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Exciton drag and drift induced by a two-dimensional electron gas
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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/AlGa _,As double quantum wells. A possible enhancement of the exciton radiative lifetime
due to the drift is discussed.
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I. INTRODUCTION Il. FORMALISM

Excitons are good storage source of light energy and play The electron gas in QW1 transfers momenténto the
an increasingly important role in recent optoelectronic appli-€xcitons in QW2 at a rate
cations. The motion of excitons in solids has been studied for
a long time!~2 Excitons cannot be accelerated by an external
field due to their charge neutrality in contrast to charged dpP 2« )
particles. Recently, it was demonstrated that Wannier-Mott 47 = 7" 2 V(a)PAg i1 = fiq gk

excitons can be transported at the speed of sound in polar kK.

semiconductor quantum wellQWSs) using surface acoustic = feq (1 = )Gk +q J8(ek + Ex — €k—q, — Ex+q)>
waves?® 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 th&hich is the interlayer two-particle scattering rate times the
exciton lifetime significantly. momentum transfefiq;. In Eq. (1), V(q;) is the Coulomb
We consider am-doped asymmetric double-QW structure interaction between*the electrons in QW1 and the excitons in
such as GaAs/AGa_As illustrated in Fig. 1. The left QW QW2, &=(%k)*/2m" is the electron energy, and
(QW1) carries an electron gas, while the right Q@W2)  =(2K)?/2M is the exciton kinetic energy. Hen’ is the
has photo-generated low-density excitons. The electron gagffective electron mass in QW1 and can be different from the
is not affected by the low-power generation of electron-holeeffective electron mass, of the exciton in QW2. The quan-
pairs. Carrier tunneling across the center barrier is assumgtly M=m+m, is the total mass of the exciton, wherg, is
to be negligible. The electron gas has a very high mobjlity the effective hole mass. The quantitiesndK are the two-
and drifts fast under an external figidapplied in QW1. The dimensional wave vectors for the electron motion and the
electrons interact across the barrier with the excitons throughenter-of-mass motion of the exciton, respectively. The va-
a monopole-dipole interaction and impart their drift momen-lidity of the Born approximation in Eq(1) for the relevant
tum to the excitons, causing them to drift in the same direcparameters in the present problem will be discussed later.
tion. This phenomenon is similar to the well-known When an external dc fiel# is applied in QW1, the electron
Coulomb-drag effect where an electric current in one Qwand exciton distribution functions are given to the first order
induces a voltage in the second electron gas in the adjaceift E by?

QW.6’7

We calculate the ratio of the drift velocities in the exciton electron gas exciton gas
gas and the electron gas. We find that a high-mobility elec- \ /—
tron gas induces a significant drift of excitons with a velocity \U/
which can be a significant fraction of the electron drift ve- il
locity. The drift ratio is restricted by the resitive force against -—Z

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- FIG. 1. (a) A schematic diagram of a double-quantum-well
mated drift length is on the order of micrometers during thestructure with an electron gas in the left Q@W1) and an exciton
typical exciton lifetime of ~ a nanosecond for gas in the right QUUQW?2). The two QWs are separated at a dis-
GaAs/AlLGa,_,As double-quantum wells. tanced andL, is the width of QW2.
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afl9 a9 2T,
fie =0 = a_llz ‘Ake, O =0 - ﬁ_KK AKew (2 Ved ) = %T(wltskm,kww f J |p1(20) Boe(220) |
00+ 2pe=24
whereff(o),g(KO) are the equilibrium Fermi function and the xe dzdze, ©
Boltzmann distribution for the electrons and excitons, re-where
spectively. Here, we assume that the excitons are incoherent
and in equilibrium with the same lattice temperature as the Peq, :f expliq - anl o)) | @(ro))[2d%r,,
electrons in the absence of the field. The validity and the
limitations of the present model will be discussed later. The = [(enag/4n)2 + 11732, (7)

quantitiesAk=er.,E/# and AK < E are the field-induced

disp|acements for the electron and the exciton gas. Ff%re' andd is the center-to-center distance between the two QWs.

is the relaxation time of the electron gas at low temperature4 Similar expression is obtained for electron-hole interaction

