undergo Bose condensation in two dimen-
condensation: exactly what is the ground state of the systesions) When even a small confining potential is created in
into which the particles should condense? Presumably, awvo dimensions, however, then Bose condensation in two
“local” ground state can be defined, similar to the way thatdimensions is possibf€. Zhu, Littlewood, and Ric® have
superfluid helium can remain in a quasiequilibrium groundrecently examined a scenario like this, in which indirect ex-
state even while it flows from one region of a vessel to an<citons are confined to a trap.
other. One does not expect that the exciton gas must fill the Early experiments with this type of excitbshowed evi-
entire crystal before it can condense. Nevertheless, the lagkence for Bose effects, but later wétlishowed that local-
of a well-defined ground state forces all of these studies tization due to random variations in the structures signifi-
deal with hydrodynamicsof excitons, a topic still not well cantly complicated the analysis of the Iuminescence
understood, in part because the excitons couple strongly tineshape. More recent studies of similar structtiPdsave
hot phonons. shown quite promising results, including evidence for in-
By contrast, the recent experiments with alkali atoms increased diffusion out of the excitation region at high density
magneto-optical trap$*® have produced a dramatic telltale and low temperature. Other recent measurements of the dif-
of Bose condensation, namelyspatial condensation into a fusion of indirect excitons have also shown fast expansion at
two-component distribution, with the condensate patrticles irhigh densitie$? Enhanced diffusion is expected for super-
a well-defined ground state, which is possible because thiiuid excitons? but can also be attributed to other, classical
atoms lie trap with a nearly harmonic potential. It has longeffects which also occur at high density, such as phonon
been knowr? that excitons in a harmonic potential will also wind.?* By contrast, if the excitons movieward toward the
show this behavior if they undergo Bose condensation; @&enter of the excitation region due to a confining potential,
method of creating a harmonic potential for excitons in bulkno classical effect can reproduce this effect.
semiconductors is well establish&thut so far, experimental A well-defined confining potential is also important for
attempts with bulk semiconductors have not succeeded itests of phase coherence of the exciton condensate. Recently,
creating a density of excitons high enough for Bose condenseveral authot§2>2% have proposed optical probes of the
sation in this kind of trap. phase coherence of the exciton condensate. Underlying all
Our goal has been to try to produce this kind of trap in athese approaches is the fact that Bose condensation implies
system of two-dimensional excitons, known as indirect, orspontaneous phase coherence, and since excitons couple to
“dipole,” excitons. This system is appealing beca$ethe  photon states, this phase coherence should transfer to the
excitons can have long lifetimes due to the spatial separatiophotons, even in the absence of lasing. Confining the exci-
of the electron and hole(2) the interaction between the tons to a trap is much more amenable to these kinds of tests
dipole-aligned excitons is strongly repulsive, so that a Fermithan allowing free expansion of the exciton gas, since the
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FIG. 1. Peak photon energy of the two luminescence lines from 5 1000
the structure, as a function of electric field relative to the flat-band % i
field. Solid circles: indirectinterwell) excitons, open circles: direct 2 I
(intrawell) excitons. Inset: Band structure of the coupled quantum § 100 |
well structures used in this experiment. Indirect excitons are formed =
from electrons in the lowest conduction subband and the highest
valence subband. 10Lﬂ_,””,””,”‘l_‘”
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. . o . FIG. 2. (a) Total intensity of the direct exciton luminescence
ground state in a harmon?|c potential is well defined. line, integrated spatially over the entire excitation area and inte-
As previously reported; we have succeeded at creating 8grated spectrally over the range=758 to 768 nm, from a coupled

harmonic-potential minimum for indirect excitons in a two- quantum well sample with an electric field of 42 kV/cm with the
dimensional plane. In this paper we discuss in detail theample immersed in superfluid helium®t 2 K, as a function of
physical considerations which come in to these experimentgime following a short(5 ps laser pulse at 620 nm, for two laser
excitation powers. Full poweP) corresponds to 3:010° W/cn?.
(b) Total intensity of the indirect exciton luminescence line under
Il. CHARACTERISTICS OF INDIRECT EXCITONS the same conditions and for the same two excitation intensities,
IN COUPLED QUANTUM WELLS integrated spatially over the excitation area and integrated spectrally

