High-mobility indirect excitons in wide single quantum well
C. J. Dorow, M. W. Hasling, D. J. Choksy, J. R. Leonard, L. V. Butov, K. W. West, and L. N. Pfeiffer

Citation: Appl. Phys. Lett. 113, 212102 (2018); doi: 10.1063/1.5063844
View online: https://doi.org/10.1063/1.5063844

View Table of Contents: http://aip.scitation.org/toc/apl/113/21
Published by the American Institute of Physics

Articles you may be interested in

Atomic layer deposition of titanium nitride for quantum circuits
Applied Physics Letters 113, 212601 (2018); 10.1063/1.5053461

Point defects and dopants of boron arsenide from first-principles calculations: Donor compensation and doping
asymmetry

Applied Physics Letters 113, 212101 (2018); 10.1063/1.5062267

Increased yield of MoS» monolayer exfoliation through the bimetallic corrosion of aluminum
Applied Physics Letters 113, 213101 (2018); 10.1063/1.5050027

Surfactant-induced chemical ordering of GaAsN:Bi
Applied Physics Letters 113, 211602 (2018); 10.1063/1.5045606

Nonlinear vibrations of circular single-layer black phosphorus resonators
Applied Physics Letters 113, 211901 (2018); 10.1063/1.5055950

Metamorphic narrow-gap InSb/InAsSb superlattices with ultra-thin layers
Applied Physics Letters 113, 213104 (2018); 10.1063/1.5051767

MMR

ECHNOLOGIES

| THEWORLD'SR

VARIABLE TEVIPERA

- - - K2000
At
%“
B

A -
OPTICAL STUDIES SYSTEMS SEEBECK STUDIES SYSTEMS MICROPROBE STATIONS HALL EFFECT STUDY SYSTEMS AND MAGNETS



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/325634570/x01/AIP/MMR_AOL_1640x440_Nov_14_20_2018/MMR-APL_PDF_1640x440_Nov_14-20_2018.jpg/6b33416a6446764a2b52554143633676?x
http://aip.scitation.org/author/Dorow%2C+C+J
http://aip.scitation.org/author/Hasling%2C+M+W
http://aip.scitation.org/author/Choksy%2C+D+J
http://aip.scitation.org/author/Leonard%2C+J+R
http://aip.scitation.org/author/Butov%2C+L+V
http://aip.scitation.org/author/West%2C+K+W
http://aip.scitation.org/author/Pfeiffer%2C+L+N
/loi/apl
https://doi.org/10.1063/1.5063844
http://aip.scitation.org/toc/apl/113/21
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5053461
http://aip.scitation.org/doi/abs/10.1063/1.5062267
http://aip.scitation.org/doi/abs/10.1063/1.5062267
http://aip.scitation.org/doi/abs/10.1063/1.5050027
http://aip.scitation.org/doi/abs/10.1063/1.5045606
http://aip.scitation.org/doi/abs/10.1063/1.5055950
http://aip.scitation.org/doi/abs/10.1063/1.5051767

APPLIED PHYSICS LETTERS 113, 212102 (2018)

@CrossMark

High-mobility indirect excitons in wide single quantum well
C. J. Dorow,"® M. W. Hasling," D. J. Choksy," J. R. Leonard," L. V. Butov," K. W. West,?

and L. N. Pfeiffer®

'Department of Physics, University of California at San Diego, La Jolla, California 92093, USA
*Department of Electrical Engineering, Princeton University, Princeton, New Jersey 08544, USA

(Received 2 October 2018; accepted 1 November 2018; published online 19 November 2018)

Indirect excitons (IXs) are bound pairs of electrons and holes confined in spatially separated layers.
We present wide single quantum well (WSQW) heterostructures with high IX mobility, spectrally
narrow IX emission, voltage-controllable IX energy, and long and voltage-controllable IX lifetime.
This set of properties shows that WSQW heterostructures provide an advanced platform both for
studying basic properties of IXs in low-disorder environments and for the development of high-
mobility excitonic devices. Published by AIP Publishing. https://doi.org/10.1063/1.5063844

