
APPLIED PHYSICS LETTERS 89, 052108 �2006�
Drift mobility of long-living excitons in coupled GaAs quantum wells
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The authors report on high-mobility transport of indirect excitons in coupled GaAs quantum wells.
A voltage-tunable in-plane potential gradient is defined for excitons by exploiting the quantum
confined Stark effect in combination with a lithographically designed resistive top gate. Excitonic
photoluminescence resolved in space, energy, and time provides insight into the in-plane drift
dynamics. Across several hundreds of microns an excitonic mobility of 105 cm2/eV s is observed
for temperatures below 10 K. With increasing temperature the excitonic mobility decreases due to
exciton-phonon scattering. © 2006 American Institute of Physics. �DOI: 10.1063/1.2267263�
The pioneering work of Keldysh and Kozlov in 1968 has
triggered many experiments aiming to observe the bosonic
nature of excitons in solid-state systems.1 For detecting the
Bose-Einstein condensation of excitons, it is a prerequisite to
define controllable confinement potentials for excitons. So
far trapping of excitons has been demonstrated in strained
systems,2–4 magnetic traps,5 “natural traps” defined by inter-
face roughness fluctuations,6 and electrostatic traps.7–10 Only
the latter enable in situ control of the trapping potential. In
addition, electrostatic traps can be extended towards opto-
electronic solid-state devices due to their potential scalability
and compatibility with existing semiconductor technology.

Here we investigate the drift dynamics of long-living
excitons in coupled quantum wells �QWs� in a voltage-
tunable semiconductor device. In prior experiments on
coupled GaAs/AlAs QWs a static, spatially resolved photo-
luminescence �PL� spectroscopy has been used to detect ex-
citonic drift.11 We extend this approach towards time-of-
flight �TOF� experiments in coupled GaAs QWs by detecting
the excitonic PL as a function of space, energy, and time. The
technique relies on the quantum confined Stark effect
�QCSE�, and it allows distinguishing the dynamics of exci-
tons from electron-hole effects.9 In a field effect structure
such as shown in Fig. 1�a�, electrons and holes of photoge-
nerated excitons may rearrange in a way that they are spa-
tially separated by the tunnel barrier between the GaAs QWs.
These indirect excitons have a lifetime of �300 ns �for per-
pendicular electric fields of �106 V/m�,12 while the life-
times of direct excitons are in the order of 1 ns.13 The exci-
tonic drift of such indirect, long-living excitons is induced by
applying a voltage drop V� across a resistive top gate �Fig.
1�a��. Mediated by the QCSE, the laterally varying electric
field beneath the gate strip creates an in-plane excitonic po-
tential gradient �Uexc. Due to the force F=−�Uexc, the ex-
citons drift along the gradient towards regions of high elec-
tric fields �Fig. 1�b��.7,11 Our TOF setup allows directly
measuring the drift velocity vd as a function of the applied
gradient �Uexc. Defining the excitonic mobility as �exc
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=vd /�Uexc, we find experimental values of �exc exceeding
105 cm2/eV s and corresponding exciton scattering times
larger than 15 ps at 3.7 K. Both values exceed previous re-
sults on coupled QWs by a factor of 200.11 At the same time,
the scattering times compare reasonably well with electron
scattering times in GaAs QWs. For temperatures higher than
10 K the excitonic drift is limited by phonon-scattering
processes.

The starting point is an epitaxially grown AlGaAs/GaAs
heterostructure containing two GaAs QWs encompassed by
AlGaAs barriers �Fig. 1�a��. Each QW has a thickness of
8 nm, while the QWs are separated by a 4-nm-thick tunnel
barrier made out of Al0.3Ga0.7As. The QWs are located
60 nm below the surface of the heterostructure. A n-doped
GaAs layer at a depth of d=370 nm serves as back gate, and
a semitransparent titanium layer is used as the top gate of the
field effect structure. The metal gates, prepared by standard

FIG. 1. �a� Excitonic time-of-flight apparatus. A current-carrying top gate
�gray� defines a laterally varying vertical electric field �vertical arrows�. �b�
Sketch of the in-plane excitonic potential between contacts “I” and “II” due
to the quantum confined Stark effect �QCSE�. The slope of the gradient is
tunable via the voltage V�. �c� Calibration of the QCSE shift by application

of a dc voltage VB to the top gate.
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optical lithography, typically have a thickness of 10 nm, a
width of 50 �m, and a length ranging between 500 and
1000 �m. The resistance of such a gate strip is between 2
and 4 k� depending on its length.

