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We review the recent experimental progress towards observing quantum spin Hall effect in inverted
InAs/GaSb quantum wells (QWs). Low temperature transport measurements in the hybridization
gap show bulk conductivity of a non-trivial origin, while the length and width dependence of con-
ductance in this regime show strong evidence for the existence of helical edge modes proposed by
Liu et al. [Phys. Rev. Lett., 2008, 100: 236601]. Surprisingly, edge modes persist in spite of compa-
rable bulk conduction and show only weak dependence on magnetic field. We elucidate that seeming
independence of edge on bulk transport comes due to the disparity in Fermi-wave vectors between
the bulk and the edge, leading to a total internal reflection of the edge modes.
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1 Introduction and background

Recent discovery of topological insulators (TI) has
sparked much interest, with flurry of theoretical pro-
posals and intensive efforts on experimental side to ob-
serve many of the predicted exotic properties of TIs,
from axion dynamics to Majorana fermion excitations
[1, 2]. Following the theoretical work of Kane and Mele
[3], and independently, Bernevig and Zhang [4], topo-
logically insulating phase, which in two-dimension (2D)
is dubbed quantum Spin Hall effect, has been soon ex-
perimentally realized in HgTe/CdTe quantum wells [5,
6]. Furthermore, signatures of topologically insulating
phase have also been observed in 3D systems of Bi2Se3, in
ARPES and STM measurements [7–9], albeit hindered
in transport experiments by a highly conductive bulk.
Thus, from the transport perspective, so far, inverted

HgTe/CdTe quantum wells are the only material show-
ing truly insulating bulk and non-local helical edge mode
transport – a defining characteristic of TIs. Another well
developed semiconducting system which benefits from
years of research and shows evidence for existence of
QSHI phase are broken type InAs/GaSb quantum wells
[10–12]. Compared to HgTe/CdTe, InAs/GaSb carries a
series of advantages including continuously tunable band
structure via electrical fields [13], as well as a good in-
terface with superconductors [14]. Thus, this material
system may prove uniquely suitable for the realization
of TI/superconductor hybrid structures [15], which are
predicted to host exotic Majorana fermion modes and
can be used for topological quantum computation.

InAs, GaSb, and AlSb belong to a class of lattice
matched compounds, commonly referred to as the 6.1A
family [16], which is the approximate lattice constant of
all three materials. In this system, AlSb serves as a good
quantum well barrier to narrow gap InAs with a very
high band offset of 1.35 eV, enabling deep quantum wells.
In addition, small electron effective mass in InAs results
in the second highest room temperature mobility of all
semiconductors (the first is InSb), making this material
very interesting, especially from a device perspective.

Nevertheless, the most attractive aspect of the 6.1A
family is its unusual broken gap band alignment between
InAs and GaSb, with conduction band of InAs some 150
meV lower than the valence band of GaSb. This allows
for coexistence of closely separated electron (in InAs) and
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hole (in GaSb) two-dimensional gases that are confined
by neighboring AlSb barriers as shown in Fig. 1 [13]. In
wider wells, the band structure is inverted with ground
conduction sub-band (E1) lower than the ground heavy-
hole subband (H1), while the narrower wells have normal
progression of states in energy from valence to conduc-
tion. In the inverted regime, E1 and H1 bands anti-cross
for some wave-vector kcross, where electron and hole den-
sities are approximately matched, n = p = k2

cross/2π and
particle energy and in-plane momentum in two wells are
equal [13]. Due to the tunneling between the wells, elec-
tron and hole states are mixed and a hybridization gap
Δ of few meV opens in otherwise semi-metallic band dis-
persion, as shown in Fig. 1.

Furthermore, transfer of charge between InAs and
GaSb layers will result in electric field along the growth
axis, which can be tuned via external front and back
gates as illustrated in Fig. 1. Changing this built-in field
will result in a relative shift of H1 and E1 bands, result-
ing in a smaller or larger energy separation between the
bands, denoted as Eg0 in Fig. 1. As theoretically shown
by Naveh and Laikhtman, even moderate electric fields
can drastically change the character of band structure
from inverted to normal, and vice versa [13]. In addi-
tion, absolute gate bias will determine the position of
the Fermi level, and thus, in double-gated configuration
both system band structure as well as position of the
Fermi level can be tuned with external gates.

