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Contact engineering for 2D Janus MoSSe/metal
junctions†

Yu Shu,a Ting Li,a Naihua Miao,b Jian Gou,c Xiaochun Huang,*d Zhou Cui,a

Rui Xiong,a Cuilian Wen, a Jian Zhou, b Baisheng Sa *a and Zhimei Sun *b

The flourish of two-dimensional (2D) materials provides a versatile

platform for building high-performance electronic devices in the

atomic thickness regime. However, the presence of the high

Schottky barrier at the interface between the metal electrode and

the 2D semiconductors, which dominates the injection and trans-

port efficiency of carriers, always limits their practical applications.

Herein, we show that the Schottky barrier can be controllably lifted

in the heterostructure consisting of Janus MoSSe and 2D vdW

metals by different means. Based on density functional theory

calculations and machine learning modelings, we studied the elec-

trical contact between semiconducting monolayer MoSSe and

various metallic 2D materials, where a crossover from Schottky to

Ohmic/quasi-Ohmic contact is realized. We demonstrated that the

band alignment at the interface of the investigated metal-

semiconductor junctions (MSJs) deviates from the ideal Schottky–

Mott limit because of the Fermi-level pinning effects induced by the

interface dipoles. Besides, the effect of the thickness and applied

biaxial strain of MoSSe on the electronic structure of the junctions

are explored and found to be powerful tuning knobs for electrical

contact engineering. It is highlighted that using the sure-

independence-screening-and-sparsifying-operator machine learn-

ing method, a general descriptor WM
3/exp(Dint) was developed,

which enables the prediction of the Schottky barrier height for

different MoSSe-based MSJ. These results provide valuable theore-

tical guidance for realizing ideal Ohmic contacts in electronic

devices based on the Janus MoSSe semiconductors.

1. Introduction

Transition metal dichalcogenide (TMD) monolayers with extra-
ordinary electronic and optoelectronic properties have great
potential for next-generation silicon-beyond devices.1–4 All TMD
monolayers comprise three stacked atomic-layers with the stack-
ing configurations of X–M–X, where M is a transition metal and X
is a chalcogen.4 Janus TMDs is a special class of TMDs in which
the uppermost and lowermost layers of the sandwich structure
consist of different chalcogen elements with stacking configura-
tions of X–M–Y, where X and Y indicate different dichalcogenide
elements.5 The broken mirror symmetry in Janus TMDs generates
an intrinsic dipole moment along the vertical direction, leading to
novel physical properties, such as second-harmonic generation
response, enhanced in-plane piezoelectric polarization, and great
catalytic performance.6,7 Monolayer MoSSe is a typical Janus TMD
material that has been experimentally synthesized since 2017.8
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New concepts
As transistor dimensions continue to shrink, achieving efficient electrical
contacts in semiconductor devices becomes increasingly important.
Two-dimensional (2D) materials have atomic thickness and no dangling
bonds on the surface, making them the core materials for next-generation
electronic devices. Furthermore, the interface formed by the 2D metal
and 2D semiconductor can effectively alleviate the Fermi-level pinning
(FLP) effects. Therefore, it is necessary to conduct research on the
characteristics of metal-semiconductor interfaces and precisely regulate
the Schottky barrier to develop ideal metal-semiconductor junctions
(MSJs). Herein, we achieved Ohmic contact and controllable Schottky
barrier by selecting 2D metals with different work functions together with
monolayer MoSSe, an important 2D Janus transition metal dichalco-
genide. It is proved that the existence of interface dipole is the main
reason for the FLP effects. Furthermore, we modulate the interface
properties of 2D MSJs by varying the thickness and applied biaxial
strain. Finally, we developed a universal descriptor capable of
predicting the Schottky barrier heights of different 2D MSJs using the
machine learning method. Our study provides a new strategy for the
understanding and realization of ideal electrical contacts in 2D materials-
based MSJs.
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Theoretical studies have shown that monolayer MoSSe has a
tunable direct-bandgap and a high carrier mobility, possessing a
potential application in atomically-thin advanced electronic
devices.5,9

It is known that when the size of the devices is reduced
to the atomic scale, the interfacial electronic structure between
the two-dimensional (2D) semiconductor and the electrode
materials becomes critical in realizing high-performance
applications.10,11 In particular, the energy barrier of the
metal-semiconductor junctions (MSJs), namely, the Schottky
barrier, limits the carrier injection and the contact-resistance
characteristics of the devices.12–14 In general, the Schottky
barrier is induced by two main reasons: (1) the energy difference
in the work functions between the semiconductor and the
electrode materials and (2) the strong Fermi level pinning
(FLP) effect at the interface of the junction.15–17 To overcome
this issue, proper metals need to be screened out for electrode
materials. In contrast to traditional 3D bulk metals, metallic 2D
materials enable the fabrication of van der Waals (vdW)-type
heterojunction devices, where the FLP effect can be significantly
suppressed.18–21 Thereinto, 2D metallic TMDs and 2D transition
metal carbides/nitrides (MXenes) show excellent mechanical sta-
bility and electrical conductivity, making them ideal electrodes for
various electronic devices and electrochemical systems.4,22,23 With
the emergence of new synthesis methods for MXenes, their sur-
face functional groups now encompass a rich chemical diversity,
evolving from the initial F, O, and OH to include Cl, Br, and I.24,25

These diverse functional groups offer tunable work functions and
variable 2D lattices, making MXenes potential candidates for 2D
electrodes.

