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ABSTRACT: Although the electronics and optoelectronics based
on two-dimensional (2D) SnS have attracted great interest, their
development is hindered by the large contact resistance at the
interface of the metal−semiconductor junction. In this work, using
first-principles calculations, we evaluate the contact performance in
a van der Waals heterostructure composed of 2D SnS and TaS2.
We demonstrate that holes can freely transfer from the electrode to
the channel as a consequence of the Schottky-barrier-free interface
as well as an upward band bending. Moreover, we show that the
intrinsic properties of the SnS monolayer are well-preserved in the
heterojunction, which is different from those of contact with metal
surfaces. An enhanced optical response is also observed as
compared with the freestanding sheet. Given the recent
experimental synthesis of the SnS−TaS2 superlattice, this study enhances the understanding of the interface properties of SnS-
based metal contact, which is essential for future device applications.
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■ INTRODUCTION

Bulk tin sulfide (SnS) belongs to the family of group IV
monochalcogenides, which have been demonstrated to have
huge potentials in thermoelectric1−3 and earth-abundant thin-
film solar cell applications.4−7 Benefitting from the van der
Waals (vdW) layered structure, the monolayer SnS has been
synthesized through various experimental techniques, such as
physical vapor transport,8 thermodecomposition,9 liquid ex-
foliation,10 and facile solvothermal method.11 Previous studies
demonstrated that two-dimensional (2D) SnS and SnS2 are
promising candidates for electronics and optoelectronics
because of their optical band gaps of 1.44 and 2.70 eV with
high carrier mobility (∼8.8 × 103 and 2.1 × 103 cm2 V−1 s−1),
respectively, as well as strong light absorption characteristics
reaching up to 105 cm−1 in the visible range (390−540 nm).
More importantly, the inversion symmetry of the 2D black
phosphorus (BP) configuration is broken by the two elements of
SnS; therefore, richer physics, like giant piezoelectricity,12

ferroelectricity,12,13 second harmonic generation,14 is discov-
ered, which opens an avenue to designmultifunctional devices.15

For practical applications, the interface of a metal contact
plays a crucial role in determining the device’s performance.
While a lot of studies focus on the contacts in graphene and
transition-metal dichalcogenide (TMDC),16 less attention has
been paid to the monolayer SnS experimental observations,
suggesting that Cr and Ti can form ohmic contacts with the SnS
nanoribbon,17 but a first-principles study pointed out that the

intrinsic semiconducting properties are destroyed when putting
the SnS monolayer on the metal surfaces,18 which could harm
the carrier transport. For other metals, the strong Fermi level
pinning (FLP)18 becomes the major issue as in conventional
metal−semiconductor junctions, leading to an untunable
Schottky barrier between the electrode and the channel region,
which in turn severely hinders the development of 2D SnS
integrated devices. From this point of view, the vdW contact
could provide an alternative solution because the weak
interaction can reduce the FLP at the interface and keep the
material properties intact at both sides,19 hence making it easier
to modulate the Schottky barrier height. Due to the highly
tunable Fermi level, graphene is considered an ideal metal
electrode. Indeed, many 2D materials, such as h-BN,20,21

MoS2,
22−24 and BP,25,26 can exhibit novel carrier transport

properties when stacked with graphene. Similarly, a theoretical
work showed that the external electric field can induce the
transition from Schottky contact to Ohmic contact in SnS-
graphene-based heterojunction.27 However, electrostatic dop-
ing in such a model is unlikely to be adopted for practical
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application as it needs additional fabrication techniques at the
source/drain regions. Therefore, a naturally formedOhmic vdW
SnS−metal heterojunction is preferred.
In this work, we demonstrate that the Schottky-barrier-free

