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Materials considerations for forming the topological insulator phase in InAs/GaSb heterostructures
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Inanideal InAs/GaSb bilayer of appropriate dimension, in-plane electron and hole bands overlap and hybridize,
and a topologically nontrivial, or quantum spin Hall (QSH) insulator, phase is predicted to exist. The in-plane
dispersion’s potential landscape, however, is subject to microscopic perturbations originating from material
imperfections. In this work, the effect of disorder on the electronic structure of InAs/GaSb (001) bilayers
was studied by observing the temperature and magnetic-field dependence of the resistance of a dual-gated
heterostructure gate-tuned through the inverted to normal gap regimes. Conduction with the electronic structure
tuned to the inverted (predicted topological) regime and the Fermi level in the hybridization gap was qualitatively
similar to behavior in a disordered two-dimensional system. The impact of charged impurities and interface
roughness on the formation of topologically protected edge states and an insulating bulk was estimated. The
experimental evidence and estimates of disorder in the potential landscape indicated that the potential fluctuations
in state-of-the-art films are sufficiently strong such that conduction with the electronic structure tuned to the
predicted topological insulator (TI) regime and the Fermi level in the hybridization gap was dominated by a
symplectic metal phase rather than a TI phase. The implications are that future efforts must address disorder in
this system, and focus must be placed on the reduction of defects and disorder in these heterostructures if a TI

regime is to be achieved.
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I. INTRODUCTION

The prediction of the existence of a topologically non-
trivial, or quantum spin Hall (QSH) insulator, phase in
InAs/GaSb heterostructures [1] has significant implications
for fault-tolerant quantum-information processing [2]. The
prospect of implementing quantum computing architectures
with technologically mature III-V semiconductors requires
topologically protected helical edge channels and an insulating
bulk in InAs/GaSb heterostructures. Furthermore, when the
two materials are formed in alternating layers with nanometer
dimensions, they comprise a strained layer superlattice with a
narrow effective energy gap and a reduced Auger recombina-
tion rate [3]. Combined, InAs and GaSb offer great theoretical
promise for various technological applications.

Evidence supporting the existence of helical edge states
has been found in observations of conductance quantized near
predicted values for single-mode conduction and measured
in both local and nonlocal configurations [4—7]. In some of
these experiments, silicon or beryllium doping was required to
suppress bulk conductivity [6,7]. These experiments confirm
conduction close to quantized values over micron-sized device
geometries, but they do not incontrovertibly confirm helicity.
Furthermore, they report suppressed bulk conduction, but they
do not confirm if the bilayer structure was tuned to the inverted
gap regime. Additional evidence supporting the existence of
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helical edge states is lacking. In particular, reports on the
temperature dependence of the conductivity when the Fermi
level was interpreted to be in the hybridization gap showed it
to be stagnant with changes in temperature [5—7] or to increase
with increasing temperature [8], and they are in disagreement
with theoretical expectations for conduction through helical
edge states [9]. The theoretical promise of strained-layer
superlattices formed from InAs and GaSb has also yet to be
realized because of short minority carrier lifetimes [10], the
microscopic origin of which is still unknown.

This work reports on the temperature dependence of the
resistance of a dual-gated 11 nm InAs/8 nm GaSb heterostruc-
ture gate-tuned through the inverted to normal gap regimes. The
inverted and normal regimes were identified by measurements
of the evolution of resistance as a function of the two gates
and under in-plane and out-of-plane magnetic fields. The
resistance maxima decreased monotonically with increasing
temperature over the entire phase diagram. A large positive
magnetoresistance was observed when the structure was gate-
tuned to the inverted regime. Conduction with the electronic
structure tuned to the inverted (predicted TI) regime and the
Fermi level in the hybridization was qualitatively similar to
behavior in a disordered two-dimensional system. The impact
of charged impurities and interface roughness on the formation
of topologically protected edge states and an insulating bulk
was considered. Potential fluctuations in the electronic band
structure for realistic levels of charged disorder were calculated
using a gated heterostructure model. k-p calculations were
used to estimate the effect of variations in film thickness over
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space on the electronic structure. The experimental evidence
and estimates of disorder in the potential landscape indicate
that the potential fluctuations in state-of-the-art films are
sufficiently strong such that conduction with the electronic
structure tuned to the predicted TI regime and the Fermi level
in the hybridization gap will be dominated by a symplectic
metal phase rather than a TI phase.

