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ARTICLE INFO ABSTRACT

Keywords: An ab initio approach was used to define the structural, electronic, and optical properties of PtSe; and WSe; as

DFT monolayer (ML) systems and four heterostructures based on 1 ML WSe; on different thicknesses of PtSe,, on a

van der waals heterostructures mica substrate, as van der Waals (vdW) heterostructures. The MLs of WSe, and PtSe, exhibited a direct/indirect

ri:: multi-layers band gap of 1.68 €V/1.36 eV. In relation to the heterostructures, the increasing PtSe; thickness from 1 to 4 MLs

THz application affects the interlayer spacing and band alignment, reducing the band gap; moreover, the PtSey thickness
increasing brings to a gradual transition from indirect to direct bandgap. PDOS analysis shows that both Pt and W
orbitals contributed to the valence band, Pt contribution is dominant in the conduction band, but the Se atoms
possess the higher DOS before and after the Fermi level in all the interfaces. The MPSH results indicate an
enhanced orbital delocalization, which exhibits the smallest HOMO-LUMO separation. The optical properties in
the frequency (THz) range showed that the absorption response depends on the number of layers in the heter-
ostructures, with the WSe,@3MLPtSe; system demonstrating the highest in-plane absorption intensity. However,
the real part (Re(w)) of dielectric function showed the higher values for WSey/3MLsPtSe with in-plane = 6.54
and out-of-plane = 1.59 than others; this interface indicated higher peak intensity along the in-plane direction in
the frequency of 24 THz in the imaginary part (Im(®)), while WSey/1MLPtSe; showed the lowest one. These
findings demonstrate that WSe,/3MLsPtSe; heterostructure exhibited as good candidate for THz optoelectronic
applications.

1. Introduction

The terahertz (THz) spectral range, typically defined between 0.1
and 10 THz, has gained increasing attention because of its relevance for
imaging, spectroscopy, communication systems, and security technolo-
gies [1-3]. The rapid growth of data-intensive applications, including
cloud computing, immersive media, and the Internet of Things (IoT), has
significantly increased the demand for ultra-high-speed wireless
communication systems [1,4,5]. Current wireless networks operating in
the microwave and millimeter-wave bands are approaching spectrum
congestion, limiting their ability to support future data rate re-
quirements [6,7]. As a result, the exploration of higher carrier fre-
quencies has become a key research direction for next-generation
communication technologies [8]. However, the development of efficient
THz sources, detectors, and modulators remains challenging due to the
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lack of suitable materials exhibiting strong interaction with THz radia-
tion [2,9,10].

Two-dimensional (2D) materials have recently been proposed as
promising candidates to overcome these limitations thanks to their
tunable electronic properties, ultrafast carrier dynamics, and strong
optical interaction [11,12]. Among them, 2D transition metal dichal-
cogenides (TMDs) have attracted considerable attention in recent years
due to their remarkable electronic, optical, and transport properties,
which strongly depend on the number of layers and differ significantly
from those of their bulk materials. Thanks to their layered nature, these
materials exhibit tunable band structures, strong light-matter interac-
tion, and high carrier mobility, making them promising candidates for
next-generation electronic and optoelectronic devices [13-16]. TMDs
based on tungsten (W) and platinum (Pt) chalcogenides have emerged as
versatile platforms for applications ranging from photodetectors to
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nanoelectronics and sensing technologies [17-20]. Their electronic
band structures and transport properties enable efficient interaction
with low-energy electromagnetic radiation, while their reduced
dimensionality allows strong field confinement and tunable optical
conductivity [21,22]. Furthermore, heterostructures and multilayer
configurations based on these materials can offer additional degrees of
freedom for engineering the optical response in the THz regime [20,23].

In particular, Tungsten diselenide (WSey) has been extensively
investigated due to its direct bandgap in the ML form and strong exci-
tonic effects; these properties make it efficient for optical absorption and
emission processes across the visible and near-infrared spectral regions
[24,25]. Platinum diselenide (PtSey), on the other hand, has recently
become a promising member of the noble metal dichalcogenide family;
PtSe; exhibits a thickness-dependent electronic structure that transitions
from a semimetallic behavior in bulk form to a semiconducting state in
ML form. This tunable electronic structure, along with high environ-
mental stability, makes PtSe, especially interesting for electronic and
optoelectronic applications [26,27]. Additionally, PtSe, has shown
excellent performance in photodetection and sensing applications due to
its broadband optical response and high carrier mobility [28].

