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Gate tuning of fractional quantum Hall states in an InAs two-dimensional electron gas
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We report the observation of fractional quantum Hall (FQH) effects in a two-dimensional electron gas (2DEG)
confined to an InAs/AlGaSb quantum well, using a dual-gated Hall-bar device allowing for the independent
control of the vertical electric field and electron density. At a magnetic field of 24 T, we observe FQH states at
several filling factors, namely v = 5/3,2/3, and 1/3, in addition to the v = 4/3 previously reported for an InAs
2DEG. The v = 4/3 and 5/3 states, which are absent at zero back-gate voltage, emerge as the quantum well is
made more symmetric by applying a positive back-gate voltage. The dependence of zero-field electron mobility
on the quantum-well asymmetry reveals a significant contribution of interface-roughness scattering, with much
stronger scattering at the lower InAs/AlGaSb interface. However, the dependence of the visibility of the FQH
effects on the quantum-well asymmetry is not entirely consistent with that of mobility, suggesting that a different

source of disorder is also at work.
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I. INTRODUCTION

The interface between the fractional quantum Hall (FQH)
insulator and an s-wave superconductor has drawn significant
interest as a playground for realizing topological states of
matter with non-Abelian quasiparticles [1-3]. While many
theoretical proposals have been made on how to realize
such systems, experimental research lags far behind due to
the lack of physical systems that fulfill the requirements,
namely a clean two-dimensional electron gas (2DEG) hosting
FQH states and a transparent 2DEG/superconductor inter-
face allowing for a proximity-induced superconductivity in
the 2DEG. One promising candidate that may fulfill these
requirements is graphene; recently, a superconducting prox-
imity effect in FQH edge channels has been demonstrated in
graphene edge contacted with a narrow NbTiN electrode [4].
Another possible candidate is InAs, which is known to form
a transparent contact with superconductors, as demonstrated
by the hard superconducting gap in a near-surface InAs layer
with an epitaxially grown aluminum film on top [5]. Recent
improvements in the quality of InAs/AlGaSb quantum well
(QW) structures [6-9] have led to the observation of the
FQH effect in an InAs 2DEG [10]. However, despite the
significantly high electron mobility of 1.8 x 10° cm?/Vs, the
only observed FQH state was the one at the Landau-level
filling factor v = 4/3, with no FQH features at other fillings,
such as 5/3, within the same lowest Landau level, where
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v = nh/eB with n the electron density, 4 Planck’s constant,
e the elementary charge, and B the magnetic field. It should
also be noted that the observation required a high electron
density of 7.8 x 10" cm™2 and thus a high magnetic field of
24 T [10].

In this paper, we report the observation of FQH effects
at several filling factors—v = 5/3, 2/3, and 1/3 in addition
to 4/3—in an InAs/AlGaSb QW. In particular, we use a
dual-gate configuration to tailor the distribution of the electron
wave function within the QW and demonstrate that it has a
significant impact on the visibility of the FQH effects. The
v = 5/3,4/3 FQH effects, which are absent at zero back-gate
voltage (Vg), emerge as the QW is made more symmetric
by applying a positive Vgg while keeping the electron den-
sity the same. We study the correlation between the FQH
features and electron mobility as a function of the poten-
tial asymmetry. While the results suggest a dominant role
of interface-roughness scattering in the mobility variation, it
alone cannot account for the behavior of the visibility of the
FQH effects, which suggests another source of disorder that
affects FQH effects.

II. EXPERIMENTAL

We used a 2DEG formed in an InAs/AlGaSb heterostruc-
ture grown by molecular beam epitaxy on an n-type GaSb
(001) substrate. Figure 1(a) depicts the layer structure of
the wafer. The 2DEG is located in a 25-nm-wide InAs QW
sandwiched by 10-nm-thick Aly7Gag3Sb barriers. The QW
structure is flanked on both sides by outer AlAsgosSbgg
barrier layers and capped with a 5-nm-thick GaSb. The
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FIG. 1. (a) Layer structure of the heterostructure. (b) Optical
microscope image of the Hall bar. (¢) Schematic cross section of the
Hall bar along the broken line in (b).

AlAs)08Sbg.o2 layers were designed to lattice match the GaSb
substrate and thereby suppress dislocation formation. Despite
the absence of intentional doping in the structure, electrons
are induced in the QW without gate voltages, mainly due to
the Fermi level pinning at the GaSb surface [11]. The electron
density and mobility measured in an ungated sample are 4.3 x
10" cm~2 and 1.18 x 10° cm?/Vs, respectively. This mobil-
ity is comparable to those of recently reported state-of-the-art
InAs 2DEGs [6-9], attesting to the high quality of our sample.

