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Robust broken-gap MoTe2/ZrS2 van der Waals heterostructure
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Two-dimensional van der Waals (vdW) heterostructures with several possibilities of band edge alignment
are promising candidates in the design of semiconductor junction devices with good electrostatic control.
We predict a robust broken-gap band alignment for the MoTe2/ZrS2 vdW heterostructure and uncover the
underlying mechanism. Our first-principles calculations reveal that upon formation of the vdW heterostructure
a small amount of charge is transferred between the layers which sits on the central transition metal atoms
and is responsible for the band edge alignment. Moreover, the lattice-mismatch-induced in-plane strain and the
interfacial polarization are shown to play no role in band alignment. However, we find a weak sensitivity of the
electronic structure and band edge alignment of the vdW heterostructures to an external normal-to-plane strain
or electric field. Our findings are helpful in designing heterojunction devices with desired electronic structures.
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I. INTRODUCTION

Heterostructures offer unique degrees of freedom in the
design of semiconductor junction devices. For example, two-
dimensional (2D) semiconductor-based heterojunction solar
cells with the spatial separation of photogenerated electron-
hole pairs show enhanced power-conversion efficiency [1].
The large controllability of the conduction and valence band
offsets at the junction makes heterostructures suitable for
various optoelectronic applications. For two semiconductors
in contact, three types of band edge alignment are possible
[2]. In the so-called straddling (or type I) and staggered (or
type II) lineups, there is no overlap between the valence and
conduction bands of the heterostructure. Most studies on van
der Waals (vdW) layered heterostructures with different stack-
ing of the layers demonstrate a staggered-gap semiconductor
[3–6]. On the other hand, in the less-studied broken-gap (or
type III) band alignment [7–9], the bottom of the conduction
band of one semiconductor drops below the top of the va-
lence band of the other one. This closed-gap exotic situation
not only is of research interest but also has potential prac-
tical applications in tunnel field-effect transistors (TFETs)
[10,11].

Transition metal dichalcogenide (TMD) heterostructures
with reduced screening and weak vdW interlayer interac-
tions have recently attracted great attention for optoelectronic
applications [12–16]. Mechanical strain [17,18] or exter-
nal electric field [19] is applied to tune the optoelectronic
properties [20,21] and control the tunneling probability and
thus the “on-current”-to-“off-current” ratio hence enhancing
the performance of the heterostructure TFETs [22]. Com-
pared with the conventional field-effect transistors, TFETs
suffer from the very small tunneling probability and hence
“on-current.” The tunneling probability can be enhanced in
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two-dimensional TFETs thanks to the possibility of apply-
ing high electric fields at the junction. Moreover, atomistic
simulations revealed a high performance for TMD TFETs
enabled by increasing the tunneling probability via adapting
electronic properties such as the band gap and effective mass
by the choice of the TMDs [23]. In this context, stacked lay-
ers with similar lattice properties are preferred for designing
TMD heterostructures with broken-gap band alignment for
TFET applications, so that variability reduction by adopt-
ing heterostructures based on MoTe2/SnS2, MoTe2/ZrS2, or
HfS2/SnSe2 has been proposed [11].

In this paper, we present an in-depth study of the electronic
structure of the MoTe2/ZrS2 vdW heterostructure. Our first-
principles calculations show a broken-gap band alignment for
this heterostructure and reveal that the responsible mechanism
is the charge transfer into the transition metal (TM) atoms.
The interfacial polarization and the lattice-mismatch-induced
strain are shown to have a marginal effect on the band align-
ment of the heterostructure. Furthermore, we study the effect
of external normal-to-plane strain and electric field and show
that a transition to the staggered gap occurs at extremely
large fields. In the rest of this paper, the detailed results are
presented and discussed following the introduction of our
computational methodology.