Thanks to near-atomic thickness and strong in-plane covalent bonds
in PtSe; and WSe,, these materials offer a new approach to building van
der Waals (vdW) heterostructures [29-32]. Hence, different single or
multi-layered TMDs, as well as heterostructures based on diverse TMDs,
have been studied for their optoelectronic properties. The
interface-induced Seebeck effect for the PtSey/PtSe; vdW structure was
reported by Lee et al. [33], who also offered an efficient method for
utilizing this material to create the large-area thermoelectric energy
harvesting devices that are perfect thermoelectric platforms with high
figures of merit. Qiao et al. [34] have investigated the electronic prop-
erties of PtSep/WSy vdW heterostructures and the optical absorption
analysis showed that this heterostructure can efficiently capture solar
energy and has good photocatalytic activity in the ultraviolet and visible
light regions. In another study, Han et al. [35] have evaluated the
PtSe,/SiH heterojunction, investigated its structural, electronic and
optical properties, and discussed its application in photocatalysis. Ac-
cording to projected density of state (PDOS) results, they have found
that PtSey/SiH is a type-II band alignment. Moreover, the excellent ab-
sorption coefficient of the PtSeo/SiH heterostructure spans the whole
region of visible light and has a peak value of 3.34 x 10° cm~!. The band
edge position of the heterojunction crossed the redox potential of water,
indicating ability for photocatalytic water splitting. Another study pre-
sented a phototransistor based on a PtSe,/Si heterostructure fabricated
on a silicon-on-insulator substrate. The built-in electric field at the
PtSey/Si junction enables efficient separation of photo-generated car-
riers. The device shows gate-tunable photoresponse across a broad
spectral range and very fast response times (about 36 ps). These results
highlight the potential of PtSe; heterostructures for high-performance
optoelectronic and transistor devices [36] Igbal et al. [37] has evalu-
ated the fabrication of single-layer WS, field-effect transistors (FETs)
with improved electrical performance. The h-BN/WS,/h-BN sandwich
structure significantly enhanced the carrier mobility and device stabil-
ity. The devices achieve electron mobility up to about 214 cm?/Vs at
room temperature and about 486 cm?/Vs at 5 K, with an on/off current
ratio of about 10”. The results demonstrate a promising approach for
high-performance, air-stable 2D semiconductor devices for nano-
electronics and optoelectronics. In a similar study, the high-performance
p-type FETs based on ML WSe, (about 0.7 nm thick) using chemically
doped source/drain contacts and high-x gate dielectrics have been re-
ported. The devices show high hole mobility (about 250 cm?/Vs), and an
on/off ratio above 10° at room temperature. These outcomes demon-
strated promising device architecture for high-performance p-type
transistors [38]. Si et al. [39] have assessed the band alignment of
MoS3/WSe; heterojunction samples with the support of X-ray photo-
electron spectroscopy and first-principles theory calculations. Accord-
ingly, the improved photoelectrochemistry (PEC) performance of the
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heterojunction photoanode was ascribed to the built-in electric field
between MoS; and WSe; nanosheets, which promoted the photo-
generated e-h pair separation and suppressed their recombination. This
study has verified the PEC mechanism of MoSz/WSe; heterojunction
photoelectrodes, which is significant for the design of PEC devices based
on TMD heterostructures. More, Zheng et al. [40] using experimental
and theoretical results have illustrated the rich potential of the families
of WSe;, to control spin currents in 2D spintronic devices. They measured
the spin-filtering effect in all-vdW heterostructures with WSe; barrier.
Combining 2D-perpendicular magnetic anisotropy FesGeTe, (FGT) with
different thicknesses of WSes, the FGT/WSey/FGT spin valve showed
distinct charge and spin transport behavior. Moreover, the negative
magnetoresistance of —4.3% could be inverted into positive magneto-
resistance (up to +25.8%) with decreasing the WSe; thickness.

Among such promising industrial applications for both materials, it is
highly demanding to develop atomistic methodologies to explore such
physical features, which will significantly broaden the application of 2D
WSe; and PtSey materials and their vdW interfaces. In this work, using
hybrid density functional theory calculations, we proposed the in-
terfaces made of WSey/PtSes on mica substrate. The impact of stacking
from 1 ML to 4 ML of PtSe,, in the heterostructure 1MLWSe,/(xMLs)
PtSes, has been systematically investigated. More attention has been
dedicated to evaluating the band gap properties, PDOS, HOMO (Highest
Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular
Orbital) as frontier molecular orbitals, and optical properties. The
impact of the interfaced properties on the charge redistribution between
the layers of 1MLWSey/(1-4 MLs) PtSe; vdW heterostructure has also
been assessed by molecular projected self-consistent Hamiltonian
(MPSH) calculations.

