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A B S T R A C T   

Density functional theory (DFT) calculations have been used to investigate physical–chemical sensing of various 
proposed interfaces as SnSe@Graphene, SnSe2@Graphene, Graphene@SnSe@Graphene, and Graphe
ne@SnSe2@Graphene, where dispersion corrections have been included to taken into account the vdW in
teractions between the layers. Initially, we predicted the electronic structures, mobility and carrier 
concentrations (cc) of SnSe and SnSe2 structures. Using different methodology, the outcomes have confirmed the 
semiconductor properties of SnSe and SnSe2 with indirect bandgap of 1.20 eV and 0.94 eV calculated by 
Generalized Gradient Approximation (GGA) and MetaGGA (MGGA) adopted with Perdew-Burke-Ernzerhof (PBE) 
functional, while hybrid Heyd-Scuseria-Ernzerhof (HSE) hybrid functional overestimated the experimental ob
servations for both materials. Room temperature high mobility and cc have predicted by 126 × 103 cm2V− 1 s− 1 

with cc of 1.3 × 1013 cm3 for a two layers SnSe and 69 × 103 cm2V− 1 s− 1 with cc of 4.2 × 1018 cm3 for three 
layers SnSe2. Optical absorption spectrum revealed that the presence of two peaks at 60 THz and 48 THz with the 
intensity of 89879 cm− 1 and 34504 cm− 1 for interfaces including two layers of graphene. More interestingly, 
dielectric constant calculations showed that the transfer of carriers between graphene layers and SnSe in Gra
phene@SnSe@Graphene interface with absorption peak shifted to 24 THz along the in-plane direction and 
negative dielectric constants in the range of 24–169 THz, showing the effect of light-trapping through plasmonic.   

Introduction 

Two-dimensional (2D) materials can vary in terms of their physical 
properties and, hence, are often attractive in combinations for techno
logical applications [1–5]. Among this class of materials, metal chalco
genides such as SnSe and SnSe2 have prominent electrical, optical and 
electronic properties which make them potential candidates for appli
cations in photovoltaic [6], photo-converter devices [7], memory de
vices [8], materials for solar cells [9], radiation detectors [10], 
optoelectronics [11], thermoelectric and cheap raw materials [12], and 
batteries and supercapacitors [13]. However, one promising research is 
the development of graphene heterostructures or composites with 
polymer, organic/inorganic conductors and semiconductors, which 
have shown remarkable improvements in physical performance [14]. 

Recent efforts have concentrated on taking advantage of the indi
vidual properties of different 2D materials by fabricating 

heterostructures, which are vertical stacks of 2D layers of dissimilar 
materials held together by weak van der Waals (vdW) forces [15]. In 
fact, vertically stacked 2D multilayer structures have become a prom
ising prototype for functionalized nanodevices due to their wide range of 
tuneable properties. Such heterostructures were successful remarkably 
leading to opening of a bandgap in graphene by inserting on hex
agonal boron nitride (h-BN) without changing its electronic mobility 
[16], and also the high-performance large-scale devices and circuits 
based on Graphene/MoS2 heterostructure showed that tunability of the 
graphene work function with electrostatic doping significantly 
improved the ohmic contact to MoS2 [17]. More interestingly, the 
bandstructures of Graphene/MoS2 has been twisted by different rotation 
angles indicated very different from each other, while in the cases of 
MoS2/MoS2 are very similar. The variation of band structure with 
rotation angle in graphene/MoS2 is, indeed, originated by the 
misorientation-induced lattice strain and the sensitive band-strain 

* Corresponding author. 
E-mail addresses: e.mohebbi@staff.univpm.it (E. Mohebbi), e.pavoni@staff.univpm.it (E. Pavoni), p.stipa@staff.univpm.it (P. Stipa), e.laudadio@staff.univpm.it 

(E. Laudadio).  