@ over the range. =779 to 789 nm. The very short lifetime signal at
The samples we used were GaA —xAS coupled early time is due to hot carrier luminescence from the substrate. The

guantum well structures fabricated via molecular-beam epi- . . .
@ (MBE) a e M PlanckInstiute in SUTGATt the Sub- oo ey o) 1o POVErs e ben shite by
strate is heavilyp-doped and the capping layer is heavily
n-doped in order to allow electric field perpendicular to planeplicated than one might first expect. The direct exciton lumi-
of the quantum wells; the intrinsic field due to the doping isnescence shows an initial fast decay, while the indirect exci-
approximately 21 kV/cm. Five sets of coupled quantumton luminescence rises initially. One might interpret this
wells are created which consist of two 60 A undoped GaAsbehavior simply in terms of conversion from the upper, di-
wells with a 42 A Al 4Ga, -As barrier between them, with rect exciton species down into the lower, indirect exciton
200 A pure AlAs barriers in between the sets of coupledspecies, but the density dependence of the curves gives a
quantum wells to prevent any coupling between them. Thenore complicated picture. The initial decay time of the upper
inset of Fig. 1 illustrates the band structure when electridine is muchfasterat higher power, while the initial rise time
field is applied; “indirect” excitons are formed from elec- of the lower line isslowerat higher power. Looking at the
trons and holes in different quantum wells, while “direct” luminescence spectra as a function of time helps us to under-
excitons are formed from electrons and holes in the samstand this behavior. As seen in Fig. 3, the energy of the
well. Figure 1 gives the energy of the luminescence lines akwer, indirect exciton line shifts strongly over time follow-
a function of the electric field. As the electric field is in- ing the laser pulse. We interpret this shift as due to the effect
creased, the energy of the indirect excitons undergoes @f screening of the electric field at early times when the
strong Stark shift to lower energy, as also seen in previousarrier density is high; both the excitons themselves as well
studies(e.g., Refs. 28—30The spatial separation of electron as free carriers can contribute to screening out the applied
and hole into two separate planes also increases the lifetinfeeld. This screening reduces the effective field felt by the
of the excitons; in our samples we measure lifetimes of thexcitons for up to 75 ns after the laser pulse; as seen in Fig.
indirect excitons of around 100 ns at high applied voltage, a8(b), the blueshift of the indirect exciton line relaxes back to
seen at late times in Fig. 2. the unscreened position with a time constant of about 25 ns.
The behavior of the luminescence at early times in Fig. 2 One might posit that the blueshift is due to the mean-field
indicates that the analysis of the luminescence is more conrenormalization of the exciton level due to the repulsive in-
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FIG. 3. (a) Indirect exciton luminescence spectrum at various 2 F
times following an intensé25 nJ, short(5 p9 laser pulse at 660 E
nm, for 60 kV/cm applied field, witihf =6 K. (b) Average photon 3
energy of the data shown (@) as a function of time. The solid line
is a fit to a single exponential decay of the energy shift with 1 P — "
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teractions between the excitons at high density, but two ob- FIG. 4. (a) Total integrated intensity of the two luminescence
servations argue against this. First, the direct excitons, whiclines from the coupled quantum wells as a function of electric field,
are also polarized by the electric field and therefore also havet T=2 K, for three laser powers, at excitation wavelength 620 nm.
strongly repulsive interactions with each other and with thePashed lines: indirect exciton luminescence; solid lines: direct ex-
indirect excitons, do not shift upward in energy at all; at highCiton luminescence. Triangles: 300 W/hmsquares: 100 Wicfn
density, the direct line actually shifts slightly to the red, pre_C|rcles: 30 W/cr. (b) Relative intensity of the two luminescence

sumably due to lattice heating which causes the band gap ggles from the coupled quantum wells as a function of excitation

. . intensity, for the same conditions as(&, at an electric field of 58
decrease. Although the direct excitons are smaller and thergs ., “As seen in this figure, the direct exciton line becomes

