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1. Introduction

Driven by the successful exfoliation of a 2D graphene
monolayer,[1] tremendous efforts have been devoted to the design
and exploration of new 2D nanomaterials, which has ultimately
led to the identification of a variety of other ultrathin nanomate-
rials exhibiting an assortment of remarkable chemical and phys-
ical characteristics.[2–7] In particular, the phosphorene category
reached this class of 2D materials upon the successful isolation

of the ultrathin black phosphorene mono-
layer (α-P),[8–10] which was found to be a
semiconductor exhibiting a direct elec-
tronic bandgap of about 1.5 eV along with
strongly anisotropic electron and hole
mobilities.[8,11–13] Considering the wide
scope of available phosphorus allotropes
as 3D bulk materials, plenty of other poten-
tial 2D material counterparts were sug-
gested. Notably, blue phosphorene (β-P)
monolayer was initially predicted computa-
tionally and subsequently synthesized suc-
cessfully through molecular-beam-epitaxy
over a gold substrate,[14,15] thereby provid-
ing evidence that metastable 2D phospho-
rus allotropes with outstanding physical
properties can be achieved. Following the
computational perspective, many other
allotropes have been extensively suggested
over the past few years, and can differ from
each other mostly based on the morphology
of their intrinsic puckered structure.[16–24]

As part of the ongoing efforts toward the
computational prediction of the 2D holey phase of 2d materials
including graphene,[25] phosphorene,[26–28] and transition metal
dichalcogenides[29,30] with very outstanding physical properties.
Wang et al.[31] recently reported a successful design of the hole-
type phosphorene structure through density-functional calcula-
tions. They have revealed that the 2D HP system may be
employed as a promising membrane for hydrogen purification
from different gas mixtures with high selectivity along with being
a promising candidate for a solar cell. With this as an underlying
motivation, the present paper considers this newly predicted 2D
HP monolayer for the electronic, optical, and structural thermo-
electric properties. Initially, we survey the structural, environ-
mental stability, and electronic characteristics of the 2D HP
nanosheet. To this end, we carry out density functional theory
(DFT)-based computations to confirm its dynamical, thermal,
and mechanical stability and to address the electronic properties
by means of generalized gradient approximation (GGA)- Perdew-
Burke-Ernzerhof (PBE), Heyd–Scuseria–Ernzerhof (HSE06), and
GW functionals. Furthermore, we also investigated the
G0W0 þ BSE method for the excitonic optical properties, given
that no previous related studies have been carried out on this
HP with G0W0 þ BSE, which makes the present work an expe-
dient one. The GWþ BSE approximation has significantly
higher accuracy for the optical properties of excitonic effects
owing to its quasi-particle-based characterization. It is obtained
that the HP monolayer presents a strong optical adsorption spec-
trum with three different peaks appearing in the visible-light
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Through density functional theory (DFT)-based computations, a systematic
exploration of the newly predicted 2D phosphorene allotrope, namely holey-
phosphorene (HP), is carried out. It is revealed that HP shows a semiconducting
nature with an indirect bandgap of 0.83 eV upon Perdew-Burke-Ernzerhof (PBE)
functional. Then, to survey the optical features, a (G0W0)-based approach is
employed to solve the Bethe–Salpeter equation to derive the intra-layer excitonic
effects. It is derived via the absorption spectrum, that HP presents an excitonic
binding strength of 1.47/1.96 eV along the x/y-direction with the first peak of the
absorption at 0.92/0.43 eV for the x/y-direction. The thermoelectric properties are
also explored in detail and reveal a very high thermal power value along with an
enhanced figure of merit (ZT) of about 3.6. The 2D HP monolayer for thermo-
electric performance has high thermoelectric conversion efficiency (TCE) and is
estimated to be about 22%. All these outstanding findings may be attributed to
the quantum confinement effect of the porous geometry of the 2D HP nanosheet,
thereby confirming its relevance as a prospect for high-performance optoelec-
tronic and thermoelectric engineering systems.
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zone. Additionally, for the thermoelectric properties, we have
consistently calculated the group velocity, the thermal transport
properties, and the electrical transport properties based on the
entire iterative process of solving the Boltzmann transport equa-
tion for phonons. The achieved outcomes reveal favorable results
in the electronic bandgap, elastic modulus, optical absorption,
phonon group velocity, phonon lifetime, lattice thermal conduc-
tivity, and exciton binding energy (EBE) in the 2D HP nanosheet
compared to other 2D phosphorene allotropes. The work pro-
vided a full perspective into the stability and pivotal physical fea-
tures of the 2D Holey phosphorus monolayer as well as
showcasing its potential to be used for developing next-genera-
tion technologies in optoelectronic and thermoelectrical systems.

