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Journal Name

Graphene hetero-multilayer on layered platinum min-
eral Jacutingaite (Pt2HgSe3): Van der Waals het-
erostructures with novel optoelectronic and thermo-
electric performances

A. Bafekry1,2†, M. M. Obeid3, Chuong V. Nguyen4, M. Ghergherehchi5†, M. Bagheri
Tagani1

Motivated by the recent successful synthesis of layered platinum mineral jacutingaite (Pt2HgSe3),
we have studied the optoelectronic, mechanical, and thermoelectric properties of graphene
hetero-multilayer on Pt2HgSe3 monolayer (PHS) heterostructures (LG/PHS), by using first-
principles calculations. PHS is a topological insulator with band gap about 160 meV with fully
relativistic calculations and when graphene layers stacked on PHS, a narrow band gap opening
∼ 10-15 meV. In presence an gate-voltage and out-of plane strain i. e. pressure, the electronic
properties is modified, the Dirac-cone of graphene can be shifted upwards (downward) to the
lower (higher) binding energy. Absorption spectrum demonstrates two peaks, which are located
around 216 nm (5.74 eV) and protracted to 490 nm (2.53 eV), indicating that PHS could absorb
more visible light. Increasing the number of graphene layers on PHS has a positive impact on the
UV-Vis light absorption and a clear red-shift with enhanced absorption intensity. To investigate
the electronic performance of the heterostructure, electrical conductance and thermopower of a
device composed of graphene layers and PHS is examined by combination of DFT and Green
function formalism. Number of graphene layers can significantly tune thermopower and electri-
cal conductance. Such analysis reveals that the heterostructuring not only significantly affect the
electronic properties, but they also can be used as an efficient way to modulate the optic and
thermoelectric properties.

1 Introduction

Following the successful exfoliation of graphene1, a plethora of
theoretical and experimental studies have been conducted to in-
vestigate its remarkable physical properties and potential appli-
cations2–4. These findings show that graphene possesses many
intriguing physical properties, such as high carrier mobility and
conductivity4,5 that make it promising candidate for various ap-
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5 College of Electronic and Electrical Engineering, Sungkyun kwan University, Suwon,
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plications in high-efficiency nanodevices, such as field-effect tran-
sistors (FETs)6, and photodetectors7. However, before using
graphene in practical applications, it is important to potentially
solve its drawback, that is to open a sizable band gap at Dirac
cone of graphene. It is obvious that the lack of a band gap
in graphene hinders its potential applications in high-speed de-
vices, such as FET8. Recently, in parallel with graphene stud-
ies, the research community has also been focusing on other
graphene-like two-dimensional materials (2DM)9,10. Up to date,
many different graphene-like 2DM have been synthesized exper-
imentally and predicted theoretically, such as transition metal
dichalcogenides11,12, phosphorene13,14, silicene15. These stud-
ies demonstrated that owing to the extraordinary properties, 2DM
can be considered as promising candidate for electronics, spin-
tronics and optolectronics16–18.

Recently, layered platinum mineral jacutingaite (Pt2HgSe3), a
new kind of platinum group minerals was discovered firstly by
Cabral et al19. The crystal structure of Jacutingaite has also been
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defined through powder X-ray diffraction and its layered char-
acter is supported by the experimental reports20. The PHS has
been predicted recently as a large band gap quantum spin Hall
(QSH) insulator21 and its Fermiology under electron and hole
doping suggests the unconventional superconductivity22. The
QSH state in PHS has been experimentally demonstrated using
scanning tunneling microscopy (STM)23. On the other hand,
it is found that few nanometers thick as well as bulk jacutin-
gaite is stable under ambient conditions on a timescale of months
and even to a year23. Similar to graphene, Jacutingaite also
exhibits a gapless semiconductor without considering spin-orbit
coupling (SOC). It leads to the existence of an important ques-
tion that is whether the Jacutingaite can be considered as a po-
tential material for designing future high-performance nanode-
vices and whether its band gap can be tuned. It is interest-
ing that the electronic properties, including band gap values and
band edges of 2DM can be adjusted by different common strate-
gies, such as strain engineering24–26, electric field27 or thick-
ness layers28–31. Giovannetti et al.28 showed that the layer ef-
fect can be used to open a band gap of 53 meV in graphene.
More interestingly, the scientific community has also focused
on the formation of van der Waals heterostructures by placing
different 2DM on top of each other. Up to date, a plethora
of heterostructures, especially graphene-based heterostructures
have been fabricated experimentally and predicted theoreti-
cally, such as graphene/TMDs32,33, graphene/GaS(Se)34,35,37,38,
graphene/phosphorene38,39. Aziza and his co-workers37 showed
that the Dirac cone of graphene can be shifted upwards to the
lower binding energy when it stacked on GaSe thin film. On
the other hand, Phuc et al.38 theoretically predicted that both
the band gap and band alignment in the Graphene/GaSe het-
erostructur can be adjusted by external electric field or strain.
It is well known that the electronic properties of 2DM can be
tuned by applying strain or external electric field and mechani-
cal strain40–43. 40–50 The controllable structural and electronic
properties of above graphene-based HTSs make them suitable for
fabricating novel nanodevices. Therefore, knowledge of the struc-
tural and electronic properties of PHS along with the effects of
graphene heterostructuring is extremely important towards its fu-
ture applications. In this work, using first-principles calculations,
firstly we investigate the structural, electronic, optical and ther-
moelectric properties of PHS and graphene layers on PHS. In
the LG/PHS, the electric field and out-of-plane strain is also con-
sidered in calculations to change its electronic properties. Our
results show that by applying an gate-voltage and pressure, the
electronic structure of LG/PHS can be significantly modified.

