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Abstract 

Two-dimensional (2D) transition metal silicon nitride (MSi2N4: M denotes Mo or W) are 

promising channel materials for nanoelectronics owing to their attractive structural and electronic 

properties. The integration of high-κ dielectrics into 2D semiconductors MSi2N4 is one of the vital 

steps for achieving high-performance electronic devices, which however remains challenging.  In 

this study, we propose silicon nitride (Si3N4) as the native high-κ dielectric for 2D MSi2N4 and 

reveal their interfacial properties. Using first-principles calculations, we show that a high-

performance interface can be formed, as supported by weak interface interaction, insignificant 

charge density redistribution, and nearly intact electronic properties of monolayer MSi2N4 with the 

integration of Si3N4. We further demonstrate that interfacial hydrogenation can effectively 

passivate the dangling bonds at Si3N4 surface, leading to improved interface performance. 

Importantly, this interfacial hydrogenation does not bring detrimental effect to both the high-κ 

dielectric and the 2D semiconductors, as it is thermodynamically and kinetically stable at the Si3N4 

surface. These results provide a deep understanding for the integration of high-κ dielectrics on 2D 

semiconductors MSi2N4, design a viable interfacial engineering strategy to improve the interface 

performance, and therefore could be useful for the development of 2D MSi2N4 based high-

performance electronics.  

 

 

 

 

 

 



Introduction 

Two-dimensional (2D) semiconductors hold promise as channel materials for advancing 

nanoelectronics in the post-Moore era[1, 2], as their atomically thin thickness can effectively 

mitigate the short-channel effects, and their dangling-bond-free surfaces can preserve the carrier 

mobility even at monolayer limit[3-5]. Among many 2D semiconductors, monolayer MoS2 and 

WS2 have attracted tremendous interest, due to their high stability, appealing electronic properties 

and more importantly, their potential of large-scale growth.[6-11] 2D MoS2 and WS2 based 

electronic devices have been demonstrated, which show impressive performance.[12-15] It is 

noted that due to their extremely thin nature, these 2D semiconductors are vulnerable to external 

influences such as substrates or defects, leading to variation or degradation to the electronic 

properties.[16-19] 2D transition metal silicon nitrides (MSi2N4; M denotes Mo or W) are emerging 

semiconductor materials that might mitigate the above issue.[20] 2D MSi2N4 consists of septuple 

atomic layers, where metal cations that contribute dominantly to the valence and conduction band 

edges are sandwiched in the middle layer[20]. This indicates that the electronic properties of 2D 

MSi2N4 could be protected and less vulnerable to external influence[21, 22], which are highly 

desired for high-performance electronic device applications. 

 

Various studies have suggested the promising application of 2D MSi2N4 as channel materials for 

2D electronics[23, 24]. The performance of 2D MSi2N4-based electronic devices can be further 

improved by the integration of high-κ dielectrics. They can enhance electrostatic gate control on 

the channel, suppress charge impurity scattering, and reduce leakage current[25-27]. However, the 

high-performance integration of high-κ dielectrics into 2D electronics is challenging[28, 29]. This 

is partially due to high interface state density, which is formed when the high-κ dielectrics with 



surface dangling bonds interfacing with 2D semiconductors that are dangling bond free. While 

tremendous effects have been paid to improve the integration of high-κ dielectrics on traditional 

2D semiconductors such as MoS2 or WS2[30-41], such exploration on 2D MSi2N4 remains at the 

early stage. Among various high-κ dielectrics, silicon nitride (Si3N4) could be a promising 

candidate for the integration with 2D MSi2N4. This is because: (1) Si3N4 is the native high-κ 

dielectric of MSi2N4, which could be directly deposited on MSi2N4 using the similar growth 

process, enabling a much-simplified integration process; (2) There are no metallic elements in 

Si3N4, thus a weak interfacial interaction with 2D MSi2N4 can be expected; (3) Si3N4 is an excellent  

dielectric material with large band gap and high dielectric constant, which has been widely applied 

in current semiconductor technology and also the emerging 2D electronics[25, 42]. Thus, in this 

study, we explore the use of Si3N4 as the high-κ dielectric for 2D semiconductors MSi2N4 and 

propose interfacial hydrogenation to passivate the dangling bonds and improve the interface 

properties.  