fore their interactions should have shorter range, one woulgighter than the indirect exciton line at high density and high elec-
expect that if the densities are high enough to give a mearnic field.
field blueshift of the indirect excitons, the direct excitons
should also show some shift. Second, the initial short life-and the indirect excitons have spatially separated electrons
time of the direct excitons can be understood as an effect aind holes.
screening. If the effective electric field felt by the direct ex- It comes as a surprise, however, that the upper, direct
citons is lower at early times, their lifetimes will be shorter, exciton luminescence has such a long overall lifetime at late
since the long radiative lifetime of both the direct and indi-times, since they can presumably couple down to the lower,
rect excitons is due to the spatial separation of the electroindirect exciton state. Their population is clearly not in ther-
and hole brought about by the electric field. mal equilibrium with the lower, indirect exciton level at high
The early-time behavior of the two lines seen in Fig. 2 canapplied field, since the energy separation of the levels is
therefore be understood in the following way: the indirectseveral hundred timdgT. The fact that the upper line has a
excitons have a slow initial rise time at high density becausédifetime comparable to that of the lower line at late times
their luminescence is shifted to higher energies, out of themplies that the rate for converting from direct into indirect
spectral range of our measurement, and therefore they do nekcitons is very slow at high electric field.
enter the spectral range of our measurement until late times, Figure 4a) shows the relative intensity of the two lines as
while the direct excitons plotted in Fig.(& have a short a function of applied field for three different laser powers. At
initial lifetime due to the screening of the electric field, but zero electric field, the upper line can not be distinguished
eventually have a long radiative lifetime since both the direcfrom the lower line. As the field is increased, the two lines
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become distinguishable, and the intensity of the upper exci-

ton line falls dramatically, as expected for populations of the

excitons in thermal equilibriuntt As the applied field con-

tinues to increase, however, the upper luminescence line be-

comes brighter, until it actually overwhelms the light emis-

sion from the lower line. This effect has been observed electrical
beforé”? and has been explained in terms of the symmetries msmator\
of the states—at low electric field, the upper line corresponds I
to a forbidden symmetric-antisymmetric transition, which I
becomes more allowed as the electric field increases. As

shown in Fig. 4b), the intensity of the upper line increases spring
superlinearly with laser intensity, while the lower line in-

creases sublinearly. This can be understood in terms of the
decrease of the direct exciton lifetime at high density, as prism
follows. Since the laser photons create free carriers with high
energy (but not high enough to cross over the pure AlAs
barrierg both the direct and indirect exciton states are ini-
tially populated. At high electric field and high carrier den-

sity, the rate of conversion of the direct excitons to indirectindirect excitons seen here leads to a highly nonlinear system

excitons is slow compared to their rate of radiative decay, s&, \vhich both the wavelength and the intensity of the pho-
that recombination into photons becomes the dominant decgy, ¢ impinging on the sample strongly affects the spectral

mechanism for the direct excitons. At early times, this 1~y and position of the absorption and emission lines. We

combination rate occurs more quickly when the electric field;, jmagine numerous possibilities for utilizing these effects

is screened out, as discussed above, causing relatively mogg. \onjinear optics. Our interest at present, however, is in
direct excitons to convert into photons instead of indirecty,e pepayior of the indirect excitons at low temperature in

excitons. Since the screening depends strongly on the carrigy,,qjequilibrium. The above effects imply that if the screen-

density, the intensity of the direct exciton luminescence |n—Ing at high density cannot be eliminated, we must either use

creases superlinearly with laser power, at the expense of thg,, jaser power or observe the luminescence at least 50 ns

indirect exciton population. L . after the laser pulse in order to see nearly equilibrium exciton
As seen in Fig. &), the indirect exciton line has signifi- levels.

cant homogeneous broadening at early times at high carrier
density; the direct exciton line has essentially the same
broadening at the same times. At late times and at low tem-

peratures, several peaks approximately 3—5 meV apart ap- As mentioned above, previous experiméhtsave suc-
pear in the indirect exciton luminescence, which have beegeeded in creating a harmonic potential for excitons in bulk
seen befor¢e.g., Refs. 33, 34in high-quality quantum well  semiconductors via applied inhomogeneous stress. Creating
structures and attributed variously to monolayer plateaus angl harmonic potential for excitons in GaAs quantum wells is
excitons bound to impurities. At late times and at low tem-nontrivial, however. Since GaAs has a large hydrostatic de-
perature and low excitation density, the indirect lumines-formation potential, any stress geometry which leads to a
cence decreases to a full width at half maximum of about kignificant hydrostatic compression will cause a large shift of
meV. In other words, although monolayer islands may existhe excitons tdigherenergy. In the case of a purely uniaxial

in these samples, which give energy variations of around 3tress, it is well know# that the exciton energy shifts up-
meV for our well width of 60 A3® they do not prevent the ward with increasing stress.

