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Scattering in InAs/GaSb coupled quantum wells as a probe of higher order subband hybridization
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We have performed a detailed investigation into the intersubband scattering within InAs/GaSb coupled
quantum wells in the electron dominated regime. By considering the carrier mobilities and the quantum lifetime
as a function of carrier density, we find that the occupation of higher order electronlike subbands are inhibited by
anticrossing with the hole subbands. We also find that, by applying a gate bias to the GaSb layer, we are able to
move the electron-hole anticrossing point in energy, modulating the electronlike states that should be localized
within the InAs layer.
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I. INTRODUCTION

The InAs/GaSb heterojunction has attracted a great deal
of experimental interest in recent years [1,2]. Specifically, the
staggered, type II, band alignment allows the engineering of
heterostructures with adjustable band alignments [3], where
the band gap can be tuned from a conventional semiconduct-
ing state, through a semimetallic state, into an “inverted” state,
in which the principal electron and hole subbands anticross.
This leads to a hybridization gap, with the size of the band
gap being dependent on the coupling between the two material
systems [4,5].

This hybridization gap has been predicted to give rise to the
quantum spin Hall effect [6–8], where transport is dominated
by spin filtered edge modes that bridge the topologically
nontrivial band gap. However, unlike in HgTe/CdTe quantum
wells (also predicted to exhibit the quantum spin Hall ef-
fect) [9,10], the Fermi energy is not pinned midgap, but is in-
stead pinned deep within the InAs electronlike bands [11]. As
such, in order to probe this topologically interesting regime,
a gate bias must be applied to the heterostructure [12–14].
The intrinsic carrier density in the GaSb layer is approxi-
mately [1,12,15,16] (0.6–2) × 1011 cm−2. Previous work on
double GaAs/AlxGa1−xAs quantum wells shows that a carrier
density greater than 0.7 × 1011 cm−2 in a lower well can
efficiently screen an upper quantum well from the action of
a bottom gate [17]. Hence the electric field produced by a gate
bias applied to the GaSb layer should have a dominant effect
on that layer, and be screened from the InAs layer. However,
when InAs/GaSb coupled quantum wells are within an elec-
tron dominated regime, it has been observed that applying a
gate bias to a GaSb layer within these coupled quantum well
structures in fact modulates the density of electronlike states,
which should be localized within the InAs layer [12,13].

In this paper we report a detailed study on how a gate bias
affects the band structure of a coupled InAs/GaSb quantum
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well structure. Most studies of this material system have fo-
cused on the hybridization gap formed between the principal
electronlike and holelike subbands [1,13,15]. However, k · p
calculations of wide InAs/GaSb quantum wells [4,18] and of
InAs/GaSb core/shell nanowires [19] predict the existence
of multiple anticrossings [5]. Here, we report that the occu-
pation of the second, electronlike, subband is inhibited by
the hybridization gap formed between itself and the highest
energy heavy-hole subband. Scattering between the principal
electronlike subband and the new, hybridized, subband is
probed through in-plane magnetoresistance measurements,
and a study of the quantum lifetime of charge carriers is
undertaken as a function of gate bias. We also examine the
Hall mobility as a function of both top and bottom gate bias,
and conclude that a gate bias applied to the GaSb layer will
move the anticrossing point between the electron and holelike
subbands in energy, and thus modulate the number of elec-
tronlike states within the hybridized, electronlike subbands.

II. EXPERIMENT AND ANALYSIS

The layer structure of the InAs/GaSb coupled quantum
well studied here is shown in Fig. 1(a). The heterostructure
was grown by solid source molecular beam epitaxy, in the
[001] direction on a (001) GaSb substrate. The coupled quan-
tum well consisted of a 15 nm thick InAs channel grown on
top of an 8 nm thick GaSb channel, surrounded by 50 nm
thick AlSb barriers and capped with 3 nm of GaSb. These well
widths were chosen so that the coupled well system should be
in an “inverted” state in the absence of a gate bias [5,8,11].
The coupled quantum well structure was then patterned into
50 μm wide Hall bars, with a 250 μm separation between
probe arms by wet chemical etching [20]. Cr/Au ohmic
contacts were subsequently deposited by thermal evapora-
tion, followed by a Cr/Au global bottom gate electrode. A
30 nm thick Al2O3 top gate dielectric was then deposited at
200 ◦C by atomic layer deposition before, finally, a Cr/Au
top gate electrode was formed by thermal evaporation. An
optical micrograph of a typical device is shown in Fig. 1(b).
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FIG. 1. Sample details for the coupled quantum well structure.
The heterostructure design for the wafer is shown in (a). Note that,
since the InAs layer is closer to the top surface, the top gate predom-
inantly affects the InAs layer, whilst the bottom gate predominantly
affects the GaSb layer. Panel (b) shows an optical micrograph of a
typical Hall bar used in this study.

