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Structural, electronic and optical properties of two dimensional corrugated silicene/InSe heterostructure have been 
calculated using density functional theory. The effect of layer sliding on the aforementioned physical properties is also 
studied. The maximum value of energy barrier along the sliding pathway is found to be 0.051 eV. To elucidate the electronic 
nature at the interface of the heterostructure, several interfacial properties have been discussed. Our employed strategy 
advocates that through layer sliding physical properties of a material can be tuned in a controlled manner. 
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1. Introduction 
 
Efforts on the integration of two dimensional (2D) 

materials by creating van der Waals heterostructures 

(vdWHs) having exceptional properties is being 

emphasized by the research groups for the past few years 

[1-4]. Graphene [5] that has brought revolution in various 

scientific fields combines numerous exceptional properties 

such as high surface to mass ratio [6], excellent thermal 

[7] and electrical conductivity [5], and tremendous optical 

transparency [8]. However, zero band gap of graphene 

makes it unsuitable to be used as field effect transistors 

(FETs) in electronic industry [9]. To create some band gap 

in graphene, various ways were employed such as 

adsorption of hydrogen [10], reduction of size effect [11], 

functionalization [12], formation of heterostructures [2] 

etc. Researchers have devised ways to rectify intrinsic 

drawbacks and come out with novel 2D materials having 

versatile properties. 2D analogues of graphene such as 

hexagonal boron nitride (hBN), transition metal 

dichalcogenides (TMDCs, e.g., MoS2), post-transition 

metal chalcogenide (e.g., InSe), phosphorene, silicene etc. 

have shown striking physical properties for efficient 

devices. The race is on the way to explore heterostructures 

based on newly discovered 2D materials with exceptional 

properties and methods to tune properties in a controlled 

manner. 

Nowadays, formation of van der Waals 

heterostructures (vdWHs) is under great consideration and 

has become a creditable technique to tune the properties of 

the 2D materials. In vdWHs, participating monolayers are 

positioned one over another and interact each other 

through van der Waals (vdW) forces harvesting some new 

physics at the interface. Heterostructure formation can 

induce extraordinary changes to the regular properties of 

the individual layers. For instance, hBN substrate 

enhances the electronic quality of graphene as compared 

with the pristine graphene [13]. Germanene/antimonene 

bilayer is found to have tunable electronic and optical 

properties with excellent visible light response, showing 

prospects for optoelectronic devices [14]. 

In this work, corrugated silicene and indium selenide 

(InSe) layers are selected to model silicene/InSe vdWHs. 

Recently prepared, group III-VI based 2D material InSe 

has depicted fascinating semiconducting properties such as 

direct band gap, high carrier mobility and charge density 

and odd p-type electronic behavior as compared with other 

2D materials such as graphene, phosphorene and TMDCs 

[15]. Moreover, A few layers InSe based FETs has high 

on/off ratio up to 108  and excellent electron carrier 

mobility [16]. Its wide band gap ranging from infrared to 

visible makes InSe a good photoresponsive material to be 

used as photodetectors [17]. Aforementioned excellent 

features of InSe endorse it to be a promising candidate for 

next generation high speed optoelectronics devices. 

To discover novel set of properties, various 

heterostructures of InSe with other 2D materials have 

likewise been explored. For example, InSe/graphene 

vdWHs based photodetectors has four times more 

photoresponsivity than a single layer of InSe. Recently, it 
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is found that InSe/graphene vdWHs has a small band gap 

(5 meV) which makes it suitable for using in electronics 

and optoelectronics devices [18]. InSe/black phosphorus 

vdWHs has improved carrier mobility [19], better optical 

absorption, and efficient partitioning of photogenerated 

electron hole at the interface [20]. InSe/Arsenene vdWHs 

has high carrier mobility and direct band gap (0.876 eV) 

which can be further tuned by external electric field and 

strain [21]. The electronic properties of germanene/InSe 

vdWHs has been changed from indirect to direct band gap 

and from semiconductor to metallic state upon strain. 