interface can be realized in a 2D SnS/TaS2 heterostructure. Our
idea comes from the recent experimental synthesis of a
superlattice composed of SnS and TaS2 with tunable
architectures.28 We note that TaS2 is an emerging 2D layered
transition-metal dichalcogenide (TMDC) with a structure
similar to the 2H phase of MoS2, but exhibiting different
metallic properties,29−31 and therefore could be used as an
electrode. Based on density functional theory calculations, we
systematically explore the geometric, electronic, and optical
properties of the SnS/TaS2 heterostructure. We strive to
determine its interfacial properties, including charge transfer,
Schottky barrier, band bending, and band alignment. Our
calculations show that holes can be injected from TaS2 to SnS
efficiently at the heterojunction interface and enhanced optical
properties of SnS can be achieved upon contact with TaS2. Our
findings indicate that the SnS/TaS2 heterojunction is a
promising candidate for future electronic and optoelectric
applications.

■ COMPUTATIONAL METHODS
Our calculations are performed within the framework of density
functional theory (DFT) using the projector-augmented-wave (PAW)
potential as implemented in the Vienna ab initio Simulation Package
(VASP).32,33 The Perdew−Burke−Ernzerhof (PBE) electronic ex-
change-correlation functional34 for the generalized gradient approx-
imation (GGA) is used.35 In addition, the van der Waals density
functional of optB886-vdW is considered for all of the calculations to
describe the effect of vdW interactions.36,37 The valence electronic
configurations for Sn, S, and Ta are taken as 5s25p2, 3s23p4, and 5d36s2,
respectively. A plane wave basis set with a cutoff energy of 500 eV is
used for all of the calculations. The first Brillouin zone (BZ) is

characterized with a fine-grid of (3 × 3 × 1) for structural optimization
and (13× 13× 1) for static calculations, respectively.38 A vacuum space
of 25 Å along with the z-direction (perpendicular to SnS/TaS2
heterojunction layers) is included to prevent the spurious interaction
with duplicate images. The atomic positions are fully relaxed with an
energy convergence criterion of 10−5 eV and force convergence of 0.01
eV/Å.39 In addition, the thermal stability of the proposed structures is
studied using ab initio molecular dynamics (AIMD) simulations, where
the canonical ensemble (NVT) is employed and temperature control is
achieved with the Nose ́ thermostat.40 All optical properties can be
deduced from the complex dielectric function ε(ω) = ε1(ω) + iε2(ω).
The imaginary part of complex dielectric function can be evaluated by
momentum matrix relations between occupied and unoccupied wave
functions, and ε1(ω) can be calculated from ε2(ω) using the Kramer−
Kronig expressions41
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In the above equations, û, e, ψk
c , and ψk

v are the vectors that describe
the polarization of incident electric field, electronic charge, and the
wave functions of the conduction band (CB) and the valance band
(VB), respectively. Therefore, all other optical constants including
absorption coefficient (a(ω)), reflectivity (R(ω)), energy loss function
(L(ω)), and the real part of optical conductivity (σ(ω)) can be
evaluated by the function of ε(ω) using the following formulas
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Figure 1. (a, b) Top and side views of the geometric structures, (c, d) band structures, and (e, f) partial DOS for the SnS and TaS2 monolayers,
respectively. The Fermi energy (Ef) is set to 0 eV. The yellow, gray, and blue spheres represent S, Sn, and Ta atoms, respectively.
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■ RESULTS AND DISCUSSION
Structure and Electronic Properties of SnS and TaS2

Monolayers. Before focusing on the heterojunction properties,

we first discuss the individual properties of the relaxed SnS and
TaS2 monolayers. As shown in Figure 1a, the SnS monolayer has
an orthorhombic layered structure (Pnma group), with the
lattice constants of the relaxed structure a = 4.03 Å and b = 4.23
Å and the bond length of l1 = 2.54 Å and l2 = 2.72 Å,12,42 while
the TaS2 monolayer has a hexagonal 2H phase geometry, with
the optimized lattice constants a = b = 3.34 Å. All these results

