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ABSTRACT

We introduce a design of electrically isolated “floating” bilayer GaAs quantum wells (QW), in which application of a large gating voltage
controllably and highly reproducibly induces charges that remain trapped in the bilayer after removal of the gating voltage. At smaller gate
voltages, the bilayer is fully electrically isolated from external electrodes by thick insulating barriers. This design permits full control of the total
and differential densities of two coupled 2D electron systems. The floating bilayer design provides a unique approach for studying systems
inaccessible by simple transport measurements. It also provides the ability to measure the charge transfer between the layers, even when the in-
plane resistivities of the 2D systems diverge. We measure the capacitance and inter-layer tunneling spectra of the QW bilayer with independent
control of the top and bottom layer electron densities. Our measurements display strongly enhanced inter-layer tunneling current at vy = 1, a
signature of exciton condensation of a strongly interlayer-correlated bilayer system. With fully tunable densities of individual layers, the floating
bilayer QW system provides a versatile platform to access previously unavailable information on the quantum phases in electron bilayer systems.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0049595

Weakly coupled quantum Hall (QH) bilayer systems display a = 1/4ned and competes with an intralayer Coulomb interaction of

variety of exotic phases as the filling factor of the two layers varies."
Under quantizing magnetic fields, decreasing the separation distance
of two layers to become comparable to the mean interparticle spacing
can drive the double layer system into phases not possible in single
layers." ° When the individual layers are in strongly intralayer corre-
lated states such as fractional quantum Hall phases, the additional
interlayer coupling can play a non-trivial role that modifies the proper-
ties of the phases or even results in totally new ground states of the
coupled 2D system. There are many theoretical proposals for non-
trivial QH phases in such vertically coupled systems, including
Pfaffian, Halperin, and exciton condensed phases.” '’

The exciton condensate is an interlayer-coherent phase that shows
dramatic macroscopic quantum phenomena, such as Josephson-like
interlayer tunneling, quasiparticle tunneling, and perfect Coulomb drag,
as observed in GaAs quantum wells (QW) bilayers and graphene
bilayers."'' "> The interlayer interaction has an energy scale of E,

energy E, = 1/4melg, where d is the interlayer distance between the
two layers and I5 is the magnetic length. As d/lp decreases, the inter-
layer interaction starts to dominate over the intralayer interaction,
favoring the formation of the interlayer correlated phases. The existence
of the condensate phase depends critically on the ratio d/Ip, and experi-
menters have reported condensate phases at total filling factor vy, = 1
(v =1/2 in each layer) in samples with d /Iy smaller than 1.8, in the
limit of weak interlayer tunnel coupling.”'®'” In this picture, an inter-
layer bias voltage plays a role of pseudospin Zeeman energy for bilayer
charge polarization.

In most previous experiments with bilayer QWs, charge carriers
were induced by doping from top and bottom of the layers and one
eventually needed to make Ohmic contacts for transport measure-
ments.”'” Specifically, the characteristic interlayer Josephson tunneling
effect has been observed only with separate Ohmic contacts to individ-
ual layers. With such a sample design, in-plane and contact resistances
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make high frequency measurements difficult, and it becomes impossi-
ble to make tunneling measurements when the longitudinal conduc-
tivity drops to zero. We instead use a contactless measurement scheme
that functions independently of the conductivity of the layers. We elec-
trically isolate the system of interest, a bilayer QW, in between top and
bottom insulating barriers and introduce charge carriers via a con-
trolled leakage over the barriers by applying large bias voltages, and we
find that the charge carriers persist in the double well system for long
periods of time (hours or days) after the removal of the large bias. In
this way, we are able to control the individual layer densities while
monitoring the interlayer charge transfer without electrical Ohmic
contacts by detecting the displacement fields generated by interlayer-
moving charges.

Aly 353Gag 677As

Al 323G 677AS
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In this article, we present our contactless and electrically isolated
design approach of a bilayer QW with fully tunable top and bottom
layer densities. Our results show that the exciton condensation occurs
in the isolated bilayer device. This design, along with capacitive pulsed
tunneling spectroscopy'’ permits contactless measurement of the
tunneling current along with direct wide-bandwidth probing of the
sample needed for study of quantum coherence.