In this study, we will focus on prediction the electronic and optical
properties of the WSey and PtSey structures for application in low-
frequency THz amplification by constructing their vdWs hetero-
structure systems. The terahertz gap absence of effective, portable, and
affordable sources and detectors is one of the major obstacles to THz
technology's potential [41,42]. In this context, exploring emerging
materials, such as 2D heterostructures, and integration methods, is
attracting increasing attention. We are followed our previous studies
regarding the exploring THz adsorption properties in 2D TMDs vdW
material interfaces, such as SnSe, and SnSe [13,43], VSey [16],
PtSeo/MoSe; [44], WSey [45], and graphene [46,47]. An experimental
and theoretical study work of Huang et al. [48], reveal that broad ab-
sorption features spanning 0.5-15 THz, associated with free-carrier
dynamics and photon-to-phonon transitions for MoSz/WSey/MoS; het-
erostructure. More, energy transfer of a vdW heterostructure formed by
monolayers of WSe, and PtSep has studied by steady-state photo-
luminescence (PL) and time-resolved transient absorption spectroscopy.
The results showed that WSe,/PtSe; interface facilitates efficient type-I
energy/exciton transfer mechanisms that modify local dielectric prop-
erties and enhance nonlinear terahertz emissions [49]. Further,
optical-pump  terahertz-probe = (OPTP) setups demonstrated
sub-picosecond carrier relaxation and transient conductivity changes
ideal for high-speed optoelectronics for bilayer of 2MLPtSe,/MoSe; and
3MLWSe; deposited on mica substrate [44]. While previous studies have
investigated different properties of WSe, and PtSe, bulk materials and
heterostructures, they often overlook the experimental characterizations
and device level behaviours. However, a comprehensive
simulation-based approach is fundamental to fully understanding the
system's boundary conditions as well as evaluations the structural,
electronic and optical properties of the interfaces in atomic scale, as we
focus on this work.

2. Computational details
All DFT results presented have performed within the framework of

the Quantum Atomistic ToolKit (QATK) code [50]. The Kohn-Sham (KS)
expression [51,52] was addressed using the linear combinations of
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Fig. 1. Convergence tests for cutoff energy, k-point mesh, and vac-
uum thickness.

atomic orbitals (LCAO) basis set [53,54]. The HSE06
(Heyd-Scuseria-Ernzerhof)  hybrid  functional  described the
exchange-correlation functional, and the OMX pseudopotentials were
used to approximate the wave functions in order to overcome the
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drawbacks of conventional Local Density Approximation (LDA) and
Generalized Gradient Approximation (GGA) functionals [55]. In Quan-
tumATK software, the use of scalar-relativistic HSE06 + spin—orbit
coupling (SOC) it's not possible due to the software limitations and setup
requirements. In this software, spin configurations are defined inside the
calculator and script blocks via specific spin parameters of unpolarized,
polarized (collinear), and noncollinear spin-orbit. Since we used LCAO
basic set, by choosing HSEQ6 calculations, the LCAO calculator auto-
matically reverts to unpolarized configurations. So, we cannot use the
full noncollinear spin-orbit calculations with hybrid functionals
natively. Furthermore, benchmark previous theoretical studies in the
literature indicate that the fundamental band gap trends and the struc-
tural properties of TMDs materials and vdW interfaces can accurately be
described by the HSE06 functional by introducing a portion of exact
Fock (Hartree-Fock) exchange [56-61].

Since the vdW interactions, as the important forces, are not able to be
correctly described by GGA calculations, we adopted the dispersion
correction through parametrization developed by Grimme method
(PBE-D3) [13,62]. The convergence tests for cutoff energy, k-point
mesh, and vacuum thickness were performed for the mica/WSey/PtSes
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Fig. 2. Electronic properties of PtSe; and WSe; as a single layer. Schematic representation of both PtSe; and WSe,, their respective band structure, and PDOS. The
white, gold, and blue sticks are the Pt, Se, and W atoms, respectively. In the Projected Density of the State Pt and W are the represented as green curves, while Se is

represented in the red curves, in both the systems respectively.
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Fig. 3. The modelled geometries of 1IMLWSe,/(1-4 MLs) PtSe, on mica sub-
strate; the white, gold and blue sticks are the Pt, Se and W atoms, respectively.
The mica atoms coloured in O (red), Si (yellow), Al (brown), and P (violet),
with H (white).

IMLWSez@ IMLPtSe:

IMLWSe2@2MLPtSez

Fig. 4. Stacking configuration in a WSey/PtSe, vdW heterostructures; the
white, gold and blue sticks are the Pt, Se and W atoms, respectively.

as the smallest heterostructure supercell, independently for each
parameter, as seen in Fig. 1. Cutoff energy has tested from 10 Hartree to
130 Hartree. k-point mesh tests have calculated for total ground energy
of the interface across mesh densitiesof 1 x 1 x 1upto5 x 5 x 1. Then,
we considered the vacuum thickness variations, and we plotted the total
energy as vacuum spacing increases from 5 A to 30 A to prove spurious
electrostatic interactions between periodic images are eliminated.

A cutoff energy of 110 Ry was used, and geometries optimization
were performed until the energy convergence satisfied the criterion of
1.0 x 107® eV/A. The first Brillouin zone was sampled with the Mon-
khorst—Pack grid of 4 x 4 x 1 k-points. The PDOS and band structure
was calculated using a high k-point of 12 x 12 x 1. To analyse the en-
ergy levels of HOMO-LUMO of different geometries, molecular projected
self-consistent Hamiltonian (MPSH) calculations were executed.

The real part of the dielectric function (Re(w)), the imaginary part
(Im(w)) and the absorption coefficient (@) are calculated by the
following Formula [16,63,64],
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where n and « refer to complex refractive index (n) and extinction co-
efficient (x), respectively. The Im(w) of the n (defined also as the ) is
related to the absorption term of electromagnetic waves as they travel
through a material.