In this work, using first-principles calculations, we studied
the interfacial contacting properties of the devices built from
monolayer MoSSe and various 2D metals MXenes (Nb2C and
Nb3C2 including functional group of F, O, OH) and MX2 (M = V,
Nb, Ta; X = S, Se). The calculated band structures of these
devices show that transition from Schottky contact to Ohmic
contact can be achieved by selecting 2D metals with different
work functions. We demonstrated that the presence of interface
dipoles results in the FLP effect, leading to a deviation of the
band alignment from the prediction of the ideal Schottky–Mott
limit. Besides, we unraveled that the band edge position of
MoSSe is sensitive to both the layer number and the biaxial
strain applied on the film; hence, adjustable Schottky barrier
height (SBH) and Ohmic contact can be achieved. Furthermore,
we constructed a general formula to describe the SBH of
2D metal–MoSSe contact based on the sure-independence-
screening-and-sparsifying-operator (SISSO) machine learning
method.

2. Computational details

Density functional theory (DFT) calculations were performed
with the Vienna ab initio simulation package (VASP),26 utilizing
the Projector-Augmented Wave (PAW)27 method and the ALKEMIE28

platform. The exchange–correlation function was described using

the Perdew–Burk–Ernzerhof (PBE)29 pseudopotential and the
generalized gradient approximation (GGA).30 To optimize the
electronic properties, k-point meshes of 12 � 12 � 1 and
16 � 16 � 1 in the first Brillouin zone (BZ) were used for
structure and electronic properties calculations, respectively.
The relaxation of atom positions was continued until the
maximum residual force per atom was less than 0.01 eV Å�1

and the energy difference was smaller than 10�6 eV. The plane-
wave kinetic energy cut-off was 500 eV. A vacuum thickness of
20 Å was applied to prevent interactions along the z-direction
between periodic images, and van der Waals correction was
applied using the Grimme’s DFT-D3 method.31,32 The dipole
correction method was utilized to eliminate errors in electro-
static potential, total energy, and atomic force resulting from
asymmetric arrangement under periodic boundary conditions.
The SISSO33 machine learning method was employed to predict
the SBH of metal–semiconductor contacts.

3. Results and discussion

Fig. 1a depicts the geometrical structure of the MoSSe mono-
layer, which has a hexagonal structure similar to 2H-MoS2

monolayers with the space group P%3m1.5 The MoSSe monolayer
is formed by Mo layer sandwiched between S and Se layers, and
the optimized lattice constant a is 3.25 Å. As shown in Fig. 1b,
the monolayer MoSSe is a direct bandgap semiconductor (the
bandgap is 1.49 eV). The calculated effective electrostatic
potential in Fig. 1c demonstrated that there is a net electro-
static potential difference of DV = 0.74 eV between two sides
of the Janus MoSSe monolayer, which leads to an intrinsic
dipole pointing from Se to S (the calculated dipole moment is
Dint = 0.23). These calculated results are in good agreement with
previous works.34,35

Next, we investigated the contact characteristics of MSJs
formed between MoSSe monolayer and various 2D metals,
including metallic MXenes Nb2C, Nb3C2, Nb2CT2 (T = F, O,
OH), Nb3C2T2 (T = F, O, OH), and metallic TMDs MX2 (M = V,
Nb, Ta; X = S, Se). Fig. 1d shows the geometrical structures of
the studied 2D metals. The band structures of all these 2D
metals have many electronic states crossing the Fermi level,
which are represented in Fig. S1 (ESI†), indicating their excel-
lent conductivity and potential as metal electrodes. Fig. 1e
shows the band edge alignments of MoSSe monolayer and the
work functions of the studied 2D metals. To ensure a compre-
hensive study of metal–MoSSe contacts, we selected 2D metals
with a wide range of work function values from 2.10 to 6.08 eV.
Herein, the minimum (maximum) work functions of 2D metals
are lower (larger) than the EC (EV) of MoSSe monolayer. Mean-
while, the work functions of the 2D metals can be continuously
varied within the bandgap of MoSSe monolayer and thus can
effectively study the interaction law of the metal–MoSSe con-
tacts. The schematic diagram of MoSSe-based FET model is
presented in Fig. 1f, where the 2D metal serves as the source
and drain electrodes, and the MoSSe monolayer serves as the
channel material of the device.
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Among these 2D metals, the optimized lattice constants lie
in the range from 3.11 to 3.35 Å, leading to less than 5% lattice
mismatch (as listed in Table 1) relative to the MoSSe monolayer

(3.25 Å). In the following, 2D metal–MoSSe contacts formed by
placing 2D metals on the top of the Se and S sides of the MoSSe
monolayer, where 2D metals contact with the Janus MoSSe

Fig. 1 (a) Top and side views of the optimized structure, (b) band structure, and (c) effective electrostatic potential of the MoSSe monolayer. (d) Top and
side views of 2D metals. (e) The band alignments between MoSSe and work functions of 2D metals, Ec and Ev represent the energy levels of CBM and VBM
for MoSSe monolayer, respectively. (f) Schematic diagram of 2D metal–MoSSe FETs.
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monolayers on its Se and S sides, are named metal-SeMoS
contacts and metal-SMoSe contacts, respectively. In addition,
2D metal–MoSSe contact represents both metal-SeMoS and
metal-SMoSe cases. For each type of 2D MSJs, there are six
different possible heterostructure stacking configurations, as
shown in Fig. S2 (ESI†). We summarized the relative total
energies of 2D metal–MoSSe contacts in Tables S1–S3 (ESI†).
Furthermore, the 2D MSJs with stacking configuration with the
lowest total energy are selected for the subsequent calculations.
We defined the metal-semiconductor interlayer distance as
the average distance between the Se or S atoms on top of
MoSSe and the atoms at the bottom of the 2D metal.36 In most
2D metal–MoSSe contacts, the equilibrium interlayer distance
ranges from 2.59 and 3.12 Å, which are typical vdW inter-
actions.37 However, the Nb2C and Nb3C2 systems without and
with –OH surface functional groups have smaller interlayer
distances, indicating relatively strong interactions. Among them,
the Nb2C and Nb3C2 systems with –OH surface functional groups
have strong interactions due to hydrogen bonding. The bare
Nb2C and Nb3C2 systems have a large number of dangling bonds
on the surface, resulting in strong orbital coupling with the
MoSSe layer. To further understand the binding strength of the
MSJ interface, the binding energy (Eb) was calculated as38