Fig. 1 Band structure and band dispersion of inverted InAs/
GaSb QWs.

As mentioned previously, spectrum of the inverted
InAs/GaSb QWs, which is shown in Fig. 1, is neces-
sarily gapped. Furthermore, inverted progression of the
bands makes this gap topologically distinct from the gap
associated with normal progression of bands in normal
insulator. Hence, at the edge of the sample, inverted gap
must close before the normal insulating gap, such as that
in air or omnipresent native oxides, opens, resulting in
linearly dispersing edge modes. Time-reversal symme-
try considerations require the edge modes to be helical
with counter-propagating spin up and spin down chan-
nels [10]. Due to the conservation of helicity, particles
on time reversed paths around non-magnetic impurity
in helical edge destructively interfere, resulting in zero
backscattering probability [2]. Thus, in inverted regime
of InAs/GaSb, the edge modes are not only guaranteed

but also robust against disorder.
Within Landauer–Buttiker formalism, expected edge

conductance in six-terminal configuration for mesoscopic
samples will be 2e2/h [5], while for four-terminal devices
the conductance is doubled to 4e2/h. Nevertheless, un-
like in quantum Hall systems where edge conductance is
present even in macroscopic samples, in quantum spin
Hall systems, for longer devices the loss of phase coher-
ence will allow counter-propagating edge modes to back-
scatter and the conductance will decay with length of the
device – illustrating the simple but fundamental differ-
ence between one way and two way traffic. Longer sam-
ples can be modeled by inserting phase breaking probes
and applying Landauer–Buttiker formula obtaining for
four terminal devices the following expression [17]:

G14,23 =
2e2

h

[
lϕ
L

+
(

lϕ
L

)2
]

where lφ is the phase coherence length and L is the device
length. Thus, for macroscopic QSH samples where L�lφ
edge contribution to conductance will be negligible. As
a result, transport in macroscopic samples reflects only
the character of the bulk. Earlier transport studies of in-
verted InAs/GaSb QWs [18, 19], which have been only
conducted on larger samples, have confirmed a hybridiza-
tion gap in the bulk, although all data show a residual
conductivity down to the lowest temperatures. Such a
lack of true insulating behavior indicates a substantial
bulk conduction of intrinsic origin in this material sys-
tem. We discuss this particular issue in the next section.

2 Bulk conductivity in hybridization gap of
inverted InAs/GaSb quantum wells

Mini-gap due to electron-hole hybridization has been first
experimentally established in capacitance and transport
measurements by Yang et al. [18], who have studied front
gated InAs/GaSb composite QWs in both inverted and
normal regime. Furthermore, evidence for the hybridiza-
tion gap has been presented in far-infrared measurements
of Kono et al. [20] and later Yang et al. [21]. Similarly,
transport experiments by Cooper et al. [19] on double
gated structures have shown strong resistance peaks, cor-
responding to the hybridization gap; however, Cooper et
al. [19] have found that resistance of the mini-gap does
not diverge and does not show thermal activation, as
may be expected for ideally hybridized system, and have
ascribed this oddity to possible band anisotropy and im-
purity states within the mini-gap. In fact, in the earliest
study, it has been found by Yang et al. [18] that the ca-
pacitance signal, which corresponds directly to density of
the states, exhibits only slight dip in hybridization gap,
compared to large reduction of density of states in the
normal gap, presumably due to localized states present in
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hybridization gap and curiously absent in normal gap of
similar size. Note that these early studies have all been
performed on macroscopic samples, and as previously
suggested, possible edge contributions to the observed
finite gap conductivity in these studies can be safely ex-
cluded.