2 Methods
The electronic structure is calculated with geometric optimiza-
tion using density functional theory (DFT) as implemented in the
OpenMX Package51. This code finds the eigenvalues and eigen-
functions of the Kohn-Sham equations self-consistently using
norm-conserving pseudopotentials52, and pseudoatomic orbitals
(PAOs)53,54. In addition, we used the Perdew-Burke-Ernzerhof
generalized gradient approximation (GGA) for exchange and cor-
relation55. After convergence tests, we choose an energy cutoff of

400 Ry so that the total-energy converges below 1.0 meV/atom.
In the first step, the atomic positions are optimized using a quasi-
Newton algorithm for atomic force relaxation. The geometries
were fully relaxed until the force acting on each atom was less
than 1 meV/Å. The Brillouin zone (BZ) is sampled by a k-mesh
grid of 23 × 23 × 1 and scaled according to the size of the super-
cell by using the Monkhorst-Pack scheme56. The PHS is modelled
as a periodic slab with a sufficiently large vacuum layer (20 Å) in
order to avoid interaction between adjacent layers. In order to ac-
curately describe the van der Waals (vdW) interaction in PHS, we
adopted the empirical correction method presented by Grimme
(DFT-D2)57, which has been proven reliable for describing the
long-range vdW interactions. The vibrational properties were
obtained from the small displacement method as implemented in
the PHON code59. Using this method, the phonon frequencies
were calculated at the Γ point of the BZ.

In order to compute electrical conductance and thermopower
of the heterostructures, a combination of DFT approach and
Green function formalism is used. First, we construct an or-
thorhombic unit cell and repeat it along Y-direction 3 times.
Then, tow semi-infinite electrodes are attached to the central
region to make a device composed of graphene and (Name of
structure) monolayer. Density matrix is calculated using Green
function formalism and periodic boundary condition along X-
direction and dirichlet one along Y-direction for solving Poisson
equation. All calculations are performed using SIESTA pack-
age58 with a double-zeta polarized basis set. Cut-off energy is
set 120H and a 10× 50 k-point sampling is used to map recip-
rocal lattice. The transmission coefficient of the device is calcu-
lated by Te = [GR(E)ΓL(E)GA(E)ΓR(E)] where ΓR(A) and ΓL(R)
denotes retarded (advanced) Green function and left (right)
electrode broadening function, respectively. Thermopower and

Fig. 1 Geometric atomic structure of (a) PHS monolayers, with its hexag-
onal primitive unit cell indicated by the red parallelogram. (b) Difference
charge density is shown in the inset. Blue and yellow regions represent
charge accumulation and depletion, respectively. (c) Geometric atomic
structure of Graphene. (d) Schematic view of PHS structure with struc-
tural parameters.
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electrical conductance of the device is calculated in the lin-
ear response regime as follows: S = L1

eT L0
, G = e2L0, Where

Ln = 2
h
∫

dE(E−E f )
nTeE(− ∂ f (E)

∂E ) and also f (E) = (1+ exp((E −
E f )/kBT ))−1 is Fermi distribution function.

3 Pristine monolayers
The geometric atomic structure of PHS, with its hexagonal prim-
itive unit cell, is shown in Fig. 1(a). The hexagon of PHS lattice
contains 12 atoms (4 Pt, 2 Hg and 6 Se) per primitive unit cell
and with the trigonal space group P3m1 (No. 164). The crys-
tal structure of Jacutingaite PHS forms a bipartite lattice with
two sublattices19 and the layered structure can be viewed as a
2 × 2 × 1 supercell of 1T-PtSe2 structure phase with additional
Hg atoms that are placed in the anticubo-octahedral voids of Se
atoms. The lattice constant of PHS is calculated to be 7.60 Å,
while the bond lengths of Pt-Hg and Hg-Se are 2.8 Å and 3.74 Å,
respectively. These results are listed in Table 1. We can see two
type of Pt atoms in the PHS structure that indicate with Pt1 and
Pt2, respectively and indicated in the inset in Fig. 1(a). The Pt1

atom connects to six nearest Se atoms and forms Pt1Se, 6 local
octahedral coordination with Pt1-Se bond length of 2.54 Å. While
the Pt2 atom constitutes Pt2-Se, 4 square lattice with Pt2-Se bond
length of 2.46 Å, which is slightly smaller than the Pt1-Se19,20.
The Pt1-Se bond length is 2.54 Å which is slightly larger than the
Pt2-Se bond length of 2.46 Å. The vertical distance between the
two Hg and Se atomic planes is 3.49 Åand 2.60 Å, respectively.
These results are in agreement with previous report23.

