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Topological band structure in InAs/GaSb/InAs triple quantum wells
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We present gate voltage and temperature dependent transport measurements of InAs/GaSb/InAs triple quan-
tum wells (TQWs) with a designed hybridization gap energy of 4 meV comparable to its traditional double
quantum well counterpart. Gate voltage dependent measurements enable us to monitor two electron densities
deep in the nonhybridized electron regime and further reveal a clear hybridization gap and a Van Hove singularity
in the valence band as a result of the hybridized electron-hole band structure of the TQWs. The evolution of the
charge carrier densities and types is studied in detail. Electron and hole densities coexist if the Fermi energy is
within the gap and the bottom of the valence band at the � point. On the contrary, only single carrier types can
be found far in the conduction and valence band. Thus, we are able to identify the topological band structure of
these TQWs. Furthermore, the temperature evolution of the hybridized gap of the triple quantum well is studied.
We find a rather temperature insensitive hybridization gap energy.
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I. INTRODUCTION

Quantum spin Hall insulators (QSHIs), or two-dimensional
topological insulators (2D TIs), are characterized by an in-
sulating bulk and gapless helical edge states [1]. The first
experimental observation of these novel classes of materials
was on HgTe/CdTe quantum wells back in 2007 [2]. Since
then many material systems were proposed to host the QSHI
phase such as WTe2 or Bi2Se3 [3–5]. One prominent example
is InAs/GaSb double quantum wells (DQW) with their broken
band-gap alignment which have been extensively studied in
many ways in the literature [6–13]. For the InAs/GaSb DQW
the electron and hole states are spatially separated and local-
ized in the InAs and GaSb layers, respectively. This allows
control of both the electric field and the Fermi energy (EF),
via a dual gate approach enabling InAs/GaSb DQWs TIs to
tune between the trivial and topological phase via externally
accessible control parameters [7]. However, the hybridiza-
tion gap energy in DQWs is much smaller compared to the
HgTe/CdTe material system with typical hybridization gaps
up to a few millielectron volts only for unstrained and up
to 35 meV for highly strained GaSb wells [6,10,14]. Highly
strained HgTe/CdTe, for instance, enables gap energies of up
to 55 meV [15]. However, elevated temperature operation is
hampered by the closing of the hybridization gap at relatively
low temperature due to the strong temperature dependence
of the �6 bulk band in HgCdTe [16,17]. Interestingly, by
adding an additional layer of InAs to InAs/GaSb DQWs it is
possible to enhance the gap energy up to 60 meV for strained
quantum wells albeit profiting from a rather temperature in-
sensitive hybridization gap energy [18]. The additional InAs
layer eliminates the structure inversion asymmetry (in ideal
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structures). The phase diagram with its bulk insulating phase,
its TI phase, and its semimetallic phase is accessible via thick-
ness control of the InAs and GaSb quantum well thicknesses,
comparable to the phase diagram of HgTe/CdTe. In addition,
other interesting phases such as the bilayer graphene phase
[for GaSb/InAs/GaSb triple quantum wells (TQWs)] should
emerge [18]. Up to now, only a few experimental realizations
of TQWs with an inverted band structure have been reported
in the literature. In 2018, Krishtopenko et al. measured the in-
terband optical transitions by Landau-level spectroscopy and
extracted the gap energy out of terahertz photoluminescence
at different temperatures [19]. Their experimental results sup-
port that the gap is temperature independent. Also they report
evidence for a gapless state in their sample and therefore
massless Dirac fermions by magnetotransport measurements
[20].

In this study, we present electronic transport measurements
of an InAs/GaSb/InAs TQW with designed hybridization gap
energies comparable to traditional DQWs and demonstrate
the topological band structure in InAs/GaSb/InAs triple quan-
tum wells. By tuning with a single top-gate voltage (VTG),
the charge carrier densities and types can be monitored and
correlated to the hybridized and nonhybridized band struc-
ture. Magnetotransport measurements with a top gate reveal
two distinct frequencies in the Shubnikov–de Haas (SdH)
oscillations, associated with different electron charge carrier
densities in the two InAs quantum wells. At the middle of the
hybridization gap, a maximum is measured in the longitudinal
resistance Rxx. At this point electron and hole concentrations
coincide and therefore it is called the charge neutrality point
(CNP). We find that coexisting electron and hole carrier den-
sities occur within the narrow energy range between the CNP
and the hybridized valence band. Furthermore, we study the
temperature evolution of the hybridization gap energy.