Eb ¼
Emetal-MoSSe � Emetal � EMoSSe

A
(1)

where Emetal–MoSSe, Emetal, and EMoSSe represent the total energy
of metal–MoSSe contact, isolated 2D metal and MoSSe mono-
layers, respectively. A is the interface area of the MSJ. Table 1
summarizes the calculated binding energies. The results indi-
cate that all 2D metal–MoSSe contacts exhibit negative binding
energies, implying structural stability and experimental feasibil-
ity. Notably, except for the Nb2C and Nb3C2 systems without and
with –OH surface functional groups, the binding energy of 2D
metal–MoSSe contact is about�30 meV Å�2, belonging to typical
vdW interactions, which are consistent with the conclusions
from the interlayer distance results.

The contact properties of MSJs are mainly dominated by the
SBH, which is defined as the energy difference between the
Fermi level and the conduction band minimum (CBM) or

valence band maximum (VBM) of the semiconductor in the
MSJ.39,40

Fn = EC � EF (2)

Fp = EF � EV (3)

where Fn and Fp represent the electron and hole SBHs,
respectively. EF is the Fermi level in the MSJs, and EC and EV

are the energy level of the CBM and VBM of MoSSe monolayer,
respectively. The projected band structures of 2D metal–MoSSe
contacts are illustrated in Fig. S3 (ESI†). The different types of
Schottky barriers obtained from the projected band structures
of 2D metal–MoSSe contacts are listed in Table 1. As shown in
Fig. S3 (ESI†), after contacting Nb2C and Nb3C2 with MoSSe,
the band structures of MoSSe are obviously metalized due to
the presence of dangling bonds on the surface of Nb2C and
Nb3C2, resulting in strong covalent-like orbital coupling between
the MoSSe monolayer and 2D metals (Nb2C and Nb3C2).
The formation of chemical bonds at the interface due to
such strong orbital coupling leads to the metallization of
MoSSe. On the contrary, for the MSJs with van der Waals
bonding and hydrogen bonding interactions, the band struc-
ture of MoSSe monolayer is well preserved. Based on the
obtained SBHs, the MSJs can be classified into three different
types given in Fig. 2: Schottky contact, Ohmic contact, and
quasi-Ohmic contact. If the work function of 2D metal is
closer to the work function of MoSSe, the formed MSJ tends
to form Schottky contact. For example, as shown in Fig. 2a,
the projected band structure of the VSe2–MoSSe contacts
shows that the Fermi level of VSe2 is located between the
CBM and VBM of MoSSe. Due to the larger work function of
S-side in the MoSSe monolayer, the Fermi level moves up
close to the CBM of the MoSSe monolayer to form n-type
Schottky contact in VSe2–SMoSe contact. Furthermore, due to
high work functions metals (for instance, Nb2CO2, Nb3C2O2,
VS2, NbS2, TaS2, and VSe2) contacting the Se side, the Fermi
level shifts less, resulting in the formation of p-type Schottky
contact, as shown in Fig. S3 (ESI†). For MSJs with Ohmic
contacts (FSBH r 0) as shown in Fig. 2b, it should select
metals with small work function (such as Nb2C(OH)2 and

Table 1 Lattice mismatch (e), metal work function (WM), interlayer distance (d), binding energy (Eb,) and Schottky barrier height (FSBH) (n and p represent
n-type and p-type contact, respectively) of 2D metal–MoSSe contacts (Se and S correspond to the Se and S sides in contact with the 2D metal)

2D metal e (%) WM (eV)

d (Å) Eb (meV Å�2) FSBH (eV)

Se S Se S Se S

Nb2C 4.17 4.53 2.62 1.68 �155.17 �201.38 — —
Nb2CF2 1.56 4.37 2.82 2.59 �29.07 �28.41 0.77 (n) 0.18 (n)
Nb2CO2 3.83 5.81 2.90 2.73 �35.29 �32.82 0.03 (p) 0.41 (p)
Nb2COH2 1.56 2.22 3.09 3.09 �56.21 �69.37 �0.10 (n) �0.17 (n)
Nb3C2 2.77 4.59 2.61 1.68 �161.56 �212.77 — —
Nb3C2F2 4.50 4.89 2.85 2.64 �30.27 �29.64 0.50 (p) 0.33 (n)
Nb3C2O2 3.18 5.48 2.82 2.83 �35.79 �37.29 0.05 (p) 0.58 (p)
Nb3C2(OH)2 3.80 2.10 1.99 2.08 �57.55 �71.35 �0.33 (n) �0.28 (n)
VS2 2.20 6.02 3.12 2.93 �30.22 �29.37 0.06 (p) 0.47 (p)
NbS2 3.08 6.08 3.01 2.86 �32.39 �30.13 0.08 (p) 0.46 (p)
TaS2 2.77 5.92 3.02 2.95 �31.07 �29.16 0.11 (p) 0.57 (p)
VSe2 3.38 5.46 3.11 3.01 �30.85 �30.10 0.50 (p) 0.43 (n)
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Nb3C2(OH)2) to ensure the spontaneous transfer of electrons
from the metal side to the semiconductor side. For instance,
the projected band structure of the 2D Nb2C(OH)2–MoSSe
contact shows that the CBM of the Nb2C(OH)2 layer crosses
the Fermi level to form an Ohmic contact (Fig. 2b), which indi-
cates that electrons can be freely injected from Nb2C(OH)2