excitons from flowing to the lowest monolayer plate&tie Figure 5 shows the experimental geometry which allows
regions at which the quantum wells are widettlate times.  ys to create a harmonic-potential minimum for the indirect
We take the measured width of 1 meV as the measure axcitons. The quantum well sample is clamped between two
inhomogeneous broadening due to alloy disorder or residughetal plates, each with a small hole, and a pin is pressed
stresses in the sample. We found that if the back surface efgainst the GaAs substrate, which has been polished on both
the substrate is polished after the quantum wells have beefurfaces prior to the MBE fabrication. The pin creates a
grown, this inhomogeneous broadening increases dramathear strain maximum in the quantum wells, as well as a
cally, up to 10 meV, presumably due to residual stresseslight hydrostatic expansion, each of which leads to an en-

introduced in the polishing process. At best we could reducgrgy minimum for the excitons via the Pikus—Bir deforma-
this to around 5 meV after etching and annealing. Since, afon Hamiltoniari® for GaAs,

discussed in the next section, we need a polished substrate
for our experiment, this led us to start with a substrate pol- Hpg=a(exxt €yyt+ ezz)+3b[(J§—J2/3) €xxTC.p]
ished on both sides before the quantum wells were deposited.
The quantum wells grown by molecular beam epitaxy on the
substrates polished on both sides also had inhomogeneous
broadening of approximately 1 meV, as measured by the
late-time photoluminescence linewidth. wherea is the hydrostatic deformation potential améndd
The interaction of the free carriers, direct excitons andare the shear deformation potentials for GdAand theJ’s

laser

FIG. 5. Experimental geometry for applying inhomogeneous
strain and electric field to the samples. The pin is pressed against
the sample with approximately 5 Ib of force.

IIl. THE HARMONIC POTENTIAL TRAP

6d|1
+ 73 E(Jny+\]ny)6Xy+ c.p., (1)
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of the exciton luminescence as the laser spot is scanned across the
surface of the quantum well sample with zero applied field, when
the sample is pressed with a pin as in Fig. 5, but the bottom surface
is placed flat on a glass slide.

When the voltage applied to the pin is set to zero, the same
time-integrated scan gives Fig(§, which shows that the
effect of the variation in voltage is about the same as the
| I effect of the applied stress.
400 0O 400 The fact that a potential minimum occurs is strongly con-
x (microns) nected to the geometry which leaves the lower surface of the
sample unconstrained. This leads to a local hydroseatic
FIG. 6. (a) Time-integrated image through an imaging spec-pansionof the sample, which lowers the energy of the exci-
trometer of the indirect exciton luminescence as the laser spot ifgons via the first term of Eq1). When the sample is placed
scanned across the surface of the quantum well sample with 43 g glass slide, a local hydrostatiompressioroccurs. In
kv/cm applied field. The point of lowest energy corresponds to theis case, the positive shift in energy due to the hydrostatic
point directly below the tip of the pin shown in Fig. &) Time-  gaformation potentialwhich is approximately five times
integrated image for the same conditions but zero applied field. A?arger than the shear deformation poteﬁfbalcancels the
seen in this comparison, the inhomogeneous electric field gives ﬁegative shift due to the shear strain, leading to nearly no net
contribution to the trap as large as that of the applied shear stres%hift and an energgnaximuntor the e),(CitonS below the pin,
as seen in Fig. 7. Figure 8 shows numerical solutions of the
static stress field equations for these two experimental geom-
etries (the details of these calculations will be presented
Where  engo= (et et €,)  aNd  eqon= (€4, Len elsewher®). In Fig._ 8a), the boundary co_nditions are the
Tley. ﬁ}e use of a gwear stress maximum to produce ame as the experimental geometry of Fig. 6, in which the
2y IE)ottom surface is suspended freely over a small hole in the

potential energy minimum has been used for carriers in bul oo .
semiconductoré®383%ut in the present case, thgdrostatic ~ CLo™ plate, while Fig. &) shows the solution of the same
' ' equations for the boundary conditions of Fig. 6, in which the

term also makes a significant contribution to the exciton en;

ergy, as discussed below. Too much stress from the pin W"lpottom surface is held fixed. As seen in these plots, the sign

cleave the sample, of course, but springs on the back of thg( tgis?ggrgztaé'ﬁ d?r:ralgnCPhin%ii:é%T frénor?] d?gg:]gref-ﬁf:;;
sample help to prevent this, allowing a reproducible, control- P P g on Y S
lable stress. that the bottom surface is left suspended freely is therefore