Measurements were undertaken in a continuous flow helium
cryostat, using standard lock-in techniques, with a source-
drain bias current of 0.5 μA at a frequency of 119.77 Hz.

Measurements of the Hall carrier density and mobility
were taken by sweeping the magnetic field between ±0.2 T,

for a range of top and bottom gate biases between Vtg =
±2.5 V (at higher top gate biases, the carrier density exhibits
significant hysteresis) and Vbg = ±3 V (at higher biases, the
bottom gate starts to leak) at a fixed temperature of 1.5 K.
The results of these measurements (Fig. 2), show that the
top and bottom gates both modulate the Hall carrier density
of electronlike carriers as if they were modulating a single
InAs well, where a negative bias across either gate depletes
electronlike carriers, whilst a positive bias excites them. Addi-
tionally, at all gate biases, there is no bending in the low-field
Hall resistance, indicating that the transport is dominated by a
single, electronlike, carrier gas [21].

If we model the gates simplistically as parallel plate ca-
pacitors with a constant dielectric constant of 11 (the average
dielectric constant, ε, of the stack structure at 300 K [22]), we
find that the top gate appears to be 111 ± 2 nm away from the
channel at all bottom gate biases. This value is comparable
with the physical gate-channel separation of 95 nm, taking
into account the 30 nm Al2O3 dielectric, the 3 nm thick GaSb
cap, the 50 nm thick AlSb top barrier, and the 15 nm thick
InAs channel. When similar analysis is performed with the
bottom gate, the channel appears to be 1100 ± 200 nm away
from the bottom gate, which is consistent with the 1000 nm
thick Al0.8Ga0.2Sb buffer layer. The overestimation of the
gate-channel separation is to expected, due to the lower value
of ε at cryogenic temperatures [23].

At low carrier densities, the Hall mobility depends solely
on the Hall carrier density, regardless of the combination

FIG. 2. Dependence of the Hall mobility and carrier density as a function of both top and bottom gate bias. Panels (a) and (b) show contour
maps of the Hall carrier density and the Hall mobility, respectively, as a function of both top and bottom gate biases. The black lines indicate
contours of constant Hall carrier density and mobility (c) shows the Hall mobility plotted as a function of Hall carrier density, over the same
gate bias range in panels (a) and (b). The power law scaling of the mobility, consistent with scattering from remote impurities, is highlighted
by the dashed red line.
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FIG. 3. Analysis of the SdH oscillations at 1.5 K at various gate biases. Panel (a) shows SdH oscillations as a function of Hall carrier
density, modulated solely by a top gate bias. Panel (b) shows the carrier densities (black and red) from the Fourier spectrum of the SdH
oscillations in (a). The carrier density extracted from the B � 0.2 T Hall coefficient is also shown (green). The Hall mobility (purple) is plotted
for comparison. A linear fit to the second carrier density extracted from the SdH oscillations is also shown by the dashed blue line. For clarity,
panel (c) shows a vertical line section through (a) (highlighted in pink) at a carrier density of (18.4 ± 0.2) × 1011 cm−2 (black), with IQHE
plateaux measured simultaneously (red), showing transport consistent with a single 2DEG. The expected positions of the IQHE plateaux from
the low field Hall coefficient are shown in blue. Panel (d) shows the carrier density from the Fourier spectrum of the SdH oscillations when
the carrier density is modulated solely by a bottom gate bias (black). The carrier density extracted from the B � 0.2 T Hall coefficient over the
same gate bias range is also shown (green).

of top and bottom gate voltages used to obtain that carrier
density, as shown in Fig. 2(c). We also note that, at the lowest
carrier densities, the Hall mobility follows a simple power law
scaling with the total carrier density, where μ ∝ n1.31±0.05,
highlighted in Fig. 2(c) by a dashed red line. This would
indicate that the conduction within this coupled quantum well
system is limited by scattering from remote ionized impu-
rities [24–26]. As the carrier density is increased, the two-
dimensional electron gas (2DEG) provides greater screening
against this impurity potential, leading to an increase in the
Hall mobility. We can see from Fig. 2(c), however, that there
is a clear peak in the Hall mobility at a Hall carrier density
of (15.9 ± 0.2) × 1011 cm−2. Additionally, the Hall carrier
density alone continues to determine the mobility, and thus
the nature of the scattering, within this heterostructure up
until a carrier density of (20.8 ± 0.2) × 1011 cm−2. At carrier
densities higher than this, a more negative bottom gate bias
results in a lower Hall mobility for a comparable carrier den-
sity, highlighted with an arrow in Fig. 2(c). This implies that,
at carrier densities higher than (20.8 ± 0.2) × 1011 cm−2, the
top and bottom gates have different effects on the transport.
It is also at this Hall carrier density that we start to see
SdH oscillations in the high field magnetotransport that are

no longer bound by a single envelope function [shown in
Fig. 3(a)], indicating that there is an additional 2D carrier gas
contributing to transport [27].