The difference charge density (∆ρ) as shown in the inset (see
Fig. 1(b)) is defined as:

∆ρ = ρPHS−ρPt−ρHg−ρSe (1)

where ρPHS, ρPt, ρHg, and ρSe represents the charge densities of
the PHS and isolated atoms, respectively. The blue and yellow re-
gions represent charge accumulation and depletion, respectively.
According to the charge transfer analysis, the charge of Pt, Hg
and Se atoms are +0.182 e, +0.176 e, and -0.194 e, respectively.
The Pauling electro-negativity values for Pt, Hg and Se atoms are
2.28, 2 and 2.55, respectively. A high charge density can be seen
around the Se atoms, reflecting the electro-negativity character.

Fig. 2 The phonon band dispersion of PHS.

Fig. 3 Electronic band structure (left panel), density of state (DOS) and
partial DOS (PDOS) (right panel) of (a) PHS with considering of spin-orbit
coupling (SOC) and (b) Graphene monolayer. Zoom of the band structure
without SOC indicated in the inset for PHS. The zero of energy is set to
the Fermi level. Charge densities of valence band maximum (VBM) and
the conduction band minimum (CBM) are shown in top panel of PHS.
Blue and yellow regions represent charge accumulation and depletion,
respectively.

This electro-negativity difference explains the electron transfer
from Pt and Hg atoms to Se atoms. In Fig. 1(c) we depict the
lattice structure, corresponding to hexagonal primitive unit cell
(red parallelogram) of monolayer Graphene which has a planar
structure with a lattice constant of a = b = 2.46 Å where the C-C
bond length is dCC = 1.42 Å and the C-C-C bond angle is equal
to 120◦ 60. The schematic view of PHS structure with structural
parameters is shown in Fig. 1(d).

Cohesive energy, which is defined as the energy required to
separate condensed material into isolated free atoms, is one of the
most important physical parameters in quantifying the stability of
materials. The cohesive energy per atom was calculated using the
following equation:

Ecoh = (EPt +EHg +ESe)−EPHS/ntot (2)

where EPt , EHg and ESe represents the energies of isolated sin-
gle Pt, Hg and Se atoms. EPHS and ntot represents the total en-
ergy of the PHS, and total number of atoms, respectively. The
cohesive energy of PHS is found to be 4.72 eV/atom. The dy-
namical stability of single-layers of PHS is verified by calculating
their phonon band dispersions through the whole BZ which are
presented in Fig. 2. Apparently, phonon branches are free from
any imaginary frequencies indicating the dynamical stability of
the free-standing PHS, which is consistent with the results of a
previous studies23.

In order to explain the electronic states and clarify the contri-
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Table 1 The structural and electronic parameters of PHS shown in Fig. 1(d). The corresponding structural and electronic parameters including lattice
constant a; the bond lengths between Pt(1,2)-Se atom (d1,2), Pt-Hg atom (d3); the bond angles between Hg-Pt-Hg θ1, Pt-Se-Pt atoms θ2 and Se-Pt-Se
atoms θ3; the thickness defined by the difference between the largest and smallest z coordinates of Hg atoms (∆z); the cohesive energy of, (Ecoh);
Electronic states (ES) are specified as topological insulator (TI). The band gap is shown in parentheses and is given in meV.

a d1,2 d3 ∆z θ1 θ2 θ3 Ecoh ES
(Å) (Å) (Å) (Å) (◦) (◦) (◦) (eV/atom) (meV)
7.43 (2.57, 2.54) 2.8 3.44 85.27 96 95.4 4.72 TI (160)

butions from different orbitals, we calculated the electronic band
structure, density of states (DOS) and partial DOS (PDOS), as
shown in Fig. 3. Without spin-orbit coupling (SOC), the band
structure of PHS shows a gapless semiconductor character with
a linear band dispersion relation near the Fermi level. The mass-
less Dirac fermions are found at the high-symmetry K point (see
Fig. 3(a)). With considering of SOC effect, the Dirac-cone-like
dispersion crossings without SOC at the high-symmetry K point
is now gapped and a continuous band gap of 160 meV appears
between the valence and conduction bands. The valence band
maximum (VBM) and the conduction band minimum (CBM) are
located at K points. The charge densities of VBM and the CBM
are shown in top of Fig. 2(a). Blue and yellow regions repre-
sent charge accumulation and depletion, respectively. Our re-
sults are in agreement with previous calculation23. We can see
from PDOS that, the VBM mainly contributed by Hg-s and Se-pz

atomic orbitals, while the CBM is derived from Pt-(dxz) and Hg-s
orbitals. Graphene is a semi-metal with a zero gap, while the va-
lence and conduction bands crossing with linear dispersion. From
the PDOS, it is known that C-pz orbitals form bonding orbital (π)
and anti-bonding orbital (π∗), touching at one point in the mo-
mentum space at the Fermi-level (see Fig. 3(b)).

