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A B S T R A C T

The two-dimensional 𝑀𝑜𝑆𝑖2𝑁4 monolayer is an emerging semiconductor material that offers considerable promise due to its ultra-thin profile, 
tuneable mechanical properties, excellent optoelectronic properties and exceptional environmental stability. The van der Waals (vdW) heterostruc-
ture formed by stacking such two-dimensional monolayers has demonstrated superior performance across various domains. In this study, a vdW 
heterostructure combining the two-dimensional 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 monolayers is examined using first-principles density functional theory. In its 
ground state, this van der Waals heterostructure establishes an ohmic contact with an exceptionally low potential barrier height. By modulating the 
vdW heterostructure with an applied electric field of -0.1 V/Å and under vertical stress, we discovered that 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 can transition from 
an ohmic contact to a p-type Schottky with an ultra-low Schottky barrier height (SBH). Our observations may give valuable insights for designing 
reconfigurable, tuneable Schottky nano-devices with enhanced electronic and optical properties based on 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2.

1. Introduction

After the discovery of graphene as a two-dimensional material [1], its exceptional physical properties, such as high electron 
mobility [2], the quantum Hall effect [3] and the Dirac cone [4] have garnered significant attention [5–8]. However, the absence 
of an electronic band gap in graphene has limited its application in a wide range of fields. Mang newer two-dimensional materials 
[9] discovered based on graphene have direct semiconducting properties. The atomic-level thickness [10], excellent optoelectronic 
[11] and mechanical properties [12] of these two-dimensional materials has drawn considerable interest from both the scientific and 
industrial communities. However, much like graphene, these new 2D materials have their limitations. For instance, the low carrier 
mobility [13] of 𝑀𝑜𝑆2 limits its use in optoelectronics and nano-electronics. Finding a solution strategy for 2D materials remains 
challenging. Current researchers are keen to explore more practical applications in optoelectronics, nano-electronics and semicon-
ductors. A promising solution is building van der Waals heterostructures (vdw) by combining two or more different materials in two 
dimensions. This approach not only combines the benefits of two-dimensional materials but also introduces unusual physics, excel-
lent optical properties, and many new phenomena [14–17]. Recent investigations have delved deeply into single-to-multilayer 2D 
materials and their vertically stacked van der Waals heterostructures, which boast tuneable electronic properties and extraordinary 
mechanical characteristics [18,19].

𝑀𝑜𝑆𝑖2𝑁4 monolayer film is a new type of two-dimensional transition metal nitrides material [20]. This monolayer comprises a 
sevenfold atomic layer sequence of N-Si-N-Mo-N-Si-N. It can be visualised as two Si-N bilayers sandwiching a single 𝑀𝑜𝑁2 layer. The 
two-dimensional layered 𝑀𝑜𝑆𝑖2𝑁4 possesses robust mechanical strength and stability in air. Its intrinsic electron and hole mobili-
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ties are 270𝑐𝑚2𝑉 −1𝑠−1 and 1200𝑐𝑚2𝑉 −1𝑠−1, respectively, which are approximately four times higher than 𝑀𝑜𝑆2. The properties of 
the 𝑀𝑜𝑆𝑖2𝑁4 monolayer have been extensively studied. For instance, its adsorption of with different metal atoms reveals magnetic 
and electronic behaviours that suitable for spintronic nano-devices preparation [21]. Furthermore, the modulation of its electronic 
properties and the broadening of its applications can be achieved by doping organic molecules with 𝑀𝑜𝑆𝑖2𝑁4 [22]. Its non-magnetic 
semiconductor properties, high carrier mobility, robust mechanical strength and exceptional environmental stability hold potential 
for innovative applications [23–28]. Following the success of graphene, a new type of non-graphene-based 2D material, transition 
metal disulfides (TMDC), has emerged as a promising component for electronic and optoelectronic devices [9,29,30], TMDC [31], 
a 2D material, has been widely researched recently. Unlike traditional semiconductors, 2D layered semiconductor materials show 
promise in areas such as nano-electronic devices and optoelectronics due to their ultra-thin thickness, unique energy band structure, 
semiconducting or superconducting properties and remarkable mechanical characteristics [32]. Tantalum disulfide (𝑇 𝑎𝑆2), a TMDC 
family member, functions as a vdW conductor at room temperature but transforms into a superconductor at extremely low tempera-
tures [33,34]. Its superconductivity [35], charge density wave (CDW) [36], and cepstrum properties [37] have attracted considerable 
attention. 𝑇 𝑎𝑆2 crystals have stacked layers wherein the transition metal atomic sheets are positioned between sulfur atomic sheets 
in an S-Ta-S sequence. The chemical bonding within these layers is covalent, and the individual layers are connected by vdW interac-
tions, allowing for intercalation between layers and facilitating exfoliation [33,38,39]. Although there has been significant research 
on heterostructures constructed from 𝑀𝑜𝑆𝑖2𝑁4 [40–42], the semiconductor contact formed by building heterostructures with metals 
remains underdeveloped.

