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Two-dimensional (2D) van der Waals heterostructures (vdWHs) are attractive candidates for realizing tunnel
field-effect transistors (TFETSs) for low-power applications. In this work, using first-principles calculations
based on density functional theory (DFT), we explore heterostructures composed of 2D MoTe, and SnSe,. Our
calculations reveal that upon forming the heterostructures, the valence band top of MoTe, and the conduction
band bottom of SnSe, are almost aligned, forming the nearly broken-gap or type-IIl band alignment which is
highly promising for TFETS. Interestingly, we find that the band alignment can be tuned by applying external
electric fields. For positive electric fields, MoTe, (SnSe,) band-edge positions are shifted upward (downward)
with respect to the Fermi level, and more electrons are expected to tunnel from MoTe; to SnSe,. Overall, our
simulations provide fundamental insights into the electronic properties of MoTe,/SnSe, stacks, and pave the
way for the design and fabrication of future MoTe, /SnSe,-based TFETs.

DOI: 10.1103/PhysRevMaterials.6.084001

I. INTRODUCTION

Over the past decades, the miniaturization of metal-oxide—
semiconductor field-effect transistors (MOSFETSs) resulted in
significant improvement in power efficiency. However, further
reduction of the MOSFET dimensions will lead to a dramatic
increase in power consumption. The so-called “Boltzmann
tyranny” limits the subthreshold swing (SS) at the minimum
of 60 mV /dec at 300 K; i.e., to modulate the drain current by
one order of magnitude, a gate voltage of at least 60 mV is
required. This prevents from scaling down the power supply
voltage as the physical dimensions of the MOSFET are re-
duced; to overcome this limitation, new transistor structures
have emerged, like the tunnel field-effect transistor (TFET)
[1-3].

Contrary to conventional MOSFETs where the charge
carriers are injected over a potential barrier, in TFETSs, con-
duction occurs through band-to-band tunneling. van der Waals
heterostructures (vdWHs) composed of two-dimensional (2D)
materials are highly promising for TFET applications. Their
band alignments can be easily tuned through the gate, and
their high-quality interfaces can eliminate the parasitic trap-
assisted tunneling observed in conventional heterostructures.
Furthermore, owing to the weak interlayer interaction, vd WHs
do not demand the lattice match condition, and a variety
of potential promising heterostructures can be constructed.
Recently, TFETs based on WSe,/SnSe, vdWHs with a min-
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imum SS of 37mV/dec, an on-off current ratio over 106,
and a tunneling current over 107> A have been reported [4].
Although various vdWHs exhibiting band-to-band tunneling
have been experimentally realized [4—8], the quest for optimal
heterostructures is still an open issue.

Using first-principles calculations based on density func-
tional theory (DFT), we examine the electronic properties of
MoTe,/SnSe, vdWHs, including the projected band struc-
ture, band alignment, and charge transfer. For the first time,
the fundamental properties of MoTe,/SnSe, heterobilayers
are investigated in depth, and the heterobilayer is proposed as
an attractive candidate for realizing ultraminiaturized tunnel-
ing transistors. In particular, we identified a combination of
2D materials which exhibits the nearly broken-gap or type-
IIT band alignment, and the proposed 2D materials can be
experimentally synthesized and are stable, contrary to other
investigations focusing on hypothetical low-dimensional sys-
tems. In our work, we explored heterostructures composed of
single-layer MoTe, and single-layer SnSe,, and, due to quan-
tum confinement effects, the electronic properties of single
layers can be completely different compared to their few-layer
counterparts.

II. METHODS

All DFT calculations were performed using the Vienna
ab initio simulation package [9,10]. Projected augmented
wave pseudopotentials were employed [11] with valence
electron configurations of 4d° 55! for Mo, 5s% 5p4 for Te,
4d'0 552 5p% for Sn, and 4s?4p* for Se. For the atomic
relaxations, we used the conjugate gradient method with
1072 eV/A force convergence criteria on the ionic optimiza-
tion and 10~ eV energy convergence criteria on the electronic
minimization.

We constructed low-strained MoTe, /SnSe;, van der Waals
heterostructures using the CellMatch code [12]. Periodic
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boundary conditions were applied, and a vacuum layer larger
than 15 A was inserted in the vertical direction to mini-
mize spurious interactions between periodic images. For the
atomic relaxations and total energy calculations, long-range
van der Waals (vdW) corrections were included using the rev-
vdW-DF2 functional [13], which has been found to describe
weakly bound solids accurately [14], whereas for all other
calculations the functional proposed by Perdew, Burke, and
Ernzerhof (PBE) was adopted. In total, six van der Waals
functionals were tested—namely, rev-vdW-DF2, Opt-B88,
Opt-PBE, vdW-DF, vdW-DF2, and vdW-DF-cx [15-20]—and
for rev-vdW-DF2, the computed lattice parameters of bulk
MoTe, and SnSe, were closer to the experimental values
[21,22] (see Supplemental Material Table S1 [23]).