4 Hetrostructures
Here after, the monolayer, bilayer and trilayer of graphene
with Pt2HgSe3 (PHS) heterostructures, are labeled as MLG/PHS,

Fig. 4 The binding energy as functions of interlayer distances for
MLG/PHS, BLG/PHS and T LG/PHS heterostructures.

BLG/PHS and T LG/PHS, respectively. We used a 3 × 3 supercell
of graphene layers (a= b = 7.38 Å) on top of a 1 × 1 of PHS (a
= 7.43 Å), which is benefit to forming stable structures. The lat-
tice constant mismatch (δ) between top and bottom layer of two
structures is defined as

δ =
|aT −aB|

aB
×100%, (3)

where aT and aB are the lattice constant of top and bottom lay-
ers, respectively. The value of lattice constant mismatch between
PHS with graphene is small of about 2.2 %. Thus, relative to
their free-standing states, there is no major distortion in the ge-
ometric structures of PHS and graphene due to lattice mismatch.
To investigation the structural stability of LG/PHS, the most sta-
ble pattern are obtained by placing different stacking (AA and
AB) of graphene layers on the PHS surface (see Fig. S1 in sup-
plementary information). With fully structural optimization, we
determine the most stable stacking as the minimum energy con-
figuration among the different patterns. The binding energy (Eb)
of the constructed heterostructures is calculated using the given
formula as below61:

Eb = Etot −EPHS−nEGr/m (4)

where Eb, EGr and EPHS are the total energies of the optimized
nLG/PHS HTSs, PHS monolayer, and graphene layers, respec-
tively. The letter n represents the layer number of graphene and
m is carbon atoms in the Gr/PHS hetero-multilayer. The bind-
ing energy as functions of interlayer distances for MLG/, BLG/

and T LG/PHS heterostructures is presented in Fig. 3. A negative
value of binding energy emphasizes the thermodynamic stability
of the constructed heterostructures62. Our results show that the
minimum energy configuration of MLG/, BLG/ and T LG/PHS is
AB-stacking arrangement, as shown in Fig. S1 of supplementary
information. Under the equilibrium interlayer distance, a nega-
tive value of -78 meV is obtained for the constructed MLG/PHS,
indicating that PHS and graphene could form thermodynamically
stable van der Waals MLG/PHS. Note that equilibrium distance
between PHS and graphene for PHS/MLG is 3.12 Å. The effect of
increasing the numbers of graphene layers on the stability of het-
erostructures has also been evaluated. It is found that T LG/PHS
stacking configuration with the binding energy of Eb = -78 meV is
energetically more favorable than that of BLG/PHS, which has a
binding energy of Eb= -72 meV. Therefore, these heterostructures
are energetically stable and can be synthesized experimentally.
The obtained results are in good agreement with the previous
calculation on PtSe2/graphene hetero-multilayer61.
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Table 2 The structural and electronic parameters of LG/PHS heterostructures including lattice constant a; the bond lengths atoms (d1,2,3), and bond
length of C-C atoms in graphene layers (dCC); the bond angles between (θ1,2,3); the thickness (∆z); the interlayer distance (h); All distance and angles are
given in Å and ◦, respectively. The binding energy (Ecoh); the charge transfer (∆Q) between atoms; Electronic states (ES) are specified as semi-metal
(SM) and semiconductor (SC). The band gap is shown in parentheses and is given in meV.

Sys. a d1,2,3 θ1,2,3 δ z h dCC Eb ES
MLG/PHS 7.45 (2.55, 2.52, 2.81) (82.65, 93.86, 93.26) 3.64 3.12 1.43 -78 SC (16)
BLG/PHS 7.45 (2.54, 2.52, 2.75) (88.10, 94.13, 93.78) 3.68 3.25 1.43 -73 SM
T LG/PHS 7.45 (2.55, 2.52, 2.75) (87.96, 94.13, 93.90) 3.69 3.25 1.43 -78 SM

Fig. 5 Electronic band structure of (a) MLG/PHS, (b) BLG/PHS and (c) T LG/PHS HTS with considering of SOC. (d) MLG/PHS/MLG. The zero of
energy is set at Fermi level. Optimized structures are shown in the inset. (e) DOS and PDOS of MLG/PHS.

The obtained parameters for the lattice constant (a), interlayer
distance (Zeq) and other parameters of the studied HTSs are listed
in Table 2. The calculated lattice constants are equal to 7.45 Å,
while the bond lengths d1 and d2 are determined to be 2.58 and
2.59 Å, respectively. The three angles in lattice of MLG/PHS are
121◦ (θ1), 116◦ (θ2) slightly deviating from 120◦. The interlayer
distance between PHS and different graphene layers are in the
range of 3.13–3.33 Å, which is typical of vdW equilibrium spac-
ing. In BLG/PHS, the lattice parameter is 7.45 Å, while the bond
lengths are d1 = 2.61 Å and d2 = 2.62 Å. The bond angles are
same θ1=θ1=119◦. Notice that the buckling (∆z) are determined
to be 0.86 (in MLG) and 0.25 Å (in BLG). The lattice constant of
T LG/PHS is calculated to be 7.45 Å. The bond lengths of Pt-Hg
and Hg-Se are calculated 2.81 and 3.82 Å, respectively, which are
slightly larger than that of pristine PHS. The interlayer distance
between the two monolayer planes is 3.12 Å.

