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Abstract.  We utilize first-principles calculations within density-functional theory to investigate the 

possibility of strain engineering in the tuning of the band structure of two-dimensional MoS2. We find that 

the band structure of MoS2 monolayers transits from direct to indirect when mechanical strain is applied. In 

addition, we discuss the change in the band gap energy and the critical stains for the direct-to-indirect 

transition under various strains such as uniaxial, biaxial, and pure shear. Biaxial strain causes a larger 

change, and the pure shear stain causes a small change in the electronic band structure of the MoS2 

monolayer. We observe that the change in the interaction between molecular orbitals due to the mechanical 

strain alters the band gap type and energy. 
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1. Introduction 
 

Following the discovery of graphene, a large number of experimental and theoretical works 

(Novoselov and Geim 2004, Novoselov and Geim 2005, Zhang and Tan 2005, Lee and Wei 2008, 

Dan and Lu 2009, Kim and Park 2010) have reported on the two-dimensional nanomaterials and 

their outstanding properties. Graphene, one of the most extensively studied two-dimensional 

materials, exhibits distinctive physical properties such as 1 TPa of stiffness, ultrahigh electronic 

transport, chemical stability, and ability to sense nanoscale quantities. In addition to graphene, 

MoS2, NbSe2, and BN have been mentioned as next-generation two-dimensional nanomaterials. 

The optical spectroscopy measurement of a MoS2 monolayer by Mak and Lee (2010) 

demonstrated that the MoS2 monolayer exhibited a direct band-gap of 1.9 eV. Recently, 

Radisavljevic and Radenovic (2011) reported that the mobility of the MoS2 monolayer using 

hafnium oxide (HfO2) for a metal-oxide-semiconductor field-effect Transistor (MOSFET) was 

increased to 200 cm
2
/Vs, indicating the possibility of using a MoS2 monolayer as a MOSFET 

channel. 
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The previous studies (Mak and Lee 2010, Radisavljevic and Radenovic 2011) show that a 

single layer of MoS2 is very attractive for a range of applications, such as semiconductor or 

optoelectronic devices. For semiconductor applications, and especially for use as MOSFET 

channels, the mobility of the carriers becomes the most important factor. In conventional 

semiconductor materials, the mobility of the electron increases as the band-gap energy decreases, 

and similar trends have been shown for carbon nanotubes (CNTs) and graphene nanoribbons 

(GNRs) by Obradovic and Kotlyar (2006). To utilize a MoS2 monolayer as a MOSFET channel, 

we have to find an effective way to reduce the band-gap energy of the MoS2 monolayer, because 

1.9 eV is too high compared to other conventional semiconductor materials. In addition, for the 

application of optoelectronic devices, it is imperative to keep the band-gap of the MoS2 monolayer 

direct for the purpose of photon excitation.  

In this paper, we utilize first-principles calculations with density-functional theory to 

investigate whether mechanical strain is able to control the band-gap energy and band-gap type of 

a MoS2 monolayer. Toward this end, we apply uniaxial, biaxial, and pure shear strains to a single 

layer of MoS2, and discuss the effect of mechanical strain on the variation in the band-gap energy 

and the direct-to-indirect band gap transition. 

 

 

2. Computational method 
 
Our calculations were performed using the density functional theory method (DFT) 

implemented in the Vienna ab-initio simulation package (VASP) by Kress and Hafner (1993), 

Kress et al. (1996a, b). The exchange and correlation energy functional was adopted with the local 

density approximation (LDA) by Perdew and Zunger (1981) and the generalized gradient 

approximation (GGA) of Perdew-Wang 91 by Perdew and Chevary (1992). The interactions 

between the core and valence electrons were described by the ultra-soft (US) pseudo-potential 

 

 

 

 

(a) Top view (b) Side view 

Fig. 1 The MoS2 monolayer unit cell 
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Table 1 The calculated structural parameters and properties of a MoS2 monolayer: Lattice constant a, bond 

lengths dS-Mo and dS-S, bond angle θS-Mo-S, cohesive energy per MoS2 unit cell 

 a dS-Mo dS-S θS-Mo-S Ec (eV) Eg (eV) 

