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By means of density functional theory computations, we predicted two novel two-dimensional (2D)
nanomaterials, namely P2X (X=C, Si) monolayers with pentagonal configurations. Their structures,
stabilities, intrinsic electronic, and optical properties as well as the effect of external strain to the elec-
tronic properties have been systematically examined. Our computations showed that these P2C and
P2Si monolayers have rather high thermodynamic, kinetic, and thermal stabilities, and are indirect
semiconductors with wide bandgaps (2.76 eV and 2.69 eV, respectively) which can be tuned by an
external strain. These monolayers exhibit high absorptions in the UV region, but behave as almost
transparent layers for visible light in the electromagnetic spectrum. Their high stabilities and excep-
tional electronic and optical properties suggest them as promising candidates for future applications
in UV-light shielding and antireflection layers in solar cells.
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1 Introduction

Since the discovery of graphene [1], two-dimensional
(2D) materials have attracted vast interest owing to
their outstanding electronic and optical properties [2–
9], and their potential applications in optoelectronic de-
vices [10–17]. In recent years, many excellent 2D nanos-
tructures have been theoretically predicted [18–25], and
experimentally synthesized [26–30]. However, most 2D
materials are of hexagonal lattice structures. Interest-
ingly, in 2014, Zhang et al. [31] proposed a new car-
bon allotrope named penta-graphene. Resembling the
gorgeous Cairo pentagonal tiling, the penta-graphene is
composed of a pentagon network of carbon and has an
intrinsic quasi-direct bandgap (3.25 eV), which is rather
different from the hexagonal graphene (band gap = 0
eV). The penta-graphene also has a negative Poisson’s
ratio and an even better ideal strength than graphene.
The advent of penta-graphene has inspired various ex-
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plorations for new pentagonal 2D nanostructures. For
example, Lopez–Bezanilla and Littlewood [32] proposed
the 2D pentagonal C2Si, which exhibits unusual elec-
tronic behaviors; Zhang et al. [33] predicted the 2D all-
pentagon nitrogen-rich carbon-nitride sheet with a chem-
ical formula of CN2, which is insulating with a super
wide bandgap of 6.53 eV; Li et al. [34] computation-
ally predicted a new stable 2D inorganic material called
the pentagonal B2C monolayer, which is semiconducting
with an indirect tunable bandgap of 2.28 eV.

As a group V 2D material, black phosphorene mono-
layer (BP) possesses a puckered structure and excep-
tional properties [18, 35–37]. It is semiconducting with
a bandgap of 1.45 eV [35], which decreases with increas-
ing number of layers [39–41]. Its tunable bandgap, high
carrier mobility [36], and anisotropic properties endow
phosphorene many promising applications, especially in
electronics and optoelectronics. Other group V element
2D materials, namely, arsenene, antimonene, and bis-
muthene, have also been theoretically predicted [19, 42],
among which arsenene and antimonene have been exper-
imentally fabricated [29, 30, 43, 44].

Although many efforts have been carried out to design
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pentagonal nanostructures, those works are primarily
concentrated on group IV and group III elements, while
pentagonal 2D materials based on group V elements have
been ignored to some extent. Herein, by means of den-
sity functional theory (DFT) computations, we predicted
two new pentagonal carbon/silicon phosphide monolay-
ers, namely penta-P2C and penta-P2Si. We found that
our newly proposed penta-P2C and penta-P2Si are ther-
modynamically, kinetically, and thermally stable, thus
are promising for experimental realizations. Similar to
arsenene and antimonene [19, 42], penta-P2C and penta-
P2Si are both wide bandgap semiconductors with in-
direct bandgaps of 2.76 eV and 2.69 eV, respectively,
and their bandgaps can be tuned by external strains.
Furthermore, the optical properties of penta-P2C and
penta-P2Si are rather superior, and have considerable
absorptions in the ultraviolet region of the electromag-
netic spectra but little absorption and reflection in the
visible light region. These unique electronic and optical
properties endow penta-P2C and P2Si monolayers the
potential for nanoelectronics and optoelectronics, espe-
cially in UV-light shielding, and as antireflection layers
in solar cells.

2 Computational methods and details

Our DFT computations for geometry optimizations and
electronic/optical property evaluations were performed
by employing the Wien2k code [45]. The generalized gra-
dient approximation in the form of the Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional [46]
was used in our calculations. To expand the Kohn–Sham
wave functions, the full-potential linear-augmented plane
waves plus the local orbital (FPLAPW+lo) was applied.
The 10 × 10 × 1 and 20 × 20 × 1 k-point meshes based
on the Monkhorst–Pack scheme [47] were used to sample
the Brillouin zone for the geometry optimization and for
the electronic/optical property calculations, respectively.
The computational input parameters of RMTKmax = 7,
Gmax = 14 Ry1/2, and lmax = 10 were used when com-
puting the electronic and optical properties. The ran-
dom phase approximation (RPA) [48] method and the
Kramers–Kronig relations were employed to gain the
complex dielectric function components. To avoid the
interactions between neighboring layers, a vacuum layer
of at least 15 Å in the non-periodic direction (z-axis) was
utilized. Since the PBE method tends to underestimate
the bandgap, we also computed the bandgap values and
evaluated the optical properties by the hybrid HSE06
functional.