Spatially indirect excitons (IXs) are formed by electrons
and holes confined in separated layers. The spatial separation
between the electron and hole layers allows one to control the
overlap of electron and hole wave functions and achieve long
IX lifetimes that are orders of magnitude longer than those of
direct excitons.! Due to their long lifetimes, IXs can cool
below the temperature of quantum degeneracy.” The realiza-
tion of cold IXs in coupled quantum well (CQW) heterostruc-
tures led to the observation of spontaneous coherence and
condensation of IXs® and perfect Coulomb drag.* A set of
phenomena was found in the IX condensate, including the
spatially modulated exciton state,”® commensurability effect
of exciton density wave,’ spin textures,8 and Pancharatnam-
Berry phase and long-range coherent spin transport.9

The long IX lifetimes also allow IXs to travel over large
distances before recombination.”' ! A set of exciton trans-
port phenomena was observed, including the inner ring in
exciton emission patterns,”'>'%!"" exciton localization-
delocalization transition in random,s’li16 periodic,zz’23 and
moving®* potentials, coherent exciton transport with sup-
pressed scattering,® and transistor effect for excitons.?*°

IXs have a built-in dipole moment ed, where d is the
separation between the electron and hole layers. Gate voltage
V, changes the IX energy by edF. (F, < V, is electric field
perpendicular to the QW plane created by voltage).?”*® This
allows creating tailored in-plane potential landscapes for
IXs E(x, y) = —edF.(x, y) and controlling them in situ by
voltage V,(x, y). A variety of electrostatic potential land-
scapes, including traps,? 7 static******? and moving®* lat-
tices, ramps,10’14’40 narrow channels,‘“’42 and split gate
devices,** was created for studying basic exciton properties.

IX devices are also explored for applications in signal
processing based on novel computational state variables
beyond magnetism or charge. Excitonic devices possess
potential advantages over electronic devices: (i) Excitons are
bosons and can form a coherent condensate with vanishing
resistance for exciton currents and low switching voltage for
excitonic transistors due to suppressed thermal tails. This
gives the opportunity to develop energy-efficient computa-
tion based on excitons. (ii) Excitons can directly transform to
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photons providing the possibility for efficient coupling of exci-
tonic signal processing to optical communication. (iii) The
sizes of excitonic devices scale by the exciton radius and
de Broglie wavelength, which are much smaller than the pho-
ton wavelength, so excitonic circuits may be created at sub-
photon-wavelength scales. Experimental proof-of-principle
demonstrations have been performed for excitonic ramps
(excitonic  diodes),'%*4*  excitonic conveyers [excitonic
charge coupled device (CCD)],%* and excitonic transistors.”>

The realization of the excitonic devices relies on meet-
ing the following requirements: (1) IX energy is controlled
by voltage, (2) IX recombination rate is controlled by volt-
age and long IX lifetimes are achieved, (3) long-range IX
transport over lengths exceeding the in-plane dimensions of
excitonic devices is achieved. All these requirements were
met with IXs in GaAs CQWs where electrons were confined
in one QW and holes in the other QW and the studies out-
lined above used the CQW platform.

The crucial issue both for studying basic properties of
IXs and for the development of excitonic devices is in-plane
disorder. Since the energy of a particle in a QW scales with
the QW width L roughly as 1/L* random QW width fluctua-
tions generally cause a smaller disorder in a wider QW.
Therefore, wide QWs may offer advantages for creating
low-disorder IX devices. Although GaAs wide single quan-
tum wells (WSQWSs) were probed since the pioneering stud-
ies of IXs,?”*® no long-range IX transport was demonstrated
in the WSQW devices. In this paper, we report on the studies
of WSQW heterostructures which meet all the above require-
ments and demonstrate high IX mobility, spectrally narrow
IX emission, voltage-controllable IX energy, and long and
voltage-controllable IX lifetime.

The studied WSQW heterostructures are grown by
molecular beam epitaxy [Fig. 1(a)]. An n"-GaAs layer with
ng; = 10" cm ™ serves as a bottom electrode. Single 35nm
GaAs QW is positioned 0.2 um above the nt-GaAs layer
within an undoped 1 um thick Aly3Gap;As layer. The
WSQW is positioned closer to the homogeneous bottom
electrode to suppress the fringing in-plane electric field F, in
excitonic devices.’! Otherwise, a high F, could lead to IX
dissociation.”® The top semitransparent electrode is fabri-
cated by applying 2nm Ti and 7 nm Pt.