are in good agreement with the preceding studies.43 Figure 1c−f
plots the electronic structures of SnS and TaS2. The band
diagrams depict that SnS is a semiconductor with an indirect
band gap of 1.60 eV, while TaS2 exhibits metallic behavior as the
partially occupied energy bands across the Fermi level. The
partial density of states (DOS) of SnS shows that the valance
band maximum (VBM) has a major contribution by p states of S
atoms, whereas the p orbital of Sn atoms contributes to the
conduction band minimum (CBM). While the d electrons act as
the conducting electrons contributing to themetallic behavior of
monolayer TaS2. The s orbitals of S and Ta do not have a
significant contribution to the states near the Fermi level both in
SnS and TaS2 monolayers.

Stability of the SnS/TaS2 Heterojunction. Motivated by
the preparation of the SnS/TaS2 superlattice,28 here we
construct the SnS/TaS2 heterojunction by vertically stacking
the twomonolayers together (see Figure 2). Due to the different
lattice symmetries, the lattice match is carefully handled using
our in-house code,39 where the mismatch is set to be less than
3% to reduce the internal strain. For saving the computing cost,
we have built several stacking structures with the minimum
number of atoms. The selected configuration is illustrated in
Figure 2, where 2 × 2 supercells of both SnS and TaS2 are
combined together with a lattice mismatch of 2.01%. To
examine the interface stability of SnS/TaS2, we have calculated
its binding energy Eb defined by Eb = (EH− Ex− Ey)/A, here EH
is the total energy of the SnS/TaS2 heterojunction; Ex and Ey are
the total energies of the individual SnS and the TaS2 monolayer,
respectively; and A is the area of the heterojunction. Figure 3a
shows the binding energy Eb versus the interlayer distance,
where the equilibrium distance is 3.21 Å with an Eb value of∼38
meV/Å2. The obtained Eb has the comparable magnitude as that
of other vdW heterojunctions such as pentagraphene/
graphene,44 SnSe/graphene,45 graphene/phosphorene,19 and
GeSe/SnSe heterojunctions.46,47

We then apply AIMD simulations using an NVT ensemble to
study the thermal stability of the SnS/TaS2 heterojunction. The
fluctuation of the total energy at 500 K within each time step of 1
fs is plotted in Figure 3b. After 10 000 time steps, no obvious
distortion in the geometry of the heterojunction is observed and
the total potential energy remains almost constant during the
entire simulation, confirming that the SnS/TaS2 heterojunction
is thermally stable.48

Figure 2. Top view of the supercells of (a) SnS and, (b) TaS2. The
lattice vectors are shown by red and purple lines. (c) Top view and (d)
side view of the SnS/TaS2 heterojunction.

Figure 3. (a) Binding energy as a function of the interlayer distance, and (b) total potential energy fluctuation with the AIMD simulation time at 500 K
for the SnS/TaS2 heterostructure.
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Interface Properties of the SnS/TaS2 Heterojunction.
From the device perspective, the carrier injection from metal to

semiconductor is an important factor to determine the
performance. As shown in Figure 4, the movement of charge
carriers from the electrode to channel needs to overcome three
types of barriers. Two of them are at the vertical interface B
between the metal and the semiconductor in the heterojunction,
called the Schottky barrier (Φ) and tunneling barrier,
respectively. The other is at the lateral interface D between
the heterojunction and the channel material (ΦL), which can be
evaluated by the band bending ΔEF.

