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Abstract

In this study, we have used the DFT approximation to investigate the electrical and optical characteristics of the
hexagonal monolayer ZnSe compound. According to our calculations, ZnSe in a monolayer exhibits a '-M route
symmetry transition, making it a direct band semiconductor. In excellent agreement with the experimental
findings, the measured electronic band gap is around 2.66 eV. As a function of photon energy, the optical spectra
of hexagonal ZnSe are measured in the x and z directions. With the majority of the optical response located along
the x-axis, the absorption coefficient is highly anisotropic. The UV-Vis violet-blue spectrum's maximal absorption
intensity is approximately 8x10* cm. Our optical spectrum results made sense of the experimental findings.
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1. Introduction

11-VI semiconductors have made great progress
and are now widely used in optoelectronic fields due
to their unique properties. Zinc sulfide (ZnS) is an n-
type semiconductor with a bulk band gap that falls
within the range of 3.5t0 3.7 eV. It demonstrates low
levels of light absorption and a significantly elevated
refractive index in the visible and infrared regions
[1]. Moreover, ZnS possesses the ability to integrate
different elements via doping, enabling it to serve as
an n-type buffer layer for the creation of a
heterojunction with p-type substances. Zinc selenide
(ZnSe) is a semiconducting semiconductor
belonging to the I1-VI group. It has comparable
physical characteristics to another substance. These
qualities encompass a substantial energy difference
of around 2.7 eV, a high coefficient for nonlinear
optical phenomena, and little light absorption within
the visible spectrum [2]. These materials could be
used in optical waveguides, photovoltaic devices,
blue-LEDs, blue lasing materials, photo detectors,
solar cells, lasers, sensors, infrared windows,
cathode ray tubes, electroluminescence, and
catalytic applications [3-6]. Photonic devices often
make use of II-VI semiconductors due to their
optical characteristics, which are mainly linked to a
straight band gap that falls within the right range [7].
Developing an optical device that functions in the
infrared, red, green, and violet-blue spectrums is
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very challenging, yet essential for the advancement
and commercialization of optical communication.
Wider band gap semiconductors are necessary to
maintain good quality. However, the presence of
self-compensation phenomena poses challenges in
producing stable layers on a substrate [8].

In order to develop optical devices that
function at shorter wavelengths, a lot of work has
been done on semiconductor materials from 111-V
(BN, GaN, GaAs, etc.) and 11-VI (ZnO, ZnS, ZnSe,
ZnTe, etc.) [9]. The high-density storage capacity of
DVDs (digital video discs) can only be enhanced by
the use of short-wavelength lasers. Electrochemical
deposition [10], molecular beam epitaxy (MBE)
[11], chemical vapour deposition (CVD) [12],
stacked elemental layer deposition (SELD) [13],
mechanical ball milling [14], and other methods are
used to create the layer 11-VI semiconductor
materials. However, because of the agglomeration
and cold-welding of the particles, mechanical ball
milling is a primitive synthesis process that results
in rough texture [15]. The addition of surfactants
such as ZnCl2, ethanol, methanol, etc. has solved
this issue [16].

Sharma et al. have successfully produced a ZnSe
thin film at (298-393) K on a glass substrate using
the condensation procedure. Using transmission
measurements, they found that the optical gap
dropped from 3.00 eV to 2.75 eV, the refractive
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index increased from 2.38 to 2.48, and the ionicity
increased from 0.446 to 0.425 when the substrate
temperature climbed from 298 to 373 K [17]. ZnSe
thin films prepared by chemical bath deposition
(CBD) technique also exhibit a similar trend of
decreased optical band gap from 3.5 eV to 3.0 eV
when the temperature rises from 318 to 353 K. [18].
Sun et al. [19] successfully created a free-standing
ZnSe monolayer with a direct band gap of 3.50 eV,
which is necessary for the UV-range photocatalytic
activity of water splitting. The photocurrent density
is projected to be 8-200 times higher than that of
bulk ZnSe and quantum dots, respectively. By using
the RF sputtering thermal evaporation method to
create a ZnSe thin film on Si-substrate, Mittal et al.
[20] observed reduced loss of Rib waveguides at
wavelengths between 2.5 pm and 3.7 pm. White
light LEDs based on ZnSe were created, and they
showed a 2 mW output power at 20 mA and a ~1000
h life period [21]. Following that, Shirakawa also
created a white LED lamp based on 11-VI (ZnSe)
that has an optical output power of 4.3 mW, a
forward voltage of 2.6 V, and a driving current of
20 mA [22]. Zincblende-wurtzite has undergone a
phase change, as reported by Zhang et al. who used
pulsed laser deposition to create nitrogen-doped
ZnSe films [23].