Published by AIP Publishing.
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FIG. 1. (a) WSQW band diagram. An oval indicates an indirect exciton (IX)
composed of an electron (e) and a hole (). (b) Emission spectra vs voltage
V, for laser excitation power P., = 20 uW. (c) IX energy vs V, for P, = 0.1
and 20 uW. (d) IX spectrum vs P, for V, = —4 V. All spectra are spatially
integrated.

In cw experiments, excitons are generated by a 633 nm
HeNe laser focused to a spot with a half width at half maxi-
mum (HWHM) ~7 um. Photoluminescence (PL) is mea-
sured by a spectrometer and a liquid-nitrogen-cooled charge
coupled device camera (CCD).

Time-resolved optical imaging is performed using a
pulsed laser excitation. IXs are generated by a 640-nm laser
with a pulse duration of 74y, = 2000 ns and a pulse period of
Tpuise = 6000ns with an edge sharpness of ~1ns [Fig. 3(a)].
The rectangular-shaped pulses are realized by a pulse genera-
tor driving a semiconductor laser. The pulse duration and
period are optimized to allow the IX PL image to reach equi-
librium during the laser excitation and decay between laser
pulses. The laser is focused to a Ry = 5 um HWHM spot.
Emission images are integrated over 5-ns windows (6 = 5 ns)
and taken for delay times ¢ after the onset of the laser pulse,
defined such that a delay time ¢ corresponds to an image taken
during time ¢ — ¢ to ¢. The PL images are captured using a
PicoStar HR TauTec time-gated intensifier. The PL passes
through a spectrometer with a resolution of 0.18 meV before
entering the intensifier coupled to a liquid-nitrogen-cooled
CCD in order to obtain spectral resolution. The spectrally and
time-resolved imaging enables the direct measurement of the
evolution of the IX PL as a function of delay time 7. The mea-
surements are performed at Ty, = 1.7 K.

A narrow IX PL line is observed on a background of
spectrally wide emission of n"-GaAs layer [Fig. 1(b)]. The
IX energy is effectively controlled by applied voltage V,
[Figs. 1(b) and 1(c)]. The IX energy shift with voltage in
WSQW in this experiment ~70meV is comparable to the IX
energy shift in CQW heterostructures used in earlier
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excitonic devices,” indicating that tailored in-plane potential
landscapes and, in turn, excitonic devices can be created by
voltage for IXs in WSQW as efficiently as for IXs in CQW.
In a wide range of V,, the IX energy shift with voltage edF,
is close to linear and corresponds to the IX dipole with
d~19nm [Fig. 1(c)].

The IX energy increases with the density, which is con-
trolled by the excitation power [Fig. 1(d)]. This energy
enhancement AE corresponds to the repulsive interaction
between the dipolar IXs.?® AE can be used for estimating the
IX density n. For instance, for AE = 1meV and d =19nm, a
rough estimate for n using the plate capacitor formula AE
= upn = dne’dnle gives n ~ 4 x 10° cm ™% this estimate can
be improved taking into account IX correlations.”® The IX
linewidth increases with increasing density due to interaction-
induced broadening.*® For spatially integrated spectra, the IX
energy variation with the distance from the origin (discussed
below) also contributes to the linewidth.