into MoSSe layers. For quasi-Ohmic contact, as shown in Fig. 2c,
it refers to MSJs with properties between Schottky contact and
Ohmic contact, in which SBH is very close to 0. For the high work
function metals contacting with Se side, ultra-low Schottky
barriers are obtained to form quasi-Ohmic contact. For example,
the projected band structure of Nb2CO2–SeMoS and NbS2–
MoSSe (Fig. 2c) shows that the VBM of the MoSSe layer is close
to the Fermi level, leading to quasi-Ohmic contact. Furthermore,
we found that 2D metal-SeMoS contacts tend to form p-type
contact, while 2D metal-SMoSe contacts are more likely to form
n-type contact, as summarized in Table 1.

To further analyze the local chemical bonding environ-
ments, Fig. 3a depicts the 2D plots of electron localization
function (ELF) for typical 2D metal–MoSSe contacts. The ELF is
calculated on a 3D grid space using a single determinantal
wavefunction derived from the calculated Kohn–Sham orbitals.41,42

The ELF value is a quantitative description of the electron density
localization, ranging from 0 to 1, where 1 indicates perfect localiza-
tion and 0.5 represents gas-like pair probability. The strength of a
bond can be characterized by the bond point in the ELF, which
corresponds to the saddle point with two negative eigenvalues and
one positive eigenvalue.43 Herein, the interfacial bond points of 2D
metal–MoSSe contacts can be simply reflected by the minimum
value at the center of the ELF line profile curves, as shown in Fig. 3b
and Fig. S4 (ESI†).44 Due to the similar characteristics displayed by
the contacts of 2D metals with Se and S sides, we analyzed Nb2C-
SeMoS and MX2–SeMoS as examples to evaluate the bond strength,
as shown in Fig. 3a and b. The Nb2C-SeMoS contact exhibits the
largest ELF bond point value of 0.18 for the Nb–Se bond, indicating
strong orbital overlap and covalent-like interfacial interactions.
In contrast, the values of the ELF bond points of X–Se (X = F, O,
S, Se) in the other Nb2CT2–SeMoS contacts are lower, indicating
weak atomic orbital overlap and interfacial interactions. Among the
Nb2CT2–SeMoS contacts (T = F, O, OH), the H–Se bond point in the
Nb2C(OH)2–SeMoS contact exhibits relatively larger value, which
also corresponds to their relatively larger binding energy and
smaller interlayer distance. The other 2D metal–MoSSe contacts
exhibited similar results, as shown in Fig. S4 (ESI†).

Fig. 2 Schematic diagram and the projected band structures of the corresponding metal–MoSSe with (a) Schottky contact, (b) Ohmic contact, (c) quasi-
Ohmic contact. The red and gray spheres represent the contributions from MoSSe and metal layers, respectively.
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To further understand the electronic properties of MSJs, the
plane-averaged charge density difference (Dr) is calculated as

Dr = rmetal–MoSSe � rmetal � rMoSSe (4)

where rmetal–MoSSe, rmetal, and rMoSSe are the charge densities of
metal–MoSSe contact, isolated metal, and MoSSe monolayers,
respectively. Due to the stronger covalent-like interaction of
Nb2C–MoSSe interfaces, Fig. 3c observes a significant charge
assembling in the interface areas. This is consistent with our
proposal that the strong covalent orbital coupling system leads
to the metallization of the band. On the other hand, an inter-
face dipole and a built-in electric field are formed due to the
significant charge transfer at the vdW MSJ interfaces, which is
evident from the apparent charge accumulation and charge
depletion shown in Fig. 3d and Fig. S5 (ESI†).45,46 Fig. 3d
illustrates the relatively weaker charge transfer in NbS2–MoSSe

contacts, indicating that relatively small interface dipoles are
formed. Similar results are observed in the Nb2CT2, Nb3C2T2

(T = F and O), and MX2 (M = V, Ta; X = S, Se) systems. The
Nb2C(OH)2–MoSSe and Nb3C2(OH)2–MoSSe interfaces exhibit
relatively strong charge transfer, resulting in larger interface
dipoles.

The desired 2D MSJs can be achieved by tuning the SBH
through the use of metals with different work functions. It is
essential to comprehend the FLP effect to analyze the interface
properties and the role of interface dipoles. The FLP factor S is
calculated as follows.19,47

S ¼ dFn

dWM
(5)

The ideal Schottky–Mott limit corresponds to S = 1, indicating
that there is no FLP effect. However, for S = 0, a strong FLP

