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Abstract. Motivated by the successful exfoliation of a novel two-dimensional MoSi2N4 materials, in this 

work, we investigate the structural and electronic properties of a novel single-layer MoSi2N4 and the 

effect of strain engineering by using the first-principles calculations based on the density functional 

theory. The single-layer MoSi2N4 has a hexagonal structure with a space group of P6m1, which is 

dynamically stable. The material exhibits a semiconducting characteristic with an indirect band gap of 

1.80/2.36 eV calculated by using the PBE/HSE functional. The conduction band minimum at the K point 

of the material originates from the Mo atom, while its valence band maximum at the  point is 

contributed by the hybridization between the Mo and N atoms. The electronic properties of the single-

layer MoSi2N4 can be modulated with strain engineering, giving rise to a transition from a 

semiconductor to a metal and tending to a change in the band gap. Our results demonstrate that the 

single-layer MoSi2N4 is a promising candidate for electronic and optoelectronic applications. 

Keywords: two-dimensional materials, strain engineering, first-principles calculations, single-layer 

MoSi2N4 

1 Introduction 

Recently, two-dimensional (2D) materials have 

received tremendous interest owing to their 

extraordinary physical properties and potential 

applications [1-3]. Graphene [4] has emerged as 

one of the most promising 2D materials owing to 

its superior properties, including excellent carrier 

mobility [5] and superior thermal conductivity [6], 

making it suitable for high-performance electronic 

devices [7, 8]. However, the absence of a sizable 

band gap in graphene restricts its applications in 

high-performance logic circuit applications. To 

overcome this limitation, researchers have been 

seeking other novel 2D materials, including 

transition metal dichalcogenides (TDMs) [9], 

phosphorene [10, 11], and h-BN [12, 13]. Unlike 

graphene, these 2D materials are semiconductors 

with a moderate band gap of about 2 eV, which is 

appropriate for designing electronic nanodevices. 

However, the carrier mobility in most 2D TMDs is 

not as high as that of graphene [14], limiting their 

applications in electronics. In contrast to 2D 

TMDs, phosphorene exhibits high carrier mobility 

[15]. The instability of phosphorene under 

ambient conditions [16] makes it unsuitable for 

optoelectronic applications. The search for novel 

2D materials with desired properties is still a 

challenge. 

More recently, a new type of 2D material, 

single-layer MoSi2N4, has been successfully 

synthesized with the chemical vapour deposition 
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(CVD) method [17]. Single-layer MoSi2N4 is 

environmentally stable at ambient temperature 

and exhibits an indirect band gap and high 

intrinsic thermal conductivity [18]. The electronic 

and optical properties of bilayer MoSi2N4 are very 

sensitive to strain engineering and electric field 

[19]. Various strategies have been developed to 

modulate the properties of single-layer MoSi2N4, 

including doping [20], strain engineering [21] and 

constructing heterostructures [19, 22]. For 

instance, by means of first-principles calculations, 

Cui et al. [20] demonstrated that the electronic 

properties of single-layer MoSi2N4 can be 

modulated with molecular doping. Guo et al. 

predicted that the transport coefficients of single-

layer MoSi2N4 are enhanced under biaxial strain. 

All aforementioned findings suggest that single-

layer MoSi2N4 plays a crucial role in designing 

future electronic and optoelectronic devices.  

Therefore, in this work, using first-

principles calculations based on density 

functional theory, we investigate the electronic 

properties of single-layer MoSi2N4 and the effect 

of strain engineering. Our findings could provide 

useful insight into the design of high-performance 

nanodevices based on 2D single-layer MoSi2N4.  

2 Computational methods 

In this work, we present our results of the 

geometric optimization and electronic properties 

of single-layer MoSi2N4, obtained from the first-

principles calculations based on density 

functional theory (DFT), which is implemented in 

the Vienna ab initio simulation package (VASP) 

[23, 24]. The generalized gradient approximation 

(GGA) with Perdew-Burke-Ernzerhof (PBE) 

functional [25] was employed to describe the 

electronic exchange and correlation. The 

projector-augmented wave (PAW) approach [48] 

was chosen to treat the core and valence electrons. 

The underestimation of the traditional PBE 

method on the band gap of 2D materials led us to 

use the Heyd-Scuseria-Ernzerhof (HSE06) hybrid 

functional [26] to obtain a more accurate value of 

band gap. The DFT-D2 method was also adopted 

for describing the existing van der Waals 

interactions in layered materials. The cut-off 

energy for the plane-wave expansion was set to 

410 eV with a 9 × 9 × 1 k-point mesh. To avoid 

interactions between periodical slabs, we set a 

large vacuum thickness to 20 Å along the z 

direction. The convergence of energy and force 

are set to 1×10−6 eV and 1×10−3 eV/Å. 