We note that the peak in the Hall mobility at a carrier
density of (15.9 ± 0.2) × 1011 cm−2 is qualitatively similar
to that seen in single InAs quantum wells [26], where a
drop in Hall mobility occurs as a second electron subband is
populated. However, if the drop in Hall mobility observed in
Fig. 2(c) was simply due to intersubband scattering, we would
expect the occupation of the first subband to saturate at the
peak in the Hall mobility [27]. To test this, we took Fourier
transforms of the Shubnikov–de Haas (SdH) oscillations up
to 8 T at a constant temperature of 1.5 K, over a range
of top gate biases [shown in Fig. 3(a)], and compared the
carrier density extracted from the Fourier spectrum of the
SdH oscillations to the Hall carrier density. The results of this
study are shown in Fig. 3(b), with the Hall mobility shown
in purple, for comparison. Below a Hall carrier density of
(18.5 ± 0.2) × 1011 cm−2, the Hall carrier density increases
linearly with increasing top gate bias, until Vtg = −0.25 V,
where there is a slight reduction from the linear increase,
indicative of the presence of a second carrier species with a
lower mobility [27].
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We find that the carrier density, extracted from the Fourier
transform of the SdH oscillations up to 4 T, is experimentally
identical to that extracted from the low field (B � 0.2 T) Hall
coefficient for Hall carrier densities below (21.7 ± 0.2) ×
1011 cm−2 (below Vtg = +0.6 V). We note that (21.7 ± 0.2) ×
1011 cm−2 is also the carrier density at which we start to see
SdH oscillations no longer bound by a single envelope func-
tion, as shown in Fig. 3(a). At the higher Hall carrier density of
(23.5 ± 0.2) × 1011 cm−2 (at Vtg = +0.9 V), we start to ob-
serve a new peak in the Fourier spectrum, with the related car-
rier density shown in Fig. 3(b) in red, indicating a significant
number of carriers occupying a second, electronlike subband.
Taking a linear fit of this second, electronlike, carrier density
as a function of top gate bias [shown in Fig. 3(b) by a dashed
blue line], we would expect this new subband to be populated
at a Hall carrier density of (20.0 ± 0.2) × 1011 cm−2 (at Vtg =
+0.15 V), which is remarkably similar to the carrier density
at which we observe SdH oscillations no longer bound by a
single envelope function, (21.7 ± 0.2) × 1011 cm−2.

For clarity, Fig. 3(c) shows the quantum Hall plateaux
and SdH oscillations at a carrier density of (18.4 ± 0.2) ×
1011 cm−2. We can see that the SdH oscillations arise from a
single envelope function, and that the quantum Hall plateaux
align well with the expected plateaux for even filling factors
(<5% deviation from integer fractions of the von Klitzing
constant). There is no bending in the low-field Hall trace,
and neither are there any plateaux that arise at odd-integer
fractions of the von Klitzing constant at low fields [28], which
would indicate a significant parallel conduction channel or
significant population of a second occupied subband. We do
note, however, that there is a small positive magnetoresistance
at all gate biases, and that the SdH oscillations do not reach
0 � resistance. This may point to a parallel conduction chan-
nel, albeit one occupied by a small number of carriers with a
low mobility.

We also took Fourier transforms of the SdH oscillations
at various bottom gate biases at 1.5 K, when the top gate
is grounded. The majority of the SdH oscillations should
arise from the most mobile carrier within the system, and
so the carrier density derived from these oscillations should
also deviate from the Hall carrier density if a second carrier
gas is modulated by action of a bottom gate. The results
of this study are shown in Fig. 3(d). We can see that both
carrier densities show remarkably similar trends as we apply
a bottom gate bias, indicating single carrier transport. We note
that similar behavior has been previously noted in coupled
quantum wells [12,29]. This would also explain why, in
Fig. 2(c), the Hall mobility follows a simple power law scaling
at low carrier densities, as only one carrier gas is present,
and the bottom gate thus modulates the density of electronlike
states.

