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The great success of graphene has encouraged tremendous interest in searching for new two-
dimensional (2D) carbon allotropes. Based on first-principles calculations, we proposed new 2D car-
bon allotropes obtained from the assembly of fenestrane molecule unit, named as four-penta-graphenes
(fPG). The fPG monolayers are energetically more favorable than pentagraphene and show excellent
dynamical, thermal, and mechanical stability. They exhibit exotic mechanical properties including
anisotropic in-plane stiffness and auxetic behavior with sign-tunable Poisson's ratio. Their electronic
properties are diverse, ranging from narrow band gap semiconductors to metal. The electronic band gap
and band edge positions of the fPG semiconductors can be flexibly modulated by strain engineering.
Indirect-to-direct band gap and semiconductor-to-metal transitions can be achieved by applying
compressive and tensile strains, respectively. High mobility and anisotropic effective mass of carriers
make these materials promising for nanoelectronics. Using many-body GW;+BSE approximations, we
reveal that the fPG semiconductors exhibit strong excitonic effects with distinct optical absorption peaks
in the visible range. These remarkable optical properties make them also promising devices for

optoelectronics.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon is a chemically unique element that can adopt different
hybridization states such as sp, sp?, and sp>, allowing diverse co-
valent bonding between carbon atoms and thereby producing a
wide variety of allotropic forms having different properties. The
two natural allotropes of carbon, graphite and diamond, composed
entirely of sp>- and sp3-hybridized carbon atoms, respectively,
exhibit strikingly opposite properties. For instance, diamond is
superhard and insulator whereas graphite is ductile, ultrasoft, and
conductor. The discovery of graphene, which is a single layer of
graphite, has become one of the most exciting topics of research
due to its intriguing properties, such as high stiffness, high carrier
mobility, and room temperature quantum Hall effects. These
exceptional properties enable graphene to be used in various ap-
plications such as nanoelectronics, fuel cells, and energy storage
devices [1—4].

In recent years, lots of researchers have striven to move beyond
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graphene. A large family of 2D graphene allotropes containing a
mixture of sp-, sp>-, and sp3-hybridized carbon atoms has been
reported theoretically and experimentally [5—7]. Some of them
show superior material properties that can outperform graphene.
For instance, graphyne has unique sp-sp>-hybridized carbon atoms,
known as natural uniform nanopores and highly w-conjugated
structure, which endow it great potential in applications such as
gas separation and catalysis [8]. Moreover, phagraphene, a low-
energy graphene allotrope, exhibits direction-dependent dis-
torted Dirac cones, which is appealing for nanoelectronics [9].
Inspired by the synthesis of pure pentagon-based Cyg cage [10],
we witness a continuously growing research in pentagonal units
going beyond conventional hexagonal and tetragonal units. For
instance, silicon nanoribbons comprising pentagonal rings have
been grown on Ag (100) [11]. In parallel with these advancements,
atomically thin pentagonal PdSe; crystal exfoliated from bulk
structure has been experimentally revealed [12] and show a high
air stable behavior with highly anisotropic optical, electrical, and
optoelectronic properties [13]. Zhang et al. theoretically predicted a
2D pentagonal monolayer, pentagraphene (PG), containing a
mixture of sp?-sp> -hybridized carbons, and possessing unusual
negative Poisson’s ratio and ultrahigh ideal strength [14]. The
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unique properties of 2D pentagonal materials make them attractive
for energy-related applications. For instance, metallic penta-BN;
with excellent electrical conductivity is suggested to be promising
for Li-ion battery anodes [15]. In our previous study, we have
proposed group-IV penta-carbides as promising 2D semi-
conducting materials for photocatalytic water splitting [16]. By
applying Stone-Wales transformation to the penta-carbides, tetra-
hex-carbides with exceptional electronic properties, such as sizable
direct band gap and anisotropic high carrier mobility, have been
proposed to be promising for nanoelectronics [17]. Silva et al.
proposed a new family of carbon allotropes, namely tripentaphenes
[18]. These allotropes are composed of three contiguous pentagons
and exhibit metallic behavior with different Dirac cones, making
them promising for nanoelectronics. Very recently, Me-graphene
[19] and C568 [20], which are apparently the same structures
(visible in their supercells) and composed entirely of four-penta (fP)
units, have been proposed to be a transition structure between
graphene and PG.