Contents lists available at ScienceDirect 

Results in Physics 

journal homepage: www.elsevier.com/locate/rinp 

https://doi.org/10.1016/j.rinp.2024.107415 
Received 21 November 2023; Received in revised form 26 January 2024; Accepted 28 January 2024   

mailto:e.mohebbi@staff.univpm.it
mailto:e.pavoni@staff.univpm.it
mailto:p.stipa@staff.univpm.it
mailto:e.laudadio@staff.univpm.it
www.sciencedirect.com/science/journal/22113797
https://www.elsevier.com/locate/rinp
https://doi.org/10.1016/j.rinp.2024.107415
https://doi.org/10.1016/j.rinp.2024.107415
https://doi.org/10.1016/j.rinp.2024.107415
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rinp.2024.107415&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Results in Physics 57 (2024) 107415

2

dependence to MoS2 [18]. Moreover, the optical properties of graphene/ 
WS2 films have been enhanced compared to that of WS2 and graphene, 
however with no evident dependency on thickness. On the other hand, 
the imaginary part of the optical susceptibility of graphene/WS2 are 
approximately four times larger than that for WS2 and two times larger 
than that for graphene [19]. In a recent study by Alsama et al. [20] 
dilatometer measurements indicated that in SnSe/Graphene Nano
platelets (GNPs) sample the electrical performance was more stable than 
the pristine SnSe after consecutive thermal cycles. The obtained out
comes showed that homogeneously distributed graphene plays a sig
nificant role in improving the thermal stability of the SnSe-based 
nanocomposite. 

In this study, we investigated the use of interlayer orientation be
tween two different 2D materials as a tuning parameter for the elec
tronic and optical properties of the free-standing layers and multilayers 
heterostructure. We presented different outcomes from vdW-corrected 
density functional theory (DFT) calculations on the effect of interlayer 
orientation on the electronic structure of the SnSe and SnSe2 with gra
phene monolayers. We found that the relative orientation of graphene 
on below or/and upper part of SnSe and SnSe2 monolayers strongly 
influences the value and type of the electronic structure of both mate
rials, while having little effect on both the interlayer spacing. These 
results are relevant for heterostructures as potential devices in which 
exciton could be created in semiconductors SnSe and SnSe2 sheets and 
graphene monolayers, and furthermore complete our previous related 
work in which the phonon scattering of acoustic and optical frequencies 
as well as charge contributions of each element in the lattices of SnSe 
and SnSe2 monolayers have been investigated [21]. 

The main goal in this research is to develop nanostructures which 
can efficiently amplify THz waves based on surface plasmons in 2D 
materials which in their pristine structures they didn’t show any THz 
adsorption. The fundamental attributes that underline this approach 
resides in the interaction between THz radiation and surface plasmons 
which provides amplification through an exchange of energy and elec
trons only by the properties of the gain medium. To this end, using 
numerical modelling and accurate simulations of the physics involved in 
THz amplification, we evaluated the critical properties such as elec
tronic band gap, electron mobility, carrier concentration (cc), optical 
adsorption, and dielectric constants in the pristine monolayers and 
heterostructures. It is worthy to notice that the implementation of novel 
2D materials for plasmonic amplification of THz sources will be needed 
as a gateway to develop this critical technology of THz frequency in the 
future. 

Computational methods 

The DFT calculations were performed using the Quantum ATK 
(QATK) [22] code. QATK software has implemented to characterize the 
properties of different materials and devices [23–25]. The Kohn–Sham 
(KS) formulation [26,27] has been resolved within the framework of the 
linear combinations of atomic orbitals (LCAO) basis set [28]. Norm- 
conserving (NC) PseudoDojo (PDj) pseudopotential (PPs) has adopted 
[29] to describe the valence orbitals approximating the core electrons. 
We performed complete optimization of the cell volume, shape, and 
atomic positions on the free-standing and heterostructures systems with 
the PBE [30] semi-local exchange–correlation (xc) functional. Numeri
cal experiments have been carried out with inclusion of the dispersion 
corrections and by means of the Grimme method (DFT-D2) [31]. The 
band gap properties have been predicted by using the Generalized 
Gradient Approximation (GGA) [32], Meta-Generalized Gradient 
Approximation MetaGGA (MGGA) [33] and Heyd–Scuseria–Ernzerhof 
(HSE) [34] hybrid functionals to validate our computational approach 
by reproducing the structural and electronic properties of SnSe and 
SnSe2 monolayers with the available experimental measurements. For 
atomic relaxations and bandstructure calculations, we used k-points 
mesh 13 × 10 × 1 and 12 × 12 × 1 grids for SnSe and SnSe2, respec
tively. The structural optimization was carried out until the residual 
forces fell below 0.001 eV/Å. The electronic convergence tolerance was 
set to 10-5 eV. For all calculations, a kinetic energy cutoff of 120 Ry was 
chosen for the integration mesh [35,36]. 