To examine further the peak in the Hall mobility at a
carrier density of (15.9 ± 0.2) × 1011 cm−2, we consider the
quantum lifetime as a function of carrier density. The quan-
tum lifetime, τq, characterizes the single particle momentum
relaxation time in 2D transport, which includes all scattering
events, in contrast to the classical Drude scattering time,
which is weighted towards large angle scattering events. By
taking a series of SdH oscillations at a range of tempera-
tures, we can extract the effective mass of carriers [shown

in Fig. 4(a)] and the Dingle ratio [the ratio of the classical
Drude scattering time and the quantum lifetime, shown in
Fig. 4(b)] [26,30]. As we can extract the Drude scattering time
from the Hall mobility, we can then use the Dingle ratio to
determine the quantum lifetime.

From Fig. 4(c) we can see that, when the carrier density
is low (n < 12 × 1011 cm−2), the Drude scattering time and
the quantum lifetime both increase with increasing carrier
density. This is expected, as the screening provided by the
2DEG against scattering events should affect all scattering
angles equally, and not just the large angle events that make
the largest contribution to the Drude scattering time [24–26].
Subsequently, we find that there is a sudden drop in the
quantum lifetime from 0.109 ± 0.004 ps to 0.093 ± 0.004 ps
at a carrier density of (17.6 ± 0.2) × 1011 cm−2, followed
by an increase in the quantum lifetime, even as the Drude
scattering time decreases.

An increase in quantum lifetime as the Drude scatter-
ing time falls would imply that low angle scattering events
become unfavorable. This can occur if a new subband is
populated [31,32]. Specifically, as a new subband becomes
occupied, the states occupying that new subband will screen
the system from impurities, as in the single subband case.
However, the states occupying this new subband are limited
by the subband’s size in k space. Therefore, the screening
provided by this new subband will be greatly reduced if the
momentum transferred in a scattering event is greater than
2kF, where kF is the wave vector of the new state at the Fermi
energy [31,32]. The consequence is a selective screening of
scattering events, such that events with a small momentum
transfer, and thus a small scattering angle, become unfavored.
This results in the observed increase in quantum lifetime.

To confirm the existence of these new states, we took
measurements of the transverse magnetoresistance of the cou-
pled quantum well heterostructure at 1.5 K. The current was
applied down the x axis, at right angles to the applied magnetic
field along the y axis, where z points out of the device plane.
It has been previously noted that applying a small magnetic
field (3 T) in the plane of a device results in the creation of
midgap states within an InAs/GaSb quantum well, through
moving the InAs dispersion relative to the GaSb dispersion in
k [33–35]. Additionally, if we consider two sets of states in
k space, one enclosed by the other, an applied magnetic field
in the y direction will move the low-k set of states away from
kx = 0. This is shown schematically in the inset of Fig. 5(b).
Eventually, there will come a point where the low-k states
are depopulated by the applied magnetic field [33,36]. This
will result in the scattering between the high-k and low-k
states becoming suppressed in the x direction, resulting in
the observation of a maximum in resistance at zero applied
field. We can use this behavior to extract information about
the Fermi surface, as the full width at half maximum (FWHM)
of the B|| = 0 resistance maximum will be proportional to the
Fermi wave vector, kF, of these low-k states [37,38]. The in-
plane magnetoresistance is, therefore, an extremely sensitive
probe of the band structure, as it depends on the availability of
states in k space to act as scattering paths, not the occupation
of those states [33,37,38].

Figure 5(a) shows a series of measurements of the trans-
verse magnetoresistance (magnetic field along the y axis,
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FIG. 4. Panel (a) shows the variation of the effective mass (in units of free electron mass) and Hall mobility (black) with Hall carrier
density. Panel (b) shows the variation of the ratio between the Drude scattering time and the quantum lifetime (also known as the Dingle
ratio) and Hall mobility (black) with Hall carrier density. Panel (c) shows the Drude scattering time and quantum lifetime as a function of Hall
carrier density. The effective mass and Dingle ratio needed to extract this data were derived from fitting the SdH amplitude as a function of
temperature up to 20 K at each top gate bias.

current applied along the x axis) at a range of top gate biases.
We find that, if the top gate bias is more negative than −0.6 V,
or more positive than 1.0 V, then the magnetoresistance is ap-
proximately parabolic with field. However, between these gate
biases, we note that there exists a B|| = 0 maximum in resis-
tance, indicative of a new set of states available for scattering,

that can be easily influenced by an applied magnetic field.
When Vtg = −0.6 V (at the onset of the B|| = 0 maximum in
resistance), the measured sheet resistance is comparable with
that seen at a Hall carrier density of (14 ± 1) × 1011 cm−2,
in the absence of an in-plane magnetic field. Coincidentally,
this carrier density is where the Hall mobility in Fig. 2(c)