II. COMPUTATIONAL DETAILS

The first-principles calculations are performed in the
framework of density functional theory (DFT) within
the Perdew-Burke-Ernzerhof (PBE) approximation of the
exchange-correlation functional [24] as implemented in the
QUANTUM ESPRESSO code package [25]. To obtain numer-
ically well converged results, the valence electron wave
function is expanded in terms of a plane-wave basis set
with a kinetic energy up to 100 Ry while the irreducible
Brillouin zone is sampled on a 18 × 18 k grid. Fully relativis-
tic norm-conserving pseudopotentials [26] are employed to
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FIG. 1. Top and side views of the 2H -MoTe2/1T -ZrS2 het-
erostructure used in our computations. The dashed lines outline one
unit cell.

represent the core states by taking into account the spin-orbit
interactions. The energy convergence criterion for wave-
function optimization is set to 2 meV. To determine the
relaxed configurations, atomic nuclei are iteratively relaxed
until the maximum force component on each atom becomes
smaller than 0.01 eV/Å. The supercell method with a vac-
uum gap of height about 18 Å is used to prevent spurious
interaction between periodic images of the heterostructure.
A normal-to-plane strain is introduced by rigidly moving
one layer with respect to the other without rerelaxing the
atoms. When an external electric field is applied normal to
the layer plane, a correction dipole layer is introduced in
the vacuum [27,28] while a jellium model (homogeneous
background charge) is used for neutralizing the supercell of
doped systems. The vacuum level is the energy reference
in the band structure diagrams. In a textbook picture, the
vacuum level is the electrostatic potential far away from the
sample surface [29]. Similarly, we set the energy of the vac-
uum level to be the same as the electrostatic potential in the
middle of the vacuum region (for details, see Supplemental
Material [30], where we also explain how the contribution
from the uniform external electric field or the homogeneous
background charge is first eliminated from the electrostatic
potential).

Our calculated lattice constants of the monolayers 2H-
MoTe2 and 1T -ZrS2 are 3.53 and 3.64 Å, respectively, in good
agreement with experiment (3.52 and 3.66 Å) and previous
computations with the optB86b functional (3.53 and 3.65 Å)
[31]. Among six possible highly symmetric conformations
achievable by stacking the two monolayers [9], we address
the stacking of unrotated single unit cells of MoTe2 and ZrS2,
as depicted in Fig. 1. There is a lattice mismatch of about
3% between the two monolayers. We thus initially set the
common lattice constant of the layers in the heterostructure
equal to the mean of those of the isolated layers and then
minimize the total energy of the MoTe2/ZrS2 heterostructure
with respect to the in-plane lattice constant, which results in
an optimized common lattice constant of 3.59 Å. When the
vdW interactions between the monolayers are introduced by
the Grimme approximation method [32], the formation energy
of the heterostructure (i.e., the energy required to separate
the two constituting monolayers) is calculated to be 0.198 eV
per cell while the equilibrium interlayer separation is 3.13 Å.
With the rev-vdW-DF2 functional [33] (which is also expected
to predict accurately the equilibrium geometries of the lay-
ered structures [34]), the equilibrium interlayer separation is
3.01 Å.

FIG. 2. (a) Spatial distribution of the highest occupied and low-
est unoccupied orbitals and (b) band structure of MoTe2/ZrS2 vdW
heterostructure. The valence and conduction bands are indicated in
magenta and blue, their edges (VBM and CBM) occur at the K and
M points, and the corresponding orbitals in (a) are mainly localized
on the Mo and Zr atoms, respectively. The band alignment is more
clearly seen in the schematic diagram and the zoomed-in view of the
band structure on the same energy scale shown in (c). The horizontal
dashed line indicates the Fermi energy.

