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We show theoretically that an electric current in a high-mobility quasi-two-dimensional electron layer
induces a significant drift of excitons in an adjacent layer through interlayer Coulomb interaction. The exciton
gas is shown to drift with a velocity which can be a significant fraction of the electron drift velocity at low
temperatures. The estimated drift length is of the order of micrometers or larger during the typical exciton
lifetime for GaAs/AlxGa1−xAs double quantum wells. A possible enhancement of the exciton radiative lifetime
due to the drift is discussed.
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I. INTRODUCTION

Excitons are good storage source of light energy and play
an increasingly important role in recent optoelectronic appli-
cations. The motion of excitons in solids has been studied for
a long time.1–3 Excitons cannot be accelerated by an external
field due to their charge neutrality in contrast to charged
particles. Recently, it was demonstrated that Wannier-Mott
excitons can be transported at the speed of sound in polar
semiconductor quantum wellssQWsd using surface acoustic
waves.4,5 In this paper, we propose a new mechanism which
can cause Wannier-Mott excitons to drift even at a faster
speed over a large distance during its radiative lifetime in
semiconductor quantum wells at low temperatures. We also
discuss the possibility that the exciton drift can enhance the
exciton lifetime significantly.

We consider ann-doped asymmetric double-QW structure
such as GaAs/AlxGa1−xAs illustrated in Fig. 1. The left QW
sQW1d carries an electron gas, while the right QWsQW2d
has photo-generated low-density excitons. The electron gas
is not affected by the low-power generation of electron-hole
pairs. Carrier tunneling across the center barrier is assumed
to be negligible. The electron gas has a very high mobilitym
and drifts fast under an external fieldE applied in QW1. The
electrons interact across the barrier with the excitons through
a monopole-dipole interaction and impart their drift momen-
tum to the excitons, causing them to drift in the same direc-
tion. This phenomenon is similar to the well-known
Coulomb-drag effect where an electric current in one QW
induces a voltage in the second electron gas in the adjacent
QW.6,7

We calculate the ratio of the drift velocities in the exciton
gas and the electron gas. We find that a high-mobility elec-
tron gas induces a significant drift of excitons with a velocity
which can be a significant fraction of the electron drift ve-
locity. The drift ratio is restricted by the resitive force against
the exciton motion, which is represented by the transport
relaxation time. The contribution to the latter from scattering
by phonons and interface roughness is calculated. The esti-
mated drift length is on the order of micrometers during the
typical exciton lifetime of ; a nanosecond for
GaAs/AlxGa1−xAs double-quantum wells.

II. FORMALISM

The electron gas in QW1 transfers momentumP to the
excitons in QW2 at a rate7

dP

dt
=

2p

"
o

k,K ,q
uVsqidu2"qiffks1 − fk−qi

dgK

− fk−qi
s1 − fkdgK+qi

gds«k + EK − «k−qi
− EK+qi

d,

s1d

which is the interlayer two-particle scattering rate times the
momentum transfer"qi. In Eq. s1d, Vsqid is the Coulomb
interaction between the electrons in QW1 and the excitons in
QW2, «k =s"kd2/2m* is the electron energy, andEK
=s"Kd2/2M is the exciton kinetic energy. Herem* is the
effective electron mass in QW1 and can be different from the
effective electron massme of the exciton in QW2. The quan-
tity M =me+mh is the total mass of the exciton, wheremh is
the effective hole mass. The quantitiesk andK are the two-
dimensional wave vectors for the electron motion and the
center-of-mass motion of the exciton, respectively. The va-
lidity of the Born approximation in Eq.s1d for the relevant
parameters in the present problem will be discussed later.
When an external dc fieldE is applied in QW1, the electron
and exciton distribution functions are given to the first order
in E by8

FIG. 1. sad A schematic diagram of a double-quantum-well
structure with an electron gas in the left QWsQW1d and an exciton
gas in the right QWsQW2d. The two QWs are separated at a dis-
tanced andLz is the width of QW2.
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· Dke, gK = gK
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s0d
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· DK ex, s2d

where fk
s0d ,gK

s0d are the equilibrium Fermi function and the
Boltzmann distribution for the electrons and excitons, re-
spectively. Here, we assume that the excitons are incoherent
and in equilibrium with the same lattice temperature as the
electrons in the absence of the field. The validity and the
limitations of the present model will be discussed later. The
quantitiesDke=eteE /" and DK ex~E are the field-induced
displacements for the electron and the exciton gas. Here,te
is the relaxation time of the electron gas at low temperatures
sTd. The exciton drift DK ex is induced through electron-
exciton collision and is to be determined self-consistently.

