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Janus metal-enabled tunable Schottky barriers
in van der Waals contacts via interfacial
polarization modulations

Yanze Feng,ab Liujian Qi, *ab Yu Du,ab Nan Zhang,ab Yuting Zou,ab

Zhiming Shi, ab Dabing Liab and Shaojuan Li *ab

Two-dimensional semiconductors exhibit exceptional potential in

next-generation electronics; however, the strong Fermi-level pin-

ning effect in the metal–semiconductor (M–S) contacts inevitably

generates an unmodulated Schottky barrier, severely compromis-

ing device performance. Here, to address this challenge, we pro-

pose a novel strategy using the polar metallic Janus TaSTe

originating from the broken structure symmetry. Specifically, by

switching the S or Te surface in contact with a semiconductor,

tunable M–S interface interactions have been effectively achieved

by the Janus TaSTe electrode, which is determined by interfacial

polarization due to the difference in the electronegativity of S and

Te atoms. In addition, we show that under the external electric

fields and strain, the heights and types of the Schottky barrier of

Janus TaSTe–PtS2 contact have been effectively tuned. We further

demonstrate the universality of our strategy by expanding various

M–S contacts between different Janus metals and semiconductors.

Our results break through the limitation of work function and

provide a novel way to tune the interfacial interactions between

the metal and semiconductors, holding promising applications for

future high-performance electronic devices.

Introduction

Leveraging atomic-scale thickness, tunable bandgaps and weak
interlayer coupling, two-dimensional van der Waals (vdW)
materials exhibit unique electronic and optoelectronic proper-
ties, offering an unparalleled platform for the development of
next-generation electronic devices.1–5 The performance of elec-
tronic devices based on vdW materials is inevitably affected by
the metal–semiconductor (M–S) interface quality, and a tunable

interfacial contact barrier is crucial for designing and fabricat-
ing high-performance electronic devices.6,7 In the case of con-
ventional bulk metal and vdW semiconductor contacts,
however, factors such as dangling bonds, imperfections, and
lattice damage contribute to the strong Fermi-level pinning
effect, which hinders the ability to tailor the barrier height by
manipulating metal work functions and significantly impacts
the electronic properties and charge transport capability of the
devices.8,9 Consequently, it is crucial to explore novel metal
electrodes to advance the performance of the devices.

Recently, vdW M–S contacts have attracted growing interest
as a promising strategy to mitigate the persistent challenge
of the Fermi-level pinning effect in conventional M–S
interfaces.10–12 The weak interfacial interaction between vdW
metals and semiconductors effectively prevents interfacial
hybridization without dangling bonds or chemical disorders,
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New concepts
The effective manipulation of the Schottky barrier at the metal–semicon-
ductor (M–S) contact remains a persistent challenge in the field of
electronics due to the strong Fermi-level pinning effect. In this work, to
solve this challenge, we propose a novel strategy by using polar metals
originating from the asymmetric crystal structure and charge distribu-
tions. Diverging from prior studies limited to the dimension of singular
work function due to the single interface contact governed by the out-of-
plane symmetry of metal electrodes, our work introduces a polar metallic
Janus TaSTe material as an electrode and achieves adjustable interface
contacts with semiconductors benefitting from the broken out-of-plane
mirror symmetry and polarization due to the electronegativity differences
in S and Te elements, providing a distinct approach for modulating the
Schottky barrier. By applying external electric fields and strain, the
interfacial properties of the PtS2–STaTe and PtS2–TeTaS heterostructures
can be effectively tuned, achieving the interconversion between n-type
and p-type Schottky contacts. The universality of our results is further
demonstrated by the effectively tunable Schottky barrier for various van
der Waals Janus metal and semiconductor contacts. Our results elucidate
the fundamental mechanisms governing M–S interface properties, offer-
ing significant potential for advancing high-performance electronic
devices.
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giving rise to tunable contact barriers by changing the vdW
metals with different work functions, which will effectively
improve the overall performance of devices.13–15 However,
current research is predominantly restricted to vdW semime-
tals with out-of-plane mirror symmetric structures, which limits
the ability to modulate M–S interface properties due to the
singular interfacial contact.16–18 In brief, current studies on the
modulation of M–S contacts are solely limited to the dimension
of singular work function, neglecting the effect of multi-faceted
interfacial interactions. So far, the potential of the vdW metal
with the intrinsically broken out-of-plane symmetry for achiev-
ing tunable vdW M–S interfaces remains rarely explored.