2. Computational Methods

This work calculates the monolayer's electrical
and optical properties using ab initio DFT
computations in CASTEP software [24] using
ultrasoft pseudopotentials and PBE exchange-
correlation energy functional [25]. A Monkhorst-
Pack grid (8x8x1) is used to discretize the first

Brillouin zone (BZ). The optical properties were
estimated using a 30x30x1 Monkhorst pack k-mesh,
whereas the density of state (DOS) computations
used a 16x16x1 mesh. In our numerical
computations, we employ a kinetic energy cut-off of
510 eV for the plane-wave basis. The ZnSe
monolayer structure exhibits complete atom
relaxation, with forces and total energy converging
at 0.01 eV/A and 107° eV, respectively. To prevent
cell layer contact, a 30A vacuum space was used.
The electron-electron interactions were treated by
DFT-1/2 method considering the electron spin
within Perdew-Burke-Ernzerhoff (PBE)
parameterization [26]. The half-occupation state of
Slater is incorporated into the corrective potential of
the DFT approach, which is an effective way to
correct the Kohn-Sham KS eigenvalues [27].
Because it uses semi-local functionals, this method
is more credible for accurately estimating the band
gap up to around 10.0 eV in a reasonable amount of
time.

The electrical and optical properties are strongly
related to the symmetrical structures of the ZnSe
monolayer. Consequently, the initial step was to
optimize the geometry of the ZnSe monolayer in its
entirety. The fact that monolayer ZnSe has a
hexagonal structure is well-known. The calculated
values for the following parameters are in good
agreement with previous investigations: the height
between Zn and Se is 4.734 A, the distance between
Zn and Se is 4.098 A, the bond between Zn and Se
is 119.531 A, the bond length between Zn and Se is
2371 A, the angle between Zn, Se and Zn is
119.531°is shown in Figure (1).

Figure .1. The geometric configuration of a ZnSe monolayer is depicted in (a) from a top perspective and (b)
from a side view:
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3- Result and Discussion
3.1 The electronic properties

ZnSe, in contrast to graphene, has a nonplanar
structure with a hexagonal lattice and a dangling
bond, & (A). The Force Field Approximation has
been used to optimize the hexagonal structure,
yielding an optimized lattice constant of a =b =3.99
A. The optimal lattice constant value agrees well
with the previously calculated values of 4.10 A [37]
and 3.965 A [36]. Also, the thermodynamical
stability has been confirmed by calculating the
phonon DOS and phonon band as shown in Fig. 2.
Furthermore, the electronic and optical properties
were performed for the relaxed system. A reducing
in dimensionality from bulk to monolayer gives the

quantum confinement effect which characterizes the
band gap opening. This phenomenon has the direct
impact on the optical properties of the system. The
energy band gap in ZnSe can be determined by
quantifying the energy variance among the
lowermost point of the conduction band (CBM) and
the uppermost point of the valence band (VBM).
Figure 2 depicts the computed band structure of a
solitary ZnSe layer. Evidently, this indicates the
presence of a distinct energy gap directly at the
Fermi level. The ZnSe monolayer is a
semiconductor with a direct bandgap of 2.66 eV.
The VBM is situated along the I'-M trajectory,
while the CBM is positioned at the M-point. These
findings are consistent with the experimental results
[27, 28].
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Figure .2. The calculated band structure of ZnSe monolayer.