The Coulomb interaction between an electron in QW1
and the electron inside an exciton in QW2 is given by

Veesqid =
e2

kesqidS2 E E E eisk−k8d·r 1,ieisK−K8d·R2,i

ur 1 − r 2e,iu

3uf1sz1dcsr 2,i,z2e,z2hdu2d3r1d
3r2ed

3r2h, s3d

wherek sk8d andK sK 8d are the initialsfinald in-plane wave
vectors of the electron and the exciton, respectively,qi=k8
−k, k is the average bulk dielectric contant, andS is the
cross sectional area of the QWs. In Eq.s3d, f1sz1d is the
confinement wave function in QW1 andcsr 2,i ,z2e,z2hd is the
exciton wave function for the 1s ground state. The random
phase approximationsRPAd is employed for the dielectric
function esqid of the electron gas. The center-of-mass and
relative in-plane coordinates of the exciton are given by

R2,i = aer 2e,i + ahr 2h,i, r 2,i = r 2e,i − r 2h,i, s4d

whereae=me/M, ah=mh/M, andz2e,z2h indicate thez co-
ordinates of the electron and the hole of the exciton in the
direction perpendicular to the QW.

A variational wave function is employed for the exciton
wave functioncsr 2,i ,z2e,z2hd. This function is given, for the
purpose of estimating the order-of-magnitude of the drag ef-
fect, by

csr 2,i,z2e,z2hd = wsr 2,idf2esz2edf2hsz2hd, s5d

wherewsr 2,id=s2Î2l /aB
Îpdexps−2lr2,i /aBd, aB is the bulk

exciton radius in GaAs, andl is the variational parameter. A
more general expression wsr 2,id~exps−fai

2r2,i
2 +az

2sz2e

−z2hd2g1/2d with two variational parametersai ,az was em-
ployed in an earlier investigation9 of the exciton binding en-
ergy in a QW. According to this result, the two-dimensional
s2Dd form of the variational function in Eq.s5d si.e., with
az=0d yields an excellent ground-state binding energy when
the width Lz of QW2 is not too large, e.g.,Lz&4aB for an
infinitely deep well.9 In this range,l decreases from the 2D
limit l=1 at Lz=0 to aboutl,0.4 nearLz=4aB. Equation
s3d is then simplified as

Veesqid =
2pe2we,qi

qikesqidS
dk+K ,k8+K8E E uf1sz1df2esz2edu2

3e−qiud+z2e−z1udz1dz2e, s6d

where

we,qi
=E expsiqi · ahr 2,iduwsr 2,idu2d2r2,i

= fsqiahaB/4ld2 + 1g−3/2, s7d

andd is the center-to-center distance between the two QWs.
A similar expression is obtained for electron-hole interaction
Vehsqid with an opposite sign.

The integrations in Eq.s6d can be carried out numerically.
However, for simplicity, we ignore the fluctuation around the
average distanced, obtaininge−qid for the integral. This ap-
proximation ignores the fact that the electron in QW1 and
the electron and the hole of the exciton can be closer or
farther away than the average distanced in the z direction
due to the spread of the wave function in the QWs. This
approximation underestimatesVeesqid somewhat and thus the
drag effect because stronger interaction at a closer distance
si.e., z2e−z1,0d turns out to overcompensate the weaker in-
teraction at a larger distancesi.e., z2e−z1.0d slightly.3 It is
to be noted at this point that our numerical result becomes
independent of the width of QW1 with this approximation.
Adding the two contributions fromVeesqid and Vehsqid and
definingVeesqid+Vehsqid;Vsqiddk+K ,k8+K8, we find

