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Abstract

Based on the density functional theory, mechanical, electronic and optical stability
characteristics of HfS2, HfSSe, and HfSTe compounds have been investigated. The
mechanical results show that all three cases have ground state point and
equilibrium volume. The derivative of bulk modulus these compounds indicates
the presence of strong covalent bonds in them. The phonon dispersion of these
compounds shows that all of them have dynamic stability. All three 2D HfS2,
HfSSe, and HfSTe compounds are semiconductors with indirect band gaps of 1
and 1.3, and 1.1 eV, respectively. Their dielectric functions show that all three
compounds have the highest response to visible light in the visible region.

Keywords: DFT, 2D HfX2 (X=S, Se, Te), Electronic properties, Optical
properties.
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1. Introduction

Due to the unique electronic and optical behaviors, in recent years, much attention
has been paid to two-dimensional structures (2D) [1-3]. After the discovery of
graphene, the search for graphene-like 2D structures intensified and these
compounds quickly attracted the attention of researchers and industries [4]. The
zero band gap of graphene has been bottleneck for its electronic applications [5-9],
which led to the discovery of other 2D materials having non-zero band gap [10—
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16]. Among 2D materials, the latest research is being focused on non-zero band
gap layered Transition Metal Dichalcogenides (TMDCs) of formula MX2 (M =
Transition Metal, X = Chalcogen), e.g., MoS2 monolayer, a Group VI TMDC have
a direct band gap of 1.8 eV [12]. Several MXene structures have been fabricated
nowadays and these materials have been explored theoretically. A recent review
about the 2D MXenes structures and their properties can be found in Ref. [11]
where their potential applications, such as in the fields of energy storage, sewage
disposal, electromagnetic interference shielding, nuclide adsorption, catalysts,
sensors, composite materials, and electronics have been discussed. Moreover, the
various biomedical applications of two dimensional Mxenes were pointed out in
[11]; see also [12-15] and references therein. TMDCs compounds are expected to
be widely used for FETSs, hydrogen storage, Li-ion batteries and biosensors [17—
26] applications. Group IV TMDC (HfX2, ZrX2) compounds are a suitable
alternative to other reported TMDCs so far due to their high current density and
good mobility [27-30]. One of the 2D cases for the photodetectors and solar cell
applications is ZrS2 with 1.1eV band gap [31,32]. The existence of crystal defects
in the arrangement of ions is one of the problems of TMDCs compounds in
contrast to their unique characteristics. Crystalline defects are generally formed in
the layered material during their synthesis [33,34], and their nature and its effect
depend upon the synthesis process, for example, MoS2 grown by CVD process has
much lower mobility than that of mechanically exfoliated ones [35]. Recently,
HfSe2 monolayers have been successfully synthesized and used in transistors.
However, there is still no study on the effect of vacancy on the physical properties
of HfSe2, which motivated us to investigate the effect of the defects on its
electronic and magnetic properties. We also investigated systematic substitutional
defect studies on the electronic and magnetic properties of monolayer HfSe2 by 4d
and 5d TM using first-principles calculations.

2. Computational Methods

The structural, electronic and optical properties of HfS2, HfSSe, and HfSTe mono-
layers have been calculated based on density functional theory (DFT) and first
principle computations where the problem of many interactions between electrons
and nuclei is reduced to a single electron equation. We have employed the Wien2K
[36], Quantum Espresso [37] codes. Solving the Kohn-Sham equations is done
using the full-potential linearized augmented-plane wave (FP-LAPW) method,
which is used in the Wien2K package.

The exchange-correlation potential of the Kohn-Sham equation has been
approximated by the generalized gradient approximation (GGA) [38-40]. In order
to perform the structural and electronic computations, the KPoint, RKmax and
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Gmax optimized parameters have been selected as 16 X 16 x 1, 8.5, and 13.5,
respectively in the Wien2K software. The atomic forces have been optimized up to
10 (dyn/a.u.) accuracy. In order to calculate the phonon dispersion of our
structure the Quantum Espresso software has been employed and the optimized k-
point and g-point meshes for phonon computations have been selected as 10 X

10 x 2 and 5 X 5 X 1 respectively.