II. METHODS

The 11 nm InAs/8 nm GaSb bilayer heterostructure was
grown by molecular-beam epitaxy on a GaSb:Te (001) sub-
strate. A schematic of the heterostructure with a 50 nm
Al, O3 gate dielectric grown by atomic-layer deposition and
Ti/Au gate metallization is shown in Fig. 1(a). The bilayer
heterostructure is surrounded by a 50 nm AISb top barrier and
a 30 nm AISb bottom barrier, a 10-period 2.5 nm AlSb/2.5 nm
GaSb superlattice, and a 100 nm AlAsg;Sbyg electrically
insulating buffer layer. This dual-gated device structure has
been previously shown to linearly vary the electron density in
single InAs quantum wells with both the Ti/Au front gate, V,
and the GaSb:Te back gate, V), over a wide gate voltage range
[11]. A k-p calculation of the in-plane dispersion of a coupled
electron-hole quantum well representing the heterostructure
under study is shown in Fig. 1(b). Details of the computational
approach are available in Refs. [12,13]. The hybridization gap
is calculated to be 0.8 meV. A dual gated Hall bar device with
an aspect ratio of approximately 4:1 was fabricated over the
heterostructure and is shown in Fig. 1(c). The dual gated device
allows for control of the subband levels, enabling the electronic
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FIG. 1. (a) A schematic of the 11 nm InAs/8 nm GaSb bilayer
heterostructure with Al,O; gate dielectric and Ti/Au front gate.
(b) The calculated in-plane [100] dispersion calculated for the 11 nm
InAs/8 nm GaSb bilayer. The solid and dotted lines distinguish spin-

orbit split subbands. The hybridization gap is found at k;; ~ 0.024 AT
between the lowest electronlike state (blue) and the highest holelike
state (red). (c) An optical micrograph of the 80 x 20 um? Hall bar
device used in this study prior to gate and Ohmic metallization. The
long axis of the Hall bar is oriented along the [110] crystallographic
direction.

structure to be tuned from a normal gap dispersion where the
minimum of the lowest electron subband is higher in energy
than the maximum of the highest hole subband to an inverted
gap dispersion where the minimum of the lowest electron
subband is lower in energy than the maximum of the highest
hole subband, while independently controlling the Fermi level
[14,15].

Measurements were performed using standard lock-in tech-
niques under an excitation current of 1 and 10 nA and at cryo-
genic temperatures in an adiabatic demagnetization refrigera-
tor (ADR) with a base temperature of 50 mK, a He-4 cryostat
with a base temperature of 1.8 K, and a dilution refrigerator
equipped with a sample tilter with a base temperature of 20 mK.
In all systems, the device was cooled under V,V, = 0V. The
time taken to cool down the device in the ADR and the He-4
cryostat was >24 h. The time taken to cool down the device in
the dilution refrigerator was <8 h.

III. RESULTS AND DISCUSSION

The dependence of the longitudinal resistance on the front-
and back-gate voltages at a sample temperature of 165 mK is
shown in Fig. 2(a). The resistance map is divided into several
regions surrounding and including a line of maximum resis-
tance, which itself observes a minimum value of approximately
TkQat V;, ~ 035V, Vy ~ —0.55V. The (+) near the center
of the map indicates the origin in gate space. Longitudinal and
Hall magnetoresistance measurements, as shown for V¢, V, =
0V inFigs. 2(b) and 2(c), were used to determine the evolution
of carrier density as a function of V, and V,. The channel
resistance was measured by modulating the front gate at a fixed
back gate. The hysteresis in modulating the front gate is shown
in Fig. 2(d). The current dependence of the channel resistance
maximum over a front gate sweep at a fixed back gate of
—0.5 V is shown in Fig. 2(e).

Longitudinal and Hall magnetoresistance measurements
identified transport in region I in Fig. 2(a) as being electron-
dominated with electron mobility exceeding 200 000 cm?/V s.
Region II showed mixed conduction with majority n-type
carriers. Magnetoresistance was measured at 21 points along
line A, approximating a line of constant electric field. A subset
of the measurements is shown in Figs. 3(a) and 3(b), and the
longitudinal resistance, extracted carrier density, and carrier
type are shown in Fig. 3(c). Conduction in region V was of
mixed type but through majority p-type carriers. Conduction
in region VI was dominated by holes with mobility exceeding
20000 cm?/V s. The carrier type and density dependence on
gate voltage are in general agreement with that predicted
for similar heterostructures by the self-consistent calculations
of Liu and co-workers and the capacitor model of Qu and
co-workers [1,16]. In both Figs. 1(c) and 3(b), the Hall plateaus
of the Hall magnetoresistance display oscillations to a varying
degree. Disorder leading to a broadening of Landau levels
[17] may be the cause of such oscillations. The cause of such
disorder will be discussed toward the end of the paper.

