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ABSTRACT
We report on the study of indirect excitons in elevated traps. The transition from a normal to elevated trap results in the appearance of narrow
lines in the emission spectrum. The density, temperature, and voltage dependences indicate that these lines correspond to the emission of
individual states of indirect excitons in a disorder potential in the elevated trap.

An indirect exciton in a coupled quantum well (CQW)
structure is composed of an electron and a hole in separated
QWs (Figure 1a). Indirect excitons in a CQW have a dipole
moment ed, where d is close to the distance between the
QW centers, and their energy can be controlled by the
transverse electric field Fz, which shifts the exciton energy
by edFz1 (Figure 1b). This allows creation of in-plane
potential profiles for the indirect excitons E(x,y) ) edFz(x,y)
∝ V(x,y) by a laterally modulated gate voltage V(x,y). Indirect
excitons were studied in various electrostatically created
potential profiles including ramps,2,3 lattices,4-7 traps,6,8,9 and
circuit devices.10,11
In this paper, we report on the study of indirect excitons
in a new trapsthe elevated trap. In-plane potential profiles
were created by the pattern of electrodes shown in Figure
1c. Elevated traps for indirect excitons in the region of central
electrode t were created by applying |Vt| < |Vg|,|Vs|, while
normal traps were created by applying |Vt| > |Vg|,|Vs|. The
energy of the elevated trap is above the energy of its
surroundings, Et > Eg,Es (Figure 2a), while the energy of
the normal trap is below, Et < Eg,Es (Figure 2c).
The CQW structure was grown by MBE. An n+-GaAs
layer with nSi ) 1018 cm-3 serves as a homogeneous bottom
electrode. The top electrodes on the surface of the structure
were fabricated by depositing a semitransparent layer of Pt
(8 nm) and Au (2 nm). Two 8 nm GaAs QWs separated by
a 4 nm Al0.33Ga0.67As barrier were positioned 0.1 µm above
the n+-GaAs layer within an undoped 1 µm thick
Al0.33Ga0.67As layer. Positioning the CQW closer to the
homogeneous electrode suppresses the in-plane electric field,6
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Figure 1. (a) Energy band diagram of the CQW structure: e,
electron; h, hole. (b) Energy of indirect excitons vs electrode voltage
(applies for all electrodes on the sample). (c) Electrode pattern. A
trap is formed at electrode t by voltages on electrodes s, g, and t.
The circles show the positions of the laser excitation. (d) Emission
image of indirect excitons in the elevated trap regime. The cloud
of indirect excitons in the elevated trap is in the center. Vs ) -2
V, Vg ) -1.5 V, Vt ) -0.5 V, Pex ) 750 µW, T ) 1.4 K.

which otherwise can lead to exciton dissociation.4 The
excitons were photoexcited by a 633 nm HeNe laser focused
to a spot ∼5 µm in diameter in the area shown by the upper
circle in Figure 1c (except for the data in Figure 1d, which
was measured with three excitation spots at the three circles
in Figure 1c, the results with one and three excitation spots
were qualitatively similar). For the elevated trap regime,
excitons in the trap were mainly created by the tail of the
laser excitation which reduced heating in the trap area. The
emission images were taken by a CCD with an interference

Figure 2. (a) Schematic of an elevated trap. (b) Emission spectra
of indirect excitons in the elevated trap. Vs ) -2 V, Vg ) -1.5 V,
Vt ) -0.5 V. (c) Schematic of a normal trap. (d) Emission spectra
of indirect excitons in the normal trap. Vs ) -2 V, Vg ) -2.5 V,
Vt ) -3.5 V. (e) The ratio of line 2 to line 1 intensities I2/I1 vs
energy difference between the indirect excitons in the trap and
surrounding gates. (f) I2/I1 vs bath temperature. Vs ) -2 V, Vg )
-1.5 V, Vt ) -0.5 V, Pex ) 6.3 µW. (g) Energies of lines 1-4 vs
Vt. Vs ) -2 V, Vg ) -1.5 V. For (b, d, e, g), T ) 1.4 K and Pex
) 18 µW.