The electronic band structure of LG/PHS are displayed in
Fig. 5. The optimized atomic structures of heterostructures are
also depicted in the inset of Fig. 5(a-d). First, one can observe

that when single layer graphene is placed on the PHS, there is a
tiny band gap of 16 meV, opening at Dirac Γ point of graphene,
as illustrated in the inset of Fig. 5(a). The nature of such band
gap, opening in graphene is due to the sublattice symmetry break-
ing. However, it should be noted that such band gap opening in
graphene is smaller than the thermal fluctuation kBT of 26 meV
at room temperature. Furthermore, we can find from Fig. 5(a)
that the PHS part in the MLG/PHS possesses a semiconducting
nature with a narrow band gap of 95 meV, forming between the
VBM and CBM at the K point. In addition, to have a clear pic-
ture of the band alignment of MLG/PHS, in Fig. 5(e) we plot the
DOS and PDOS of MLG/PHS. We can find that the VBM of PHS
layer at K point is due to the hybridization of Pt-d and Se-p or-
bitals, while its CBM is contributed by the hybridization of Hg-s
and Se-p orbitals, which confirms the semiconducting behavior.

The band structure of BLG/PHS with considering SOC effect is
depicted in Fig. 5(b). Interestingly, we can find that in the pres-
ence of the SOC effect, the Dirac cone at Γ point of MLG splits into
two different Dirac cones in the BLG/PHS heterostructure, as il-
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Fig. 6 Difference charge density of (a) MLG/PHS, (b) BLG/PHS, (c)
T LG/PHS and (d) MLG/PHS/MLG heterostructures. Blue and yellow
regions represent charge accumulation and depletion, respectively.

lustrated in the inset of Fig. 5(b). The nature of band splitting is
due to the Rashba band splitting across the interface due to inter-
nal electric field and a strong SOC effect in the lack of inversion
inversion and time reversal symmetry63. One of the Dirac cones
opens a tiny band gap of 5 meV, whereas other one has opened a
band gap of 70 meV. Similar to the MLG/PHS, the PHS part in the
BLG/PHS also exhibits a semiconducting feature. The band gap
of PHS layer at K point in the BLG/PHS is still larger than that of
PHS layer in the MLG/PHS. It indicates that the SOC band gap of
PHS monolayer can also be modulated by changing the graphene
thickness layer. In the case of T LG/PHS, the SOC band gap of of
the PHS part is also opened at K point. The heterostructure in this
case remains a semi-metal feature. When the PHS is sandwiched
between two graphene layers, as depicted in Fig. 5(d), we find
that the SOC band gap of PHS layer at K point is also occurred.
The value of SOC band gap in this case is about 85 meV, which
is smaller than that of the MLG/PHS. All the above mentioned
suggests that the SOC band gap of PHS depends not only on the
graphene thickness layers, but also on the positions of graphene
stacking layers.

The difference charge density and a quantitative results of
charge distribution of different heterostructures are shown in
Fig. 6. The difference charge density ∆ρ is defined as ∆ρ =
ρLG/PHS-ρLG-ρPHS, where ρLG/PHS, ρLG, and ρPHS represents
the charge densities of the LG/PHS heterostractures and free-
standing graphene layers and PHS, respectively. The blue regions
represent the charge accumulation, while the red areas denote the
charge depletion. We can see that due to the interaction between
two monolayer an charge redistribution occurs at the LG/PHS
interface region. All these stacking of heterostructures exhibit a
small charge transfer. The charge accumulation largely occurs in
the central region of interface, and the charge depletion mostly
stems from the two boundaries of interface.

5 Electric field and strain engineering
From the perspective of potential device applications, the abil-
ity to control topological electronic properties by controlling the
Fermi-level via electric field (E-field) is highly desirable64–67. The
existence of buckling in the PHS, leads to a potential difference
between the two atomic sub-lattices, which turns out to poten-
tially intrinsically useful in tuning the electronic properties in
terms of a perpendicular E-field. We turn our attention to the
effects of perpendicular E-field on the electronic properties. The
electronic band structure of MLG/PHS as function of E-field par-
allel and anti-parallel to the z-axis with considering SOC is shown
in Fig. 7(a). The positive (E-field >0) and negative (E-field <0),
denotes parallel and anti-parallel to the z-axis respectively. The
strength of E-field is from -0.8 V/Å to +0.8V/Å . We found that,
with the application of an electric field, the electronic structure
is strongly modified. One can observe that with increasing elec-
tric field from 0.0 to 0.6 V/Å, band gap will decrease from 160 to
20 meV and it continuously reach to negligible 10 meV at critical
value of 0.7 V/Å. With different situation, as the electric field in-
creases larger that 0.7 V/Å, the band gap will increase and reach
up to 160 meV band gap at critical value 1.4 V/Å. One can find
from Fig. 7(a) that the applying an E-field can shift the Dirac cone
of graphene to higher or lower binding energy. By applying pos-
itive electric field, the Dirac cone of graphene tends to shift up-
ward to above the Fermi-level. On the contrary, negative E-field
leads to move downward the Dirac cone of graphene to below the
Fermi level. The nature of this shift is related to the charge trans-
fer between graphene and PHS. In the case of the positive E-field,
electrons are mainly transferred from graphene layer to the PHS
layer, resulting in the formation of the hole doping. Whereas, in
the case of the negative E-field, it is obvious that the transporta-
tion of the electrons is flowed from valence band of the PHS layer
to the graphene layer, forming the electron doping. This observa-
tion was also confirmed by experiments in other graphene-based
heterostructurs68. More interestingly, it should be noted that the
charge carrier (N) (for electrons and for holes) increases with in-
creasing the shift of graphene Dirac cone by ∆EF = } νF