III. RESULTS AND DISCUSSION

As shown in Fig. 2(a), the highest occupied orbital of
the MoTe2/ZrS2 heterostructure is localized on the Mo atom
(magenta), while the first orbital of the conduction band is
mainly localized on the Zr atom (blue). Consequently, the
valence band maximum (VBM) of the heterostructure is un-
ambiguously attributed to the MoTe2 layer and is highlighted
in magenta in the band structure, while the conduction band
minimum (CBM) is attributed to the ZrS2 layer and indi-
cated in blue. For the sake of convenience, we keep the same
color coding throughout the rest of this paper and focus on
the relevant bands in the band structure representations. The
band structure shown in Figs. 2(b) and 2(c) clearly repre-
sents a broken-gap band alignment for the MoTe2/ZrS2 vdW
heterostructure: The CBM drops below the VBM, while the
Fermi level touches the CBM at point M and intersects the
valence band close to point K of the Brillouin zone. Few
studies have reported such a broken-gap situation [35–37]. To
shed some light on the origin of the observed band alignment
in the heterostructure, we address the isolated constituent
monolayers. Shown in Fig. 3(a) are the electronic band struc-
tures of the pristine monolayers. MoTe2 possesses a direct
gap at the K point, while ZrS2 is a semiconductor with an
indirect �-to-M gap. Both the MoTe2 monolayer and the ZrS2

monolayer are semiconductors with a 1-eV gap in agreement
with the reported PBE calculations [38–40], whereas the gap
is closed in the MoTe2/ZrS2 vdW heterostructure shown in
Fig. 2(c).

We explore in the following three potential scenarios
that may govern the broken-gap band alignment of the
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FIG. 3. Band structure of isolated monolayers of MoTe2 and
ZrS2 (a) in pristine form, (b) subject to the same in-plain strain as
in the heterostructure, (c) doped by the same net charge as in the
heterostructure, or (d) subject to a normal-to-plane electric field as
large as that produced by the interfacial dipole layer. The bands
are aligned by reference to the vacuum level of the corresponding
monolayer after eliminating the trivial contribution of the uniform
external electric field or the homogeneous background charge to
the electrostatic potential (see Supplemental Material [30]). The
horizontal dashed lines indicate the Fermi energies, which approach
a common value only for doped monolayers (c). Electron density
difference maps show isosurfaces of 0.0002 e/bohr3 as induced by
the doping (e) or polarizing electric field (f) corresponding to rows
(b) and (c), respectively, or the formation of the heterostructure (g).
Electron accumulation (depletion) is represented in red (green).

monolayers upon formation the vdW heterostructure: (i) the
in-plane strain felt by each of the two layers due to their
lattice mismatch, (ii) electric charge transfer from one layer
to the other, and (iii) interfacial electric polarization. Al-
though these three consequences of the formation of the
heterostructure occur simultaneously, we address them sep-
arately to investigate their individual effects. To compare the
band structure of the heterostructure with those of the pristine
monolayers, shown in Figs. 2 and 3, respectively, we align
the vacuum levels of the individual monolayers to a common
reference so that the energies of their bands are comparable
according to Anderson’s rule [37]. A clear difference between
the band structures of the heterostructure and the noninteract-
ing pristine monolayers is the relative position of the CBM

and VBM while the Fermi energies of the isolated layers are
still misaligned. (Recall that the VBM of the heterostructure
has a MoTe2 nature while the CBM originates from the ZrS2

layer, hence the magenta-blue color coding.)
We first inspect the band structures of the isolated mono-

layers subject to the same strain felt in the heterostructure, i.e.,
ε = +1.7% on MoTe2 and −1.4% on ZrS2, as illustrated in
Fig. 3(b). The strained MoTe2 and ZrS2 layers remain gapped
semiconductors with slightly reduced band gaps of 0.9 and
0.8 eV, respectively. Since no significant change is induced
in the band structures, we rule out there being a role of the
lattice-mismatch-induced strain in the closing of the gap in
the heterostructure.