And the term n is related to the complex relative permittivity (e,)
through,

n+ix = /e “)

Also, the electron energy loss spectrum, can be described using the
dielectric constants by,
Re(w)®

4O Rt m? N

3. Results and discussions
3.1. PtSe; and WSe, monolayer properties

The atomistic characterization of PtSe; and WSe; as individual sys-
tems represents the first step toward understanding the properties of
layered hybrid structures based on these materials. PtSep, and WSe; are
TMDCs with a layered structure, in which the layers are stacked through
vdW interactions, while strong covalent bonds hold the atoms together
within each plane. The properties of the corresponding 2D MLs are of
particular interest, as they exhibit electronic structures and optical be-
haviors distinct from those of their bulk counterparts. Here, PDOS and
band structure were calculated to assess and validate the reliability of
the proposed DFT methodology.

A PtSe; ML is characterized by a hexagonal crystal structure, where a
central plane of Pt atoms is covalently bonded to two Se atomic layers
located above and below it (Fig. 2). Its band structure reveals an indirect
band gap of 1.36 eV, in good agreement with data reported in the
literature [65,66]. The existence of the gap between valence and con-
duction bands, arising from contributions of both Pt and Se atoms, is also
confirmed by the PDOS. Specifically, the PDOS shows that the high
electronic states related to Se orbitals in the valence and conduction
bands. A WSez monolayer exhibits a direct band gap of 1.68 eV, with
both the valence band maximum and the conduction band minimum
located at the K point, while the bulk material has an indirect band gap
0f 0.94 eV [20,67]. The corresponding PDOS of WSe; originates from the
W orbitals contributed in both the valence and conduction bands.

3.2. WSes/PtSe; vdW heterostructures on mica

After evaluating the monolayer systems properties, we simulated
various interfaces of 1IMLWSey/PtSe, on mica substrate by varying the
PtSey thicknesses, i.e. from one to four layers (Fig. 3). We included the
mica substrate in our DFT models for some important reasons aimed at
bridging the gap between theoretical modeling and experimental re-
ality. Following our previous study for considering the carrier dynamics
and electronic properties of PtSe;/MoSe; and WSey 2D layered struc-
tures on mica [44], this substrate is one of the most widely used mate-
rials for the experimental growth and exfoliation of 2D materials like
WSe; and PtSe, due to its atomically flat surface [68]. We included the
mica in our simulations ensures our calculations closely mimic realistic
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Fig. 5. DFT calculations on band structure variations of WSe, on multilayered PtSe,. The relative positions of VBM and CBM with respect to Fermi level are inserted.

experimental conditions to accurately account for substrate-induced
lattice deformation and full geometry optimizations of WSey/PtSes
vdW heterostructures supported on the mica slab. However, after the
optimization of the interfaces, we cut away the mica substrate from the

160

WSex@ 1 MLPtSez

F Zero

Fermi level
—— Total

Se
— W

Pt

Energy (eV)

WSe2@3MLsPtSe2

EF

Fermi level
— Total
— S&
— W
-— Bt

Energy (eV)

WSex@2MLsPtSez
160 =
- Zeno
140 Fermi level

DOS (eV™1)

— Total

Energy (eV)
WSe2(@4MLsPtSe2
..... Zero
Fermi level

Energy (eV)

Fig. 6. PDOS calculations of WSe, on PtSe, different thicknesses.

vdW heterostructures and the subsequent electronic structure and
property calculations were carried out on the optimized freestanding
TMDs layers to eliminate unphysical confinement or band-edge shifts
from the wide-bandgap substrate and to focus exclusively on the
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Interface HOMO
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Fig. 8. Isosurfaces of HOMO and LUMO states of the WSey/(1-4 MLs)PtSe;, interfaces.

intrinsic properties of the 2D TMDs layers. Then, we run a single-point
(SCF) energy calculation immediately after deleting the substrate,
using the exact atomic coordinates from the relaxed heterostructure.
This gives the frozen electronic structure of the interfaces as it exists on
the substrate. This method has already employed in the first-principles
simulations for the interfaces [69].

All lattices have been optimized with a minimum of 25 A vacuum
between the layer's periodic replica. The dimension of the supercells is
a=10.41 A and b = 10.44 A with the vary values of ¢ axis by 38.84 A,

42.99 A, 46.23 A, and 52.28 A for mica/IMLWSe, on 1MLPtSe,
2MLsPtSey 3MLsPtSep and 4MLsPtSe,, respectively. The distance be-
tween the mica and the first layer of PtSe; (oxygen in the mica and Se in
the PtSey) is 13 A. All the supercells have hexagonal unit cells, as see in
Fig. 4. While in the 2D hexagonal primitive unit cell, as a triangular grid
configuration forming a 60° angle between the axes, in a 3D lattice form,
the angles between the lattice axes are @ = 90, = 90° and y = 120°.
Regarding to the stacking configuration of the WSe,/1MLPtSe; het-
erostructure, as show in Figs. 3 and 4, exhibit the stacking AB
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Table 1
HOMO and LUMO energy levels as well as the HOMO-LUMO band gaps of
different interfaces of WSe,/(1-4 MLs) PtSe,.