In Figs. 1(a) and 1(b) the device schematic and the profile of the
wafer (wafer id# pf-3.21.16) used in the measurements are shown. The
bilayer is composed of two 18 nm GaAs QWs separated by a 6 nm
AlysGag,As Dbarrier. Thick barriers of Aly3,3Gage7As and
AlysGay, As isolate the QWs from the external top and bottom elec-
trodes (n-dope GaAs). The wafer is etched by photo-lithography to
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FIG. 1. Sample design and means for controlling total and differential density. (a) Schematic of a cylindrically etched device. (b) The wafer growth profile used in this work.
The GaAs QWs of 18 nm width are tunneling-coupled to each other and form a QW bilayer. (c) Sequence of charging the bilayer system. An initially empty bilayer is charged
by first inducing leakage current over the structure and capturing the charges in the bilayer. (d) Capacitance measured at 13 Hz as a function of V,, at various values of V;
used in the charging sequence of (c). Evidenced by the range of the high capacitance (red arrow), the amount of the total charge in the system grows with the increasing mag-
nitude of V. Curves are shifted for clarity. (e) A frequency dependent capacitance measurement shows a roll-off behavior with the frequency (f; = 1/27RCtay.r) proportional
to the strength of interlayer charge transfer conductance (Si; = 1/R). The red dotted line is a fit to the frequency response function of the effective circuit in the inset.
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define a cylindrical mesa of 150 um-diameter and 1.5 um-height verti-
cal device. The top and bottom electrodes are contacted to the external
measurement setups. A capacitance bridge and HEMT amplifiers are
used to enhance the sensitivity of the measurements in cryogenics
environment." "’

The conduction band edge of the barriers, which determines the
potential profile for induced electrons, is controlled by the Al content
of Al,Ga, (As. The barriers have an asymmetric profile in top and bot-
tom sides of the QWs by design so that electrons can accumulate in
the bilayer when a large voltage bias V. is applied. In Fig. 1(c), a
sequence of charging the bilayer system is shown. The sample develops
a DC leak current at V. lower than —0.85V and larger than 1.25V.
However, for V, between —0.6 V and —0.85V, although there is no
DC leak current measured within our measurement resolution of
~10pA, the measurements in Fig. 1(d) imply that the charges are
trapped in the bilayer system, probably via a leak over one of the bar-
riers. After waiting for 30 s with the voltage applied, the amount of
trapped charges seems to saturate. We find that we can consistently
and precisely set the amount of this remnant charge by controlling the
value of V, that we apply. The barriers are sufficiently thick to hold the
induced charges in the bilayer system once V. is removed: total density
of the trapped charges changes less than 1% after 10h at 4K, whereas
the measurement time for a fixed total density is typically within
10 min. Then, a smaller bias voltage V}, is used to control the density
imbalance between the top and bottom QWs. Thus, with combina-
tions of V. and V}, the individual densities of the two QWS are inde-
pendently tunable. Note that the range of bias voltage (V}) is
maintained much smaller than that of V, to prevent charges in the
electrode or in the DQW from undergoing Fowler-Nordheim tunnel-
ing through one of the thick barriers, in which case the total charges in
the bilayer can inadvertently change.

We designed our device structure to produce high mobility 2D
electron systems; there is no doping present near the QWs and after
charging the double-well system with electrons. Upon removing V.,
the bilayer system remains electrically well isolated without any
Ohmic contacts from the external electrodes. To study charge transfer
between the two layers embedded in the sample without contacts, we
employ capacitance measurements and pulsed tunneling spectroscopy.
For capacitance measurements, in addition to the DC bias voltages, we
apply sinusoidal voltages with a fixed frequency and measure capaci-
tive response between the electrodes using a home-made cryogenic
capacitance bridge and HEMT amplifiers to study interlayer charge
transfer. For tunneling spectroscopy, we use a contactless pulsed
tunneling method, applying a sudden voltage step from external elec-
trodes and remotely sense the electric field emanating from charges
moving in-between layers via the HEMT amplifiers to measure inter-
layer tunneling spectra,'””’

Precise determination of the total and differential density requires
accurate measurements of capacitance of the device. We define total
density n¢ = 1y + n, and differential density ny = n; — n,, where
ny and n, are the densities of top QW and bottom QWs, respectively.
Once the total density of electrons in the bilayer system is fixed by the
charging method described in Fig. 1(c), we can vary V}, to partition the
remnant electron density between the wells, up to full depletion of
either one of the QW layers. In Fig. 1(d), we plot capacitance data
measured at quasi-DC limit of f = 13 Hz at various charging voltages
V.. To understand the data in Fig. 1(d), the sample is modeled as the

