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Abstract 

In this paper, the strain induced changes in electronic properties and their influence on 

current-voltage (� − �) characteristics of the borophene (β12)/MX2 (M = Mo, W and X = S, 

Se) vdW heterostructures are investigated within the framework of DFT. The results reveal 

that the intrinsic electronic nature of borophene and MX2 is retained because of weak van der 

Waals interactions. However, p-type Schottky contacts are formed at the interface of the 

heterostructures. Application of the in-plane tensile and compression strains is effective in 

tuning the Schottky contacts and controlling the SBHs.  Also at the vertical pressure values 

of 5.46 and 5.25 GPa for β12/MoS2 and β12/WS2 respectively, Schottky contact changes from 

p-type to n-type. The � − �	characteristics exhibit an ohmic behavior at low bias 	±0.1	� and 

noticeable NDR, on changing positive (negative) biases. Such strain tunable Schottky 

barriers may be influential in β12/MX2 based high-performance nano- and optoelectronic 

devices. 
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1. Introduction  

The interest in atomically thin two dimensional (2D) layered structures such as graphene, 

transition metal dichalcogenides (TMDs), boron nitride (BN), group-IV and group-V elements 

has increased in recent time because of their  potential applications in the area of photonics, 

electronics, energy conversion and storage, and biomedical technologies with a possibility of 

replacing traditional materials [1-4]. Among  2D materials, TMDs are the most studied 

prospective layered structures on account of their novel properties such as band gap modulation 

by external perturbations [5,6], strong optoelectronic responses [7], outstanding carrier mobilities 

[8] and high structural flexibilities [9]. The study of 2D structures has also been extended to 

monoelemental group-III family due to the successful synthesis of borophene [10-12]. A unique 

blend of properties of borophene (β12) such as lightest 2D metal [10], mechanically strong [13], 

optically transparent [14] and a promising anode material for batteries [15] makes it stand out as 

a distinctive technological material among 2D monoelemental structures. 

 It is well known that the properties of 2D materials can be tuned by constructing 

vertically-stacked van der Waals (vdW) heterostructures [2, 16] to realize electronic devices. 

Extensive studies have been carried out experimentally and theoretically for a wide range of 

vdW heterostructures, such as graphene/TMDs [17-21], graphene/h-BN [22], graphene/silicene 

[23], graphene/InSe [24], MoTe2/MoS2 [25], graphene/phosphorene and heterostructrues based 

on allotropes of phosphorene and MoSe2 [26, 27]. These vdW heterostructures possess many 

advantageous properties due to interesting interface physics by integrating the isolated layers. 

Incorporating borophene having good metallic character with other 2D materials [28-30] has 

been expected to be a significant step in the design of new devices based on this kind of layered 
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structures. It is worth underlining the fact that junction formed at the contact between metallic 

and a semiconducting material is crucial in modern electronics and optoelectronics [31].  

The Schottky barrier height (SBH) is an energy barrier for a charge carrier to cross the 

junction. It is a key parameter for the metal-semiconductor (MS) junction because the current 

flow across the MS interface depends on the magnitude of the SBHs. It determines the charge 

transport efficiency and can impact the device performance significantly [32]. It is previously 

shown that SBH can be reduced and ohmic contacts can be achieved in metal/semiconductor 

heterostructures by external electric field [26, 27], doping [32, 33] and mechanical strain [34, 

35]. Ohmic contact formation at the heterointerface is generally advantageous for easy current 

flow between source/drain electrode and semiconductor [36], and good sensing performance 

which could be attributed to low charge transfer resistance [37]. Studies have also shown that the 

electronic properties and SBHs in graphene/MoS2 can be controlled by changing the interlayer 

distance [38]. It is interesting to note that strain engineering is one of the best possible strategies 

for tuning the band gap of the 2D structures and is easy to realize experimentally as well [39, 

40]. 