filter 800 ( 5 nm, which covers the spectral range of the
indirect excitons. The spatial resolution was 1.5 µm. The
spectra were measured using a spectrometer with resolution
0.18 meV. All presented spectra were taken from the trap
center.
For the entire range of studied densities (Pex ) 1-1140
µW with the smallest limited by signal strength) the emission
spectrum in the normal trap was a structureless line with
full width at half-maximum (fwhm) >1 meV, like that in
Figure 2d. However, sharp lines were observed in the
emission spectrum in the elevated trap (Figure 2b). fwhm
of lines 2-4 were measured as low as 0.18 meV, which is
close to the spectrometer resolution. The sharp lines vanish
at the transition from the elevated trap to normal trap, i.e.,
at Et ≈ Eg (Figure 2e). They also vanish with increasing
bath temperature (Figure 2f).
Varying the electrode voltage Vt results in an energy shift
of lines 1-4, Figure 2g. The measured δE ≈ 10.4Vt meV/V
corresponds to d ≈ 10.7 nm, which is close to the nominal
distance between the QW centers. Therefore, lines 1-4
correspond to the emission of indirect excitons. Note that
sharp lines in the emission of excitons in QWs were observed
earlier.12-14 They were attributed to the emission of excitons
localized in local minima of the in-plane disorder potential.
The latter forms mainly due to QW width and alloy
fluctuations.12-17 In contrast to the sharp lines in Figure 2,
the sharp lines in refs 12-14 correspond to the emission of
direct excitons with both electrons and holes confined in one
QW.
In analogy to the interpretation of sharp lines corresponding to the emission of direct excitons,12-14 we attribute the
observed sharp lines (Figure 2b) to the emission of indirect
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excitons localized in local minima of the disorder potential
in the trap. We note that the local minima of a disorder
potential can be considered as “natural quantum dots”;12 in
turn, natural quantum dots for indirect excitons can be
considered as a counterpart of quantum dot pairs and
posts.18-21
In general, the particle localization length is small for the
lowest energy states in a disorder potential and increases with
increasing energy.22 The particle can be considered as
localized when the localization length is small compared to
the system size, the trap size in our case, and delocalized
(over the system) when the localization length is comparable
to the system size. The density dependence presented below
indicates that low-energy lines 2-4 correspond to the
emission of localized states, while high-energy line 1 (which
can be a set of unresolved narrower lines) corresponds to
the emission of delocalized excitons.
First, we discuss why the sharp lines are observed in the
elevated trap regime and vanish in the normal trap regime.
The observation of individual localized states in the disorder
potential is facilitated by collecting the exciton emission from
a small area (Figure 1d) containing not too many localized
states so that their emission can be resolved. However, both
the normal and elevated traps utilize the small area, while
sharp lines emerge only in the elevated trap regime (Figure
2e). Their emergence is facilitated by an effective “cooling”
of the excitons present only in an elevated trap. Since the
energy of excitons in the elevated trap is higher than that in
the surrounding areas, excitons can escape the trap. The
escape rate of lower-energy strongly localized excitons is
generally slower. This increases the occupation of lowerenergy strongly localized states in comparison to that of
higher-energy weakly localized (or delocalized) states. An
increase in the relative occupation of lower-energy states can
be considered as lowering the exciton temperature. This
mechanism has similarities with evaporative cooling. In turn,
the sharp lines vanish with increasing temperature (Figure
2f) and in the normal trap regime where “evaporative
cooling” is absent (Figure 2e).23
One can introduce an effective temperature T̃ for the
population balance between the localized and delocalized
states as δ ) ndeloc/nloc ∼ exp[-ε/(kBT̃ )], where ε is a
localization energy. Then the “cooling efficiency” in the
elevated trap regime can be quantified by the parameter γ
) δnorm/δelev. A large γ observed in the experiments indicates
an efficient cooling. In turn, the temperatures in the elevated
trap regime and in the normal trap regime are related by
1/T̃elev ) 1/T̃norm + (kB/ε) ln γ. This allows a rough estimate
for T̃elev. Assuming γ J 10 and ε/kB ∼ 10 K (corresponding
to line 2, Figure 2) and T̃norm ∼ 3 K (corresponding to a
typical temperature of the indirect excitons in the presence
of continuous wave excitation and without the “cooling”),24,25
one obtains T̃elev j 1.8 K.
The “cooling efficiency” γ can be estimated by using the
rate equations for occupations of the localized and delocalized states at equilibrium, which result to γ ) 1 + τ/τesc,
where τ-1 ) Λ-1τloc -1 + τopt -1, Λ-1 ) (Λl + Λd)/Λl, Λd
(Λl) is the population rate of the delocalized (localized) states
2095

