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Abstract Article Info.
To investigate the structural, electrical, and optical properties of a single layer of

two-dimensional mercury selenide (HgSe), density functional theory is used for the Keywords:

analysis of the material. To ensure the monolayer's structural and thermal stability, DFT, HgSe Monolayer, 2D
it is of the utmost importance to ascertain the phonon frequency. Computer Materials, Phonon Spectra,
simulations based on first principles were used in order to investigate the structural ~ Optical Properties.

lattice parameter, which is in good agreement with experimental results. The two-

dimensional HgSe is dynamically stable according to the positive phonon A ticle history:
frequencies. The 2D-HgSe has the semiconductor characteristic of a direct band gap  Received: Jan.04, 2024

of about 1.731 eV, located at the I" point. The static dielectric constant is 1.34 fora  pavised: Mar. 17, 2025
semiconductor characteristic. The HgSe monolayer is a transparent material with a Accepted:Apr. 07, 2025
static refractive index of 1.16, besides an anti-reflective characteristic. The refractive Published:Sep. 01,2025
index had a lowest value of 0.76 at high energy. 2D-HgSe has a UV optical

absorption characteristic.

1. Introduction

Topological insulators (TIs) have raised a plentiful attentiveness from researchers
because of their splendid characteristics and their uses in quantum computing and
spintronics [1]. Due to the flexibility of opened edge states from particles-reflection, two-
dimensional (2D) TlIs are thought to be more promising items than bulk TIs for spin
conveyance implementations [2-8]. However, because the tiny band gaps, the quantum
spin Hall leverage of current two-dimensional topological insulators only take places
under super cold conditions [9]. For both basic and practical reasons, the hunt for two-
dimensional topological insulators with insulators has thus accelerated recently [10-14].
2D substances have garnered a plentiful attentiveness since the discovery of graphene
because of its many uses in solar cells, optoelectronics, and spintronics [15]. Single-layer
separation by mechanical or chemical exfoliation is made easier by the fact that the
majority of 2D materials have 3D layered parent equivalents that show weak out-of-plane
Van der Waals interactions and strong in-plane covalent bonding [16-18]. Additionally,
a variety of materials with firm two-dimensional frames and a broad domain of intriguing
features exist outside of 3D layered materials. It is interesting to note that numerous
elements and compounds have a 2D honeycomb structure that is fixed in a flat or buckled
shapes, according to recent theoretical simulations [19-21]. Therefore, these materials'
honeycomb lattice provides a special environment for the hunt for new quantum spin Hall
(QSH) insulators with wide band gaps. One of the special characteristics of the semimetal
3D mercury selenide (HgSe) with space group F43m is that its band skeleton shows an
inversion of the I'6 and I'8 band ordering [22, 23]. Since of its semimetallic character,
HgSe is also anticipated to have Dirac-electronic levels, which are challenging to measure
since they are constantly connected to metallic bulk states [24].

© 2025 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommaons.org/licenses/by/4.0/).
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Nevertheless, the systems become 3D TIs under stress that creates a gap between
the highest valance bands. HgSe is a two-dimensional hexagonal lattice of mercury and
selenide atoms, similar to graphene, which has sparked interest in the field of quantum
computing and nanoelectronics due to its potential applications [25]. In the current work,
we make a prediction based on density functional theory (DFT) computations that a two-
dimensional monolayer of HgSe with a buckled honeycomb topology is stable.

2. Methodology

The optoelectronic properties of the Hg and HgSe ML were investigated through
CASTEP program with the use of DFT [26]. Norm-conserving, pseudopotential, and
Perdew—Burke—Ernzerhof (PBE) exchange energy and Hartree—Fock exchange energy
were employed, along with the full PBE correlation energy (PBEO hybrid-functional)
analysis to investigate the exchange interaction and correlation [27, 28]. The unit cell of
a HgSe ML was created from the planar (1 1 1) surface of the bulk zincblende HgSe
crystal (cubic 216-F43m space group). A vacuum thickness was assumed in order to
prevent interlayer connection with the super-cell's length of 15 A, and the monolayer set
corresponding to the a-b plane and normal direct ¢ was used for all calculations. The force
tolerance was 0.01 eV/A to optimize the structure using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) algorithm. An energy of 20 meV for confinement and 500 eV mesh for
cut-off were utilized in our Plane Wave foundation sets. To incorporate the Brillouin zone
in two dimensions, a Monkhorst-Pack k-point grid measuring 21x21x1 was used. It was
determined that a supercell method was used to compute the phonon spectra [29]. The
optical properties, electrical band structure, and partial density of states were all
investigated within the same theoretical framework. Fig.1 illustrates the honeycomb
structure of 2D-HgSe monolayer.

A : the buckling height.
Se

A A

Figure 1: The structure of 2D-HgSe monolayer. a) front view and b) side view.