When a metallic 2D material contacts a semiconductor 2D material, forming a heterostructures, it typically creates a Schottky 
barrier [43–45]. In this study, we constructed vdw heterostructures composed of 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 for the first time and computed 
their properties using first-principles based on density functional theory. We focused on understanding the regularity of the energy 
band structure and studied its Schottky properties under an applied electric field and vertical strain. Our findings show that the 
contact within the heterostructure can transition from an ohmic contact to a p-type Schottky contact by modulating the applied 
electric field and vertical deformation. Our research offers theoretical insight into novel Schottky heterostructures and provides 
theoretical guidance for their potential applications in optoelectronic devices as well as semiconductor devices.

2. Computational details

The calculations in this study were implemented using the Vienna ab initio Simulation Package. Electron-ion interactions were 
assessed via the projector-augmented wave potentials method [46], Structural optimisation, along with calculation of the electronic 
and physical properties of the monolayer 𝑀𝑜𝑆𝑖2𝑁4 and monolayer 𝑇 𝑎𝑆2 vertically contacted heterostructure, were conducted using 
density functional theory (DFT) [47]. For exchange-associative generalised functions, the generalised gradient approximation in the 
Perdew Burke Ernzerhof form was employed [48]. A kinetic energy cutoff of 520 eV was chosen for the plane wave basis set across 
all calculations. The first Brillouin zone of this system adopted a 7 x 7 x 1 Monkhorst Pack k-point grid for comprehensive geometric 
optimisation. The convergence threshold for the energy of the system was set at 1.0 × 10−7 eV, while the criterion for atomic force 
convergence was 0.01 eV/Å. Interlayer vdW interactions were described using DFT-D3 [49], with a vacuum layer exceeding 20 Å 
along the z-axis of the heterostructure to minimise vdW interactions between adjacent layers.

The geometric and electronic structures of monolayer 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 were initially analysed to accurately calculate the 
heterostructure. The optimised lattice constants for 𝑀𝑜𝑆𝑖2𝑁4 monolayers were a=b=2.91 Å, while those for 𝑇 𝑎𝑆2 monolayers 
were a=b=3.34 Å. These findings align with previously reported lattice constants [50,51]. Figs. 1(a) and 1(b) present the top and 
side views of 𝑀𝑜𝑆𝑖2𝑁4, and the Bader charges of the two-dimensional monolayer 𝑀𝑜𝑆𝑖2𝑁4 are shown in Fig. 1(b). The Mo atoms lost 
about 1.48 electrons, the N atoms in the top and bottom layers gained about 2.22 electrons, and the N atoms in the middle sandwich 
gained 1.48 charges. Each Si atom lost 2.96 charges. These charges redistribution differences mainly stem from the atomic structure 
of the material and the electronegativity differences between the elements. The Bader charges analysis reveals the distribution and 
rearrangement of electrons in a 2D monolayer of 𝑀𝑜𝑆𝑖2𝑁4, which is valuable for understanding the electronic properties of the 
material. The energy band structure of 𝑀𝑜𝑆𝑖2𝑁4 was also computed, revealing an indirect band gap of 1.78 eV for the monolayer, 
as shown in Fig. 1(c). This is consistent earlier studies [50]. A side view and top view of the single layer 𝑇 𝑎𝑆2 and the energy band 
diagram are shown in Figs. 1(d), 1(e) and 1(f) respectively.