(T). The exciton drift AK, is induced through electron- Ver(d;) With an opposite sign.

exciton collision and is to be determined self-consistently. ~ The integrations in E¢(6) can be carried out numerically.
The Coulomb interaction between an electron in QWlHOWGVGr, for SImpIICIty, we ignOI’e the fluctuation around the

and the electron inside an exciton in QW?2 is given by average distance, obtaininge ¢ for the integral. This ap-
proximation ignores the fact that the electron in QW1 and

2 k)1, (KK )Ry, the electron and the hole of thg excitpn can b_e clpser or

Ved Q) = ——— f ff € ’ ' farther away than the average distart@é the z direction

€ ke(q) S [ry=1o due to the spread of the wave function in the QWs. This
approximation underestimat¥s4 ;) somewhat and thus the
drag effect because stronger interaction at a closer distance
o ) (i.e., ze—2; < 0) turns out to overcompensate the weaker in-
wherek (k') andK (K') are the initial(final) in-plane wave  teraction at a larger distancee., zy,—z,>0) slightly3 It is
vectors of the electron and the exciton, respectivelyk’  to be noted at this point that our numerical result becomes
-k, « is the average bulk dielectric contant, aBds the  independent of the width of QW1 with this approximation.
cross sectional area of the QWs. In H®), ¢1(z) is the  Adding the two contributions fronV,{q,) and V.4(q,) and
confinement wave function in QW1 anfr,, 2, 2y) isthe  defining Ved @) +Ver(d) =V(Q)) Scsk 7+ 7+ We find
exciton wave function for theslground state. The random
phase approximatioiRPA) is employed for the dielectric V(q)) = 2me? 9% .. — ong) (8)
function e(q,) of the electron gas. The center-of-mass and " quke(q)S ea Thay

relative in-plane coordinates of the exciton are given by where g, is obtained from Eq(7) by replacingay — a.
Inserting Eq.(2) in Eq. (1) and using a detailed balance,

X| y(z0) AT 2, Zpe Zon) [P 1P pedr o, (3)

Roj = ael )+ @nlons T2 = M2 = F2nys (4)  we find, after a lengthy algebra,
o P 4 m
where ag=m/M, ap=m,/M, and z,, 2, indicate thez co- priaten Akg— MAKeX : 9
ordinates of the electron and the hole of the exciton in the 12
direction perpendicular to the QW. where
A variational wave function is employed for the exciton 1 o

wave functiony(r ,, e, Zop). This function is given, for the —=—— > gV -2, )99 8(e, + Ex
purpose of estimating the order-of-magnitude of the drag ef- 712 kgTm kK, K
fect, b

y ~ 8k-q, ~ EK+qH)- (10)

W1 211, Zoes Zon) = (T 2)) el Zog) on(Zan) (5) In a s_teady state, the drag fo_rce _in I_£Q) is balanf:ed_ by the
resistive force due to scattering inside QW2, yielding

where (r ;) =(2V2\ /ag\m)exp(-2\r,, /ag), ag is the bulk dP_ AKg "
exciton radius in GaAs, andl is the variational parameter. A dt ~ Nedt Tex | (11)

more general  expression ¢(r ;) <exp(-[ar3  +al(z L .
~2,n)2]"?) with two variational parameters,,a, was em- where 7, is the thermally averaged transport relaxation
ployed in an earlier investigati8mf the exciton binding en- time® of the excitons to be calculated later. We set the total

ergy in a QW. According to this result, the two-dimensional "UMper of the excitons,,= 1 to unity for convenience with-
(2D) form of the variational function in Eq(5) (i.e., with ~ Out loss of generality. Equationt) and(11) then yield
a,=0) yields an excellent ground-state binding energy when m /My,

the width L, of QW2 is not too large, e.gl,,<4ag for an AVe=RAVeR
infinitely deep welP In this range\ decreases from the 2D

limit A=1 atL,=0 to about\ ~0.4 nearL,=4ag. Equation where AV =AAK/M,Av,=hAk,/m" are the exciton
(3) is then simplified as and electron drift velocities, respectively, ang(KO)