Furthermore, we considered the overall and
partial densities of states for a single layer of ZnSe,
as depicted in Figure 3. Upon careful analysis of this
image, it is apparent that there are three distinct
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structures in the density of electronic states, which
are clearly divided by gaps. The primary
contribution to the initial structure, which spans
from -6.8 to -5.2 eV, comes from the 3d-Zn states,
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with a little contribution from the 4s.3p-Zn and
4s.4p-Se states. The second structure displays an
energy range spanning from -4.4 eV to -3.8 eV,
which can be ascribed to the existence of 4s.4p.3d-
Zn and 4p-Se. The states with energies ranging from

-2.1 eV to the Fermi level are mostly affected by the
3d-3p states of Zn and the 4p levels of Se. The
conduction band demonstrates the abundance of
s.p.d states throughout all atoms.
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Figure. 3. The ZnSe density of states, both total and partial

3.2 The optical properties

The optical properties are the response of a material

due to the interaction with the incident photon
energy. The results of optical properties are shown
as a function of photon energy in eV for both
perpendicular and parallel axes (a) real and
imaginary part of the dielectric function (b)
Absorption coefficient (c) optical conductivity (d)
loss function, (e) reflection and refractive index are
presented in Fig. 6(a—d), respectively. The dielectric
function of a material describes how the substance
responds to electromagnetic radiation in terms of its
linear spectrum. The real and imaginary part of
complex quantity is expressed as in following
equation [29]:

£(w) = &(w) + ig(w) M

where ¢ real and &, imaginary part of the dielectric
function respectively. The real part of the dielectric
function is obtained by the Kramers- Kronig
transformation from its corresponding real and
imaginary part as [29]:

289

a(@ =1+ 2p [[2H D do’ ()

2e’m c v c v
g(w) = Q2o i 1@ x 7 [l 6(Ek — EX —
E) 3

The dielectric constant exhibits variations in
response to the energy of the photon, as depicted in
figure 4(a). A distinct maximum peak is found in
both regions of the insulator constant. The maximum
value of the actual dielectric function occurs at 6 eV,
while the imaginary dielectric function reaches its
top at 7 eV. Subsequently, it progressively decreases
and converges towards a stable magnitude as the
photon energy increases along the x-axis. This is due
to the arrangement of Zn and Se atoms on a single
plane, which restricts their interaction. This is
accomplished by generating a state of emptiness or
absence of matter along the z-axis. Hence, the
polarizability is substantially smaller than the x-
direction polarizability. The lower €; spectra along
the z-axis, which primarily occur along the x-axis,
prove that the substantial is aggressively
intermingling with the input photon in the energy
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range of (4. -15 eV). This observation is consistent
with the acquired results [30].

The absorption coefficient was calculated from the
following equation [31]

1

e (V2w + &) — &)

a(w) =
4)

Figure 4(b) demonstrates that there is an absorption
coefficient of light within the energy range of 7 to
12 eV. ZnSe monolayer has optical absorption
mostly in the ultraviolet spectrum, with two notable
peaks observed at energy levels of 7.8 and 11.3 eV.
As a result, this monolayer possesses the capacity to
absorb ultraviolet (UV) radiation. The observed
peaks arise from the electron conversion occurring
between occupied S-p and sp?-p orbitals to the
unoccupied conduction band. The conclusions we
have drawn are consistent with the outcomes
documented in reference [30]. The effective
absorption range of the ZnSe monolayer extends
from 7 to 12 eV, covering the two prominent peaks
observed in the Violet-Blue region of the UV
spectra. The ZnSe monolayer shows great potential
for use in optoelectronic and photoelectric devices,
especially in the ultraviolet (UV) spectrum.
Conversely, the absorption coefficients of a ZnSe
monolayer closely mirror those of perovskite solar
cells, as its value can exceed 8*10° cm™.