Vsqid =
2pe2

qikesqidS
e−qidswe,qi

− wh,qi
d, s8d

wherewh,q is obtained from Eq.s7d by replacingah→ae.
Inserting Eq.s2d in Eq. s1d and using a detailed balance,

we find, after a lengthy algebra,

dP

dt
=

"

t12
SDke −

m*

M
DK exD , s9d

where

1

t12
=

p"

kBTm* o
k,K ,qi

uqiVsqidu2fk
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− «k−qi
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d. s10d

In a steady state, the drag force in Eq.s9d is balanced by the
resistive force due to scattering inside QW2, yielding

dP

dt
= nex"

DK ex

tex
, s11d

where tex
−1 is the thermally averaged transport relaxation

time8 of the excitons to be calculated later. We set the total
number of the excitonsnex;1 to unity for convenience with-
out loss of generality. Equationss9d and s11d then yield

DVex= RDve:R =
m* /Mt12

1/tex+ m* /Mt12
, s12d

where DVex="DK ex/M ,Dve="Dke/m* are the exciton
and electron drift velocities, respectively, andgK

s0d
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=exps−EK /kBTd /Z with Z=oKexps−EK /kBTd. In the limit of
zero resistance for the exciton motion i.e., 1 /tex=0, Eq.s12d
yields DVex=Dve. Namely, the excitons drift with the same
drift velocity of the electrons as expected. The drift velocity
of the excitons is smaller than that of the electrons otherwise
si.e., R,1d.

III. EXCITON SCATTERING RATE

In this section, we calculate the exciton momentum relax-
ation rate 1/tex introduced in Eq.s11d as a function ofT by
considering exciton-phonon and exciton-surface-roughness
scattering. The Boltzmann equation can be constructed for
the exciton gas using the analogy with the electron transport.
Defining P="K , Eq. s9d can be rewritten in the form
" dK /dt=F, where the driving forceF is given by the quan-
tity on the right hand side of Eq.s9d. This force plays the role
of the forceeE from an external electric field for the trans-
port of an electron gas. The derivation of the Boltzmann
equation for the exciton gas driven byF is analogous to that
of the electron gas driven by F=eE and is
straightforward.8,10 In order to use the well-known results of
Ziman8 and Holstein,10 we defineFK ;Vk ·" DK ex in the
second term ofgK in Eq. s2d, where VK =]EK /]"K , and
obtain

VK ·F + o
K8

WK ,K8sFK8 − FKd = 0. s13d

Here, WK ,K8=WK ,K8
ex-p +WK ,K8

ex-sr is the scattering rate due to
exciton-phononsex-pd and exciton-surface-roughnesssex
-srd scattering between statesK andK 8 and will be studied
in the following. Holstein’s result10 corresponds toF=u in
Eq. s13d, whereu is the unit vector in the field direction. The
standard relaxation-timesttrd approximation corresponds to
setting FK =VK ·Fttr in Eq. s13d, namely F=" DK exttr

−1,
thereby identifyingtex=ttr in Eq. s11d as the transport relax-
ation time.

A. Exciton-phonon scattering

It is sufficient to consider scattering by acoustic phonons
at low temperatures. We first look for a solution of the form
FK =VK ·Ftex-p by ignoring the scattering-in terms~FK8d in
Eq. s13d. This approximation yields an exact result for iso-
tropic scattering, whereWK ,K8 is independent of the angle
betweenK and K 8. A correction to this approximation will
be discussed later. The thermal average of the scattering rate
is then given by

1

tex-p
=

1

Z
o

K ,K8

exps− EK /kBTdWK ,K8
ex-p hK ,K8:
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±
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2
D

3dsEK8 ± "vq − EKddK8,K+qi
, s14d

wherehK ,K8=1 in the present approximation and the sum-

mation on the wave vectorq=sqi ,qzd includes the summa-
tion over the longitudinalss= ld and transversess= td phonon
modess. In Eq. s14d, the upperslowerd sign corresponds to
one-phonon emissionsabsorptiond, "vq is the phonon en-
ergy, andnq is the Boson function. The barrier of the QW is
assumed to be infinitely high, yieldingf2eszd=f2hszd in Eq.
s5d. The form factorPsqzd is then given by