2. Computational Details

During the present work, the first-principles calculations within
the plane-wave basis projector augmented wave (PAW) were
employed in the framework of DFT.[32] For the exchange-
correlation potential, the GGA in the form of PBE was employed
as implemented in the Vienna Ab Initio Simulation Package
(VASP) software.[33] The inherent underestimation of the
bandgap given by DFT within the inclusion of hybrid functional
is corrected by using the HSE06[34] screened-nonlocal-exchange
functional of the generalized Kohn-Sham scheme. The charge
transfers in the structures were determined by the Bader analysis .[35]

The energy cutoff value for the plane-wave basis set was taken to
be 500 eV. The total energy was minimized until the energy
variation in successive steps became less than 10�6 eV in the
structural relaxation and the convergence criterion for the
Hellmann–Feynman forces was taken to be 10�3 eV Å�1. For
accurate results, 2� 4� 1 Γ centered k-point sampling is used
for the primitive unit cell based on the convergence of total
energy with respect to different K-points. The Gaussian broaden-
ing for the density of states calculation was taken to be 0.10.

The dielectric function and the optical oscillator strength of
the HP monolayer were calculated by solving the Bethe–
Salpeter equation (BSE) on top of single-shot G0W0 calculation,
which was performed over standard DFT calculations.[36,37] The
G0W0 þ BSE approach accounts for both e–e and e–h effects.
Here, e–e and e–h represent the electron–electron and
electron–hole correlation effects, respectively. During this
process, we used 2� 4� 1 Γ centered k-point sampling. The cut-
off for the response function was set to 250 eV. The number of
bands used in our calculations is 340. The cutoff energy for the
plane waves was chosen to be 400 eV. We included 36 valence
(occupied orbitals) and 72 conduction (unoccupied orbitals)
bands into the calculations for the dielectric function of HP
monolayers in the BSE calculations. In previous investigations,
96 converged empty states for MoS2 monolayer[38] and 150
empty states were taken for GW calculations for the bulk
system with semiconductors and insulators by Shishkin and
coworkers.[39]

Further, the electron transport properties are computed by
using semi-classical Boltzmann transport theory with the relaxa-
tion time approximation and rigid band approximation as imple-
mented in the BoltzTraP code.[40] In the thermoelectric
properties, we obtain the Seebeck coefficient (thermopower) α

which is independent of the relaxation time τ, electrical conduc-
tivity σ, electronic thermal conductivity κe which depends on the
relaxation time τ. To evaluate the thermoelectric properties, we
use the figure of merit, ZT¼ S2σT/κ.

In addition, for the lattice part of thermal conductivity
calculations, the Boltzmann transport equation for phonons as
employed in the ShengBTE code[41] was adopted. The
Phonopy code[42] with 3�3�1 supercell and 3�3�1 k-mesh
for the second-order force constants were determined.
Moreover, third-order force constants were achieved via the finite
displacement scheme[43] by displacing two atoms up to seven
nearest neighbors (i.e., deviation is �2.5% observed when six
nearest neighbor displacement is considered), consequent to
an interaction range of 6.07 Å. We used a q-mesh 28� 28� 1
to generate well-converged lattice thermal conductivities.
There is no relevant effect in our calculations by taking a very
dense q-mesh 32� 32� 1.