The issue of residual bulk conductivity has been the-
oretically resolved by Naveh and Laikhtman [22], who
considered tunneling between the wells to be dissipative,
albeit slightly. In early theoretical studies, Caldeira and
Legett [23] have found that dissipation, i.e., coupling of
the quantum mechanical particle to external degrees of
freedom, will lead to reduced quantum mechanical ca-
pacity of the particle for tunneling. Thus, dissipative
tunneling will leave some proportion of electronic states
non-hybridized, giving non-zero density of states in the
gap and finite gap conductivity. Using the full quantum
approach of Keldysh formalism, Naveh and Laikhtman
have shown that a slight amount of electron and hole
level broadening leads to drastic changes in transport be-
havior, giving finite bulk conductivity even at zero tem-
perature and even in the limit when level broadening is
much smaller than the size of the mini-gap [22]. In fact,
in the limit of small level broadening Γ and for small Δ,
such that Γ � Δ � Eg0, zero-temperature bulk conduc-
tivity approximately scales as [22]:

g(T = 0) ∝ e2

h

Eg0

Δ
Thus, for negligible level broadening the gap conductiv-
ity depends only on band parameters. This is due to the
fact that level broadening gives free charge carriers in the
gap whose number goes as Γ and whose mobility scales
as 1/Γ resulting in finite conductivity independent of
broadening.

The latter surprising result has been confirmed in our
recent experimental study [11], which showed the bulk
conductivity on the order of �10e2/h and few times
larger than the expected contribution from the edge. Our
high quality wafers were grown by molecular beam epi-
taxy on silicon-doped N+(100) GaAs substrate, which
serves as a back gate. The structure consists of a stan-
dard buffer consisting of AlSb and Al0.8Ga0.2Sb layers
which accommodates for about 7% lattice mismatch be-
tween GaAs and AlSb [24]. On top of this a 500 Å AlSb
lower barrier was grown, followed by 150 Å InAs and
80Å GaSb quantum wells with a 500Å AlSb top barrier
and 30 Å GaSb cap layer to prevent from oxidation of
the AlSb barrier. Under zero applied bias only electrons
are present in the well, with a typical low temperature
density of 7×1011cm−2 and mobility of approximately
105 cm2/Vs.

Samples are processed using standard photo- and e-
beam lithography techniques with wet etching. The top
gate was fabricated by depositing Si3N4 using plasma

enhanced chemical vapor deposition system, and evapo-
rating metal gates. Low temperature magneto-transport
measurements were carried out in a 3He refrigerator
(300 mK) combined with a 12 T superconducting mag-
net, or in a 3He/4He dilution refrigerator (20 mK) with
a 18 T magnet (National High Magnetic Field Labora-
tory). Standard lock-in technique with an excitation cur-
rent of 100 nA at 23 Hz was employed.

Figure 2(a) shows longitudinal resistance Rxx vs. front
gate bias Vfront of a 0.7 μm by 1.5 μm six-terminal Hall
bar structure, at temperatures from 0.3 K to 40 K in
approximately 2K steps. When the Fermi level is pushed
into the hybridization gap clear peaks in resistance are
observed. Resistance peaks do not show thermal activa-
tion, although they persist to temperatures up to 30 –
40 K, suggesting that the size of hybridization gap is
approximately 3 – 4 meV, which is consistent with pre-
viously reported values. Note that the maximum resis-
tance observed is on the order of 4 kΩ, and is few times
smaller than the contribution from proposed edge modes
of h/(2e2) ∼12.9 kΩ, indicating dominant bulk transport
in these structures.

Furthermore, by adjusting the back gate bias, relative
separation between the bands Eg0 can be reduced, re-
sulting in an approximately linear decrease of bulk con-
ductivity with anti-crossing density, n = p = Eg0

m∗
π�2 ,

and is shown in Fig. 2(b), where m∗ is the reduced
mass, m∗ = me·mh

me+mh
, with carrier masses me =0.03

and mh=0.37 (in units of free electron mass) [18]. This
is in reasonable agreement with the crude estimate of
bulk conductivity given by Naveh and Laikhtman [22],
with both experimental values and theoretical estimates
shown in Fig. 2(b) for Δ=3.6 meV. Discrepancy at larger
densities is presumably due to band anisotropy, which for
simplicity has been ignored in their theory.