Arsene/InSe vdWHs has a direct band gap (563.7 meV) 

that can be utilized in various nanoelectronic fields [22]. In 

case of C2N/InSe vdWHs, application of vertical strain 

along with electric field has revealed the switching of  

band structure from indirect to direct band gap [23]. 
Silicene is the other participating monolayer in our 

vdWHs having a zero band gap [24] and high Fermi 
velocity (106 ms-1) [25]. As compared to graphene that 
contains sp2 hybridized carbon atoms, silicene has sp3 
hybridized silicon atoms with buckled hexagonal structure. 
Recently, various metallic substrates have been tried to 
synthesize silicene experimentally [26]. However, the 
strong interaction between silicene and substrates results 
in the mixing of electronic states causing semimetal to 
metal transition. This problem needs to be overcome in 
order to use silicene in electronic devices that require an 
opened band gap at the Dirac point along with higher 
charge mobility. Various tailoring techniques such as 
fluorination [27], hydrogenation [28] and  application of 
electric field [29] have been tried to successfully open the 
band gap at Fermi level. Silicene has been set over various 
semiconducting honeycomb substrates to open its band 
gap [30, 31]. For example, recently, Sattar et al [32], 
Zhang et. al. [33] and Le et.al. [24] opened the band gap 
of 0.023 eV, 0.997 eV and 0.0197 eV at the Dirac point of 
silicene when silicene is in combination with hBN, 
gallium phosphide (GaP) and gallium selenide (GaSe), 
respectively. This opening of band gap induces 
semiconducting character in silicene, making it suitable 
material for optoelectronics and strain sensors. 

 
 
2. Computational method 
 
Density functional theory (DFT) supported Quantum 

ESPRESSO (QE) code [34], which employs 
pseudopotentials and plane wave basis sets, is used to 
execute all calculations provided in the manuscript. The 
exchange and correlation energy is calculated  using the 
Perdew and Wang type functional [35]. Norm-conserving 

type pseudopotentials [36] Si.pw-mt_fhi.UPF, In.pw-
mt_fhi.UPF and Se.pw-mt_fhi.UPF produced by Martins-
Troullier method [37], are used for computing atomic 
potentials of participating atoms i.e., Si, In and Se, 
respectively. Cut-off energies of 80 Ry and 320 Ry are 
selected, more than sufficient to describe the plane wave 
basis set for wave function and charge density, 
respectively. Brillouin zone integration with 7×7×1 K 
points is performed and a larger vacuum spacing (>10Å) is 
set in the supercell to avoid any possible electronic 
interactions resulted from repeated copies of the supercell 
in periodic codes such as QE. The nudged elastic band 
(NEB) method [38, 39] as implemented in the QE code is 
utilized to find out the minimum energy pathway with 
transition energies. 

 
3. Results and discussion 
 
3.1. Structural properties 
 
First of all, in order to model a 2D heterostructure that 

can fulfill the needs for cutting-edge devices such as 
withstanding external effect [40], ease of device 
fabrication [41] etc., we cleverly selected layer of InSe and 
silicene to form silicene/InSe heterostructure. Selection of 
silicene and InSe as participating monolayers is 
advantageous because of the smaller difference of lattice 
constants (a) between silicene (3.862 Å) and InSe (3.860 
Å), which give rise to a negligible (0.07%) lattice 
mismatch. Recently reported lattice mismatch for 
silicene/InSe heterostructure is 0.5% [31], which is in 
close agreement with our calculated value. The better in 
plane lattice constant compatibility of silicene makes it 
suitable stacking candidate for InSe substrate. 

Silicene/InSe heterostructure can be formed by 
placing silicene over InSe layer in number of possible 
ways as shown in Fig. 1. For convenience, from here on, 
silicon (Si) atoms found in the upper and lower plane of 
silicene’s buckled structure will be referred as up-Si and 
down-Si atoms, respectively. Buckling parameter, which is 
the distance between upper plane Si atoms and lower plane 
Si atoms is calculated to be 0.42 Å. Whereas, thickness of 
InSe layer (d) is calculated as the distance between top and 
bottom most selenium (Se) atoms that form corrugation at 
both sides of InSe. The interlayer distance, which is the 
distance between the lower plane Si-atoms of buckled 
silicene and top most Se atoms of InSe, is found to be 2.92 
Å. Calculated lattice constant (a) of participating 
monolayers, buckling parameter of silicene (Δz), thickness 
of InSe and the vdW gap in the heterostructure are given 
in the Table 1. 