Polar metals, which exhibit the simultaneous coexistence of
metallicity and polar structure, featuring intrinsic conduction
and inversion symmetry breaking, have garnered significant
attention due to their remarkable physical properties such as
ferroelectricity and superconductivity.19,20 Among polar metals,
two dimensional vdW Janus structures have attracted increased
level of interest due to the out-of-plane symmetry breaking.21,22

Similar to the structure of Janus MoSSe and MoSH,23,24 the
non-centrosymmetric structure and different electronegativities
of the two different elements on both sides of metallic Janus
materials result in the asymmetric electron distribution and the
overall out-of-plane polarization, which will enable the tunable
interfacial coupling during the formation of heterostructures
with semiconductors via the modulation of interfacial polariza-
tion. Therefore, it is expected that the formation of M–S
contacts using Janus metals will effectively tune the Schottky
barrier at the interface and break through the limited dimen-
sion of work function, providing a novel approach to regulate
vdW M–S contact interfaces.

In this work, we go beyond the traditional and vdW metals
and propose a novel strategy to achieve tunable Schottky
barriers, by using the polar metals that originate from the
asymmetric geometry structure and charge distribution. Based
on first-principles calculations, we show that the interfacial
properties such as Schottky barrier heights (SBHs) and types
can be effectively modulated by the metallic polar Janus TaSTe
with disparity in the electronegativity of S and Te elements on
both sides of TaSTe. Additionally, the interconversion between
n-type and p-type Schottky contacts for both PtS2–STaTe and
PtS2–TeTaS interfaces can be effectively achieved by applying
external electric fields and strain. Furthermore, the universality
of our results has been demonstrated by the effectively regula-
table Schottky barriers for various metallic Janus metal and
semiconductor contacts. Our results transcend the limitation of
the dimension of singular work function and provide a novel
and universal strategy for tuning the interfacial properties of
M–S contacts, showing significant promise for applications in
high-performance electronic devices.

Computational methods

All theoretical calculations were performed using the Vienna ab
initio simulation package (VASP) with the projector-augmented

wave (PAW) method.25,26 The Perdew–Burke–Ernzerhof (PBE)
exchange–correlation functional and DFT-D3 vdW method were
used for geometry optimizations.27,28 The Heyd–Scuseria–Ern-
zerhof (HSE06) hybrid functional was employed to accurately
calculate the electronic structures of all studied systems in this
work.29 A plane-wave energy cutoff of 500 eV and the fine k-
sampling with a separation of 0.025 Å�1 in the Brillouin zone
were set for all calculations. The convergence criteria for the
total energy and the maximal residual force were set to 1.0 �
10�5 eV and 0.01 eV Å�1, respectively. A vacuum layer of 15 Å
along the out-of-plane direction was set to prevent the inter-
action between the neighboring slabs. To evaluate the effect of
lattice vibrations and thermal fluctuations on the interfacial
charge redistribution of heterostructures, the ab initio molecu-
lar dynamics (AIMD) calculations were performed at 300 K
using the Andersen thermostat and an NVT ensemble. The
total time of AIMD was set to 10 ps with the time step of 1 fs.

When building the M–S heterostructures, different possible
stacking structures were considered and the most stable struc-
tures were further considered, as shown in Fig. S1 and Table S1.
Since the electronic properties of semiconductors play a crucial
role in determining the device performance, we here focus on
the electronic structures of semiconducting PtS2, which is more
sensitive to changes in lattice constants than metallic TaSTe.
Therefore, to avoid the errors of the band structures of semi-
conductors induced by the external strain, the lattice constant
of Janus metals was adjusted to match the lattice of semicon-
ductors, and the corresponding lattice mismatches are shown
in Table S2, with most of them being less than 4.2%. In
addition, as shown in Fig. S2, we evaluated the electronic
structures of metallic TaSTe under different strains studied in
this work (0%, 1.7% and 4.2%) and found that both band
structures and work functions of metallic TaSTe change
slightly. Moreover, as shown in Table S3, taking PtS2–ZrSTe
and PtS2–HfSTe systems as examples, we calculated the electro-
nic properties of heterostructures with smaller lattice mis-
matches (1.37% and 0.32%, respectively; large periodic cells
with 159 atoms) and found that SBHs slightly changed with the
variation range of B0.1 eV compared with the case with large
lattice mismatches (7.05% and 5.99%, respectively), which
demonstrates the validity of our results.