The heterostructure was processed into a Hall bar with a
gate structure designed specifically for this study as shown
in Figs. 1(b) and 1(c). In addition to the global top gate and
the back gate (n-GaSb substrate), which allow us to inde-
pendently control the electron density and the electric field
across the QW (displacement field), the structure incorporates
a third gate (mesa gate), which overlaps only the edge of
the mesa and is isolated by atomic-layer-deposited 40-nm-
thick Al,O3 layers [Fig. 1(c)]. We electrostatically define
the edge of the 2DEG by negatively biasing the mesa gate
and depleting the 2DEG underneath [12,13]. This is because
in InAs 2DEGs the Fermi level pinning [14] and resultant
charge accumulation at sample edges can lead to the for-
mation of counterflowing edge channels and destruction of
integer quantum Hall effects [15,16]. We note that similar
issues are relevant also in graphene [17,18], where the use
of an edge-free Corbino structure [19,20] or an electrostat-
ically defined Hall bar [21] has been shown to be effective
for the observation of fragile FQH states. To ensure the de-
pletion at the mesa edges, we adjusted the voltage applied
to the mesa gate for each Vpg. The distance between adja-
cent voltage probes and the width of the Hall bar were 400
and 250 pm, respectively. Magnetotransport measurements
were carried out at magnetic fields of up to 24 T using a
cryogen-free superconducting magnet [22] in combination
with a *He refrigerator. The sample was immersed in liquid
*He with the temperature controlled between 0.48-1.52 K.
Some additional diagnostic measurements were performed in
a dilution refrigerator (base temperature of 13 mK) equipped
with a 12 T superconducting magnet. Longitudinal (R,,)
and transverse (R,,) resistances were measured by standard
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FIG. 2. Vyg dependence of Ry, (a) and Ry, (b) taken at 0.48 K
and 24 T with Vgg = 0 V. The broken line in (a) is the tenfold
magnification of the data at v > 1. The inset in (a) shows temperature
evolution of Ry, traces in the filling factor range including v = 1/3
and 2/3.

lock-in techniques with ac excitation current of 100 nA
at 23 Hz.

III. RESULTS AND DISCUSSIONS

We first show the high-field transport data obtained at
Vsg = 0 V. Figures 2(a) and 2(b) depict R,, and R,,, respec-
tively, measured at 0.48 K by sweeping the top-gate voltage
(Vrg) at B = 24 T. We observe deep minima in R,, manifest-
ing the FQH effects, at Vyg’s corresponding to v = 2/3 and
1/3 as shown on the top axis. We also observe a plateau in R,y
atv = 2/3,butnotat v = 1/3, presumably because the 2DEG
becomes highly resistive and the Ohmic contacts become poor
at low electron density. Interestingly, we see no signatures of
FQH states in the region of higher fillings (1 < v < 2) where
the v = 5/3 and 4/3 states are expected. This is not trivial, as
mobility generally increases with density.

As shown in the inset of Fig. 2(a), the R, minima at v =
2/3 and 1/3 are barely temperature dependent for the range
studied (0.48-1.52 K). Although not shown, magnetic-field
dependent measurements show that the v = 2/3 FQH effect
is visible only at B > 17 T, becoming more pronounced with
increasing B. These results indicate that, at 0.48 K and 24 T,
the visibility of the FQH states in our sample is not limited by
temperature but by the disorder present in the sample.

Now we use the back gate to alter the distribution of the
electron wave function within the QW and investigate its
influence on the FQH states. For this purpose, below we focus
on the filling factor region 1 < v < 2. This is because, at low
fillings such as v = 1/3 and 2/3, the Ohmic contacts did not
work properly when a positive Vg was applied [23]. Figure 3
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FIG. 3. R,, and R,, traces for different V3¢ at 0.48 K and 24 T.
The horizontal axis, AVrg, represents the change in Vrg measured
from v = 3/2 at each Vpg. Each trace is shifted by a constant offset
for clarity, with the broken lines indicating the baseline, 0 and h/2¢?
for R, and R,,, respectively. The cross marks in the right panel
depict the expected positions of the v = 4/3 and 5/3 plateaus. The
illustrations in the right panel represent the shape of the potential and
wave function in the QW for positive and negative §ngg.

shows the R, and R,, traces which are taken at B = 24 T by
sweeping Vrg at different Vpg’s from —2 to 8 V. (This Vg
range was chosen not to cause leakage current or hysteretic
behavior.) The data are plotted as a function of AVrg (bottom
axis) and v (top axis), where AVyg represents the change in
Vrg measured from v = 3/2 at each Vgg. As Vg increases,
R, minima emerge at v = 5/3 and 4/3, which become more
pronounced with increasing Vg, accompanied by the devel-
opment of R,, plateaus [24].