FIG. 5. Analysis of the in-plane magnetoresistance as a function of top gate bias at 1.5 K. Panel (a) shows the transverse magnetoresistance
(current along the x axis; magnetic field along the y axis) at a range of top gate biases, with a top gate step size of 100 mV (curves offset for
clarity). Note that a B|| = 0 maximum in resistance starts to form at Vtg = −0.6 V, and becomes progressively wider as a more positive top
gate bias is applied, until Vtg = +0.6 V, where the B|| = 0 resistance maximum becomes less prominent, before vanishing at Vtg = 1.0 V. Panel
(b) shows the FWHM of the B|| = 0 resistance maximum from the relevant curves in (a). The inset shows a schematic diagram of the 2D
Fermi surface, when two states are occupied at zero magnetic field (solid black lines) and on application of an in-plane magnetic field in the y
direction (dashed red lines).
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starts to deviate significantly from the simple μ ∝ n1.31±0.05

dependence that is seen at low carrier densities.
In order to quantify the extent of these states in k space, we

calculate the FWHM of the B|| = 0 resistance maximum, and
plot this in Fig. 5(b) as a function of top gate bias. The FWHM
is largest when Vtg = +0.6 V, where the measured sheet resis-
tance, in the absence of a magnetic field, is comparable with
that seen at a Hall carrier density of (20 ± 1) × 1011 cm−2.
This carrier density corresponds to the carrier density at which
the relative magnitudes of the top and bottom gate biases start
to effect the electronic transport [as shown in Fig. 2(c)], and
where the envelope function of the SdH oscillations start to
change [as shown in Fig. 3(a)], signaling the occupation of a
second, electronlike subband.

These observations raise some interesting questions about
the transport throughout this coupled quantum well system.
Why do the relative top and bottom gate biases only have
different effects on the Hall mobility when a second, elec-
tronlike subband is populated, as shown in Fig. 2(c)? If a
second, electronlike subband is populated at a carrier density
of (20.0 ± 0.2) × 1011 cm−2 (as shown in Fig. 3), what is the
significance of the peak in Hall mobility at a carrier density
of (15.9 ± 0.2) × 1011 cm−2? What is the origin of the states
visible in the in-plane magnetoresistance (Fig. 5) and that
contribute to the selective screening of low angle scattering
events [Fig. 4(c)]? To discuss this further, we consider the
band structure of this coupled quantum well system, and how
it behaves as a gate bias is applied.

III. BAND STRUCTURE OF COUPLED QUANTUM WELLS
UNDER APPLIED GATE BIASES

We have shown, through measurements of the Hall mo-
bility, quantum lifetime, and in-plane magnetoresistance, that
the transport within coupled, InAs/GaSb quantum wells can
be described by three regimes. The first of these regimes
is the low carrier density regime (n < 12 × 1011 cm−2), where
the scattering is governed by screening from the 2DEG within
the InAs layer. This is followed by an intermediate car-
rier density regime (12 × 1011 cm−2 � n < 20 × 1011 cm−2),
where new states become available for scattering near the
Fermi energy, creating a B|| = 0 maximum in the in-plane
magnetoresistance. As these states are populated, a fall in
the Hall mobility and a simultaneous rise in the quantum
lifetime are observed. However, there is no indication of a
new electronlike subband, which would contribute to SdH
oscillations. Finally, at the highest measured carrier densities
(n � 20 × 1011 cm−2) two electronlike subbands are visible
in the SdH oscillations. In this regime the Hall mobility
becomes separately dependent on the top and bottom gate
biases, whereas at all lower carrier densities the Hall mobility
depends solely on the total Hall carrier density of the system.
It is worth noting, however, that the dominant scattering
mechanism in all three regimes arises from remote impurities,
due to the high α � 10 Dingle ratio observed [as shown in
Fig. 4(b)] [39].

We have established experimentally that the carrier dis-
tribution does not transfer between quantum wells on ap-
plication of either a top or bottom gate bias. Therefore, we
are confident that the coupling between the two quantum

wells is not changed by these biases and neither well is
completely pinched off by these gate biases [28,40,41]. It is
notable that if we apply an extreme, negative top gate bias
(Vtg = −15 V) to our heterostructure and completely deplete
the InAs quantum well, we have a residual holelike carrier
density of (5.21 ± 0.05) × 1011 cm−2 in the GaSb layer (a
full gate sweep is shown in the Supplemental Material [42]).
This carrier density should be sufficient to screen the InAs
layer effectively from the electric field produced by the bottom
gate [17]. Despite this, it is important to consider what effect a
gate bias will have on both quantum wells within the coupled
quantum well heterostructure, as the screening provided by
2D carrier gases is not total [41]. In order to model this, we
consider an effective capacitance model [34]. This model is
discussed in detail within the Supplemental Material [42].