Results and discussion

As a polar metal, TaSTe is a two-dimensional vdW material
featuring a Janus structure analogous to the metallic MoSH
(Fig. 1). It is noteworthy that the stability of Janus TaSTe has
been confirmed by previous work.30 Moreover, given that
metallic Janus MoSH has already been synthesized experimen-
tally from the precursor MoSe2,31 the structurally similar Janus
TaSTe is likely synthesizable from its precursor TaS2 or TaSe2. As
shown in Fig. 1a, to analyze the symmetry breaking nature of
TaSTe, we calculated the charge density distribution and elec-
tron localization function. The larger electronegativity of the S
element than Te element results in denser electron distributions
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around S atoms as well as the asymmetric distribution of the
electron localization function along the out-of-plane direction,
which leads to out-of-plane polarization. The calculated polar-
ization of TaSTe is 0.19 Debye per unit cell (u.c.) along the
orientation directed from the Te atom to S atom, which is
comparable to that of other previously reported polar materials
(for example, CrSe2, 0.16 Debye per u.c.; VS2, 0.48 Debye per
u.c.).32 We further calculated the band structure of TaSTe, which
exhibits metallic behavior with the valence band mainly con-
tributed by Ta orbitals crossing the Fermi level (Fig. 1b). For the
vdW semiconductor, we chose PtS2 as a prototype which has
attracted growing attention in the field of electronics and
optoelectronics.33,34 Different from the polar structure of TaSTe,
PtS2 shows a higher symmetric structure, which can be seen
from its symmetric electron distribution and electron localiza-
tion function (Fig. 1c). In addition, the band structure of PtS2

shows an indirect band gap of 2.59 eV with the conduction and
valence bands contributed by both Pt and S orbitals (Fig. 1d),
which is consistent with the previous results.35,36

Fig. 2 shows the interfacial properties of the PtS2–TaSTe
heterostructure. The Janus TaSTe with S and Te terminations
on opposite surfaces enables two different types of vdW M–S
contacts between TaSTe and PtS2: interfacial contact between
PtS2 and the S termination (PtS2–STaTe) and interfacial contact
between PtS2 and the Te termination (PtS2–TeTaS), as shown in
Fig. 2a and d. First, when the heterostructure interface is
formed between PtS2 and the S termination, there appears a
distinct charge redistribution at the interface, as evidenced by

the charge density difference depicted in Fig. 2b. Electron accu-
mulation becomes prominent at the center of the interface, while
electron depletion is localized at each side of the interface. We
calculated the charge transfer in the interface and found the
charge transfer of 3.4 � 10�4 e Å�2 from PtS2 to STaTe for PtS2–
STaTe systems, indicating the formation of interfacial polarization
from PtS2 to STaTe, which is opposite to the polarization of
original STaTe. Our calculations show that the Schottky junction
displays an overall polarization of 0.18 Debye per u.c. directed
from the Te atom to S atom of TaSTe, validating the above
polarisation calculations. Fig. 2c shows the projected band struc-
ture of the PtS2–STaTe heterostructure, revealing the formation of
an n-type Schottky contact. The n-type and p-type SBHs are
defined as Fn = EC � EF and Fp = EF � EV, where EC, EV, and EF

denote the energies of the conduction band minimum (CBM),
valence band maximum (VBM), and Fermi level, respectively.
More interestingly, the n-type SBH is almost equal to the p-type
SBH, Fn = 1.26 eV and Fp = 1.28 eV, which suggests that the
contact type transition can be readily modulated by external
stimuli, such as electric field or strain.

Conversely, when the interfacial contact PtS2–TeTaS is
formed, the larger electronegativity of the S element in PtS2

relative to the Te element in TaSTe induces pronounced elec-
tron accumulation near the PtS2 side, with an obvious electron
depletion region near the Te atoms side (Fig. 2e). The charge
transfer is 3.3 � 10�3 e Å�2 from TeTaS to PtS2 for PtS2–TeTaS
systems, which is larger than that in PtS2–STaTe heterostruc-
ture, indicating a larger interfacial polarization. The PtS2–
TeTaS Schottky junction displays an overall polarization of
�0.10 Debye per u.c. directed from the Te atom to the S atom
of TaSTe, validating the above polarisation calculations. Band
structure analysis reveals a significantly lower SBH in PtS2–
TeTaS compared with the PtS2–STaTe heterostructure (Fn = 0.97 eV
and Fp = 0.92 eV), and the proximity SBH further indicates
pronounced tunability between n-type and p-type Schottky con-
tacts (Fig. 2f). To evaluate the effect of lattice vibrations and
thermal fluctuations on the interfacial charge redistribution, we
performed the AIMD calculations on the PtS2–STaTe and PtS2–
TeTaS systems and found that the plane and three-dimensional
charge density differences between the heterostructures at 0 K and
300 K remain nearly unchanged (Fig. S3), which indicates that the
temperature has a mirror effect on the trend of the interfacial
charge redistribution and validates the feasibility in practical
applications.