Figure 3. (a) E-y emission images and (b) spectra of indirect
excitons in the elevated trap vs Pex. Vs ) -2 V, Vg ) -1.5 V, Vt
) -0.5 V, T ) 1.4 K. Pex values and magnifications are indicated
on (b).

due to the laser excitation, τopt and τloc are the radiative and
localization times of the delocalized excitons, and τesc is their
escape time from the elevated trap (τesc ∼ Strap/Dx ∼ 0.1-1
ns for elevated trap area Strap ∼ 1 µm2 and diffusion
coefficient Dx ∼ 10-100 cm2/s 26). For direct excitons with
a short lifetime τopt ∼ 0.01-0.1 ns, the cooling is inefficient.
Indeed, in this case γ < 1 + τopt/τesc ∼ 1.1. On the contrary,
the cooling can be efficient for indirect excitons with a long
lifetime τopt ∼ 10-104 ns. In this case γ ∼ 1 + Λτloc/τesc. It
reaches γ ∼ 10 estimated from the experiments when τesc ∼
0.1Λτloc.
The density dependence of the emission of indirect
excitons in the elevated trap is presented in Figures 3 and 4.
In the entire studied density range, states 1-4 are confined
in the elevated trap. This confinement is revealed by the finite
spatial extension of all states in the trap ∼3 µm (Figures 1d
and 3a). (Note parenthetically that the confinement may
involve a small barrier at the trap edges, shown schematically
in Figure 2a; however the exact trap profile is beyond the
scope of this paper.) The features of the density dependence
are considered below.
The exciton energy increases with density due to the
repulsive dipole-dipole interaction of the indirect excitons
(Figures 3 and 4b). The exciton density n can be estimated
from the energy shift δE as n ) εδE/(4πe2d).27-30 It is
presented at the top of parts a-c of Figure 4. The energy
shift of the localized states is close to that of the delocalized
states.
The emission intensity of the localized excitons saturates
as shown in Figure 4c for line 2. The saturation indicates
that only a finite a number of excitons can occupy a local
minimum of the disorder potential. For the minimum
corresponding to line 2, this number appears to be 1. Indeed,
if a second exciton were added to the minimum, the energy
of the exciton state in it would increase due to the repulsive
interaction. Since the area of the minimum is small compared
to the area of the entire trap, adding one more exciton should
2096

Figure 4. (a) fwhm, (b) energy, and (c) intensity of line 1 (green
triangles) and line 2 (black squares) vs Pex. Density listed on top is
an estimate based on the exciton energy shift; the lowest value is
an estimate based on the PL intensity ratio. Vs ) -2 V, Vg ) -1.5
V, Vt ) -0.5 V, T ) 1.4 K. (e) Calculated fwhm of emission line
of delocalized indirect excitons (green). Thin lines present the
contributions from homogeneous broadening due to exciton-exciton
interaction (magenta) and inhomogeneous broadening due to
disorder (cyan). The disorder amplitude U(0)/2 ) 0.35 meV
corresponds to line 1. (f) Calculated fwhm of emission line of
localized indirect excitons (black). Thin lines present the contributions from inelastic (blue) and elastic (red) exciton scattering. ε )
1.3 meV corresponds to line 2. (d) Calculated fwhm of emission
lines including the resolution 0.18 meV for comparison with the
experimental data in (a).