The kinetic energy cutoff was set to 500 eV and the
Brillouin zone was sampled by a 4 x 4 x 1 k-point grid for
the atomic relaxations, whereas a denser grid was used for
the band structure calculations. The effect of spin-orbit cou-
pling (SOC) on the electronic properties was also studied.
In particular, using the rev-vdW-DF2 optimized structures,
we computed the electronic properties by switching on SOC
and by using the PBE functional [24]. To correct the under-
estimation of the band gap within DFT, we computed the
band structures using the hybrid Heyd—Scuseria—Ernzerhof
functional [25] along with the standard mixing parameter of
0.25.

To study the effect of external electric fields, dipole
corrections were applied in the out-of-plane direction. In
the absence of an external electric field, calculations with
and without dipole calculations were performed. We found
that dipole corrections resulted in an energy variation of
only 0.06 meV /atom, whereas no noticeable changes in the
electronic band structures were observed. Therefore, in the
absence of an external electric field, dipole corrections were
omitted.

III. RESULTS AND DISCUSSION

A. Structural and electronic properties of MoTe,/SnSe, vd WHs

The relaxed atomic structures of single-layer MoTe, and
SnSe, are shown in Fig. 1. Both materials consist of one
hexagonal metal plane sandwiched between two hexagonal
chalcogen planes. MoTe, has the trigonal prismatic co-
ordination (1H phase), whereas SnSe, has the octahedral
coordination (1T phase). For the optimized unit cells, the
in-plane lattice constants are dmere, = 3.53 A and asnSe, =
3.84 A for MoTe, and SnSe, respectively, which are in
excellent agreement with previously reported theoretical cal-
culations [26]. The lattice mismatch is calculated using the
formula [(asnse, — AMoTe, )/AMoTe,]1 X 100%, and it is found
to be as high as ~9%. Therefore low-strained heterostruc-
tures cannot be formed by simply stacking the single-layer
unit cells. To minimize the strain, we performed rotations
of SnSe, with respect to MoTe, ranging from 0 to 30°,
and we searched for stacks with relatively small number
of atoms and small strain. Among the constructed config-
urations, the selected stack consists of (4 x 4) MoTe, and
(\/ﬁ X x/1_3) SnSe; layers, where SnSe; is rotated by ~14°,
whereas MoTe, is kept fixed. In this model, MoTe, lat-
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FIG. 1. Atomic structures and electronic band structures at the
PBE level with and without SOC of single-layer MoTe, (a), (c) and
SnSe, (b), (d) unit cells. The blue and brown spheres correspond to
Mo and Te atoms, whereas the pink and green spheres correspond to
Sn and Se atoms, respectively. The energies refer to the valence band
maximum.

tice constants remain unchanged whereas SnSe, accumulates
the total strain, which is ~2%, and such small strain is
expected to have a small impact on the electronic properties.
It is worth noting that for the selected stack, many trans-
lation operations have been performed. In particular, SnSe;
was shifted along the a and b directions using displacement
intervals of 0.2a and/or 0.2b. For each step, we performed
atomic relaxations, and the energy difference between the
highest and the lowest energy configurations was found to
be only 0.01 meV /atom, indicating that the studied structures
were energetically degenerate. For the sake of completeness,
low-strained heterostructures with different rotation angles
were also considered.

Next, to evaluate the structural stability of the heterostruc-
ture, we calculate its binding energy using the formula

Ep = Eiot(MoTe, /SnSe;) — Eyot(MoTe) — Er(SnSey),

ey
where Ei,(MoTe,/SnSe,), E\i(MoTe,), and E,(SnSe;) are
the total energies of the heterostructure, the isolated MoTe,
layer, and the isolated (low-strained) SnSe, layer, respec-
tively. The binding energy is found to be about —15 meV /A2,
and the negative value indicates structural stability. Typi-
cal van der Waals bonded materials, like graphite and bulk
MoS,, present comparable binding energies (—12meV /A2
for graphite [27] and —26 meV/A? for bulk MoS, [28]).
Therefore, we confirm that the interactions between the
MoTe; and SnSe; layers are dominated by long-range van der
Waals forces.