The most interesting result of the effective capacitance
model arises when we consider the action of a bottom gate
on the coupled quantum well heterostructure, shown in Fig. 6,
where we have assumed that there is a 17 × 1011 cm−2 carrier
density present in the InAs well at zero bias. We find that the
bottom gate is much more efficient at modulating the hole gas
within the GaSb channel (closer to the bottom gate) than the
electron gas within the InAs channel, illustrated in Fig. 6(a).
However, we only reproduce the observed modulation of the
electronlike InAs carrier density if we assume that there is
no carrier density present within the GaSb well, as shown
in Fig. 6(b). In this case there is no quantum capacitance
associated with the GaSb channel [41], and so a bottom gate
would directly modulate the 2DEG within the InAs channel.
However, if this was the case, we would expect an asymmetry
in the carrier density as a function of bottom gate bias, as a
negative bottom gate voltage would result in a higher density
of holes within the GaSb channel, which would screen the
InAs channel from the bottom gate (here assumed to occur
around zero bias). This asymmetry is not present in our
observations [Figs. 2(a) and 3(d)], where the carrier density
modulation is consistent with the physical gate-channel sepa-
ration at all biases.

How then does the bottom gate modulate the electron-
like carrier density at all, given that we see no evidence
of electron-hole transport at these gate biases? We attribute
the modulation of the carrier density with an applied bottom
gate voltage to a change in the band alignment within the
coupled quantum well, namely a change in the energy of the
anticrossing point as we apply a bias to the GaSb layer [18].

For illustrative purposes, we calculated the electronic dis-
persion relation within this InAs/GaSb coupled quantum well
system, under various bias conditions, using a simplified 3 ×
3 matrix model and present the results in Fig. 7. If we assume
that an electric field (in the form of a bottom gate bias) applied
to the GaSb layer is completely screened from the InAs layer,
then the electric field will only move the energies of the GaSb
hole bands [17]. The model, and the assumptions used, are
outlined in the Supplemental Material [42].

As long as the Fermi energy is midconduction band (i.e.,
the Fermi energy crosses the first, hybridized, electronlike
subband E1 but does not cross any states in the highest energy
hybridized heavy-hole subband H1), applying a small bias
to the bottom gate will move the energy at which the InAs
conduction bands anticross the GaSb valence bands [18]. For
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FIG. 6. Calculated carrier densities from the effective capacitance model. At zero gate bias, it is assumed that there is a 17 × 1011 cm−2

carrier density present in the InAs well. The black traces are the results of the model where no carrier density is present in the GaSb well at zero
bias, whereas the dashed red traces assume a 5 × 1011 cm−2 carrier density is present within the GaSb well at zero bias. Panel (a) shows the
expected carrier density variation within the GaSb channel under a bottom gate bias, whereas (b) shows the expected carrier density variation
within the InAs channel over the same bottom gate bias range.

example, if we apply a small negative bottom gate bias [as
in Fig. 7(a)], the electronic dispersion of the GaSb valence
bands will move up in energy, as will the point where this
dispersion anticrosses the InAs conduction band. This change
in energy will result in fewer states being available at the
bottom of the hybridized subband, E1. Previously occupied
states are now either within the hybridization gap or form
part of H1. Therefore, in the low carrier density regime, a
negative bias applied to either gate [as in Figs. 7(a) and 7(b)]
will simply remove electronlike states from the conduction
band, and therefore reduce the electronlike carrier density.
As the carrier density is reduced, the screening provided by
the 2DEG will be similarly reduced, resulting in the behavior
seen in Fig. 2(c), where the Hall mobility is dependent on
the total carrier density and not the relative top and bottom
gate biases.

As we increase the carrier density, we enter the intermedi-
ate carrier density regime, where we know that a new set of
states become available to act as scattering sites in k space,
initially detected by the emergence of a B|| = 0 maximum
in the in-plane magnetoresistance. As we move through this
regime, screening from these new states begins to affect the
quantum lifetime and the Drude scattering time drops. This
situation is illustrated by the dispersion relations of the first
(E1) and second (E2) electronlike subbands, which are plotted
in Fig. 7(c), where we show the effect of moving the E1
and E2 subbands 50 meV down in energy, simulating a small
positive top gate bias.