 

Table 1. Calculated lattice constant (a), buckling parameter for silicene (Δz), thickness of InSe (d) and vdW gap of  

the most stable heterostructure 

 

2D Materials a (Å) Δz (Å) d (Å) vdW gap (Å) 

Silicene 3.862 3.868 [31] 0.423 --- --- --- --- 

InSe 3.860 3.95 [31] --- --- 5.70 --- --- 

Silicene/InSe 

heterostructure 

3.877 3.886 [31] 0.439 0.465 

[31] 

5.33 2.923 2.933 

[31] 
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3.2 Stability and layer sliding 

 

To find the most stable layout of silicene over InSe 

monolayer, different stacking patterns of silicene over 

InSe have been identified. Subfigures showing side [(a), 

(c), (e), and (g)] and top [(b), (d), (f), and (h)] views of the 

optimized geometries of possible stacking patterns are part 

of figure 1. The most stable stacking pattern is obtained 

[figure 1(c)/(d)] by comparing total energies of the 

possible configurations. The configuration 1(a)/(b) differs 

only slightly in energy by 0.04 eV whereas the other 

configurations 1(e)/(f) and 1(g)/(h) have significantly 

higher energy by 0.26 eV and 0.31 eV, respectively, than 

the energy calculated for the most stable configuration 

1(c)/(d). In case of the most optimum configuration 

(1(c)/(d)), up-Si atoms are positioned directly above the 

indium atoms whereas configuration shown in 1(a)/(b) has 

down-Si atoms on indium atoms. For least stable 

configurations given in subfigures 1(e)/(f) and 1(g)/(h) has 

down-Si and up-Si atoms on selenium atoms, respectively. 

For the most stable stacking pattern [Fig. 1(c)/(d)], silicene 

is slided over InSe layer. Sliding path is equal to the bond 

length (L= 2.27 Å) between the silicon atoms in 

silicene/InSe heterostructure. The sliding of silicene is 

carried out in ten equal parts (one part = L/10), and the 

total energy of the heterostructure is collected after each 

portion of sliding and is compared with the total energy of 

the most stable heterostructure. Relative total energy is 

plotted against percentage sliding pathway and is 

presented as subfigure 1(i). Representative side/top view 

of configurations of heterostructures appearing at the start 

[subfigure 1 (c)/(d)], middle [subfigure 1(j)/(k)] and end 

[subfigure 1(l)/(m)] of the sliding pathway are shown in 

Fig. 1. Direction of sliding is indicated by red arrows as 

shown in the subfigures 1(k) and 1(m) of Fig. 1. 

 

 
 

Fig. 1. Side [subfigures (a), (c), (e) and (g)] and top [subfigures (b), (d), (f) and (h)] views of heterostructures showing possible 

stacking patterns of buckled silicene over InSe monolayer. The most stable configuration is shown as subfigure (c)/(d).  The 

change in total energy due to sliding of silicene over InSe layer is provided in panel (i). The subfigures (j)/(k) and (l)/(m) 

represent the side/top view of the heterostructure on covering half and full length of the sliding pathway, respectively. Direction 

of sliding is indicated by arrows in red colour (color online) 

 

During the course of sliding, calculated change in van 

der Waals (vdW) gap between the contributing layers of 

the heterostructure is shown in the Fig. 2. VdW gap 

increases as silicene slides over InSe. VdW gap follow a 

similar trend to that of change in total energy along the 

sliding pathway. For understudy system, the decrease in 
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vdW forces results in the increase of total energy of the 

system. 