When checking for kinetic stability, the phonon dis-
persions were calculated by using the density functional
perturbation theory (DFPT) [49] as implemented in
the QUANTUM ESPRESSO package [50], where the

Martin–Troullier norm-conserving psedupotential [51] is
used to treat the core electron, while the valance elec-
trons wave functions are expanded by using an energy
cutoff of 50 Ry.

For the first principles molecular dynamic (MD) simu-
lations, the PBE functional and DNP basis set as imple-
mented in the DMol3 program [52, 53] were employed,
and the temperature was controlled by the Nosé–Hoover
method [54]. A large super cell of 3×3×1 with 54 atoms
was annealed at 500, 1000, and 1500 K, respectively,
and each MD simulation in the NVT canonical ensemble
lasted for 10 ps with a time step of 2 fs.

3 Results and discussion

3.1 Structural properties and stability of the P2X
(X=C, Si) monolayer

As mentioned above, the prediction of the penta-
graphene led to the rapid proposing of some new mono-
layer structures with the general form of penta-Y2X.
These pentagonal structures have been obtained by re-
placing the four sp3- and two sp2-carbon atoms in the
penta-graphene unit cell with X and Y atoms, respec-
tively. In penta-P2C (P2Si), each carbon (silicon) atom
binds to four neighboring phosphorus atoms, while each
phosphorus atom is shared by one phosphorus and two
carbon (silicon) atoms (Fig. 1). The optimized lattice
parameters of P2C (P2Si) are a = b = 4.10 Å (4.88 Å),
while the bond angles are α = 101◦ (98◦), β = 112◦

(111◦), and γ = 99◦ (105◦). It is noteworthy that the P
atoms are buckled in two different atomic planes, 1.61 Å
(1.86 Å) above and below the C (Si) atomic plane, re-
spectively. In the P2C (P2Si) monolayer, the P-C (P-Si)
and P-P (P-P) bond lengths are 1.88 (2.29), and 2.28
(2.25) Å, respectively. Compared with some recently
predicted pentagonal structures (Table 1), P2C and P2Si
have the similar unit cell size to C2Si, but larger than

Fig. 1 (a) Top view, (b) unit cell, and (c) side views of
the optimized structure of P2X (X=C and Si). The pink and
blue atoms represent phosphorus and X atoms (carbon and
silicon), respectively.
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Table 1 Structural properties of penta-P2X (X=C, Si)
and other pentagonal structures from previous work.

Penta-graphene C2Si N2C B2C
P2C P2Si [29] [30] [31] [32]

a, b (Å) 4.10 4.88 3.64 4.41 4.05 3.93
X − Y (Å) 1.88 2.28 1.55 1.91 1.73 1.58
Y − Y (Å) 2.29 2.25 1.34 1.36 1.44 1.72
∆ (Å) 2.32 2.73 1.20 1.30 1.24 1.08

penta-graphene, B2C, and N2C. Compared with other
penta-structures in Table 1, P2C and P2Si have more
than 1.00 Å larger thickness (∆). All these structural
features can be easily understood by the rather large
sizes of P and Si atoms.

3.2 Thermodynamic, dynamic, and thermal stabilities

First, we examined the thermodynamic stability by cal-
culating their cohesive energy (Ecoh), which is defined
as

Ecoh = (4E(P) + 2EC(Si) − EP2C(Si))/6,

where, EP2C(Si), EC(Si), and E(P) are the total energies
of the penta-P2C(Si) unit cell, single C(Si) atom, and
single P atom, respectively. According to this definition,
a more positive Ecoh value indicates a better thermody-
namic stability of the structure. Based on our calcula-
tions, the cohesive energies of P2C and P2Si monolay-
ers are 4.68 eV/atom and 3.94 eV/atom, respectively.
In comparison, the cohesive energies for graphene [55],
T-carbon [56, 57], silicene [56], and phosphorene [35–
37, 57] at the same theoretical level are 7.97, 6.67, 3.94,
and 3.44 eV/atom, respectively. Although the relative
stability of different materials with varied compositions
cannot be determined directly by their cohesive energies,
the relatively high cohesive energies of penta-P2C and
P2Si monolayers are reliable evidences for their strong
intralayer bonding interactions. Based on these cohesive
energies, we can further evaluate the energy changes in
the following hypothetical reactions:

2 Phosphorene + Graphene → P2C monolayer H =
0.81 eV (per P2C unit),

2 Phosphorene + T-Carbon → P2C monolayer H =
−0.49 eV (per P2C unit),

2 Phosphorene + Silicene → P2Si monolayer H =
−1.00 eV (per P2Si unit).

Interestingly, the P2Si monolayer is energetically more
favorable than the elemental monolayers. Although the
reaction leading to the P2C monolayer is endothermic
when graphene and phosphorene are used as reactants, it
is exothermic when the highly strained T-carbon, which
was recently predicted and experimentally achieved [56,
57], is utilized as the reference. Thus, both P2X and

Fig. 2 Phonon dispersions of the fully optimized penta-
P2C and P2Si monolayers. There is an insignificant imaginary
mode (−5 cm−1 at the Γ point) for P2C, while no imaginary
mode is available for P2Si.

P2Si have reasonable thermodynamic stabilities.
Next, we investigated the kinetic stability of the penta-

P2C and P2Si monolayers by computing their phonon
dispersions. The absence of imaginary modes in the en-
tire Brillouin zone (Fig. 2) confirms that the P2C and
P2Si monolayers are kinetically stable. It is noteworthy
that the highest frequencies for P2C and P2Si monolay-
ers are 780 cm−1 and 500 cm−1, respectively, which is
higher or comparable to the highest frequency for phos-
phorene (440 cm−1) [60], silicene (580 cm−1) [61], and
MoS2 (473 cm−1) [62]. The high-value frequencies in the
phonon dispersion illustrate that the C/Si-P and P-P
bonds are rather robust.

Third, we assessed the thermal stability of the newly
predicted structures by performing first-principles molec-
ular dynamics (FPMD) simulations. We carried out
three individual MD simulations for the monolayers at
temperatures of 500, 1000, and 1500 K using the 3×3×1
supercells (Fig. 3). The penta-P2C monolayer does not
collapse throughout the 10 ps MD simulation up to 1000
K, while the penta-P2Si network is well retained at 1500
K. However, at 1500 (2000) K, the monolayer structure
of penta-P2C (P2Si) is severely destroyed. The results
above reveal that the penta-P2C (P2Si) monolayer has
very good thermal stability and can maintain its struc-
tural integrity in a high-temperature environment.

The results above revealed that penta-P2C and P2Si
monolayers have high thermodynamic, kinetic, and ther-
mal stabilities; thus, they are feasible for experimental
realizations, and are promising for applications in high
temperatures.

3.3 Electronic properties

To investigate the electronic properties of penta-P2C
(P2Si) monolayers, we first computed their band struc-
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Fig. 3 Top and side views of P2C (upper row) and P2Si
(lower row) monolayers at the end of the 10 ps MD simula-
tions at 500, 1000, and 1500 K.

Fig. 4 Band structures of penta-P2C (left) and P2Si (right)
by PBE (blue dash-dot lines) and HSE06 functional (red solid
lines).

tures and density of states (Figs. 4 and 5) at the PBE
level of theory. Both penta-P2C and P2Si monolayers
exhibit semiconducting nature with indirect bandgaps of
1.90 eV and 1.80 eV, respectively. For the P2C mono-
layer, the valence band maximum (VBM) is located be-
tween the Γ and X points, while the conduction band
minimum (CBM) is between the M and Γ points. For
the P2Si monolayer, the VBM is located at the X point,
and the CBM is located between the Γ and M points.
The analysis of the partial density of states of these two
monolayers (Fig. 5) revealed that both the VBM and

Fig. 5 Partial density of state of penta-P2C (above) and
P2Si (below) by the HSE06 functional.

CBM for penta-P2C are primarily contributed by C-2p
and P-3p orbitals, while those for penta-P2Si are domi-
nated by P-3p and Si-3p orbitals.

Since the GGA-PBE method tends to underesti-
mate bandgaps, we recalculated the band gaps by
the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional
[63] (Fig. 4), which typically gives more reliable elec-
tronic and optical properties [64]. At the HSE06 level of
theory, P2C and P2Si monolayers have indirect bandgaps
of 2.76 eV and 2.69 eV, respectively, which are close to
those of arsenene and antimonene (2.28 eV and 2.49 eV,
respectively; indirect bandgap) at the same theoretical
level [19, 40]. Thus, both penta-P2C and P2Si monolay-
ers are indirect wide bandgap semiconductors, which are
promising for blue- and UV-light-emitting diodes (LEDs)
and photodetectors.