In this paper, inspired by the [5.5.5.5.]Fenestrane [21] molecule
consisting of four contiguous pentagons (or fP unit), we reported
our prediction of newly PGallotropes, namely “four-penta-gra-
phene” abbreviated as fPG. Using first-principles calculations, we
systematically studied the stability and intrinsic properties of three
forms of the fPG allotropes, namely a-fPG, §-fPG, and v-fPG. At first,
we investigated the stability of the fPG monolayers from the en-
ergetic, dynamical, thermal, and mechanical aspects based on the
formation energy, phonon band dispersion, ab-initio molecular
dynamics (AIMD), and elastic tensor analysis, respectively. We
further examined their mechanical, electronic, transport, and op-
tical properties, and compared them with PG. It should be noted
that the a-fPG monolayer is the same structure of Me-graphene or
C568 monolayer. We hope that the unique properties of the fPG
monolayers will enrich the family of 2D pentagonal materials.

2. Computational methods

All first principle calculations were performed using Vienna ab-
initio simulation package (VASP) [22] on density functional theory
(DFT). To describe the electron-ion interaction, the projector-
augmented wave (PAW) approach [23] was used. The exchange-
correlation contributions for the structural optimization and elec-
tronic structure calculations were treated using the generalized
gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
[24]. In particular, considering the underestimated electronic band
gap in PBE, electronic band structures were also calculated by the
Heyd—Scuseria—Ernzerhos hybrid functional (HSE06) [25] con-
structed by mixing 0.25 of the nonlocal Fock exchange with 0.75 of
PBE exchange and screening length of A = 0.2 A~! and GW
approximation [26]. The structure optimizations were carried out
using a conjugate gradient algorithm until the residual forces on
atoms reach values smaller than 0.01 eV A~! as well as a stress
tensor tolerance of 0.1 GPa. Electronic wave functions were
expanded in a plane-wave basis set, with an energy cutoff of
520 eV. To avoid the periodic interaction, a vacuum thickness of
20 A was added in the vertical direction. The Brillouin zone (BZ)
was sampled with k-meshes of 32 x 32 x 1,24 x 24 x 1,18 x 24 x 1,
and 18 x 18 x 1 were carefully tested for PG, a-fPG, -fPG, y-fPG
monolayers, respectively. Phonon band dispersions were calculated
by using the PHONOPY code [27] based on a supercell approach. To
test the thermal stability of the examined structures, we performed
AIMD simulations at a constant temperature ensemble (NVT) using
Nose thermostat [28] of which the time step is 1 fs. We used
5x5x1,3x3x%x1,3x4x1,and3 x 3 x 1supercells for PG, a-fPG,
G-fPG, and y-fPG monolayers, respectively, enabling to reduce the
constraints arising from periodic boundary condition and to detect
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the possible structure reformation at elevated temperatures.

The two mechanical constants, including Young's modulus (Y?P)
and Poisson's ratio (¢(#)) as a function of the in-plane angle § were
calculated in the following expressions [29],

C11Cn — C3,
C11S4 + C22C4 + (% — 2C12>52C2

Y2P(0) = (1)

Cra(s% + c4) — (cu Gy — 7““%;*@2))52(:2

v(t) = (2)

_C2
C11S4 + C22C4 + (% - 2C]2)52C2
where s = sin(f) and ¢ = cos(§).
3. Results and discussion

3.1. Structure characterization

The fully relaxed atomic structure of the fPG monolayers is
presented in Fig. 1. From the view of the formation mechanism, «-
fPG having the space group of P-4m2 (no. 115), can be constructed
by the direct connection of the fP units along the a and b lattice
directions. Similar to PG, a-fPG is composed of sp?>- and sp3-hy-
bridized carbon atoms, but with different ratios. Such that, the sp>
to sp? ratio in a-fPG monolayer is one to twelve while that in PG is
two to four. Besides, the sp> carbon atom density in a-fPG (0.03
atom/A?) is much lower than that in PG (0.15 atom/A2). For 8-fPG,
the structure belongs to P-mm2 symmetry (no. 25), and can be
formed by the connection of the fP units where they are directly
linked along the b lattice direction while are linked by acetylenic
linkages along the a lattice direction. The existence of acetylenic
linkages makes §-fPG to be a low-density and light 2D carbon
allotrope with respect to PG and «-fPG. Such that, the atom density
in B-fPG is 0.35 atom/A? is lower than that in PG (0.45 atom/A?), a-
fPG (0.39 atom/A?), and graphene (0.38 atom/A?). As for y-fPG, the
fP units are connected by acetylenic linkages along the a and b
lattice directions to form the crystal structure. The structure be-
longs to space group of P-4m2 (no. 115). The unitcell of §-fPG and vy-
fPG is composed of sp-sp>-sp> hybridized carbons where the ratio of
sp: sp%: sp® is about 4:12:1 and 8:12:1, respectively. For convenience
of discussion, we hereafter group the sp, sp? and sp>-hybridized
carbons as Cy, Cy, and C3 respectively. As there exists different hy-
bridized carbons in the fPG monolayers, resulting in different bond
character, we define dy;, d12, d22, and d3 for the bond length of
C1—Cy, C1—Cy, C—Cy, and C,—Cs, respectively. The optimized lattice
constants (a and b), the corresponding bond lengths (dj), and
thickness (h) of PG and the fPG monolayers are summarized in
Table 1. We found that the C;—C; bond length of di; = 1.23 A in 8-
fPG and y-fPG is almost the same that in graphyne (1.20 A) [33],
showing their triple bond character. Likewise, the sp-sp?> bond
length for 8-fPG (y-fPG) about 1.37 A (1.38 A) is close to that in
graphyne (about 1.40 A) [33]. For sp-sp? bond length, all the fPG
monolayers have do, = 1.43 A, which is relatively higher than that
in PG (1.34 A) [14], but is close to that in graphene (1.42 A). As for
sp?-sp> bond length, the dy3 of 1.56 A, 1.58 A, and 1.57 A for a-fPG, §-
fPG, and v-fPG, respectively, is slightly lower than that of PG
(1.57 A) [14].