After optimization of the SnSe, SnSe2 and graphene monolayers, we 
modelled four heterostructures including of i) SnSe@Graphene, ii) 
SnSe2@Graphene, iii) Graphene@SnSe@Graphene, and iv) Graphe
ne@SnSe2@Graphene on the basis of DFT calculations, while keeping 
the cell parameters under the self-consistent field convergence thresh
olds of 10-4eV and 0.05 eV/Å for the total electronic energy and force, 
respectively. It is worthy to notice that we focus on how to enhance the 
electronic and optical properties of the SnSe and SnSe2 structures for 
application in THz amplifications. 

In QATK software, the response coefficients, the relative dielectric 
constant, ∊r, polarizability, α, and optical conductivity, σ, are related to 
the susceptibility calculated as [37,38], 

∊r(ω) = (1+ χ(ω) ), (1)  

α(ω) = V∊0χ(ω), (2)  

σ(ω) = − iω∊0χ(ω), (3)  

Where χ, V and i refer to susceptibility tensor, volume and i-th 

Fig. 1. Four different interfaces of the SnSe@Graphene, Graphene@SnSe@Graphene, SnSe2@Graphene, and Graphene@SnSe2@Graphene; the grey-dark, gold and 
grey-light sticks are the Sn, Se and carbon atoms respectively. 
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component (labelling electrons) of the momentum. 
The optical absorption coefficient is related to the extinction coeffi

cient through, 

αa = 2
ω
C

K (4)  

While K is the extinction coefficient. 
In terms of the real (∊1) and imaginary parts (∊2) of the dielectric 

constant as following Formula, 

n =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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2
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2

√

(5)  

On the other hand, the mobility (μ) is related to the conductivity (σ) via, 

μ =
σ
ne

(6)  

where n is the carrier density and e is the electronic charge[39]. 

Results and discussion 

Analysis of geometry and binding energy 

While SnSe structure belongs to the orthorhombic lattice system 
(space group Pnma), having a folded lattice like black phosphorus, SnSe2 
possesses the hexagonal crystal system (space group p-3m1) (Fig. 1). The 
atomic bonding in 2D SnSe and SnSe2 is covalent, while the interlayer is 
coupled by the vdW interactions. In this study, we simulated the het
erostructures of SnSe and SnSe2 monolayers on graphene monolayers 
with four simulations of SnSe@Graphene, SnSe2@Graphene as well as 
Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene by 
inserting the graphene monolayers on the below and upper parts of both 
materials, as shown in Fig. 1. After the optimization of all systems, the 
interlayer distance has measured between the graphene monolayers and 
the nearest C-Sn bond in the SnSe@Graphene and Graphene@SnSe@
Graphene and C-Se atoms for SnSe2@Graphene and Graphe
ne@SnSe2@Graphene interfaces. The vertical space between the layers 
by adding the graphene monolayer were 2.16 Å and 1.84 Å for 
SnSe@Graphene and SnSe2@Graphene, while in the cases of Graphe
ne@SnSe@Graphene and Graphene@SnSe2@Graphene hybrid mate
rials the interlayer distances were reduced to 2.11 Å and 1.77 Å, 
respectively. However, the results from the electronic and optical 
properties indicate that interlayer orientation strictly effects the elec
tronic structures of the semiconductors of SnSe and SnSe as well as 
metallic graphene, as we discuss later. 

To assess the system stability, the binding energy (EB) of four 
SnSe@Graphene, SnSe2@Graphene, Graphene@SnSe@Graphene, and 
Graphene@SnSe2@Graphene heterostructures has been calculated as 
Eq. (7), 

EB =
E(Interface) − E(graphene) − E(SnSe/SnSe2)

N
(7)  

where E(Interface) refers to total energy of each interface, E(graphene)
and E(SnSe/SnSe2) are the total energies of the graphene and SnSe or 
SnSe2 monolayers, and N is the numbers of atoms in the supercell. The 
calculated EB has obtained to be − 0.53 eV, − 0.70 eV, − 0.63 eV and 
− 1.09 eV for SnSe@Graphene, Graphene@SnSe@Graphene, SnSe2@
Graphene, and Graphene@SnSe2@Graphene interfaces, respectively. 
Among them, Graphene@SnSe2@Graphene indicated more stable 
interface and as we discuss later, this SnSe heterostructure possesses 
higher electronic band gap value. 

