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Control of excitons by laterally modulated electrode density
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A substantial variation of the exciton energy #Fig. 1!d"$
can be achieved !i" with a small applied voltage !V = 1 V for
the data in Fig. 1", !ii" with a small in-plane variation of the
exciton energy !significantly smaller than a typical in-plane
disorder %1 meV in high-quality QW samples" #Fig. 1!e"$,
and !iii" keeping in-plane electric field Fxy small so that it
does not cause the exciton dissociation #Fig. 1!f"$. Indeed,
for all the data in Fig. 1, eFxyaB " Eex !aB % 20 nm and Eex
% 4 meV are the Bohr radius and binding energy for the
indirect excitons in the CQW,18,19 respectively", i.e., Fxy remains well below the threshold for the exciton dissociation.1
We modeled the potential energy profiles of electrostatic
traps by numerically solving Poisson’s equation and thus
calculating the electric field as a function of position for
various electrode shapes. The calculations are performed for
the following parameters of the CQW structure: d = 12 nm,
the distance between the top shaped electrode and the bottom
homogeneous electrode D = 1 !m, CQW is positioned 100
nm above the bottom electrode. Positioning the CQW layers
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An indirect exciton in a coupled quantum well !CQW"
structure is composed of an electron and a hole in spatially
separated QWs #Fig. 1!a"$. The spatial separation leads to a
long exciton lifetime, allowing indirect excitons to cool below the temperature of quantum degeneracy, and thus providing the opportunity to study the physics of cold excitons.
Furthermore, indirect excitons have a built-in dipole moment
ed, where d is the separation between the electron and hole
layers, so their energy can be controlled by voltage: an electric field Fz perpendicular to the QW plane results in the
exciton energy shift E = edFz.1 This gives an opportunity to
create in-plane potential landscapes for excitons E!x , y"
= edFz!x , y". Advantages of electrostatically created potential
landscapes include the opportunity to realize the desired
potential profile and control it in situ, on time scale
shorter than the exciton lifetime. Excitons were studied in
various potential landscapes created by laterally modulated
voltage V!x , y": ramps,2,3 lattices,4–7 traps,7–11 and circuit
devices.12–15
Potential traps are an effective tool for studying the
physics of cold gases. For instance, they made the achievement of atomic Bose–Einstein condensation !BEC"
possible.16,17 Traps can become an effective tool for studying
the physics of cold excitons.
The potential profile of a trap is crucial for the trap performance. The quantum degeneracy of an exciton gas can be
achieved in a paraboliclike trap, which can collect excitons
from a large area to the trap center. A circular electrode can
produce a confining in-plane potential on a small area only.11
In an effort to create larger traps with confining potentials,
diamond traps were developed.11 The diamond trap is formed
by a diamond-shaped top electrode, which produces a paraboliclike confining potential.11 However, the area of the diamond traps was still limited to about 40 !m2.
In this work, we present a method for the realization of
in-plane potential landscapes for excitons. The principle of
this method is presented in Fig. 1. The potential landscapes
for excitons are created by a single shaped electrode with
laterally modulated electrode density. The divergence of the
electric field at the electrode edges results in the reduction of
its normal component Fz. This gives an opportunity to control Fz by adjusting the electrode density. Figure 1!d" demonstrates this principle with a square grid electrode #Fig.
1!c"$. The electrode density is varied by changing the line
thickness and hole size. Fz decreases for lower electrode densities, resulting in the required control of the exciton energy
#Fig. 1!d"$.
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FIG. 1. !Color online" The principle of control of exciton energy by electrode density. !a" CQW diagram. !b" Schematic of the sample with a ground
plane at the bottom and an electrode pattern at the top. !c" Schematic of a
top square grid electrode used in the calculations in !d"–!f". !d" The electric
field in the z-direction Fz and exciton energy E as a function of the area
density of the square grid electrode for different widths a of the grid lines.
!e" The lateral variation of Fz and E. !f" The in-plane electric field Fxy and
eFxyaB, where aB is the exciton Bohr radius. V = 1 V, d = 12 nm, D
= 1 !m, and the CQW is positioned 100 nm above the homogeneous bottom electrode in the calculations.
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FIG. 2. !Color online" Snowflake
traps. #!a"–!c"$ Parabolic trap. #!d"–!f"$
Elevated trap. #!a" and !d"$ The top
electrode. #!b" and !e"$ The radial profile of the electric field in the
z-direction Fz and exciton energy E.