39 In the following, we will
discuss them one by one.
The Schottky barrier is an essential parameter in determining

the contact resistance. Following the Schottky−Mott rule,45 the
Schottky barrier height (SBH) is defined as the energy difference
between the Fermi level (EF) of the heterojunction and the
respective energy band edges of the semiconductor, i.e., the
CBM and the VBM identified from the projected band
structure19,49,50

E E E E,SB n CBM F SB p F VBMΦ = − Φ = −− − (7)

where ΦSB‑n and ΦSB‑p are the n-type and p-type SBHs,
respectively.39 From Figure 5a, one can see that the Fermi level
of the SnS/TaS2 heterojunction goes into the valence bands of
SnS with a ΦSB‑p value of −0.17 eV. This means that holes can

Figure 4. On the left side: a typical illustration of the SnS/TaS2 heterojunction. A, C, and E represent the three regions, whereas B and D are the two
distinguished interfaces. The black arrows show the pathway of an electron or holes moving from themetal electrode to the SnS channel (A to B to C to
D to E).Φv is the Schottky barrier andΔEF is the band bending. The inset on the right side shows the schematic of a typical field effect transistor (FET),
with source and drain contacts, and the channel region.

Figure 5. Projected band structures of (a) SnS and (b) TaS2. The total band structure of the SnS/TaS2 heterojunction is denoted by gray lines. The
Fermi energy is shifted to zero. (c) Electrostatic potential profile along the z-direction, and (d) 3D isosurface electron density difference. The yellow
and blue regions indicate the charge accumulation and depletion, respectively.

Figure 6. Band alignment in the SnS/TaS2 heterojunction. The red
dashed line represents the interface between the electrode and channel
regions.
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freely transfer from TaS2 to SnS without any modulation, hence
indicating an ohmic contact feature at the interface. In a recent
experimental study, SnS2 formed a Schottky contact with Au
electrode with an SBH of ∼38 meV for the charge carriers.51 In
comparison to that, a Schottky-barrier-free contact can show a
better device performance. More importantly, it is worthy to
note that the electronic properties of SnS are well-preserved
upon contact (see Figure 1c,d for comparison). This further
confirms that the SnS/TaS2 heterojunction possesses the key of
a vdW crystal, namely, keeping the intrinsic properties of the
isolated parts intact. According to a previous study, the many-
electron effects of the 2D channel semiconductor are strongly
depressed. Thus, GGA functional is considered to be accept-
able.52

In addition to the Schottky barrier, one can see from Figure 5c
that there exists a tunneling barrier (TB) between the two
surfaces upon forming the contact. Here, we use the WKB
equation46 to estimate the tunneling probability

T
m V

wexp 2
2

B B= − Δ
ℏ

×
i
k
jjjjj

y
{
zzzzz (8)

where ΔV and wB are the height and width of the tunneling
barrier, respectively; m is the mass of the free electron; and ℏ is
the reduced Planck’s constant. Here, we employ a square
potential (marked by green lines) to approximately represent
the barrier with an irregular shape. The predicted tunneling
possibility is 26.67%, which is comparable to that of Rb2PbX4/
graphene heterojunctions.53 The relatively small value of
tunneling possibility may result from the weak orbital overlap.
In Figure 5d, we show the 3D isosurface of the electron density
difference, where no obvious charge accumulation and depletion

happen at the interface. This is consistent with the band
structure that few new bands are formed as compared with the
original one.
Next, we use the current-in-plane (CIP) model,44 as shown in

Figure 6, to estimate the band bending at interface D, which is
determined by the energy difference in the Fermi level (ΔEF)
between that of the heterojunction and the freestanding sheet.
Here, we set the vacuum level as the reference, and align other
energy levels respective to it. According to the band alignment in
Figure 6, one can see that the calculated work functions are 4.92
eV for heterojunction and 4.28 eV for the SnS monolayer;
consequently, the band bending (ΔEF) is predicted to be 0.64
eV. The positive ΔEF suggests that the channel is p-type with
holes as the major carriers. Together with the p-type Ohmic
contact at interface B, it can be concluded that holes can be
efficiently injected from TaS2 to SnS.