It is well known that the electronic properties of ma-
terials can be engineered by applying external strains.
To obtain a deeper insight into the electronic proper-
ties of the penta-P2C (P2Si) monolayers, we computed
their geometric structures and bandgaps under biaxial
strains (Fig. 6). The variation in the lattice constants
under strains are defined as as = a0(1 + µ), where a0
is the equilibrium lattice constants at 0% strain. The µ
values are µ = 0%, ±2%, ±4%, and ±6%. The band
structures of penta-P2C and P2Si under various strains
are presented in Figs. A1(a) and (b), respectively (see
Supporting information).

The GGA-PBE and HSE06 functionals predict the
same trend for the bandgap variation in the penta-P2C
and P2Si monolayers versus external strain: the band
gap increases with increasing tensile strains, and de-
creases upon compression. The bandgap of the penta-
P2C monolayer linearly correlates with the compres-
sive/tensile strain. Specifically, its gap increases by 10%
with 6% tensile strain, and decreases by 22% under
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Fig. 6 Bandgaps of penta-P2C and P2Si monolayers as a
function of the biaxial strains (PBE and HSE06 functional).

6% compression strain according to the HSE functional.
The linear dependence between the bandgap and exter-
nal strain also exists for the penta-P2Si monolayer from
the 4% compression strain to 6% tensile strain, but the
gap merely increases approximately 3% under 6% tensile
strain, and the linearity breaks down at 6% compression
strain for which the bandgap drops significantly to 2.2
eV, or by ca. 19% (HSE result). Thus, the bandgap de-
pendence on the external strain is much less pronounced
for the penta-P2Si monolayer.

3.4 Optical properties

The wide band structures of the penta-P2C and P2Si
monolayers indicate their potential applications in UV-
light shielding and other wide-gap-semiconductor de-
vices. Thus, we investigated the optical properties of the
penta-P2C and P2Si monolayers by calculating the com-
plex dielectric constants ε(ω) = ε1(ω)+ iε2(ω) at a given
frequency using the HSE06 hybrid functional, in which ε1
and ε2 refer to the real and imaginary parts of the com-
plex dielectric function, respectively. The positive value
of ε1(ω) reflects the light absorption at a given frequency
ω. The imaginary component of the dielectric function
is identified through the random phase approximation
(RPA), which takes the interband optical transitions be-
tween the occupied and unoccupied electron states into
account.

ε
(2)
αβ(ω) =

4π2e2

Ω
lim
q→0

1

q2

∑
c,v,k

2wkδ(εck − εvk − ω)

×⟨uck+eαq|uvk⟩⟨uck+eβq|uvk⟩∗,

where the indices c and υ denote the conduction and
valence band states, respectively. uck to the cell periodic
part of the orbitals at the k-point.

Using the HSE06 functional, we computed the op-
tical absorption as well as the reflectivity spectrum of
our newly predicted monolayers for photon energy along
thex− y (E//x) plane and z-directions (E//z) (Fig. 7).
Both monolayers present almost zero absorption and
very low reflection (about 3%) in the visible light range.
Interestingly, they have not only considerable absorption
in the ultra-violet range of the electromagnetic spectrum,
but also exhibit relatively high reflectivity in this region.
These unique optical properties endow penta-P2C and
P2Si monolayers as potential applications in UV-light
shielding, and as antireflection layers in solar cells.

4 Conclusions

By means of DFT computations, we predicted two pen-
tagonal 2D materials, namely penta-P2C and P2Si mono-
layers. Both monolayers have good thermodynamic, ki-
netic, and thermal stabilities, which render them feasi-
ble to be realized experimentally and promising for ap-
plications at high temperatures. Both penta-P2C and
P2Si monolayers are semiconductors with indirect wide
bandgap of 2.76 eV and 2.69 eV (HSE06), respectively,
and their bandgaps can be effectively tuned under ex-
ternal strains. Moreover, both monolayers exhibit de-
cent absorptions in the UV region, and behave as almost
transparent layers. These excellent electronic and optical
properties render penta-P2C and penta-P2Si monolayers
promising candidates for applications in the new gen-
eration of nano-optoelectronics, especially in UV light
shielding, and as antireflection layers in solar cells.

Fig. 7 The optical absorptions (a, b) and the reflectiv-
ity spectra (c, d) for photon energy along the x–y (E//x)
plane and z-directions (E//z) of the penta-P2C and P2Si
monolayers.

Mosayeb Naseri, et al., Front. Phys. 13(3), 138102 (2018)
138102-5



Research article

Acknowledgements This work was supported by the Kerman-
shah Branch, Islamic Azad University, Kermanshah, Iran. M.
Naseri would like to thank Soheila Gholipour, Yasna Naseri, and
Viana Naseri for their interests in this work.

Appendix A Supporting information

Fig. A1 The band structures of penta-P2C (a) and P2Si (b) versus various strains.
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