2469-9950/2021/104(8)/085301(6) 085301-1 ©2021 American Physical Society

https://orcid.org/0000-0001-5822-2333
https://orcid.org/0000-0003-2274-0651
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.085301&domain=pdf&date_stamp=2021-08-05
https://doi.org/10.1103/PhysRevB.104.085301


M. MEYER et al. PHYSICAL REVIEW B 104, 085301 (2021)

FIG. 1. (a) Schematic band structure of the InAs/GaSb/InAs TQW embedded in AlAs0.08Sb0.92 barriers. Both InAs wells have equal
thicknesses d1 and the GaSb well thickness d2. Due to tunnel coupling of both InAs wells the E1 level splits into two energy levels, EA

and ES (for antisymmetric and symmetric).The top gate is used to tune the charge carrier density from an electron dominated regime to a
hole dominated regime over the topological insulating band gap. (b) Simulated band dispersion relation for the sample under study (TQW)
compared to a DQW with equal InAs well width d1 = 10 nm and GaSb well width d2 = 7 nm. The hybridization gap energies are comparable,
e.g., around 4 meV. The energy difference between the top of the valence band and the local minimum is approximately 7 and 9 meV for
the TQW and DQW, respectively. (c) Gate voltage trace of the longitudinal resistance Rxx at T = 4 K and B = 0 T for the TQW. The colored
arrows mark the corresponding position of the Fermi energy EF in panel (b) (color-coded dashed lines).

II. RESULTS AND DISCUSSION

A schematic band profile of a TQW is shown in
Fig. 1(a). The TQW is composed of two InAs wells with
(symmetrical) thickness d1 which surround a single GaSb
well with thickness d2. The TQW is embedded in either AlSb
barriers or AlAsSb barriers (the later one is used in this study
and with AlAs0.08Sb0.92 lattice matched to GaSb). Via a top
gate, the electric field and Fermi energy can be tuned. Due to
the broken band-gap alignment, the electron and hole states
are spatially separated in the InAs and GaSb layers, respec-
tively [21]. The second InAs quantum well restores inversion
symmetry and the hybridization gap in the TQWs can open
at k = 0. Due to the tunnel coupling, the electron level splits
into an antisymmetrical (EA) and a symmetrical (ES) part [18].
Figure 1(b) shows numerically simulated dispersion relations,
performed via the NEXTNANO simulation tool, for the TQW
(left-hand side) and a DQW (right-hand side) with thicknesses
d1 = 10 nm and d2 = 7 nm [22]. Although the hybridization
gap energy Egap in the TQW can be designed in a broad
range, we aimed to design a TQW with hybridization gap
energy similar to a DQW, i.e., 4 meV. Thus, the thicknesses
of d1 = 10 nm and d2 = 7 nm were chosen. In addition, the
difference between the top of the valence band and the local
minimum at the � point are comparable with 7 meV for the
TQW and 9 meV for the DQW. For both simulated structures,
the electron and hole subbands are crossing away from the �

point at a finite kcross [18]. One important difference is that for
this TQW the indirect gap is between the EA and ES levels,
whereas for the DQW the hybridization gap is between the H1

and E1 levels.
Our heterostructure was grown by molecular beam epi-

taxy (MBE). A 200 nm undoped GaSb buffer was first

grown on a GaSb substrate, followed by a 10 × 2.5/2.5
nm GaSb/AlSb superlattice. On top of the superlattice the
InAs/GaSb/InAs (10/7/10 nm) TQW is sandwiched between a
100 nm thick AlAs0.08Sb0.92 bottom barrier and a 50 nm thick
AlAs0.08Sb0.92 top barrier. The sample is terminated by a 3 nm
thick GaSb cap. After the growth, Hall bars were fabricated.
The length and width of the studied Hall bar are 60 and 20 μm,
respectively. The top gate consists of 30 nm Cr/100 nm Au
and is separated from the heterostructure with a 5 × 10/10 nm
SiO2/Si3N4 superlattice. All measurements were performed
in the dark and, if not stated otherwise, at T = 4.2 K. Note
that due to different cooling cycles and charged deep traps
(because of the top gate) there are small hysteresis effects be-
tween the different measurements. This results, for example,
in a slight shift of the CNP [23].