Fig. 2 Panel (a) shows resistance peaks for temperatures from
0.3 K to 40 K in roughly 2K steps. Resistance peaks lack ther-
mal activation but persist up to 30–40 K, suggesting Δ∼3–4 meV.
Panel (b) shows bulk conductivity vs. anti-crossing density for
both experiment and theory, giving good agreement at lower den-
sities where band anisotropy can be ignored.

In addition, at lower anti-crossing densities where
band anisotropy is strongly reduced, besides resistance
peaks we also observe resistance dips shown in Fig. 3.
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These dips correspond to van Hove singularities in den-
sity of states (DOS) at the edges of the gap [18], as
illustrated in the same figure. From the relative po-
sition of resistance dips and peaks [Fig. 3(a), (b)] in
front gate bias as we can estimate mini-gap value Δ ≈
2 (Vpeak − Vdip) Δn

ΔV
1

DOS , where Δn
ΔV is the rate of car-

rier density change with front bias, and DOS = me+mh

π�2 ,
obtaining Δ=3.6 meV. Note that applying the in-plane
field shifts electron and hole bands in opposite directions,
inducing the band anisotropy and weakening the dips as
shown in Figs. 3(c) and (d).

Fig. 3 Panel (a) evolution of resistance dips as the Vback is varied
from −9 V to −11 V, in 0.5 V steps, B =0 T, T =20 mK. Resis-
tance dips occur at singularities in DOS near gap edges shown in
(b). From relative position of dips and peaks in Vfront we determine
Δ ≈ 3.6 meV. Dips weaken with in-plane magnetic field in (c), due
to induced anisotropy in the dispersion in (d). Reproduced from
Ref. [11], Copyright c© 2010 American Physical Society.

In conclusion, in inverted InAs/GaSb quantum wells
disorder has a singular effect, resulting in finite bulk con-
ductivity even in the limit of relatively small level broad-
ening of electron and hole levels, as revealed by theoret-
ical work of Naveh and Laikhtman, and confirmed by
our experiments. Thus, the residual bulk conductivity is
not a simple dirt effect, which can be removed by im-
proving the cleanliness of the system, but a subtle yet
profound consequence of dissipative quantum tunneling
in realistic electron–hole systems. Nevertheless, this re-
sult suggests that bulk conductivity can be substantially
reduced as the band-structure is tuned towards a criti-
cal point by decreasing the relative separation between
the bands Eg0, thus potentially opening a viable regime
for observing quantum spin Hall insulating phase. In the
next section, we look in exactly such a parameter regime,
where the bulk conductivity is reduced, and by studying
the length and width dependence of the mini-gap con-
ductance we find the evidence for helical edge modes.

3 Length and width dependence of conduc-
tance in hybridization regime – Evidence for
helical edge modes

Motivated by the latter results, we have reduced the size

of the quantum wells to 125 Å InAs and 50 Å GaSb,
resulting in the reduced bulk conductivity by a factor
of 2–3, but similar quantum well quality, i.e., compara-
ble zero gate bias mobility [12]. Furthermore, in order to
increase the relative edge contribution we study four ter-
minal structures, and in this case the expected bulk con-
tribution will be comparable to or smaller than the heli-
cal edge conductance of 4e2/h. For a macroscopic sample
with the length L =100 μm and a geometric factor γ =
L/W = 2, resistance peaks in these narrower wells in-
crease to Rmax∼10.2 kΩ as shown in Fig. 4, when the
Fermi level is tuned through the hybridization gap. Note
that in such a long sample, the edge contribution is neg-
ligible and the observed resistance value reflects only the
bulk transport, with the bulk conductivity of gmeasured

= γ/Rmax = 5.05e2/h.