Fig. 3 The ELF 2D line profiles and bond points of (a) X–Se bonds in 2D metal-SeMoS contacts and (b) X–S bonds in 2D metal-SMoSe contacts. The
pentagrams represent the positions of the bond points. The plane averaged charge density differences for (c) Nb2C-SeMoS and (d) NbS2–SMoSe contacts.
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effect occurs. The Schottky–Mott limit is difficult to reach in 2D
MSJs due to the presence of interface dipoles,48,49 resulting in a
certain deviation of SBH from the ideal value.50 As shown in
Fig. 4a, the increase in the work function difference between
the 2D metal and MoSSe monolayer leads to an increase in DV.
Herein, at a larger value of DV, a larger interface dipole in the
metal–MoSSe interfaces is presented. However, due to the
different work functions of the Se and S sides in the MoSSe

monolayer, we have obtained different DV values for metal-
SMoSe and metal-SeMoS contacts. Notably, the low work func-
tion metals (Nb2C(OH)2 and Nb3C2(OH)2) led to a significant
work function difference and a large DV. Furthermore, the
interface dipole (Dint) shows a good linear scaling relationship
with DV, as shown in Fig. 4b, which is consistent with the
Helmholtz equation:51 DV = Dint cosj/ee0. Therefore, we can
correct the SBH by DV. The larger DV indicates that the FLP

Fig. 4 (a) The electronic potential difference (DV) in 2D metal–MoSSe contacts. (b) The change in DV with interface dipole (Dint) for 2D metal–MoSSe
contacts. The variation in the electron SBH as a function of metal work functions (WM) for (c) metal-SeMoS (d) metal-SMoSe contacts. The azure and pink
lines represent fitting results without and with DV correction, respectively. The black dotted line represents the Schottky–Mott limit S = 1. The Fermi level
pinning factor S is defined as the value of the fitted slope. The dipole moment distributions in selected (e) 2D metal-SeMoS and (f) 2D metal-SMoSe
contacts. The red, blue, and black arrows represent the intrinsic dipole, interface dipole, and total dipole, respectively.
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effect is stronger, resulting in more deviation from the
Schottky–Mott limit. Therefore, the modification of SBH by
Fn minus DV can be achieved. Fig. 4c and d show that the FLP
factors S of the metal-SeMoS and metal-SMoSe contacts are
0.45 and 0.31, respectively. Thus, the FLP ability of the Se side
of MoSSe monolayer is weaker than that of the S side due to the
larger DV in the S side observed in Fig. 4b. The corrected FLP
factor S of metal-SeMoS and metal-SMoSe contacts can reach
0.99, almost reaching the Schottky–Mott limit. This phenom-
enon further verifies that the deviation from the Schottky–Mott
limit of the FLP effect in 2D MSJs is mainly caused by the
interface dipole, where the deviation strength is related to the
magnitude of the interfacial dipoles. Therefore, it prospectively
hinders the FLP effect by weakening the interlayer coupling
between the 2D metal and MoSSe monolayer. As a result, the
strength of the interfacial dipoles can be reduced, which leads
to an ideal band alignment and a reduced SBH. Furthermore,
it is noted that the strength of Dint is related to the electro-
negativity (which represents the ability of an element to attract
electrons) of the terminal atoms on the contact interface.48

Since the electronegativity of the S element (2.58) is greater
than that of the Se element (2.55), a larger Dint is exhibited
when the S side of MoSSe monolayer is in contact with the 2D
metals, resulting in a stronger FLP effect, further deviating
from the ideal Schottky–Mott limit.

On the other hand, intrinsic dipoles are also presented in
the MoSSe monolayer. Therefore, we further studied the role
of the total dipole moment Dtot = D0 + Dint, where D0 is the
intrinsic dipole. As shown in Fig. 4e, f and Fig. S6 (ESI†), when

the 2D metal contacts MoSSe monolayer with the Se side, the
interface dipoles and intrinsic dipoles of VS2, NbS2, and TaS2

are in opposite directions, resulting in a smaller Dtot. For the
other metal–MoSSe contacts, the larger Dtot was generated due
to the same orientation of the interface dipoles and intrinsic
dipoles. In contrast, when the 2D metal contacts MoSSe mono-
layer with the S side, the interface dipoles and intrinsic dipoles
of the low work function metals (Nb2C(OH)2 and Nb3C2(OH)2)
are in opposite directions, resulting in a minor Dtot. In compar-
ison, the other metals in contact with the Se sides lead to
larger Dtot due to the same orientation of interface dipoles and
intrinsic dipoles. The superposition effect of interface and
intrinsic dipoles increases the DV, resulting in a stronger FLP
effect deviating from the Schottky–Mott limit. On the other
hand, DV is also linearly related to the total dipole moment Dtot

for 2D metal–MoSSe contacts, as shown in Fig. S7 (ESI†).
Fig. 5a demonstrates that a p-type Schottky contact is

formed more favorably when Nb3C2F2 with lower work function
contacts the Se side. The work function of the Se side is greater
than that of the Nb3C2F2 side after contact, leading to a
negative DV in the Nb3C2F2–SeMoS contact. On the other hand,
Fig. 5b shows that n-type Schottky contact formation is also
favored when Nb3C2F2 contacts the S side; the work function of
the S side is lower than that of the Nb3C2F2 side, resulting in a
positive DV. Furthermore, due to the extremely low work func-
tion of Nb2C(OH)2 and (Nb3C2(OH)2), DV is consistently nega-
tive regardless of the contact with the Se or S side. Conversely,
when high work function metals contact the Se or S sides,
p-type contact formation is more favorable, and DV is always

Fig. 5 The energy level schematic diagram and effective electrostatic potential of (a) Nb3C2F2–SeMoS and (b) Nb3C2F2–SMoSe contacts. The variation
of (c) tunnel barrier height FTB and (d) comprehensive factor C as a function of metal work functions for 2D metal–MoSSe contacts.
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positive. In short, the metal-SeMoS and metal-SMoSe contacts
typically generate oppositely-oriented interface dipoles. This
phenomenon is also known as the pushback effect or pillow
effect, which is caused by the redistribution of electrons by
Pauli exchange repulsion.52 The effective electrostatic potential
illustrated in Fig. 5a, b and Fig. S8, S9 (ESI†) determines the
electrostatic potential difference DV and tunneling barrier (TB).
Herein, a large TB formed at the MSJs can impede the carrier
injection efficiency. We proposed the tunnel barrier height FTB

and width wTB as two parameters to characterize TB, as listed in
Table S4 (ESI†).