scitation.org/journal/apl

schematic circuit in the inset of Fig. 1(e). Here, considering only geo-
metrical factors, Ciop, Chilayer> and Cp; are capacitances given by the
vertical distances dop, d, and dpe as indicated in Fig. 1(b). When
charges cannot move between QWs, i.e., in the limit of very large R,
the measured capacitance would be the total capacitance of the three
capacitances in series, resulting in the low capacitance values. This cor-
responds to the case that either one of the QWs is depleted or incom-
pressible by applying V,. On the other hand, when charges are
allowed to move between the QWs, i.e, in the limit of small R, the
capacitance is only given by C,, and Cp, in series, which accounts for
the high capacitance values. This analysis quantitatively explains the
data and identifies the central region of higher capacitance (AV}) as
the case that both QWs are charged and compressible, where the inter-
layer charge transfer is mainly responsible for the increase in the
capacitance. As the total density increases with a larger magnitude of
V., the central region (AV},) becomes wider because more total
charges in the system require larger positive or negative V}, to deplete
either top or bottom QW. The data are consistent with independent
control of the densities of two layers through changing V;, and V..

In the region of high capacitance, if we increase the measurement
frequency, the measured value for capacitance shows a roll-off behav-
ior with the characteristic frequency, f., as in Fig. 1(e). These frequency
dependent capacitance (or AC capacitance) data yield information
about the rate of charge movement between QW layers. In the
zero-frequency limit, the capacitance measures thermodynamic
charge-polarizability of the bilayer but, as the frequency increases, the
measured capacitance falls because the interlayer charge transfer can-
not keep up with the AC excitation due to finite interlayer tunneling
conductivity. If we parameterize the interlayer charge transfer rate
using a resistance R of an effective circuit diagram representing the
device in the inset, f; is given by 1/27RCpilayer> Where Cpijayer is the geo-
metric capacitance of the bilayer.

In Fig. 2(a), the capacitance measured at 13 Hz as a function of
V}, and V. displays a clear signature of density control in an applied
magnetic field. With increasing perpendicular magnetic fields, Landau
levels form. Because filled Landau levels cannot charge due to energy
gaps, we observe stripes of a suppressed capacitance when the Landau
levels are full. The data visualize the densities of individual QW' being
independently tunable by our method and provide straight-forward
assignment of filling factors (v = n h/eB) to top and bottom QWs for
the incompressible stripes, and they are denoted in the figure. At mag-
netic fields at and above 6T, we observe that visible incompressible
stripes and areas appear at fractional filling factors such as 1/3, demon-
strating that the electrically floating contactless design offers a versatile
platform for studying the coupled systems of two single-layer QH
phases.

We focus in the rest of this paper on the exciton condensed
phase.”'"""* When we increase the frequency of the capacitance mea-
surement to 100kHz, charge transfer is suppressed except for the
regions where the interlayer charge transfer is comparably faster. As
discussed above, if the characteristic frequency f; is much smaller than
the measurement frequency f, the AC capacitance signal would
become strongly suppressed. First of all, for B = 0 T, the thin line of
high interlayer charge transfer stands out [Fig. 2(a)], and this line cor-
responds to the equal densities of the two QWs; here, the conduction
band edge and the energy dispersion of the two layers match, so that
momentum conservation for interlayer tunneling is well satisfied,
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FIG. 2. Magnetic field and frequency dependence of AC capacitance measurements. (a) At base temperature of 20 mK, AC capacitances are plotted as a function of charging
voltage (V;) and bias voltage (V}), at various magnetic fields and two different frequencies. The data measured at 13 Hz, which represent the quasi-DC limit of the capacitance
of the sample, well visualize the densities of individual QWs being independently tunable by our method. The interlayer charge transfer rate is fast at certain filling factors due
to the increased correlation of the top and bottom layers. (b) AC capacitance measured at f =1 MHz and B =2.5 T. Total and individual filling factors (v, vt, 1) are denoted.
At the total filling factor of 1 (dotted horizontal line), the very high interlayer conductivity signals the formation of the exciton condensation. (c) AC capacitance measured at
=112, vp = 1/2 with f= 100 kHz strongly increases at low temperature when d/ls < 1.8. This temperature dependence suggests enhanced interlayer charge transfer as a

result of the exciton condensation.

leading to fast interlayer tunneling,'”*’ However, upon application of

magnetic fields, Landau quantization modifies the condition for the
momentum conservation and leads to the appearance of multiple
patches of high capacitance. It is well known that Coulomb interaction
between electrons creates a Coulomb gap at the Fermi level”' >’ near
non-integer filling factors and leads to an exchange gap around odd
integer filling factors, suppressing tunneling near zero bias (i.e., Fermi
level)."® Consequently, we attribute the small patches of fast charge
transfer in 100 kHz data as a consequence of the Coulomb gap and the
exchange gap disappearing near even integer filling factors.