Interface HOMO-LUMO band HOMO Energy LUMO Energy
gap (eV) (eV) (eV)
WSe,@1MLPtSe, 1.94 —1.0687 0.8713
WSe,@2MLsPtSe,  1.72 —0.9490 0.7710
WSe,@3MLsPtSe,  1.77 —0.9803 0.7897
WSe,@4MLsPtSe,  1.74 —0.9791 0.7609

configuration. The top WSe, monolayer shifts laterally relative to the
bottom PtSe; monolayer. The W atoms sit in a trigonal prismatic coor-
dination between the Se-Pt atoms. The WSe,/2MLPtSe, stacked trilayer
heterostructure can explicitly manifest as ABB stacking configuration
(see Figs. 3 and 4). While the first layer (A) stablishes the WSe; layer and
the second layer (B) denotes as the middle layer PtSey, the third layer (B)
implies that the top layer (PtSey) perfectly aligns with the middle layer
(PtSey) without further lateral translation maintaining as homo-bilayer
AA-like orientation between the two PtSe, sheets. Regarding to WSey/
3MLPtSe; and WSeo/4MLPtSes, simply have the stacking configurations
of ABBB and ABBBB, respectively.

Then, we investigated the structural parameters once every super-
lattice had been fully optimized. About the mica/WSey/1MLPtSe;, while
the interlayer distance of mica-WSej is around 3.68 A, the alignment of
2D PtSe; with WSe, layers is accompanied by an initial vdW interlayer
distance of around 3.13 A between the individual layers. The vdW
interlayer spacing has altered in mica-WSey (3.57 A), WSe,-PtSe,
(3.38 A) and PtSe,-PtSe; (3.62 A) for WSey/2MLsPtSe,, mica-WSe;
(3.46 A), WSey-PtSey (3.60 A) and PtSe,-PtSe, (3.62 A) for WSey/
3MLsPtSe,, and mica-WSe, (3.42 A), WSex-PtSe; (3.55 A) and PtSey-
PtSe, (3.52 1’0\) for WSey/4MLsPtSe, due to an increase in PtSey layer
thickness.

We also considered the mica imposed biaxial strain on the WSe; and
PtSe; monolayers. Since the mica surface cell dimension is
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10.41 A x 10.44 A is match with 3x3 supercell of hexagonal mono-
layers, and the lattice constant (a) of WSey and PtSe; calculated in this
study are 3.28 A and 3.74 A, respectively, the imposed biaxial strain is
calculated as:

_ Smica,i - Llayer
o Llayer ©
And Llayer = 3a,

Thus, for ayse = 3.28 1°\, along the two mica directions: &x = 5.79 %
and e, = 6.10 %, and the mica imposed approximately eyse2 ~ 5.95 %
average tensile strain in 3x3 WSe; cell.

For apises = 3.74 A, along the two mica directions: &, = —7.22 %
and e, = —6.95 %. The average imposed strain is therefore epgeo ~ —
5.95 % in 3x 3 PtSe; cell, means that PtSe; is under compressive strain.

We also evaluated the direct lattice mismatch of the WSe,/PtSe,
interface. Using the primitive lattice constants and taking the WSe; as
the reference;

Table 2
Optical adsorption properties along the in-plane and out-of-plane directions for
all the interfaces of WSe,/(1-4 MLs)PtSe,.

Interface In-plane direction Out-of-plane
direction
Frequency 12 THz 24 THz 36 THz 48 THz
WSe,@1MLsPtSe; 660 cm ™! 1798 2329 cm™! 327 cm™!
em!
WSe,@2MLsPtSe, 3740 7630 9342 cm™! 982 cm~!
cm ! cm™!
WSe,@3MLsPtSe, 3776 9194 11,662 3683 cm !
cm ! cm! cm!
WSe,@4MLsPtSe, 2996 7286 9678 cm! 7811 cm™!
cm ! cm!
WSe2@2MLsPtSe2
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Fig. 9. Optical adsorption properties of the WSe,/(1-4 MLs)PtSe, interfaces.
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The WSe,/PtSe, calculated lattice mismatch is 14.02 %.
To evaluate the systems stability, the interlayer binding energy (Eg)
of the mica/WSey/PtSesy superlattices has been calculated as Eq. (8)
[13],

__E(superlattice) — E(Mica) — E(WSe2) — nE(PtSe2)

Ep = N (8

where E(superlattice) refers to total energy of superlattices of different
thicknesses, E(Mica) , E(WSe2) and E(PtSe2) are the total energy of the
mica and material monolayers, n is the number of the PtSe2 layers and N
is the numbers of atoms in the supercells. The calculated Ep has obtained
to be —0.162 eV/atom, —0.152 eV/atom, —0.143 eV/atom and
—0.122 eV/atom for WSey/1MLPtSe;, WSey/2MLPtSe;, WSes/
3MLPtSe;, and WSez/4MLPtSe,, respectively.

