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A complete laboratory for transport studies of electron-hole interactions

in GaAs/AlGaAs ambipolar bilayers

Ugo Siciliani de Cumis, Joanna Waldie, Andrew F. Croxall, Deepyanti Taneja,
Justin Llandro,? lan Farrer,” Harvey E. Beere, and David A. Ritchie
Cavendish Laboratory, University of Cambridge, J.J. Thomson Avenue, Cambridge CB3 OHE,

United Kingdom

(Received 23 November 2016; accepted 26 January 2017; published online 14 February 2017)

We present GaAs/AlGaAs double quantum well devices that can operate as both electron-hole (e-h)
and hole-hole (h-h) bilayers, with separating barriers as narrow as 5 nm or 7.5 nm. With such narrow
barriers, in the h-h configuration, we observe signs of magnetic-field-induced exciton condensation
in the quantum Hall bilayer regime. In the same devices, we can study the zero-magnetic-field e-h
and h-h bilayer states using Coulomb drag. Very strong e-h Coulomb drag resistivity (up to 10% of
the single layer resistivity) is observed at liquid helium temperatures, but no definite signs of exciton
condensation are seen in this case. Self-consistent calculations of the electron and hole wavefunc-
tions show this might be because the average interlayer separation is larger in the e-h case than the
h-h case. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4976505]

Systems of electrons and holes that are confined in two
different 2D layers (bilayers), are predicted to support the
formation of coherent phases of indirect excitons (whose fer-
mionic components are spatially separated),’? and so have
been the subject of intense research in recent decades. The
attractive interaction between particles in different layers
might lead to non-Fermi-liquid phases when the interlayer
separation (d) becomes comparable with the mean intra-
layer particle separation (/). Many different phases have
been anticipated for such bilayer systems, from a condensate
of indirect excitons with superfluid properties,”> to other
possibilities induced by localisation effects like charge den-
sity waves (CDW)® or Wigner crystal-like solid states in
one’"® or both layers.®’

Most experimental attempts to test the theoretical
expectations have exploited GaAs/AlGaAs double quantum
well (DQW) structures, following three different approaches.
First, optically generated indirect excitons in GaAs/AlGaAs
systems have been studied, with a particular focus on macro-
scopic coherent ring-shaped patterns which suggest the pres-
ence of an excitonic condensate.'®™!

The second method is to induce an electron-hole (e-h)
bilayer by doping and/or electrostatic gating.'® This class of
devices benefits from having independent ohmic contacts to
the two layers, making it possible to use transport experiments
to probe the state of the system. In Coulomb drag measure-
ments,'*'> an electrical current is passed through one layer
(the drive current) and an open-loop drag voltage forms across
the second layer, as a result of interlayer momentum-energy
exchange: the ratio between the drag electric field and the
drive current density is known as drag resistivity and repre-
sents a direct measurement of the interlayer scattering. Such
experiments have been performed on devices based on
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GaAs'*'!'® and graphene structures.'® > An anomalous
increase of the drag at low temperature was reported in sev-
eral cases, suggesting the approach of a non-Fermi liquid
phase; however, some unanswered questions still exist about
the nature of this effect.

A third method uses hole-hole (h-h) and electron-
electron (e-e) bilayers in double quantum well systems in a
strong perpendicular magnetic field B. In this case, a phase
transition is induced in the system when v, and v,, respec-
tively, are the Landau level filling factors in the two layers
of the bilayer, sum up to give a total Landau level filling
factor v7=v; + v, =1; in addition, the layers must be suffi-
ciently dilute (d/lp=<1.8, where Iz = (ii/eB)l/2 is the mag-
netic length?*). The two layers become highly correlated
because the Fermi level lies in the middle of the lowest
Landau level in each layer, making it possible to consider
the layers as both made of electrons or of holes (quantum
Hall bilayers, QHB). Hence, the correlated state is analogous
to an exciton condensate.”> "

