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The performance of an electronic device based on a two-dimen-
sional material is strongly affected by the contact with the metallic
electrodes. In this article, we study the electronic properties of
two-dimensional MoSSe in contact with a germanene electrode by
first-principles calculations. The results show that the contact
characteristics are significantly different for the two sides of
MoSSe. Notably, for both sides in-plane tensile strain induces a
transition from Schottky to Ohmic behavior. Increasing the thick-
ness of MoSSe also leads to an Ohmic contact. We propose an
effective route to high performance MoSSe electronic devices.

Introduction

Semiconductor/metal heterojunctions are of critical impor-
tance for electronic devices. In this context, van der Waals
heterostructures consisting of stacked two-dimensional
materials have opened up a new paradigm to design the inter-
face properties.'™ As an Ohmic contact with low resistance is
the ultimate goal to achieve high performance devices,® the
Schottky barrier height (SBH; energy barrier that must be over-
come by charge carriers to cross the interface; positive value
indicating formation of a Schottky instead of an Ohmic
contact) becomes a key parameter.””®

Two-dimensional Janus MoSSe has first been prepared by
Lu and coworkers in 2017.° Similar to MoS,, its band gap and
carrier mobility show a distinct thickness-dependence.’® On
the other hand, the intrinsic dipole of MoSSe (structural sym-
metry of MoS, is broken) modifies the electronic properties.'*
A number of theoretical studies have shown that two-dimen-
sional Janus materials perform well in gas sensors,""* photo-
catalytic water splitting,"*° field-effect transistors,'” and solar
cells.'®'® However, practical use of MoSSe in a device will
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require a contact with metal electrodes to enable injection of
carriers.”® For this reason, we investigate in the present work
van der Waals heterostructures constructed from MoSSe (con-
sidering both the S and Se sides) and germanene (Ge). Ge is
chosen as electrode, because it is a Dirac metal with perfect
lattice match to MoSSe.*! Employing first-principles calcu-
lations, we explore the electronic properties of the hetero-
structures, focusing on the SBH and band alignment, which
are critical for the device performance. We analyze how Ge
interacts with the different sides of MoSSe and determine the
resulting contact characteristics.

Computational methods

All the calculations are performed using the Vienna Ab initio
Simulation Package.?” The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof™ is applied to the exchange
correlation functional and the DFT-D3 correction®® is used to
account for the van der Waals interaction. The plane-wave
cutoff energy is set to 500 eV and a Monkhorst-Pack®® 9 x 9 x 1
k-mesh is utilized for Brillouin-zone integration (5 x 5 x 1 in
the structural relaxation). The convergence criteria are set to
0.01 eV A~ for the maximal residual force and 107° eV for the
total energy. Combining a 4 x 4 x 1 supercell of Ge with 32 ger-
manium atoms and a 5 x 5 x 1 supercell of MoSSe with 75
atoms leads to a small lattice mismatch of less than 0.5%. In
each heterostructure a vacuum layer of 15 A thickness is added
for ensuring that there is no interaction between periodic
images in the out-of-plane direction.

Results and discussion

We first investigate the geometries of Ge and monolayer
MoSSe, obtaining the lattice parameters 4.04 and 3.25 A after
optimization, respectively, in good agreement with previous
studies.”®*” In contrast to MoS,, MoSSe has an intrinsic dipole
pointing from Se to S with a calculated dipole moment of D =
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is calculated, where Ege, Enosse, and Epetero are the total ener-
gies of Ge (consisting of N atoms), MoSSe, and the hetero-
structure. By configuration scanning (see Fig. S17 for the con-
sidered stacking configurations), the energetically favorable
heterostructures are determined. They are shown in Fig. 1(a
and b). We obtain equilibrium interlayer distances of 2.92 A
for SeMoS/Ge and 3.07 A for SMoSe/Ge, see Fig. 1(c and d).