3. Result and discussion

The lattice mismatch rate of a heterostructure is a crucial factor in its construction. In general, the lattice mismatch ratio is defined 
as the ratio of the absolute value of the difference between the lattice constants of two materials to the average value of their lattice 
constants. By constructing supercells, the lattice mismatch rate of a heterostructure can be significantly reduced. For this purpose, 
we used a 2 × 2 𝑀𝑜𝑆𝑖2𝑁4 supercell and a 

√
3×

√
3 𝑇 𝑎𝑆2 supercell to construct the heterostructure. As demonstrated in the Figs. 2(a) 

and (b), the lattice mismatch of the formed heterostructure is a mere 0.317%. This exceptionally low lattice mismatch rate suggests 
that the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure is stably constructed. After structural optimisation, the layer spacing of 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2
measures 3.212 Å. Notably, this layer spacing is comparable to that of other typical 𝑀𝑜𝑆𝑖2𝑁4 heterostructures [52–54].

To verify the stability of the heterostructure, we further calculated the binding energy 𝐸b, of the vdW heterostructure at the 
optimal layer spacing. This which can be obtained using the equation: 𝐸b = (𝐸 T −𝐸MoSi2N4

−𝐸TaS2

)
∕𝑁 . Where 𝐸T, 𝐸MoSi2N4

, 𝐸TaS2 , 
2

and N denote the total energy of the heterostructure, the total energy of the 𝑀𝑜𝑆𝑖2𝑁4 monolayer, the total energy of the 𝑇 𝑎𝑆2
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Fig. 1. (a) Top view and (b) side view of the monolayer 𝑀𝑜𝑆𝑖2𝑁4 . (c) Band structure of 𝑀𝑜𝑆𝑖2𝑁4 . (d) Top view and (e) side view of the monolayer 𝑇 𝑎𝑆2 . (f) Band 
structure of 𝑇 𝑎𝑆2 .
3

Fig. 2. Atomic structure of (a) Top view and (b) side view of the 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 heterostructure.



Heliyon 9 (2023) e20619J. Xia, Y. Gu, J. Mai et al.

Fig. 3. The projected electronic band structures of 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 . Here, blue and red symbols denote the contributions from 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 , respectively.

monolayer and the number of atoms in the heterostructure, respectively. The calculated 𝐸b is -0.176 eV/atom. A negative 𝐸b
suggests that the system releases energy during the formation of the heterostructure, implying that 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 is stable. Because 
both 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 have excellent mechanical properties [26,38], the heterostructure is energetically stable and suitable for 
subsequent calculations.

When two monolayers are stacked vertically to form a heterogeneous structure, their properties are analysed by studying the 
projected energy band diagram, This can be viewed as a simple superposition of the two monolayers due to weak interlayer vdW 
interactions. The 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 structure exhibits a clear metal/semiconductor vdW property. The projected energy bands of its 
ground state are depicted in Fig. 3. An indirect band gap is observed in the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure due to energy band 
folding, a characteristic typical of two-dimensional VDWH [55]. In its ground state, the heterostructure presents an ohmic contact 
with 𝜙𝑝 of -0.007 eV. This extremely low 𝜙𝑝 allows the achievement of Schottky contacts between the heterostructure upon certain 
modulations. The SBH is determined via the Schottky-Mott rule [56,57], where 𝜙𝑛 =𝐸𝐶𝐵𝑀 −𝐸𝐹 , 𝜙𝑝 =𝐸𝐹 −𝐸𝑉 𝐵𝑀 . Here, 𝜙𝑛 and 𝜙𝑝

denote the barrier heights of the interface potentials for electrons and holes respectively.
From an application perspective, the contact type and SBH of the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 vdW heterostructure are pivotal indicators of 