The efficiency of carrier injection can be evaluated by the
tunneling probability PTB; the tunneling probability equal or
close to 100% can promote the carrier injection efficiency. The
tunneling probability PTB is defined as50

PTB ¼ exp �2wTB

�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mFTB

p� �
(6)

where m and h� are the mass of the free electron and reduced
Planck’s constant, respectively. FTB and wTB represent the
tunnel barrier height and width, respectively. For clarity, a
comprehensive factor C = wTB

2FTB can be introduced to reach
a fast estimate of PTB. A smaller value of C indicates a larger
PTB. The specific values of C from FTB and wTB are listed in
Table S4 (ESI†) as well. Interestingly, we observed a linear
relationship between the tunneling barrier height FTB and
WM (except for the metalized Nb2C–MoSSe and Nb3C2–MoSSe
contacts), where the tunneling barrier height FTB gradually
increases with the metal work functions, as depicted in
Fig. 5c. As summarized in Table S4 (ESI†), the metalized
Nb2C–MoSSe and Nb3C2–MoSSe contacts have the smallest
C values, followed by the Nb2COH2–MoSSe and Nb3C2OH2–
MoSSe contacts, indicating a higher tunneling probability.
In particular, the C values of the Nb2C–MoSSe and Nb3C2–
MoSSe interfaces are 0, indicating high tunneling probabilities
of 100%. On the other hand, the C values of the Nb2CT2–MoSSe
and Nb3C2T2–MoSSe contacts with F and O functional groups
are relatively larger. Additionally, MX2-MoSSe contacts present
much greater C values. Additionally, Fig. 5d represents a map
by connecting the comprehensive factor C and metal work func-
tion for different 2D MSJs. It is noted that the comprehensive
factor C follows a similar rule to the tunnel barrier height FTB.
Interestingly, according to Fig. 5d, we can divide the studied 2D
MSJs into three different types: Type-I includes Nb2C–MoSSe
and Nb3C2–MoSSe contacts with small C values and large WM,
Type-II includes Nb2COH2–MoSSe and Nb3C2OH2–MoSSe con-
tacts with small C values and small WM, and Type-III includes
other MSJs with large C values and large WM.

To further investigate the role of interface dipoles in 2D
MSJs, we calculated the electronic properties of 2D metal–
MoSSe contacts with different MoSSe layer numbers and biaxial
strains. As shown in Fig. 6a and b, the results revealed that the
band gap of the semiconductor in the Nb3C2F2–SeMoS contact
gradually decreases with increasing MoSSe layer numbers.
Additionally, the valence band moves closer to the Fermi
level, resulting in a quasi-Ohmic contact. In contrast, for the

Nb3C2F2–SMoSe contact, the conduction band moves down and
crosses the Fermi level, forming an Ohmic contact with increas-
ing MoSSe layer numbers. Furthermore, it can be observed
from Fig. 6c and d that as the number of MoSSe layers
increases, the Fn and Fp values of the Nb3C2F2–MoSSe contacts
also gradually decrease. Simultaneously, the interface dipoles
gradually increase and the band gap of the semiconductor layer
decreases, indicating that interlayer coupling between Nb3C2F2

and MoSSe is gradually enhanced with increasing MoSSe layer
numbers. Tables S5 and S6 (ESI†) list the detailed results for
electronic SBH Fn, hole SBH Fp, interface dipole Dint, total
dipole Dtot, potential step DV, work function difference DW, and
metal work functions WM for 2D MSJs with different MoSSe
layer numbers.

Based on the Fn and Fp values obtained from the energy
band diagrams, we plot heatmaps of Fn and Fp for 2D MSJs
with different numbers of MoSSe layers in Fig. 6e and f,
respectively. Negative Fn and Fp values are set to zero since
the Ohmic contact is achieved when the SBHs become negative.
It is noted that the Fn and Fp values of 2D metal–MoSSe both
show a decreasing trend as the number of layers increases.
Furthermore, the Fn and Fp values of 2D MSJs are strongly
influenced by two important parameters: firstly, the 2D metal–
MoSSe contact with Se and S sides leads to different SBHs.
Secondly, the use of metals with different work functions leads
to different SBHs. Interestingly, as the number of MoSSe layers
increases, the Fn values of Nb2C(OH)2 and Nb3C2(OH)2 in
contact with MoSSe are always 0, indicating the formation of
Ohmic contacts. Additionally, the 2D metal-SeMoS contacts
are more inclined to form p-type contacts. As the number of
MoSSe layer number increases, significantly low Fp values are
obtained to form p-type quasi-Ohmic contacts for Nb2CO2–
SeMoS, Nb3CO2–SeMoS, VS2–SeMoS, and VSe2–SeMoS cases.
Conversely, n-type Ohmic contacts are preferred for 2D metal-
SMoSe contacts. Therefore, the variation in the number of
semiconductor layers in MSJs can regulate the values of SBH.
To further understand the influence of the strength of the
interface dipole on the FLP, we studied the variation in the
electronic SBH and the metal work function of 2D metal–MoSSe
contacts. By fitting the slope, we obtained the value of the FLP
factor S. As shown in Fig. S10 (ESI†), the increase in the number
of semiconductor layers leads to a decrease in the FLP factor,
indicating an enhanced FLP effect. The decrease in the FLP
factor also corresponds to the enhancement of the interface
dipole, as shown in Fig. S10c and d (ESI†).