We probed the IX transport both by cw (Fig. 2) and
time-resolved (Fig. 3) PL imaging. Figure 2(a) shows a cw
x-energy emission image. A spectrally wide emission at the
origin x=0 corresponds to the n"-GaAs layer; its spatial
profile is close to the profile of laser excitation spot with
HWHM ~7 um. IXs expand well beyond the laser excitation
spot indicating long-range IX transport [Fig. 2(a)].
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FIG. 2. (a) x-energy IX emission pattern at cw excitation. P, = 20 uW and
Vy = —4 V. Laser excitation spot with HWHM = 7 um is centered at x =0.
(b) The spatial dependence of IX emission spectrum at Pe, = 1 uW and V,
= —4 V. (c¢) IX emission spectrum at x =30 um from (b) with linewidth of
0.57meV. (d) Spectrally integrated IX emission intensity (laser excitation
profile is shown as dashed line), (e) IX emission energy, and (f) IX emission
linewidth.
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FIG. 3. (a) Schematic of the rectangular laser excitation pulse profile. Time =0 corresponds to the onset of the laser pulse. The pulse width Ty;qn = 2000 ns
and pulse period 7, = 6000 ns. (b) Normalized total IX PL intensity (integrated over x and energy) vs ¢ after laser pulse termination for V, = —4 V (squares)
and —3 V (points). The corresponding IX lifetimes are 1000 ns and 260 ns, respectively. (c) x-energy IX PL images taken during the laser excitation pulse for
several delay times 7 after the pulse onset. Each image is integrated over a time window of Jt = 5 ns. Laser excitation spot with HWHM R, = 5 um is centered
around x = 0. (d) The square of HWHM of IX cloud presenting the IX transport radius R? vs delay time  for Vy = —4 V (squares) and —3 V (points). Similar
data for IXs in CQW from Ref. 50 are shown by triangles for comparison. Average P., = 30 uW for WSQW data.

The spatial dependence of IX emission spectrum, spec-
trally integrated IX emission intensity, IX emission energy,
and linewidth is shown in Figs. 2(b), 2(d), 2(e), and 2(f),
respectively. The IX emission shows a ring around the excita-
tion spot [Figs. 2(a), 2(b), and 2(d)]. This ring is similar to the
inner ring in the emission pattern of IXs in CQW.>'>'*!? The
inner ring originates from IX transport and energy relaxation
as follows. Optically active states of free excitons have
momenta p < py = Eg\/¢/c (E, is the band gap and ¢ is the
dielectric constant), i.e., are within the light cone. " A
higher local exciton temperature in the laser excitation spot
leads to a higher population of dark exciton states outside the
light cone with p > p,. IXs cool toward the lattice temperature
when they travel away from the laser excitation spot, thus
forming a ring of cold IXs. The cooling increases the occupa-
tion of the low-energy optically active IX states, producing
the IX emission ring. The IX energy reduces with x [Fig. 2(e)]
indicating reducing IX density.

The IX linewidth nonmonotonically varies with x [Fig.
2(f)]. This dependence is in a qualitative agreement with a
model®* considering the effects of interaction and disorder
on the IX linewidth. Closer to the origin, the IX density is
higher and the IX linewidth is larger due to higher
interaction-induced broadening.> Higher IX temperatures at
the origin also contribute to the line broadening. Further
away from the origin, the IX density is lower and the IX line-
width is larger due to less efficient screening of in-plane QW
disorder by IXs and, in turn, higher disorder-induced broad-
ening.** The narrowest IX emission is observed at some dis-
tance away from the excitation spot [around x ~ 30 um for
the data in Fig. 2(f)]. In this area, the IX linewidth lowers to
0.57meV [Figs. 2(c) and 2(f)]. This IX linewidth in WSQW
is about 2 times narrower than the IX linewidth in similar
experiments in CQW.>° The narrow IX linewidth in
WSQW indicates a low in-plane disorder, showing the
advantages of WSQWs for creating low-disorder IX devices.

IX transport is also measured by time-resolved PL imag-
ing (Fig. 3). The x-energy images in Fig. 3(c) show the
expansion of the IX cloud with time due to IX transport. The
time-resolved imaging of the IX cloud expansion enables
estimating IX transport characteristics. For a comparison
between IX transport in WSQW and IX transport in CQW,

which was measured earlier in a similar experiment,5 O the IX
transport distance is characterized by the HWHM of the
spectrally integrated IX emission, R, as in Ref. 50. Figure
3(d) shows that at the initial delay times, R* grows nearly lin-
early with time ¢. Fitting to the slope by R> = R} + D*¢ [solid
lines in Fig. 3(d)] gives an estimate of the IX diffusion D"
~ 350 cm?/s for IXs in WSQW for V, = —4 V and ~300 cm?*/
s for IXs in WSQW for V, = -3 V. A similar estimate for IXs
in CQW is ~90 cm?/s (Ref. 50) [the similar data for IXs in
CQW from Ref. 50 are also presented in Fig. 3(d) for compar-
ison]. The IX diffusion coefficient in WSQW is roughly three
times higher than in CQW studied earlier.