3. Results and Discussion

3.1. Structural and Electronic Properties

The rectangular unit-cell of the holey-phosphorene (HP) mono-
layer has been taken in the present work. The fully optimized
structure with top and two other orientations of HP monolayer
are presented in Figure 1a. The unit-cell (marked with a red
dashed line) of the HP monolayer contains 10 phosphorus
atoms. The top view and side view of the rectangular HP are pre-
sented in Figure 1a. The optimized lattice parameters a¼ 6.14
and b¼ 7.78 Å. The P–P bond length is found to be 2.27 Å
and the thickness is found to be 2.23 Å, which is good consistent
with previously reported work.[31] Alternatively, the structural sta-
bility of this new allotrope of phosphorene is roughly assessed
with the so-called octet-rule applied to certain non-planar
based monolayers, i.e., the P-atom hybridizes in sp3 and is con-
nected to another 3P-atoms, thus providing 8-electrons within
the sp-shell.

Furthermore, to check the HP monolayer stability, we have
explored the phonon dispersion spectra by means of the density
functional perturbation theory (DFPT) approach and first-
principles molecular dynamics (FPMD) simulations. Figure 1b,c
shows the phonon band structure along high symmetry points
in the Brillouin zine, and FPMD at constant temperature and
volume (NVT) of 2D HP nanosheet, respectively. Also, it can
be vividly seen the structural rigidity of the monolayer through
the phonon band structure. The 2D HP nanosheet shows good
dynamical stability since each mode i.e., optical/acoustical
branches of phonon dispersion spectrum is positive with linear
behaviors around Γ as depicted in Figure 1b. Additionally, the
FPMD simulation is carried out at three distinct temperatures
300, 500, and 1000 K as illustrated in Figure 1c, the right side
displayed the fully optimized structures at the ends of molecular
dynamics simulations at considered temperatures. It can be
noticed the slight energy variation as a function of the molecular
dynamic simulation time up to 10 ps without any structural dis-
tortion and bands breaking between phosphorus atoms. the afore-
mentioned outcomes reveal the high dynamical and thermal
stability of the 2D HP nanosheet.
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Next, we have calculated the elastic constants to verify the
mechanical stability of 2D HP nanosheet. The computed elastic
stiffness constants C11, C12, C22, C66 are found to be 74.89, 21.41,
75.14, and 10.27 Nm�1, which satisfy the necessary mechanical
equilibrium requirements[44] of Born–Huang (BH) elastic crite-
ria for mechanical stability: C11C22–C2

12 >0 and C11, C22, C66> 0.
It is quite clear that the HP 2D nanosheet meets all the require-
ments for mechanical stability. This implies that the material
under consideration has high mechanical stability.

Further, we have explored the electronic behavior of HP
monolayer through the calculation of the orbital contributed elec-
tronic band structure with the corresponding orbital projected
density of states as illustrated in Figure 2a. It is found that
the 2D HP nanosheet presents a semiconductor behavior with
an indirect electronic band gap of about 0.78 eV based on the
GGA-PBE functional. We further included the spin–orbit
coupling (SOC) effect, and subsequently found exactly the same
electronic character in the band structure with a band gap of
0.78 eV, indicating that there is no SOC effect on the considered
material. Given that GGE-PBE underestimates the electronic
bandgap, by including the hybrid-functional HSE06 and GW
approach, we achieved a more accurate bandgap. We have found
it to be about 1.51 eV using HSE06, while it is about 2.39 eV
under the GW approach. As can be seen in Figure 2a, the top
of the valence band (VB) is mainly dominated by p-states of
P-atoms, whereas the bottom of the conduction band (CB) is
strongly hybridized by s- and p-states of P-atoms. Moreover,

the projected density of states reveals that the pz-orbital has a
leading contribution in the VB near the Fermi level as in the
electronic band structure. It was further identified that the con-
duction band has a great contribution from the px-orbital with a
slight contribution from the other orbitals. Figure 2b depicts the
charge density at both the VB maximum and the conduction
band minimum.