= —*TH2 12
1/Tex+m/M7'12 ( )
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=exp(—Ex /kgT)/Z with Z=2exp(—-Ex /kgT). In the limit of  mation on the wave vectaj=(q;,q,) includes the summa-

zero resistance for the exciton motion i.e.7J£0, Eq.(12) tion over the longitudina{s=1) and transversés=t) phonon

yields AV=Av.. Namely, the excitons drift with the same modess. In Eq. (14), the upper(lower) sign corresponds to

drift velocity of the electrons as expected. The drift velocity one-phonon emissiofabsorption, %, is the phonon en-

of the excitons is smaller than that of the electrons otherwisergy, andn, is the Boson function. The barrier of the QW is

(i.,e., R<1). assumed to be infinitely high, yielding,e(z) = ¢on(2) in Eq.
(5). The form factorP(q,) is then given by

2 H 2

- | P(a, = ‘ [ tpntapan =( I
In this section, we calculate the exciton momentum relax- (L /2)[7* = (a1 /2)%]
ation rate 1f, introduced in Eq(11) as a function ofT by (15)
considering exciton-phonon and exciton-surface-roughness
scattering. The Boltzmann equation can be constructed fovhereL, is the width of QW2. The square of the strength of
the exciton gas using the analogy with the electron transporthe exciton-phonon interaction is given?dy
Defining P=#K, Eq. (9) can be rewritten in the form

[ll. EXCITON SCATTERING RATE

a L S ho
ﬁ dK/dt—F,_ where the_drlvmg forcé& is given by the quan- |Vep(Q)|2= 5 2,20 [(Dc%,ql - Du¢h,q‘|)25s,|
tity on the right hand side of Eq9). This force plays the role e(qy)“pCs
of the forceeE from an external electric field for the trans- A,
port of an electron gas. The derivation of the Boltzmann +(ehl4)2$(¢e,q_¢h,q)2] (16)

equation for the exciton gas driven Byis analogous to that

of the electron gas driven byF=eE and is wherep is the mass densitc, the sound velocity() the
straightforward’*°In order to use the well-known results of sample volumeD, (D,) the deformation potential for the
Zimar? and Holstein? we definedy =V % AK¢y in the  conduction(valencé band indicated by the subscript(v),

sEcond term ofge in Eq. (2), whereV=dE«/hK, and  p,  the piezoelectric coefficient, and
obtain

9q4q2 8q2q4 + qG
Vi F+ 2 Wy g (Oy 0 — Dy) = 0. (13) A=—E A= — (17)
= 2q 4q
Here, Wi i =W g, +WLK) is the scattering rate due to _ _
exciton-phonon(exp) and exciton-surface-roughnegex B. Exciton scattering by surface roughness
-sr) scattering between stat&sand K’ and will be studied Surface roughness causes fluctuation of the potential en-

in the following. Holstein’s resulf corresponds td==u in  ergy V(re,ry,) when the position of the electran, or the

Eqg. (13), whereu is the unit vector in the field direction. The hole r,, is near the interface. For the present analysis, we
standard relaxation-timér,) approximation corresponds to assume that the layer fluctuation is only at one of the inter-
setting @, =V -Fr, in Eq. (13), namely F=A AK 7,*,  face atzy,=L,/2 as usually is the case for GaAs(Bi, _,As
thereby identifyingr.,= 7, in Eq. (11) as the transport relax- QWSs. The contributions to the roughness potential from the
ation time. conduction and valence bands are givef?by

_ | Vel(re) = V¢ aL(re )8z~ L/2),
A. Exciton-phonon scattering

It is sufficient to consider scattering by acoustic phonons V,(rp) =V 8L(r, ) 8z - LJ2), (18)
at low temperatures. We first look for a solution of the form © _A0) 0 0 _ _
D =V -Fayp by ignoring the scattering-in tercdy ) in -~ Where Ve =V >0 (V,? =-V,”<0) is the algebraic con-
Eq. (13). This approximation yields an exact result for iso- duction (valence band offset anddL(rep,) is the layer-
tropic scattering, wher&Vy i is independent of the angle fluctuation amplitude. In the hole representatﬂdﬁf,) is posi-
betweenk andK'. A correction to this approximation will tive for type-l QWs. For infinitely large barrier height, the
be discussed later. The thermal average of the scattering raseattering matrix of Eq(18) includes the following factor?
is then given by