Here, we present the Coulomb drag measurements of
electrically generated bilayer devices in a GaAs/AlGaAs
DQW system. The separating barrier between the layers
(7.5nm or 5nm) should give stronger e-h interactions than
in previous GaAs/AlGaAs e-h bilayers, where the barrier
thickness was >10nm.'®'® These devices can operate as
either e-h or h-h bilayers, allowing us to look for exciton
condensation using both the second and third approaches
above in the same device. While the e-h bilayers show a
very strong Coulomb drag (up to 10% of the single layer
resistivity at temperature 3 K), there is no clear sign of exci-
ton formation. In the QHB regime, the device with the
7.5nm barrier in the h-h configuration shows a clear evi-
dence of exciton pairing with the expected signs of a con-
densate phase.”>*® Having demonstrated the exciton
condensation in the h-h quantum Hall bilayer regime, we
offer some remarks about how the exciton regime might be
reached in this type of device operated as an e-h bilayer at
zero magnetic field.

Published by AIP Publishing.
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Our device, similar to those in Refs. 31 and 18, is based
on a completely undoped GaAs/AlGaAs DQW structure
grown by Molecular Beam Epitaxy (MBE) on a semi-
insulating (100)-oriented GaAs substrate. The GaAs quantum
wells have a width of 15nm. The mole fraction of AlAs in
AlGaAs is 33% with the exception of the barrier (thickness
Snm or 7.5nm) between the two quantum wells, where the
concentration is increased to 90% minimised interlayer leak-
age currents (normally less than 5% of the probing current).

A schematic of a typical device is shown in Fig. 1(a).
Metal gates are required on both sides of the structure, to
induce carriers in each quantum well, with independent
control of the carrier density in each well. For an e-h bilayer,
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FIG. 1. (a) Schematic of the device layers; the numbers in the circles refer
to the order in which the layers are processed. (b) Energy band profile along
the growth axis in the e-h and in the (c) h-h configuration. Diagrams in (b)
and (c) were obtained by self-consistent calculations™ for a bilayer system
with matched densities of 4 x 10'%cm 2.
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the two layers are kept at different chemical potentials, by
applying a bias V,, between the two quantum wells. This
moves the Fermi level from the valence band in one quantum
well to the conduction band in the second quantum well
(Fig. 1(b))."*'%3! This bias is applied via annealed ohmic
contacts (p-type AuBe and n-type AuGeNi). In this ambipo-
lar design, one of the layers can host either electrons or holes
(both p-type and n-type contacts are connected to this layer),
making it possible to operate the device as either an e-h or
a h-h bilayer (Fig. 1(c))."® A 60-nm-thick Al,O; dielectric
layer, deposited by atomic layer deposition, is used to insu-
late the gates from the ohmic contacts. In order to implement
a double-side gated device, the GaAs substrate is completely
removed,** reducing the overall device thickness to less than
2 um. The device is shaped in a double “six-contacts” Hall
bar (one for each layer). Typical mobilities in the reported
devices are in the range 10°-10° cm® V™' s™': the tempera-
ture dependence of the single layer resistivities was always
metallic in the temperature range studied here.

Transport experiments have been performed in a
sorption-pumped *He cryostat (minimum temperature 300
mK) and a *He/*He dilution refrigerator (down to 80 mK).
Low-frequency ac (12 Hz) four-terminal Coulomb drag and
magnetotransport measurements in a constant-current (5 or
10nA) set-up were used to investigate the state of the system
as a function of the temperature and density of the layers.
The wusual consistency checks for a linear relationship
between drag voltage and drive current, scaling of the drag
voltage with the Hall bar length-to-width ratio, and the
effects of interlayer leakage'®** have been performed to
exclude the contribution of spurious signals to the measured
drag voltage (normally in the range of ~nV). Onsager’s reci-
procity theorem, applied to bilayer systems in the linear
response regime, predicts that the interchanging voltage and
current probes in a Coulomb drag set-up at zero magnetic
field should not affect the value of the drag resistivity.*> In
this text, the expressions electron drag and hole drag corre-
spond respectively to a current passing in the hole or in the
electron layer. The reciprocity relation must be verified in an
h-h bilayer as well: in this case, those terms are replaced by
back drag and top drag.