We now study the tunability of the interfacial properties of
PtS2–TaSTe contacts. External electric fields and strain have
been recognized as effective strategies for modulating the
interactions at the M–S interface.37,38 We first investigated
the impact of external electric fields on the SBH of PtS2–TaSTe
contacts. As illustrated in Fig. 3a, linear relationships appear
for both n-type and p-type SBHs of PtS2–STaTe with the electric
field strength when an electric field along the out-of-plane
direction is applied to the M–S contact. Under a positive electric
field, the n-type SBH gradually decreases while the p-type SBH
increases, causing the M–S contact to exhibit n-type character-
istics. Conversely, under a negative electric field, the p-type SBH

Fig. 1 (a) and (c) Lattice structures, charge density distributions and
electron localization functions, (b) and (d) HSE band structures and density
of states of monolayer TaSTe and monolayer PtS2, respectively. The arrow
in (a) indicates the out-of-plane polarization directed from the Te atom to
the S atom. In both (a) and (c), the red dashed lines represent the unit cell,
and the charge density isosurfaces are 0.08 and 0.15 e Bohr�3,
respectively.
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gradually decreases, while the n-type SBH increases, giving rise
to a transition from n-type Schottky contact to the p-type
Schottky contact. In experiments, although n-type or p-type
conductivity has been observed in PtS2-based field-effect

transistors, achieving ambipolar conduction through transition
metal contacts remains elusive.33,34,39,40 Notably, in this work,
both conductivity types have been realized in a single device,
thus demonstrating the highly flexible tunability of conduction

Fig. 2 (a) and (d) Top and side views, (b) and (e) plane and three-dimensional charge density differences, (c) and (f) projected band structures of vdW
PtS2–STaTe and PtS2–TeTaS heterostructures, respectively. The red dashed lines in (a) and (d) represent the unit cell of heterostructures. In both (b) and
(e), the isosurface of charge density differences is 1.8 � 10�4 e Bohr�3, the yellow and cyan regions of three-dimensional charge density differences
represent the electron accumulation and depletion, respectively. The orange and blue colors in band structures represent the contributions from PtS2

and TaSTe, respectively.

Fig. 3 Evolutions of SBH and the projected band structures under different external electric fields for (a) and (b) vdW PtS2–STaTe, (c) and (d) vdW PtS2–
TeTaS heterostructures, respectively. Orange and blue colors in band structures represent the contributions from PtS2 and TaSTe, respectively.
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characteristics of PtS2-based field-effect transistors based on
the external electric fields.

To elucidate the underlying mechanism, we systematically
study the influence of the electric field on the band structures
of the Schottky junction. As shown in Fig. 3b, when a positive
external electric field set in the VASP code is applied (corres-
ponding to the negative direction in common definition), the
electric field points from PtS2 to STaTe, thereby lowering the
electrostatic potential of PtS2 and shifting the conduction band
minimum of PtS2 close to the Fermi level, which is consistent
with the mechanism proposed by a previous study.37 This
results in a reduction of the n-type SBH while increasing the
p-type SBH. Conversely, when a negative external electric field
is applied, the electric field points from STaTe to PtS2, raising
the electrostatic potential of PtS2 and shifting the conduction
band minimum away from the Fermi level. Consequently, the
n-type SBH increases, while the p-type SBH decreases, leading
to a conversion between p-type and n-type Schottky contacts
near the zero electric field. Similarly, the PtS2–TeTaS Schottky
junction exhibits analogous electric-field-dependent SBH evolu-
tion but with a lower SBH compared to PtS2–STaTe (Fig. 3c and
d). Our findings demonstrate that electric fields possess the
capability to effectively modulate the SBH, while the asymmetric
contacts of the Janus metal electrode yield distinct modulation
results at the M–S interface. We further evaluated the electric
field response capability of PtS2–STaTe and PtS2–TeTaS Schottky
junctions. According to previous reports, the slope of the
Schottky barrier in conjunction with the electric field can be
effectively used to describe the sensitivity of SBH to electric field
modulation.14,37 Fig. S4 reveals that the evolution of SBHs under
different electric fields for the PtS2–STaTe heterostructure

exhibits a steeper slope than that for the PtS2–TeTaS hetero-
structure, which indicates that the PtS2–STaTe interface is more
sensitive to external electric fields, suggesting a weaker electro-
static shielding effect.