hZ

11 im V|r(zaf=— (a=eh), (19

== 2 eX[Z(— EK/kBT)V\ﬁX-}E, 77K,K’: VSXO)HOC mllLZ

Texp ’ '
e which, when multiplied by the prefactdi.(r ) in Eq. (18),
o 1 1 yields naturally the energy fluctuation de,(r,)
WY = 72 > |Vehp(q)|2P(qZ)<nq +ox 5) =#26L(r o)/ m,L3 for the ground sublevel of a particle in a
q * box of lengthL, atr .
X 8(Excr + fiwg = E) & vg - (14) The matrix element for the exciton-roughness potential

Ve(re, rp) =Ve(ro) +V,(ry) is obtained extending the result
where 7¢ -=1 in the present approximation and the sum-for deformation scattering in Eq16) and is given by
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1
<K ,|Vsr|K> = 2_77'Sf dqz(G(athqu)Vc(QH’qz)

= G(= a0, 42V, (0),0) (20
whereq,=K'-K,
Vo0, 0) = f V(e d’r  (a=c,) (21)
and
G(q,qz)=JJJIw(rhze,zh)lzexp(iqwh
+i0,2)d°r,dz.dz,. (22)
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FIG. 2. The exciton drag rate;3 for two hole massesn,
=0.45(solid curve$ and m,=0.14 (dashed curvedor two sets of
parameterga) d=200 A, L,=100 A and(b) d=300 A, L,=300 A.
Thick (thin) curves are for the electron densMgp=1x 10*4(N,p

Introducing a Gaussian approximation for the ensemble av=2x10%) cm 2.

erage,
(BL(r)8L(r)))a,. = 0% exp(= (] —r)?A%),  (23)

where éb is the fluctuation amplitudeA the correlation
length, and using Eq$18)—(23), we find

[ Adb\? Peq h?
(K |V KPP _:—( ) exp(—q2A2/4)(—
| |sr| I av S Lz Il meL§
® ’ h2 2
PRALT ) . (24)
mhLZ

The relaxation-time expressio®y =V -F e introduced
earlier yields an exact solution to E@.3) in this case with
1 1 XSr
== 2 exp(- Ex/kg WL/ (1~ costy )
K,K’

Texsr

2
WET = SVl KOP)a, 8Ec ~Ex), (25)

where 6 - is the angle betweeK andK'.

IV. NUMERICAL EVALUATION AND DISCUSSIONS

In this section, we evaluate the interlayer drag rgtein

Eq. (10), the exciton scattering ratg:= expht Toxsp @nd the

For the numerical study, we use =m,=0.067n, rel-
evant for GaAs QWs, wherey, is the free electron mass.
The hole mass is varied froom,=0.14m, to m,=0.45m,,
the former corresponding to a narrow well and the latter
to a wide well. The above masses yiedg=144.5 A for
m,=0.14m, and ag=112.5 A for m,=0.45m, for «x=12.
The RPA(random phase approximatipexpression is em-
ployed for e(q) (Ref. 13. Other parameters &eD.=
-6.5eV, D,=3.1eV, ¢=514x10°cm/s, ¢=3.04
X 10° cm/s, p=5.3 g/cnt, and hy,=1.2X 10’ V/cm.!! The
variational parametex is taken from Ref. 9 and depends on
the reduced width_,/ag of QW2. The interface-roughness
parameters equab=5 A andA=5 A.