Figure 1(c) shows Rxx as a function of VTG from +10
V to −10 V at zero magnetic field. Rxx is lowest at VTG =
+10 V with a value of around 30 � due to the high mo-
bility deep in the electron regime. For decreasing VTG, the
resistance increases and peaks at around VTG = –1.5 V with
a value of ∼7 k�. This value is below h/2e2 = 12.9 k� be-
cause of residual bulk conductivity and trivial edge channels
[23–25]. After the resistance peak a local minimum is reached
(at VTG ≈ –2.5 V), followed by a local maximum (at VTG ≈
–3.5 V). For lower VTG, the resistance saturates at around 5.2
k�. This results from a constant charge carrier density of the
holes which probably results from a Fermi level pinning in the
valence band (VB). However, the origin of this pinning is not
completely clear. Certain points in Rxx are marked which cor-
respond to characteristic Fermi energy positions as illustrated
in the dispersion relation [Fig. 1(b) left side]: Point 1 (light
blue) is the resistance peak and the middle of the hybridization
gap. Point 2 (orange) is the local minimum in Rxx and the top
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FIG. 2. (a) Hall resistance as a function of the magnetic field
B = 0–10 T and VTG = +10 to +5 V (deep in the electron regime)
and in (b) for B = 0–2 T and VTG = –1 to −5 V. In the electron and
hole regime the slope is linear, whereas a weak nonlinearity can be
seen for the Hall trace within the hybridization gap, e.g., as depicted
for VTG = –1 and −2 V, due to the coexistence of electrons and
holes. (c) SdH oscillations over B and (d) 1/B for VTG = 10 V. From
the oscillations, two frequencies f1 and f2 can be extracted due to
different charge carrier densities in the upper and lower InAs well,
respectively.

of the valence band, the so-called Van Hove singularity (VHS)
[26–28]. Point 3 (green) is the local maximum in Rxx and the
local minimum in the VB. Note that for this particular TQW,
where the hybridization gap lies between EA and ES, only the
VHS in the valence band is visible in Rxx as can be seen in
the measurement. In comparison for DQWs with a hybridized
band structure a dip in Rxx on both sides of the gap should
be visible corresponding to the VHS in the conduction band
(CB) and VB [7,26].

Figure 2(a) provides exemplary Hall measurements for
magnetic fields up to 10 T and positive gate voltages VTG =
5–10 V. The Hall resistances Rxy are linear at low mag-
netic fields and quantum Hall plateaus at even fractions of
h/2e2 (h = Planck constant, e = elementary charge) emerge.
At larger magnetic fields, the spin degeneracy is lifted and
plateaus are indicated at integer fractions of h/e2 [24]. No
quantum Hall plateaus are visible for gate voltages below
VTG = +1 V.

Figure 2(b) shows the Hall traces for VTG = –1 V to −5 V.
For negative VTG, Rxy is nonlinear until VTG = –3 V and finally
evolves linearly for lower gate voltages. The nonlinearity of
the Hall traces for VTG = –1 to −3 V occurs due to the coex-
isting electron and hole populations within this gate voltage
range. To accurately determine the respective charge carrier
densities, a two-carrier fitting is required [7] (see Supple-
mental Material [29]). The longitudinal resistance Rxx for
VTG = +10 V is shown in Figs. 2(c) and 2(d) as a function of B
and 1/B, respectively. Clear SdH oscillations with two distinct
frequencies f1 and f2 are visible due to different charge carrier
densities in both InAs wells.

FIG. 3. Electron and hole charge carrier densities for different
regions I–IV (corresponds to EF at certain points in the dispersion
relation), as extracted by the two-carrier fitting (blue and red circles).
In region I, only electrons exist. Between VTG = 10 and 6 V, two
prominent frequencies appear in the SdH oscillations [Figs. 2(c) and
2(d)] caused by different charge carrier densities in the upper and
lower InAs well. From these frequencies, the densities n1SdH and
n2SdH are extracted (orange and green triangles). For VTG < 6 V,
n2SdH vanishes. By further decreasing VTG, the Fermi energy enters
the hybridization gap (region II). At VTG = 0 V (CNP) a hole density
appears. In region III, EF lies in the hybridized part of the VB where a
minor charge density of electrons (around 1010 cm–2) coexists while
holes are now the majority charge carriers. By further decreasing VTG,
the electron density vanishes completely and only holes exist (region
IV). For comparison Rxx for B = 0 T (in black) is also depicted.