In addition, the pin is held at a fixed, negative Voltageessentlal for the production of a harmonic potential trap for

while the clamping plates are connected to ground. Thiéhe excitons. We note that the horizontal, spatial scale of the

causes a current to flow through the heavily doped substrat%,nage In Fig. 7 is much smaller than that of Fig. 6. This is

so that the voltage across the quantum wells drops to zero f ecause.of the partlcular details of th_e way-in W.h'Ch the
away from the pin. As seen in Fig. 1, higher electric field efmma“gg‘ potent_|al terms can_cel, which will be q!scussed
corresponds to lower energy for the indirect excitons, so tha& Isewheré€. The shift of exciton line depends sensitively on

this effect also contributes to a potential energy minimum foralgodaelflg\r,\rlnﬁgc;g ﬁg:ggzsr’a%gg g;e:'{;]eefor:e dtrr;i?:tigxg:(;lr:r?:;
the excitons below the pin. y

The entire assembly is placed in liquid or gaseous he"umt,jeformatlon po_tentlals n Ga‘. 3@. ' . . .
In a harmonic potential minimum in two dimensions, the

and the quantum wells are excited by a laser through theritical number for Bose condensation is aiven b
window of an optical cryostat by means of a prism attached” 9 y

photon energy (eV)

refer to the spin states of the valence bants 3/2, 1/2,

—1/2, and—3/2. For a uniaxial strain along ttedirection,

this Hamiltonian corresponds t&pg= 3aé€nygro™ 3D€shean
1

to the lower metal plate. The force on the pin is controlled by 1

a micrometer at the top of the cryostat, as in Ref. 39. Figure NCIE ne—“m’kBT——l

6 shows time-integrated luminescence from a coupled quan- "

tum well sample taken with a CCD camera on the back of an (kgT)? 1 (kgT)?

imaging spectrometer as the laser spot is scanned across the = Wf € dEeE 1 :1'8(hw0)2’ 2

surface of the sample. As seen in Figa)6 a well depth of
more than 10 meV can be created, compared to the inhomavhere wy=(a/m)*2. The shape of the well shown in Fig.
geneous broadening in these samples of around 1 me\d(a) corresponds to a force constant @f=65 meV/mn,
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.g '-‘ ! . on the back of an imaging spectrometer. The time gate width for
-0.008 - PN —] thesg images was 50 ns, although time resolution as low as 5 ns is
W | possible with this system.
0012 by
A5 -1 05 (° ) 05 1 1.5 yet seen evidence for Bose effects in this well. As discussed
X {mm

in Sec. Il, the screening at high carrier density leads to sev-
FIG. 8. (a) Numerical solution of the static field equations for €ral undesirable effects. First, it causes shorter exciton life-
the elastic constants of GaAs and the experimental geometry of Figime, which reduces the total density. Second, the blueshift
5 for a 500um thick substrate, when the bottom surface is sus-Of the indirect exciton line is spatially inhomogeneous, lead-
pended freely over a 2.5 mm hole, as illustrated in the ifket  ing to an energymaximumin the center of the laser pulse
boundary conditions of the data in Fig). ®olid lines: the hydro- where the carrier density is the highest. Figure 9 shows three
static strain €,,+ €,y +€,,) on the bottom surface of the sample. time-gated images of the indirect exciton luminescence fol-
Dashed lines: the shear straine3{— e,,/2— €,,/2). (b) Solution for  lowing a short laser pulse in the center of the well shown in
the same geometry and the same applied force, but the bottomig. 6(a). As seen in this figure, at early time the excitons in
surface constrained to zero displacement, as illustrated in the inseite center of the laser spot have higher blueshift due to the
(the boundary conditions of the data in Fig. 7 higher carrier density. Only at late times, after the exciton

o . density has fallen significantly, does this maximum disap-
approximatingJ = ax?/2 in the center of the trap. For a tem- pear.