√
Nπ.

Therefore, from above discussed, we find that the positive E-field
tends to an increase in the charge carrier of hole doping, whereas
the negative E-field leads to an increase in the charge carrier of
electron doping.

Strain engineering is a robust method to tune the electronic
properties and the topological nature and thus it is interesting
to investigate this effect. Out-of plane strain, i. e. pressure,
can change the interlayer distance and thus the vdW interaction,
which may induce electronic state transitions. Here, we inves-
tigate the effect of in-plan strain on the electronic properties of
LG/PHS. The effects of the interlayer couplings on the electronic
properties of LG/PHS are depicted in Fig. 7(b). It is obvious that
the interlayer coupling can modify strongly the electronic proper-
ties.

One can find that the interlayer coupling can not only tune the
band gap of PHS part,but also shift the Dirac cone of graphene
part to lower or higher binding energy. When the interlayer cou-
pling is weakened, i.e the interlayer distance is increased, the SOC
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Fig. 7 Electronic band structure of MLG/PHS as function of (a) electric field and (b) interlayer distance with considering SOC. The perpendicular
electric field is parallel to the z-axis. The zero of energy is set at Fermi-level.

band gap of PHS is decreased. More interestingly, the weakened
interlayer coupling shifts the Dirac cone of graphene to lower
binding energy, resulting in the formation of electron doping in
graphene. Therefore, the charge carrier of electron doping in
graphene is also increased with increasing interlayer distance. In
contrast, when the interlayer coupling is strengthened, i.e the in-
terlayer distance is decreased, one can observe that the SOC band
gap of PHS part in the LG/PHS is increased. Moreover, the Dirac
cone of graphene in LG/PHS moves to above the Fermi level, i.e
to higher binding energy, leading to the formation of the hole dop-
ing. With decreasing the interlayer distance, it is obvious that the
the charge carrier of hole doping also increases. Therefore, we
can conclude that the electric field and interlayer coupling can
tune the SOC band gap of PHS and induce switchable doping in
graphene, leading to enhance the charge carrier of electron and
hole doping of LG/PHS.

6 Optical properties

Photoelectric heterostructure materials are expected to absorb as
much visible light in order to achieve an efficient electric cur-
rent conversion69,70. Thus, the optical properties of graphene,
PHS and LG/PHS are studied based on the results of imaginary
and real parts of the dielectric functions (ε(ω)), refractive index
(n), optical conductivity (σ), extinction coefficient (K), electron
loss (L), reflectivity (R), and optical absorption spectra, as shown
in Fig. 8. The frequency-dependent complex dielectric functions
ε(ω) = ε1(ω) + iε2(ω) are calculated. The imaginary part ε2 can
be derived from a summation over a satisfactorily large number
of empty states, and the real part ε1 is realized from the imagi-
nary one by Kramer-Kronig relation, respectively. The derivative
of other optical features can be found in detailed elsewhere72 and

also the real part of the dielectric function signifies the storage of
energy of a solid73.

The photo-response features of the MLG/PHS were extended
to cover most of the UV and visible ranges. Interestingly, the ab-
sorption intensity of the constructed heterostructure is stronger
than that of individual PHS and graphene. Thus, MLG/PHS can
absorb UV -vis light more efficiently. Increasing the number of
graphene layers has a positive impact on the UV -vis light absorp-
tion. A clear red-shift with enhanced absorption intensity is ob-
served for BLG/PHS and T LG/PHS configurations, see Fig. 8(a).
It can be established that the constructed heterostructures hold
the distinctive optical features of individual PHS monolayer and
graphene, and also show some exceptional optical characteris-
tics, like the distinctive dielectric function, enhanced absorption
intensity, the absorption spectrum in the visible light range and
the wide range of photo-response, which indicates promising ap-
plications in photo-electric and optical transmission devices.