The optical conductivity was calculated from
relation [31]:
()

a(w) = &)

The optical conductivity of a ZnSe monolayer is
depicted in Figure 4(c) as a function of photon
energy. Thoroughly analyzing the Figure confirmed
that this monolayer has semiconducting
characteristics, as seen by the optical conductivity
peak aligning with the band gap. Moreover, there is
a clearly noticeable optical peak found at 7.8 eV.
The emergence of this peak is a result of the
interface among photons and electrons, with the
maximum optical conductivity occurring inside the
ultraviolet (UV) range. The ZnSe monolayer shows
significant promise as a feasible choice for use in
UV detectors.

The loss function was calculated from relation [31]:
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&2 (w)
&2(w) + e3(w)

L(w) = (6)

A representation of the loss function of photon
energy can be seen in Figure 4(d). It is clear that the
ZnSe monolayer exhibits two distinct peaks, one at
8.5 eV and the other at 11.6 eV. It is the plasma
frequency that serves as the dividing line between
the behavior of the material as a dielectric and as a
metal. The loss of energy peaks shows the plasma
frequency. To be more specific, any material can act
as a dielectric at frequencies that are lower than the
plasma frequency, and it will perform as a metal at
frequencies that are greater than the plasma
frequency. In accordance with what was mentioned
before, the ultraviolet (UV) area is where the loss
function is discovered to have its highest possible
value.

The reflectivity was calculated from relation [32]:

_112 2
R (@) = @1+ K@)

[n(w)+1]% + K2(w)

()

Figure 5(e) depicts the correlation between
reflectivity and photon energy. An observation
reveals that the reflectance at zero frequency is
0.9%. The reflectivity ratings reach a maximum of
88.7% and 76.92%. The ZnSe monolayer
demonstrates its highest reflectivity in the ultraviolet
(UV) range at energies of 8 and 11.3 eV, which
corresponds to the absorption coefficient.

The refractive index was calculated from relation
[32]:

n(w) = \/% (\/sf(w) + &2 (w) + 812((0))5
(8)

Figure 5(f) depicts the correlation between the
refractive index of a ZnSe monolayer and the
photon's energy. The static index of refractive is 1.2.
Nevertheless, the maximum attainable value of the
index of refractive is 1.4 when the wavelength is 6.3
electron volts. After reaching this threshold, the
index of refractive gradually decreases as the energy
of photons increases. The drop continues until it
achieves a steady state at a fixed value of 0.9 when
the photon energy hits 17.5 eV. When the phase
velocity of the electromagnetic wave exceeds the
speed of light (v, > c), the number of spectra
decreases to fewer than 1 for values below 17.5. This
phenomenon is considered unphysical. Moreover,
this occurrence happens near the point where the
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material absorbs the most energy due to the
oscillation of its plasmonic vibrations. The
plasmonic frequency is measured to be 3.14 (eV),

whereas the threshold plasmonic frequency is
calculated to be wp = 2.53 x 10* (cm™), which
corresponds to the obtained result [33].
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Figure. 4. Optical properties of ZnSe (a) dielectric function (b) Absorption coefficient, (c) optical conductivity
and (d) loss function (e) reflectivity and (f) Refractive index.

4- Conclusion

In conclusion, we have examined the electrical,
magnetic, and optical properties of the monolayer
hexagonal ZnSe combination using the density
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functional theory (DFT) approximation. By adding
Slater's half-occupation state to the Kohn-Sham KS
eigenvalue correction, DFT is a new type of semi-
local correlation functional. Consequently, it offers
a rapid and useful method for estimating the
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semiconducting band gap up to around 10 eV.
According to our computation, monolayer ZnSe
exhibits a transition along the '-M route symmetry,
making it a direct band semiconductor. The
electronic band gap measured value is ~2.66 eV,
which is in excellent accord with the experimental
findings. The x- and z-axes are used to measure the
hexagonal ZnSe optical spectra in relation to photon
energy. The bulk of the optical response is located
along the x-axis, and the absorption coefficient is
very anisotropic. Approximately 8 x 10* cm™ is the
greatest absorption strength in the violet-blue area of
the UV-Vis. spectrum. Our optical spectrum results
made sense of the experimental findings.
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