 

Method 

All the calculations of this study were performed by using density-functional theory (DFT) based 

Vienna ab initio simulation package (VASP.6.1) with Perdew-Burke-Ernzerhof (PBE) exchange-

correlational functional and the projector-augmented wave (PAW) potentials[43, 44]. The cutoff 

energy for plane wave expansion was set to 500 eV. The electronic and ionic convergence criteria 

were set to 10-5 eV and 0.01 eV/Å, respectively. For all slab models, a vacuum layer with a 

thickness of 15 Å was applied normally to the surfaces.  For bulk β-Si3N4 and monolayer MoSi2N4 

and WSi2N4, 6×6×15 and 12×12×1 Γ-centre k-point meshes were used to sample the first Brillouin 

zone, respectively. Based on these parameters, the lattice constants for β-Si3N4 are predicted to be 



a=b=7.66 Å and c=2.92 Å. For the monolayer MoSi2N4 and WSi2N4, the calculated lattice 

constants are a=b=2.91 Å and a=b=2.92 Å, respectively. The calculated PBE band gaps for these 

materials are estimated at 4.24 eV for β-Si3N4, 1.72 eV for monolayer MoSi2N4, and 2.09 eV for 

monolayer WSi2N4. These values are in good agreement with the previous studies[20, 41, 45-48].  

 

Results and Discussions 

The interfaces between monolayer MSi2N4 and β-Si3N4(0001) were modelled by placing 3√3 

×3√3) monolayer MSi2N4 supercells on (2×2) Si3N4 (0001) supercell, where a small compressive 

strain of 1.31% and 1.11% was applied on Si3N4 (0001) to match MoSi2N4 and WSi2N4, 

respectively. As illustrated in Figure S1, such a small compressive strain does not bring any visible 

influence on the bandgap of Si3N4. The thickness of Si3N4(0001) was set to 5 atomic layers with 

the bottom surface passivated by hydrogen atoms. For interface models, Γ-centre 3×3×1 k-point 

meshes were used and van de Waals effects were considered using DFT-D3 method.[49] To verify 

the stability of the hydrogen passivated interface, ab initio molecular dynamics simulations were 

conducted, where the canonical ensemble (NVT) and the Nosé heat bath were applied for 6 ps with 

a time step of 1 fs. The energy barrier for hydrogen diffusion was evaluated using the nudged 

elastic band method. 

 

To estimate the strength of the interfacial interaction between monolayer 2D MSi2N4 and 

Si3N4(0001), the absorption energy 𝐸𝐸𝑎𝑎 and the charge density redistribution 𝛥𝛥𝛥𝛥  were calculated 

using the formula below: 

 

𝐸𝐸𝑎𝑎 = 𝐸𝐸𝑖𝑖−𝐸𝐸2𝐷𝐷−𝐸𝐸𝑑𝑑
𝐴𝐴

,                                                               (1) 



and   

∆𝜌𝜌 = 𝜌𝜌𝑖𝑖 − 𝜌𝜌2𝐷𝐷 − 𝜌𝜌𝑑𝑑,                                                         (2)                

respectively, where A stands for the interfacial area;  𝐸𝐸𝑖𝑖  (𝜌𝜌𝑖𝑖 ), 𝐸𝐸2𝐷𝐷  (𝜌𝜌2𝐷𝐷) and 𝐸𝐸𝑑𝑑  (𝜌𝜌𝑑𝑑) are total 

energy (charge density) of the interface, isolated monolayer MSi2N4 and Si3N4, respectively. The 

more negative adsorption energy indicates stronger interfacial interaction. 