Using PBE calculations and taking into account SOC,
the unit cell of MoTe, has a direct band gap of 1.00 eV
whereas the unit cell of SnSe, exhibits an indirect band gap
of 0.71 eV. Calculations without SOC result in slightly larger
band gaps of 1.13 and 0.76 eV for MoTe, and SnSe,, re-
spectively, in agreement with previously reported theoretical
calculations [29,30]. Figure 2 shows the electronic band struc-
ture of MoTe,/SnSe, vdWHs, and the band alignment of the
MoTe, and SnSe, layers with respect to the vacuum level
before and after forming the heterostructure. Note that the
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FIG. 2. (a), (b) Atomic structure and electronic band structure at the PBE level of MoTe,/SnSe, vdWHs. (c) Schematic illustration of the
band alignment of MoTe, and SnSe, before and after forming the heterostructure. (d), (e) Charge density difference Ap. = p(MoTe,/SnSe;) —
p(MoTe,) — p(SnSe,) and average electrostatic potential along the z-axis. For the charge density difference, yellow and blue isosurfaces refer
to electron accumulation and depletion, respectively, and the isosurface value is 0.0004 electrons/Bohr>. SOC is included in the calculations.

band alignment before contact refers to the strain-free unit
cells consisting of three atoms. The band structure of the
heterostructure can be considered as a rough summation of
the corresponding band structures of the isolated MoTe, and
SnSe; layers. Interestingly, the conduction band (CB) bottom
is located slightly below the Fermi level whereas the valence
band (VB) top lies slightly above the Fermi level. The energy
difference between the CB minimum originated from SnSe;
and the VB maximum originated from MoTe; is —0.05¢eV.
Using PBE calculations without SOC, the energy difference
is found to be —0.03 €V, i.e., only slightly higher compared
to the calculations including this relativistic interaction. Since
standard DFT significantly underestimates the band gaps, hy-
brid functional calculations are additionally performed. Due
to the high computational cost, for hybrid functional calcula-
tions SOC is neglected. Concerning the electronic properties
of the unit cells, MoTe, and SnSe, exhibit a band gap of
about 1.57 and 1.41 eV, respectively. Despite the gap opening,
the band alignment of the heterostructure is very similar to
the results obtained from standard DFT, and the energy dif-
ference between the SnSe, CB bottom and the MoTe, VB
top is 0.07 eV. By including SOC, a small decrease in the
energy difference is expected. Remarkably, we find that the
MoTe,/SnSe; heterostructure presents the nearly broken-gap
or type-IIl band alignment, which is highly promising for
TFET applications.

Since the work function of monolayer MoTe, is lower
compared to that of monolayer SnSe, [29], electrons will
spontaneously move from MoTe, to SnSe, upon form-

ing the heterostructure. As a result, the Fermi level
of MoTe, and SnSe, will shift downward and upward,
respectively, until they are aligned. The work function of the
heterostructure is computed using the equation & = E\,. —
E; where E,,c and E; are the energies of the vacuum level
and the Fermi level, respectively, and it is found to be about
5 eV. Taking into account that, for the studied stack, MoTe,
depletes electrons whereas SnSe, accumulates electrons, the
heterostructure can be considered as an ultrathin parallel-
plane capacitor, where a built-in electric field directed from
MoTe; to SnSe; is formed. To quantify the spontaneous elec-
tron transfer, we perform a Bader charge analysis. Contrary
to other charge analysis techniques like the one introduced by
Mulliken or the one proposed by Lowdin [31,32], the Bader
charge analysis conserves the total electron density [33]. Our
simulations reveal that ~2 x 10" electrons/cm? are trans-
ferred from MoTe; to SnSe; upon forming the heterostructure.
Next, we compute the charge density difference using the
equation Ap, = p(MoTe,/SnSe,) — p(MoTe,) — p(SnSe,),
where p(MoTe,/SnSe;), p(MoTe,), and p(SnSe;) are the
charge densities of the heterostructure, the isolated MoTe;
layer, and the isolated SnSe; layer, respectively. As expected,
the charge transfer mainly occurs between the top-layer Te
atoms and bottom-layer Se atoms, whereas MoTe, and SnSe;
present electron depletion and accumulation, respectively.
For the sake of completeness, low-strained stacks with
other rotation angles are also discussed. We consider het-
erostructures with relative rotations between the layers of ~8,
10, 22, 24, and 26°, consisting of 165, 138, 156, 105, and
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FIG. 3. Projected band structures at the PBE level with SOC of MoTe,/SnSe, vdWHs under various external electric fields. The blue and
pink lines correspond to contributions from the MoTe, and SnSe; layers, respectively.