Psqzd = UE eiqzuf2eszdu2dzU2

= S p2 sinsqzLz/2d
sqzLz/2dfp2 − sqzLz/2d2gD

2

,

s15d

whereLz is the width of QW2. The square of the strength of
the exciton-phonon interaction is given by2,11

uVe-psqdu2 =
"vq

2esqid2rcs
2V

FsDcwe,qi
− Dvwh,qi

d2ds,l

+ seh14d2As

q2swe,qi
− wh,qi

d2G , s16d

where r is the mass density,cs the sound velocity,V the
sample volume,Dc sDvd the deformation potential for the
conductionsvalenced band indicated by the subscriptc svd,
h14 the piezoelectric coefficient, and

Al =
9qi

4qz
2

2q6 , At =
8qi

2qz
4 + qi

6

4q6 . s17d

B. Exciton scattering by surface roughness

Surface roughness causes fluctuation of the potential en-
ergy Vsrsr e,r hd when the position of the electronr e or the
hole r h is near the interface. For the present analysis, we
assume that the layer fluctuation is only at one of the inter-
face atze,h=Lz/2 as usually is the case for GaAs/AlxGa1−xAs
QWs. The contributions to the roughness potential from the
conduction and valence bands are given by12

Vcsr ed = Vc
soddLsr e,iddsze − Lz/2d,

Vvsr hd = Vv
soddLsr h,iddszh − Lz/2d, s18d

whereVc
sod;Ve

sod.0 sVv
sod;−Vh

sod,0d is the algebraic con-
duction svalenced band offset anddLsr e,h,id is the layer-
fluctuation amplitude. In the hole representation,Vh

sod is posi-
tive for type-I QWs. For infinitely large barrier height, the
scattering matrix of Eq.s18d includes the following factors:12

lim
Va

sod→`

Va
soduf2asz2adu2 =

"2

maLz
3 sa = e,hd, s19d

which, when multiplied by the prefactordLsr a,id in Eq. s18d,
yields naturally the energy fluctuation d«asr a,id
="2dLsr a,id /maLz

3 for the ground sublevel of a particle in a
box of lengthLz at r a,i.

The matrix element for the exciton-roughness potential
Vsrsr e,r hd=Vcsr ed+Vvsr hd is obtained extending the result
for deformation scattering in Eq.s16d and is given by2
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kK 8uVsruK l =
1

2pS
E dqz„Gsahqi,qzdVcsqi,qzd

− Gs− aeqi,qzdVvsqi,qzd…, s20d

whereqi=K 8−K ,

Vasqi,qzd =E Vasr de−iqi·r d3r sa = c,vd s21d

and

Gsqi,qzd =E E E ucsr i,ze,zhdu2 expsiqi · r i

+ iqzzedd2r idzedzh. s22d

Introducing a Gaussian approximation for the ensemble av-
erage,

kdLsr i8ddLsr idlav. = db2 exps− sr i8 − r id2/L2d, s23d

where db is the fluctuation amplitude,L the correlation
length, and using Eqs.s18d–s23d, we find

kzkK 8uVsruK lz2lav. =
p

S
SLdb

Lz
D2

exps− qi
2L2/4dSwe,qi

"2

meLz
2

+
wh,qi

"2

mhLz
2 D2

. s24d

The relaxation-time expressionFK =VK ·Ftex-sr introduced
earlier yields an exact solution to Eq.s13d in this case with

1

tex-sr
=

1

Z
o

K ,K8

exps− EK /kBTdWK ,K8
ex-sr s1 − cosuK ,K8d:

WK ,K8
ex-sr =

2p

"
kzkK 8uVsruK lz2lav.dsEK8 − EKd, s25d

whereuK ,K8 is the angle betweenK andK 8.