The entry into hybridization gap is also signaled by
non-linearity in B/(eRxy) (in blue and taken at B =
1 T), which in a linear regime corresponds to the elec-
tron density. The negative values of B/(eRxy) indicate a
hole dominated regime although in a two-carrier regime
the direct correspondence to the carrier density no longer
exists. As discussed previously, the size of the mini-gap
can be determined from the relative position in gate bias
of resistance dip obtaining Δ ∼4 meV.

Relative separation between electron and hole bands
is estimated from the minimum in B/(eRxy), which cor-
responds to the anti-crossing density ncross ∼ 2×1011

cm−2, giving Eg0 = ncrossπ�
2

m∗ ≈ 16 meV. Thus, the theo-
retical estimate of the bulk conductivity from band pa-
rameters and using Eq. (2) is gexpected ∼4e2/h, which is
in close agreement with the resistance peak value shown
in Fig. 4.

Fig. 4 Longitudinal resistance (in red) and B/(eRxy) (in blue),
taken at B = 1 T, vs. front gate bias Vfront of a 50 μm by 100
μm long Hall bar at B = 0 T. As the Vfront is swept from 0 V
to −4 V, Fermi level is pushed from purely electron to two-carrier
hole dominated regime. Strong resistance peak of Rmax∼10.2 kΩ
occurs when electron and hole densities are matched. Reproduced
from Ref. [12], Copyright c© 2011 American Physical Society.

Next we reduce the length of devices from L =
100 μm down to 10 μm, 4 μm, and 2 μm, while varying
the width to keep the constant geometric factor γ = 2.
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As the length of the device is reduced from macroscopic
to mesoscopic dimensions, the value of the resistance
peaks decreases sharply as shown in Fig. 5(a). Further-
more, note that the edge contribution in the macroscopic
100 μm long sample is negligible, and the resistance peak
of this device can be used to estimate the gap resis-
tance of the bulk Rbulk∼10.2 kΩ. The parallel combina-
tion of Rbulk and the expected helical edge resistance of
h/(4e2) gives the resistance value of Rbulk‖h/(4e2)∼3.95
kΩ, which is only slightly above the measured resistance
peak value of the mesoscopic 2 μm long sample, where
Rmax ∼3.75 kΩ, confirming the helical edge picture.

Fig. 5 Panel (a) shows Rxx vs. Vfront for devices with L =
100 μm, 10 μm, 4 μm, and 2 μm (AFM image in inset of panel
(b), with constant geometric factor γ = 2. Panel (b) shows gap
conductance G vs. L−1. Reproduced from Ref. [12], Copyright c©
2011 American Physical Society.

Similarly, gap conductance G plotted vs. inverse de-
vice length 1/L in Fig. 5(b) shows strong decrease with
length, with a difference in conductance between smallest
and largest samples slightly larger than 4e2/h, which is
indicative of helical edge mode transport. Note that the
bulk conductivity also scales with the length. However,
this logarithmic correction [25] to bulk conductance can
be estimated as ΔG ≈ e2

γπhLn
(

100 μm
2 μm

)
≈ 0.6 e2

h , and
thus accounts for only a fraction of the total observed dif-
ferences in conductance between mesoscopic and macro-
scopic samples. In addition, gap conductance G vs. 1/L

shown in Fig. 5(b) can be fitted reasonably well with
Eq. (1), obtaining the coherence length value lφ ∼2 μm.
Thus, compared to macroscopic samples, the mesoscopic
samples show additional conductance of approximately
4e2/h, presumably from helical edge modes. Besides, the
gap conductance shows a length dependence trend that
is in close agreement with what is expected for helical
edge modes.

Additional evidence for edge modes is found in the
width dependence of gap resistance in mesoscopic sam-
ples. Figure 6(a) shows resistance peaks of four devices
of equal length L = 2 μm, but with different width, W

= 0.5 μm, 1 μm, 1.5 μm, to 2 μm. In this case, resistance
peaks decrease as the device width is reduced, as ex-

pected for bulk transport; however, the gap conductance
showing linear dependence on W , has a non-zero inter-
cept of linear fit, which is in sharp contrast to the solely
bulk conduction. In fact, the intercept value of Gedge∼
4e2/h strongly suggests the existence of helical edge con-
duction channels. As an important check, the slope of the
linear fit to G vs. W trace gives the bulk conductivity
g = (5.46±1.01) e2/h, which is consistent with the previ-
ously determined values. In conclusion, both the length
and width dependence of the gap resistance and conduc-
tance indicate the existence of helical edge channels in
inverted InAs/GaSb quantum wells.