Figure 3 shows all the acquired charge carrier densi-
ties (out of the Hall resistance and SdH oscillations) as a
function of the gate voltage VTG. As a comparison, the lon-
gitudinal resistance Rxx for B = 0 T is plotted as black solid
rectangles. The schemes at the top of Fig. 3 show where EF

lies in the dispersion relation for different gate voltage ranges.
Note that these schemes are simplified and just for illustration.
They do not consider the gate induced asymmetry which will
change the dispersion relation significantly for really high
positive/negative VTG.

For VTG = 10–1 V, EF lies in the CB (region I). These high
gate voltages weaken the tunnel coupling between both InAs
wells, leading to two independent InAs wells with charge
carrier densities n1SdH (orange triangles) and n2SdH (green tri-
angles). Both densities have a maximum value of n1SdH,max =
2 × 1012 cm–2 and n2SdH,max = 3 × 1011 cm–2 and they cor-
respond to the upper and lower InAs well, respectively. The
large difference results from stronger tuning of the upper well
than the lower well. With the difference of both densities
�n the energy difference between both wells is determined
at VTG = 10 V : �E = π h̄2

me
�n ≈ 92 meV. Here, me = 0.04 is

the effective mass of electrons (in units of free electron
mass) [19]. In addition, if a linear fit is applied to n1SdH and
n2SdH the charge carrier density at the CNP can be extracted:
n1SdH = n2SdH = 1.3 × 1011 cm–2. For VTG < 6 V f2 vanishes
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FIG. 4. (a) Temperature dependent resistance for VTG = +10 V to −10 V. With increasing temperature the resistance peak corresponding
to the hybridization gap reduces until it completely vanishes for T = 50 K (yellow curve) which corresponds to Egap = kBT ≈ 4.3 meV. This
indicates a rather temperature insensitive hybridization gap. The inset shows a scheme of the band structure with certain positions. (b) Position
of Vpeak, Vdip, and Vpeak2 normalized to Vpeak. The difference between Vdip or Vpeak2 and Vpeak is decreasing whereas the difference between Vdip

and Vpeak2 is staying nearly equal. This can also be seen in (c), where the voltage difference for the gap (Vgap) and for the bowing (Vbow) is
shown. Vgap decreases whereas Vbow is nearly constant.

and n2SdH cannot be extracted anymore. The blue and red
circles are the complete charge carrier densities for electrons
and holes extracted from fitting the Hall traces. At VTG = 10 V
a maximum electron density of nHall,max = 2.4 × 1012 cm–2

with a maximum mobility of μmax = 2.2 × 105 cm2/V s is
reached. This value is a factor—two to three times lower
than the highest mobility values for DQWs reported in the
literature [24,30]. By decreasing VTG, nHall decreases linearly.
Around VTG = 1 V a transition to the hybridization gap (re-
gion II) is made. At VTG = 0 V, the charge neutrality point
(CNP), a hole density appears. At this point both charge
carrier densities are nearly equal with nCNP ≈ pCNP ≈ 2.2 ×
1011 cm–2. With these values the crossing of the electron and
hole bands is calculated to kcross ≈ 0.12 × 109 m–1 which is
consistent with the simulations. Also the value for kcross is
similar compared to values for the DQWs from the literature
[7,31].

In region III, EF lies in the hybridized part of the VB. Here,
holes coexist with a minority of electrons of approximately
1011 cm–2 density. By further decreasing VTG, EF lies deep in
the VB. The electron density vanishes and the hole density
increases until it saturates at a maximum value of pHall,max =
1.41 × 1012 cm–2 and a mobility of μp = 2.5 × 103 cm2/V s
(region IV).

