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We report on the study of indirect excitons in moving lattices — conveyers created by a set of AC
voltages applied to the electrodes on the sample surface. The wavelength of this moving lattice is
set by the electrode periodicity, the amplitude is controlled by the applied voltage, and the velocity
is controlled by the AC frequency. We found the dynamical localization-delocalization transition for
excitons in the conveyers and determined its dependence on exciton density and conveyer amplitude

and velocity.

PACS numbers: 73.63.Hs, 78.67.De, 05.30.]p

An indirect exciton is a bound pair of an electron and a
hole confined in spatially separated layers. Due to their
long lifetimes, indirect excitons can travel over large dis-
tances before recombination [1-10]. Furthermore, indi-
rect excitons have a built-in dipole moment ed, where
d is the separation between the electron and hole lay-
ers, so their energy can be controlled by voltage: an
electric field F, normal to the layers results in the exci-
ton energy shift U = edF, [11]. This gives an oppor-
tunity to create in-plane potential landscapes for exci-
tons U(x, y) = edF,(x, y) by laterally modulated voltage
V(x,y). Excitons were studied in a variety of electrostat-
ically formed potential landscapes: ramps [1, 7], lattices
[12-16], traps [15, 17-20], and circuit devices [21-24]. In
this paper, we present an excitonic conveyer — moving
lattice created by a set of AC voltages. The excitonic con-
veyer realizes controlled transport of excitons as charged
coupled devices (CCD) realize controlled transport of
electrons [25].

Moving potential lattices can be created by surface
acoustic waves (SAW). Transport of excitons, exciton-
polaritons, and laterally separated electrons and holes
via SAW is intensively studied [26-29]. The transport
velocity in this case is defined by the sound velocity of
SAW propagation ~ 3um/ns. In contrast, the velocity of
the electrostatic excitonic conveyer can be controlled by
the AC frequency and can be from well below to well
above the sound velocity.

The indirect excitons are created in a GaAs coupled
quantum well structure (CQW) grown by molecular
beam epitaxy (Fig. 1a). Ann*-GaAs layer with ng; = 10'®
cm~3 serves as a homogeneous bottom electrode. Two 8
nm GaAs QWs separated by a4 nm Al 33Gag ¢7As barrier
are positioned 0.1 ym above the n*-GaAs layer within an
undoped 1 um thick Alj33Gag ¢7As layer. Positioning the
CQW closer to the homogeneous electrode suppresses
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FIG. 1: (a) CQW band diagram; e, electron; h, hole. (b) Elec-
trode pattern, contacts are shown by circles. (c-f) x — y and
x—energy PL images for conveyer off and on. (g/h) PL intensity
profiles I(x). Pex = 20uW, Acony = 7.5 meV, Ueony = 0.7um/ns.

the in-plane electric field [15], which otherwise can lead
to exciton dissociation [12].

The conveyer potential is created by a set of semitrans-
parent 1 ym wide 120 nm thick indium tin oxide (ITO)
electrodes on the sample surface. The distance between
the electrode centers is 2 um, the conveyer periodicity is
7 electrodes, and the wavelength of the conveyer poten-
tialis Acony = 14um. The conveyer electrodes are covered
by a layer of transparent insulation (300um thick SiO5).
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FIG. 2: (a) The average transport distance of indirect excitons
via conveyer M; as a function of the conveyer amplitude, Acony.
Lines are a guide to the eye, Awym-on 15 Acony at the line inter-
section. (b) The measured (black points) and calculated (red
triangles) Awm-on Vs the conveyer velocity. Pex = 20uW.

A set of connecting electrodes (10um wide 300 nm thick
ITO) provides the contacts to the conveyer electrodes
through 1x10um etched openings in the insulating layer
(Fig. 1b). The conveyer length is 380um, width is 80um.
The sample mounts in a He cryostat at 1.7 K. AC volt-
ages to the conveyer electrodes are applied by coaxial
cables with impedance-matching termination at the sam-
ple. The regime, where the indirect excitons have lower
energy than spatially direct excitons in the CQW, is real-
ized by DC bias Viias = 4 V supplied separately [30]. A
set of differentially phase-delayed AC sinewaves at fre-
quency feony Creates a traveling potential lattice for indi-
rect excitons — the excitonic conveyer. The amplitude of
the conveyer potential for indirect excitons Acony is con-
trolled by the applied voltage [30]. The conveyer velocity
is controlled by the AC frequency vconv = Aconv feonv-
The excitons are photoexcited by 788 nm Ti:Sp laser fo-
cused to a spot ~ 5um in diameter. The exciton density
is controlled by the laser excitation power Pe. Photolu-
minescence (PL) images of the exciton cloud are taken
by a CCD with a bandpass filter 810 + 5 nm covering the
spectral range of the indirect excitons. The diffraction-
limited spatial resolution is 1.4um. The spectra are mea-
sured using a spectrometer with resolution 0.18 meV.
Figures lc-f show x — y and x — energy PL images for
conveyer off and on. The PL intensity profiles I(x), ob-
tained by the integration of the x — energy images over
the emission wavelength, are shown in Fig. 1g,h. Exci-
ton transport via conveyer is presented by the extension
of the exciton cloud along the direction of the moving
potential. We quantify it by the first moment of the PL
intensity M; = f xI(x)dx/ f I(x)dx, which characterizes
the average transport distance of indirect excitons via
conveyer. The spectrally broad emission at x = 0 (Fig.
lef) and sharp peak in I(x) (Fig. 1gh) originate from the
bulk GaAs in the structure. To remove the contribution
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FIG. 3: (a) The measured and (b) calculated average transport
distance of indirect excitons via conveyer M; as a function of
density. Aconv = 4.9 meV, Ueony = 0.7um/ns.