Analogous to the effect of external electric fields, the external
vertical strains will change the interlayer distance and interfacial
coupling, providing a promising approach to tune the M–S
interlayer characteristics and enable the reversible switching of
contact types. The strain is denoted as Dd = d� d0, where d0 and d
represent the interlayer distance without and with the applied
strain, respectively. Notably, for the PtS2–STaTe Schottky junction,
tension strain (Dd 4 0) induces a decrease in Fn and an increase
in Fp, facilitating the n-type Schottky contact (Fig. 4a). In contrast,
compression strain (Dd o 0) results in a decrease in Fp and an
increase in Fn, forming the p-type Schottky contact. Conse-
quently, the SBHs and reversible switching contact types of
PtS2–STaTe Schottky junction can be modified through the
vertical strains. As shown in Fig. 4b, as the interlayer distance
decreases, the projected band structures of the PtS2 layer move
upward, resulting in a reduction of Fp and an increase of Fn.
In contrast, when gradually increasing the interlayer distance,
the projected band structures of PtS2 shift downwards,
which results in a decreasing n-type Schottky barrier and an
increasing p-type Schottky barrier. For the PtS2–TeTaS Schottky
junction, similar behaviors are observed (Fig. 4c and d), char-
acterized by the reversible transitions from n-type to p-type
contacts when changing the tension strain to compression
strain, which is also induced by band structure shifts of PtS2.
It is noteworthy that as Dd is reduced to �1.0 Å, Fp of the PtS2–
TeTaS Schottky junction is below zero, enabling the reversible
switching from the Schottky contact to ohmic contact, further

Fig. 4 Evolutions of SBH and the projected band structures under different compression and tension strains for (a) and (b) vdW PtS2–STaTe, (c) and (d)
vdW PtS2–TeTaS heterostructures, respectively. Orange and blue colors in band structures represent the contributions from PtS2 and TaSTe, respectively.
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demonstrating the tunability of types and barriers of interfacial
contacts.

As shown in Fig. 4a and c, both PtS2–STaTe and PtS2–TeTaS
Schottky junctions exhibit faster SBH modulation under compres-
sion strain than tension strain. To clarify this phenomenon, we
further analyzed the effect of interlayer distance on the interfacial
charge distributions (Fig. S5 and S6). For comparison purposes,
the z-coordinates in the figures are manually aligned with the z-
coordinate of Janus TaSTe. The charge density difference is
defined as: Dr = r � rPtS2

� rTaSTe, where r, rPtS2
, and rTaSTe

represent the charge density of the heterostructure, PtS2 and
TaSTe, respectively. The charge density difference shown in Fig.
S5 reveals electron accumulation at the center of the PtS2–STaTe
heterostructure interface, whereas it shows electron depletion at
each side of the heterostructure interface. The application of
progressive compressive strain gradually strengthens the coulomb
repulsion, thereby decreasing central electron accumulation and
enhancing peripheral depletion. At the critical strain (Dd = �0.8
Å), interfacial electron accumulation is mostly suppressed. Con-
versely, tension strain progressively attenuates both electron
accumulation and depletion at the heterostructure due to wea-
kened interfacial interactions, contrasting with the cases of
compression strain. This expedited charge redistribution induced
by compression strain enhances the tunability of SBH, with
similar behaviors observed in the PtS2–TeTaS junction (Fig. S6).

To reveal the mechanism of the strain-induced transition of
SBH, we systematically investigated the effect of strain on the
interfacial polarization caused by the asymmetric charge distri-
butions in PtS2–TaSTe heterostructures. For original STaTe and
TeTaS monolayers, their polarizations have equal magnitudes

but opposite orientations: 0.19 Debye per u.c. and �0.19 Debye
per u.c., respectively. Fig. 5a shows that the total polarization of
the PtS2–STaTe heterostructure is 0.18 Debye per u.c. Since the
total polarization of the heterostructure equals the sum of the
intrinsic polarization of TaSTe and the interfacial polarization
generated at the heterostructure interface, the interfacial polar-
ization resulting from asymmetric electron redistribution is
�0.01 Debye per u.c. with the direction opposed to that of the
STaTe monolayer. Under compression strain, the interfacial
polarization initially diminishes, undergoes a sign reversal from
negative to positive at Dd = �0.4 Å, and subsequently increases
gradually, ultimately leading to continuous strengthening of the
overall polarization intensity in the heterostructure. Conversely,
under the tension strain, the increasing interlayer distance
weakens interfacial interactions and the corresponding polariza-
tion orientation remains opposite to that of STaTe, ultimately
leading to a continuous reduction in the overall polarization of
the heterostructure.