Conditions that result in a normal gap subband structure
versus a hybridized subband structure were distinguished
by use of an in-plane magnetic field. Measurements were
performed under an in-plane magnetic field perpendicular to
the current path of the Hall bar at a sample temperature of
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FIG. 2. (a) The dependence of longitudinal resistance on front-
and back-gate voltages at a sample temperature of 165 mK. Line A,
spanning regions Il and V, follows an estimate of constant electric field
over the InAs/GaSb heterostructure across the inverted gap. (b) Mag-
netoresistance measured at V;,V;, = 0V. (c) Hall magnetoresistance
measured at V¢,V, = 0V. (d) Longitudinal resistance as a function
for the front gate at a fixed back gate of —0.5 V for decreasing and
increasing front-gate voltage sweeps. (¢) The maximum value of the
longitudinal resistance as a function of excitation current measured
as the front gate is modulated as in (d) at a fixed back gate —0.5 V.

165 mK. The in-plane magnetic field shifts the centers of the
electron and hole dispersions, and at a field strength of 1 T the
shift is sufficient to produce from the zero-field hybridization
gap structure an electronic structure that is more semimetallic
in character and lowers the resistivity. The dependence of
the resistance along line A at 0 and 1 T in-plane magnetic
field is shown in Fig. 3(d). The in-plane magnetic field shifts
the centers of the electron and hole dispersions. The shift is
sufficient to produce from the zero-field hybridization gap
structure an electronic structure that is more semimetallic in
character and lowers the resistivity. The resistance was found
to decrease as a function of magnetic field along line A, and
identifies region III as having an inverted subband structure
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FIG. 3. (a) The longitudinal magnetoresistance measured along
several points along the line A. (b) The Hall magnetoresistance mea-
sured along several points along line A. (c) Longitudinal resistance
and carrier density measured along line A. (d) Longitudinal resistance
along line A, spanning points (V;,V,) = (0.0V,-0.1V) to (=1.0V,
—0.6 V), at 0 and 1 T in-plane magnetic fields. (e) Longitudinal
resistance along a line crossing the normal gap regime (region 1V),
spanning points (V;,,Vy) = (1.45V,—0.575 V) t0 (0.45V, —=1.075 V),
and at 0 and 1 T in-plane magnetic fields.

[16,18]. The same measurement was performed across region
IV with gate voltage modulated using a similar slope to that
of line A, and it is shown in Fig. 3(e). The relative change
in the resistance as a function of in-plane magnetic field was
significantly less over region IV and suggests the presence of a
normal gap subband structure over region IV. The Hall voltage
as a function of in-plane magnetic field was used to determine a
misalignment of the in-plane magnetic field of approximately
2°. Similar in-plane magnetic-field measurements were per-
formed in a dilution refrigerator equipped with a sample tilter
where near-perfect in-plane field alignment could be achieved.
In this configuration, the resistance maximum measured over
one line across region III was found to decrease monotonically
from O to 4 T in 0.25 T increments. The resistance maximum
measured over one line across region IV slightly increased over
the same magnetic-field range. The resistance minimum along
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FIG. 4. (a) Temperature dependence of the resistance maximum
of the longitudinal resistance as a function of front-gate voltage at
several fixed back-gate voltages. (b) Temperature dependence of the
resistance maximum of the longitudinal resistance as a function of
front-gate voltage at several additional fixed back-gate voltages.

the line of maximumresistance at V, ~ 035V, V, ~ —-0.55V
is interpreted to be due to a gap closing in the subband structure.

An approximation of the size of the hybridization gap was
obtained by the ratio of the change in density across the gap
over the density of states, and a range of E, = Th*An/m* ~
3—9 meV was determined, where An is estimated to be 5 x
10'° to 1.6 x 10! cm~2 by extrapolating the carrier density
and the associated error in its measurement far from the gap
to points 11 and 15 along line A and straddling the gap.
An effective mass is estimated as m* = 0.04m, from the
temperature dependence of Shubnikov—de Haas oscillations
measured in region I up to a sample temperature of 20 K.