As the second electronlike subband (E2) becomes energet-
ically close to the formerly uncoupled hole dispersion (E1 at
k|| = 0), a new anticrossing gap forms [18]. This will mean
that, should the Fermi energy be within this new anticrossing
gap [as in Fig. 7(c)], there will be a range of energies where,
due to this new anticrossing gap, the second electronlike
subband, E2, will be unable to cross the Fermi energy. This
additional anticrossing explains why we see vacant states
near the Fermi energy in the in-plane magnetoresistance, even
though no new states are populated until a much higher carrier

density is reached. These vacant states are responsible for the
B|| = 0 maximum seen in Fig. 5.

As we increase the carrier density through the peak in Hall
mobility, the bottom of the second electronlike subband (E2)
eventually crosses the Fermi energy. As it does so, the states at
the bottom of that subband will become populated. However,
due to the anticrossing shown in Fig. 7(c), these states will
have the dispersion of a heavy-hole subband, and as such
will have poor mobility in comparison to the first electronlike
subband (E1), decreasing the total mobility of the system. It
is worth emphasizing that, although these hybridized states
at the bottom of E2 have a holelike dispersion, they are
populated by electrons, with a negative charge [5], and as such
we do not see electron-hole transport in our Hall data. Due
to this low mobility, however, they do not appear in the SdH
oscillations at accessible magnetic fields.

As we enter the high carrier density regime, the second
electronlike subband is visible in the SdH oscillations. At this
point, the energy of the second electronlike subband has been
lowered sufficiently to cross the Fermi energy, as in Fig. 8(a),
where the electronlike bands have been moved 100 meV down
in energy, simulating a large, positive, top gate bias. Note
that the E1-E2 anticrossing gap still exists [highlighted in
Fig. 8(b)], but since the energies of the electronlike subbands
are sufficiently lowered by application of a top gate bias, the
Fermi energy now crosses states in E2 with an electronlike
dispersion. This will cause the relative movement of states (in
k space) upon application of an in-plane transverse magnetic
field to be reduced. Specifically, less magnetic field is required
to move H1 in k (localized within the GaSb layer) relative
to E1 when compared to moving E2 in k with respect to
E1 (both localized within the InAs layer) [33–36,43]. As
such, the effect of an in-plane magnetic field on the 2D
Fermi surface will be diminished in the high carrier density
limit, resulting in the observed disappearance of the B|| = 0
resistance maximum in the high carrier density regime.

Applying a gate bias to the GaSb layer (in our case, a
bottom gate bias) will change the energy of the uncoupled
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FIG. 7. Illustrative dispersions of the GaSb heavy hole subband (black, H1), and the first and second electronlike subbands (red, E1 and
blue, E2, respectively) under various bias conditions. In all cases, the solid lines represent the system in the low carrier density regime (with the
band offsets drawn from Ref. [4]) and the bottom of the uncoupled InAs conduction band in the absence of a gate bias is set as zero energy. The
dashed traces in (a) show the effect of moving the GaSb dispersions up 30 meV through application of a negative bottom gate bias, compared
with the zero gate bias case. For comparison, panel (b) shows the effect of moving the InAs dispersions up 30 meV through application of
a negative top gate bias. The dashed traces in panel (c) show the effects of moving the InAs dispersions down 50 meV, displaying the effect
of a positive top gate bias. At this point E2 should touch the hybridized portion of E1, but instead a new E2-E1 anticrossing gap is formed,
highlighted in the inset. An example Fermi energy is highlighted by the dotted, black line.

hole bands. This will, therefore, move the anticrossing points
(in energy and in k) between the heavy hole subband (H1) and
both the first (E1) and second (E2) electronlike subbands, as

in Fig. 7(a). By changing the energy at which the anticrossing
point between the second electronlike (E2) and heavy hole
(H1) subbands occurs, the proportion of states within the