 

The most stable interface configuration of 2D MoSi2N4/Si3N4 (0001) was achieved by sliding 2D 

MoSi2N4 on the surface of Si3N4 (0001), in which the one with lowest energy is the most stable 

interface structure. The top view and side of the resulting structure are presented in Figure 1(a) 

and (b), in which the configuration is stabilised by maximising the interfacial bonding tendency. 

The optimized interfacial structure exhibits an interface spacing of 3.0 Å, at the range of van der 

Waals interaction, akin to the interfacial spacing observed between MoS2 and Si3N4 (2.9 Å)[41]. 

This considerable interfacial distance implies a weak interaction between monolayer MoSi2N4 and 

Si3N4. The weak interfacial interaction is further supported by the calculated interface adsorption 

energy (-20.1 meV/Å2), which is comparable to that of typical van der Waals systems such as bi-

layer graphene or MoS2.  

 

The predicted interfacial properties of 2D MoSi2N4/Si3N4 (0001) are shown in Figure 1. As 

expected, the weak interfacial interaction results in promising interface performance. Figure 1(a) 

shows the interface charge density redistribution, which is weak and can only be noticeable at the 

small iso-surface values. In semiconductor devices, electron-hole puddles (spatial fluctuation of 

charge density distribution)  are another characteristic feature to evaluate the device performance, 

as these carrier puddles materialise as scattering centres, leading to a reduction in carrier 



mobility.[50] It turns out that the electron-hole puddles at the interface of MoSi2N4/Si3N4 are 

insignificant, as shown in Figure 1(b). We further examine the electronic structure of monolayer 

MoSi2N4 after the integration with Si3N4. As the projected density of states (PDOS) on the Mo 

layer (Figure 1 (c)) shows, the electronic properties of the 2D semiconductor MoSi2N4 nearly 

remain intact at the valence and conduction band edge, which are primarily contributed by the Mo 

d orbital. From Figure S2, we can further see that the integration of high-κ dielectric Si3N4 does 

not induce visible influence on the band gap of 2D MoSi2N4. This could be ascribed to: (1) the 

weak interfacial interaction between MoSi2N4 and Si3N4, and (2) the unique structure of MoSi2N4, 

in which the sandwiched Mo layer is well protected and less influenced by the Si3N4. These 

attributes are highly desired for device applications as the integration of the high-κ dielectric does 

not affect the electronic properties of the 2D semiconductor.  

 

It is also noted that there are dangling bonds at Si3N4 surface, which introduce mid-gap states and 

couple with the orbitals of the nearest neighbouring N atom in the MoSi2N4, as shown in Figure 

1(d) and (e). This leads to high interface state density and diminished band offsets between high-

κ dielectric Si3N4 and 2D semiconductor MoSi2N4. The high interface state density will lead to 

reduced carrier mobility and on/off ratio in the channel, less efficient gate-control, and ultimately, 

deterioration in device performance. On the other hand, the small band offsets lead to a large 

leakage current[25]. 

 

Since the aforementioned issues are due to the dangling bonds at Si3N4(0001) surface, one natural 

solution is to passivate these dangling bonds using interfacial engineering techniques[51]. 

Interfacial hydrogenation has been reported that can effectively passivate the dangling bonds of 



Si3N4[41, 52]. Therefore, we also employed hydrogenation to passivate the dangling bonds. We 

find that this interfacial hydrogenation can further improve the interface performance between 

Si3N4 and MoSi2N4. Firstly, the passivated interface shows weaker interfacial interaction, 

compared to the interface without the passivation, as supported by the calculated adsorption energy 

in Figure 2(a). Secondly, the charge redistribution and electron-hole puddles at the passivated 

interface are further reduced, as shown in Figure 2(b) and (c). Thirdly, the passivated interface 

removes the mid-gap states in Si3N4 and decouples the orbital hybridization between Si3N4 and 

MoSi2N4, leading to sizable band offsets. As the PDOSs shown in Figure 2(d), the conduction and 

valence band offsets are estimated to be 2. 45 eV and 0.59 eV at PBE level, respectively. The 

conduction band offset is large enough to minimise electron tunnelling for n-channel devices. 