IV. NUMERICAL EVALUATION AND DISCUSSIONS

In this section, we evaluate the interlayer drag ratet12
−1 in

Eq. s10d, the exciton scattering ratetex
−1=tex-ph

−1 +tex-sr
−1 , and the

drag ratioR between the drift velocities of the exciton and
electron gases introduced in Eq.s12d. We study how these
quantities depend on the interlayer separationd, the tempera-
ture, the density of the electron gas, the hole massmh of the
exciton, and the width of QW2 containing the exciton gas.
The width of QW1 of the electron gas does not affect our
result in the present approximation, as discussed earlier.
However, the variational parameterl introduced earlier for
the exciton wave function depends on the QW2 widthLz and
affects the interlayer interaction. Furthermore,Lz affects the
exciton scattering rate due to phonons and interface rough-
ness. The only condition assumed for the barrier in the
present study is that it is wide and high enough to allow
negligible penetration of the wave function. A possible en-
hancement of the exciton lifetime due to the drift motion is
assessed.

For the numerical study, we usem* =me=0.067mo rel-
evant for GaAs QWs, wheremo is the free electron mass.
The hole mass is varied frommh=0.14mo to mh=0.45mo,
the former corresponding to a narrow well and the latter
to a wide well. The above masses yieldaB=144.5 Å for
mh=0.14mo and aB=112.5 Å for mh=0.45mo for k=12.
The RPAsrandom phase approximationd expression is em-
ployed for esqd sRef. 13d. Other parameters are2 Dc=
−6.5 eV, Dv=3.1 eV, cl =5.143105 cm/s, ct=3.04
3105 cm/s, r=5.3 g/cm3, and h14=1.23107 V/cm.11 The
variational parameterl is taken from Ref. 9 and depends on
the reduced widthLz/aB of QW2. The interface-roughness
parameters equaldb=5 Å andL=5 Å.

The quantitytex-ph
−1 in Eq. s14d with hK ,K8=1 is the life-

time scattering rate. In this expression, a full memory of the
forward-going momentum is lost at each scattering event. As
a result, it overestimates the exciton-phonon transport relax-
ation rate and thereby underestimates the field-induced exci-
ton drift velocity in Eq.s12d. ThehK ,K8=1−cosuK ,K8 factor
in Eq. s25d accounts for the momentum loss in the forward
direction. A similar exact relaxation-time solution for the
transport equation is not possible for inelastic scattering in
Eq. s14d at low temperatures. This momentum-loss factor
arises from 1−cosuK ,K8=K ·sK −K 8d / sK ·K d=1−K 8 ·K /K2

and takes a forward component out of the relative momen-
tum loss through the collision. In order to make a correction
for the momentum dissipation rate for exciton-phonon scat-
tering beyond thehK ,K8=1 approximation in Eq.s14d, we try
two models. In the first model we employ the same factor,

hK ,K8 = 1 −K 8 ·K /K2, s26d

as in the elastic scattering case. For the second model, we
replace the denominator of the second term of Eq.s26d by
the average over the initial and final states, i.e.,K2→ sK2

+K82d /2, obtaining

hK ,K8 = 1 − 2K 8 ·K /sK2 + K82d. s27d

Figure 2 displays the temperature dependence of the drag
ratet12

−1 obtained from Eq.s10d for the two hole massesmh
=0.45mo ssolid curvesd andmh=0.14mo sdashed curvesd for
two sets of parameterssad d=200 Å, Lz=100 Å, andsbd d

FIG. 2. The exciton drag ratet12
−1 for two hole massesmh

=0.45 ssolid curvesd andmh=0.14 sdashed curvesd for two sets of
parameterssad d=200 Å, Lz=100 Å andsbd d=300 Å, Lz=300 Å.
Thick sthind curves are for the electron densityN2D=131011sN2D

=231011d cm−2.
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=300 Å, Lz=300 Å, for example, for 100-Å-wide QW1 and
a 100-Å-wide barrier. As a result of an earlier approximation
neglecting the QW1 width in Eq.s8d and taking the barrier
infinitely high for the form factor in Eq.s15d, the only re-
striction for the width of QW1 and the barrier width is thatd
equals the barrier width plus half the sum of the two QW
widths. The thick and thin curves in Fig. 2 represent the
electron densityN2D=131011 and N2D=231011 cm−2, re-
spectively. Small momentum transfer processes dominate the
interlayer drag because the excitons have small thermal en-
ergy and momentum at low temperatures. The drag rate de-
creases with increasingd and the electron density. It also
decreases rapidly asmh decreases toward the value ofme
mainly due to the cancellation between the electron-electron
and electron-hole contributions in Eq.s8d in the limit mh
=me si.e., we,q=wh,qd.