The excitonic drift experiments are carried out in a he-
lium continuous-flow cryostat in combination with a micro-
photoluminescence setup in the temperature range between
3.5 and 40 K. The excitons are locally excited by focusing a
pulsed laser onto the center of the top gate. The laser is
operated at a pulse length of 50 ns and at a repetition period
of 10 �s. At a spot diameter of �10 �m the power density is
5 kW/cm2. The laser wavelength is chosen to be 680 nm,
such that electron-hole pairs are only created in the GaAs
QWs and not in the AlGaAs barriers. For the TOF experi-
ments, the PL signal of the recombining excitons is picked
up by the optical microscope as a function of the delay time
with respect to the initial laser pulse. The optical signal is
subsequently guided through a triple-grating imaging spec-
trometer. An attached fast-gated, intensified charge coupled
device �CCD� camera with an exposure time of 5 ns detects
the PL emission of the excitonic cloud as a function of en-
ergy and space. In order to yield a sufficient signal to noise
ratio, all images shown are taken by integrating over 2
�107 single events.

In Fig. 1�c� we calibrate the shift of the exciton energy
due to the QCSE as a function of the applied voltage VB at
V�=0 V. The energy Uexc of the spatially indirect excitons is
shifted to lower values by �Uexc=edEz, with d the center
distance of the two QWs and Ez the electric field perpendicu-
lar to the QWs. The data in Fig. 1�c� nicely follow a linear
dependence with a slope of �Uexc/�V=26.4 meV/V. The
redshift is independent of the bath temperature T up to 30 K.
For the TOF experiments, a constant bias voltage VB of
−0.4 V is applied to the top gate with respect to the grounded
back contact at all times. 50 ns after the laser has been
switched off, all short-living direct excitons have decayed
and only indirect excitons remain. Due to diffusion such a
cloud of mobile indirect excitons has typically a full width at
half maximum diameter of about 80 �m, in accordance with
previous results.14,15

We define t=0 as the point of time when the voltage
drop V� is applied across the resistive gate strip. In turn, the
voltage between contacts “I” and “II” increases linearly
along the gate strip. This voltage configuration creates a
QCSE-mediated excitonic gradient potential �Uexc as
sketched in Fig. 1�b�. In turn, the excitons are exposed to a
force F=−�Uexc=ed� �Ez�.

12 Since V� is widely tunable, the
method allows studying the in-plane drift of indirect excitons
at different velocities. Figure 2 shows three subsequent CCD
snapshots with 5 ns exposure time for V�=2 V at �a� t=0,
�b� t=20 ns, and �c� t=40 ns. Each image exhibits the lateral
distribution of the excitons resolved in space �vertical axis�
and in energy �horizontal axis�. The distributions are tilted
off the horizontal orientation in all snapshots, proving that
the gate strip creates an in-plane gradient of the excitonic
energy. Under the given experimental conditions, the linear
gradient �Uexc�100 �eV/�m obtained from the tilt in Figs.
2�b� and 2�c� agrees well with the value for the dc-QCSE
energy shift presented in Fig. 1�c�. The lower energy gradient
in Fig. 2�a� is due to an RC constant of the resistive gate of
�10 ns which governs the rising behavior of V�.

In Fig. 2�b� �Fig. 2�c�� the center of the excitonic cloud

has traveled �23.3±1.1� �m ��47.4±1.8� �m� away from the
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excitation spot towards electrode I as defined in Fig. 1�a�. At
the same time, the excitons have reduced their energy by
�2 meV ��4 meV�. As a function of the delay time, the
center of the excitonic distribution follows a diagonal path
with respect to space and energy within the error bars �data
not shown�. The corresponding gradient �Uexc/�V
�25 meV/V again agrees well with the gradient obtained
from the dc measurements in Fig. 1�c�. This experimental
finding proves that we study the drift dynamics specifically
of indirect excitons. In addition, we would like to note that
due to the finite lifetime of the indirect excitons the PL in-
tensity in Figs. 2�b� and 2�c� has decreased by factors of 2
and 4, respectively.

