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Abstract

In this paper, an investigation into the electronic, thermal, and optical properties of a nanosheet made of Gallium
Phosphide (GaP) via density functional theory (DFT). Our analysis focuses on the impact of buckling processes on
these features. The utilization of buckling has been demonstrated to adjust the electronic thermal, and optical
characteristics of a GaP nanosheet, including the energy gap, total energy, dielectric function, refractive index,
and absorption coefficient. Consequently, the application of buckling in the GaP nanosheet allows for the
modulation of its indirect band gap. The feasibility of synthesizing GaP nanosheets experimentally has been
proven as these nanosheets exhibit both dynamic and thermal stability. Furthermore, buckling resulted in a
broadening and a conspicuous shift towards lower energy in the optical phenomena as the degree of buckling
increased. Therefore, it can be concluded that buckling serves as an additional parameter for enhancing the
performance of GaP nanosheets in optoelectronic applications.
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Introduction

Numerous objectives are pursued by nanotechnology, including sensor design, medical imaging, environmental
analysis, targeted medication delivery, energy conversion, and the enhancement of electronic devices like
transistors, solar cells, and diode lasers. Low-dimensional materials, mainly two-dimensional (2D) substances,
are crucial in achieving these objectives [1-5].

The recent discovery of graphene has played a pivotal role in advancing the field of 2D materials. The remarkable
physical features exhibited by 2D materials render them highly promising for a wide range of applications across
various disciplines [6-8], this significant development has attracted a great deal of attention. Typically, the uses of
pure 2D materials are limited. The lack of a discernible gap in graphene has limited its potential for utilization in
nanodevices [1, 9, 10]. Consequently, various chemical and physical processes are used to modify the properties
of these 2D substances, including the application of an electric field, buckling, chemical modification, and strain
[11-15]. Using buckling effects to regulate the material's energy gap is a crucial stage in the growth of nanodevices.
Recent research has focused extensively on how buckling influences the properties of nanostructures [16-20].
GaP, a new 2D monolayer with a narrow band gap, has been offered as an indirect semiconductor more recently.
With B, Al, In, N, and Sb doping, its electronic properties, like energy band gap and density of states, in addition
to the optical properties have been studied [21]. The effect of the Buckling can result from either external
compressive strains or internal forces. The buckling effects can occur when the structure is under vertical
compressive stress [22].

In this study, the influence of buckling on the electronic, thermal, and optical characteristics of GaP nanosheets
are investigated via first-principles calculations. To accomplish this, we get the electronic and thermal properties
of the GaP nanosheet under different buckling values (0 — 1A) in increments of 0.1A4 applying DFT.
Time-dependent DFT (TDDFT) is then applied to some optical aspects. Results indicate that by employing the
buckling effect, the ability to modify the electronic, thermal, and optical characteristics of GaP increases. Our
findings provide an encouraging foundation for investigating GaP's future electronic and optical applications.

Computational method

The electronic thermal, and optical features of the GaP nanosheet were assessed through the implementation of
DFT simulations using the SIESTA package [23, 24]. The exchange correlation was characterized by employing a
generalized gradient approximation embodied with Perdew Burke Ernzerhof. This approach incorporates a basis
set with double-{-polarized coupled with the utilization of Fritz-Haber-Institute pseudopotentials [25]. The
utilization of the DFT-GCA, employing the single-electron estimate, is highly advantageous for the analysis of
electronic structure. This approach has been subjected to extensive scrutiny regarding the impact of doping
carriers on electron-electron interactions [26, 27]. The k-point grids [28] within the Brillouin zone established with
the Monkhorst-Pack formulation, namely as a 12x12x1 grid. The mesh cutoff in real space is established at 150
hartrees when the system is at 300 K. To prevent interlayer interaction, a vacuum space with 10 A was used as
the boundary condition. The structure was then optimized until the energy difference reached a value of

10°° eV/atom. For 1 fs over 1 ps, Ab-initio computations of molecular dynamics (AIMD) calculations are used to
examine the thermodynamic stability. The optical characteristics of a GaP nanosheet were determined using an
optical broadening value of 0.1 eV within the TDDFT methodology. Notably, a large number of energy bands
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were considered to compute the dielectric characteristics, e(w) = g (w) + ig,(w), where g (w)/e,(w) are the

dielectric function real/ imaginary parts that linked together by the Kramer-Kronig relationship [29, 30]. The
dielectric function is responsible for defining the optical characteristics in first-principles computations. The
complex dielectric function characterizes the linear response to electromagnetic radiation. Furthermore, the

absorption coefficient (aa(m) = u)\/Zf\ /si(m) + sz(u)) — 2e (w) ), the refractive index (
£i(m)+sz(m)+sl(w) —iw
n(w) = \/ e

), and the optical conductivity (o = ——

(e(w) — 1)) are computed.
Results and discussion

We conducted DFT simulations to study the electronic, thermal, and optical properties of a GaP nanosheet
characterized by a thin thickness, length of around 2.718 nm, and width of approximately 1.807 nm. Figure 1(a)
illustrates the visual representation of the GaP nanosheet from top and side viewpoints. The process of GaP
crystallization is characterized by the formation of hexagonal structure, which belongs to the P63/mc space
group. The interatomic distance between Ga and P atoms is denoted as d, = 2.229~2.234 (&). Figure 1(c)

displays the outcomes of computational analysis of the band diagram inside Brillouin zone (Figure 1(b)) and a
density of states (DOS) approach to study the electronic characteristics of GaP nanosheet. Based on the
computed electronic band structure, it is observed that the GaP nanosheet exhibits characteristics of a band
gap-indirect semiconductor of 1.984 eV at k-I', which exhibits a favorable level of conformity with the existing
literature [21].

| A O 6 6
z

CGa@P "
(a) 4 7 7 7 7 7 r oK

Unit cell -——--

Figure 1. Top and side view (a) Brillouin zone (b) Band diagram and PDOS (c) of GaP nanosheet.