The azimuthal variation of Fz and E is
within the line thickness. #!c" and !f"$
x-y profile of the exciton energy in the
trap. The in-plane electric field Fxy
# 0.01 V / !m for both traps. V = 1 V,
d = 12 nm, D = 1 !m, and the CQW is
positioned 100 nm above the homogeneous bottom electrode in the
calculations.
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closer to the homogeneous bottom electrode allows lowering Fxy.7 These parameters are typical for CQW
structures;6,7,10–15 d = 12 nm corresponds to a CQW structure
with 8 nm QWs separated by a 4 nm barrier. The calculations
are performed for V = 1 V applied to the top electrode, while
the bottom electrode is grounded #Fig. 1!b"$. This creates an
in-plane potential landscape for indirect excitons E!x , y"
= edFz!x , y". The applied voltage controls the amplitude of
the potential landscape.
Using this method, a two-dimensional parabolic trap was
modeled. Increasing the electrode density toward the trap
center results in the exciton potential energy edFz being the
deepest at the trap center and progressively shallower toward
the edge. The top electrode that creates this potential has a
“snowflake” shape shown in Fig. 2!a". The electrode shape
was designed to realize a two-dimensional parabolic potential #Fig. 2!b"$. The azimuthal variation of Fz and, in turn, the
exciton energy are small, within the line thickness for the
curve plotted in Fig. 2!b". The in-plane electric field Fxy is
less than 0.01 V / !m for the entire trap, well below the
threshold of exciton dissociation: eFxyaB # 0.2 meV is small
compared to the exciton binding energy, 4 meV. The “snowflake trap” provides a strong in-plane confinement for excitons: its depth is about 5 meV for V = 1 V.
Such “snowflake traps” and other potential landscapes
for excitons formed by laterally modulated electrode density
have the following advantages: !i" they allow the realization
of a confining in-plane potential for excitons on a large area,
about ten times greater than the area achieved in the diamond
traps. This results in a significant enhancement of the number

of excitons that can be collected to the trap center and form
a high-density exciton gas, a requirement for the achievement of quantum degeneracy and exciton BEC. In addition,
due to the effective collection of excitons to the trap center, a
weak excitation power can be used to achieve a high exciton
density. This suppresses the effect of heating due to excitation. !ii" The heating of excitons by in-plane currents, which
can appear due to in-plane voltage gradients in earlier excitonic devices created by laterally modulated voltage, is also
suppressed in snowflake landscapes because the electrode is
held at a single voltage. !iii" Advantages of the snowflake
trap also include the simplicity of fabrication and accuracy of
control. Switching off the trap potential, like in atomic timeof-flight experiments, or modulating trap depth, like in
atomic collective mode experiments,16,17 can be realized by
modulating a single electrode voltage.
The method allows creating a variety of in-plane potential landscapes for excitons. See Fig. 2 and supplementary
material20 for a few examples. Supplemental Fig. 1 presents
a one-dimensional counterpart of the parabolic snowflake
trap—a guiding channel for excitons. The widths of the strips
and spacing between them can be adjusted to produce a potential profile of the desired shape, a parabolic guiding channel in the presented case.
Figures 2!d"–2!f" present an elevated trap. Elevated traps
can be used for evaporative cooling of excitons. As described
in Refs. 10 and 11, high-energy excitons are more likely than
low-energy excitons to escape from the trap over the barrier,
increasing the relative population of low-energy excitons left
in the trap. This evaporative cooling can lower the effective
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temperature of excitons in the trap, thus facilitating the
achievement of quantum degeneracy in the trapped exciton
gas.
The escape of high-energy excitons at the trap edges
may become less effective for large traps. Evaporative cooling can be facilitated by introducing evaporative cooling
sites inside the trap. Supplemental Fig. 2 presents an example of such evaporative cooling site. Here, more energetic
excitons can overcome the barrier and fall into the cooling
site, thus escaping the trap and leaving lower-energy excitons
in the trap.
In conclusion, we demonstrated a principle of control of
exciton energy by electrode density. We presented potential
landscapes created using this principle, including traps for
collecting excitons from a large area to the trap center, guiding channels for excitons, and elevated traps for excitons.
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