from the bulk, the shaded area is not included to the
calculation of M;j in the analysis of exciton transport.

Figure 2 presents exciton transport via conveyer as a
function of the conveyer amplitude Acony. For a shallow
conveyer, the exciton cloud extension M; is not affected
by the conveyer motion indicating that the excitons do
not follow the moving lattice, i.e. are dynamically de-
localized in the lattice (Fig. 2a). In contrast, at higher
conveyer amplitudes, excitons are moved by the mov-
ing lattice, i.e. are dynamically localized in the lattice.
At the dynamical localization-delocalization transition
(dLDT), the exciton cloud starts to follow the conveyer
and M; changes from constant to increasing with Acony-
We define the conveyer amplitude at the dLDT, A¢urn—on,
as the point where the extrapolation of the growth of M;
to small Acony becomes equal to the low-Acony constant.
The dLDT is a dynamical counterpart of the LDT for
excitons in static lattices [16].

The control of fony gives an opportunity to study ex-
citon transport via conveyers and in particular the dLDT
as a function of the conveyer velocity. Figure 2 shows
that exciton transport via conveyer is less efficient for
higher vcony. In particular, Ayyn—on increases with veony.

The control of Py gives an opportunity to study ex-
citon transport via conveyers as a function of the exci-
ton density. Figure 3a shows that excitons are hardly
moved by the conveyer at low densities, efficient exciton
transport via conveyer is achieved at intermediate den-
sities, and exciton transport via conveyer becomes less
efficient at high densities. The observed dependences
of exciton transport via conveyer on the exciton density
and conveyer velocity and amplitude are compared to
the theoretical model and discussed below.

The following nonlinear partial differential equation
was used to model in-plane transport of indirect excitons
subject to the applied conveyer potential Ucony (X):

I
ot

Nx

= V- [DyVny + uxnV(ugny + Ucony)] + A — (1)

Topt .
the first term in square brackets in Eq. (1) accounts for ex-
citon diffusion, D, is the diffusion coefficient. The second
term accounts for exciton drift due to the dipole-dipole
exciton interaction, which is approximated by ugny
[31, 32], and the conveyer potential Ucony = edF,(x) =
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FIG. 4: Theoretical simulations. (a,b) A snapshot of the con-
veyer potential (green), exciton density distribution (red), and
corresponding screened conveyer potential (blue). PL inten-
sity (black). Acony = 8 meV, veony = 0.7um/ns. (c) My Vs Aconv-
DY =30cm?2s7!, A = 10°cm™2ns ™}, Topt = 50ns.

ed % V(r), where voltage V(r) originates from the voltage
applied to the conveyer electrodes V,-o(x). The mobil-
ity uy is given by the generalized Einstein relationship
it = Dy(e™/T — 1)/(kyTo), where To = (2nhn,)/(Mygks),
M, = 0.22my is the exciton mass, g = 4 is the spin degen-
eracy [31]. Due to the geometry of the system, we use
the approximation V = d/dx and solve for the density of
indirect excitons n,(x, t).

The effect of disorder intrinsic to QWs is included
using a thermionic model for the diffusion coefficient,
Dy = DVexp (~U®/(ksT + ugny)) [31]. DY is the diffu-
sion coefficient in the absence of QW disorder and U© /2
is the amplitude of the disorder potential. The tempera-
ture of indirect excitons T is approximated as T = Tpath.
The non-resonant photoexcitation causes heating of the
exciton gas by a few Kelvin. However, the hot excitons
cool to the lattice temperature within a few microns of
the excitation spot [10] justifying the approximation.