Strain dependent tuning of electronic properties as an important aspect needs to be 

explored systematically which we have chosen to do for borophene (β12)/MX2 (M = Mo, W and 

X = S, Se) vdW heterostructures as an important class. Therefore, first-principles investigation of 

β12/MX2 heterostructures for tuning the Schottky barriers has been performed by applying in-

plane uniaxial and biaxial strains (compression and expansion) and normal compression strains. 

In addition, the tunneling characteristics within Bardin, Tersoff and Hamman (BTH) formalism 

[41-43] have also been investigated for strained β12/MX2 heterostrcutures.  
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2. Computational Details 

The calculations are carried out within the framework of density functional theory (DFT) 

as implemented in the Vienna ab-initio Simulation Package (VASP) [44]. The generalized 

gradient approximation (GGA), in Perdew, Burke, and Ernzerhof (PBE) parameterization [45] 

has been used to describe the exchange-correlation effects. The electron-ion interactions are 

taken into account using the Projector Augmented Wave (PAW) pseudopotential method [46]. 

The cutoff of plane-wave kinetic energy and the convergence criterion of energy in the self-

consistency process have been set to be 700 eV and 10−6 eV, respectively. To describe the vdW 

interactions, vdW-D2 correction has been included in the present calculations [47]. A 15x9x1 k-

point mesh has been employed for Brillouin zone integrations. The structural relaxations are 

performed to a force tolerance of 0.001 eV/Å by computing the Hellmann-Feynman forces using 

conjugate gradient algorithm. To minimize the lattice mismatch between the β12 and MX2, the 

unit cell of the system is composed by 1x1 unit cell of β12 and 1x2 unit cells of MX2 along  X and 

Y directions. A vacuum region of more than 20 Å has been taken along the z-axis to remove the 

interactions between periodic images.  

The effect of applying a normal in-plane uniaxial and biaxial compression (expansion) 

strains on the heterostructures is modelled by relaxing ion positions and calculating stress tensor 

keeping the cell shape constant. The modelling of an applied normal compression strain on the 

heterostructrues has been done by varying the interlayer distance, while keeping the atomic 

positions and the in-plane lattice vectors fixed so as to prevent relaxation of instantaneous 

structure to the original position. The full relaxation along the XY plane is expected not to 

change the in-plane lattice constants and electronic structure drastically [48].   
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3. Results and Discussion 

There is no detectable geometric distortion shown by all of the studied MX2 after 

contacting the monolayer of β12 as depicted by Figure 1. Note that lattice mismatch in β12/MX2 

heterostructures is < 2% (Table 1). Binding energy (	
) of heterostructure is calculated to be 

very small (Table 1) which shows given heterostructures to be vdW in nature. The binding 

energy 	
 has been calculated as follows: 

                                         	
 = �	
��	�����		
��	 − 	����� �⁄                         (1)  

where		
��	����, 	
��	, 	��� and	� are the total energy of β12/MX2 heterostructures, total energy 

of isolated β12 layer, total energy of isolated MX2 layer and total number of atoms in the 

heterostructures,  respectively.   

TABLE 1. Calculated binding energies (Eb) per atom, interlayer distance (d) and average absolute interface surface lattice 
constant mismatch (ε) for pristine β12/MX2 heterostructures. 

System Eb  (eV/atom) d (Å) εεεε (%) 

             β12/MoS2 -0.030 3.20 1.10 
β12/MoSe2 -0.038 3.21 1.82 

             β12/WS2 -0.038 3.16 1.11 
             β12/WSe2 -0.044 3.20 1.11 

3.1.  Tensile Strength 

In order to study the mechanical properties, it is worth investigating the strain-stress curves for 

β12/MX2 heterostructures under expansion strains. This curve can be obtained by calculating the 

constituents of stress tensor depending upon strain tensor. Stress tensor is defined as a positive 

derivative of total energy with respect to the strain tensor. In Figure 2 (a-d), the values of stress 

vary directly with the values of different strains up to some limit and then drop rapidly. This 

limit is known as the ideal strain strength of the system which is the potential of a system to 

tolerate load. 
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The values of ideal tensile strengths and ultimate strain for β12/MX2 heterostructures are 

listed in Table 2. The tensile strengths of the heterostructures follow the trend, β12/MoS2> 

β12/WS2 > β12/MoSe2 > β12/WSe2 which is implying that β12/MoS2 has the highest tensile strength 

and β12/WSe2 has the lowest tensile strength amongst the studied heterostructures under 

expansion strains (both uniaxial and biaxial). 