Figures 2(a) and 2(b) show drag resistivity (pp) as a
function of temperature (7) for respectively a h-h bilayer
and an e-h bilayer activated in the same device during the
same cool-down. The AlyGag As barrier width is 7.5 nm.
Consistently with what was reported by Zheng ez al.,'® the
h-h drag is bigger than the e-h drag at the same density (by
approximately five times). This is partially due to the differ-
ence between the effective masses for electrons and holes,
which causes the effective hole Bohr radius aj; to be smaller
than the electron one. Hence, the interaction parameter 7 is
higher for holes than for electrons (for a layer density of
n=4x10"em™2, r,=14 for holes and r,=2.8 for elec-
trons). Here ry is the ratio between the intralayer Coulomb
energy and the Fermi energy, r; = (aj, - /nn )71. As a conse-
quence, the screening of the hole layer is less effective than
the electron one, causing the interlayer interaction to be
stronger in the h-h case at equal temperature and densities.
Moreover, the band-bending in the e-h bilayer tends to
move the electron and the hole wavefunctions farther apart,
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whereas in the h-h bilayer, this effect is less significant (see
Figs. 1(b) and 1(c)). Self-consistent calculations for these
devices with matched densities of 4 x 10'%cm 2 predict that
the peak-to-peak distance between the two wavefunctions is
~22 nm for the h-h bilayer and ~27 nm for the e-h case.
Figures 2(c) and 2(d) show the same data as Figs. 2(a)
and 2(b) on a log-log scale, in order to present more clearly
the highest density and lowest temperature data. In the h-h
bilayer, the drag reciprocity is always verified. In the e-h
case, the reciprocity is verified only for 7 = 700 mK. Below
this temperature, an upturn in the hole drag signal starts to
develop, whereas the electron drag decreases regularly
to zero. Such a violation of Onsager’s reciprocity theorem
has been already observed in several other works'®'” and
remains unexplained. In this non-reciprocal regime, although
the drag voltage is still proportional to the drive current,
some of the consistency tests fail (for instance, the drag
resistance does not scale with the length-to-width ratio of
the Hall bar). This suggests that the system is driven out of
equilibrium, perhaps by electrical noise in the environment.

A full comprehension of these effects has not been reached
yet and further investigations are in progress.

A similar behaviour has been observed in devices with a
5-nm barrier (Fig. 3(a)). In this sample, we have observed the
largest reported drag resistivity in GaAs/AlGaAs e-h bilayers
because of the extreme narrowness of the barrier. The drag
resistivity at 3 K for layer densities of 4 x 10'°cm™2 is ~100
Q/], approximately 10% of the single-layer resistivity, mak-
ing the drag mechanism significantly strong in these systems.

It was not possible to achieve a stable h-h bilayer in any
of the 5-nm-barrier samples tested, because of interlayer
leakage currents. This could be because the absence of inter-
layer bias in the h-h configuration makes it possible for the
hole wavefunctions to spread more uniformly in the quantum
wells (see Figs. 1(b) and 1(c)), increasing the wavefunction
overlap across the barrier compared to the e-h case and,
hence, the probability of interlayer tunnelling (in this device,
the simulated peak-to-peak distance between the two wave-
functions is ~19.5nm for the h-h bilayer and ~24.5 nm for
the e-h case).
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A non-linear fit of the relationship ppocT’ has been
used to quantify the temperature dependence of the drag in
the regime of reciprocity (1.2—4K). For layer densities
higher than 6 x 10'°cm™2, the h-h drag approaches a
ppx T? regime, as expected for bilayers with sufficiently
high density and large interlayer separation.’*® However, at
the lowest density, the temperature dependence becomes
slightly weaker, with y in the range 1.5-1.8. This is similar
to previous results for low-density h-h bilayers, where a
stronger than T*-dependence was observed at low tempera-
ture, crossing over to a weaker than T*-dependence at higher
temperature.”’ This behaviour can be explained within a
Fermi liquid theory.?® In the e-h case, the parabolic regime is
not even approached, and y is always in the range 1.5-1.8 for
both barrier widths. A more complete discussion about the
temperature dependence of the drag resistivity will follow in
a separate paper.