Electronic band gaps of SnSe and SnSe2 monolayers 

Before to consider the electronic properties of four different 

heterostructures as shown in Fig. 1, we calculated the electronic band
structure and band gaps of both materials along with the high symmetry 
k-mesh directions in the first Brillouin zone (BZ). In order to verify our 
results, we computed the direct/indirect band gap properties of the SnSe 
and SnSe2 monolayers using different methodologies as GGA, MGGA 
adopted with PBE xc, and HSE hybrid functional (Table 1). The results 
reveal that SnSe monolayer has a smaller direct/indirect band gap 1.41/ 
1.20 eV by GGA with respect to 1.69/1.48 eV from MGGA, and higher 
values of 1.96/1.78 eV by HSE functional. The size of indirect bandgap 
computed with GGA/PBE is nearest to the published experimental value 
measured in Ref. [40] with the value of 1.3 eV. About the electronic 
properties of SnSe2 nanosheet, the dependence of the electronic bandgap 
of the structure via applying different methodologies showed the equal 
trend with SnSe with lowest direct/indirect band gaps by GGA (1.09/ 
0.75 eV), then MGGA (1.26/0.94 eV) and highest values obtained by 
hybrid HSE functional (1.77/1.44 eV), leading to the semiconducting 
character of both materials. According to the experimental results re
ported by Rajesh et al. [41], Lu et al. [42] and Kumar et al. [43] the 
indirect band gap of SnSe2 has reported to be 0.9 eV, 1.00 eV and 1.02 
eV, respectively, in consistency with our estimated band gap by MGGA. 
These outcomes imply that conventional methodologies like GGA/PBE 
and MGGA/PBE not necessarily underestimate the bandgap of semi
conductors, while HSE hybrid functional method in some cases provide a 
less accurate prediction of the bandgap. The band structure analysis for 
SnSe and SnSe2 monolayers have reported here in Fig. 2 by the most 
accurate GGA and MGGA approaches, respectively. 

Mobility and carrier concentrations 

In Table 2, we illustrated the mobility and carrier concentration (cc) 
at different temperature of 100◦ K, 300◦ K and 500◦ K as well as Fermi 
energy (in eV) of monolayer, two layers, three layers, and four layers of 
SnSe and SnSe2. The mobility of SnSe results higher than SnSe2, more
over, by increasing the temperature from 100◦ K to 500◦ K the mobilities 
for all the material thicknesses were reduced while the cc values were 
increased. In details, the results show that SnSe and SnSe2 monolayers 
can have the mobility of 98 × 103 cm2V− 1 s− 1 and 84 × 103 cm2V− 1 s− 1 

at 100◦ K, whereas the cc at the same temperature indicated very low 
value for SnSe monolayer of 7.0 × 10-8 cm3 and relatively higher value 
of 7.8 × 106 cm3 for SnSe2 monolayer. At 300◦ K and 500◦ K, we ob
tained the mobility decreasing from 43 × 103 cm2V− 1 s− 1 with a cc of 
2.1 × 1010 cm3 to 32 × 103 cm2V− 1 s− 1 at a cc of 1.3 × 1014 cm3. The 
corresponding values for SnSe2 have predicted 31 × 103 cm2V− 1/21 ×
103 cm2V− 1 with cc of 1.8 × 1015 cm3/1.7 × 1017 cm3 at 300◦ K/500◦ K, 
respectively. 

Focusing on SnSe 2D material, the even layers shown higher mo
bilities than odd layers when we increase the thickness (Table 2). For 
instance, very high mobility of 361 × 103 cm2V− 1 s− 1 and 343 × 103 

cm2V− 1 s− 1 can be observed for two layers and four layers thicknesses, 
while corresponding values at three layers material thickness has 
reduced to 316 × 103 cm2V− 1 s− 1. About the SnSe2 structures, there is 

Table 1 
Electronic band gaps of the SnSe and SnSe2 monolayers using different meth
odologies of GGA, MGGA and HSE.  

2D 
material 

GGA MGGA HSE 

SnSe Direct band gap =
1.40 eV 
Indirect band gap =
1.19 eV 

Direct band gap =
1.69 eV 
Indirect band gap =
1.48 eV 

Direct band gap =
1.96 eV 
Indirect band gap =
1.78 eV  

SnSe2 Direct band gap =
1.09 eV 
Indirect band gap =
0.75 eV 

Direct band gap =
1.26 eV 
Indirect band gap =
0.94 eV 

Direct band gap =
1.77 eV 
Indirect band gap =
1.44 eV  
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not the same trend as SnSe and interestingly, a three layers material 
indicated higher mobilities especially respect to monolayer and four 
layers thicknesses. These differences between 2D SnSe and SnSe2 
nanostructures may be the reason of different positions of the layers by 
increasing the thickness. As shown in Fig. 3, for a four layers thickness of 
SnSe, the alignment of odd layers is different from the even layers, while 
in SnSe2 material all the layers are positioned in the same line. This non 
monotonic trend in SnSe structure shows an odd–even quantum 
confinement effect, because the interplay of spin–orbit coupling and 
lack of inversion symmetry in odd-numbered layer structures results in 