TABLE 2. Calculated values of tensile strength (GPa) and ultimate tensile strains (%) for β12/MX2 heterostructures.  

Systems 
                   Tensile Strength (GPa) Ultimate Strain (%) 

+a +b +a+b +a +b +a+b 
 β12/MoS2 3.96 3.72 6.12 20.0 12.5 10.5 

   β12/MoSe2 2.72 2.78 4.51 14.5 10.5 10.5 

    β12/WS2 3.89 3.29 5.99 20.0 14.0 10.5 

  β12/WSe2 2.66 2.69 4.40 15.0 10.5 8.50 

 

3.2.  Electronic Structure and Schottky Barriers  

The orbital projected band structures (OPBS) of the β12/MX2 heterostructures show that 

the electronic nature of constituents monolayers remain preserved upon the heterostructure 

formation. OPBS reveal that the VBM and CBM are mainly associated with the �-orbitals of Mo 

and W of MX2, whereas small contributions of S-� and Se-� orbital states are also found in 

CBM (Figure 3). From a device point of view, when metal (β12) and semiconductor (MX2) come 

in contact, there is electrical transport at MS interface and the states will be offset, thus, Fermi 

level is located below (or above) the midgap, known as the p-type (or n-type) Schottky barriers 

[30]. Therefore, Schottky barriers for holes ∅�  or electrons ∅�  are determined as the energy 

difference between the Fermi level (EF) and the valence band maximum (VBM) or the 

conduction band minimum (CBM) of the heterostructures, respectively [31, 49] as shown in 

Figure 3(f). The SBHs for electrons and holes in considered heterostructures are listed in Table 3 

which are consistent with the previous studies [50].   



 

8 

 

The trends in the SBHs can be attributed to the interlayer coupling in the formed vdW 

heterostructures which is also reflected by the charge density difference profiles as illustrated in 

Figure 3 (g-j). The charge density difference can be defined as: 

� = �
��	���� − �
��	 − ����   (2) 

where �
��	����  represents the total charge density of the heterostructures, �
��	 is the charge 

density of β12 and ����  denotes the charge density of MX2, respectively. The charge density 

difference plots provide the information about redistribution of electronic charges as a result of 

interlayer coupling due to heterostructure formation. Additionally, it can be seen from the plot of 

β12/MoS2 and β12/WS2, that small amount of charges is depleted on the β12 side and accumulated 

on MoS2 and WS2 side while in case of β12/MoSe2 and β12/WSe2, the accumulation of charges 

takes place near the β12 and depletion near the MoSe2 and WSe2. This result is in agreement with 

the small SBHs for β12/MoSe2 and β12/WSe2 as compared to β12/MoS2 and β12/WS2. 

3.3.  Effect of In-plane Strains and Vertical Pressure on Schottky Barriers 

From Figure 4, it is observed that when the uniaxial (+! and+" ) strains are applied to 

β12/MoS2 heterostructure, the highest occupied states of valence bands (VBs) and lowest 

unoccupied states of conduction bands (CBs) in MoS2 shifted (VBMs at	Γ	shifted from$ − Γ and 

CBMs at	$ − Γ shown by yellow arrows) towards the Fermi level in such a way that the energy 

difference between the Fermi level and CBM is less in magnitude as compared to the energy 

difference between the Fermi level and VBM resulting in tuning of p-type SBHs into n-type and 

these values are listed in Table 3. Similar observations are obtained for β12/WS2 under expansion 

strain (+") but under expansion strain (+!) the p-type Schottky contact remains intact (Figure 

S2 of Supplementary Information (SI)).  The biaxial expansions (+! + ") at ideal tensile strain 



 

9 

 

limits for β12/MoS2 (Figure 4) and β12/WS2 (Figure S2 of SI) cause the transformation of p-type 