0.25 Debye, which is also consistent with previous results.”®
Both the S and Se sides of MoSSe can be in contact with Ge to
form a heterostructure, namely, SeMoS/Ge with S-Ge interface
and SMoSe/Ge with Se-Ge interface. To verify stability of the
heterostructures, the binding energy

Eb = [EGe + EMoSSe - Ehetero]/N

(1)

(a) SeMoS/Ge (b) SMoSe/Ge
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Fig. 1 Top and side views of (a) SeMoS/Ge and (b) SMoSe/Ge. The dependence of the binding energy on the interlayer distance is shown in (c) and
(d). Weighted band structures are given in (e) and (f) with orange and blue colors indicating the contributions of Ge and MoSSe, respectively.
Corresponding densities of states are shown in Fig. S5.7 (g) Energy band diagram of Ge, monolayer MoSSe, and SeMoS/Ge.
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The corresponding weighted band structures are shown in
Fig. 1(e and f). Orange and blue colors represent the contri-
butions of MoSSe and Ge, respectively. Comparing to the pris-
tine component materials (Fig. S27), the band structures of the
heterostructures are more than simple superpositions due to
hybridization of the atomic orbitals at the interfaces. The
effects of spin-orbital coupling have been tested carefully for
MoSSe and Ge, showing no significant influence on the band
dispersions (Fig. S31). Therefore, spin-orbit coupling is not
taken into account for the heterostructures. According to Fig. 1
(e and f), a band gap of 25 and 41 meV opens at the Dirac
point for SeMoS/Ge and SMoSe/Ge, respectively. Interestingly,
the band gap of the semiconducting layer (measured from the
highest valence to the lowest conduction state dominated by
MoSSe) in SeMoS/Ge is 1.00 eV, i.e., smaller than in the case of
pristine MoSSe (1.55 eV), while in SMoSe/Ge it is 1.45 eV. This
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trend does not reflect the typical behavior of two-dimensional
heterostructures® due to the fact that the strong hybridization
seen in Fig. 1(e and f) between the component layers is
unusal.**?

Our results show that an n-type Schottky contact is formed
in SeMoS/Ge and a p-type Schottky contact in SMoSe/Ge. The
SBHs of the heterostructures are given by*?

D, = WSeMoS/Ge —Xss (pp =I5 — WSeMoS/Gev (2)
b, = WSMoSe/Ge — Xse> ‘pp =Ise — WSMoSe/Gm

where Wsenmos/ge and Wapmose/ce are the work functions. Moreover,
xsise and Igse denote the electron affinity and ionization
potential of the S/Se side of MoSSe, respectively. In Fig. 1(g)
we show for SeMoS/Ge (S side in contact with Ge), the energy
band diagram at large interlayer distance (no interaction
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Fig. 2 SBHs of (a) SeMoS/Ge and (c) SMoSe/Ge as functions of strain. Weighted band structures are given in (b) and (d) for different strains with
orange and blue colors indicating the contributions of Ge and MoSSe, respectively. Corresponding densities of states are shown in Fig. S5.1
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between the components), ie., there is no effect of charge
transfer. A quantitative calculation at an interlayer distance
of 7 A results in Wemos/ge = 4.68 €V, Is = 5.93 eV, and ys = 4.38
eV. Therefore, @, = 0.30 eV and @, = 1.25 €V, consistent with
the values measured in the band structures (Fig. S4;f 0.23
and 1.34 eV).

A tunable SBH is essential to improve the transition of
charge carriers between the two components of a hetero-
structure. To this aim, we explore the effect of tensile strain (¢),
finding that for increasing e the interaction between MoSSe
and Ge intensifies. According to Fig. 2(a), both @, and @, of
SeMoS/Ge decrease. The n-type SBH vanishes at ¢ ~ 4%, ie.,
the contact becomes Ohmic. Band structures at different
strains are shown in Fig. 2(b), demonstrating that the conduc-
tion band minimum of MoSSe shifts dramatically to lower
energy (relative to the Fermi energy) for increasing ¢, while the
Dirac point of Ge shifts to higher energy similar to isolated
Ge.** A more complicated situation is encountered in SMoSe/
Ge, see Fig. 2(c). Faster decrease of @, than &, results in an
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n-type SBH for strain above ¢ ~ 3% and an Ohmic contact is
achieved at ¢ ~ 8%. According to the band structures in
Fig. 2(d), similar to SeMoS/Ge, for increasing ¢ the Dirac point
of Ge shifts to higher energy. We have confirmed our con-
clusions for the non-local van der Waals method (otherwise
same computational setup),*>® finding that the interlayer dis-
tance increases significantly from 2.92 A to 3.50 A for SeMoS/
Ge and from 3.07 A to 3.67 A for SMoSe/Ge, while @, (0.36 eV
instead of 0.29 eV for SeMoS/Ge; 0.89 eV instead of 0.88 eV for
SMoSe/Ge) and @, (1.02 eV instead of 0.67 eV for SeMoS/Ge;
0.71 eV instead of 0.57 eV for SMoSe/Ge) increase only slightly
and the contact type is not modified.