3 Results and discussions 

The atomic structure of the single-layer MoSi2N4 

after geometric optimization is depicted in Fig. 1. 

One can find that the material has a hexagonal 

structure with a space group of P6m1. The 

material shows a layered atomic structure. The 

Mo-N2 layer is sandwiched between two Si-N 

layers. The lattice parameter of the material after 

geometric optimization is 2.9 Å, which is in good 

agreement with the previous reports [17, 27]. 

Fig. 1. (a) Top view and (b) side view of the atomic 

structure of single-layer MoSi2N4 after geometric 

optimization. Purple, blue and yellow balls represent 

the nitrogen, silicon and molybdenum atoms 
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We now move to check the dynamical 

stability of the MoSi2N4 single layer by calculating 

its phonon dispersions curves, as depicted in Fig. 

2. We can find that the phonon dispersions of 

such a material do not include any negative 

frequencies, suggesting that the single-layer 

MoSi2N4 is dynamically stable at the ground state. 

The single-layer MoSi2N4 consists of all its seven 

atoms in each unit cell, thus, resulting in the 

presence of 21 branches: 3 acoustical and 18 

optical branches. The three acoustical phonon 

dispersion branches at the  point correspond to 

an out-of-plane mode (ZA), an in-plane transverse 

mode (TA), and an in-plane longitudinal (LA). 

Furthermore, to check the thermal stability of 

such a monolayer, we calculated the variations of 

the total energy of the single-layer MoSi2N4 as a 

function of time step by performing AIMD 

simulations, as depicted in Fig. 3. We see that the 

single-layer MoSi2N4 still maintains its crystal 

structure after heating for 4 ps, suggesting that 

the material exhibits good thermal stability at 

ambient temperature.  

The band structure of the single-layer 

MoSi2N4 obtained from the PBE method is 

illustrated in Fig. 4. We can observe that the 

material exhibits a semiconducting characteristic 

with an indirect band gap. The valence band 

maximum (VBM) of the single-layer MoSi2N4 

originates from the  point, while its conduction 

band minimum (CBM) is located at the K point, as 

depicted in Fig. 4a. The band gap of the single-

layer MoSi2N4 is 1.8 eV calculated with the PBE 

method. Such a band gap is in good agreement 

with the experimental measurement (1.94 eV) [17] 

and other theoretical reports [22, 28]. 

Furthermore, to obtain a more accurate band gap, 

we plotted the band structure of the single-layer 

MoSi2N4 by using the HSE06 functional for 

comparison (Fig. 4b). The band gap of the single-

layer MoSi2N4 given by the HSE06 functional is 

2.38 eV, which is still larger than that of 

experimental measurement. In addition, both the 

PBE and HSE06 functionals predict a similar trend 

of the band structure of single-layer MoSi2N4. The 

difference in the band gap of single-layer MoSi2N4 

between PBE and HSE06 functionals is due to the 

upshift/downshift of the CBM/VBM of the single-

layer MoSi2N4. All aforementioned findings 

suggest that the PBE functional can be used to 

investigate the structural and electronic properties 

of single-layer MoSi2N4.  

  

 

Fig. 2. Phonon dispersion curves of single-layer 

MoSi2N4 at the ground state 

 

Fig. 3. Evolution of total energy of single-layer 

MoSi2N4 in AIMD simulation. The insets represent 

the snapshot structures of single-layer MoSi2N4 

before and after heating for 4 ps at 300 K 
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Fig. 4. Band structures given of single-layer MoSi2N4 by (a) PBE and (b) HSE functional. The red and blue curves 

represent the CBM and VBM. (c) Weighted band structure of single-layer MoSi2N4. The yellow, purple and cyan balls 

stand for the contributions of Mo, Si and N atoms, respectively. The Fermi level is set to zero. 

To have a better understanding of the 

contributions of all atoms in the single-layer 

MoSi2N4, we further calculated its weighted band 

structure, as illustrated in Fig. 4c. Yellow, purple 

and cyan curves in the weighted band structure of 

the material represent the contribution of 

molybdenum, silicon, and nitrogen atoms. One 

can find that the CBM at the K point of the single-

layer MoSi2N4 originates from the Mo atom, while 

the VBM at the  point is mainly contributed by 

the hybridization between Mo and N atoms. 

Interestingly, strain engineering is known 

as one of the effective strategies to modulate the 

electronic properties of 2D materials, including 

graphene [29, 30], TMDs [31, 32], and 

phosphorene [33, 34]. Therefore, it is interesting to 

explore whether the electronic properties of the 

single-layer MoSi2N4 can be controlled by strain 

engineering. The strain is applied along the xy 

direction, as depicted in the inset of Fig. 5. The 

strain ratio is defined as b = (l0 – l)/l0, where l and 

l0 represent the equilibrium and strained lattice 

parameters of single-layer MoSi2N4. In addition, 

to evaluate the stability of the single-layer 

MoSi2N4 under strain, we further calculate the 

strain energy as Es = Estrain – EEq, where Estrain and 

EEq are the total energy of the single-layer MoSi2N4 

under strain and at the equilibrium state. We 

found that the calculated strain energy of the 

material under the strain of 12% is –6.53 eV. This 

finding indicates that all the strains considered 

are fully reversible and are within the elastic limit. 