 

For the interfacial hydrogenation, it is highly desired that the treatment process is capable of only 

passivating the dangling bonds at the high-κ dielectric surface and not affecting the 2D 

semiconductor. This can be evaluated by the adsorption energy difference for hydrogen atom 

adsorbed at the Si3N4 and MoSi2N4. If the adsorption energy of hydrogen atom at the surface is 

negative, it indicates an energetically favourable hydrogenation process towards the surface. In 

contrast, if the adsorption energy is positive, it indicates that the hydrogenation is energetically 

unfavourable towards the surface and would lead to minimized effects to the surface.  In Figure 

3(a) summarises the calculated hydrogen adsorption energy at the surface of Si3N4 and MoSi2N4, 

respectively. The adsorption energy for hydrogen atoms at 2D MoSi2N4 is 1.94 eV. This very 

positive adsorption energy indicates that MoSi2N4 surface is inert to hydrogen adsorption, similar 

to that MoS2 surface.[53] In contrast, the hydrogen adsorption at Si3N4 surface is energetically 

favourable. As shown in Fig. 3(a), the adsorption energy for hydrogen atoms adsorbed at the 

surface N and Si sites with the dangling bonds is -0.76 eV and -1.43 eV, respectively. Thus, it is 



expected that the interfacial hydrogenation process can only passivate the dangling bonds at the 

Si3N4 surface and will not affect 2D MoSi2N4 due to this thermodynamic constrain. We also find 

that the hydrogenated interface is thermally stable. Figure 3(b) and (c) show that the variation of 

Si-H bonds is within 0.07 Å and the hydrogen atoms remains stable at the Si3N4 surface during the 

6 ps MD simulation at the temperature of 800 K. Further calculation shown in Figure 3(d) suggests 

that a high energy barrier of 2.6 eV is required for hydrogen atom diffused from Si3N4 surface to 

the second layer of Si3N4, confirming that the hydrogenation process is also kinetically stable at 

the Si3N4 surface, and can minimize the formation of undesired interstitial defects in Si3N4. All 

these results evidence that interfacial hydrogenation is an effective method to improve the interface 

properties and can minimize the detrimental effects to both MoS2iN4 and Si3N4. 

 

In addition to 2D MoSi2N4, monolayer WSi2N4 has also been synthesised in the experiment. Next, 

we examine the interface properties of high-κ dielectric Si3N4 and 2D WSi2N4. It turns out that the 

interaction between 2D WSi2N4 and Si3N4 is weak, which can be seen from the small adsorption 

energy (-20.43 eV/Å2), insignificantly charge redistribution (see Figure 4(a)), and preserved 

electronic properties of 2D WSi2N4 near the Fermi level (see Figure 4(b)). However, the dangling 

bonds from Si3N4 also introduces mid-gap states, which couples with those of WSi2N4, leading to 

insignificant band offset, as shown in Figure 4(c). In this regard, interfacial hydrogenation was 

further employed to passivate the dangling bonds. As shown in Figure 3(a), the interfacial 

hydrogenation is also only energetically favourable towards the dangling bonds at the Si3N4 surface. 

The interfacial hydrogenation on the Si3N4 surface further weakens the interfacial interaction, 

where the calculated adsorption is about -19.13 eV/Å2. After the hydrogenation, the interface 

between 2D WSi2N4 and Si3N4 shows improved performance. As shown in Figure 4(b), the charge 



density redistribution is insignificant, compared to that of the one without the passivation (Figure 

4(a)). Notably, the passivation removes the mid-gap states and decouples the orbital hybridization, 

resulting in the noticeable band offsets between the 2D semiconductor WSi2N4 and the high-κ 

dielectric Si3N4. The interface now exhibits asymmetric type-II band offsets with a large 

conduction band offset (>2.04 eV). Therefore, these results suggest that the selective 

hydrogenation passivation methodology not only improves the electronic properties for the 

interface between MoSi2N4 and Si3N4, but also enhances the interface performance between 

WSi2N4 and Si3N4. In experiment, the interfacial hydrogenation could be realized by depositing 

Si3N4 at the elevated temperature assisted with atomic hydrogen source. Besides, we are aware 

that current PBE calculations leads to underestimated band gaps of 2D MSi2N4 and Si3N4, as well 

as the band offsets between them. These, however, do not affect the validity of the results. Further 

HSE calculations increase the band gaps approaching experimental values, but they still lead to 

the asymmetric band offsets, in which the VBO remains below 1 eV. 