To obtain insight into the Schottky-to-Ohmic transition, the
strain-dependence of the electrostatic potential is addressed in
Fig. 3(a and e) (vacuum level set to zero energy). While the
shortened interlayer distance of the heterostructures under
tensile strain results in minor shifts of the peaks, the heights
of the peaks decrease gradually. We observe in Fig. 3(b and f)
that the charge transfer from Ge to MoSSe (positive Ag) gener-
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Fig. 3 Electrostatic potentials of (a) SeMoS/Ge and (e) SMoSe/Ge for different strains. Corresponding charge transfers and dipole moments as func-
tions of strain are given in (b) and (f), dipole moments without strain in (c) and (g), and interface dipole moments as functions of strain in (d) and (h).
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Fig. 4 Dipole moments of (a) 2SeMoS/Ge and (b) 2SMoSe/Ge. Corresponding band structures and densities of states are shown in (c) and (d).

ally increases under tensile strain (faster for higher strain).
The value is larger for SeMoS/Ge than SMoSe/Ge due to the
fact that S is more electronegative than Se. In addition, Fig. 3(b
and f) shows that the total dipole moment points from Se to S
(D > 0) for both heterostructures, being larger for SMoSe/Ge
than SeMoS/Ge. We have D = D, + D;,, where D, is the intrinsic
dipole moment of MoSSe (6.16 Debye for the 5 x 5 x 1 super-
cell) and Dy, is the interlayer dipole moment (1.33 and 1.13
Debye for SeMoS/Ge and SMoSe/Ge without strain, see Fig. 3(c
and g)). D of SeMoS/Ge decreases under tensile strain, see
Fig. 3(b), whereas D of SMoSe/Ge increases, see Fig. 3(f).
Though the direction of D is different in the two hetero-
structures (pointing from MoSSe to Ge for SeMoS/Ge and from
Ge to MoSSe for SMoSe/Ge), Dj,. always points from Ge to
MoSSe. Dj, increases under tensile strain, as Ag increases, see
Fig. 3(d and h). At D;,, = 2.82 Debye for SeMoS/Ge and D;, =
2.96 Debye for SMoSe/Ge an Ohmic contact is achieved.
Therefore, D;,; controls the SBH.

As not only monolayer MoSSe but also bilayer MoSSe has
an intrinsic dipole, we next address heterostructures of bilayer
MoSSe with Ge, see Fig. 4(a and b). As expected, D, increases
in the case of bilayer MoSSe (13.94 Debye for the 5 x 5 x 1
supercell) as compared to the case of monolayer MoSSe. While
Djy¢ still points from Ge to MoSSe, it decreases to 0.62 Debye
for 2SeMoS/Ge and increases to 1.73 Debye for 2SMoSe/Ge.
The charge transfer is still directed from Ge to MoSSe with
values of 1.15 e for 2SeMoS/Ge and 0.78 e for 2SMoSe/Ge,
which are similar to the case of monolayer MoSSe. According
to Fig. 4(c and d), both heterostructures have a gapped Dirac
cone near the Fermi energy, shifted as expected from the
dipole (build-in electric field*®). We obtain for 25eMoS/Ge ®,, =
0.01 eV, ie., an almost Ohmic contact, while for 28MoSe/Ge
the bands of the semiconducting layer touch the Fermi energy,
i.e., an Ohmic contact is formed.

M452 | Nanoscale, 2020, 12, 1448-11454

Conclusion

We have systematically studied heterostructures of two-dimen-
sional Janus MoSSe with germanene (Ge). An n-type Schottky
contact is found to be formed for SeMoS/Ge and a p-type
Schottky contact for SMoSe/Ge. A transition from Schottky to
Ohmic behavior occurs under tensile strain (~4% for SeMoS/Ge,
~8% for SMoSe/Ge), which is explained by modifications of the
interface dipole. Of great interest from a technological perspec-
tive is the observation that an increased thickness of MoSSe
(bilayer sufficient) directly results in an Ohmic contact. Our
investigation thus demonstrates that Ge is an ideal electrode for
contacting two-dimensional Janus MoSSe in electronic devices.
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