To explore the strain engineering of electronic structure and
the SBHs for 2D MSJs, we further investigated the 2D metal–
MoSSe contacts under biaxial strains from �6% to 6%. By
taking the TaS2–MoSSe contacts as examples, we found that
the bandgap of the MoSSe layer changes gradually with increas-
ing tensile or compressive strains, as shown in Fig. 7a and b.
Herein, both the valence and conduction bands tend to gradu-
ally move closer to the Fermi level with increasing tensile strain
for both TaS2–SeMoS and TaS2–SMoSe contacts. It is interesting
to note that the valence band moves up through the Fermi level
to form an Ohmic contact with 4% tensile strain for the TaS2–
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SeMoS contact. It is noted that the calculated Fn and Fp values
are significantly affected by the variation of strain values, as
shown in Fig. 7c and d. The TaS2–SeMoS contact transforms
into p-type Ohmic contact at 6% tensile strain, while the
TaS2–SMoSe contact transforms from p-type to n-type Schottky
contact at compression strains greater than �2%. At the same
time, regardless of whether TaS2 contacts the MoSSe monolayer
with the Se or S sides, the strain free interface dipole is the
smallest, indicating weak interlayer coupling between TaS2 and
MoSSe at this point. The results show the possibility of Schottky
to Ohmic contact transition under strain. Tables S7 and S8
(ESI†) list the detailed results for electronic SBH Fn, hole SBH
Fp, interface dipole Dint, total dipole Dtot, potential step DV,
work function difference DW, and metal work functions WM for
2D MSJs under different strains.

Fig. 7e and f present the Fn and Fp heatmaps of 2D metal–
MoSSe contacts under different biaxial strains, respectively.
Interestingly, the contact types of Nb2C(OH)2, Nb3C2(OH)2,

Nb2CO2, and Nb3C2O2 contacts remain unchanged within the
studied strain range, where the n-type Ohmic contact (–OH
terminated) and p-type quasi-Ohmic contact (–O terminated)
characteristics are always maintained. As the biaxial strain
changes from �6% to 6%, the Fp value of the high work
function metals (VS2, NbS2, TaS2) contact gradually decreases
and approaches 0, forming a p-type quasi-ohmic contact. The
opposite trend is observed for 2D metal-SMoSe contacts, which
favors the formation of n-type Ohmic contact. Therefore, we
proposed that the SBH can also be tuned by applying biaxial
strains. The FLP strength under different biaxial strains is fitted
from the relationship between SBH and metal work function in
Fig. S11a and b (ESI†). For the metal-SeMoS contacts, the fitted
FLP factor S obtained is hardly affected by the compressive
strain. Applied �6% compression strain could only slightly
increase the FLP factor S to 0.46 (from 0.45 without strain).
With the increase in tensile strain, the FLP factor S gradually
decreases. The FLP factor S of 0.26 at 6% indicates that the

Fig. 6 The projected band structures of (a) Nb3C2F2–SeMoS and (b) Nb3C2F2–SMoSe contacts with monolayer, bilayer, and trilayer MoSSe. Schottky
barriers and interface dipole of (c) Nb3C2F2–SeMoS and (d) Nb3C2F2–SMoSe contacts as a function of MoSSe layer number. Schottky barrier heights (e) Fn

and (f) Fp of 2D metal–MoSSe contacts with different MoSSe layer numbers. OC means Ohmic contact, qOC means quasi-Ohmic contact (Fn or Fp o
0.05 eV), nSC and pSC represent n-type and p-type Schottky contacts, respectively.
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applied tensile strains lead to a stronger FLP effect. On the
other hand, the 2D metal-SMoSe contact exhibits a similar
phenomenon, the only difference is that the value of the FLP
factor S is slightly decreased to 0.29 under �6% compressive
strain (from 0.31 without strain). This phenomenon is primarily
attributed to the variation of the interface dipole values under
strains, as shown in Fig. S11c and d (ESI†). As the tensile strain
increases, the interface dipoles are continuously enhanced, lead-
ing to a larger DV and deviation from the ideal Schottky–Mott
limit restrictions. This deviation results in a stronger FLP effect,
which is indicated by an increase in the FLP factor S. Conversely,
under different compressive strains, the interface dipole values for
most 2D metal–MoSSe contacts are relatively close, resulting in a
limited change in the FLP factor S.

Despite extensive research into tuning the Schottky barrier,
achieving optimal operational efficiency and device performance
remains challenging. Therefore, we explored the factors that
affect the SBH using modern machine learning models, speci-
fically through the sure-independence-screening-sparsifying-
operator (SISSO) method with first-principles calculation results
as inputs.33 The SISSO method is a data analysis technique based

on compressed sensing, which enables the identification of an
optimal low-dimensional feature descriptor from a vast number of
features.53 For material data, SISSO can construct a formula that
describes a specific property of the material by incorporating
several relevant characteristics or descriptors.54 The trained model
can predict the desired property of new materials using their
values of the descriptors. Tables S5–S8 (ESI†) list the 180 first-
principles calculation results for the SISSO machine-learning
study. Herein, we used the material property columns of interest,
including Fn, Fp, Dint, Dtot, DV, DW, and WM as descriptors to train
the SISSO model. Using selected primary feature classes (PFs),
SISSO iteratively generates feature combinations by applying
various mathematical operators, such as +, �, �, /, exp, exp�,
�1, 2, 3, and O. Finally, the features generated by SISSO are ranked
according to the root mean square error (RMSE) to identify the
optimal set of descriptors.55 This approach enables us to gain a
deeper understanding of the complex factors that contribute to
the SBH, which is critical for developing high-performance MSJs.