GGA 3.19 2.42 3.13 80.65 15.76 1.64 

LDA 3.13 2.38 3.11 81.47 18.96 1.82 

Reference* 
3.20 2.42 3.13 80.69 15.55 1.58 

3.11 2.37 3.11 81.62 19.05 1.87 

Reference** 3.20     1.90 

*Reference: Ataca and Ciraci (2011) 

**Reference: Mak and Lee (2010), Joensen and Crozier (1987) 

 
 

(Vanderbit 1990) for the LDA and by the projector augmented wave (PAW) pseudo-potential 

(Bloch 1994) for the GGA, respectively. The electrons of wavefunctions were extended up to a 

cutoff energy of 400 eV in a plane-wave basis set. To simulate the two-dimensional properties, the 

vacuum separation along the out-of-plane direction is set to more than 10 Å . All calculations were 

relaxed until forces on each ion become less than 0.01 eV/Å . The 5×5×1 Monkhorst-Pack 

(Monkhorst and Pack 1976) meshes were used for sampling the Brillouin zone. The unit cell for 

the MoS2 monolayer adopted the 1×1 structure shown in Fig. 1, including one molybdenum atom 

and two sulfur atoms. Before applying strain to the MoS2, we calculated the structural parameters, 

cohesive energy, and band gap energy, and summarized them along with other reported values 

(Mak and Lee 2010, Ataca and Ciraci 2011, Joensen and Crozier 1987) in Table 1. The LDA result 

is in good agreement with the experimental value of the band-gap energy, and therefore the later 

calculations were conducted based on the LDA. 

 
 

3. Results 
 

The electronic band structure of a single layer of unstrained MoS2 and some interesting wave 

functions at the Γ and K points are shown in Fig. 2. As shown in Fig. 2(a), we found that the 

valence band maximum (VBM) and the conduction band minimum (CBM) are located at the same 

reciprocal space point, K point, which indicates that the band-gap type of the MoS2 monolayer is 

direct, in contrast to its bulk counterpart. (Mak and Lee 2010) The band-gap energy is found to be 

1.9 eV at the K point, which is 0.6 eV higher than the band-gap energy of bulk MoS2. (Kam and 

Parkinson 1982) This direct band-gap and higher band-gap energy of the MoS2 monolayer, unlike 

its bulk counterpart, exhibit the unique electronic characteristics of two-dimensional 

nanomaterials, and thus show the potential for various applications in electronic and photonic 

devices.  

We plot the wave functions of electron orbitals of an unstrained MoS2 monolayer at the Γ point 

and K point in Figs. 2(b) to (e), so that we can analyze the variation in the electronic band-gap of a 

MoS2 monolayer under mechanical strain, the results of which we present later in this paper. At the 

K point, the CBM and the VBM are anti-bonding states of a d-orbital of molybdenum and a p-

orbital of sulfur atoms, as shown in Figs. 2(b) and (c), respectively. In addition, the VBM and the 

second highest valence band at the Γ point show mainly the non-bonding state of a d-orbital of 

molybdenum (d) and the bonding state of a d-orbital of molybdenum and a p-orbital of sulfur  
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Fig. 2 The electronic band structure of the MoS2 monolayer and the wave functions at some points 

(a) The electronic band structure of monolayer MoS2, (b) the CBM at the K point, (c) the VBM at 

the K point, (d) the VBM at the Γ point, and (e) the second highest valence band at the Γ point 

 

 

atoms (e), respectively. Note that the VBM at the Γ point is the non-bonding state, which is rarely 

affected by the deformation of crystal structure under mechanical strain. Meanwhile, the VBM and 

the CBM at the K point have anti-bonding characters, indicating that a relatively larger energy 

shift at the K point is possible due to the change of the wave function overlap by crystal structure 

deformation. 

In order to investigate the effect of mechanical strains on the electronic characteristics of the 

MoS2 monolayer, we applied mechanical strains to the MoS2 monolayer with (i) uniaxial strain in 

the x or y directions, (ii) biaxial strain in the x and y directions, and (iii) pure shear strain by 

changing the angle between the a and b vectors shown in Fig. 1(a). The changes of the band- gap 

energy of the MoS2 monolayer due to the corresponding mechanical strains are summarized in Fig. 