The resistance maxima in the space of gate voltages yielding
a hybridized band structure and with the Fermi level tuned to
the hybridized gap are of the order 8 k2. This value is far below
the expected value of several multiples of eh—z for conduction in
long helical edges with a phase-coherence length smaller than
the physical edge length. The temperature dependence of the
resistance maxima of the longitudinal resistance as a function
of V; at several fixed V}, is shown in Fig. 4(a). With V¢ chosen
to measure a resistance maximum for V;,, = —0.7V through
Vi, = 0.2V, the dispersion observes a hybridization gap and
the Fermi level is in the middle of the gap. With V; chosen to
measure a resistance maximum for Vj, equal to and greater than
0.4V, the dispersion observes a normal gap and the Fermi level
is in the middle of the gap. Figure 4(b) shows the temperature
dependence at several additional back-gate voltages extending
further into the normal gap.

The dependence of resistance on temperature for conduc-
tion with the electronic structure tuned to the inverted regime
and the Fermi level in the hybridization gap observes a satu-
rating character at low temperature. The InAs and GaSb wells
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FIG. 5. The calculated mean potential fluctuation for bilayer den-
sities, n, = 1 x 10'" and 4 x 10'"' cm~2, and the calculated mobility
for a bilayer density, n, = 1 x 10" cm~2, as a function of a two-

dimensional ionized donor layer for the gated heterostructure model
shown in the inset. In the model, /, = 100 nm and /; = 50 nm.

should be sufficiently thin such that the band overlap is small
enough to avoid the anisotropy of the valence band causing a
semimetallic band structure to form over all conditions in the
experiment [19]. Furthermore, the band overlap is tuned using
V¢ and V},, and near the transition from an inverted band struc-
ture to a normal semiconducting gap, the band overlap must
be small and the GaSb valence-band anisotropy should not
alter the subband structure in a significant way. The saturating
character of the temperature dependence of the resistance and
the large positive magnetoresistance for conduction with the
electronic structure tuned to the inverted regime and the Fermi
level in the hybridization gap is in qualitative agreement with
conduction in a disordered two-fluid (electron-hole) system
[20]. The temperature dependence is not in agreement with
the predictions that consider helical edge channels coupled to
charge puddles modeled as quantum dots [9]. The temperature
dependence of the resistance for conduction with the electronic
structure tuned to the normal regime and the Fermi level in the
normal gap observes an activated behavior but also appears to
saturate at low temperatures. The saturation in the normal gap
regime may be due to anomalous edge channels [21].

Materials properties in an InAs/GaSb heterostructure that
may lead to the formation of a disordered two-fluid system in-
clude charged defects, interface roughness, and alloy disorder.
Electron and hole charge fluctuations result from disorder of
sufficient strength and varied over space in such a way that it
creates potential fluctuations that force the conduction band
below and the valence band above the Fermi level randomly
over space. In the remainder of this work, the effects of charge
defects and interface roughness are considered. Estimates
of potential fluctuations are provided and compared to the
hybridization gap in the InAs/GaSb heterostructure under
consideration.
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FIG. 6. (a) The in-plane [100] dispersion of an 11.1 nm InAs/7.9 nm GaSb bilayer near the hybridization gap. (b) The in-plane [100]
dispersion of an 11.0 nm InAs/8.0 nm GaSb bilayer near the hybridization gap. (c) The in-plane [100] dispersion of a 10.9 nm InAs/8.1 nm
GaSb bilayer near the hybridization gap. The gray dashed lines indicate the band edges of an 11.0 nm InAs/8.0 nm GaSb bilayer relative to the
vacuum level. (d) Band edges of the hybridization gap relative to the vacuum level for a change in the InAs film thickness with a corresponding
change in GaSb film thickness of the same magnitude with opposite sign (solid lines), for a change in the GaSb film thickness (long dashes),
and for a change in the InAs film thickness (short dashes). The origin in film thickness corresponds to an 11 nm InAs/8 nm GaSb bilayer.