Since only the produced descriptors with high precision and
low complexity are suitable for regulating SBH, Fig. 8a and b
display the Pareto charts for six proposed formulas from SISSO

Fig. 7 The projected band structures of (a) TaS2–SeMoS and (b) TaS2–SMoSe contacts with different in-plane biaxial strains. Schottky barriers and
interface dipole of (c) TaS2–SeMoS and (d) TaS2–SMoSe as a function of biaxial strains. Schottky barrier heights (e) Fn and (f) Fp of 2D metal-SeMoS and
metal-SMoSe contacts with different biaxial strains. OC means Ohmic contact, qOC means quasi-Ohmic contact (Fn or Fp o 0.05 eV), nSC and pSC
represent n-type and p-type Schottky contacts, respectively.
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that satisfy the criteria of both simplicity and accuracy. The
detailed mathematical form and fitting error of the six formulas
are shown in Table 2. It is noted that the increase in complexity
cannot guarantee a decrease in the fitting error. Among them,
the complexity of 4 is the best compromise between complexity
and accuracy for both Fn and Fp. To clearly show the correla-
tion, Fig. 8c and d depict the relationships of SBHs Fn and Fp

with 0.01WM
3/exp(Dint). The correlations between other mathe-

matical formulas and Fn/Fp are also displayed in Fig. S12 (ESI†)
for reference. It is observed that both Fn and Fp exhibit good
linear relationships with 0.01WM

3/exp(Dint). Thus, we can reg-
ulate the SBH by controlling the metal work function WM and
metal-semiconductor interface dipole Dint. Specifically, a large
WM and small Dint can result in an ideal n-type Ohmic contact

and vice versa, and small WM and large Dint can produce a p-type
Ohmic contact. Furthermore, adjusting WM and Dint can also
achieve quasi-Ohmic contacts with small SBH values. There-
fore, by exploring the nonlinear combinations of existing
features, the descriptors of WM and Dint are proposed based
on the SISSO to fast predict the target properties SBH in MSJs.
As shown in Fig. S13 (ESI†), we further examined the SISSO
method using supervised training data sampling (sequentially
removing the data points with the smallest RMSE) to check the
RMSE for different numbers of materials. The results show that
the RMSE decreases sharply when the number of data points Nd

ranges from 1 to 20. It is worth noting that when Nd falls within
the range of 20 to 180, the trend of RMSE decline slows down.
These findings suggest that the SISSO model can effectively
identify the underlying physical laws even from small datasets
in our study.

4. Conclusion

In summary, we have systematically investigated the geometric
structure, electronic properties, and contacting barrier of MSJs
formed by the contact of a series of 2D metals with Janus MoSSe
using first-principles calculations. The projected band results
indicate that the transition from Schottky contact to Ohmic

Fig. 8 Pareto chart of R2 for (a) Fn and (b) Fp vs. complexity of the proposed mathematical formulas. The correlations of the calculated (c) Fn and
(d) Fp values of metal–MoSSe contacts vs. predicted 0.01WM

3/exp(Dint) formula from SISSO. The data here are all derived from the DFT calculation results
in this work.

Table 2 The mathematical formulas for the Pareto Chart in Fig. 8

Point Formulas Complexity

R2

Fn Fp

A 0.29WM 1 0.56 0.57
B 0.29WM 2 0.56 0.57
C 0.05WM � (WM � DV) 3 0.74 0.72
D 0.01WM

3/exp(Dint) 4 0.78 0.75
E 0.76(exp(cbrt(WM)) � exp(Dint)) 5 0.80 0.70
F 0.32(abs((log(WM))3 � (exp(Dint))

2)) 6 0.81 0.65
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contact and tunable Schottky barrier can be achieved by select-
ing different 2D metals. For Nb2C–MoSSe and Nb3C2–MoSSe
contacts, strong interactions at the interface lead to the metal-
lization of the bands. In contrast, weak interactions at the
interface were observed for Nb2CT, Nb3C2T2 (T = F, O, OH), and
MX2 when in contact with the MoSSe monolayer. The FLP effect
occurs due to the presence of interface dipoles at the MSJs
interface, which deviates the band alignment from the predic-
tion of the ideal Schottky–Mott limit. Furthermore, the values
DV of 2D metal–MoSSe contacts are linearly related to the
interface dipoles. Hence, weakening the interlayer coupling
can effectively hinder the FLP effect. Additionally, the tunneling
barriers of the 2D metal–MoSSe contacts depend on the inter-
layer coupling strength, and the FTB values also show a good
linear relationship with the work functions of 2D metals.
Notably, the band edge position of MoSSe is sensitive to both
layer numbers and biaxial strains. The results show that
increasing the layer number and applying biaxial strain will
alter the SBH and lead to the formation of Ohmic contacts.
At the same time, the change in the layer number and biaxial
strain will also generate different values of interfacial dipoles,
affecting the FLP strength. Interestingly, we used the SISSO
machine learning algorithm to construct a formula to describe
the SBH of the 2D MSJs and tune the SBH. Our research offers
valuable insights into tuning the Schottky barriers in MSJs
and may facilitate the development of highly efficient Ohmic
contacts in future electronic devices.
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