anisotropic spin splitting of the energy bands. This can be explained in 
terms of the asymmetry of the crystal space group and a spin–orbit 
coupling effect. So, the results related to geometry, lattice system and 
band structure can significantly influence the transport properties and 
mobility in SnSe monolayer and few-layers. For sure, we require to 
consider other factors that are crucial for carrier mobility such as large 
elastic moduli, small effective mass, and small deformation potentials, in 
the near future for this study. 

While previous DFT calculations and experimental evidence have 
only considered monolayers or crystalline structures at room 

Fig. 2. Bandstructure of SnSe (A) and SnSe2 (B) monolayers using different methodologies of GGA and MGGA, respectively, along the high symmetry directions in 
their first Brillouin zone; Fermi energy has set to be zero. Direct and indirect band gaps are coloured in red and green lines. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Mobility (×103) and carrier concentration (cc) at different temperature of 100◦K, 300◦K and 500◦K as well as Fermi energy (in eV) of monolayer, 2 layers, 3 layers, and 
4 layers of the SnSe and SnSe2. The units of Mobility and cc are cm2v-1s-1and cm3, respectively.  

2D material Thickness 100◦K 300◦K 500◦K Ef (eV) 

Mobility cc Mobility cc Mobility cc 

SnSe Monolayer 98 7.0 × 10-8 43 2.1 × 1010 32 1.3 × 1014 − 4.09 
2 layers 361 2.2 × 1013 126 1.3 × 1013 74 4.6 × 1015 − 4.07 
3 layers 316 6.0 × 105 104 2.7 × 1014 56 4.3 × 1016 − 4.11 
4 layers 343 7.4 × 107 110 7.5 × 1014 53 4.5 × 1016 − 4.13  

SnSe2 Monolayer 84 7.8 × 106 31 1.8 × 1015 21 1.7 × 1017 − 5.59 
2 layers 180 6.4 × 1015 61 1.4 × 1018 38 7.1 × 1018 − 5.12 
3 layers 204 4.6 × 1017 69 4.2 × 1018 43 1.1 × 1019 − 5.10 
4 layers 173 7.5 × 1017 61 5.7 × 1018 40 1.3 × 1019 − 5.09  

Fig. 3. Four layers thicknesses of SnSe (A) and SnSe2 (B) structures.  
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temperature of SnSe and SnSe2, in this study we predicted how 
increasing the temperature as well as material thickness can change the 
mobility and cc of the structures. However, our findings strongly support 
the general conclusions made in different literatures. Zhou et al. [44] 
have so far achieved room-temperature value of 24 × 103 cm2V− 1 s− 1 for 
SnSe, and experimental measurement of Wang et al. [45], has reported a 
cc of 4.2 × 1017 cm3. About the SnSe2, Linag et al. [46], has found the 
carrier mobility of SnSe2 monolayer in the presence of hexagonal boron 
nitride (h-BN) up to 104 cm2 V− 1 s− 1. In addition, Liu et al. [47], in an 
experimental study show the cc of 1.9 × 1018 cm3 at 300◦ K in which is 
in a good consistency with two layers SnSe2 thickness considered in this 
research. According to the changing of Fermi energies with respect to 
increasing the materials thickness, while in SnSe by enhancing the layers 
the Fermi level shifted to the negative energies, in SnSe2 the opposite 
trend was observed, with more positive values. 

Electronic and optical properties of heterostructure systems 

Bandstructure and band gap calculations 
The Table 3 shows the band gaps and corresponding valence band 

maximum (VBM) and conduction band minimum (CBM) values related 
to SnSe@Graphene, SnSe2@Graphene, Graphene@SnSe@Graphene, 
and Graphene@SnSe2@Graphene, obtained from bandstructures cal
culations along the z direction in their supercells (Fig. 4) for each sys
tem. By adding the graphene layers putting on both sides of SnSe and 