By following the temporal evolution of the center of the
cloud in Fig. 2, the excitonic drift velocity vd can be directly
determined. Figure 3�a� shows the dependence of vd on the
voltage drop V� for various bath temperatures. At low tem-
peratures we observe a maximum velocity of about �2.5
�103 m/s. Experimentally, a leakage current IL between the
top and the back gate limits further increase of V� and thus
vd. For V��2.5 V we find IL to be �1 �A. In this regime, a
linear fit of the data gives the differential mobility �exc of the
excitons defined as

�exc = L�dvd/dV���− �Uexc/�V�−1. �1�

Figure 3�b� summarizes the differential mobility �exc of
indirect excitons at various temperatures. At low tempera-
ture, a constant mobility �const larger than 105 cm2/eV s is
observed, which exceeds previous results by a factor �200.11

Recent publications on GaAs QWs suggest that the maxi-
mum mobility in our experiment is only limited by barrier
alloy scattering,16 which is independent of temperature
�dashed dotted line�. With increasing temperature the exci-
tonic mobility decreases as �po�T−6 �dotted line�, which is
usually referred to enhanced scattering of excitons by polar

17

FIG. 2. �Color online� Photoluminescence images showing drift of excitons
at T=3.7 K, taken at �a� t=0 ns, �b� t=20 ns, and �c� t=40 ns after enabling
the excitonic gradient potential. Insets: Energy-integrated representations of
the data �solid curves�. In the insets of �b� and �c� the lateral PL distribution
of the cloud at t=0 ns is shown as a dashed curve.
optical phonons. The combination of both scattering pro-
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cesses according to Matthiessen’s rule explains the experi-
mental data well �solid line�. We would like to note that polar
optical phonon scattering is usually expected for tempera-
tures above 100 K.17 However, as seen in the inset of Fig.
3�b�, acoustic phonon scattering ��T−1� cannot explain the
data �dashed line�.16 In addition, we can calculate the trans-
port scattering time 	��excmexc

* , with mexc
* = �me

*+mh
*�

�0.25me the effective exciton mass, me,h
* the effective

electron/hole masses in GaAs, and me the free electron mass
�right axis in Fig. 3�b��. Assuming the Einstein relation
Dexc=�exckBT, we can furthermore estimate an excitonic dif-
fusion constant Dexc which corresponds to the measured drift
mobility. At a temperature of 3.7 K we find an excitonic
diffusion constant Dexc of about 30 cm2/s. The latter is a
factor of 100 larger than values obtained in the purely diffu-
sive regime.14 Since the PL signal depends on the tempera-
ture as well, TOF experiments above 30 K are ambiguous.
Generally, the data shown are obtained from different

FIG. 3. �Color online� �a� Measured excitonic drift velocity vd vs the volt-
age drop V� at various bath temperatures T. The differential mobility is
obtained from linear curves fitted to the data. �b� Excitonic mobility �exc and
scattering time 	 �right vertical axis� as a function of the temperature. Inset:
Double logarithmic representation of the inverse mobility 1 /�exc vs tem-
perature. The solid lines are theoretical fits to the data.
samples patterned on one AlGaAs/GaAs wafer. Since the
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electron mobility is proportional to the sixth power of the
QW width,18 future experiments will aim towards wider
QWs.

In summary, we explore the quantum confined Stark ef-
fect in combination with a resistive top gate to study drift
dynamics of indirect excitons in coupled GaAs quantum
wells. The emitted photoluminescence of the drifting exci-
tons is resolved in space, energy, and time, which allows
measuring the drift velocity and mobility of the excitons. At
low temperatures we observe a maximum mobility of
105 cm2/eV s which is a factor of 200 times larger than pre-
vious results on long-living excitons in coupled quantum
wells.
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