As shown in Fig. 8(b), the optical conductivity has several
peaks, started from the visible region and reaches maximum val-
ues at the UV region. The maximum optical conductivity for
MLG/PHS is ∼ 4.12 at 12.5 eV and reaches approximately zero
at higher energies. The peaks of the constructed heterostructures
are slightly red-shifted with enhanced intensity as compared to
that of the pristine monolayers. The high light responsivity and
improved conductive of Pt2HgSe3/Graphene hetero-multilayers,
make them suitable for photodetectors applications74 Similar to
the refractive index, the extinction coefficients spectra have sev-
eral peaks located in the UV -Vis range, see Fig. 8(c). This in-
dicates that there are a number of transitions between the va-
lence and conduction bands. As presented in Fig. 8(d), the ε2(ω)

spectrum of PHS demonstrates an absorption peak in the visi-
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Fig. 8 Optical properties of PHS, graphene, and MLG/PHS, BLG/PHS, and T LG/PHS including: (a) optical absorption spectra, (b) optical conductivity
(σ ), (c) extinction coefficient (K), (d) imaginary and real parts of the dielectric function (ε(ω2)), (e) electron loss (L), (f) real part of the dielectric function
(ε(ω1)), (g) reflectivity (R), (h) refractive index (n).

ble region (< 2.5 eV), indicating that PHS could absorb more
visible light. The obtained results are in good agreement with
similar compounds76. In the meantime, the ε2(ω) spectrum of
the graphene is reduced as compared to that of PHS, indicating
that graphene has a somewhat weak absorption capability for UV
and visible light. The obtained spectrum is matched well with
that of experimental observation77. Indeed, each peak in the
spectrum of the imaginary part can be assigned to an interband
transition. The ε2(ω) spectra of the constructed hetrostrucutres
signify three optical transitions of filled levels to empty ones (2.4
eV, 4.8 eV, and 6.1 eV). These transitions of the interbands occur
from valence band to conduction one along the high symmetry
directions. For PHS, the maximum energy loss function L(ω) in
the low energy zone reaches 1.25, while that of graphene is about
0.6 (see Fig. 8(e)).

For PHS monolayer, the maximum energy loss reaches 1.25 at
7.5 eV, while that of graphene is about 0.6 at 4.8 eV. The energy
loss values of the constructed heterostructures are between 0.8
and 0.9, which are comparable to that of graphene. The energy
loss spectra of the individual monolayers and the constructed het-
erostructures are increased with the increase of energy. It is no-
ticeable that the constructed multilayer heterostrucutres have no
loss or very small in the IR and visible regions. At high photon
energy, the energy loss spectra are blue-shifted compared to that
of the bare monolayers. The peaks of the imaginary part of the
dielectric function and the loss spectra at along photon energies
can represent the Plasmon oscillations. Surface and volume Plas-
mon oscillations can be easily distinguished from loss spectra. At
energy range between 4.8-8 eV, surface Plasmon is occurred for
both the heterotrouctures and monolauers, while volume Plas-
mon oscillation is observed at higher energyies (> 15 eV).

At high photon energy, the energy loss spectra are blue-shifted
compared to that of the pristine monolayers. As shown in
Fig. 8(f), the calculated values of ε1(0) for PHS and graphene
are 6.44 and 1.56, respectively. The obtained results are in good
agreement with previous theoretical calculation75. After PHS-
graphene contact, ε0(ω) value has been significantly increased to
reach a value of 8.12, which indicates the semiconductivity of
this compound. The ε1(0) value of graphene-PHS contact, has
been significantly increased. It can be seen that the T LG/PHS
configuration has a negative value of ε1(ω) at ∼15 eV, indicat-
ing the metallic nature of this configuration. The R(ω) spectra of
the individual monolayers and heterostructures are presented in
Fig. 8(g). For graphene, the reflectivity starts from 0.012, which
is the maximum value of R that occurs at zero photon energy.
The R value is significantly increased for PHS as well as for con-
structed heterostructures. One may observe that the reflectivity
of the constructed heterostructures is higher than that of the in-
dividual monolayers. The reflectivity is decreased with increasing
energy up to 7.5 eV and again increases in the edges at 10 eV and
lastly goes near zero at higher energies. The optical conductivity
(σ) is another important parameter that can be used to charac-
terize the optical properties of 2DM78.

Fig. 8(h) shows the refractive index (n) of the individual mono-
layers and the studied heterostructures. Penns model79 de-
scribes that ε0(ω) depends on bandgap of a material and ε0(ω)

is directly correlated to the static refractive index n(0), which is
expressed as n(0) =

√
ε0(ω) The static refractive indices n(0) for

PHS and graphene are calculated to be 2.53 and 1.24, respec-
tively. The value of n(0) for MLG/PHS is noticeably increased
and reached to 2.85. Increasing the numbers of graphene lay-
ers has a positive impact on the n(ω) spectra of MLG/PHS. For
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Fig. 9 (a) Electronic device composed of trilayer graphene and PHS monolayer. L (R) and C denotes left (right) electrode and central region,
respectively. Electron transport is along Y-direction while the layers are stacked along Z-direction. (b) and (c) electrical conductance and thermopower
at room temperature for different thicknesses of graphene. (d) Electrical conductance and (e) thermopower of the heterostructure versus temperature
at the Fermi-level. Power factor as a function of temperature and chemical potential for (f) MLG/PHS, (g) BLG/PHS, and (h) T LG/PHS. The power
factor is in unit of pW/k2.

energy between 0 and 15 eV, the refractive indices of BLG/PHS
and T LG/PHS are higher than that of MLG/PHS. The refrac-
tion index amplitude decreases abruptly so that after 15 eV, the
refraction index becomes less than one. In this case, constructed
heterostrucutres play the role of an accelerator for the light, and
the speed of light in the material exceeds the speed of light in the
vacuum representing the superluminal phenomenon.