3. Results and Discussion

Fig.1 shows that pure HgSe ML has a hexagonal shape. In contrast to the planar
structure of graphene, the low-buckled arrangement of HgSe ML is characterized by the
segregation of Hg and Se atoms into separate sublattices. Consistent with earlier findings,
the lattice constant and Hg-Se bond length in HgSe ML are 4.257 and 2.499 A,
respectively, during structural relaxations [30, 31]. Additionally, the buckling height
between the Hg and Se plane in the z-direction is A = 0.45 A.

The band structure was determined by solving the Kohn—-Sham equation for
various k-points along the high-symmetry wave path. The electronic band structure of
bulk HgSe is distinctive and essential for comprehending the electrical and optical
properties of a material. In solid-state materials, atoms are densely packed, resulting in
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reduced interatomic separation distances. This proximity causes the outer orbitals to
overlap and interact significantly, leading to the formation of electronic bands. The band
structure, seen in Fig. 2, was computed using the energy-optimized lattice parameter of
6.22 A (the experimental value is 6.08 A [30]). The CASTEP algorithm automatically
establishes the Fermi energy at zero, as denoted by the dotted horizontal line on the band
structure diagram. Figure 2 illustrates the electronic band structure of zinc blende HgSe
at the computed equilibrium lattice constant along the high symmetry k-path within the
first Brillouin zone of its primitive cell. The computation was executed throughout the
energy spectrum of -8 to +10 eV. The band structure calculation figure indicates that the
HgSe crystal possesses a direct semiconductor characteristic at the high symmetry G-
point, measuring 0.435 eV, which is in high accuracy to the absorption onset of 0.42 eV
[30]. This finding corroborates prior research indicating that mercury selenide functions
as a strict gap semiconductor [30].
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Figure 2: Electronic band structure for bulk HgSe.

For the 7x7x1 super cell HgSe ML, the phonon dispersion curve is shown in Fig.3.
The fact that the HgSe monolayer has only positive phonon frequencies in the initial
Brillouin zone indicates that it is a dynamically stable structure. According to Fig.2, the
unit cell's two atoms generate six optical modes and three acoustic modes. Three separate
acoustic modes are present: the longitudinal (LA) mode that corresponds to
compressional waves, the transverse (TA) mode that corresponds to shear waves, and the
out-of-plane atomic displacement-corresponding acoustic, z-axis acoustic mode (ZA).

Fig.4 illustrates the band structure of HgSe monolayer calculated using PBEDO,
revealing that HgSe possesses semiconductor characteristics with a direct band gap of
1.731 eV. The conduction band minimum (CBM) and the valence band maximum (VBM)
are situated at the G point, consistent with prior DFT results [30,31]. By mapping these
bands onto several atomic orbitals, it ascertains that the bands proximate to the Fermi
level at the G point predominantly originate from one s-state and two p-states, which
conform to the conventional band order, so indicating that the perceived band inversion
is authentic.
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Figure 3: Phonon dispersion curve for HgSe ML.
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Figure 4: Electronic band structure for HgSe

In order to examine the spin-dependent electrical characteristics of HgSe
monolayer, calculations on the Projected Density of States (PDOS) were conducted, as
seen in Fig.5. It was discovered that the HgSe ML is a semiconductor, with a greater
number of possible states at the fermi level. The semiconductor kernel of HgSe monolayer
is attributed to the of the Se p-orbital and the Hg s-orbital as shown in Fig.5, which is
separated around the Fermi level. The PDOSs calculated for Hg and Se demonstrated a
dominant role in relation to the Fermi energy (Er). Nevertheless, these states are
somewhat more extensive in energy (ranging from -3 eV to 0.5 eV), and they are extended
together in the energy range. These states disclose the covalent character of the
investigated materials as a result of the significant hybridization that occurs between the
cation and anion atoms. In this study, it was shown that the electronic band structures of
HgSe single-layer were solely derived from Hg and Se around the Er. The PDOS for Se
states had a maximum value of around -0.41 eV downward for Er. With the exception of
a small tail seen around Er up to 0.3 eV, DOS displayed a gradual decreasing. The
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electronic states subsequent to this energy range are attributed to selenium with a little
contribution from mercury.
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Figure 5: Electron partial density of states of HgSe

The examination of optical characteristics could be portrayed by assessing the
interaction between light wave and a mater, focusing on the basic parameter, the dielectric
function. The essential element pertains to the negative charge carrier configurations of a
solid and their permission in optical spectroscopic datum. The dielectric function is
consistent from two principal components: the first one is real component and the second
Is imaginary component. The equation € = ¢” + ig”” characterizes the electronic-radiation
spectral response of a material. Analyzing the spectral lineaments of the two components
of & enables the evaluation of the computational properties of many optical spectra,
including the optical absorption coefficient, reflectivity, refractive index and
conductivity.

The dielectric function for the electric field vector that is polarized in a direction
parallel to the c-axis of the crystallographic structure was calculated and shown in Fig.6.
The spectra of € in Fig.6 show high values at 1.50 and 7.98 eV, which thereafter descends
to a first critical point ¢'=1.34 at 0.00 eV. These results once again demonstrate the
inherent wide direct band gap characteristic of the semiconductor HgSe monolayer, as
previously mentioned in band structure and PDOS shown in Figs. 5. The first critical
point of "’ (w) is 5.6 eV, approximate to the computed semiconductor band gap value and
often referred to as the fundamental absorption edge. This observation validates the
occurrence of the interband transitions from the I' point. The spectra of ¢ (®) exhibited
a conspicuous and substantial peak at 9.35 and 10.79 eV.
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Figure 6: Dielectric function, real ¢'(®) and imaginary &"'(w) parts of HgSe.