The exciton scattering rate is displayed in Fig. 3 for two
hole massesmh=0.45 sthick curvesd and mh=0.14 sthin
curvesd for sad Lz=100 Å andsbd Lz=300 Å. The two solid
curves near the bottom ofsad and sbd are the scattering rate
due to surface-roughnesssright axisd. Other solid and dashed
curves indicate, respectively, the momentum relaxation rate
and the lifetime relaxation ratesi.e., h=1d due to electron-
phonon scatteringsleft axisd. The two models in Eqs.s26d
and s27d yield results indistinguishable from each other in
Fig. 3sbd and very small differences in Fig. 3sad, where only

the results from Eq.s27d are shown. The momentum relax-
ation rate is significantly smaller than the lifetime relaxation
rate, as expected. The surface-roughness scattering rate de-
creases with increasingT because the exponential coherence
factor in Eq.s24d decreases for a larger momentum transfer
qi expected at higher temperatures. A large difference in the
surface-roughness scattering rates between the two wells is
due to theLz

−6 dependence in Eq.s24d.
Figure 4 displays the intrinsic drag ratio, namely the ratio

of the drift velocities of the excitons and the electrons, ob-
tained from Eq.s12d, with only exciton-phonon scattering
without interface roughness for two sets of parameterssad
d=200 Å, Lz=100 Å and sbd d=300 Å, Lz=300 Å. The
thick sthind curves are for the densityN2D=131011sN2D=2
31011dcm−2 for mh=0.45mo ssolid curved, mh=0.35mo

sdashed curved, andmh=0.14mo sdash-dotted curved. The ve-
locity ratio converges to unity forT→0 for all the curves
owing to the fact that the exciton-phonon scattering ratetex-p

−1

drops faster than the interlayer drag ratet12
−1 for T→0. These

results indicate that the drift velocity of the excitons can be a
significant fraction of that of the electrons.

Figure 5 shows the drag ratio with both exciton-phonon
and interface-roughness scattering present for two sets of pa-
rameters:sad d=200 Å, Lz=100 Å and sbd d=300 Å, Lz
= 300Å. The thicksthind curves are for the densityN2D=1
31011sN2D=231011dcm−2 for mh=0.45mo ssolid curved,
mh=0.35mo sdashed curved, and mh=0.14mo sdash-dotted
curved. The velocity ratio decreases rapidly with decreasing
T at low temperatures, unlike in Fig. 4, because the surface-
roughness scattering rate saturates at low temperatures while
the interlayer scattering ratet12

−1 keeps decreasing withT.
These results again indicate that the drift velocity of the ex-
citons can be a good fraction of that of the electrons, except
at very low temperatures.

Figure 6 showssad the drag ratet12
−1 and sbd the ratio of

the drift velocities atT=4 K as a function ofd in the pres-
ence of exciton-phonon and exciton-surface-roughness scat-
tering for Lz=300 Å andN2D=131011 cm−2 sthick curvesd
andN2D=231011 cm−2 sthin curvesd. The hole mass equals
mh=0.45mo ssolid curvesd, mh=0.35mo sdashed curvesd, and
mh=0.14mo sdash-dotted curvesd. Exciton-phonon scattering

FIG. 3. Exciton scattering rate for two hole massesmh=0.45
sthick curvesd andmh=0.14sthin curvesd for two different widths of
the QWsad Lz=100 Å andsbd Lz=300 Å. The two solid curves near
the bottom ofsad andsbd indicate the scattering rate due to surface
roughnesssSRd sright axisd. Other curvessleft axisd indicate the
momentum relaxation ratessolid curvesd and the lifetime relaxation
ratesdashed curvesd due to electron-phonon scattering, respectively.