SnSe2 the band gap have been enhanced in two cases of SnSe and SnSe2, 
however, SnSe2@Graphene and Graphene@SnSe2@Graphene shown 
higher band gaps than SnSe@Graphene and Graphene@SnSe@
Graphene. The total bandgap values have predicted to be 0.02 eV and 
0.07 eV for SnSe@Graphene and SnSe2@Graphene hybrid materials, 
and higher values of 0.2 eV and 1.08 eV for Graphene@SnSe@Graphene 
and Graphene@SnSe2@Graphene, respectively. Inspection to the 
valence and conduction bands in different systems (Table 3) reveal that 
SnSe@Graphene and Graphene@SnSe@Graphene have more density of 
charges in the valence region, whereas SnSe2@Graphene and Graphe
ne@SnSe2@Graphene possess most contributions of the charges in 
conduction and valence bands, respectively. According to the results 
reported in section 3.1, by optimization of all four systems, the vertical 
distances between semiconductor-metallic layers in the case of SnSe 
heterostructures consist of SnSe@Graphene and Graphene@SnSe@
Graphene showed higher values of 2.16 Å and 2.11 Å, while SnSe2@
Graphene and Graphene@SnSe2@Graphene interfaces indicated the 
smaller interlayer distances of 1.84 Å and 1.77 Å, respectively. These 
equilibrium distances between the layers can efficiently influence the 
electronic band diagram of the interfaces (as seen in VMB and CMB 
values in Table 3), and SnSe@Graphene with the highest interlayer 
distance and Graphene@SnSe2@Graphene with the lowest one revealed 
the higher and lower band gaps between them. However, Graphe
ne@SnSe2@Graphene can be considered as a wide-band gap insulator 
among graphene heterostructures. 

Inspection of Fig. 4 indicates how much the bandstructure of SnSe 
and SnSe2 monolayers have been changed after the interfaces on 
SnSe@Graphene, SnSe2@Graphene, Graphene@SnSe@Graphene and 
Graphene@SnSe2@Graphene along the G-Z directions in their first BZ 
(along the z direction in their supercells). The band gap of pristine SnSe 
monolayer has changed from 1.20 eV before the adsorption (see section 
3.2) to 1.76 eV after the adsorption on graphene monolayer, while this 
value has significantly reduced to 0.13 eV when two graphene mono
layers have inserted on below and upper part of SnSe nanostructure. 
About the SnSe2 mono-sheet which possesses the band gap of 0.94 eV in 
the pristine condition, the band gap has changed to 1.13 eV and 0.40 eV 

Table 3 
Band gap (eV) for four heterostructure systems of SnSe@Graphene, SnSe2@
Graphene, Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene along 
the z direction in their supercell including the valence band maximum (VBM) 
and conduction band minimum values (CBM); Fermi energy has set to be zero.  

Interface System Band gap VBM CBM 

SnSe@Graphene  0.02  − 0.018  0.001 
SnSe2@Graphene  0.07  − 0.014  0.06 
Graphene@SnSe@Graphene  0.2  − 0.18  0.024 
Graphene@SnSe2@Graphene  1.08  − 1.05  0.033  

Fig. 4. Bandstructure of SnSe and SnSe2 monolayers after the interfaces on graphene monolayer (SnSe@Graphene and SnSe2@Graphene), and both layers of 
graphene (Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene interfaces). First Brillouin zone corresponding to each interface has been shown. 
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after inserting this material in modelled SnSe2@Graphene and Gra
phene@SnSe2@Graphene interfaces, respectively. These outcomes 
reveal the role of the carbon atoms in graphene monolayers in different 
orientations to change the electronic structure of these two 2D materials. 
Although, the simulated electronic band gaps have demonstrated that 
the graphene has still zero band gap after interfaces with SnSe and SnSe2 
monolayers, however, the electronic states near the Fermi level are 
mainly contributed by Sn-d, Se-p, and graphene π-system, which are 
responsible for electronic contribution in the energy band gaps of het
erostructures. According to our results, graphene can narrowing or 
broadening the band gap of both SnSe and SnSe2 monolayers due to 
metallic and semiconductor monolayer hybridization. Later, optical 
properties will reveal some predictions which explain these changing in 
the electronic structure of the interfaces. 

Optical adsorption spectrum and dielectric constants 
In this section, we reported adsorption coefficient and real and 

imaginary part of dielectric constants. The Fig. 5 indicates the absorp
tion spectra for the four interfaces SnSe@Graphene, SnSe2@Graphene, 
Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene hetero
structures in the wide range of 0–1200 THz frequencies. Investigating 
the data obtained from semi-local PBE calculations are computed along 
the xx-, yy- (in-plane), and zz-direction (out-of-plane) polarizations. 