 

Conclusion 

In conclusion, based on in-depth first-principles calculation, we report the interface properties 

between silicon nitride and 2D semiconductors MoSi2N4 and WSi2N4. We reveal that 

hydrogenation process is a desired interface engineering technique, which can occur spontaneously, 

and effectively passivate the dangling bonds at the Si3N4 surface, without bringing detrimental 

effects to both Si3N4 and the 2D semiconductors. The hydrogen passivated interface shows much-

improved interface performance, as evidenced by the diminished interface states, increased band 

offsets, and well-preserved electronic properties of the 2D semiconductors. These findings 

highlight that Si3N4 is a promising native high-κ dielectric for 2D semiconductors MoSi2N4 and 



WSi2N4 with a much-simplified integration process. Our work affirms the effectiveness and 

generality of the proposed selective hydrogenation approach for a broad range of high-κ 

dielectrics/2D semiconductor interfaces, thereby bolstering advancements in 2D electronics. 
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Figure 1. Interfacial structures and properties between monolayer MoSi2N4 and Si3N4 (0001). (a) 

Side and (b) top views of the most stable configuration for the interfacial structures, in which the 

green and purple colour in (a) denotes the depleted and accumulated charge density visualised by 

an iso-surface value of 1.0×10-4 e/Å3, respectively. The red and blue colours in (b) denote the 

charge puddles formed on the Mo plane by an iso-surface value of 5×10-5 e/Å2. (c)-(e) The 

projected density of states on Mo, N, and Si, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

Figure 2. Interfacial properties of monolayer MoSi2N4/Si3N4 with the hydrogenation treatment. (a) 

The absorption energy for the interfaces with/without the hydrogenation. (b) The side and (c) top 

views of the hydrogen-passivated interfacial structure. The green and purple colours in (b) denote 

the depleted and accumulated charge density visualised by an iso-surface value of 1.0×10-4 e/Å3, 

respectively. The red and blue colour in (c) denotes the electron-hole puddle distribution on the 

Mo plane by an iso-surface value of 5×10-5 e/Å2. (d) The PDOS of the interface projected on the 

Mo layer and the middle layer of Si3N4 (0001), respectively, showing the valence and conduction 

band offsets. 

 
 
 
 
 
 
 
 
 



 

Figure 3. The thermodynamic and kinetic stability of the hydrogenated interface. (a) The 

absorption energy for hydrogen atom adsorbed at Si3N4, MoSi2N4 and WSi2N4 surface and at the 

second layer of Si3N4. (b) The interfacial Si-H bond variation during the molecular dynamic (MD) 

simulation at the temperature of 800 K. (c) The side view of the atomic structure for the passivated 

interface after 6 ps MD simulation. (d) The energy barrier for a hydrogen atom diffused from Si3N4 

surface to the second layer of Si3N4. 

 

 

 

 



 
Figure 4. Interfacial structures and properties between monolayer WSi2N4 and Si3N4 before and 

after passivation processes. The interfacial charge transfer between WSi2N4 and Si3N4 before (a) 

and after (b) hydrogen passivation, in which the green and purple dots indicate the depleted and 

accumulated charge density visualised by an iso-surface value of 5×10-4 e/Å3, respectively. (c) and 

(d) The projected density of states (PDOS) on both the middle layers of Si3N4 and W layers before 

and after hydrogen passivation, respectively, where the Fermi level is set to 0 eV.  

 

 