129 total number of atoms, respectively (see Supplemental
Material Fig. S1 [23]). Heterobilayers with rotation angles
of 10 and 24° have hexagonal structures contrary to the
other heterobilayers which exhibit oblique structures. Using
PBE calculations, these stacks present the broken-gap band
alignment similar to the 14°-rotated heterostructure (see Sup-
plemental Material Fig. S2, Fig. S3, and Table S2 [23]).

For the sake of comparison, we also construct low-strained
WSe,/SnSe; heterobilayers where SnSe, is rotated by 30°
and WSe, is kept fixed. Using PBE calculations with SOC,
this heterostructure presents the broken-gap or type-III band
alignment (see Supplemental Material Fig. S4 [23]), and we
conclude that the WSe;/SnSe, stack is also promising for
realizing ultrathin tunneling transistors.

B. Effects of external electric field

To evaluate how the operating conditions affect the system,
we examine the effect of an external electric field (E.y) on the
electronic properties of MoTe, /SnSe, heterostructures. Eey; is
applied in the out-of-plane direction, and positive values refer
to an electric field directed from MoTe, to SnSe,, whereas
negative values refer to the opposite direction. The positive
external electric field and the built-in electric field have the
same orientation. Therefore, for E.y > 0, the built-in electric
field is enhanced, whereas the opposite behavior is observed
for Eexy < 0. In our calculations, E.y ranges from —0.5 to
0.5V/A, and a step of 0.05V/A is used. Both relaxations
and electronic structure calculations are performed in the
presence of E.y. Calculations where E is considered only
in the electronic structure calculations are also performed,
leading to similar results. This confirms that the considered
electric fields slightly affect the structural characteristics of

MoTe,/SnSe, vdWHs, which is also evident from the struc-
tural optimizations.

As shown in Fig. 3, by applying positive electric fields,
MoTe, band-edge positions are shifted upward with respect
to the Fermi level, whereas SnSe, band-edge positions are
shifted downward. By increasing the positive electric field,
the shifts of the band edges are also increased. Using PBE
calculations with SOC and going from E¢y = 0.2t00.4V/ A,
the energy difference between the CB bottom originated from
SnSe, and the VB top originated from MoTe, goes from
—0.13 to —0.16eV. The lower the energy difference, the
larger the energy window where the MoTe, high-lying VB
states overlap with the SnSe, low-lying CB states. Conse-
quently, more charge carriers are expected to tunnel from
MoTe; to SnSe,. On the other hand, by applying negative
electric fields, the opposite behavior is observed. Calcula-
tions excluding SOC are also performed, and similar trends
are observed (see Supplemental Material Fig. S5 [23]). For
all applied electric fields, the energy difference between the
CB bottom of SnSe; and the VB top of MoTe, using PBE
calculations with SOC is shown in Fig. 4(a). Negative en-
ergy differences correspond to the broken-gap or type-III
band alignment whereas positive values correspond to the
staggered-gap or type-1I band alignment.

Figure 4(b) presents the Bader charge transfer between
the MoTe, and SnSe, layers under various external elec-
tric fields, and the results are further confirmed by com-
puting the charge density differences (see Supplemental
Material Fig. S6 [23]). As expected, for positive elec-
tric fields, the electron transfer from MoTe, to SnSe,
increases, contrary to the results obtained for negative
electric fields. Notably, the charge transfer is not fully
symmetric with respect to the electric field direction and
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FIG. 4. (a) Energy difference between the CB bottom of SnSe,
and the VB top of MoTe,, and (b) Bader charge transfer between the
MoTe, and SnSe, layers under various external electric fields, having
as a reference the charge of the layers in the heterostructure with no
electric field. The pink line corresponds to the charge transfer from
MoTe, to SnSe;,. For both the energy differences and Bader charge
transfers, SOC is included in the calculations.

this finding agrees with previously reported theoretical
calculations for heterostructures with the nearly broken-gap
band alignment [34]. A different behavior has been reported
for heterostructures with the staggered band alignment where
the charge transfer was found to be symmetric [34].

C. Effects of strain

Strain engineering has been a standard strategy to tailor
the electronic properties of 2D materials. Contrary to conven-
tional bulk materials, 2D materials can tolerate large strain
without fracture, and even small strains can modify their elec-
tronic properties [35]. Interestingly, atomic force microscopy
(AFM) can be used not only to characterize 2D materials, but
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FIG. 5. (a) Binding energy and (b) Bader charge transfer between
the MoTe, and SnSe; layers under various vertical strains, having as
a reference the charge of the layers in the heterostructure with no
strain. The pink line corresponds to the charge transfer from MoTe,
to SnSe,. For the Bader charge transfers, SOC is included in the
calculations.

also to induce vertical pressure through contact between the
AFM tip and the 2D material [35].