FIG. 4. Ratio of the drift velocities of the excitons and the
electrons with only exciton-phonon scattering present for two sets
of parameterssad d=200 Å, Lz=100 Å and sbd d=300 Å, Lz

=300 Å for N2D=131011 cm−2 sthick curvesd and N2D=2
31011 cm−2 sthin curvesd. The hole mass equalsmh=0.45mo ssolid
curvesd, mh=0.35mo sdashed curvesd, andmh=0.14mo sdash-dotted
curvesd.

EXCITON DRAG AND DRIFT INDUCED BY A TWO-… PHYSICAL REVIEW B 71, 115317s2005d

115317-5



dominates surface-roughness scattering at this temperature
and the effect of the latter is negligible. The drag rate and the
velocity ratio follow poor exponential behavior and poor
power-law behavior in the range ofd shown.

It is shown in the above analysis that interlayer drag can
induce a significant exciton drift velocity by fabricating a
structure with optimal conditions. Some of these ares1d high
electron mobility in the electron gas,s2d reduced friction for
the excitons achieved by a wide well with smooth interfaces,
ands3d large electron-hole asymmetrysi.e., mh@med for the
exciton. A wide well is favorable for conditions3d for
GaAs/AlxGa1−xAs QW. As seen from Fig. 5sad and also from
Eq. s12d, a large elastic scattering rate of the excitons due to
surface roughnesssor impuritiesd can result in a very small
drag ratio at low temperatures, wheret12

−1 is small. It is also
desirable to have a thin barrier with a large barrier height to
reduced. The exciton can drift over a significant distance
during its lifetime. The observed exciton lifetime in QWs
varies widely depending on the sample condition and the
QW width.14–17 Previous data indicatetR=2310−9 s for a
170 Å GaAS QW at 5 K, approaching the bulk value18 tR
=3.3310−9 s for much wider wells.14 For R=0.2, Dve

=106 cm/s, and the lifetimetR=2310−9 s, the drift length
equalsRDvetR=4 mm.

An exciton drifting with DKex=MDVex/" cannot emit a
photon until it is activated to theK=0 position, as illustrated
in Fig. 7 by arrows. The activation energy is given in Kelvin
by

EA =
1

2
MDVex

2 . 330sM/modsRṽed2 K, s28d

whereṽe is the electron drift velocity in units of 107 cm2/Vs.
The natural lifetime of the exciton will be enhanced by the
factortR~expsEA/kBTd, which can be significant for optimal
conditions. The radiative decay rate will have a Gaussian
dependencetR

−1~exps−MR2m2E2/2kBTd on E, where m is
the electron mobility. A similar displacementDKex~B of the
exciton wave vector in K space is induced by an in-plane
magnetic fieldB for indirect excitons, where the electron and
the hole are spatially separated in thez direction perpendicu-
lar to the QW.19,20 In this case, a Gaussian dependence of
tR

−1~exps−CB2/kBTd on B was observed19 as expected,
whereC is a constant.

V. CONCLUSIONS

An electric current in a high-mobility quasi-two-
dimensional electron layer was shown to induce a significant
drift of excitons in an adjacent layer through Coulomb inter-
action. The ratio between the drift velocities of the excitons
and the electrons was calculated as a function of the tempera-
ture and the separation between the two gases at low tem-
peratures. This ratio depends on the transport relaxation time
of the exciton. The contribution to the latter from exciton-
phonon and surface-roughness scattering was calculated. The
estimated exciton drift velocity is a significant fraction of
that of the electrons. The drift length was estimated to be of
the order of micrometers or larger during the typical exciton
lifetime for GaAs quantum wells. The exciton drift can be
observed by a standard space- and time-resolved photolumi-
nescence measurement. A possible enhancement of the exci-
ton radiative lifetime due to drift was discussed.