Fig. 6 Panel (a) shows Rxx vs. Vfront for devices with L =
2 μm, and W = 0.5 μm, 1 μm, 1.5 μm, to 2 μm. Resistance peaks
decrease as W is increased. In (b) G vs. W shows linear relation-
ship with intercept of 4e2/h consistent with helical edge modes.
Reproduced from Ref. [12], Copyright c© 2011 American Physical
Society.

Furthermore, using the back gate bias we can tune the
anti-crossing point to lower wave-vector values. Figure 7
shows Rxx vs. Vfront with Vback varied in 2 V steps from
0 V to −8 V for devices of L =100 μm in (a) and L =
2 μm in (b), γ = 2 in both cases. As Vback is tuned to
more negative values, the separation between the bands
Eg0 is reduced, and the resistance peaks of 100 μm long
sample increase from Rmax ∼ 10 kΩ at Vback =0 V to
Rmax ∼ 50 kΩ at Vback = −8 V. On the other hand,
the resistance peaks of the mesoscopic sample increase
only slightly, from about Rmax ∼ 4 kΩ at Vback =0V,
to Rmax ∼ 6 kΩ at Vback = −8V. In fact, difference in
conductance between macroscopic and mesoscopic sam-
ples ΔG = G2μm − G100μm stays around 4e2/h for all
values of back gate bias, as shown in the inset of Fig.
7, giving further evidence for helical edge modes. We
mention here in passing that resistance peaks shift to-
wards more positive Vfront as Vback is made more nega-
tive, which is due to the fact that resistance peaks occur
at the charge neutral point, and hence ΔQ = 0. As a
result, from the simplest capacitance considerations we
have ΔVback · Cback + ΔVfront · Cfront = 0, where Cback

and Cfront are capacitances of front and back gates.
The data presented in Fig. 7 may suggest that edge

conduction is completely independent of bulk conduc-
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Fig. 7 The figure shows Rxx vs. Vfront for devices with L =100
μm in (a) and L =2 μm in (b), with γ= 2 in both cases, with
Vback varied in 2 V steps from 0 V to −8 V. Inset shows differ-
ence in conductance between macroscopic and mesoscopic samples,
ΔG = G2μm − G100μm vs. Vback, which stays around 4e2/h for all
values of back gate bias. Reproduced from Ref. [12], Copyright c©
2011 American Physical Society.

tivity. However, this is valid only in the limit of low
bulk conductivity. Note that in Fig. 7, the gap bulk con-
ductivity is varied from about g ∼5e2/h at Vback =0V,
to g ∼0.5e2/h at Vback = −8 V. Using bias cooling
technique [11], it is possible to shift the starting point
deeper into the inverted regime, i.e., a larger Eg0 can
be obtained, so that at Vback =0V, g ∼19e2/h, while at
Vback = −8 V, g ∼ e2/h, as shown in Fig. 8. In this case,
the edge conductance, i.e., ΔG=G2μm − G100μm, goes
from ΔG ∼0 for large bulk conductivity of g ∼19e2/h to
about ΔG ∼3e2/h as the bulk conductivity is reduced
to g < 5e2/h. In fact, the cut-off bulk conductivity at
which the edge conduction “activates” can be estimated
to g ∼10e2/h.