To associate the observed behavior of the FQH effects
with the shape of the QW, we need to know at which Vg
the QW becomes symmetric. We did this by locating the Vg
value for which the second subband becomes occupied at the
minimum density at a zero magnetic field. Such an analysis
reveals that, for n = 8.7 x 10'! cm~2, which corresponds to
v = 3/2 at 24 T, the QW becomes symmetric at Vgg = 4.9 V.
Thus, we quantify the asymmetry of the QW by dnpg, the
electron density added by the back gate with reference to the
symmetric point for a given n. By taking into account the
electron density supplied from the top gate, we find that the
QW becomes symmetric at Vgg = 4.2 and 5.5V forv =4/3
and 5/3, respectively. The data in Fig. 3 suggest that the FQH
states appear as the QW is made progressively symmetric.
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FIG. 4. (a) Electron mobility as a function of dngg for constant
electron densities of 2 x 10'! (square), 4 x 10'! (triangle), and 6 x
10" cm~? (circle). The solid and broken lines represent calculated
total mobility taking into account interface-roughness scattering (for
two sets of parameters shown in the figure) and énpg-independent
constant term, the latter being a fit parameter. The closed circles
in the inset indicate this dnpg-independent constant term used for
each n. The solid line represents calculated mobility limited by back-
ground impurities with the concentration of ng; = 5.2 x 10'5 cm ™.
(b) Electron mobility at n =4 x 10'! cm~? for samples with dif-
ferent QW thicknesses. The solid and broken lines are mobility
calculated using the same parameters as in (a) for the interface
roughness and background impurity concentration.

Interestingly, however, the behavior of the FQH effects is not
perfectly symmetric with respect to §ngg = 0. This can be
seen by comparing the data at Vgg =4 and 8 V for v =5/3
and Vgg =2 and 8 V for v =4/3. In both cases, the R,
minimum is more pronounced for the higher Vg, i.e., when
the wave function is pushed against the lower, rather than the
upper, interface despite the greater asymmetry.

To identify the source of disorder that limits the visibil-
ity of the FQH states, we examine the behavior of electron
mobility, the most common measure of sample quality. In
Fig. 4(a), electron mobility for the constant densities of 2, 4,
and 6 x 10'' cm~2 is plotted as a function of 8ngg. The data
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show that mobility drops significantly when a large |dnpg| is
imposed and the wave function is pushed against the upper or
lower InAs/AlGaSb interface. Such a rapid mobility drop is
not expected for long-range Coulomb scattering by localized
charges. It is also noteworthy that the mobility variation is
not symmetric with respect to dngg = 0. The strong Snpg
dependence suggests that short-range scattering by interface
roughness is the dominant contributor. The asymmetry with
respect to éngg = 0 can then be accounted for by the differ-
ence between the upper and lower interfaces.

We have calculated mobility limited by interface-
roughness scattering following the method in Ref. [25]. For
both interfaces, we started with the parameters reported
for InAs/AlGaSb QWs [6], roughness height of A = 0.27
nm and correlation length of A =13 nm. We then find
that, by increasing the roughness height of the lower in-
terface to Ap = 0.64 nm while keeping other parameters
the same, the observed asymmetry can be reproduced rea-
sonably well [Fig. 4(a)]. To fit the dngg dependence, one
needs to assume an additional scattering mechanism that
does not depend on §npg. This Snpg-independent contribu-
tion used for the fit is plotted in the inset as a function
of density. These values agree well with the calculation
of mobility limited by background impurities assuming an
impurity concentration of ng; = 5.2 x 10> cm™3, corrobo-
rating that the dnpg-independent contribution comes from
background-impurity scattering. Calculation using the same
interface parameters and np; reproduces the dependence of
mobility on the QW thickness measured for different samples
[Fig. 4(b)].