The quantityr,, in Eq. (14) with 7 ¢, =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.(12). The 7 - =1-cosb k- factor
in Eq. (25 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. (14) at low temperatures. This momentum-loss factor
arises from 1-cosk k=K -(K-K")/(K -K)=1-K’-K/K?
and takes a forward component out of the relative momen-
tum loss through the collision. In order to make a correction

drag ratioR between the drift velocities of the exciton and for the momentum dissipation rate for exciton-phonon scat-
electron gases introduced in E@.2). We study how these tering beyond they x =1 approximation in Eq(14), we try

quantities depend on the interlayer separatipthe tempera-

ture, the density of the electron gas, the hole nmssf 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 earlie
However, the variational parametkrintroduced earlier for

the exciton wave function depends on the QW2 widitand
affects the interlayer interaction. Furthermoke affects the

two models. In the first model we employ the same factor,

Tk =1-K'-KIK?, (26)

as in the elastic scattering case. For the second model, we
FEpIace the denominator of the second term of §) by

the average over the initial and final states, i?— (K?
+K’?)/2, obtaining

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 Figure 2 displays the temperature dependence of the drag
negligible penetration of the wave function. A possible en-rate 7-1% obtained from Eq(10) for the two hole massesy,
hancement of the exciton lifetime due to the drift motion is=0.45m, (solid curve$ and m,=0.14m, (dashed curvesfor
assessed. two sets of parameter®) d=200 A, L,=100 A, and(b) d

M =1-2K' - KI(K2+K'?). (27)
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T FIG. 4. Ratio of the drift velocities of the excitons and the

3 electrons with only exciton-phonon scattering present for two sets
207 ; [ 10x10 of parameters(a) d=200 A, L,=100 A and (b) d=300 A, L,
o :b: wo A S =300 A for Npp=1x10"cm? (thick curve$ and Nyp=2
154 / & 2 X 10 cmi 2 (thin curves. The hole mass equaits,=0.45m, (solid
< % curves, m,=0.35m, (dashed curvgsandm,=0.14m, (dash-dotted
8 I L 8 5 curves.
2 104 J, - P
k5 s . the results from Eq(27) are shown. The momentum relax-
3 Ny 3 ation rate is significantly smaller than the lifetime relaxation
§ 5 Lo 8 rate, as expected. The surface-roughness scattering rate de-
£ ~ creases with increasing because the exponential coherence
o< 1, factor in Eq.(24) decreases for a larger momentum transfer
0 2 4 6 8 10 12 14 q, expected at higher temperatures. A large difference in the
TK) surface-roughness scattering rates between the two wells is
due to thel,® dependence in Eq24).
FIG. 3. Exciton scattering rate for two hole massas=0.45 Figure 4 displays the intrinsic drag ratio, namely the ratio

(thick curveg andm,=0.14(thin curves for two different widths of  of the drift velocities of the excitons and the electrons, ob-
the QW(a) L,=100 A and(b) L,=300 A. The two solid curves near (ained from Eq.(12), with only exciton-phonon scattering

the bottom of(a) and (b) indicate the scattering rate due to surface without interface roughness for two sets of parameteys
roughness(SR) (right axig. Other curves(left axis) indicate the d=200 A. L.=100 A and (b) d=300 A L.=300 A. The
[ z 1 z "

ot it weole cves 1 e 6sen e () s r o1 e denbo=1 10 o2
P g.resp Y 10Wem2 for m,=0.45m, (solid curve, m,=0.35m,

=300 A, L,=300 A, for example, for 100-A-wide QW1 and (dashed curve andm,=0.14m, (dash-dotted curyeThe ve-

a 100-A-wide barrier. As a result of an earlier approximationlocity ratio converges to unity fof — 0 for all the curves
neglecting the QW1 width in E(8) and taking the barrier owing to the fact that the exciton-phonon scattering @%
infinitely high for the form factor in Eq(15), the only re-  drops faster than the interlayer drag ra}éfor T—0. These
striction for the width of QW1 and the barrier width is tltht  results indicate that the drift velocity of the excitons can be a
equals the barrier width plus half the sum of the two QWsignificant fraction of that of the electrons.