Apparent indifference of edge conduction to bulk
transport, at least for smaller values of bulk conduc-
tivity, which is evident in Figs. 7 and 8, is quite surpris-
ing considering that the conductive bulk would provide
scattering channels for the edge modes situated on the
opposite sides of the device, and hence the edge con-
ductance would diminish [26, 27]. In a recent theoretical
study of QSH edges in quantum point contact geometry
where tunneling between edge modes on opposite sides is
enabled by reducing the device width, it has been found
that the decrease in two-terminal helical edge conduc-
tance is roughly proportional to T sin2θ , where θ is the
angle between the spin direction and the growth axis,
and T is the tunneling probability [27]. Thus, even for
a large tunneling probability, the edge conductance will

Fig. 8 The figure shows Rxx vs. Vfront for bias cooled devices
with L =100 μm in (a) and L =2 μm in (b), with γ =2 in both
cases, with Vback varied in 2V steps from 0 V to −8 V. Panel (c)
shows ΔG = G2μm − G100μm vs. bulk conductivity gbulk. Edge
conduction “activates” for gbulk < 10e2/h. Reproduced from Ref.
[12], Copyright c© 2011 American Physical Society.

not diminish if the spins are oriented normal to the quan-
tum well plane, which is the case for the weak Rashba
spin orbital interaction.

Furthermore, the tunneling probability between op-
posite side edges may be significantly reduced by large
Fermi wave-vector mismatch. Note that the bulk gap
states are inherited from non-hybridized band structure
and generally will have Fermi wave-vector equal to kcross

while edge modes for Fermi energy situated in the mid-
dle of the gap have a wave-vector close to zero. Thus,
for larger kcross, the edge modes will be totally reflected
from the bulk states. In fact, the tunneling probability
for the edge electron will be proportional to the edge-
bulk transmission probability, which can be expected to
go as kedge/kcross and bulk transmission, which scales
as bulk conductivity, i.e., as Eg0∼k2

cross. Hence, it fol-
lows that the tunneling probability will decrease as kcross

is reduced. This picture qualitatively agrees with data
presented in Fig. 8, where edge conduction activates for
smaller bulk conductivity, i.e., the regime of reduced Eg0

and kcross, and hence closer to the critical point. Never-
theless, a full quantum theoretical treatment of the prob-
lem, which would include the dissipation into tunneling
between the wells, similar to Ref. [28], is hoped to re-
veal more details regarding the stark resilience of edge
transport to conductive bulk.

Next we turn to magnetic field dependence of gap
transport in mesoscopic and macroscopic samples. Sur-
prisingly, the resistance peaks of mesoscopic samples
show only weak dependence on in-plane and perpen-
dicular magnetic fields as shown in Figs. 9(a) and (b),
while macroscopic samples show much stronger depen-
dence. At first glance, this appears to be in contrast
to the strong field dependence observed in HgTe/CdTe
quantum wells [5] and the notion of time reversal break-
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ing, which spoils the perfect destructive interference of
backscattering paths and leads to a fast decay of edge
conductance in the perpendicular field.

Fig. 9 Panel (a) shows Rxx vs. Vfront at B//=0T (full line)
B//=1 T (dashed) for L =100 μm, 10 μm, 4 μm, and 2 μm de-
vices, indicating weak field dependence of gap resistance. Panel
(b) shows Rxx vs. Vfront at Bperpend=0 T, 1 T, and 2 T for L =2
μm; and in panel (c) for L =100 μm. Reproduced from Ref. [12],
Copyright c© 2011 American Physical Society.

However, we note here that even in HgTe the strong
magnetic field dependence has never been observed in the
smallest micron size samples, but in longer 20 μm long
samples [5, 29]. In fact, it has been shown theoretically
by Maciejko et al. [28], using the full quantum approach
of Keldysh formalism, that magnetic field decay of edge
modes depends sensitively on the disorder strength, with
pronounced cusp like features of conductance in the mag-
netic field occurring only when the disorder strength is
larger than the size of the gap. The interpretation of this
result was that by providing the states in the bulk by
a large disorder, edge electrons can diffuse into a bulk
enclosing larger amounts of flux whose accumulation de-
stroys destructive interference of backscattering paths,
resulting in a linear decay of conductance with B. In
the case of HgTe, a large disorder was provided by in-
homogenous gating, which is more pronounced for longer
devices.