SBHs into n-type ohmic contact and p-type into n-type SBHs, respectively. In these 

transformations, the VBMs are shifted from $ − Γ to Γ while CBMs are along	$ − Γ (Table S1 

of SI). Moreover, when β12/MoSe2 and β12/WSe2 heterostructures (Figure S1 & S3 of SI) are 

subjected under the tensile strains (uniaxial+! ,	+" and biaxial+! + " ), there is a change in 

SBHs for both electrons and holes (Table 3). However, it is observed that the p-type SBHs are 

still smaller in magnitude than n-type SBHs, thus these heterostructures with expansion strains 

have p-type Schottky contacts at the interface. Positions of CBMs and VBMs along high 

symmetry path have been given in Table S1 of SI. Furthermore, the charge density difference 

analysis provides an insight into the tuning of p-type Schottky contacts into n-type which is due 

to the accumulation and depletion of charges at the interface giving rise to the shift in Fermi 

level. 

Next we consider vertical pressure (P) on the heterostructures to see the effect on 

Schottky Barriers. The pressure has been calculated as, & = 	 '	 − 	() '∆�)*⁄ ; which gives the 

energy required per unit area to reduce the interlayer distance by  ∆� = 	 '�( − �) whereE and 

0E are strain-free and strained heterostructures energies of the β12/MX2 systems, d∆  is the 

change in bilayer distance, A is the area of the unit cell and 0d  and d are the separations in the 

equilibrium and strained heterostructures, respectively. Variation in the energy magnitudes of 

VBMs and CBMs with the pressure (Figure 5 (a, c)) suggests that the applied pressure causes the 

changes in Schottky barriers from p-type to n-type at values of ideal pressures 5.46 GPa and 

5.25GPa (at the interlayer distances 2.52 Å & 2.55 Å). Figure 5 (b, d) illustrates that SBHs 

obtained for holes at the values of ideal pressures 5.0 GPa and 5.13 GPa (interlayer distances of 
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2.65 Å for both β12/MoSe2 and β12/WSe2) are yet smaller than the SBHs obtained for electrons. 

Thus, p-type Schottky contacts remain intact at ideal pressure values.  

There is observable change in the energy magnitudes of SBHs as compared to the pristine 

heterostructures, values are tabulated in Table 3. It is observed that VBMs and CBMs are along 

$ − Γ for β12/MX2 heterostructures (Figure S4 (a-d) of SI) and noticed that the difference in the 

charge distributions comes from charge distribution of both metal and semiconductor layers at 

interface that leads to a shift in the SBHs.  

Besides the expansion strains, the compression strains are also accountable for tuning of 

Schottky barriers. Uniaxial compression strain (−! and−") lifts the VBMs of MoS2 towards the 

Fermi level. It is noticeable that the VBMs crossing the Fermi level are shifted from	$ − Γ to	Γ 

and from $ − Γ  to	+  high symmetry point for −!	and −"  strains, respectively, whereas the 

CBMs remain along	$ − Γ  path. Consequently, the energy magnitude of p-type SBHs gets 

reduced to zero and that of n-type SBHs gets reduced to the values tabulated in Table 3 

suggesting that p-type ohmic contacts are formed at β12/MoS2 interface. Similarly, p-type ohmic 

contacts are formed for β12/MoSe2, β12/WS2 and β12/WSe2 heterostructures (Figures S5-S7 of SI) 

under −!	and −" strains, respectively.  

When the β12/MoS2 (Figure 6) and β12/WS2 (Figure S6 of SI) heterostructures are 

subjected under the biaxial compression (−! − ") strain, the CBMs of MX2 shift towards the 

Fermi level and crosses it along $ − Γ path while the VBMs of MoS2 and WS2 get shifted from 

$ − Γ to Γ point. It indicates that SBHs for electrons are reduced to zero and have transformed 

into n-type ohmic contact at β12/MX2 interface, while the SBHs corresponding to holes are lower 

than pristine values listed in Table 3. In the same way, biaxial compression (−! − ")	strains 
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applied for β12/MoSe2 and β12/WSe2 (Figures S5, S7 and Table S1 of SI) result in the formation 

of p-type ohmic contact at the interface.  