FIG. 8. Illustrative dispersions of the GaSb heavy hole subband (black, H1), and the first and second electronlike subbands (red, E1 and
blue, E2, respectively). The solid lines in panel (a) are identical to the solid lines in Fig. 7. The dashed traces in (a) shows the case in which
the InAs dispersions have been moved down 100 meV by application of a large, positive top gate bias in the absence of a bottom gate bias.
Note that the E1-E2 anticrossing gap remains, but now the Fermi energy crosses a portion of E2 that has an electronlike dispersion. Panel
(b) highlights the E1-E2 anticrossing gap in (a) without a bottom gate bias (thin trace) and with the GaSb bands moved up 2 meV, simulating
a negative bottom gate bias (thick trace).
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second electronlike subband that follow a holelike dispersion
can be altered, which will change the effective mass of the E2
subband. In Fig. 8(b) the effect of applying a negative gate
bias to the GaSb layers while the system is in the high carrier
density regime is illustrated. Such a bias moves the dispersion
of the uncoupled hole bands higher in energy and, as such,
increases the contribution the heavy hole subband makes to
the dispersion of the second electronlike subband. By includ-
ing more states with a holelike dispersion, and as such with a
large effective mass [44], in this second electronlike subband,
the mobility of that electronlike subband will decrease. This
explains the trend observed in Figs. 2(b) and 2(c), where a
more negative bottom gate bias results in a lower Hall mobility
for identical carrier densities.

IV. CONCLUSIONS

We have investigated the scattering within a double gated
InAs/GaSb coupled quantum well heterostructure through
magnetotransport measurements within the electron domi-
nated regime. We find that the mobility is independent of
the relative top and bottom gate biases up until a carrier
density of (20.8 ± 0.2) × 1011 cm−2. At this carrier density,
a second, electronlike subband starts to be visible in the SdH
oscillations. Beyond this point, a more negative bottom gate
bias also results in a lower Hall mobility.

We note that a peak in Hall mobility, usually associated
with the onset of intersubband scattering [12,26,27], occurs
at a much lower carrier density, (15.9 ± 0.2) × 1011 cm−2,
where only one subband appears to be occupied. Analysis of
the in-plane, transverse, magnetoresistance, and the quantum
lifetime as a function of top gate bias shows that this peak in
Hall mobility is due to the onset of intersubband scattering
between the first electronlike subband and a new, hybridized
subband. We therefore conclude that the second electronlike
subband hybridizes with the highest energy heavy hole sub-
band and forms a new anticrossing gap.

Due to the nature of the anticrossing within these
InAs/GaSb coupled quantum wells, the first states populated
within this new, hybridized, subband will follow a holelike
dispersion, with a high effective mass and low mobility, and
therefore will not contribute to the SdH oscillations at the
magnetic fields studied here. It will only be at a higher
carrier density, when the Fermi energy crosses a region of the
second electronlike subband with an electronlike dispersion,
that a second electronlike subband will appear in the SdH
oscillations. The effective mass of that second subband can

then be controlled by applying a gate bias to the GaSb
layer, changing the proportion of that subband that follows a
holelike dispersion, by moving the E2-E1 anticrossing point in
energy, as illustrated by Fig. 8(b). Thus we conclude that the
bottom gate modulates electronlike carriers within the InAs
layer by moving the anticrossing point between the electron-
like and holelike subbands in energy and in k. Applying a
negative bias across the bottom gate, and thereby moving the
energies of the hole bands higher, will result in states being
depleted from the InAs subbands, resulting in a modulation
in the electronlike carrier density, observed in Fig. 3(d). This
is contrary to previous assumptions, where the modulation of
electronlike carriers by a gate bias applied to the GaSb layer
was attributed to insufficient screening provided by the hole
gas within the GaSb layer integrated into the coupled quantum
well [13]. A similar feature has been observed by Nguyen
et al. [12] in a coupled InAs/GaSb quantum well system. In
that study, however, the carrier density was modulated solely
by action of a bottom gate. Additionally, in Ref. [12], the
quantum well studied was formed of a 12.5 nm thick InAs
layer grown in direct contact with a 5 nm thick GaSb layer
(compared with 15/8 nm InAs/GaSb in our case). They ob-
served two separate peaks in mobility, one at a carrier density
of ≈14 × 1011 cm−2 and another at ≈24 × 1011 cm−2. We
reason that the peak in mobility at the lower carrier density
is due to the additional anticrossing discussed here, whilst the
peak at the higher carrier density is due to the population of a
second excited electron subband, as stated in Ref. [12].

In conclusion, we have shown evidence of an E1-E2 hy-
bridization gap within a InAs/GaSb coupled quantum well.
We note that, in our studies, we have not been able to tune the
system into the topologically interesting E1-H1 hybridization
gap. Comparing the E1-E2 hybridization gap to the E1-H1
hybridization gap across a series of different quantum well
heterostructures would allow one to deconvolute the effects
of interwell coupling (which give rise to both the E1-E2 [18]
and E1-H1 [5] hybridization gaps) and the excitonic effects
recently observed within the E1-H1 hybridization gap [1,45].

The data associated with this paper are publicly available
from the University of Leeds Data Repository (see [47])
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