It is widely recognized that carrier mobility plays a vital role in
both electronic and optoelectronic engineering since elevated
mobility prevents electrons and holes from re-combining.
Consequently, we have derived the effective mass and mobility
of electron and hole carriers for the HP nanosheet. The com-
puted effective masses of the electrons (m�

e/m0) and holes
(m�

h/m0) for both CBM and VBM is given by the formula

m� ¼ ℏ2 ∂2EðkÞ
∂K2

� ��1
(1)

where ℏ and k denote the plank’s constant and wave-vector and
E(k) shows the respective energy dispersion in CBM/VBM. Thus,
the estimated results based on this equation are listed in Table 1.
One can remark that the effective masses of the electrons along
the x/y-directions were somewhat similar, reaching values of
about 0.449/0.487m0, whereas the effective mass of the holes
along the x-direction was roughly 4.8 times greater than that
along the y-direction. In this context, it can be concluded that
the effective mass of electrons and holes in the 2DHP nanosheet

Figure 1. a) Fully relaxed structure of HP monolayer with top view and side view, b) phonon dispersion profile of holey-phosphorene (HP), c) ab-initio
molecular dynamics simulations at different temperatures (300, 500, and 1000 K) for 10 ps. The inserted structure screenshots represent the end of the
molecular dynamics steps of the HP monolayer.
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was quite similar or slightly lower compared to those of the
certain previously reported 2D materials.[45–54] Owing to such
low effective masses in the 2D HP nanosheet, it may serve
as the leading candidate for high-velocity nanoelectronics
applications.

In addition, as a further understanding of the electronic
conductance, the carrier mobility was computed utilizing the
deformation-potential theory (DPT).[55] The carrier mobility of
the HP monolayer has been further calculated according to
the given equation

μ2D ¼ 2eℏ3C
2KBT jm�j2ðEx

l Þ2
(2)

where, e and C denote the elementary charge and the elastic-
modulus computed through the quadratic fitting of the energy
and strain calculations, KB and m� are the Boltzmann constant,
and the estimated effective mass based on formula 1. Ex

l denotes
the DP of the valence band for hole along the x-direction and can
be defined as Ex

l ¼ ΔE=ðΔlx=lx,0Þ, where ΔE refers to the energy
shift in the valence-band as a function of the lattice-parameter
change (Δlx=lx,0). Meanwhile, the E factor corresponds to the
elastic modulus in the x/y-direction. One can vividly notice that
the HP monolayer shows a higher electrical-transport bias, and
that the electron mobility is superior to that of the holes. Namely,
the electron mobility in the x-direction is found to be larger
than 0.62/0.036� 104 cm2 V�1 s�1. Meanwhile, the hole features
a comparatively higher mobility of about 2.88/7.49�

104 cm2 V�1 s�1 in the x/y-direction. Likewise, strongly an-isotropic
carrier mobility values of 0.91/0.88� 103 cm2 V�1 s�1 along the
x/y-directions (electrons) and about 0.18/3.39� 103 cm2 V�1 s�1

along the x/y-directions (holes) have been consistently reported
in the case of single-layered phosphorene material.[56] As a result,
the elevated carrier mobility occurs as a consequence of smaller
values of both the strain-deformation and the effective mass in
the case of the 2D HP nanosheet.

3.2. Excitonic Effect in Optical Properties

It has commonly been revealed that excitonic effects feature
prominently in 2D nanomaterials as a result of the near-zero
dielectric strength in such materials.[38,57] In line with this, exci-
tonic effects play a crucial role with respect to the optical char-
acteristics and regulate the performance of optoelectronic-based
devices that are developed from 2D nanosheets. Taking into
account the Coulomb forces of both electrons/ holes is highly
relevant while investigating the optical properties of 2D nano-
sheets. Within this section, we report the findings of our survey
on the optical properties of 2DHP nanosheet through solving the
BSE equation along with the G0W0 derivation. The EBE for an
HP monolayer is obtained to be 1.47 eV along the x-direction
and 1.96 eV along the y-direction which is higher compared to
some other 2D materials, such as black phosphorene
(780meV),[58] HP nanosheet (80meV),[59] single layer of gra-
phene (270meV) and 2D MoS2 (0.96 eV).