We theoretically explored the band structures of the WSe,@layered
PtSey (1-4 MLs) after optimizing the full structures based on DFT cal-
culations (Fig. 5). The atomistic outcomes revealed that the semi-
conductor properties of all the interfaces with transition from an indirect
to direct band gap by increasing the number of PtSe; layers. The simplest
model of WSe,@1MLPtSe; exhibited an indirect band gap of 627 meV
with valence band maximum (VBM) (Eygy = —323 meV) and conduc-
tion band minimum (CBM) (Ecgy = 307 meV). By increasing the
thickness of the PtSe; from 1 ML to 4 MLs, the Eygy of WSe,@2 MLs
PtSes, WSex@3 MLs PtSe; and WSex@4 MLs PtSes have slightly changed
to —260 meV, —298 meV and —293 meV, respectively. The corre-
sponding Ecpy are estimated to be 178 meV, 190 meV and 170 meV,

respectively, which minimise the band gaps in the interfaces with even
layers of PtSep from 438 eV in WSey;@2MLsPtSe; to 488 eV in
WSe,@3MLsPtSe, and 463 eV for WSe,@4MLsPtSe,.

To further elucidate the interfacial charge interactions, we analysed
the PDOS calculations of the WSe,/PtSe, heterostructures as a function
of the PtSe; layer thickness (Fig. 6). Analysis of the PDOS reveals that Se
atoms dominate the DOS across all interfaces, exhibiting prominent
peaks both just below and above the Fermi level. In the Eygy region, W
displays the next highest DOS contribution. As the number of PtSe;
layers increases, our theoretical results reveal a distinct atomic compe-
tition in the valence band: the W (5d) and Pt (5d) orbitals begin to
overlap and compete for dominance. Conversely, in the Ecpy region, Pt
atoms consistently provide the second-highest DOS (after Se). As the
PtSe, thickness increases, the Se, Pt and W atomic-derived DOS in-
creases across all evaluated interfaces, indicating enhanced interlayer
electron delocalization. In agreement to the band structure calculations
of different interfaces, the total PDOS increasing at the Eypy and Ecpy
regions cause the strong interfacial coupling and charge redistribution
as well as the tuning of the band alignment from indirect to direct band
gap. We mention that PtSe; exhibits a distinct layer-dependent evolution
where its band gap changes significantly with thickness (Fig. 5).

It is worthy to notice that the vdWs interaction between layers in
TMDs materials like MoSe; and WSe; alters the overlap of the out-of-
plane P; and in-plane P, , , orbitals of the Se atoms, because in-
terfaces break translational symmetry in the out-of-plane direction, and
the out-of-plane orbital hybridization undergoes a strong odd-even
alternating effect [70-72]. In WSey/PtSep heterostructures with
odd-numbered layers, the lack of spatial inversion symmetry can lead to
an uncompensated interface dipole. This built-in electric field breaks the
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Fig. 11. Reflective index of the WSe,/(1-4 MLs)PtSe, interfaces.

spatial symmetry of the confined electron states in the PtSe; layer,
shifting the energy eigenvalues of the conduction and valence bands.
Even-layer interfaces maintain better structural inversion symmetry,
cancelling out these dipoles and creating a more homogeneous, delo-
calized charge distribution that narrows the band gap. As we discuss
later in the HOMO-LUMO states, WSe,/PtSe; and WSe;,/3PtSe; hetero-
structures will be shown this fact with more orbital delocalization be-
tween the layers.

The molecular energy spectrum and HOMO-LUMO energy splitting
from MPSH calculations can be seen in Fig. 7 and Table 1, which dem-
onstrates molecular spectrum energy and eigenstate energy levels of
WSey/(1-4 MLs)PtSe; different interfaces. It has been predicted to have
lower HOMO-LUMO band gap when there are the even layers of PtSe; in
the interfaces of 1.72 eV and 1.74 eV for WSey/2 MLsPtSe; and WSey/
4MLsPtSe,, respectively, while WSe,/1MLsPtSe; and WSey/3MLsPtSe;
with the odd layers of PtSe; showed higher band gap energy of 1.94 eV
and 1.77 eV, respectively (see Fig. 8).

The HOMO-LUMO isosurfaces from MPSH can be seen in Fig. 6,
demonstrating the charge density redistribution and eigenstate energy
levels of WSey/(1-4 MLs)PtSe; systems. The HOMO energy value
decreased from —0.1247 eV in WSe,@1MLPtSe; to —0.2990 eV in
WSe;@2MLsPtSe,, then increased to —0.1420 in WSe,@3MLsPtSe, and
ultimately reached —0.3061 eV in WSex@4MLsPtSe,, according to the
variation of the eigenstates in the region below the Ep. While the
WSe;@1MLPtSe; and WSea@4MLsPtSe; have the same LUMO energy
level of 0.2734 eV, WSe,@2MLsPtSe; and WSe,@4MLsPtSe, showed an
increase in the LUMO energy to 0.7156 eV and 0.5409 eV, respectively.
In conclusion, the interfaces with the odd layers of PtSey, particularly
the WSe,@3MLsPtSe,, show a reduced HOMO-LUMO band gap because
the charge density in the molecular orbitals of all the layers in contact is
completely delocalized.