7 Thermoelectric properties

Fig. 9(a) shows an electronic device composed of graphene tri-
layer and PHS monolayer. Due to symmetry of the structure, we
just consider the transport phenomena along Y -direction. The de-
vice is constructed from left and right electrodes and a central
region. The transport is considered to be ballistic and inelas-
tic scatterings are ignored. Electronic conductance for different
layers of graphene as a substrate is shown in Fig.9(b). At the
Fermi-level, the conductance is low due to the Dirac point ob-
served in the band structure of the heterostructure. The electrical
conductance can sharply change with lowering the Fermi level
possible by gating or p-doping in the experiment. Dependence of
G on the thickness of the graphene is complicated. Although it
is higher for monolayer graphene in n-doping, bilayer graphene
induces higher electrical conductance in p-doping. The electrical
conductance in the structure with trilayer graphene is more sym-

metric than others coming from symmetry of the band structure
around Γ. Fig.9(c) reveals dependence of the thermopower on
the thickness of the graphene layer. Rate of reduction is more
intense for monolayer graphene so that the thermopower possess
the lowest value for that at high temperatures. Dependence of
G at the Fermi-level on the temperature is quadratic as shown
in Fig.9(d). The rate of increase is dependent on the thickness
so that the bilayer graphene generates higher electrical conduc-
tance. Thermopower is dependent on the band structure and its
variations. The maximum of thermopower is obtained at the band
edges, so the highest value of the thermopower is located around
the Fermi-level as shown in Fig.9(e). At the Fermi level where
the bands cross each other the thermopower sign is changed. We
found that the magnitude of the thermopower at the Fermi-level
is linearly reduced by increase of graphene thickness as shown
in the inset of Fig.9(e). The maximum magnitude of ther-
mopower obtained in our device is at least two times higher than
the value reported for graphene exfoliated on the Si/SiO2 sub-
strate80 that showing the positive effect of proximity on the mod-
ifying the thermopower. Unlike the electrical conductance, the
thermopower is significantly reduced by increase of temperature
at the Fermi-level. Our findings about electronic properties of the
heterostructure indicate the performance of the device is strongly
dependent on the thickness of the graphene layer. Therefore, one
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can tune the electronic capability of the device by engineering of
the graphene thickness. Power factor, PF = S2G, reveals thermo-
electric efficiency of the device. The power factor as a function
of temperature and chemical potential for MLG/PHS, BLG/PHS,
and T LG/PHS are shown in Figs.9(f-h). Increase of G and re-
duction of thermopower are competing with each other in high
temperatures to control the behavior of the PF . Because the vari-
ation slope of G is higher, the PF increases by raising the temper-
ature. Increase of layer thickness brings the highest peak of PF
close to the Fermi level. For monolayer graphene, an asymmetry
in the PF is attributed to the asymmetry in the electrical conduc-
tance around the Fermi level as shown in Fig.9(b). For thicker
graphene layers, the PF is significant in E f < 0 that is causing
from the enhancement of electrical conductance in p-doping.

8 Conclusion

In summary, we have systematically investigated the structural
and electronic properties of Pt2HgSe3 (PHS) monolayer along
with the effects of the graphene thickness layers on the elecronic,
optic, and thermoelectric properties by using first-principles cal-
culations. We find that PHS monolayer possesses structural sta-
bility and exhibits topological insulator with the SOC band gap
about 160 meV. Furthermore, the formation of the MLG/PHS,
BLG/PHS, T LG/PHS and MLG/PHS/MLG heterostructures can
tune the SOC band gap of PHS monolayer, open a tiny band gap
in graphene, that make these heterostructures promising candi-
date for high speed electronic nanodevices. More interestingly,
the electric gating and out-of plane strain can shift the Dirac cone
of graphene in the MLG/PHS heterostructure to the lower or
higher binding energy, leading to an increase in the hole or elec-
tron doing. Absorption spectrum demonstrates two peaks, which
are located around 216 nm (5.74 eV) and protracted to 490 nm
(2.53 eV), indicating that PHS could absorb more visible light.
Increasing the number of graphene layers on PHS has a positive
impact on the UV-Vis light absorption and a clear red-shift with
enhanced absorption intensity.

In addition, we made a device from PHS and multilayer
graphene and calculated thermopower and electrical conduc-
tance using combination of DFT and green function formalism
in the linear response regime. Electrical conductance increases
quadratic with temperature and the rate of enhancement is de-
pendent on the graphene thickness. In contrast, a linear reduction
in the thermopower is observed with increase of the graphene
thickness. In addition, increasing of temperature results in the
reduction of the thermopower. Such analysis reveals that the het-
erostructuring not only significantly affect the electronic proper-
ties, but they also can be used as an efficient way to modulate the
optic and thermoelectric properties.
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