The strength of potential fluctuations from charged defects
is predicted for a specific case, namely that in which the charged
defects are randomly distributed in a plane that is separate
from the two-dimensional system. This scenario will provide
an estimate for a minimum level of potential fluctuations
over a physically reasonable set of parameters. Other forms
of charged defects, such as ionized background impurities,
are not considered; however, it will be shown that the level
of disorder from this source alone is sufficient to result in

potential fluctuations greater in magnitude than the size of the
hybridization gap. In this model, depicted in the inset of Fig. 5,
alayer of randomly distributed donor impurities is placed at the
III-V /gate dielectric interface for the heterostructure, where
l, = 100 nm is the distance between the gate and the bilayer,
and /; = 50 nm is the distance between the donor layer and the
bilayer. For a donor layer of sheet charge density n,4, Tripathi
and Kennett developed an analytical solution for the resulting
potential fluctuations given the above model and accounting
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for screening by carriers in the two-dimensional system [22]:

, A
/(5% = Y4 m[l * (R_> } ,

4\/EE ld

where R. = ,/n4/+/7n,.. This model has been used to analyze
transport in §-doped III-V heterostructures [23]. The carrier
density in the heterostructure was ~4 x 10! cm=2at V;,V, =
0V; therefore, ny; may be this large, and studies of the well
carrier density as a function of the top barrier thickness [24]
and the gating efficiency in similar devices [25] suggest it is
in the range of 10'2-10"® cm~2. The calculated mean potential
fluctuation as a function of n, for two different carrier densities,
n.,is depicted in Fig. 5. The dielectric constant, €, was assumed
to be 10¢,. The mobility of electrons confined to InAs for the
same model calculated following the treatment of Stern and
Howard [26], assuming a square-well wave function [27] and
a two-dimensional carrier density n, = 1 x 10" ¢cm~2, is also
depicted in Fig. 5. The calculated mean potential fluctuation
is substantially larger than the size of the hybridization gap
measured in the heterostructure over the range of n,.

An estimate of the mobility for the above model would
be of the order 10° cm?/V s. The measured mobility suggests
that the estimated potential fluctuations are a conservative
estimate, and that other factors such as charge impurities
in closer proximity to the bilayer and short-range disorder
such as interface roughness and alloy disorder should be
considered.

Potential fluctuations originating from variations in film
thicknesses over space, or interface roughness, were estimated
by k-p calculations wherein the position of the electronic band
structure with respect to the vacuum level was determined
for different thicknesses of the InAs and GaSb layers. The
in-plane [100] dispersion of the electronic states forming the
hybridization gap of three InAs/GaSb (001) bilayers is shown
in Figs. 6(a)-6(c). The variations in film thickness result in a
shift of the electronic states relative to the vacuum level. When
bilayer dimensions are varied +/— 1 A in each component,
as shown in Figs. 6(a) and 6(c), the hybridization gap no
longer overlaps with the gap of an unmodified bilayer with
dimensions 11.0 nm InAs and 8.0 nm GaSb, as shown in
Fig. 6(b). The effect is further illustrated in Fig. 6(d), which
depicts a calculation of the band edges of the hybridization gap
relative to the vacuum level for changes in film thickness. The
level of interface roughness that causes gap misalignments over
space is well within the limits of that found in InAs/GaSb/AlSb
heterostructures [28,29].

The implication of this work is that even in a structure with
mobility substantially higher than in silicon-doped heterostruc-
tures wherein quantized conductance has been reported [6],
the level of disorder is sufficiently high to suppress the
topological phase [30] and lead to conduction through the bulk.
Improvements in material quality are one path toward reducing
potential fluctuations due to disorder. Device geometry may

be used to mitigate the effect of disorder induced from
material defects, for example by incorporating metallization
that screens disorder potentials. It is noted that in InAs
quantum wells, negative persistence photoconductivity and an
associated enhancement in the quantum lifetime under illumi-
nation were observed by Lo and co-workers [31], and there
may be a technique to reduce charge disorder in InAs/GaSb
heterostructures by minimizing the use of dopants to induce
charge carriers.

IV. CONCLUSION

This work reported on the temperature and magnetic field
dependence of the resistance of a dual-gated 11 nm InAs/8 nm
GaSb heterostructure gate-tuned through the inverted to normal
gap regimes. The resistance maxima monotonically decreased
with increasing temperature over the entire phase diagram.
A large positive magnetoresistance was observed when the
structure was gate-tuned to the inverted regime. Conduction
with the electronic structure tuned to the predicted TI regime
and the Fermi level in the hybridization gap was qualitatively
similar to behavior in a disordered two-dimensional system.
Potential fluctuations were estimated to be sufficiently strong
such that conduction with the electronic structure tuned to the
predicted TI regime and the Fermi level in the hybridization
gap was likely dominated by a symplectic metal phase rather
than a TI phase. The implications are that future efforts must
address disorder in this system, and focus must be placed on
the reduction of defects and disorder in these heterostructures
if a TI regime is to be achieved.
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