For the PtS2–TeTaS Schottky junction (Fig. 5b), the interface
exhibits opposite polarization relative to the TeTaS monolayer
and the total polarization of the heterostructure is �0.1 Debye
per u.c. Under the compression strain, the interfacial polariza-
tion magnitude increases and maintains its opposite polariza-
tion orientation to that of TeTaS, thereby reducing the total
polarization of the heterostructure. Under the tension strain,
however, the gradually weakened interfacial polarization with
an opposite direction conversely enhances total polarization of
the heterostructure. Fig. 5c, d and Fig. S7 illustrate a linear
relationship between the strength of interfacial polarization
and SBHs for both PtS2–STaTe and PtS2–TeTaS Schottky

Fig. 5 (a) and (b) Out-of-plane total polarizations and interfacial polarizations versus different compression and tension strains, (c) and (d) evolutions of
the p-type SBH versus the out-of-plane interfacial polarizations for vdW PtS2–STaTe and PtS2–TeTaS heterostructures, respectively. The dashed lines in
(c) and (d) indicate the variation trend of SBH versus interfacial polarization.
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junctions, which demonstrates strong dependency of the SBHs
on the polarization induced by interfacial charge redistributions.
Therefore, interfacial polarization strength is demonstrated as a
critical factor for tuning the SBH at M–S contacts, and further
modulations can be achieved by introducing elements with
different electronegativities at the heterostructure interface.

To further study the underlying mechanism connecting
interfacial charge redistribution and band alignment of hetero-
structures, we have calculated the charge transfer between
TaSTe and PtS2 in the PtS2–TaSTe heterostructures. As shown
in Fig. S8, when the compression strain is larger than 0.4, the
strong interfacial interaction drives electrons to transfer from
STaTe to PtS2. According to the previous study,37 this creates
the built-in polarization electric field directed from STaTe to
PtS2, resulting in a spatial electrostatic potential gradient that
rises the electrostatic potential of PtS2. Consequently, the band
edges of PtS2 shift upward relative to the Fermi level, thereby
increasing the n-type SBH. Conversely, when decreasing the
compression strain, the weakened interlayer interaction leads
to the electron transfer from PtS2 to STaTe. This establishes a
built-in polarization electric field from PtS2 to STaTe, creating a
potential gradient that lowers the electrostatic potential of PtS2.
As a result, the band edges of PtS2 shift downward relative to
the Fermi level, leading to a decrease in the n-type SBH. Similar
mechanism can also be appropriate for the PtS2–TeTaS
heterostructure.

Due to the weak vdW interactions at the M–S interface, an
interfacial tunneling barrier exists alongside the Schottky

barrier, which serves as a critical factor for evaluating the
carrier transport efficiency across the heterostructure interface.
As shown in Fig. 6a and d, we calculated the average electro-
static potential perpendicular to the M–S contact interface for
PtS2–STaTe and PtS2–TeTaS, where the height of the barrier,
FTB, and the width of the barrier, dTB, are two key parameters
for evaluating the tunnelling barriers. We find that compres-
sion strain reduces interface distance and enhances interfacial
coupling, thereby decreasing both FTB and dTB. Conversely,
tension strain increases interlayer spacing and weakens inter-
facial interaction, leading to an increase in both FTB and dTB at
the interface. The carrier tunneling probability can be calcu-
lated as follows:16,41,42

TB ¼ exp �2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2mFTB

p
� dTB

� �
(1)

where �h is the reduced Planck’s constant and m is the electron
mass. Therefore, the tunneling probability exponentially decays
with the root of FTB and dTB. Fig. 6b reveals that the tunneling
probability increases sharply from 3.36% (Dd = 0 Å) to 67.37%
(Dd = �1.0 Å), while under tension strain, the tunnelling
probability decreases and eventually tends to 0. Therefore,
employing the compression strain emerges as a potent strategy
for augmenting interfacial transport in vdW M–S contacts.

In addition to tunnelling probability, tunnelling-specific
resistivity is another key factor for evaluating the quality of
M–S contacts. According to the Simmons tunneling injection
model under the low-bias approximation, tunneling-specific

Fig. 6 (a) and (d) Out-of-plane effective potential, (b) and (e) tunneling probability TB and tunneling barrier including barrier height FTB and barrier width
dTB, (c) and (f) tunneling-specific resistivity for vdW PtS2–STaTe and PtS2–TeTaS heterostructures under different compression and tension strains,
respectively.
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resistivity can be calculated using the following equation:6,43

rt �
8p2dTB

3 2mFTBð Þ1=2
2

e2
exp

2dTB 2mFTBð Þ1=2
" #

(2)

where e is the electron charge, and the tunneling-specific
resistivity is proportional to FTB and dTB. Fig. 6c shows that
the initial tunneling-specific resistivity is 4.33 � 10�10 O cm2,
which is an order of magnitude lower than that of the reported
Bi–MoS2 contact and metal–Mo(W)Si2N4 contacts.6,43 Under
compression strain, the tunneling-specific resistivity decreases
from 4.33 � 10�10 O cm2 to 1.18 � 10�11 O cm2, whereas it
elevates from 4.33 � 10�10 O cm2 to 9.58 � 10�9 O cm2 under
tension strain. For the PtS2–TeTaS Schottky interface (Fig. 6d–f),
although strain-dependent trends of FTB and dTB are similar to
those of the PtS2–STaTe interface, their magnitudes remain rela-
tively smaller. According to eqn (1) and (2), the PtS2–TeTaS inter-
face exhibits a higher tunneling probability, but a lower tunneling-
specific resistivity than the PtS2–STaTe interface, highlighting the
tunable contact behaviors facilitated by the Janus metal.