Therefore, the lattice structure could maintain 

stability under the considered strains. 

The effect of strain on the band gap of the 

single-layer MoSi2N4 is depicted in Fig. 5. We can 

see that the band gap of the material decreases 

with increasing tensile strain. For instance, the 

band gap decreases from 1.8 eV when b = 0% to 

1.04 eV when b = 6% and to 0.62 eV when b = 

12%. Our calculations demonstrate that under the 

tensile strain of 18%, the band gap of the single-

layer MoSi2N4 decreases to nearly zero, indicating 

 

Fig. 5. Evolution of the band gap as a function of 

strain engineering. The inset represents the 

schematic model of applying strain 
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a transition from semiconductor to metal. On the 

other hand, with decreasing the small 

compressive strain, ranging from 0 to –6%, the 

band gap of single-layer MoSi2N4 increases 

accordingly. The band gap of the single-layer 

MoSi2N4 reaches its maximum value of 2.55 eV 

under the compressive strain of –6%. With a 

continuing decrease of the compressive strain 

from –6% to –12%, the band gap of the material 

decreases from 2.55 to 2.24 eV.  

To have a better understanding of the 

controllable band gap of the single-layer MoSi2N4 

under strain, we further calculated its band 

structures under different compressive and tensile 

strains (Fig. 6). Under the compressive strain of –

3%, as depicted in Fig. 6d, the material keeps a 

semiconducting characteristic with an indirect 

band gap, in which the CBM is at K point and the 

VBM is at the  point. Under the compressive 

strain of –6%, the VBM shifted from the K to M 

point, whereas the VBM shifted from the  to K 

point, as shown in Fig. 6c. In this case, the single-

layer MoSi2N4 behaves as an indirect 

semiconductor. With a continuing decrease of the 

compressive strain to –9 and –12%, both the VBM 

at the K point and CBM at the M point of the 

single-layer MoSi2N4 tend to shift toward the 

Fermi level, resulting in the decrease in its band 

gap. On the other hand, under the tensile strain, 

both the VBM and CBM of the material move 

toward the Fermi level, reducing the band gap. 

Under the tensile strain, the VBM of the single-

layer MoSi2N4 is maintained at the  point, and 

the CBM is maintained at the K point. Thus, an 

indirect band gap semiconductor is also 

maintained in the material under the tensile 

strain. Because the band gap of the material 

exhibits a linear change under tensile strain, it 

may lead to a transition from semiconductor to 

metal at the critical tensile strain. Our findings 

suggest that at the tensile strain of +18%, both the 

VBM and CBM of the single-layer MoSi2N4 shifts 

toward the Fermi level and crosses the Fermi 

level, resulting in a transition from semiconductor 

to metal. All aforementioned findings 

demonstrate that strain engineering can be used 

to modulate the electronic properties of the single-

layer MoSi2N4 with a transition from 

semiconductor to metal. Our findings indicate 

that single-layer MoSi2N4 is a promising candidate 

for electronic and optoelectronic applications. 

4 Conclusion 

In summary, we performed first-principles 

calculations to study the structural and electronic 

properties of a novel single-layer 2D MoSi2N4. The 

effect of strain engineering on the band gap and 

electronic properties of the single-layer 2D 

MoSi2N4 is also considered. Our results show that 

the single-layer MoSi2N4 has a hexagonal 

structure with a space group of P6m1. At the 

ground state, the material is dynamically stable 

and is a semiconductor with an indirect band gap 

of 1.8/2.36 eV calculated by using the PBE/HSE06 

functionals. The band gap of the material can be 

modulated with strain engineering. The tensile 

strain leads to a decrease in the band gap, while 

under the compressive strain, the band gap 

 

Fig. 6. Band structures of single-layer MoSi2N4 

under different strain engineering of (a) b = –12%, 

(b) b = –9%, (c) b = –6%, (d) b = –3%, (e) b = +3%, 

(f) b = +6%, (g) b = +9%, and (h) b = +12%. The 

Fermi level is set to zero. Red and blue curves 

represent the CBM and VBM of single-layer 

MoSi2N4 
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increases first, then decreases with increasing the 

compressive strain. The band gap of the single-

layer MoSi2N4 reaches its maximum value at the 

compressive strain of –6%. Furthermore, under 

the tensile strain, the transition from 

semiconductor to metal can be achieved. Our 

results demonstrate that the single-layer MoSi2N4 

is a promising candidate for electronic and 

optoelectronic applications.  
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