The maximum adsorption spectra approximated are 304480 cm− 1 

and 292090 cm− 1 at 265 THz and 278 THz for SnSe@Graphene and 
Graphene@SnSe@Graphene, and 297428 cm− 1 and 231690 cm− 1 at 

297 THz and 231 THz for SnSe2@Graphene and Graphene@SnSe2@
Graphene along the in-plane directions, respectively. Based on this 
figure and the range of photon energy (THz), two small peaks can be 
observed for Graphene@SnSe@Graphene and Graphene@SnSe2@
Graphene multilayers in the 60 THz and 48 THz with the intensity of 
89879 cm− 1 and 34504 cm− 1, respectively, whereas these two peaks are 
not presented in the optical absorption spectrum of SnSe@Graphene and 
SnSe2@Graphene. The outcomes also indicated that the main peaks of 
absorption spectra of SnSe2@Graphene are completely different from 
other three systems with four separated peaks along the in-plane di
rections. Overall, the comparison of the four systems reveal that the 
absorption coefficient was more strengthened in the interfaces modelled 
by two layers of graphene at low frequencies in THz range, resulting 
from changing the optical properties of SnSe and SnSe2 semiconductors, 
as we discuss later. 

In the next step, optical absorption spectra for separated monolayers 
of SnSe and SnSe2 materials before and after the interfaces on graphene 
monolayers have been compared, as a function of THz in the range of 
0–400, as reported in Fig. 6. The outcomes have been predicted for SnSe 
nanostructure reveal that, the main first peak has shifted to higher fre
quencies from 350 THz and 302 THz for in-plane directions to 362 THz 
and 398 THz after the absorption on graphene monolayers, respectively. 
However, when SnSe sandwiched between two layers of the graphene, 
its adsorption peak has transferred to very low frequencies at 24 THz and 
36 THz along the same directions resulting from its small band gap, as 
we discussed in section 3.4.1. The results have evaluated for SnSe2 

Fig. 5. Optical absorption spectra corresponding to SnSe@Graphene, SnSe2@Graphene, Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene interfaces, 
as a function of THz. 
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monolayers and its heterostructures are even more interesting (in 
Fig. 6), in which by adding graphene monolayer on below of SnSe2 
structure, the optical band gap has transferred from 290 THz to 338 THz 

consisting of a very small peak between 24 and 48 THz. By adding 
another layer of graphene on SnSe@Graphene system, these two small 
peaks have shifted to 72 THz and 132 THz with higher adsorption 

Fig. 6. Optical absorption spectra for SnSe and SnSe2 monolayers before and after the interfaces on graphene monolayer (SnSe@Graphene and SnSe2@Graphene), 
and a both layers of graphene (Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene interfaces), as a function of THz. 

Fig. 7. Real and imaginary part of dielectric constants of SnSe and SnSe2 monolayers before and after the interfaces on graphene monolayer (SnSe@Graphene and 
SnSe2@Graphene), and a both layers of graphene (Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene interfaces), as a function of THz. 
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intensity of 9316 cm− 1 and 5713 cm− 1, respectively. 
The results corresponded to dielectric constants of the real part and 

imaginary part (Fig. 7) can clearly explain our optical properties based 
on DFT calculations. Without any surprise, the THz imaginary part of the 
SnSe and SnSe2 semiconductors are zero at their free-standing layers and 
SnSe@Graphene and SnSe2@Graphene systems. This confirms that 
there are no free carriers present in both monolayers in this range. In 
Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene in
terfaces, the optical band gap in both SnSe and SnSe2 are decreased, and 
the first peaks have shifted to vary low THz frequencies, in particularly 
for SnSe nanosheet which indicating their optical band gaps. These 
outcomes are strictly correlated to the absorption spectra of systems 
shown in Fig. 6. 

Furthermore, as shown in Fig. 7, static dielectric constants were 
calculated to be 6.67, 6.91 and 3.90 for SnSe monolayer before the 
interface, and 1.92, 1.28 and 1.01 for SnSe in the system where present 
one monolayer of graphene, along with the in-plane and out-of-plane 
polarizations, respectively. Interestingly, adding two layers of gra
phene in both sides of SnSe, has remarkably enhanced it dielectric 
constant to 14.85, 29.39 and 1.65 along the same directions, respec
tively. Moreover, as shown in Fig. 7, the in-plane static dielectric con
stant of SnSe in Graphene@SnSe@Graphene indicated negative values 
in the range of 24–169 THz. Based on quantum theory of Drude model, 
this phenomenon may reveal that the surface plasmon polariton prop
agated in a parallel direction to the negative dielectric material interface 
[48,49]. About the SnSe2 material, the static dielectric constant has 
changed from 4.57 and 3.36 in 2D SnSe2 before the interface to 4.51 and 
1.08 for SnSe2 in SnSe2@Graphene, and 1.92 and 1.01 to SnSe2 in 
Graphene@SnSe2@Graphene system. 