Optical Properties. The interface interaction usually brings
an enhanced optical response for the vdW heterostructure,
which is beneficial for improving the performance of
optoelectronic devices, such as solar cells and photodectectors.
Here, we calculate the real and imaginary parts of the dielectric
function, from which the absorption coefficient, optical
conductivity, and reflectivity percentage are derived for
monolayered SnS and TaS2 and the SnS/TaS2 heterojunction.
For the SnS/TaS2 system, as shown in Figure 6a, the imaginary
part of the dielectric function is obviously improved and shows a
larger value as compared to those of SnS and TaS2 monolayers.
As a result, the SnS/TaS2 heterojunction exhibits a substantial
absorption in both visible and near-UV regions (see Figure 7b).
Specially, we find a peak of 0.5 eV, which is missing for the
monolayer SnS, and its absorption coefficient can reach up to
105 cm−1 from ∼3 eV. A similar phenomenon has also been

Figure 7. (a) Imaginary part of the dielectric function, (b) absorption coefficient, (c) optical conductivity, and (d) reflectivity percentage for SnS and
TaS2 monolayers and the SnS/TaS2 heterojunction.
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observed in the phosphorene/TMDCs heterojunction.42 The
absorption peak at 0.5 eV can be attributed to the hybridized
states near the Fermi level induced by the weak vdW interaction
between SnS and TaS2 through the overlap of the orbitals of the
two consisting layers, hence providing the addition channels for
dipole transition. In addition, we observe that the conductivity
of the SnS/TaS2 heterojunction starts at 0.5 eV because of the
reduced intrinsic energy gap between the VB and CB (Figure 4).
The conductivity of the SnS/TaS2 heterojunction starts to
increase from the visible region (1.5 eV), and the maxima of
optical conductivity are identified from 4.3 eV in the near-
ultraviolet region with the corresponding conductivity intensity
∼3.39×105 cm-1, respectively. The reflectivity percentage of the
SnS/TaS2 heterojunction is increased twice compared with
those of the freestanding SnS andTaS2. Themaximum reflection
of the SnS/TaS2 heterojunction is observed around 40% in the
visible region, which rapidly drops to 17% from 0 to 0.86 eV. It
again starts to increase toward higher energy ranges, and a
maximum reflection of around 30% is observed between energy
ranges from 4.5 to 10 eV in the UV region. It is worth
mentioning that the electron−hole interaction is not taken into
account while calculating the optical properties of SnS, TaS2,
and SnS/TaS2 heterojunction in this study. The GW
approximation combined with the Bethe−Salpeter equation
(GW + BSE) can accurately describe the optical response by
introducing self-energy corrections and capturing excitonic
effects.54 However, it is computationally too expensive for this
system due to its large size. We use the Kubo−Greenwood
method to calculate the dielectric tensor, where the imaginary
part is the sum of occupied and unoccupied bands of the dipole
matrix elements. Our calculated results can provide a qualitative
understanding of the optical behavior of this system.
We chose the configuration with the minimum number of

atoms. To check the dependency of results on interface
configurations, we also carried out additional calculations for
another model following the same procedure. The main results
are found to be consistent with each other, which confirms the
reliability of our heterojunction model. Details can be found in
the Supporting Information.

■ SUMMARY

In this work, we have studied the vdW heterostructure
composed of SnS and TaS2 monolayers by treating them as
the channel material and electrode because of their intrinsic
semiconducting and metallic features, respectively. The
energetic and thermal stabilities are confirmed by the binding
energy calculation and AIMD simulations. A detailed analysis of
the electronic structures indicates that (1) an ohmic contact is
naturally formed because the Fermi level of the heterostructure
moves into the valance bands of SnS; (2) a tunneling barrier is
also found at the vdW gap, where the weak orbital overlap leads
to a relatively small tunneling possibility of 26.67%; (3) holes
can freely move from the electrode to the channel region due to
the upward band bending; (4) the contact causes enhanced
optical responses, especially in the visible and UV ranges, for the
SnS/TaS2 heterojunction as compared with the freestanding
monolayers. These findings together with the synthesis of the
SnS/TaS2 superlattice will trigger more experimental studies on
the electronic and optoelectronic devices based on the SnS/
TaS2 heterostructure.
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