3. Results
3.1.  Structural Properties

In Figure (1), the schematic diagram of the crystal structure of two-dimensional
HfX2 compounds is shown, where the position of X atom can be replaced by S, Se,
or Te atoms. In this research, we compared the structural and electronic
characteristics of HfS2, HfSSe, and HfSTe compounds by substituting the Se, and
Te atoms to the S atom. The three mentioned atoms are all in the sixth column of
the periodic table and have similar electronic characteristics, so their orbital
structures are S, [Ne] 3s? 3p*%, Se, [Ar] 4s* 3d'® 4p* and Te, [Kr] 5s? respectively.
4d' 5p*, As can be seen, their valence layer has a full s orbital with two atoms and
a half-filled p orbital with 4 electrons. But the Se and Te also have full d orbitals in
this layer. On the other hand, the atomic weight and the number of electrons in the
core layer and close to the nucleus in Te are smaller than the other two, and Se is
larger than S. Therefore, due to the closeness of the electronic behavior of these
atoms, it is predicted that their replacement will be possible and there will be no
problem in the stability of these nanostructures, which will be discussed in the
following. As can be seen from figure (1), their unit cell is hexagonal and its edges
are zigzag. The Hf atom is also one of transition metal atoms with orbital structure
[Xe] 6s? 4114 5d?, which has a half-filled d orbital, which is why it is considered an
active metal and can create strong bonds in connection with the half-filled p
orbitals of S, Se, and Te atoms. In figure (2), the electron density of this atom is
shown and it can be seen that the electron density around it has a large electron
gradient and has given it the possibility of strong activity.

To prove the stability of any structure, first its mechanical stability must be
checked from a static and dynamic point of view. In Figure (3), we have drawn the
energy diagrams of the unit cell in terms of volume for the three named
compounds. The graphs show that there is a minimum point in all three structures,
which indicates the existence of an equilibrium volume. In these three graphs, we
can see the steep slope of the graphs, which is representative of the large bulk
modulus for them, and on the other hand, these curves are relative to the minimum
point of symmetry. The results of these three graphs in table (1) show their crystal
hardness. Also, the values obtained for the bulk modulus derivative show that they
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have covalent bonds, although the bond strength between atoms in HfSSe is higher
than other compounds. Also, the specifications of the unit cell of these compounds
are listed in Table (1).
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Figure (1): The crystal structure schematic of HfX2

Figure (2): The electron density on the HfX2
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Figure (3): The energy-volume diagrams of HfS2, HfSSe, and HfSTe 2D.

Table (1): The optimized lattice constants a, ¢ (bohr), equilibrium volume B(GPa),
Bulk modulus, the derivative of bulk modulus B’, total energy (Ry), and energy
gap (eV) of HfS2, HfSSe, and HfSTe 2D.

structure a ¢ (bohr) | Volume | B(Gpa) B’ Energy | Egap(eV)
(bohr) (a.u®) (Ry)

HfS2 | 6.8849 | 12.4428 | 515.0811 | 83.1949 | 3.3297 - 1
31792.7724

HfSSe | 7.068 |12.7733 | 552.6215 | 75.9741 | 4.3669 - 1.3
35854.7197

HfSTe | 7.4195 | 13.40 |639.2552 | 62.4154 | 4.1468 - 1.1
44588.0392
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In the following, we investigated the dynamic stability of HfS2, HfSSe and HfSTe
compounds. For this purpose, their phonon dispersion has been calculated in the
first region along the symmetry line I'-M-K-I", and the phonon band structure is
drawn in Figure (4). It is noteworthy that in all three diagrams phonon levels are
positive at all symmetry points, which indicates the dynamic stability of these
compounds. Due to the difference in the mass of Hf and S in panel (a), we see a
large frequency gap between the acoustic and optical branches from 150 cm™ to
190 cm™. The gradient of the levels in the acoustic region is greater than the optical
one, which indicates the ability to transmit heat in this combination, although in the
optical region, it is also capable of transmitting electromagnetic waves in the
infrared region. In panel (b), with the addition of a Se atom instead of one of the S
atoms, we see that the frequency gap shifts to higher energies in the range of 200
cm™ to 230 cm™. But energy transfer in all branches has been transferred to lower
frequencies. In panel (c), by adding Te instead of Se, we see a large frequency gap
from 170 cm™ to 230 cm™ due to its large atomic mass difference with the S atom.
Therefore, these three two-dimensional structures, along with dynamic stability,
are good options for heat and light transmission in the infrared range.
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Figure (3): The phonon dispersion of the HfS2, HfSSe, and HfSTe along the I"-M-
K-T'
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3.2. The Electronic Properties