[38] The imaginary part

Figure 2. a) The spin-polarized electronic band structure (green and red circles represent the top of the valence band (VB) and bottom of the conduction
band (CB) and their difference shown electronic band gap), with corresponding squared wave functions of the bottom of the CB and top of the VB
(represented by red and green circle in the band structure). b) Total and projected density of states of HP monolayer.

Table 1. Calculated electron and hole mobility (�104 cm2 V�1 s�1) in the HP monolayer at room temperature along x- and y-direction.m�
e andm�

h are the
effective masses of electron (e) and hole (h), respectively, deformation potential E (eV) and in-plane stiffness constant C (Nm�1), relaxation time
constant for electrons/holes along x-/y-directions with the unit of ps.

m�
ex (m0)/ m�

ey (m0)/ E1x E1y Cx Cy μx μy τx τy

e 0.449 0.487 0.74 4.45 74.89 75.14 0.62 0.036 1.58 0.099

h 2.914 0.606 0.12 0.16 74.89 75.14 2.88 7.49 47.70 25.80
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of the macroscopic dielectric function (left side of the y-axis),
which relates to the absorption spectra and the respective oscil-
lation strength of the optical transitions (right side of the
y-axis) are illustrated in Figure 3a. As one can clearly notice, there
are many excitonic states with very strong oscillation strength.
All the three peaks of the absorption spectra appear in the
visible region and the first peak appears approximately at
0.92/0.43 eV for x/y-direction, mainly originated from the optical
transitions at the high symmetry Γ point in the Brillouin zone as
it can be also noticed by maximum transition probabilities at
Γ-point depicted in Figure 3b.

Additionally, the real part of the microscopic dielectric func-
tion depicts the dispersion and polarization of electromagnetic
waves. The static values of the real part of the complex dielectric
function at ω¼ 0 depicted in 4(a) are �1.91. Based on the high
dielectric constant, significant amounts of charge can be retained
for a long time, which may enhance the harvesting of light. As
depicted in the figure, the highest peaks of the real dielectric con-
stant for HP monolayer are lactated mainly in the visible-light
region between 1 and 3 eV. Consequently, the maximum polari-
zation appeared inside the material. In addition, the reflectivity of
the HP monolayer is investigated and illustrated in Figure 4d. It
can be clearly seen that the HP monolayer shows an ultra-low
reflectivity in the whole light-spectrum. the reflectivity spectrum
reveals that the maximum value of the reflectivity falls within the
visible/UV region (around 3 eV) with a very low value of about
10%. Nevertheless, the reflectivity does not exceed more than 5%
in the remaining part of the region. Such findings demonstrate
the strong light absorption of HP monolayer. In this regard, the
extinction and absorption coefficients confirm the high absorp-
tion coefficients confirm the high absorption of light inside the
material as illustrated in Figure 4b,c.

3.3. Thermoelectric Properties

3.3.1. Group Velocity and Thermal Transport properties

The lattice thermal conductivity is strongly influenced by group
velocities of the material,[60] which is investigated from the slope

of the phonon dispersion and is defined as

vg ¼ ΔkωðkÞ (3)

where vg, ω, k and ωðkÞ shows the group velocity, angular fre-
quency of wave’s, distance between two points in the Brillouin
zone and dispersion relation. For lower lattice thermal conduc-
tivity, frequency and group velocity should be lower. Figure 5
shows the group velocities of the 2D HP monolayer. It was seen
that the group velocities of acoustical velocities are �7 times
larger than optical branches. The group velocities of acoustical
branches are in the range of 4–7.5 km s�1 while for optical
branches are 1.1 km s�1. Figure 5b displayed the lattice thermal
conductivity ðκlÞ which originates from anharmonic phonon–
phonon interactions. The ðκlÞ decreases with increasing temper-
ature which can be associated with the softening of phonons as
temperature increases. The 2D HP monolayer has ultra low ðκlÞ
because it has more scattering channels. The ðκlÞ is found to be
�0.4WmK�1 at room temperature which is significantly lower
than other phases of the 2D phosphorene monolayer.[18,61–65]