For the fit shown in Fig. 4(a), we chose the parameters
to reproduce the behavior near the mobility peak, which
unavoidably resulted in the underestimation of mobility at
large énpg. This remained true when the correlation length
for the lower interface was adjusted as an additional pa-
rameter [dashed lines in Fig. 4(a)]. It is known that Sb
segregation during growth results in the incorporation of
Sb atoms into the InAs layer and causes alloy scattering.
Although this could be another source of the asymmetry be-
tween positive and negative Sngg, we have confirmed that
the influence of alloy scattering, calculated for the compo-
sition profile reported in Ref. [26], is negligibly small as
compared to interface-roughness scattering. We add that the
quantum lifetime evaluated from the low-field Shubnikov-de
Haas oscillations was around 0.5 ps, with no significant Vg
dependence.

We note that the behavior of the FQH effects is not
entirely consistent with the dngg dependence of mobility.
For example, upon increasing dnpg from —2.1 x 10! to 0
cm™2, mobility decreases, whereas the FQH states become
better developed. [For v =4/3 (5/3), dnpgg = —2.1 x 10'!
and 0 cm™2 correspond to Vgg = 1.2 (2.6) and 4.2 (5.5) V,
respectively.] It is known that short-range disorder such as
alloy disorder is less detrimental than long-range disorder
such as Coulomb scattering on FQH effects [27-30]. Since
interface-roughness scattering is short ranged in nature, it is
not surprising that the stronger roughness scattering on the
lower interface does not significantly deteriorate the visibility
of the FQH effects. However, it leaves the question of why
the FQH effects disappear when the wave function is pushed

strongly against the upper interface. One possibility is the po-
tential fluctuation arising from the localized charges trapped at
the GaSb/Al, O3 interface. It is known that 2DEG is supplied
from the surface states at the semiconductor surface. Our
calculation shows that the center of the electron wave function
shifts by 6 nm over the range of Vgg in Fig. 3. This shift
is not negligible as compared to the distance from the upper
InAs/AlGaSb interface to the GaSb/Al,O3 interface (55 nm).
This implies that the fluctuation in the long-range Coulomb
potential that the 2DEG experiences becomes weaker when
the wave function shifts toward the lower interface. Although
the influence of surface charges on mobility is minor, their
impact on FQH effects may not be negligible. This is similar
to the case of remote ionized impurities in modulation-doped
GaAs/AlGaAs heterostructures or QWs, where their impact
on FQH effects is significant even when their influence on
mobility is minor [31].

It is worth mentioning that the InAs 2DEG samples used in
most studies, including ours, are undoped, where the electrons
are induced by the Fermi-level pinning at the semiconduc-
tor surface [11]. Our study suggests that the surface charge
may affect the visibility of the FQH effects, which could
be a reason why FQH effects are not readily observable in
InAs 2DEGs in spite of the high electron mobility. To test
this idea, it is desirable to examine samples with different
structures, such as those with a QW at a larger distance from
the surface or a wider QW, or without an Al,O3 dielectric.
While increasing the distance from the surface would in-
evitably reduce the electron density, it could be compensated
by using a front or back gate as we partially demonstrated
here. It should be also mentioned that in this study we used
a specially designed Hall bar, in which the edges of the
2DEG were electrostatically defined by gates. If the phys-
ical edges of the sample are to be used, one would need
to take care to avoid the influence from the possible charge
accumulation at the edges [15,16], which may affect FQH
effects. Alternatively, a Corbino geometry can be used to
circumvent problems arising from physical edges. Lastly, we
must note that the high mobility in InAs/AlGaSb QWs is
partly due to the small effective mass in InAs; even in high-
quality samples, the background impurity concentration (a
few 10" cm™3) is still much higher than in GaAs/AlGaAs
samples of moderate quality (a few 10'* cm~3). It is therefore
essential to further improve the crystal quality to real-
ize FQH effects at lower magnetic fields compatible with
superconductivity.

IV. SUMMARY

We have observed FQH effects at v =5/3, 4/3, 2/3, and
1/3 in an InAs 2DEG using a dual-gated Hall bar with gate-
defined edges. We demonstrated that the shape of the QW
confinement potential has a significant impact on the visibility
of the FQH states. Comparison with the variation of zero-field
electron mobility suggests an additional source of disorder,
other than interface roughness and background impurities,
that affects the FQH effects. Our results hint at the need
to further optimize the heterostructure design, in addition to
improving crystal quality, for the realization of robust FQH
states in InAs.
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