perature 62 K and exciton mass on the order of the electron |t js not clear from these experiments whether the screen-
mass, this critical number is approximately’1@For com-  ng is mostly due to free carriers or the excitons themselves.
parison, a single laser pulse from our dye laser contains mong it js mostly free carriers in the quantum wells due to the
than 13* photons. By contrast, a three-dimensional well with large excess energ{800 me\j of the laser photons at 660
the same force constant would require a critical number am, then this can be eliminated by near-resonant excitation.
the same temperature of [(RT)%(fiwg)®]=3x10",  \We expect that the contribution to screening by the excitons
which leaves little room for loss processes or inefficient phoshould be minimal at densities at or below the density calcu-
ton absorption. lated above for a weakly interacting gas. If the screening we
One can also estimate whether the indirect excitons Wilbbserve is due primar”y to excitons and not due to free car-
remainweakly interactingat critical density in this well. The riers, then this indicates that we have achieved very high
effective area of the equilibrium gas in this welllat 2 Kis  densities in these quantum wells, well above what is neces-
found approximately by equating the thermal energy with thesary for Bose condensation, albeit at a high effective tem-
potential energy, i.e.,kgT=3ax?, which implies x  perature.
= \2kgT/@=80um. For 10 excitons this implies an inter- While we cannot directly measure the exciton tempera-
particle spacing of/m(80.m)%/10"=44 nm. By compari- ture, we can estimate the exciton temperature from the spec-
son, the effective hardcore size of the indirect excitons is ofrum of the band-edge luminescence from the GaAs substrate
the order of the total width of the coupled quantum wells,for the first few nanoseconds after the laser pulse. Straight-
which in this case is 16 nm. Since this is well below theline fits to the logarithm of the high-energy luminescence of
interparticle spacing, the indirect excitons should be adihe free carriers in the substrate give temperatures of greater
equately described by the theory of the weakly interactinghan 150 K for times up to 6 ns after an intense laser pulse,
Bose gas. with a cooling rate of about 20 K/ns, when the sample is
Despite the promise of the above estimates, we have ndtmersed in liquid helium. This makes it likely that the ex-
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2.5 laser pulse, however, we can be certain that the exciton all
have a single lifetime, since as seen in Figs. 2 and 3, the
effect of screening ceases by then. We find that the diffusion

constant 50 ns after an intense laser pulse is 4G0scrfall-

300 ns ing to around 1 cris at late times. The diffusivity of the
1.5 excitons is strongly dependent on the exciton density, as also
150 ns seen in Ref. 22, presumably due to localization of the exci-
tons at low densities.
50 ns The fast expansion seen in Fig. 10 at early time is also

seen when there is no trap for the excitons, i.e., with zero
applied stress and a homogeneous electric field. As one can
see in Fig. 10, however, the potential energy gradient in the
trap also leads to a drift of the excitons. From this we can
0 . - > )
150 -100 -50 0 50 100 150 calculate an effective mobility for the excitons. To do this we
first estimate an effective “charge” for the excitons, by not-
ing that a voltage 03 V applied to the surface of the sample
FIG. 10. Spatial profiles of the luminescence from the couplecx‘eads to a Stark shift of the indirect excitons of about 60

quantum well structure at various times after a sigrpsg laser M€V for our sample geometry. The excitons therefore re-
pulse. The laser is focused about 408 from the center of the trap  SPONd to a voltage as if they had a charge of 6.0Ehe
shown in Fig. 6. As seen in this figure, the indirect excitons drift Measured diffusion constant of the excitons of 408/srat a
toward the center of the well due to the gradient in potential energytemperature of about 120 K therefore implies an effective
Thet=0 profile, which mirrors the laser focus, is obtained from the mobility for the excitons of 800 cAV s. This number obvi-
profile of the hot free-carrier luminescence from the substrate.  ously depends on the sample geometry since the effective
“charge” of the indirect excitons depends on the barrier

citon gas does not cool to the lattice temperature until welthicknesses, which control the electric field felt by the exci-
after 50 ns, since the cooling rate slows at late times. Chandgons in the quantum wells; for thinner barriers this number
ing to longer-wavelength, near-resonant excitation may sigwill be higher.
nificanﬂy reduce this effective temperature. Overall, the maximum expansion of the excitons is
around 10Qum. Although this is greater than the equilibrium
spatial width of the exciton gag 2 K calculated above, this
IV. DIFFUSION OF INDIRECT EXCITONS expansion only occurs at high carrier density, which in these

Another important issue in attempting to see Bose effect§XPeriments also implies temperatures of around 100 K, as
in these traps is whether the excitons can diffuse far enougféntioned above. This also indicates the importance of re-
to equilibrate in the trap within their lifetime. We can mea- ducing the effective temperature of the excitons by using
sure the diffusion constant of the excitons via time-resolvedi®ar-resonant excitation.
spatial imaging of the luminescence as in Fig. 9.