After checking the absorption spectra and dielectric constant of SnSe 
and SnSe2 materials in free standing and interfaces systems, we further 
examined the optical adsorption responses of the graphene monolayer/ 
monolayers in four systems of SnSe@Graphene, SnSe2@Graphene, 

Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene. 
Different spectra related to graphene monolayers in Fig. 8 indicate that 
SnSe and SnSe2 monolayers could not open the band gap of graphene 
after the interfaces and its metallic properties has been kept. Among 
different systems, graphene monolayer in SnSe2@Graphene possesses its 
main first peak in lower frequencies of 12 THz, whereas this frequency in 
Graphene@SnSe2@Graphene had shifted a bit to higher 24 THz. The 
same trend can be observed for graphene in SnSe@Graphene, and 
Graphene@SnSe@Graphene in which the first adsorption peak has 
shifted to higher frequencies when two layers of graphene have involved 
in the interface. 

Conclusions 

We investigated the electronic and optical properties of the SnSe and 
SnSe2 structures as free-standing monolayers and in interfaces with 
graphene nanosheets by modelling SnSe@Graphene, SnSe2@Graphene, 
Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene hetero
structures and using DFT calculations. Initially, we considered the 
electronic bandstructures of SnSe and SnSe2 by using different meth
odologies in order to verify some available experimental measurements. 
While the results shown the semiconductor properties of SnSe and SnSe2 
with indirect bandgap of 1.20 eV and 0.94 eV calculated by traditional 
GGA and MGGA adopted PBE functional, hybrid HSE functional couldn’t 
provide an accurate band gap for SnSe and SnSe2 monolayers by over
estimated values of 1.78 eV and 1.44 eV, respectively. The mobility and 
cc have examined for different thicknesses from monolayers to four 
layers for each material. While the results showed different trend among 
two structures having the same elements, the high mobility of 126 × 103 

cm2V− 1 s− 1 with cc of 1.3 × 1013 cm3 for a two layers SnSe and 69 × 103 

cm2V− 1 s-1with cc of 4.2 × 1018 cm3 for three layers SnSe2, have pre
dicted at room temperature. 

More, the results of different interfaces indicate that the physical 

Fig. 8. Adsorption coefficient of graphene monolayer/monolayers after the interaction with SnSe and SeSe2, reported in THz in SnSe@Graphene, SnSe2@Graphene, 
Graphene@SnSe@Graphene, and Graphene@SnSe2@Graphene. 
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origin of free-standing semiconductors of SnSe and SnSe2 are highly 
sensitive to the number of graphene monolayers, since the interactions 
between the surfaces are covalent forces. By increasing the number of 
graphene layers putting on both sides of SnSe and SnSe2 the band gap 
have been enhanced, and the total bandgap values have predicted to be 
0.02 eV and 0.07 eV for SnSe@Graphene and SnSe2@Graphene, and 0.2 
eV and 1.08 eV for Graphene@SnSe@Graphene and Graphe
ne@SnSe2@Graphene, respectively. Also, we investigated the band gap 
of free-standing materials before/after the interfaces. By inserting one 
layer of graphene below the SnSe/SnSe2 monolayers, their band gaps 
change from 1.20 eV/0.94 eV to 1.76 eV/1.13 eV, while adding the 
second layer of graphene in the upper part of SnSe@Graphene and 
SnSe2@Graphene has significantly reduced their band gaps to 0.13 eV/ 
0.4 eV, respectively, however, zero band gap of metallic graphene has 
been kept. 

Further, the optical properties of different heterostructures and free- 
standing layers have been assessed and the results revealed that in 
Graphene@SnSe@Graphene and Graphene@SnSe2@Graphene two 
adsorption peaks are observed at very low THz frequencies. Importantly, 
changing the dielectric constants of SnSe in Graphene@SnSe@Graphene 
from positive (0–24 THz) to negative values (24–169 THz), implying the 
occurrence of trapping electromagnetic radiation in present of the 
plasmons. 

To conclude, we strongly suggest this specially designed hetero
structures through the formation of the different semiconductor–metal 
materials applicable in fast electronic devices at GHz to THz frequencies. 
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