In this section, we have investigated the electronic behavior of the 2D HfS2, HfSe2
and HfSTe by depicted two diagrams of the band structure and the density of
electronic states (DOS). Many physical properties of materials are due to their
electronic behavior. In Figure (5-a), it is observed that the compound HfS2 is a
semiconductor with an indirect band gap of about 1 eV. The electron levels in the
valence region have a large slope, which indicates the high mobility of the holes
when the electrons are excited. These levels, as shown by the electron state density
curve, belong to S-p and Hf-d orbitals, although the contribution of p orbitals is
greater. In contrast, conduction band alignments mostly belong to Hf-d orbitals.
The gradient of the levels in the conduction region also indicates the high mobility
of electrons. In this combination, we also see a forbidden gap for energy in the
conduction area. In panel (b), we have drawn the band structure and DOS of the
HfSSe compound. Here we also see an indirect bandgap of 1.3eV, and in the
valence region, electron levels are mostly contributed by S-p and Se-p, and
conduction levels mostly belong to Hf-d. The presence of Se atoms increases the
electronic states compared to S, and as a result, the conductivity of excited
electrons and holes has increased. In panel (c), it is observed that the alignments of
the conduction region are closer to the Fermi level and there is an indirect energy
gap of 1.1eV, but in the conduction region the gap of the previous shapes is
enlarged.
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Figure (5): The bandstructure and total and partial DOS of the 2D HfS2, HfSSe,
and HfSTe.
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3.3.  The Optical Properties

In Figure (6), the real part of the dielectric function for three compounds HfS2,
HfSSe and HfSTe are drawn in two directions in the plane (x) and perpendicular to
the plane (z) in terms of the irradiated photons. It has been observed in panel (a)
that with the increase in the energy of the irradiated photon, the static value of the
real part of the dielectric function is 6 in the z direction and 8 in the x direction,
which represents semiconducting behavior in both directions. With the increase of
irradiated photon, both functions have sharp peaks in the visible edge. In the x
direction, this peak has fallen to a very steep slope, which is indicative of optical
instability in this region. It has even become negative in the ultraviolet edge, but in
the z direction, this curve has two peaks at 5eV and 7eV after one peak at the
visible edge. In the x direction, it has become negative from 6.5eV onwards, and in
the z direction, it has become negative from 8.5eV onwards, which indicates the
appearance of plasmonic aggregations and optically unstable behavior. In panel
(b), we see the same behavior for HfSSe, with the difference that the static value
has increased in the x direction, which indicates the reduction of its band gap. In
the same way, the behavior of HfSTe is repeated in panel (c), with the difference
that the static value is still lower, which indicates the agility of electrons during
excitation, and at each energy, the magnitude of this function is larger than the
other two compounds.
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Figure (6): The Real part of dielectric function of 2D HfS2, HfSSe, and HfSTe.

In figure (7), the imaginary part of the dielectric function is displayed. This curve
is directly related to the electronic structure of the substance. In all three diagrams
and in both directions, we see an optical gap for these three compounds, which is
in full agreement with the diagrams of band structure and density of electronic
states. In panel (a), the HS2 compound in the x direction at the visible edge has a
very sharp and long peak, which represents the electronic interband, and we see
another peak at 6eV. But the magnitude of the peaks in the z direction has been
reversed, and with the increase in the energy of the radiated photon, the magnitude
of the peaks has increased. With the increase in the atomic number of the
substituted atoms in panels (b) and (c), we see the magnitude of the peaks, because
more energy is needed to transfer electrons from filled to empty levels. In all three
cases, we see a blue shift in the peaks in the z direction.
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Figure (7): The Imaginary part of dielectric function of 2D HfS2, HfSSe, and
HfSTe.

In figure (8), the diagram of the loss function spectrum for three compounds HfS2,
HfSSe and HSTe are drawn in two directions x and z. A very important point in
these three panels is that light loss occurred in all three compositions at high
energies and in the range of 20eV. Therefore, according to the behavior of this
compound in figures 7 and 6, we can hope that they are suitable options for use in
the infrared, visible and ultraviolet edge.
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Figure (8): The energy loss function of 2D HfS2, HfSSe, and HfSTe.

4, Conclusion

Based on density functional theory calculations, mechanical stability, electronic
and optical properties of 2D HfS2, HfSSe, and HfSTe compounds were
investigated. The bulk modulus of these compounds represents the hardness of
these crystals, and the derivative of the bulk modulus also showed that the bond
between atoms is covalent, which is another indication of the stability of these
crystals. The phonon band structure also indicates their dynamic stability and the
mass difference between the atoms has caused a frequency gap, which of course is
reduced in the alpha composition, which indicates a better heat transfer in this
structure.

The 2D HfS2 Compound is a semiconductor or indirect bandgap of 1eV, which has
been increased to 1.3eV by substituting the Se atom in HfSSe case. The high
electron density in the range of the Fermi level shows that these compounds are
very suitable for optical and electron transition applications. The static estimation
of the real part of the dielectric constant confirmed the semiconducting behavior of
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these compounds and their response to the light emitted was at the visible edge. At
energies higher than 6 eV, their value has become negative, which indicates
metallic behavior and plasmonic accumulation. The main peaks of the imaginary
part of the dielectric function occurred at the visible edge, which represents the
interband transfer of electrons. The loss function diagrams showed that the least
loss of optical energy occurred in the visible region, which made them suitable
options for optical applications in the visible and infrared ranges.
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