TABLE 3. The Calculated SBHs for electrons (,-) and holes (,.) for unstrained, expansion strained (uniaxial and biaxial), 

vertical pressure applied and compression strained (uniaxial and biaxial) β12/MX 2 heterostructures. 

Types of Strains 

System 

β12/MoS2 β12/MoSe2 β12/WS2 β12/WSe2 
SBHs (eV) SBHs (eV) SBHs (eV) SBHs (eV) ,- ,. ,- ,. ,- ,. ,- ,. 

Unstrained 1.04 

(1.09)* 

0.64 

(0.63)* 

0.96 

(1.11)* 

0.32 

(0.22)* 

1.25 

(1.35)* 

0.53 

(0.46)* 

1.15 

(1.14)* 

0.20 

(0.23)* 

Expansion (%) 

+a 
0.02 0.52 0.81 0.3 0.29 0.33 1.0 0.22 

@20.0 @14.5 @20.0 @15.0 

+b 0.58 0.65 1.19 0.07 0.58 0.64 1.34 0.17 
@12.5 @10.5 @14.0 @10.5 

+a+b 
0 0.44 0.52 0.39 0.26 0.24 0.83 0.24 

@10.5 @10.5 @10.5 @8.5 

Vertical Pressure 

(GPa) 

0.79 1.09 0.79 0.67 0.93 1.02 1.13 0.45 
@5.46 @5.00 @5.25 @5.13 

Compression     

(%)  

-a 
0.55 0 0.81 0 0.71 0 1.04 0 

@8.8 @2.5 @9.0 @2.5 

-b 0.71 0 0.80 0 0.81 0 0.89 0 
@9.0 @3.0 @9.6 @4.0 

-a-b 0 0.29 0.18 0 0 0.53 0.89 0 
@10.0 @5.8 @10.0 @5.8 

Where * denotes the reported data [50]. 

In a bid to visualize the charge redistribution at the interface which is accountable for the 

transitions of SBHs, the charge density difference profiles (Figure 6) provide the quantitative 

picture under the different compression (uniaxial and biaxial) strains. On applying the uniaxial 

and biaxial compressive strains to the β12/MX2 heterostructures ((Figure 6) and (Figures S5-S7 of 

SI)), electrons transfer from MX2 to β12 pulling down the Fermi level close to the VBM as shown 

in the band structures, except the case where the biaxial compressive strains induced for 
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β12/MoS2 (Figure 6) and β12/WS2 (Figure S6 of SI) heterostructures result in transfer of electrons 

from β12 to MoS2 and WS2 lifting up the Fermi level closer to the CBM. 

3.4.  Tunneling Characteristics 

By and large, the flow of electrical current across the MS interface is non-linear against 

the applied bias voltage. To see the impact of external uniaxial and biaxial strains applied on the 

β12/MX2 heterostructures their tunneling characteristics have been evaluated. In an effort to 

quantify the change in the electronic properties such as transformation of Schottky contacts into 

ohmic contacts the	� − � characteristics of the heterostructures have been studied using an STM 

like setup [51]. As per the BTH formalism of electron tunneling, the tunneling current (I) in this 

model setup [41-43] is given as follows:  

� = 401ℏ 3 �4 56 + 1�2 8�9 56 − 1�2 8
:
�: 1��;5�<=ℏ�>'?@A�B)8

C�

DEF
EGHI 56 − 1�2 8J K1 − HI 56 + 1�2 8JL −
HI 56 + 1�2 8J K1 − HI 56 − 1�2 8JL MEN

EO
 

(3) 

where, �9 and  �4 denote the projected density of states (PDOS) of the Au13 cluster (tip) and 

heterostructures (sample), respectively, � symbolizes the distance between the sample and tip, 6 
represents the injection energy corresponding to the tunneling electrons and I stands for function 

associated with the Fermi distribution. The average work function  'PQR) for both the tip as well 

as sample and effective electron mass (S) are assumed to be constant corresponding to the 

applied bias	±	1�. The tip is considered to be separated from the sample by a vacuum barrier 

5Å, mimicking a non-bonded tip configuration for the STM measurements [52-54].   