result in a significant increase of the exciton density in it
and, in turn, a sharp increase of the energy of the localized
state. Since no such energy increase is observed (Figure 4b),
no more than 1 exciton can occupy the local potential
minimum. This is consistent with the small estimated exciton
localization length in the minimum lloc ∼ p/(2Mxε)1/2 ∼ 10
nm, comparable to the exciton Bohr radius. The effect is
similar to the Coulomb blockade for electrons. It is due to
the dipole-dipole repulsion of the indirect excitons.
The emission lines broaden with density (Figures 3b and
4a). While the widths of lines 2-4 increase by only about
0.1 meV, the width of line 1 increases by more than 1 meV
(Figure 4a). The strong difference indicates that lines 2-4
correspond to the emission of localized states, while line 1
is delocalized, as discussed below.
The spectral width of the delocalized state emission is
approximated by ∆fwhm ) [Γhom2 + Γinhom2]1/2, where Γhom )
p/τx-x + p/τx-LA + p/τrec is the homogeneous broadening
due to exciton-exciton and exciton-phonon scattering and
finite recombination lifetime and Γinhom ) 〈Urand〉 is the
inhomogeneous broadening due to disorder, 〈Urand〉 is the
average amplitude of the CQW in-plane long-range disorder
potential. For n J 108 cm-2 relevant to the experiments, Γhom
is well approximated by p/τx-x with τx-x given by
Nano Lett., Vol. 9, No. 5, 2009
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where F0 ) 1 - e
, T0 ) πp n/(2Mx), and u0 is
approximated by u0 = 4πe2d/.31 In this sample, excitons
have mass Mx ) 0.22m0. Γhom(n) evaluated with eq 1 is
shown in Figure 4e.
The inhomogeneous broadening is dominant at low densities where the interaction effects vanish. It produces a line
width of 0.5 meV for the studied sample, Figure 4a. The
inhomogeneous broadening decreases with increasing density
due to screening of the long-range disorder potential by
interacting indirect excitons as
Γinhom )

2

U(0)
1 + [(2Mx) ⁄ (πp2)](eT0⁄T - 1)u0

(2)

where U(0) ) 2〈|Urand(r|)|〉 is the amplitude of the unscreened
disorder potential, when n f 0.30 Γinhom(n) evaluated with
eq 2 is shown in Figure 4e.
The density increase also results in the homogeneous
broadening of the localized states, lines 2-4 (Figure 4a),
due to the scattering of the localized exciton with delocalized
excitons. It is given by Γhom(loc) ) p/τin + p/τel with
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where f(u) ) (u(u - 2∆))1/2 and ∆ ) ε/(2kBT). The first
(second) contribution is due to the inelastic (elastic)
scattering channel “localized exciton + delocalized exciton
f delocalized (localized) exciton + delocalized exciton”.
In elastic scattering the delocalized exciton changes its
momentum by the amount which can be relaxed by the
localized exciton, ∼1/lloc. The numerical evaluations with
eqs 1, 3, and 4 show that the homogeneous broadening of
the localized state is much smaller than that of the delocalized
state (Figure 4e,f). This difference can be attributed to the
energy gap ε, which reduces the number of possible states
for the scattering of localized excitons. This difference in
line width broadening with increasing density allows distinguishing the localized from delocalized states and attribute
lines 2-4 to the former and lines 1 to the latter. The
theoretical and experimental results are in agreement;
compare parts a and d of Figure 4.
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