widths. The thick and thin curves in Fig. 2 represent the Figure 5 shows the drag ratio with both exciton-phonon
electron densityN,p=1% 10" and N,p=2X% 10" cm™, re-  and interface-roughness scattering present for two sets of pa-
spectively. Small momentum transfer processes dominate thrameters:(a) d=200 A, L,=100 A and (b) d=300 A, L,
interlayer drag because the excitons have small thermal e 300A. The thick(thin) curves are for the density,p=1

ergy and momentum at low temperatures. The drag rate de< 10t{(N,p=2x 10)cm2 for m,=0.45m, (solid curve,
creases with increasind and the electron density. It also m,=0.35m, (dashed curve and m,=0.14m, (dash-dotted
decreases rapidly asy, decreases toward the value wf,  curve. The velocity ratio decreases rapidly with decreasing
mainly due to the cancellation between the electron-electroil at low temperatures, unlike in Fig. 4, because the surface-
and electron-hole contributions in E() in the limit my roughness scattering rate saturates at low temperatures while
=M (i.€., Peq=¢hg)- the interlayer scattering rateI% keeps decreasing witfi.

The exciton scattering rate is displayed in Fig. 3 for twoThese results again indicate that the drift velocity of the ex-
hole massesn,=0.45 (thick curves and m,=0.14 (thin citons can be a good fraction of that of the electrons, except
curves for (a) L,=100 A and(b) L,=300 A. The two solid at very low temperatures.
curves near the bottom @¢&) and(b) are the scattering rate Figure 6 showga) the drag rateﬂ% and (b) the ratio of
due to surface-roughnegsght axig. Other solid and dashed the drift velocities aff=4 K as a function ofd in the pres-
curves indicate, respectively, the momentum relaxation ratence of exciton-phonon and exciton-surface-roughness scat-
and the lifetime relaxation raté.e., »=1) due to electron- tering for L,=300 A andN,p=1x 10" cm2 (thick curves$
phonon scatteringleft axis). The two models in Eqsi26)  andN,p=2X 10" cm™2 (thin curve$. The hole mass equals
and (27) yield results indistinguishable from each other in m,=0.45m, (solid curve$, m,=0.35m, (dashed curvgsand
Fig. 3(b) and very small differences in Fig(&, where only  m,=0.14m, (dash-dotted curvesExciton-phonon scattering
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E(K)

Ay 0 AKox K

FIG. 5._ Ratio of the drift velqcities of the exciton_s and the  FIG. 7. A schematic diagram of the displaced energy-dispersion
electrons in the presence of exciton-phonon and exciton-surfacef excitons represented by black dots. The arrows indicate activa-
roughness scattering for two sets of parameteysd=200 A, L, tion to K=0 point with an activation energg, for radiative decay.
=100 A and(b) d=300 A,L,=300 A forN,p=1x 10" cm? (thick
curves andN,p=2x 10 cm2 (thin curves. The hole mass equals _ e _ 9 .

. = =2X
m=0.45m, (solid curves, m,=0.35m, (dashed curves and m, 10° cm/s, and the lifetimerg=2%x107% s, the drift length

_ equalsRAver=4 um.

=0.14m, (dash-dotted curves An exciton drifting with AKo,=MAV,/f cannot emit a

dominates surface-roughness scattering at this temperatup@0ton until it is activated to th&=0 position, as illustrated

and the effect of the latter is negligible. The drag rate and thd! Fig. 7 by arrows. The activation energy is given in Kelvin

velocity ratio follow poor exponential behavior and poor Y

power-law behavior in the range dfshown. 1
It is shown in the above analysis that interlayer drag can Ea==

induce a significant exciton drift velocity by fabricating a 2

structure with optimal conditions. Some of these @fehigh  wheret, is the electron drift velocity in units of Z&m?/Vs.
electron mobility in the electron ga&2) reduced friction for  The natural lifetime of the exciton will be enhanced by the
the excitons achieved by a wide well with smooth interfacesfactor 7z exp(Ea/kgT), Which can be significant for optimal
and (3) large electron-hole asymmettye., m,>m) for the  conditions. The radiative decay rate will have a Gaussian
exciton. A wide well is favorable for conditior{3) for dependence—;}xexp(—MRZ,LLZEZ/ZkBT) on E, where u is
GaAs/ALGa_As QW. As seen from Fig.(d) and also from  the electron mobility. A similar displacemenK B of the