However, noticeably at B=2.5T and 3T, the signal becomes
very strong along the line that corresponds to v = 1, suggestive of a
strongly correlated top and bottom QH phase. The signal disappears
for higher magnetic fields at 4 and 6 T. In Fig. 2(b), we observe that,
for B=2.5T, the AC capacitance (a measure of interlayer charge
transfer rate) at vy = 1 remains high even at f = 1 MHz, the highest
frequency in our capacitance measurements. We attribute this ultra-
fast interlayer charge transfer to very high zero-bias tunneling conduc-
tivity as a consequence of the formation of an exciton condensed phase

in the bilayer QW system. This fast interlayer charge transfer suggests
the presence of Josephson tunneling of the emergent interlayer coher-
ent phase.” Because the AC voltage amplitude applied between the
QWs for the capacitance measurements is only 100 1V, the signals at
a very high frequency likely arise from the interlayer zero-bias conduc-
tivity peak, such as the nearly dissipationless Josephson current of a
bilayer exciton condensate.' Furthermore, as shown in Fig. 2(c), sig-
nals have a strong temperature dependence, and the feature only
appears below 300 mK with d/Ig < 1.8, consistent with previous
reports.' >’

To confirm the picture, we performed the time-resolved tunnel-
ing measurements of the interlayer charge transfer in Fig. 3. We used
square-shaped excitations on the external electrodes and measured
interlayer charge transfer over a tunneling barrier in a time domain,
following the techniques described in previous studies.'””’ When the
spectrum is measured at B=2.5T and T = 20 mK, the tunneling
conductivity is observed to be strongly peaked near zero tunneling
voltage. However, when temperature is increased to 700 mK, the peak
becomes significantly suppressed. Increasing the magnetic field rather

Appl. Phys. Lett. 118, 202110 (2021); doi: 10.1063/5.0049595
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FIG. 3. Tunneling spectra of an exciton condensed phase. (a) Time-resolved tunneling spectra measured at B = 2T with T =20 mK (red) and 700 mK (blue). (b) Spectra mea-
sured at T =20 mK with B=2T (red) and 4 T (green). Note that the red curve is the same in (a) and (b) for better comparison. The strong peak near zero tunneling bias sug-

gests Josephson effect of an interlayer coherent exciton phase.

than the temperature also affects the signal. The data at 4 T and 20 mK
show that the strong peak disappears, while the typical spectral fea-
tures of the aforementioned Coulomb gap near zero tunneling bias
remain visible [Fig. 3(b)]. Thus, the tunneling spectra give fully consis-
tent pictures with the AC capacitance data of the Josephson tunneling
peak. We note that the width of the tunneling peak (~100 ueV) is
wider than the one reported in Ref. 16. Possible reasons could be more
disorders in the current sample or a thin tunneling barrier making
Asas two orders of magnitude larger.

One of the main advantages of this electrically isolated “floating”
bilayer design becomes more apparent when considering the range of
differential densities over which we can observe the enhanced inter-
layer charge transfer of an exciton phase. Unlike previous transport
measurements that showed evidence of this exciton condensation and
its Josephson-like tunneling effects,"™'” our samples are designed to
induce and measure vertical charge transfer independent of the lateral
conductivities of individual 2D systems. This capability can be quite
crucial when tuning densities of 2D systems in regimes of highly
incompressible QH phases.”* We can perform experiments with large
differential density of the QW bilayer; i.e., the densities (and thus fill-
ing factors) of two QWs can be tuned in a wide range independently,
even to incompressible low conductive regions, while maintaining the
accuracy of the measurements. Perhaps more importantly, these mea-
surements can be done without direct external contacts to any of these
layers, eliminating any chance that the measurements are affected by
extrinsic effects, so that a delicate quantum phase, such as the exciton
condensation phase, is best preserved to provide evidence as a bulk
phenomenon and a thermodynamic ground state. The strong signal at
high frequency, such as shown in Fig. 2(b), in a wide range of differen-
tial density along the dotted line of v+ = 1 indicates the robust forma-
tion of the condensate in our sample. More detailed study of the
exciton condensates in large density imbalance, and their tunneling
spectra will be presented elsewhere.”

Strongly interacting 2D bilayers provide a versatile platform to
engineer rich physics as parameters for interlayer and intralayer inter-
actions are tuned. The sample design and technique presented in this
paper allow control of the parameters in a wide range and lead to the
realization of the exciton condensation, demonstrating as a promising
direction to control and detect the quantum phases of bilayer in

electrically isolated devices. Considering recent progress in 2D mate-
rial systems such as graphene and transition metal dichalcogenides
toward fabricating high quality bilayers, our unique approach pre-
sented here will be found to be useful.”””
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