 

 
 

Fig. 2. Variation of van der Waals gap as due to sliding of 

silicene over InSe layer 

 

Potential energy scans along the sliding pathway are 

also investigated, and the energy barrier (Eb) between two 

consecutive divisions of the pathway is calculated using 

nudged elastic band (NEB) method. Values of Eb obtained 

along the sliding pathway are presented in Fig. 3. Each 

value of Eb corresponds to two consecutive divisions of 

the sliding pathway from 0% to 10%, 10% to 20%, 20% to 

30%, 30% to 40%, 40% to 50%, 50% to 60%, 60% to 

70%, 70% to 80%, 80% to 90% and 90% to 100%. 

Uppercased letter A, B, C, D, E, F, G, H, I and J are 

marked for aforementioned path intervals, respectively. 

The plot demonstrates that Eb values first increase to the 

maximum value of 50.77 meV (when sliding from 30% to 

40%) and then gradually decrease on further completion of 

the sliding.  

 

 
 

Fig. 3. Calculated sliding energy barrier for silicene/InSe 

heterostructure. Energy barrier values are calculated for 

consecutive divisions of the sliding pathway from 0% to 

10%, 10% to 20%, 20% to 30%, 30% to 40%, 40% to 

50%, 50% to 60%, 60% to 70%, 70% to 80%, 80% to 

90% and 90% to 100%, which are marked by uppercase 

letters A, B, C, D, E, F, G, H, I and J, respectively 

 

3.3. The dielectric functions 
 

Optical properties relating to silicene/InSe 

heterostructure are also investigated with the help of 

complex dielectric function, ε(𝜔) = ε1(𝜔) + iε2(𝜔). 

Imaginary part (ε2(𝜔)) of the complex dielectric function 

that can be related to polarization losses of the material in 

alternating fields and can be calculated as follow [42], 

 

 

𝜀2(𝜔) =
4𝜋2𝑒2

Ω
1/q2q→0

lim⁡ ∑2𝓌kδ(∈ck−∈vk−𝓌) ⨯ ⟨uck
c,ν,k

+ eαq⎸uνk〉⟨uck

+ e𝛽q⎸uνk〉
∗⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

(1)

While, the real part (ε1(𝜔)) of dielectric function can 

be obtained by using the Kramers-Kroing relation, 

 

𝜀1(𝜔) = 1 +
2

𝜋
𝑃∫

𝜀2
𝛼𝛽(𝓌′)𝓌′

𝓌′2 −𝓌2 + 𝑖𝜂

∞

0

𝑑𝜔′⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2)

The calculated in-plane and out-of-plane dielectric 

function of different silicene/InSe vdWHs is shown in the 

Fig. 4. The plots relating to unslided heterostructure 

[subfigures (a)] and on coverage of half [subfigures (b)] 

and full length [subfigures (c)] of the sliding pathway 

show an identical trend with small differences. Before, 

midway and after complete sliding of silicene, there are 

multiple response peaks under 4.5 eV with one significant 

peak around 0.5 eV. The in-plane dielectric function after 

reaching maximum value around 0.5 eV in all subfigures 

varies throughout with small magnitude. It is clear from 

the calculations that there exists a major difference 

between the dielectric functions along the planar and 

vertical direction. 
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Fig. 4. Calculated in-plane (εx and εy) and out-of-plane (εz) dielectric function for silicene/InSe heterostructure (color online) 

 

3.4. Interfacial electronic properties 

 

The calculated values for interfacial electronic 

properties such as the planar average charge density 

difference (Δρ), dipole charge transfer (ΔQ) and interface 

dipole moment (Δµ) of 2D silicene/InSe heterostructure 

are investigated and are part of Figs. 5, 6 and 7, 

respectively. All aforementioned calculated values as a 

function of the vertical length of the supercell are given for 

unslided heterostructure [subfigures 5(a), 6(a) and 7(a)] 

and on coverage of half [subfigures 5(b), 6(b) and 7(b)] 

and full length [subfigures 5(c), 6(c) and 7(c)] of the 

sliding pathway. Vertical red and blue dashed lines in all 

the subfigures of Figs. 5, 6 and 7 represent the position of 

InSe and silicene monolayers, respectively. 