The HgSe monolayer sheet and its extinction coefficient are depicted in Fig.7. The
extent of light bending or refraction upon interaction with the substance is denoted by the
refractive index n(w). The HgSe monolayer possesses a static refractive index of 1.16.
The refractive index exhibited a nonlinear behavior, gradually increasing and attaining its
initial maximum at 5.17 and 8.10 eV. The refractive index had a lowest value of 0.76 at
13.49 eV. It appears to stabilize in the ultraviolet range following several oscillations.
The influence of oscillation amplitude on the electric field of the incident electromagnetic
wave is associated with the extinction coefficient K(w). The extinction coefficient K(w)
is depicted in Fig.7. The peak values in the extinction coefficient K(w) spectra were 0.04
and 0.43 at 5.6 and 11.08 eV, respectively. At this particular energy level, the material
absorbed photons swiftly.
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Figure 7: Refractive index n(w) and extinction coefficient k(w) parts of HgSe ML.
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Reflectivity is a fundamental concept that is connected to the optical properties of
solids. This concept is associated with the optical properties of solids. To examine the
linear optical behavior that occurred during this research, the transitions in normal
incident reflectivity between the valence bands and the downward conduction bands were
investigated. An illustration of the features of reflectivity that can be observed in the
optical spectrum can be found in Fig.8. These elements are displayed within the photon
energy domain, which spans from 0 to 30 eV. According to the findings presented in
Fig.8, the monolayer HgSe revealed a reflectivity lower than 5% when exposed to
electromagnetic radiation with a photon energy greater than 15 eV. The static value of
the reflectivity (R(0)) for the monolayer was 0.5% when the photon energy was equal to
0 eV. One possible interpretation of this finding is that monolayer HgSe possesses anti-
reflective characteristics. At photon energies of 9.2, 11.2, and 12.9 eV, the single-layer
HgSe was seen to have a maximum reflectivity of around 0.39%, 0.43%, and 0.45%,
respectively. Over the whole spectrum of infrared and visible-ultraviolet light, which
extends from zero to 15.0 eV, a significant reflectance was found to be present. Within
the spectrum of ultraviolet-electromagnetic radiation, which runs from 8 to 15 electron
volts, it was demonstrated that the medium of maximum reflectivity did exist. In addition,
the monolayer system demonstrated a lowered reflectivity across the range of 16 to 30
eV, which clearly demonstrates the usefulness of the system. On the energy spectrum, the
significant reflection observed for energy levels lower than 2.5 eV demonstrated the
characteristic of robust conductivity within the lower energy bandwidth. This was
observed for energy levels that were lower than 2.5 eV.
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Figure 8: Reflectivity of HgSe ML.

The investigation of the absorption coefficient spectrum, which provides a more
comprehensive degree of knowledge, may provide a better understanding of the electrical
structural features of the two-dimensional materials that are the subject of the current
research. One of the most important parameters for evaluating optical qualities in
optoelectronic applications is the frequency-dependent absorption coefficient, shown in
Fig. 9. This coefficient is determined for two different electric field directions. During the
process of electromagnetic wave propagation through a medium, the light absorption
coefficient is the proportion of light intensity that is attenuated per unit distance. A direct
relationship exists between the imaginary component of the dielectric function and the
extinction coefficient, as seen in Fig. 7. This relationship is directly related to the
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absorption coefficient. A material's absorption coefficient is a measure used to determine
the depth to which light can penetrate the material. A decrease in the amount of light
absorbed by the material leads to a decrease in the substance's absorption coefficient. 4.7
eV is the energy at which the initial of first absorption peak was observed to be occurring.
The largest absorption peak may be found within the ultraviolet (UV) area, which
corresponds to an energy of 11.3 eV. The fact that monolayer HgSe exhibited a
considerable value of absorption at 7.9 x 10* cm™! indicates that it can hold prospective
applications as a UV absorber. In the low energy range of 4 eV, the absorption coefficient
was so low that it is practically nonexistent.
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Figure 9: Absorption of HgSe ML.

4. Conclusions

The Plane Wave (PW) basis set method of DFT was used to study the electrical
and optical properties of the HgSe monolayer on its own. The computed PDOS plots have
demonstrated that the Hg 4p and Se 4p orbitals are primarily responsible for the partition
of the states about the Fermi energy. When the pure HgSe monolayer was subjected to
high photon energy, it was demonstrated through the examination of optical spectrum
functions that the absorption of the monolayer was, on average, not very significant. The
refractive index presented the HgSe monolayer as a transparent material. The reflectivity
was very weak in the UV/Vis range, and the material was transparent. The real part of the
dielectric function has oscillation around the standard space value.
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