Eqg. (12), a large elastic scattering rate of the excitons due tQyciton wave vector in K space is induced by an in-plane

surface roughnes@r impuritieg can result in a very small - magnetic fieldB for indirect excitons, where the electron and
drag ratio at low temperatures, wherg is small. Itis also the hole are spatially separated in theirection perpendicu-
desirable to have a thin barrier with a large barrier height tqar to the QWA%20 In this case, a Gaussian dependence of
reduced. The exciton can drift over a significant distance mleexp(~CB2/kgT) on B was observeld as expected,
during its lifetime. The observed exciton lifetime in QWS \\hereC is a constant.

varies widely depending on the sample condition and the

QW width14-17 Previous data indicatez=2%x107°s for a

170 A GaAS QW at 5 K, approaching the bulk vaitieg V. CONCLUSIONS

=3.3xX10°%s for much wider well$* For R=0.2, Av,

MAV2, = 330(M/my)(Re)? K, (29)

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

FIG. 6. (a) The drag raterI% and (b) the ratio of the drift ve- lifetime for GaAs quantum wells. Th_e exciton drift can be _
locities of the excitons and the electrons as a function of the disPPServed by a standard space- and time-resolved photolumi-
tanced in the presence of exciton-phonon and exciton-surfacell€scence measurement. A possible enhancement of the exci-
roughness scattering far,=300 A andN,p=1X 10t cm2 (thick ton radiative lifetime due to drift was discussed.
curves andN,p=2x 10 cm2 (thin curves. The hole mass equals The present model assumes that QW2 contains only stable
m,=0.45m, (solid curvey, m,=0.35m, (dashed curves and m, charge-neutral incoherent excitons in equilibrium with the
=0.14m, (dash-dotted curves electron gas and the lattice in the absence of the applied

o
o
1

Drag Rate (10° sec™)
Velocity Ratio

300 400 500 600 700
dA)
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field. This situation prevails optimally under resonant excita-energyeg of the electron gas as well as the average exciton
tion which creates coherent excitons that decay quickly intenergy in QW2. In order to demonstrate that this situation
incoherent excitons through phonon scattefhgVe have prevails in our system, we note that the facqﬁr in the
also neglected the presence of stable free electrons or holegpression forﬂé in Eq. (10) is roughly related to the ther-

in QW2 which can be accelerated by the field, impartingmal energy of the excitons viéig,)2/2M ~ 7 kgT, where
momentum to the excitons. The momentum transfer througt;7 is of the order of unity. The rest of the quantity TE__‘% is
intra-QW collision will be more efficient than the interlayer ¢, proportional to the thermal average of the exciton

transfer studied in this paper due to the physical proximity o dampi ; ;
. ¢ Y : ping{I'exe) due to interlayer scattering by electrons, re-
the carriers and the excitons. The relative importance of thlsulting iN(T., ) ~ M’ 1 (24M ). It is clear from Fig. 2 that

effect depends on the ratio of the electron density in QWlS _ s ex _ >

and the density of the free carriers as well as the mobility ofDiS quantity is much smaller than the typical exciton energy

the free carriers and is not studied here. Excitons are alsksT- Electron damping near the Fermi enerfy.e, due to

created through nonresonant excitation above the band gapterlayer interaction with the exciton gas is found from Eq.

into the unbound electron-hole continuum. In this case, th¢10) by replacingf(ko):l and omitting the summation dn

exciton formation time varies from tens to hundreds of pico-Noting that thek summation in Eq.(10) yields ~KgTpg

seconds, depending on the carrier der@i#f. The role of times the summand at the Fermi level, whegeis the den-

excitons and electron-hole plasma in exciton luminescencsity of states, we estimatBg_qo,~ 1.472mng,/ (7M 71k T)]

as well as the question of whether the exciton lifetime can be« 102 meV, wheren,, is the exciton density in units of

shorter than the formation time is still under deb&i€Ra- 10 cn2. It is clear from Fig. 2 that the quantitye ey is

diative decay times extracted from photoluminescence meanuch smaller thaneg=3.6 meV (thick curve$ and eq

surements should be taken with caution. For short excitor-7 2 mev/(thin curves for n,,~ 1 in the temperature regime

lifetimes ~ tens of picoseconds;'* the excitons may even g own.

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 estime}ted_ depletion ACKNOWLEDGMENTS
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