To examine the modulation of electronic characteristics in GaP nanosheets induced by the buckling effect (4), the
buckling was applied to GaP plane with values of A = 0.0 — 1.0 (A). Figure 2(a-k) presents the band diagram
and DOS of GaP nanosheet for various buckling values ranging from 0.0 to 1.0 A. It is evident upon initial
observation that the buckling has significantly altered the primary characteristics of the GaP band structure.
Specifically, the GaP band gap experiences a steady reduction in width as the buckling value increases, as visually
depicted in Figure 3.
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Figure 2. (a-k) Band diagram and PDOS of GaP nanosheet with different buckling values.
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Figure 3. The band gap variation as a function of the applied buckling.
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The actual applications of theoretically intended 2D materials necessitate the presence of stability as a critical
factor [1]. The phonon dispersion calculation reveals the dynamic stability of the GaP nanosheet as a function of

buckling, as depicted in Figure 4 (a-k), it is observed that there are no discernible imaginary modes in phonon
spectrum across all wave vectors.
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Figure 4. (a-k) Phonon spectra of GaP nanosheet as a function of buckling effects.

Additionally, we examined the impact of external temperature by the utilization of AIMD simulations under
buckling values. The curves illustrate the variation of total energy with respect to the duration of molecular
dynamics (MD) simulation, conducted at temperature of 1000 K. The stability of GaP nanosheet at elevated
temperatures is seen in Figure 5. Hence, the experimental preparation of the GaP nanosheet is feasible.
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Figure 5. Total energy of GaP nanosheet under buckling effects at temperatures of T = 1000 K.

The dielectric function defines the optical characteristics in first-principles computations. The complex dielectric
function characterizes the linear susceptibility of semiconductor materials to electromagnetic radiation. We also
calculate the index of refraction and absorption coefficient. First, we examine the g (w) and g, (w) of dielectric

function depicted in Figure 4. The real component of dielectric function holds significant importance as it plays a
crucial role in determining both the refractive index and static dielectric constant (81(0)) of material, where e, (0)

is the real component of dielectric function at a photon energy of zero. The value of & (0) for the GaP nanosheet

is observed to be 1.522 that decreases to 1.423 at A = 0.4 A and then gradually increases to 2.476 at
A = 1.0 A which confirms its low dielectric nature (k < 3.9) and its possession of semiconductor
characteristics. Also, the amplitude of & (w) exhibits dips that extend to negative values, with diminishing
intensity as the buckling values increase, indicating the occurrence of plasmonic excitation [31, 32]. g,(w) is an
essential parameter associated with photon absorption for crystalline materials. The optical parameter exhibits
an evident anisotropy when the findings for different buckling values of GaP nanosheet are compared. In the
event where buckling is not present, the dominant peak in the & (w) spectrum is observed at 3.08 eV. The
primary peak of intensity is ascribed to the transition from the P-p orbital within valence band to Ga-s orbital
within conduction band, as depicted in Figure 2(a). When buckling occurs, the primary peak intensity undergoes
a redshift towards lower energy, accompanied by a decrease in intensity. Additionally, a small peak in €, (w) for a
GaP nanosheet is appear, which increases gradually with increasing buckling. The observed phenomenon can be

attributed to the redistribution of orbital hybridization and the influence of the density of states of the orbitals,
resulting from the buckling effect.
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Figure 6. The real (a) and imaginary (b) components of the dielectric function as a function of the applied

buckling.

The qualitative behavior of the refractive index (n(E)) aligns with the properties exhibited by the real section of
the dielectric function, as illustrated in Figure 5. When the value of n(E) is large, it indicates that there are
significant interactions between the incident photons with the valence electrons, these interactions lead to a
decrease in the speed of the photons as they are transmitted. The n(E) value of the GaP nanosheet approaches
1.234 at the zero energy limit. However, it increases to 1. 574 in the presence of buckling, namely at A = 1.0 A.
Based on Figure 5, it can be observed that the refractive index reaches its minimum value at 3. 68 eV. This finding
suggests the presence of feeble interactions between the light photons with the valence electrons. In this
instance, the majority of the incident light within the specified energy range traverses the GaP material, hence
suggesting its transparency. The refractive index experiences a progressive shift to a minimum value as the
buckling values increase. Eventually, it reaches a position of 3.06 eV when A = 1.0 A, this implies that the

phenomenon of transparency occurs at increased incident photon energy.
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Figure 7. Variation of refractive index as a function of the applied buckling.

Figure 6 illustrates the GaP nanosheet absorption coefficient (aa). The occurrence of a zero value for a_suggests

that the GaP nanosheet exhibits poor conduction when exposed to low-energy photons. When A = 0.0 A, the
absorption percentage reaches its maximum value when the incident light energy is 3.38 eV, which decreases,
broadens, and shifts at low values of photons with increasing values of buckling.
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Figure 8. Dependences of absorption coefficient on the applied buckling.
Conclusions

In brief, the properties of a GaP nanosheet have been investigated using DFT, with particular attention given to the
influence of buckling phenomena. The results about the electronic properties suggest that the introduction of
buckling leads to an adjustable band gap, with the energy band gap diminishing as the degree of buckling
increases. The observed phenomenon can be attributed to orbital hybridization redistributions and the
contributions of s and p orbitals. Furthermore, the findings indicate that GaP nanosheets have both dynamic
stability and thermal stability. Moreover, the experimental synthesis of GaP nanosheets has been demonstrated
as feasible. The results about the optical properties indicate that the entirety of the optical spectra's
characteristics experience broadening and a shift towards lower energy as the degree of buckling increases.
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