Considering that the number of semiconductor layers mod-
ulates both the bandgap and Fermi level, it should exert
significant modulating effects on the M–S contact. We have
systematically investigated the layer dependent effects on M–S
interfacial properties. Fig. S9a and c depict that the charge
redistributions in 2L PtS2 and Janus TaSTe contacts remain
predominantly localized at the heterogeneous interface with
minor charge transfer occurring between two PtS2 layers, which
resembles the case in monolayer Schottky junctions. However,
different from monolayer Schottky junctions, both 2L PtS2–
STaTe and 2L PtS2–TeTaS Schottky interfaces exhibit signifi-
cantly reduced SBH with the transition to p-type characteristics
(Fig. S9b and d). As shown in Fig. S10, under an external electric
field, the transition behavior between p-type and n-type
Schottky barriers occurs at both PtS2–STaTe and PtS2–TeTaS
Schottky interfaces but primarily under a positive electric field
of 0.4 and 0.1 V Å�1, respectively. On the other hand, the
transition from the p-type Schottky contact to ohmic contact
emerges with SBH less than zero under a large negative electric
field (4�0.6 V Å�1), suggesting a prominent modulation
compared to monolayers (Fig. S10a and c). More interestingly,
PtS2–STaTe and PtS2–TeTaS Schottky interfaces display distinct
modulation trends under the effect of strain (Fig. S11). For the
PtS2–STaTe interface, the p-type Schottky contact is maintained
regardless of compression or tension strain. In contrast, the
PtS2-TeTaS Schottky interface exhibits conversion between p-
type and n-type Schottky contacts under a tension strain of Dd =
0.3 Å. Moreover, under a compression strain of Dd = �0.8 Å, a
transition from p-type to ohmic contact behavior is observed.

We further elucidated the underlying mechanism of the
strain-induced transition of SBH. As shown in Fig. S12, similar
to the cases in monolayer Schottky junctions, the polarization
at the 2L PtS2–STaTe and 2L PtS2–TeTaS Schottky interfaces
exhibits a gradual decreasing trend as the electric field transi-
tions from negative to positive. Correspondingly, we find that
the SBH is also inversely proportional to the interfacial

polarization. Subsequently, we studied the corresponding inter-
facial tunnelling behavior (Fig. S13). Different from monolayer
M–S contacts, bilayer PtS2 and Janus TaSTe contacts exhibit both
interfacial barriers and interlayer barriers (interface between two
PtS2 layers). Crucially, the interfacial barrier dominates with a
larger barrier height and width than those of the interlayer
barriers. Tunnelling barriers, tunnelling probabilities, and
tunnelling-specific resistivity of 2L PtS2–STaTe and 2L PtS2–TeTaS
Schottky interfaces follow the similar trends as those of mono-
layer cases, confirming that atomic interactions at the interfaces
play the determining role in tuning the SBH. Additionally, layer-
dependent effects on M–S contacts were also further investigated
(Fig. S14 and S15). M–S contacts maintain the p-type Schottky
contacts with decreasing SBH as PtS2 layers increase. For PtS2–
STaTe, the p-type barrier is reduced to 0.06 eV in 4-layer PtS2

systems, nearly forming an ohmic contact. Conversely, PtS2–TeTaS
still exhibits a 0.30 eV p-type barrier even in 4-layered PtS2.
Therefore, through dual interface engineering based on metallic
Janus TaSTe, we achieved simultaneous modulation of SBH and
implementation of asymmetric Schottky contacts within a single
metallic electrode, which demonstrates significant potential appli-
cations in field-effect transistors.