The last two terms in Eq. (1) take account of the cre-
ation and decay of excitons. A(x) is the generation rate
and 7, is the optical lifetime. The increased exciton ve-
locity due to transport via the conveyer can, in principle,
shift the energy of excitons outside the photon cone and
increase their optical lifetime. However, we evaluated
Topt Using the expressions given by Egs. 1-6 in [10] and
found that for the studied range of parameters, the cor-
rections to the lifetime are small and can be neglected.
Therefore we used a constant 7, independent of vcony-

The results of the simulations are presented in Fig. 4.
The green curve in Fig. 4a presents a snapshot of the con-

veyer potential for n, = 0. The sinusoidal envelop of the
conveyer potential with Ay = 14pum is modulated by
2um-period ripples, which originate from the finite spac-
ing between the conveyer electrodes. The amplitude of
these ripples can be controlled by the spacing between
the conveyer electrodes d; (the ripples essentially vanish
for d; < 0.5um for the structure). The repulsively in-
teracting indirect excitons screen the external potential
[31]. The snapshot of the exciton density distribution is
shown by the red curve and the corresponding screened
conveyer potential by the blue curve in Fig. 4a,b.

The time-integrated exciton PL with the spatial reso-
lution taken into account is presented by the black curve
in Fig. 4b. The average exciton transport distance via
conveyer is evaluated by M;, excluding the shaded area
shown in Fig. 1gh as for the experimental data. The
obtained theoretical simulations of exciton transport via
conveyer (Fig. 4c) are in qualitative agreement with the
experimental data (Fig. 2) exhibiting the dynamical ex-
citon delocalization in shallow conveyers and the dLDT
with increasing conveyer amplitude. The simulated and
measured conveyer amplitude at the dLDT, Agym—on, are
in qualitative agreement (Fig. 2b).

In order to simplify the calculations for the analy-
sis of the exciton density dependence, we approximate
the conveyer potential by a cosine function U},,, =
A+ Aconvcos (271(x/Aconv — feonvt)) and and treat the rip-
ples in the same way as the disorder potential. The
position of the ripples is fixed, similar to the position
of the CQW disorder potential. We approximate the
effect of the CQW disorder and conveyer ripples on ex-
citon transport within the thermionic model [31] via the
modification of the exciton diffusion coefficient D, =

Df(o)exp (—(U(O) + UE?;ple) [(kgT + uonx)). Here ngle is
the ripple amplitude obtained by simulations. Ui?;ple

is nearly proportional to U}, and, therefore, it is ap-

onv
proximated by Ui?}))ple = CU
The simulated density dependence of exciton transport
via conveyer is in qualitative agreement with the exper-

imental data (Fig. 3). The results are discussed below.

(C is a fitting constant).

Conveyer amplitude dependence (Figs. 2a, 4c). When the
conveyer amplitude is smaller than the exciton interac-
tion energy or disorder amplitude, excitons are not lo-
calized in the minima of the moving conveyer potential,
in analogy to the case of static lattices [16], and therefore
are not moved by the conveyer. When the conveyer am-
plitude becomes larger than both the exciton interaction
energy and disorder amplitude, excitons can localize in
the minima of the moving conveyer potential. This re-
sults in efficient transport of excitons via conveyer. The
effect of the ripples in conveyer potentials on exciton
transport is similar to that of disorder. More efficient
exciton transport can be achieved by reducing the ripple
amplitude. This can be realized by reducing ds. The



saturation of M; at large Acony can be related to a device
imperfectness and can be studied in future works.
Conveyer velocity dependence (Figs. 2a,b, 4c). Exci-
tons can efficiently follow the moving conveyer poten-
tial when the maximum exciton drift velocity in the
conveyer is higher than the conveyer velocity, vgritr =
Ux(OUcony/9X)max 2 Veonv. This leads to an estimate
Aturn-on ~ UconvAconv/lix, qualitatively showing that a
higher conveyer amplitude is required for efficient ex-
citon transport via conveyer at a higher vcony. The ef-
ficiency of exciton transport via conveyers can be im-
proved by increasing . This can be achieved by reduc-

ing ds and, in turn, ui?;ple'

A monotonic dependence of Aym-on ON Ueony Without
abrupt changes at the sound velocity is consistent with
the thermal velocity of excitons, V2kgT/My ~ 15um/ns
at T = 1.7 K, being much higher than the sound velocity.

Density dependence (Fig. 3). At low densities, the ex-
citons are localized in local minima of the disorder po-
tential (given by the intrinsic disorder and ripples in the
conveyer potential) and hardly follow the moving con-
veyer. At the intermediate densities, excitons effectively
screen the disorder and can be efficiently moved by the
conveyer. Exciton transport via conveyer becomes less
efficient at the high densities when excitons screen the
conveyer potential. The requirement for efficient exci-
ton transport via conveyers (i (Uconv/9X)max 2 Veonv 1S
relevant, where screening of disorder results in the en-
hancement of pi, while screening of the conveyer poten-
tial results in the reduction of the conveyer amplitude.

In summary, we report on the realization of electro-
static conveyers for excitons and experimental and the-
oretical studies of exciton transport via conveyers.
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