3. Open and solid circles denote the direct and indirect band-gap types, respectively. The band gap 

energy is drastically changed under biaxial strain, but it is changed a little under pure shear strain, 

as shown in Figs. 3(a) and (b), respectively. In other words, the strain range for the direct band-gap 

is much smaller under biaxial strain than under pure shear strain. The band gap changes due to 

uniaxial strains in the x and y directions show similar results, although uniaxial strain in the y 

direction makes a slightly larger change than that in the x direction. All variations in the band gap 

energy are highly asymmetric. The band-gap energy shows a larger reduction under all types of 

tensile strains, but it increases to strains of 1-3% and decreases as compressive strains increase. 

Interestingly, we found that the band-gap energies at the transition points from a direct to an 

indirect band-gap are almost the same under all types of strain modes, although the corresponding 

strains at the transition points differ depending on the strain mode. The band-gap energies at the  
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(a) Biaxial strain (b) Pure shear strain 

  
(c) Uniaxial strain in x direction (d) Uniaxial strain in y direction 

Fig. 3 The variation in the band-gap energies for different mechanical strains 

 

 

transition points under all types of strain modes are found to be about 1.74 eV in tension and 1.91 

eV in compression, respectively. It should also be noted that the transitions occur near or at the 

maximum values of the band-gap energy, when compressive strains are applied, as shown in Fig. 

4.  

When biaxial strain is applied, the strains for the transition from a direct to an indirect band- 

gap are found to be about 0.7% in tension and 0.7% in compression. Here, the bond lengths 

between Mo and its neighboring S atoms increase by 0.005 Å  (~0.21%) in tension and decrease by 

0.003 Å  (~0.13%) in compression compared to the unstrained MoS2 monolayer. The changes in 

the bond angles between Mo and its neighboring two S atoms in a hexagonal ring are found be 

0.50 in tension, and -0.58 in compression. Under the pure shear strain, the transition strains are 

found to be about 2.6% in tension and 2.0% in compression. In cases of uniaxial strains, the 

transition initiates at smaller strain in the x direction (~1.3%) than in the y direction (~1.6%) under 

compression, while the transition strains are the same (~1.5%) in both directions under tension. 

Because uniaxial strains break the symmetry of the crystal structure, we found that the changes in 

bond lengths and angles differ depending on the bond considered and the direction of deformation. 

For example, the bonds along the y direction are stretched by up to 0.008 Å  (~0.34%), while the 

changes in other bonds are less than 0.002 Å  at the transition point under uniaxial tensile strain in 

the y direction. We summarize the critical strains (lower values) for the maximum band-gap and 

the direct-indirect transition and the corresponding band-gap energies (upper values) under 

different deformation modes in Table 2. 
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Table 2 The maximum energy band-gap and two transition points under different strain types: The lower 

values are the critical strains (%) at the maximum and transitions, and the upper values area band-gap 

energies (eV) under the strains 

Strain types Maximum gap 
Transition 

(Compression) 

Transition 

(Tension) 

Biaxial 
1.92 1.92 1.73 

-0.80 -0.07 ~ -0.08 0.07 ~ 0.08 

Pure shear 
1.91 1.91 1.73 

-2.00 -2.00 ~ -2.10 2.60 ~ 1.60 

Uniaxial (X) 
1.92 1.91 1.73 

-1.40 -1.30 ~ -1.40 1.50 ~ 1.60 

Uniaxial (Y) 
1.94 1.93 1.73 

-1.70 -1.60 ~ -1.70 1.50 ~ 1.60 

 

 

The dependence of the band-gap changes upon the mechanical strain directions can be 

explained with the crystal structures shown in Fig. 3. A single Mo atom in MoS2, has six bonds 

with six neighboring S atoms. Since biaxial strain deformation changes all the distances between 

the Mo atom and its six neighboring S atoms, the change of the electrons’ interaction between the 

Mo atom and the S atoms is the largest, and the corresponding energy shift is the largest as well, as 

long as the same amount of strain is applied. On the other hand, because pure shear strain mainly 

alters the bond angles between the Mo atom and the S atoms with a negligible distance variation, 

the band gap change is minimal among the considered deformations, within the small strain range 

we considered. In other words, we need to apply a relatively large amount of strain, in order to 

induce a sufficient band-gap change by using pure shear deformation. Uniaxial strain in the x or y 

direction affects the distance between the Mo atom and the six S atoms like biaxial strain, but the 

degree of the distance change is smaller, and thus the band-gap change is smaller compared to the 

biaxial case, under the same amount of strain. Due to the largest changes in the crystal structure, 

the strain range of the direct band-gap is the narrowest when a biaxial strain is applied, as shown 

in Figs. 3(a) and 4(a). Even at a biaxial strain of 0.7% (either compressive or tensile), the band-gap 

of the MoS2 monolayer becomes indirect. 