We next focus on the second scenario, i.e., charge transfer
between the layers. The amount of the charge is estimated
from the topology of the electron density based on the Bader
charge analysis [41,42]. In this method, the real space is
partitioned into a number of atomic basins in such a way that
the electron density has a vanishing gradient (and is thus min-
imized) on the borders of the basins. In the present problem,
we seek a hypothetical surface in the space that separates the
MoTe2 and ZrS2 layers so that the volume integration of the
electron density on each side of the surface gives the charge
of the corresponding layer. The desired Bader surface is the
locus of the electron density minimum between the two layers.
Our charge analysis predicts that 0.04 e/f.u. is transferred
from the MoTe2 layer to the ZrS2 layer upon formation of the
MoTe2/ZrS2 vdW heterostructure. This tiny amount of charge
transfer indicates that there is no chemical bonding between
the atoms of opposite layers, but once injected into the semi-
conducting layers the resultant charge doping concentration is
calculated to be ∼3.6 × 1013 e/cm2, which is large enough
to modify its conductivity [43]. For vertically stacked TFET
applications, the MoTe2 layer in the heterostructure may be
understood as an n-type source, and the ZrS2 layer may be un-
derstood as a p-type drain [10]. Now, to reveal the role of the
charge transfer in the band alignment of the heterostructure,
the band structure of the isolated layers doped by q = ±0.04
e is presented in Fig. 3(c). Interestingly, the Fermi levels of
the doped monolayers become aligned together. Moreover,
the CBM of the negatively charged monolayer experiences a
downshift and touches the common Fermi energy, while the
VBM of the positively charged layer lies slightly above the
Fermi energy. The band edge representation in the rightmost
column in Fig. 3 helps the eye to better detect these changes.
Overall, the overlap in Fig. 3(c) resembles the overlap in a
broken-gap type of band alignment in the MoTe2/ZrS2 het-
erostructure; cf. Fig. 2(c). We thus attribute the broken-gap
lineup in the MoTe2/ZrS2 heterostructure to the charge trans-
fer between the layers.

Our Bader charge analysis reported above indicates that
MoTe2 donates electrons to ZrS2 upon the formation of the
heterostructure. The spatial distribution of the electron density
difference, �n = nZrS2/MoTe2 − (nZrS2 + nMoTe2 ), illustrated in
Fig. 3(g), clearly shows not only a charge redistribution
around the Zr and Mo atoms (the doping scenario addressed
above) but also a pronounced electron accumulation and de-
pletion at the interface of the vdW heterostructure around
the S and Te atoms, respectively. The resultant interfacial
electric dipole layer develops an effectively normal-to-plane
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FIG. 4. Bader effective charge on each layer and total dipole
moment of the cell (a) and Fermi, VBM, and CBM energies (b) of
the MoTe2/ZrS2 vdW heterostructure as a function of the interlayer
distance. The dashed vertical line indicates the position of the equi-
librium interlayer distance.

electric field which points from ZrS2 towards MoTe2. We
therefore investigate, as the third scenario, the effect of this
intrinsic interfacial polarization on the band alignment of the
heterostructure. The band structure of the isolated pristine
monolayers subject to such a normal-to-plane electric field of
strength 1 V/nm is shown in Fig. 3(d) and reveals that the
CBM of ZrS2 still lies well below the VBM of MoTe2 while
the two Fermi levels are not aligned. Estimating the strength
of the electric field developed by the interfacial dipole layer is
not straightforward. Since an external electric field of strength
0.45 V/nm is required to compensate the intrinsic dipole
moment of the heterostructure (see Fig. 5), the field developed
by the interfacial dipole layer in the layers is assumed to have
a similar magnitude [hence 1 V/nm in Fig. 3(d)]. However,
we repeated the test for several field strengths from 0.1 to
5 V/nm and even inverted the field direction, but the desired
alignment of the Fermi energies is not observed. We can thus
confidently conclude that the responsible factor for the band
alignment is solely the exchanged charge that is injected into
the layers to sit on the TM atoms but not the interfacial charge
sitting on the chalcogens. Correspondingly, as illustrated in
Figs. 3(e) and 3(g), respectively, doping the isolated layers
leads to the same charge localization on the Zr atom as in
the heterostructure. In contrast, the spatial distribution of the
electron density difference induced by a polarizing electric
field in the isolated layers does not resemble �n on the TM
atoms in the heterostructure, as clearly seen in Figs. 3(f) and
3(g), respectively.