Optical absorption spectra for different interfaces of WSey/

1MLPtSe;, WSey/2MLsPtSe;, WSey/3MLsPtSe;, and WSey/4MLsPtSe;
have been then compared, as a function of Frequency (THz), as reported
in Fig. 9. The main first peak was positioned at 12 THz, 24 THz, and
36 THz along the in-plane direction for all the interfaces with different
intensities of the adsorption coefficient (see Table 2). The adsorption
intensity did not exhibit a regular pattern, according to the DFT-data;
however, WSey/3MLsPtSe; showed the structure with the highest
adsorption intensity. Indeed, the corresponding adsorption peaks of four
interfaces along the out-of-plane shown a consistent trend, ie. by
increasing the PtSe, thickness, the peaks shifted to the lower THz fre-
quencies, and the intensity of the optical adsorption has enhanced (see
the frequencies in 48 THz, including in Table 2).

The data presented in Fig. 10 deal with the dielectric functions
directly calculated by the DFT packages. The real part (Re(w)) of
dielectric function, which is related to the static dielectric constant,
shown positive values for all the interfaces with WSep/1MLPtSe;, (in-
plane = 1.98 and out-of-plane = 1.13), WSey/2MLsPtSe; (in-
plane = 5.20 and out-of-plane = 1.41), WSey/3MLsPtSe; (in-
plane = 6.54 and out-of-plane = 1.59), and WSey/4MLsPtSey (in-
plane = 5.00 and out-of-plane = 1.93). These results indicate that the
total reflectance of photon-electron interaction in the light polarization
along the in-plane is larger than the out-of-plane direction.

Based on Fig. 10 for WSey/(1-4 MLs)PtSe; interfaces, the absorption
edge of Im(w), which was equal to the optical gap, located at zero along
the in-plane and out-of-plane directions in all the structures. Our
atomistic results revealed that WSey/3MLsPtSe; has higher peak in-
tensity along the in-plane direction in the frequency of 24 THz, while
WSey/1MLPtSe; possess the lowest one. The first main peak of Im(w)
along the out-of-plane polarization shown more intensity by increasing
the PtSey thickness.

Figs. 11 and 12 show the refractive index and extinction coefficient
of different interfaces of 1MLWSey/(1-4 MLs)PtSe,. From Fig. 11, the



E. Mohebbi et al.

WSe:@1MLPtSe:
1.0
— X
vy
0.8 2z
0.6
»

Frequency (THz)

Results in Surfaces and Interfaces 25 (2026) 100938

WSe2@2MLsPtSez
1.0
4
¥y
0.8 zZ
0.6
0.4
|
0.2
|
0.0 -
0 100 200 300 400
Frequency (THz)
WSe@4MLsPtSez
1.0
— XX
— W
0.8 zz
0.6
= |
0.41|
|
|
0.2 I| /\
e ———— e e |
0.0
0 100 200 300 400

Frequency (THz)

Fig. 12. Extinction coefficient of the WSe,/(1-4 MLs)PtSe, interfaces.

WSe2@3MLsPtSer
1.0
—_ XX
vy
0.8 zz
\
0.6 || \
x \
0.4 Il \
\ /
\ /
/
< Pa / \
\ _
0.0 =
0 100 200 300 400
Frequency (THz)
WSe2@ 1MLPtSez
0.2
T 015
c
=]
B o
L /
2 /
Soos
0 :'.':.— — o =
0 20 40 &0 80 100
Frequency (THz)
WSe2@3MLsPtSez
08 =
vy
— o Iz
W06
=
S
i yd )
Eoz .
= 0. -
/’/ ?
ol
0 20 40 ] 80 100

Frequency (THz)

Loss Function (€)
o o
@

Loss Function (¢)

WSe2(@2MLsPiSe2

0.1 o aes
0
1] 20 40 60 80 100
Frequency (THz)
WSea@4MLsPtSe:
0.8
/':“'“'“:-'.'.:--. e
L
0.4
0.2

0 20

40
Frequency (THz)

&0 80

Fig. 13. Energy loss function spectra for the WSe,/(1-4 MLs)PtSe, interfaces.

static refractive indices were 1.41, 2.28, 2.55, and 2.23 in the in-plane
direction for WSey/1MLPtSe;, WSes/2MLsPtSe;, WSes/3MLsPtSes,
and WSey/4MLsPtSe,, respectively. Along the out-of-plane, the static
refractive indices have increased from 1.06 in WSe,/1MLPtSe; to 1.19,
1.26 and 1.39 for WSey/2MLsPtSe;, WSey/3MLsPtSe;, and WSey/
4MLsPtSey, respectively. The first peak values of the extinction