Figure 10 shows the spatial profile of the indirect exciton
luminescence at various times after a laser pulse has created
them about 40Qum from the center of the well. Each of = These experiments open up a new path for experiments on
these profiles has been obtained by integrating over the totalxcitons in two dimensions with a controlled volume. The
spectrumthex axis) of a time-gated image similar to one of depth of the harmonic potential which we create can be con-
those shown in Fig. 9. Thé=0 profile, however, corre- trolled during the experiment via the applied voltage and
sponds to the luminescence profile of the hot carrier lumistress.
nescence of the substrate, since this gives an accurate mea-At this point, there is little apparent difficulty in achieving
sure of the laser spot size. The earliest recorded indire¢he densities needed for Bose condensation of excitons in
exciton luminescence is always much broader than this ahese wells. The remaining problems are first, getting the
high laser power, indicating an explosive expansion withintemperature of the excitons low enough to condebsi not
just a few nanoseconds. too low, or else the excitons will most likely become local-

Care must be taken to deduce a correct diffusion constarted), and second, operating in a regime where screening is
from these data. Although the expansion from0 to 50 ns  not important. We have seen that the effect of screening on
seen in Fig. 10 indicates a diffusion constant of 1008/sm the exciton states is extremely important in these experi-
there exists an effect which could give a false indication ofments. We have not determined whether this screening is
fast expansion. At high carrier density, the screening signifimostly due to free carriers or the excitons themselves; elimi-
cantly alters the exciton level, leading to a shorter lifetimenating the free-carrier population by using laser excitation
for the direct excitons and presumably also for the indirecihear the exciton resonance will help to determine this, in
excitons. If the lifetime is shorter in regions of high exciton addition to allowing lower exciton temperatures.
density near the center of the spot, deducing the diffusion In addition to changing to near-resonant excitation, we
constant from the spatial profile of the exciton luminescencesan also pursue Bose condensation of excitons in this geom-
will give a false measurement, since the full width at halfetry by adding a strong magnetic field, which will reduce the
maximum would increase in this case even if the excitonspin degeneracy of the excitons, forcing higher numbers of
did not diffuse at all. At times greater than 50 ns after theparticles into fewer states, and also creating a more strongly

0.5 1=0

Normalized Intensity (arb. units)
- n
> I

x {microns)
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repulsive interaction between the excitons. Severaplace in response to electric fields, with effective mobilities
author§’* have argued that magnetic field will enhanceon the order of 1000 cfV s at 100 K.

Bose effects of excitons; experimentally, Ref. 9 reported a We also note that the method of producing a harmonic
sharp increase of diffusivity of indirect excitons above apotential using inhomogeneous strain can also be applied to
critical threshold of magnetic field. other, nonexcitonic systems such as the two-dimensional

The slow conversion of direct excitons to indirect exci- €lectron gag2DEG). Although the shear strain term in the

tons at high applied field may also present a barrier to Bos€iKus-Bir Hamiltonian only applies to the valence states, the
condensation, since at high density and high voltage, a |arg@/drostat|c (_jeformatlon term is believed to arise mostly f_rom
fraction of the excited carriers appear to remain in the direcf® conduction banf. Therefore the hydrostatic expansion
exciton state, which has short lifetime. The process of con?VNich occurs in our stress geometry will lead to an energy
version of direct to indirect excitons, in particular its depen-mlnlmum for free conduction electrons in GaAs. This allows

dence on voltage, is not well understood, and further work {@n extra “gate, |r_1depende_nt of voltagg, which can be used
determine this mechanism is important. to pr'oduce a.spatlally localized 2DEG in a well-defined har-
Finally, we note that the method we have used here to traﬁmmC potential.
the excitons may have other applications. Since excitons are
charge neutral, they do not respond to electric field, and it is
therefore difficult to control their motion. We have shown This work has been supported by the National Science
that the motion of excitons in heterostructures can be conFoundation under Grant No. DMR-97-22239. One of the au-
trolled over distances up to 1Qan via inhomogeneous elec- thors (D.S) thanks the Research Corporation for financial
tric field. Variation of the voltage across the quantum wellssupport. We thank I. Hancu for early contributions to these
can be accomplished by depositing resistive patterns on thexperiments, and S. D. Baranovskii, M. Cardona, L. M.
surface via photolithography. Small “wires” for excitons Smith, V. B. Timofeev, and V. I. Yudson for helpful conver-
can therefore be created which carry excitons from place tgations.
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