In the sense of the band-gap type, pure shear strain is the most stable deformation to keep the 

band-gap direct. Up to a compressive pure shear strain of 2%, the band-gap of the MoS2 

monolayer remains direct. In order to keep the band-gap of the MoS2 monolayer direct for 

optoelectronic device applications, one should not allow the strains to exceed their critical values. 

The band-gap, which is found to be direct at the K point under small strain, changes to indirect as 

strain increases.  

As the tensile strain increases further, the energy of the VBM at the K point becomes lower 

than that at the Γ point, while the lowest value of the CBM remains at the K point. As a result, the 

indirect gap consists of the VBM at the Γ point and the CBM at the K point, under all types of 

tensile strain. However, when the compressive strain increases, while the highest energy point of 

the VBM remains at the K point, the energy of the CBM at the middle of Γ-K points becomes the 

lowest. Thus, the indirect gap consists of the VBM at the K point and the CBM at the middle of Γ-

K points under all types of compressive deformations. These results are consistent with the 

previous report (Yun and Han 2012), which showed the same indirect pathway for biaxial strain. 
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(a) Biaxial strain (b) Pure shear strain 

  
(c) Uniaxial strain in x direction (d) Uniaxial strain in y direction 

Fig. 4 The variation in band-gap energy under different strains 

 

 

The band-gap transition from direct to indirect and the variations of the band gap energy can be 

explained by the change of the electronic structures caused by mechanical strains. To accomplish 

this, we plot the variation in the electronic band structure with different strains in Figs. 5(a) to (d). 

Only the VBMs (solid lines) and the CBMs (dashed lines) from the Γ point to the K point are 

shown for clarity. To visualize the change of the electronic structure, we plot the electronic wave 

functions of the VBM at the Γ and K points under different amounts of biaxial strain, as shown in 

Figs. 5(e) and (f), respectively. In all the considered cases, the energy shifts of the VBM at the Γ 

point in response to mechanical strains are relatively small, because the VBM at the Γ point shows 

a non-bonding character as discussed in Fig. 2. However, the energy shifts of the VBM at the K 

point based on the strains are large enough to initiate the changes of the band-gap type. As the 

compressive strain increases, the CBM (red and blue dotted lines) and the VBM (red and blue 

solid lines) at the K point increase under all types of strain modes. It should be noted that since the 

VBM and the CBM at the K point have anti-bonding characters, their energies increase as the 

overlap of wave functions increases. Therefore, because negative strains make the overlap 

increase, the VBM and the CBM at the K point under compressive strain are higher than those of 

the unstrained bands (black line) in all the cases considered. Consistently, the VBM and the CBM 

at the K point (sky blue and pink lines) are lower than those of the unstrained bands under tensile 

strain, because positive strains decrease the overlap of wave functions. These changes in the 

overlap of wave functions at the K point due to mechanical strain are clearly shown in Fig. 5(f), 

compared to small changes at the Γ point in Fig. 5(e). 
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Fig. 5 The variation in the electronic band structure and the wave functions of the MoS2 

monolayer for different strains: The variation in the band structure under (a) biaxial strain, (b) pure 

shear strain, (c) uniaxial strain in the x direction, (d) uniaxial strain in the y direction, and the 

variation in the wave functions of the VBM (e) at the Γ point and (f) at the K point. The numbers 

above (e) and (f) are the amounts of biaxial strain 

 

 

4. Conclusions 
 
We have performed first-principles calculations to investigate the effect of mechanical strains 

on the electronic properties of a single layer of MoS2. For this, we applied uniaxial, biaxial and 

pure shear strains, and discussed the change in the band-gap energy based on the applied strains. 

We found that the band-gap energy changes more under biaxial strain, because it induces a larger 

deformation in the crystal structure of the MoS2 monolayer resulting in a larger change in the 

overlapping of the wave functions. We also found that the band structure of the MoS2 monolayer 

changes from direct to indirect for all types of strains, and we obtained the critical strains of the 

transition for different strain types. All calculations show that mechanical strain is an effective way 

to control and tune the electronic properties of MoS2. 
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