As for other neutral particles, the exciton mobility u is
given by the ratio of the exciton drift velocity v to an applied
force given by the gradient of potential energy E:
w=v/|VE|. (In turn, for a particle with an electrical charge
e, its electrical mobility p, is related to its mobility u by .,
= pe and an electric force eF in electric field F results in a
drift velocity v = ueF = u.F). A high diffusion coefficient D
corresponds to a high IX mobility u, which can be estimated
using the Einstein relation y = D/(kgT), kg is the Boltzmann
constant. For T=1.7K, the exciton diffusion coefficient
D =300cm?/s corresponds to the exciton mobility u = D/
(kgT) ~ 2 x 10° cm?/(eV s).

The IX transport experiment is briefly discussed below.
Both IX drift and diffusion contribute to the experimentally
measured expansion of the IX PL cloud. With increasing dis-
tance from the origin, the IX density and, in turn, energy
decreases. This creates the IX energy gradient causing the IX
drift away from the origin. The IX energy reduction with x is
observed in the x-energy images [Fig. 3(c)]. Fitting the IX
cloud expansion by R* = R} + D*t probes an effective IX
diffusion coefficient D* ~ D + unug, which encapsulates
both drift and diffusion.>

The IX cloud expansion can be approximated by R>
~ R} + D*t at delay times 7 considerably smaller than the IX
lifetimes 7. At t ~ 1, the IX cloud expansion saturates at
R%, ~ R} +D*r1.

The repulsively interacting IXs screen the in-plane QW
disorder, which appears due to the heterostructure imper-
fections such as the QW width and composition fluctua-
tions. Since the IX density drops with increasing distance
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from the origin, the IX screening ability and, in turn, D
reduces with x.

R characterizes the width of the IX PL intensity profile.
However, the PL intensity profile differs from the IX density
profile, in particular, due to the IX temperature variation with
x leading to the inner ring in IX PL pattern noted above.™'>'¢

Taking these effects into account can improve an esti-
mate of IX diffusion. This is the subject of future work. The
similar analysis of IX transport in WSQW and IX transport
in CQW probed in the similar experiments (Fig. 3) shows
that the IX mobility in WSQW is significantly higher. A
high IX mobility in WSQW (Fig. 3) and a narrow IX PL line
[Fig. 2(c)] indicate a low in-plane disorder in WSQW.

The binding energy E., of IXs in the WSQW yet needs to
be calculated. For IXs in GaAs CQW with d ~ 12nm, the IX
binding energy Ee, ~ 4meV.*** This suggests that in the
WSQW with d ~ 19 nm, E., is lower than 4 meV yet consider-
ably higher than kgT ~ 0.15meV and, in turn, that the fraction
of dissociated excitons o< exp [—Eex/(ksT)]*** is small. The
majority of photoexcited carriers are excitons, consistent
with the spectrally narrow exciton emission (Fig. 2).

Figure 3(b) shows that the IXs in WSQW have long and
voltage-controllable lifetimes. The IX lifetime 1000 ns at V,
= —4V and 260ns at V, = —3V [Fig. 3(b)] is long enough
both for the IX cooling below the temperature of quantum
degeneracy” and for the achievement of long-range IX trans-
port (Figs. 2 and 3) over lengths exceeding the in-plane
dimensions of excitonic devices outlined in the Introduction.

In this work, GaAs heterostructures are considered. IXs
can be realized also in other materials including ZnO, GaN,
and van der Waals heterostructures.”' ™ In these materials,
IXs have high binding energies and can be observed up to
high temperatures. The possibility to extend a WSQW plat-
form to excitonic devices in different materials is the subject
of future work.

In summary, we presented WSQW heterostructures with
high IX mobility, spectrally narrow IX emission, voltage-
controllable IX energy, and long and voltage-controllable IX
lifetime. This set of properties shows that WSQW hetero-
structures provide an advanced platform both for studying
basic properties of IXs in low-disorder environments and for
the development of high-mobility excitonic devices.
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