The h-h bilayer, in the sample with a 7.5-nm barrier,
was explored in a strong perpendicular magnetic field. The
quantum Hall bilayer regime is particularly sensitive to
the interlayer separation and the densities: in previous
attempts with a similar device, but with a 10-nm-barrier, the
completely correlated state was not observed. On the other
hand, this device with a narrower barrier shows signs of exci-
ton condensation, as in previous experimental works on uni-
polar bilayers. >3

Fig. 4 reports the longitudinal resistivity and the Hall
resistance in both the drive and drag layers as a function
of B, with matched hole densities in the two layers py=pg
=35%10"cm™? (d/lz=1.36) and T~90 mK. The drive
current is 5nA. For B<145T (vy>?2), the traces corre-
sponding to the drive layer follow the standard behaviour of a
two-dimensional gas, exhibiting well defined quantum Hall
plateaux and Shubnikov-de-Haas oscillations*” and the drag
signals are small. However, when the system approaches
vr=1 (B ~ 2.9T), the Hall resistances in both the drive and
drag layers approach the same value on a plateau at /1/e”, the
same level as at vy=2 (which corresponds to ¥=1 in the

single layers). In the same range, the longitudinal and the
drag resistance begin to increase, before dropping to a mini-
mum value at vr= 1. In the electron-hole picture, at v7=1,
each hole in one layer is bound to an electron-like state in
the other layer. The overlapping of the two Hall traces at
B~29T is an evidence of this effect. However, the longitu-
dinal and the drag resistivity are expected to drop to zero in
the quantum Hall bilayer state, corresponding to a dissipation-
less motion of charge-neutral excitons. A dip in both signals
is observable in Fig. 4, although the effect is not as pro-
nounced as in the Hall resistance. This is probably due to the
temperature in our experiments being higher than in previous
studies.*!

These results demonstrate that excitonic correlations are
visible in these devices in the h-h quantum Hall bilayer regime.
However, no evidence of excitonic effects was observed in the
e-h configuration at zero magnetic field. This may be because
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FIG. 4. Hole-hole bilayer (d/lz~ 1.36) in a perpendicular magnetic field.
The current is passed in the top layer and Hall resistance and longitudinal
resistivity are measured in both the drive and the drag layers. The vy =1
state corresponds to B ~2.9T.
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the mean interlayer separation is actually about 5nm greater
for an e-h bilayer than for an h-h bilayer generated in the same
device at equal densities (see Figs. 1(b) and 1(c)). Reducing
the barrier thickness even further, or making the quantum wells
narrower, might give a chance of seeing excitons in the e-h
configuration at zero field.

When the e-h bilayer was tested at a high magnetic field,
it was not possible to make reliable observations at vr=1,
due to disruptions in the normal functioning of the device.
The bilayer is strongly affected by the capacitance between
the layers and the interlayer bias. At a high magnetic field,
the layer compressibilities and hence the interlayer capaci-
tance is significantly modified, destabilising the e-h bilayer.
Measurements of the compressibility of the layers will help
to better understand the effects of the quantum capacitance
in this regime.

In conclusion, a set of ambipolar bilayer devices has
been reported that can be operated as both an e-h and a h-h
bilayer, with Aly¢Gag;As interlayer barriers of thickness
5nm and 7.5 nm. The e-h drag resistivity at the lowest densi-
ties is approximately 10% of the single layer resistivity, con-
firming that the system is approaching a regime of high e-h
correlations. The devices with a barrier of 7.5nm in the h-h
configuration exhibited evidence of exciton condensation in
the QHB regime at vy=1. Achieving lower densities than
4 % 10'°cm ™2 would probably increase the chance of observ-
ing excitonic effects in the e-h configuration even at zero
perpendicular magnetic field.
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J003417/1 and European Union Grant INDEX 289968. A.F.C.
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