In addition, we have calculated the cumulative thermal con-
ductivity κcl as a function of phonon mean free path (MFP) at
room temperature of the 2D HP monolayer (see Figure 5c).
The MFP profile is helpful to understand the effect of size on
the diffusive phonon transport. This quantity is the ratio of lattice
thermal conductivity to lattice thermal conductivity per unit of
MFP in a small grain limit grain boundary, which is an approxi-
mation of the characteristic size below which nanostructuring
induced phonon scattering dominates over anharmonic phonon–
phonon scattering.[63] It is a critical for thermal design with nano-
structuring as the lattice thermal conductivity could be effectively
tuned by nanostructuring when the size of the nanostructure is
below the characteristic size. The calculated value is 1.84 nm
for the 2D HP monolayer.

3.3.2. Electrical Transport properties

The thermoelectric performance is defined by ZT, which is
defined as[66]

Figure 3. a) Imaginary part of the dielectric function of HP monolayer on the left side of the y-axis and oscillator strength of the optical transitions
represented by red spike on the right side of the y-axis. b) Corresponding transition probability (p2) of the electronic band structures for HP monolayer.
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Figure 4. Optical properties of HP monolayer. a) Real part of the dielectric function, b) refractive index and extinction coefficient on different y-axis
represented by different colors, c) absorption coefficient, and d) reflectively of HP monolayer.

Figure 5. a) Lattice thermal conductivity and b) cumulative lattice thermal conductivity as a function of temperature and mean-free path.
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ZT ¼ σS2T
κ

(4)

where σ, S, T represent the electrical conductivity, Seebeck
coefficient, and temperature, respectively, κ shows the sum of
electronic thermal conductivity (κe) and lattice thermal conduc-
tivity (κl), i.e., κ ¼ κe þ κl. Here, we have calculated the Seebeck
coefficient (S), electrical conductivity (σ), electronic thermal
conductivity (κe), and ZT as a function of chemical potential
(μ) as well as temperature.

The effect of doping on the thermoelectric transport coeffi-
cient can be obtained by shifting the EF position. The shift of
EF toward the valence band (i.e., negative EF) denoted p-type dop-
ing, resulting in a positive Seebeck coefficient. Similarly, when
EF shifted toward the CB (i.e., n-type doping can be obtained by
negative doping levels) from which we obtained a negative
Seebeck coefficient. The electrical transport properties have been
calculated by solving semi-classic BTE using a constant relaxation
time approximation (CRTA).[67] Figure 6 shows the S, σ, κe and
ZT as a function of chemical potential (μ) at different tempera-
tures of 300, 600, and 900 K for a 2D HP monolayer. It was seen
that the variation of Seebeck coefficient S is symmetric on both
sides for p-type/n-type carriers. The values of S are slightly higher
in n-type carriers as compared to the p-type carriers at 300 K.
From Figure 6a, the values of S are found to be 1150 μ VK�1

for p-type carriers while 1260 μV K�1 for n-type carriers. When
temperature increases then the values of S are significantly sup-
pressed due to the S is inversely proportional to the temperature.
Near the charge neutrality point at particular μ values, S becomes
higher and its magnitude shows initially increasing after that
decreasing and it was clearly seen that at other temperatures
its values are almost the same as 300 K. The electrical
conductivity σ as a function of chemical potential μ shown in
Figure 6b. The values of σ slightly increase with increasing
temperature. The maximum value of σ is found to be �2�
1019 Ω�1 m�1 s�1 for p-type carriers whereas �3.6�
1019 Ω�1 m�1 s�1 for n-type carriers.