device performance. To valuate the feasibility and efficacy of 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 vdW in advanced nano-device design, we also exam-
ined the regulation of heterostructure contact type and SBH through applied electric fields and interlayer coupling. Previously, 
for heterostructures such as Graphene/WSe2 [58], Silicene/Janus Ga2STe [59]and blue phosphorene/graphene, blue phospho-
rene/graphene-like gallium nitride [60], it has been shown that their electronic properties can be modulated by applying an applied 
electric field as well as by interlayer coupling. An external electric field is applied along the z-axis of the heterostructure, considering 
the direction from the 𝑀𝑜𝑆𝑖2𝑁4 layer to the 𝑇 𝑎𝑆2 layer as the positive direction of the electric field strength. The effect of the 
projected energy band structure, contact, type and SBH under varying electric fields is illustrated in Figs. 4(a), 4(b) and 4(c). With 
the applied electric field, and VBM and CBM of 𝑀𝑜𝑆𝑖2𝑁4 shift slightly in relation to the Fermi energy level. At an electric field of 
-0.1 V/Å, the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 contact type transitions from an ohmic contact to a p-type Schottky contact, with SBH (𝜙𝑝) and SBH 
(𝜙𝑛) being 0.021 eV and 1.819 eV, respectively. As the intensity of the negative electric field is increases, 𝜙𝑝 increases linearly while 
𝜙𝑛 decreases correspondingly. When the negative electric field is less than -0.1 V/Å, the contact type of the heterostructure stabilises 
as Schottky p-type, Conversely, with a positive applied electric field, the contact type of the heterostructure stabilises as an ohmic 
contact. This shift in contact type is attributed to the Fermi energy level’s change. Consequently, by adjusting the applied electric 
field, we can dynamically control the type of contact of the heterostructure. The ability to toggle between positive and negative 
electric fields permits free switching between ohmic and Schottky p-type contacts, a feature beneficial for electronic device design.

Interlayer coupling in heterostructure is an efficient method for tuning the electronic properties and SBH of vdW heterostructure. 
The layer spacing between vdWH can be modified by nano-mechanical pressure [61], vacuum annealing [62], and insertion of 
hexagonal BN dielectric layers [63] or diamond [64]. We examined the structural changes in the energy band of the heterostructure 
under vertical strain and the transformation of the contact type. We observed that when the layer spacing of the heterostructure was 
adjusted, it reduced to 2.612 Å, resulting in ultra-low p-type Schottky contacts. The n-type SBH (𝜙𝑝) and p-type SBH (𝜙𝑛) are 0.005 eV 
and 1.808 eV, respectively. An ultra-low p-type SBH suggests that 𝑇 𝑎𝑆2 serves as an efficient two-dimensional electrical contact for 
𝑀𝑜𝑆𝑖2𝑁4 under certain conditions. To further investigate the effect of layer spacing on the heterostructure, we computed the energy 
band structure of vdWH at varying layer spacings, as shown in Figs. 5(a), 5(b) and 5(c). We determined that applying vertical strain 
caused a shift in the Fermi energy level of the 𝑇 𝑎𝑆2 layer. Specifically, when the layer spacing was reduced from 3.212 Å to 2.212 
4

Å, the Fermi energy level of the 𝑇 𝑎𝑆2 layer shifted towards the CBM of the semiconductor. This shift transitioned the vdWH from 
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Fig. 4. Projected band structures of the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure under negative electric gating of (a) and positive electric gating of (b). Here, blue and red 
symbols denote the contributions from 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 , respectively. (c) The variations of SBH as a function of electric gating.