The present model assumes that QW2 contains only stable
charge-neutral incoherent excitons in equilibrium with the
electron gas and the lattice in the absence of the applied

FIG. 5. Ratio of the drift velocities of the excitons and the
electrons in the presence of exciton-phonon and exciton-surface-
roughness scattering for two sets of parameterssad d=200 Å, Lz

=100 Å andsbd d=300 Å,Lz=300 Å forN2D=131011 cm−2 sthick
curvesd andN2D=231011 cm−2 sthin curvesd. The hole mass equals
mh=0.45mo ssolid curvesd, mh=0.35mo sdashed curvesd, and mh

=0.14mo sdash-dotted curvesd.

FIG. 6. sad The drag ratet12
−1 and sbd the ratio of the drift ve-

locities of the excitons and the electrons as a function of the dis-
tance d in the presence of exciton-phonon and exciton-surface-
roughness scattering forLz=300 Å andN2D=131011 cm−2 sthick
curvesd andN2D=231011 cm−2 sthin curvesd. The hole mass equals
mh=0.45mo ssolid curvesd, mh=0.35mo sdashed curvesd, and mh

=0.14mo sdash-dotted curvesd.

FIG. 7. A schematic diagram of the displaced energy-dispersion
of excitons represented by black dots. The arrows indicate activa-
tion to K=0 point with an activation energyEA for radiative decay.
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field. This situation prevails optimally under resonant excita-
tion which creates coherent excitons that decay quickly into
incoherent excitons through phonon scattering.21 We have
also neglected the presence of stable free electrons or holes
in QW2 which can be accelerated by the field, imparting
momentum to the excitons. The momentum transfer through
intra-QW collision will be more efficient than the interlayer
transfer studied in this paper due to the physical proximity of
the carriers and the excitons. The relative importance of this
effect depends on the ratio of the electron density in QW1
and the density of the free carriers as well as the mobility of
the free carriers and is not studied here. Excitons are also
created through nonresonant excitation above the band gap
into the unbound electron-hole continuum. In this case, the
exciton formation time varies from tens to hundreds of pico-
seconds, depending on the carrier density.21,22 The role of
excitons and electron-hole plasma in exciton luminescence
as well as the question of whether the exciton lifetime can be
shorter than the formation time is still under debate.22,23 Ra-
diative decay times extracted from photoluminescence mea-
surements should be taken with caution. For short exciton
lifetimes ; tens of picoseconds,14,15 the excitons may even
be in nonequilibrium where the light cone is depleted, yield-
ing a long exciton lifetime and resulting in a compromise
between these too opposing effects. The estimated depletion
rate24 from the light cone through phonon scattering in GaAs
QW, for example, is about 631010 s−1 at 5 K. If this situa-
tion prevails, the drag-induced enhancement of the exciton
lifetime proposed in this paper will be less drastic.

The Born approximation employed for interlayer scatter-
ing in Eq. s1d is valid only when the damping through
electron-exciton interaction is much smaller than the Fermi

energy«F of the electron gas as well as the average exciton
energy in QW2. In order to demonstrate that this situation
prevails in our system, we note that the factorqi

2 in the
expression fort12

−1 in Eq. s10d is roughly related to the ther-
mal energy of the excitons vias"qid2/2M ,h3kBT, where
h is of the order of unity. The rest of the quantity int12

−1 is
then proportional to the thermal average of the exciton
dampingkGex-el due to interlayer scattering by electrons, re-
sulting in kGex-el,"m* / s2hMt12d. It is clear from Fig. 2 that
this quantity is much smaller than the typical exciton energy
kBT. Electron damping near the Fermi energyGF-ex due to
interlayer interaction with the exciton gas is found from Eq.
s10d by replacingfk

s0d=1 and omitting the summation onk.
Noting that thek summation in Eq.s10d yields ,kBTrF
times the summand at the Fermi level, whererF is the den-
sity of states, we estimateGF-ex,1.2f"monex/ shMt12kBTdg
310−2 meV, wherenex is the exciton density in units of
1010 cm−2. It is clear from Fig. 2 that the quantityGF-ex is
much smaller than«F=3.6 meV sthick curvesd and «F
=7.2 meVsthin curvesd for nex,1 in the temperature regime
shown.
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