Among the first interfacial electronic property, the 

planar average charge density difference (Δρ), can be 

calculated as 

 

∆𝜌(𝑧) = ⁡𝜌(𝑧)silicene
InSe

⁡𝜌(𝑧)silicene − (𝑧)𝐼𝑛𝑆𝑒⁡⁡⁡⁡⁡⁡⁡⁡⁡(3) 

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡  

 

where ρ(z)silicene/InSe, ρ(z)silicone and ρ(z)InSe are the planar 

average charge densities relating to silicene/InSe 

heterostructure, silicene and InSe monolayer, respectively. 

The planar surface (x-y plane) of the supercell is 

integrated to obtain the value of the aforesaid densities. 

The average charge density difference (Δρ) is available 

along z-axis, and its negative and positive values are 

related to the depletion and accumulation of electron 

density in the heterostructure. 

 

𝜌(𝑧) = ∫𝜌(𝑥, 𝑦, 𝑧) 𝑑𝑥𝑑𝑦⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4) 

 

Before sliding, it can be seen from subfigure 5(a) that 

ρ(z) slightly decreases near InSe and then increases while 

near silicene layer it decreases sharply. For 50% [figure 6 

(b)] and 100% [figure 6 (c)] coverage of sliding pathway 

by silicene, charge density fluctuates between the two 

layers with larger value at the center of two layers

 
 

Fig. 5. Calculated planar average charge density (Δρ) for initial, halfway and final stage of the layer sliding as shown  

in subfigure (a), (b) and (c), respectively. Δρ is calculated as a function of vertical distance along z-axis of the supercell (color 

online) 

 

Furthermore, ρ(z) can be utilize to calculate the ΔQ 

and µ by following equations; 

 

∆𝑄(𝑧) = ∫∆𝜌(𝑧)𝑑𝑧⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(5) 
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𝜇(𝑧) = ∫𝑧∆𝜌(𝑧)𝑑𝑧⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ (6) 

 

As defined by equation 4, ΔQ describe the direction of 

charge transfer between participating layers. The negative 

values of ΔQ are related to the charge transfer from InSe 

to silicene. The positive values of ΔQ near silicene 

subfigure 6(a), indicate the charge transfer from silicene to 

InSe. At midway sliding pathway [Fig. 6(b)], there is a 

small increase in the positive values near silicene while on 

completion of sliding pathway [Fig. 6(c)], transference of 

the charge takes place from InSe to silicene. 

  

 
Fig. 6. Calculated charge transference (ΔQ) for initial, halfway and final stage of the layer sliding as shown in subfigure (a), (b) and 

(c), respectively (color online) 

 

Another interfacial electronic property µ(z) is 

obtained with the help of integration along the vertical 

length (z-axis) of the supercell as defined by equation 5. 

Hump of positive values of µ(z) in all the subfigures of 

Fig. 7 keep on decreasing near silicene layer. Also, it can 

be noted from Fig. 6 and Fig. 7, both ΔQ and µ(z) follow 

similar and the difference lies in magnitude of 

aforementioned quantities. 

 

 
 

Fig. 7. Calculated interface dipole moment (μ) for initial, halfway and final stage of the layer sliding as shown in subfigure (a),  

(b) and (c), respectively (color online)

 
 
4. Conclusion 
 

First-principles calculations are carried out to 

investigate structural, electronic and optical properties of 

two dimensional silicene/InSe van der Waals 

heterostructures (vdWHs). In order to vary aforementioned 

physical properties, one layer of the vdWHs is slided over 

another and total energy is also collected after each portion 

of the sliding pathway. Potential energy scans along the 

course of sliding pathway reveal that the maximum energy 

barrier is found to be 0.051 eV for sliding of silicene over 

InSe layer. Furthermore, interfacial planar average charge 

density difference, charge transfer and dipole moment for 

silicene/InSe heterostructure are calculated. Along the 

sliding pathway, the maximum and minimum value of 

average charge density difference are found near InSe and 

silicene layer, respectively. The employed method opens 

the possibility of obtaining custom-tailored properties in 

layer materials.   
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