The hybridization gap energy Egap is determined via
the position of the middle of the gap (Vpeak) and
the VHS (Vdip) [27,31,32]: Egap = 2(Vpeak–Vdip) �p

�V
1

DOS =

3.2 meV. Here, �p
�V = �n

�V = 2.4 × 1011 cm–2 is the linear
change of the charge carrier density with VTG and the DOS =
(me + mh)/π h̄2 is the combined density of states for electrons
and holes with me = 0.04 and mh = 0.35 (in units of free
electron mass) [19,33]. The value of the experimentally de-
rived hybridization gap of 3.2 meV is slightly smaller than
the one extracted from the simulations (4 meV) which could
be due to quantum level broadening [7], though this equation
just gives an estimate of the hybridization gap but is used
throughout the literature. This allows us to compare the dif-
ferent systems (DQW and TQW) with each other.

The band ordering of the �6 and �8 bands in InAs,
GaSb, and AlSb should be temperature insensitive which
could enable a temperature independent hybridization gap in
comparison to HgTe/CdTe [18,19,34]. Therefore, temperature
dependent measurements were performed on the sample. In
Fig. 4(a) Rxx is shown from VTG = +10 to −10 V for tem-
peratures from 8 K up to 100 K. We would like to note
that this temperature series was carried out at another but
nominally identical sample (same process and dimension,
similar charge carrier density and mobility). For increasing
temperatures, the resistance in the electron regime increases
while the gap resistance value and the hole region resistance
value are decreasing. The decrease of the gap resistance value
shows the insulating character [11]. The resistance peak at
position Vpeak vanishes for temperatures at around 50 K (yel-
low curve). This allows to estimate a gap energy of Egap =
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4.3 meV which is consistent with the simulated gap value
of around 4 meV at T = 4 K. Again, this technique is just
indicative for the size of the hybridization gap, though the sec-
ond peak (Vpeak2, resulting from the hybridized band structure
[26]) is still observable but ultimately vanishes at even higher
temperatures, i.e., around T = 100 K. Figure 4(b) shows the
extracted voltage positions of the middle of the hybridization
gap (Vpeak), the valence band maximum (Vdip), and the local
minimum of the valence band (Vpeak2). All voltage values
are referred to Vpeak. The voltage differences between Vpeak

and Vdip (Vgap/2) is proportional to the gap energy, i.e., via
Egap = 2(Vpeak–Vdip) �p

�V
1

DOS . The voltage difference between
Vdip and Vpeak2 (which is named Vbow) on the other hand is
proportional to the energy difference from the top of the VB
and the local minimum in the VB at the � point. Vgap and Vbow

as a function of temperature are shown in Fig. 4(c).
For increasing temperatures, Vgap is decreasing whereas

Vbow remains nearly constant. This could indicate that the gap
is closing but the bowing remains constant. From simulations,
though, a gap closing is always accompanied by variations of
the bowing in the VB. Hence, those results seem at first glance
contradictory but may point to insufficiently known band
parameters. However, we would like to note that thermally ac-
tivated charge carriers will significantly contribute to the exact
energy position of Vpeak and Vdip (and therefore Vgap) while for
Vpeak2 in the VB the charge carrier density is expected to be
rather temperature insensitive. Therefore, the nearly constant
value for Vbow seems more plausible than the decreasing value
for Vgap. All these experimental indications point to a rather
temperature insensitive hybridization gap in this measured
temperature region as assumed in the literature [18,19].

III. CONCLUSION

In summary, we have presented gate voltage dependent
and temperature dependent transport measurements of a sym-
metrically grown InAs/GaSb/InAs TQW with a designed
hybridization gap energy comparable to its traditional dou-
ble quantum well counterpart. We observed a clear charge
neutrality point in the hybridization gap and a Van Hove
singularity in the valence band of the TQW due to the hy-
bridized electron-hole band structure. The evolution of the
charge carrier density and type was studied in detail. Electron
and hole densities coexist within the CNP and the bottom of
the valence band at the � point. Deep in the conduction and
valence band, only a single carrier type could be found. Thus,
we have been able to identify the topological band structure of
these TQWs. The temperature evolution of the hybridization
gap energy of the triple quantum well was studied. We find
that the resistance peak for the hybridization gap vanishes at a
temperature of 50 K which corresponds to an energy of Egap =
4.3 meV. This indicates a rather temperature insensitive hy-
bridization gap since the gap energy at T = 4 K is found to
be about 4 meV. If this temperature insensitivity is also found
for higher hybridization gap energies at a broad temperature
range it could enable operations at elevated temperatures for
InAs/GaSb/InAs TQWs.
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