Fig. 5. Projected band structures of the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure under (a) compressive and (b) tensile strains. Here, blue and red symbols denote the 
5

contributions from 𝑀𝑜𝑆𝑖2𝑁4 and 𝑇 𝑎𝑆2 , respectively. (c) The variations of SBH as a function of interlayer spacing.
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Fig. 6. (a) Charge density difference of the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 VHT. Yellow and cyan regions represent charge accumulation and depletion, respectively. (b) Plane-
averaged differential charge density Δ𝜌. (c) planar average electrostatic potential differences. (d) band alignment of 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure.

an ohmic to a p-type Schottky contact. Conversely, when the layer spacing exceeded 2.612 Å, the Fermi level migrated towards the 
VBM of the semiconductor and a transition of the interface contact from p-type Schottky to ohmic was noticeable. Heterostructures, 
whether modulated by an applied electric field or interlayer coupling, exhibit ultra-low p-type SBH. This ultra-low p-type SBH boasts 
a high charge injection efficiency, making it particularly advantageous for nano-electronic devices.

This study further examined the three-dimensional charge density difference of 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 along the z-axis to understand 
the redistribution of charge after constructing a heterogeneous structure of two-dimensional material. The three-dimensional charge 
density difference can be defined as follows: Δ𝜌(𝑧) = 𝜌(𝑧) − 𝜌(𝑧)𝑀𝑜𝑆𝑖2𝑁4

− 𝜌(𝑧)𝑇 𝑎𝑆2
, where 𝜌(𝑧), 𝜌(𝑧)𝑀𝑜𝑆𝑖2𝑁4

, and 𝜌(𝑧)𝑇 𝑎𝑆2
represent 

the total charge densities of the heterostructure, isolated 𝑀𝑜𝑆𝑖2𝑁4, and isolated 𝑇 𝑎𝑆2, respectively. As illustrated in Fig. 6(a), when 
𝑀𝑜𝑆𝑖2𝑁4 contacts 𝑇 𝑎𝑆2, there is a charge redistribution at the interface. The 𝑀𝑜𝑆𝑖2𝑁4 layer is enveloped in cyan, indicating charge 
depletion, while the 𝑇 𝑎𝑆2 layer is enveloped in yellow, signifying charge accumulation. This suggests that charge transfers from the 
𝑀𝑜𝑆𝑖2𝑁4 layer to the 𝑇 𝑎𝑆2 layer. To further elaborate on this charge redistribution, the planar average charge density difference Δ𝜌
along the z-axis of the heterostructure, Δ𝜌 indicates a certain amount of charge transfer between heterogeneous structures, Fig. 6(b) 
reveals the electron transfer amount and behaviour between the heterostructure. A negative Δ𝜌 is observed near the 𝑀𝑜𝑆𝑖2𝑁4
surface and a positive Δ𝜌 near the 𝑇 𝑎𝑆2, clearly confirming the charge transfer from 𝑀𝑜𝑆𝑖2𝑁4 to 𝑇 𝑎𝑆2, with charge depleting on the 
𝑀𝑜𝑆𝑖2𝑁4 monolayer and accumulating on the 𝑇 𝑎𝑆2 monolayer. The charge transfer within the heterostructure generates an internal 
electron field, which effectively inhibits photoelectron and hole complexation. This extends the carrier lifetime in the 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2
heterostructure, and the charge transfer results in a Fermi energy level shift, leading to an ultra-low SBH. In addition, the planar 
average electrostatic potential of 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 was computed, as shown in Fig. 6(c). The potential of 𝑀𝑜𝑆𝑖2𝑁4 is deeper than 
that of 𝑇 𝑎𝑆2. Finally, Fig. 6(d) presents the energy band alignment of the heterostructure.

In this study, we construct and investigate a 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure for the first time using first principles calculations. 
6

In its ground state, the contact heterostructure exhibits an ohmic contact. However, when modulated under an applied electric field 
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and vertical strain, the contact type transitions from ohmic to a p-type Schottky contact once the applied electric field reaches -0.1 
V/Å and the layer spacing decreases to 2.612 Å. Adjusting the SBH through an electric field and interlayer distance and achieving a 
contact type switch offers valuable insights for enhancing nano-electronic devices. The 𝑀𝑜𝑆𝑖2𝑁4∕𝑇 𝑎𝑆2 heterostructure also boasts 
high carrier mobility, making it a promising candidate for high-speed nano-electronic applications. This study’s findings guide 
designing tuneable Schottky nano-devices with superior electronic and optical attributes.
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