10

coefficients in Fig. 12 for WSey/1MLPtSe; (in-plane = 0.17 in 24 THz
and out-of-plane = 0.02 in 48 THz), WSey/2MLsPtSe; (in-plane = 0.75
in 24 THz and out-of-plane = 0.06 in 24 THz), WSes/3MLsPtSe, (in-
plane = 0.90 in 24 THz and out-of-plane = 0.23 in 72 THz), and WSey/
4MLsPtSe; (in-plane = 0.71 in 24 THz and out-of-plane = 0.35 in
48 THz).
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The theoretical energy loss function presented in Fig. 13 shows the
maximum energy loss peak at 38 THz, 49 THz, 71 THz, and 59 THz along
the in-plane direction for WSey/1MLPtSe,, WSey/2MLsPtSe;, WSeo/
3MLsPtSe;, and WSey/4MLsPtSe,, respectively. Since the imaginary
part, Im(w)), of the dielectric function is related to the optical absorption
properties of materials, it is predicted from the dielectric function
spectra that WSey/(1-4 MLs)PtSe interfaces has strong light absorption
in a wide range of photon energy in the range of 0-100 Frequency (THz).
The results reveal that we can tune both the optical and electronic
properties of WSey/PtSe, structure by varying the PtSe, thickness.

We compared the optical properties of WSes/PtSe; vdW interface
systems in this study with the experimental refractive index (n) and
extinction coefficient (k) of the 1MLMoSey/2MLsPtSe; from our previ-
ous work [44] fabricated on the mica substrate. The outcomes reveal
that this interface does not introduce any observable optical adoption
absorption as simulated in the theoretical calculations. Thus, effective k
is also almost zero similar to what we predicted for the WSe,/(1-4 MLs)
PtSe, response. More, 1 ML MoSey/2 MLs PtSes showed the maximum
reflective index at 2.75 a bit higher than WSe,@3MLsPtSe; with the
value of 2.55 along the in-plane direction. It worthy to notice that this
study suggested a significant improvement in the optical properties of
WSe;@PtSep vdW interfaces with respect to the WSeo/HfSe, hetero-
structure in Ref. [73], by shifting the first adsorption peaks from visible
light to infrared spectrum due to lower optical band gap. Regarding to
adsorption coefficient of both interfaces, whereas the intensity of
WSey/HfSe; can reach to 700,000 cm~!, WSe,@3MLPtSe, has
exhibited the lower adsorption intensity of 12,500 cm~!. The optical
absorption coefficient in the orders of 10,000 cm ! is very favorable for
solar energy harvesting [74,75].

4. Conclusion

In this work, we used a DFT approach to investigate monolayers of
PtSey and WSe, as separate entities, and their multilayer hetero-
structures based on 1 ML WSes combined with 1-4 MLs of PtSe,. The
calculated band structures of the isolated monolayers confirm the reli-
ability of the computational methodology, reproducing the expected
indirect bandgap of PtSe; and the direct bandgap of WSe;. When the
monolayer systems were assembled into vdW heterostructures, the
electronic properties are significantly modified by the number of PtSe;
layers. Interestingly, the heterostructure calculations showed a semi-
conducting behavior with a reduction of the bandgap for the interfaces
with odd layers of PtSe, and a progressive transition toward a direct
bandgap as the number of PtSe; layers has increased.

The PDOS analysis showed that Se orbital states contributed strongly
to both valence and conduction portions, while a competition has
occurred between Pt and W in the valence band by influence from the
layer thickness. This indicates that the interfacial electronic structure
can be tuned through layer engineering. In addition, the MPSH results
revealed a redistribution and delocalization of the frontier orbitals, with
the WSey@3MLsPtSe; system showing that the charge density in the
molecular orbitals is completely delocalized. In addition, the calculated
optical absorption in the range of Frequency (THz) confirms the strong
dependence of the optical response on PtSe, thickness, with an in-plane
absorption that is maximized for WSe;@3MLsPtSe,. Further, other op-
tical characteristics revealed that higher peak intensity in the Im(w) as
well as static dielectric constant. These findings show that PtSe, thick-
ness may efficiently adjust the band structure, electrical characteristics,
THz optical response, and dielectric constant of 1MLWSey/(1-4 MLs)
PtSey, paving the path for these layered systems in upcoming THz op-
toelectronic applications.

In summary, our study maps the primary finding related to the
structure properties, electronic band structures and optical properties of
the investigated 1MLWSey/(1-4 MLs) PtSe; vdW heterostructures. To
build upon these insights, the immediate next step requires experimental
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measurements to validate our theoretical predictions. Specifically, uti-
lizing photoluminescence spectroscopy and Angle-Resolved Photoe
mission Spectroscopy (ARPES) measurements will be crucial to
confirm the predicted properties. Furthermore, a comprehensive eval-
uation demands the consideration of other key properties such as ther-
mal conductivity, mechanical stability, carrier mobility, lifetime, and
contact effects, to ensure these materials can withstand the operational
demands of next-generation optoelectronic devices.
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