Figure 7 (a-b) aims to qualitatively describe the transitions from Schottky contacts to 

ohmic contacts.  To gain an insight into the tunneling characteristics, comparison between the 
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PDOS of MoS2 in heterostructures and tip (Au13 cluster) has been taken into account as shown in 

Figure 7(a). In this approach, the tunneling current is given by the convolution of the local 

density of states of the sample and tip. It is seen from Figure 7 (a) that electrons of the tip or 

sample do not find the open channels to tunnel; consequently there is no current in the strained 

β12/MoS2 heterostructrues at zero bias. In compression	'−!  ) strain, as bias voltage 0.1�  is 

applied, the electrons associated with 0.11� (energies) above the Fermi level get the accessible 

tunnelling channels through the sample, produce tunneling current in small amount. Similarly, on 

applying compression'−! − " ) strain, the electrons find the conduction channels with the 

increase in bias voltage giving rise to large tunneling current as compared to the current obtained 

in compression strain	'−!). At voltage	+1.0�, there is decrease in tunneling current because the 

number of accessible electrons is constant. When bias voltage is +0.5� in case of compression 

strain (−" ), there is less number of conduction channels to tunnel electrons in considered 

systems resulting in decrease in current. This analysis suggests that the compression strains 

induced electronic states in the vicinity of Fermi level and these states enable the obtainable 

conduction channels. As a result the magnitude of tunneling current is increasing. 

 It has been observed that at very low bias voltage	±0.1�, all the studied heterostructures 

under the uniaxial and biaxial compression strain have shown the linear behavior (ohmic 

behavior) in � − �  characteristics as compared to pristine heterostructures which show no 

tunneling current in the energy region of SBHs. Negative differential resistance (NDR) has also 

been observed in Figure 7(b) and Figure S8 (a-c) of SI which may be due to less no. of 

conduction channels for tunneling electrons in the � − � characteristics for positive and negative 

biases in the compressively strained heterostructures. 
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4. Conclusions 

In summary, on the basis of DFT, we have investigated the strain induced variations in 

electronic properties and their effect on tunneling characteristics of the β12/MX 2 (M = Mo, W 

and X = S, Se) vdW heterostructures. It is found that there is no change in the intrinsic electronic 

nature of both β12 and MX2 upon their contact with each other and the p-type Schottky barriers 

are formed in pristine β12/MX2 heterostructures. The in-plane expansion strains such as uniaxial 

strains cause the transformation of Schottky contacts from p-type to n-type and biaxial strain 

achieves the formation of n-type ohmic contact at β12/MoS2 interface. Whereas both the strains 

(uniaxial and biaxial) applied for β12/WS2 heterostructure show the transformations from p-type 

Schottky contact to n-type. While, for β12/MoSe2 and β12/WSe2 there are changes in SBHs but 

still the contacts are p-type Schottky contacts. Likewise, the electronic properties at the ideal 

pressure obtained for the MS interface suggest that there is change in SBHs as well as Schottky 

contact from p-type to n-type for β12/MoS2 and β12/WS2 but for β12/MoSe2 and β12/WSe2 change 

in SBHs has been seen and Schottky contacts are still remain p-type. Further, the in-plane 

compressive strains (uniaxial and biaxial) at typical values accomplish the transformations from 

p-type Schottky contact to p-type ohmic in β12/MX2 heterostructures except the cases, where n-

type ohmic contacts are obtained on applying biaxial compressive strain for β12/MoS2 and 

β12/WS2. In selecting a strategy such as the ohmic contacts for some applications, the current 

carrying ability of the interface is the only quality factor. Therefore, it is found in the tunneling 

characteristics that at low bias	±0.1�, the compression strain leads to an ohmic behavior at 

interface owing to availability of strain-induced conduction channels in the systems. NDR has 

also been observed which may be due to less no. of conduction channels for tunneling electrons 

in the � − �  characteristics for positive and negative biases in the compressively strained 
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heterostructures. Our study suggests that the tunability in Schottky barriers with strains can lead 

to novel β12/MX 2 based nano- and optoelectronic devices. 
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Figure 1. Ball and stick model with respective top and side views of pristine β12, MX2 and their heterostructures β12/MX2. 