The interlayer distance, i.e., the distance between the high-
est top-layer Te atom and the lowest bottom-layer Se atom,
is found to be 3.43 A. Starting from the equilibrium structure,
the interlayer distance is either increased or decreased up to
0.5 A. Upon optimization, the bottom-layer Se atoms of SnSe;
and the top-layer Te atoms of MoTe, are allowed to relax in
the in-plane direction whereas all other atoms are allowed to
relax fully. By modifying the interlayer distance, we examine
the effect of the vertical strain on the electronic properties of
the heterostructure.

As shown in Fig. 5(a), the binding energies of all studied
strained configurations are negative, indicating their structural
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FIG. 6. Projected band structures at the PBE level with SOC of MoTe,/SnSe, vdWHs under various vertical strains. The blue and pink
lines correspond to contributions from the MoTe, and SnSe, layers, respectively. Ad refers to the variation of the interlayer distance, having
as a reference the interlayer distance of the ground-state structure. Positive values of Ad refer to tensile strain whereas negative values refer to

compressive strain.

stability. Figure 5(b) presents the Bader charge transfer be-
tween MoTe, and SnSe, under various vertical strains, and the
results are further confirmed by computing the charge density
differences (see Supplemental Material Fig. S7 [23]). Owing
to the stronger coupling between the layers, the electron trans-

fer from MoTe, to SnSe, increases for compressive strains,
contrary to the results obtained for tensile strains. As shown
in Fig. 6, for both types of deformation, no noticeable change
in the position of the VB top of MoTe, and CB bottom of
SnSe; in the k-space is observed, and the curvatures of the
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FIG. 7. Projected band structures at the PBE level with SOC of MoTe,/SnSe, vdWHs under various in-plane biaxial strains. The blue and
pink lines correspond to contributions from the MoTe, and SnSe, layers, respectively.
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topmost VB and bottommost CB remain almost unaffected.
Similar behavior is also found for calculations excluding SOC
(see Supplemental Material Fig. S8 [23])

Besides the vertical strain, the effect of in-plane biaxial
strain on the electronic properties of MoTe,/SnSe, het-
erostructures is investigated. The biaxial strain is derived by
e = (a—ap)/ap x 100%, where a and a refer to the lattice
constants of the strained and stain-free heterostructures, re-
spectively, and positive and negative strain values correspond
to tension and compression respectively. Upon optimization,
the lattice parameters are fixed, whereas all atoms are allowed
to relax fully. In line with the experiments [36], we con-
sider configurations with up to 6% deformation. To evaluate
whether the studied strains are within the elastic limit, we
compute the strain energies using the equation E; = Eg, —
Eunsie, where Eg; and Eypg, are the total energies of the het-
erostructures with and without deformation, respectively. By
increasing the strain, the corresponding strain energies are
also increased. In addition, E; variation has the form of a
quadratic curve, indicating that the studied systems are within
the range of elastic deformation (see Supplemental Material
Fig. S9 [23]).

As shown in Fig. 7, upon application of compressive
strains, the heterostructures present the broken-gap band
alignment. For large compressive strains, the overlap between
the high-lying valence states of MoTe, and the low-lying
conduction states of SnSe, enhances, and more carriers can
tunnel from MoTe, to SnSe,, whereas the opposite behavior
is observed for tensile strains. Notably, both types of defor-
mation affect the position of the MoTe, VB maximum in
the k-space. Similar behavior is also found for calculations
excluding SOC (see Supplemental Material, Fig. S10 [23]).

IV. CONCLUSIONS

In this work, using density functional theory calculations,
we examined the electronic properties of 2D MoTe,/SnSe;
heterostructures. Our calculations revealed that the het-
erostructure presents the nearly broken-gap or type-III band
alignment, which is highly promising for TFET applica-
tions. We found that upon forming the heterostructure,
~2 x 10" electrons/cm? spontaneously move from MoTe,
to SnSe,, and the heterostructure can be considered as an
ultrathin plane capacitor with a built-in electric field directed
from MoTe, to SnSe,. In addition, our calculations showed
that the band alignment can be tuned by applying external
electric fields. For positive electric fields, MoTe, (SnSe,)
band-edge positions are shifted upward (downward) with re-
spect to the Fermi level, and more electrons are expected to
tunnel from MoTe; to SnSe,. Accordingly, for large in-plane
compressive strains, the overlap between the high-lying va-
lence states of MoTe, and the low-lying conduction states
of SnSe, enhances, leading to the increase in the tunneling
current.
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