We finally investigate the robustness of the broken-gap
band alignment of the heterostructure in the presence of a
normal-to-plane tensile or compressive stress or electric field
as reported in Figs. 4 and 5, respectively. While the Fermi
level as well as the valence and conduction band edges have
no significant change from their values at the equilibrium sep-
aration (i.e., 3.13 Å, indicated by a dashed line), the amount
of transferred charge decreases monotonically with increasing
interlayer separation. This implies that a charge transfer of
0.02 e is enough for the broken-gap band lineup. On the other
hand, the band alignment is preserved also when a compres-

FIG. 5. (a) and (b) Same as Fig. 4, but for external electric field
normal to the plane of the layers. A positive value of E in (b) corre-
sponds to the direction from ZrS2 to MoTe2.

sive strain is applied (by reducing the interlayer distance by
0.5 Å), but then the overlap of the valence and conduction
bands even increases.

The effect of an external electric field perpendicular to the
plane of the layers, corresponding to applying a gate voltage
to the heterostructure, is shown in Fig. 5. The external field
in the same direction as the intrinsic interfacial field (i.e.,
pointing from ZrS2 to MoTe2), increases both the interfacial
dipole moment and the electron transfer from MoTe2 to ZrS2

but changes marginally the overlap between the valence and
conduction bands. In fact, a small charge hosted by the central
TM atoms already leads to a broken-gap band alignment,
while increasing the transferred charge which is delocalized
over the interface plays no significant role in the band align-
ment. On the other hand, an opposite field pointing from
the MoTe2 layer towards the ZrS2 layer lifts up the CBM
and pushes down the VBM, so that the overlap between the
valence and conduction bands is reduced. (In fact, such an
opposite field of magnitude 0.45 V/nm suppresses completely
the heterostructure dipole moment and thus gives an estima-
tion of the strength of the intrinsic electric field developed by
the interfacial dipole layer, as mentioned above.) As long as
the layers are charged, the broken-gap type of band alignment
survives. This correlated behavior of the transferred charge
and band alignment is independent of the interface polar-
ization. Our Bader charge analysis reveals that the Zr atom
hosts extra electrons even under a strong field that reverses
the interfacial polarization. Eventually, once the field exceeds
2.7 V/nm (which is almost five times the field required to sup-
press the interfacial dipole moment) a staggered band lineup
is observed. In short, the band overlapping of MoTe2/ZrS2 is
a robust broken-gap band alignment and survives being sub-
ject to large normal-to-plane strains or strong electric fields.
Moreover, since the heterostructure is formed mainly due
to vdW interactions, one expects there to be no significant
corrugations at the interface. Nevertheless, imperfections such
as interface incoherency are translated into local interface
polarization, charge transfer, in-plane strain, perpendicular
strain, or local electric fields. We showed that the predicted
broken-gap band alignment is robust against such basic factors
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and expect that the explained mechanism remains valid for
nonideal interfaces in real-world experiments.

IV. SUMMARY

To summarize, we studied the electronic properties of the
MoTe2/ZrS2 vdW heterostructure using first-principles cal-
culations. A robust, intrinsic broken-gap band alignment is
observed which can hardly be switched to the staggered-gap
band alignment. We introduced a methodology that involves
breaking up the complex heterostructure into isolated mono-
layers. Comparing the relative positions of the band edges of
the heterostructure with those of the isolated monolayers in
different situations (pristine, charged, and subject to external
strain or electric field), we explored three scenarios to uncover
the origin of the band alignment. We found that despite the
localization of the transferred charge upon formation of the
heterostructure basically over the interface of the layers, the
less-pronounced accumulation of electrons on the Zr atom

is responsible for the broken-gap alignment. The relative ar-
rangement of the VBM and CBM in the heterostructure looks
similar to the position of the VBM of a hole-doped MoTe2

monolayer relative to the CBM of the electron-doped ZrS2

monolayer while their Fermi energies are aligned. The charge
state of Zr remains almost constant when applying an external
normal-to-plane strain or electric field, resulting in a robust
broken-gap type of band alignment. A transition to the more
common staggered-gap band alignment requires applying an
extremely strong inverse external electric field of a few V/nm,
which is too large compared with the typical macroscopic
dielectric strengths used to prevent dielectric breakdown. Our
findings would be useful for the design and electronic struc-
ture tuning of the heterojunctions based on TMDs.
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