 

Figure 2.  The strain-stress curves for the in-plane expansion strains (uniaxial and biaxial) applied to (a) β12/MoS2, (b) 

β12/MoSe2, (c) β12/WS2 and (d) β12/WSe2 heterostructures respectively. Black, red and blue dotted lines denote the tensile strain 

limits for��, �� and �� � � respectively. 



 

Figure 3. OPBS for pristine (a) β12/MoS2, (b) β12/MoSe2, (c) β12/WS2 and (d) β12/WSe2, heterostructures, respectively. Black 

lines are for β12, whereas width of the bands shows the weight factor where red and green lines denote the contribution from Mo-

� (W-�) and S-� (Se-�) orbitals of atoms. The dashed line at 0 eV represents the Fermi level and yellow arrow indicates the 

transition from VBM to CBM. (e) Represents the brillouin zone of the heterostructures with high symmetry path (f) A schematic 

of the β12/MX2 interface Schottky contact. The n-type (∅�) and p-type (∅�) SBHs are indicated by the difference between the 

CBM and VBM of MX2 and the Fermi level, respectively.  Charge density difference profiles (g-j) for heterostructures in 

accordance to (a-d) have been shown. Isosurface value is set at 2.4x10-4 e/Å3 where yellow region shows charge accumulation 

while blue region is for charge depletion. 

 

 

 

 

 



 

 

 

Figure 4. OPBS for tensile strains, uniaxial (�� and��) and biaxial (�� � �) applied to β12/MoS2 heterostructure. Black lines 

are for β12, whereas width of the bands shows the weight factor where red and green lines denote the contribution from Mo-� and 

S-� orbitals of atoms. The Fermi level is at 0 eV, represented by dashed line and yellow arrow indicates the transition. Charge 

density difference profiles for heterostructure at different values of strains have been shown below the band structures.  Isosurface 

value is set at 2.4x10-4 e/Å3 where yellow region shows charge accumulation while blue region is for charge depletion. 

 

 

 

 

 

 

 

 

 

 



 

Figure 5. Variation in the energy magnitudes of CBM and VBM with pressure applied on (a) β12/MoS2, (b) β12/MoSe2, (c) 

β12/WS2 and (d) β12/WSe2 heterostructures respectively.  

 

 

Figure 6. OPBS for in-plane compression uniaxial (	�	and	�) and biaxial (	� 	 �) strains applied to β12/MoS2 heterostructure. 

Black lines are for β12, whereas width of the bands shows the weight factor where red and green lines denote the contribution 

from Mo-� and S-� orbitals of atoms. Yellow arrows and dashed line indicate the transitions from VBM to CBM and Fermi level 

(at 0 eV), respectively.  The associated charge density difference profiles for heterostructures at different strain values have been 

shown below the band structures.  Isosurface value is set at 2.4x10-4 e/Å3 where yellow region shows charge accumulation while 

blue region is for charge depletion. 

 

 



 

Figure 7. (a) Depiction of the density of states (DOS) of β12/MoS2 sample (in positive y-axis) of with compression strains;	�, 

	� and 	� 	 �  and Au13 tip (in negative y- axis), at different applied bias voltage where black and red shaded regions represent 

the occupied states of sample and tip respectively. (b) The � 	 � characteristics of pristine and the compressive strains (uniaxial 

and biaxial) induced β12/MoS2 heterostructure. 

 



Highlights 

• Application of external strains results in a considerable transformation of Schottky 

barriers from p-type to n-type and to ohmic contacts. 

• The applied compressive strains lead to ohmic behavior at low bias	±0.1	�.  

• � − �characteristics exhibit noticeable Negative differential resistance (NDR) for 

compressively strained heterostructures. 
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