The interface engineering strategy based on Janus metals is
further envisioned in other metallic Janus systems. Specifically,
we analyzed diverse M–S contacts by substituting the Ta ele-
ment with various transition metal elements, including Hf, Zr,
Ti, Nb, and Cr elements. It should be noted that this work
mainly focuses on the modulation behaviors of Schottky con-
tacts by using these extended systems, while structural stability
considerations are beyond our research scope. Significantly, as
shown in Fig. 7 and Table S4, our results demonstrate that
when substituting Ta with these metallic elements, both S and
Te interfaces-based heterostructures exhibit an obviously tun-
able SBH. Taking PtS2 and HfSTe systems as an example, the
PtS2–SHfTe interface demonstrates an n-type SBH of 0.56 eV,
while the PtS2–TeHfS interface displays an n-type SBH of 0.39
eV. To further quantitatively describe the Fermi-level pinning
effect, we calculated the Fermi-level pinning factor using the
equation: S = |dFSB/dWmetal|, where Wmetal is the work function
of metal, S = 1 represents the Schottky–Mott limit without
Fermi-level pinning, while S = 0 means strong Fermi-level
pinning. As shown in Fig. 7b and d, the Fermi-level pinning
factors for n-type Schottky and p-type Schottky contacts were
0.68 and 0.64, respectively, which significantly exceed the
values for the conventional M–S contacts, indicating the super-
ior tunability of SBHs in PtS2 and Janus metal contacts.

We further investigated whether modifying the non-metallic
element at the termination of the Janus metal can modulate the
SBHs, as illustrated in Fig. 8a. By replacing the S element with
the P element, we found that the SBH of the PtS2–PTaTe system
is 0.84 eV, while the SBH of the PtS2–TeTeP system is 0.29 eV,
which demonstrates significant tunability of SBH. Moreover, we
also investigated the tunability of M–S contacts between Janus
metals and other semiconductors such as MoS2. As shown in
Fig. 8b, the MoS2–STaTe system shows the p-type SBH of
0.90 eV, whereas the MoS2–TeTaS system exhibits the n-type
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SBH of 1.03 eV, which also highlights the tunability of SBHs. In
general, our results demonstrate that on one hand, varying
transition metal elements in Janus metals yields distinct work
functions, resulting in modulated SBH across different metal
systems; on the other hand, divergent electronegativities of
nonmetallic elements at the termination of Janus metals result
in distinct M–S interfacial interactions, facilitating tunable
Schottky contacts. The results not only break through the
limitation of the dimension of singular work function in tuning
the SBHs but also demonstrate the universality of our research
for achieving the tunable SBHs based on the Janus metals.
Finally, we also compared our proposed SBH engineering
strategy with the established methods including work function
engineering or interface dipole modification. As shown in
Table S5, although all these engineering methods show a
wide range of tunability, stable issues and implementation

complexity, various electrodes need to be applied for achieving
work function engineering, while the interface dipole modifica-
tion is only valid for the out-of-plane polar semiconductors,
which severely limits the practical applications. In contrast, we
present a more practical alternative, achieving effective
Schottky barrier modulation with singular electrode and
unrestricted semiconductor types. More importantly, we here
mainly focus on the new engineering strategy based on the
Janus metal, which provides a new perspective for manipulat-
ing the SBHs in metal–semiconductor contacts.

Conclusions

In summary, we have shown that the metallic Janus TaSTe
with novel geometric and electronic structures provides an
innovative way to achieve the tunable SBH in metal and

Fig. 7 The projected band structures and Fermi-level pinning factors for vdW (a) and (b) PtS2–SMTe, (c) and (d) PtS2–TeMS heterostructures,
respectively. Here, M represents the transition metal elements including Hf, Zr, Ti, Nb, and Cr. Orange and blue colors in band structures represent
the contributions from PtS2 and MSTe, respectively.

Fig. 8 (a) The projected band structures for vdW PtS2–PTaTe (left part) and PtS2–TeTaP (right part) heterostructures, respectively. Orange and blue colors in
band structures represent the contributions from PtS2 and TaPTe, respectively. (b) The projected band structures for vdW MoS2–STaTe (left part) and MoS2–
TeTaS (right part) heterostructures, respectively. Orange and blue colors in band structures represent the contributions from MoS2 and TaSTe, respectively.
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semiconductor contacts. Our first-principles calculations reveal
the out-of-plane polarization nature of metallic Janus TaSTe
due to the out-of-plane broken mirror symmetry and asym-
metric charge density distributions arising from the different
electronegativities of S and Te elements. Effective modulation
of the SBH can be achieved through the conversion of the S/Te
interface with PtS2. In addition, both the electronic properties
and interfacial characteristics of the PtS2–STaTe and PtS2–
TeTaS heterostructures can be effectively tuned by the external
electric fields and strain, leading to the interconversion
between n-type and p-type Schottky contacts. Furthermore, we
have investigated the different contacts in different Janus
metals and semiconductors and find that the SBH can also
be effectively regulated, demonstrating the universality of our
results. Our findings go beyond the limitation of singular work
function and provide insight into the interface properties of
Janus metal and semiconductor contacts, which shows great
potential for applications in high-performance electronic
devices.
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