Naively, it appears that the edge modes in InAs/GaSb
should have very strong field dependence due to the
strong bulk conduction. However, due to the Fermi wave-
vector mismatch between the edge and bulk that we pre-
viously discussed, the edge states are presumably totally
reflected from the bulk. Note that this happens even for
a larger disorder, simply due to the fact that unlike in
HgTe where the gap opens at k =0, in InAs/GaSb the
gap opens at k values, generally much larger than zero,
and hence in the middle of the gap, the bulk states will
necessarily have Fermi wave-vectors significantly larger
than the edge. Thus, due to this decoupling of edge from

bulk, the magnetic field dependence of edge modes is
expected to be weak.

On the other hand, decay of the bulk conductivity with
magnetic field may not necessarily be weak due to the
localization of non-hybridized carriers which contribute
to non-zero bulk conductivity in the first place. However,
this localization is more pronounced for longer samples
where disorder is naturally stronger. Thus, similarly to
HgTe, but for different physical reasons, i.e., not due to
the decay of edge conductance with B but due to the
decay of bulk conductivity, longer samples are expected
to show stronger magnetic field dependence, as observed.
At any rate, due to the gap opening far from the zone
center, the edge modes in InAs/GaSb are qualitatively
different from those in HgTe/CdTe where the gap opens
at the zone center, showing striking resilience to both
bulk conduction as well as applied magnetic fields.

Finally, we note here that the topologically non-trivial
band-structure in InAs/GaSb is also evidenced at high
magnetic fields, showing peculiar re-entrant quantum
Hall behavior [30, 31]. Such re-entrant quantum Hall be-
havior has also been observed in HgTe [5], where the
system switches from insulating to integer quantum Hall
regime at ν=1 and back to insulating at higher fields,
and has been taken as a direct evidence of topologically
non-trivial gap. In InAs/GaSb the origin of such pecu-
liar magnetic field behavior is its non-monotonic band
structure. Under a perpendicular magnetic field the con-
tinuous density of states separates into a series of dis-
crete Landau levels whose dispersion in the magnetic
field can be obtained from the zero-field by transform-
ing k ∝ √

B [13]. In consequence, non-monotonic zero
field spectrum will give similarly non-monotonic Landau
level spectrum. At the field values which correspond to
anti-crossing wave-vector and band extrema, LL spec-
trum is gapped and the system switches to an insulating
regime. Further away from the band extrema, the system
exhibits normal quantum Hall behavior. Such re-entrant
quantum Hall behavior is a signature mark of topologi-
cally distinct band structure and, as theoretically argued
[1,10], guarantees the edge modes at a zero field.

4 Conclusions and future directions

Finally, InAs/GaSb exhibits transport properties charac-
teristic of quantum spin Hall systems, with a band struc-
ture whose inverted character is signaled by re-entrant
quantum Hall behavior, and with apparent edge conduc-
tion channels which persist despite conductive bulk and
show only weak magnetic field dependence. We have ar-
gued that this unusual behavior can be qualitatively ex-
plained by the fact that in this system the inverted gap
opens away from Brillouin zone center, unlike in HgTe.
In consequence, hybridization gap, which has long been
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experimentally established, exhibits non-zero bulk con-
ductivity. Thus, non-zero bulk conductivity arises due to
finite level broadening of electron–hole levels and non-
zero anti-crossing wave-vector between the electron hole
bands.

Despite this conductive bulk, the length and width
dependence of transport coefficients in InAs/GaSb QWs
in inverted regime suggest the existence of helical edge
modes, which show only weak dependence on magnetic
fields. This is again due to the gap opening far from
the zone center, which results in relative decoupling
of edge channels to bulk states due to large disparity
in Fermi wave-vectors, giving strong resilience of edge
modes to conductive bulk and applied magnetic fields.
Similar to HgTe, a separate evidence for topological
band structure can be found at high magnetic fields. In
this case, band hybridization results in non-monotonic
LLs and non-trivial magnetic properties with re-entrant
Quantum Hall behavior. Demonstrated band structure
tunability and good interface to superconductors make
this quantum spin Hall system a promising candidate in
realization of exotic Majorana modes.
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