Further, we will discuss the electronic thermal conductivity
(kappae) for 2D HP monolayer as shown in Figure 6c. The elec-
tronic thermal conductivity is directly proportional to electrical
conductivity using the Wiedemann–Franz law[68] (κe ¼ σLT,
where T is the temperature and L is the Lorentz number). It
was seen that the electronic thermal conductivity behaves in a
similar trend to electrical conductivity (see Figure 6c). The
electronic thermal conductivity for n-type carriers is larger than
the p-type carriers at each considered temperature of 300, 600,
and 900 K.

It is known that the large value of the ZT displayed superior
thermoelectric performance for thermoelectric applications.

Figure 6. The variation thermoelectric properties of HP monolayer as chemical potential. a) Seebeck coefficient, b) electrical conductivity, c) electronic
thermal conductivity, and d) figure of merit (ZT) at different temperatures.
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Therefore, we have investigated the ZT as a function of chemical
potential at three different temperatures for the 2D HP mono-
layer. It has two strong peaks at the considered temperature
in which one peak appears at chemical potential μ < 0 and other
peaks at μ > 0 corresponds to the p-type and n-type carriers for
ZT values, respectively. It is clearly seen that the ZT values are
zero between the two identical peaks. The values of ZT are found
to be 3.78 and 3.85 for p-type and n-type carriers at room
temperature. Also at a higher temperature, the values of ZT
are not significantly affected and its values are above to 3.5 in
a 2D HP monolayer. In the present work, the values of ZT
are relatively higher than previously reported 2d monolayered
materials.[66,69–78]

Finally, we have investigated the thermoelectric conversion
efficiency (TCE) of a 2D HP monolayer to see the thermoelectric
performance of the considered material which is the main
parameter for thermoelectric devices. The TCE for 2D HP
monolayer is calculated by the following equation

ηmax ¼
Th � T c

Th

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðZTÞaverage

q
� 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ðZTÞaverage
q

þ T c
Th

(5)

where Tc is the cold side temperature and Th represents the hot
side temperature. Here, we have considered the temperature of
300 K for the cold side leg and 600 K for the hot side leg to cal-
culate the TCE of thermoelectric devices. From the aforemen-
tioned relation, the values of TCE are found to be 21.78% and
21.90% for p-type carriers and n-type carriers with the tempera-
ture difference ΔT¼ 300 K. Also, if we take the higher temper-
atures of the thermoelectric leg for the cold side and hot side
(i.e., 600 and 900 K, respectively) then the TCE values are found
to be 13.67% and 13.74% for p-type carriers and n-type carriers,
respectively. The TCE of 2D HP monolayer material is signifi-
cantly higher than the previously reported 2D monolayer materi-
als.[75,79,80] These findings of 2D HP monolayer are superior
candidates for high-performance optoelectronic devices and
high-efficiency thermoelectric devices.

4. Conclusions

In conclusion, we have systematically explored the geometry,
optoelectronic, and thermoelectric properties of a newly pre-
dicted 2D HP monolayer by using first-principles computations.
2D HP monolayer shows semiconductor behavior with an indi-
rect electronic band gap and intrinsic anisotropic electron/hole
mobilities. To calculate accurately the optical properties, the GW
plus BSE methods have been utilized. The moderated excitonic
binding energy of 1.47 eV along the x-direction and 1.96 eV along
the y-direction and the first peak of the absorption spectrum at
0.92/0.43 eV for x/y-direction in the visible light range plays a
crucial role in the optical properties. More importantly, the reflec-
tivity is less than 10%, which is much smaller than that of a gra-
phene nanosheet. Therefore, it is interpreted that a 2D HP
monolayer can be implemented as a promising antireflective
coatingmedium. In addition, the high thermal power value along
with an evaluated electronic ZT of 3.6, which is much higher
compared to many recently reported 2D materials, and this

can be explained based on the quantum confinement effect of
the nonporous geometry of 2DHP nanosheet. Based on our find-
ings, we believe that the studied 2D HP has excellent physical
properties and that this new allotrope of phosphorene could
be useful in optoelectronic and thermoelectric engineering
technologies.
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