3.1.1. Structure stability

To examine the energetic stability of the fPG monolayers, we
performed the total energy calculations. As presented in Fig. 2 (a),
a-fPG with a total energy of —8.83 eV is energetically more
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Fig. 1. Optimized atomic structure of (a) PG, (b) molecular unit of fenestrane molecule (four penta unit, fP), (c) a-fPG, (d) -fPG, and (e) y-fPG monolayers. Three inequivalent carbon
atoms labeled as C;(sp), Co(sp?), and C3(sp*) are denoted different colors as depicted inset. The red line represents the unitcell where the lattice vectors, a and b, are marked with
dashed black arrows. The buckling height (h) and bond lengths (d;;) are depicted. The fP units are shaded by pink color. (A colour version of this figure can be viewed online.)

favorable than other sp?-sp> hybridized carbon allotropes including
tetrahexcarbon (—8.36 eV per C) and PG (—8.32 eV per C). Likewise,
G-fPG and v-fPG with the total energy of —8.62 eV per C
and —8.51 eV per C, respectively, are also energetically favorable
compared with other 2D carbon allotropes including sp-hybridized
carbons such as experimentally synthesized graphdiyne allotropes
[6] (see Fig. 2 (b)). To examine the synthesizability of the fPG
monolayers, we calculated the formation energy difference (AE)
between the fPG monolayers and graphite as a reference bulk, and
compared with the other theoretically predicted and experimen-
tally realized 2D carbon allotropes. The AE of 398, 607, and 711 meV
per C atom for a-fPG, §-fPG, and y-fPG respectively, is lower than
that for the experimentally synthesized y-GDY (about 823 meV per
C atom) [6]. Thus, the low AE infers the easy fabrication of the fPG
monolayers from the corresponding reference bulk structure,
suggesting that the predicted 2D carbon allotropes can exist in
reality.

To check the dynamic stability of the fPG monolayers, we

Table 1

Optimized lattice constants a and b, buckling thickness h, bond length d14, d12, d22,
and da3 in A, electronic band gap obtained from the PBE and HSEO6 functionals, and
band gap energy type for PG, a-fPG, §-fPG, y-fPG monolayers.

a b h dn dy dy  EPE EHSE Type

3.64
5.75
8.27
8.25

3.64
5.75
5.79
8.25

1.21
0.98
0.99
1.06

1.34
143
1.43
143

Indirect
Indirect
Indirect
Metallic

1.55
1.56
1.58
1.57

2.38
0.64
0.20

3.26
1.06
0.43

1.23
1.23
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performed the lattice dynamics phonon calculations, providing the
phonon dispersion curves and atom-projected phonon density-of-
states (PhDOS). It is clear from Fig. 3 (a) that the fPG monolayers are
free from any imaginary frequencies in the whole BZ, confirming
their dynamic stability. Similar to PG, the highest phonon frequency
in «-fPG mainly comes from the vibration of the sp?-hybridized
carbon atoms (C;). The phonon spectrum of $-fPG and y-fPG has a
distinct phonon gap ranging from ~1550 cm~! to ~2120 cm~L. We
observed that the highest phonon frequencies, having relatively
dispersionless phonon branches, are originated from the vibration
of sp-hybridized carbon atoms. The unsymmetrical stretching vi-
bration of central C=C bonds in §-fPG and y-fPG emerges a pho-
nonic gap in the phonon spectrum. The highest phonon frequency
of PG, a-fPG, §-fPG, and y-fPG monolayers is found to be 1632,1578,
2187, and 2197 cm~ ), respectively. This suggests the strong bond
network in the fPG monolayers.

Next, we investigated the thermal stability of the fPG mono-
layers by performing AIMD simulations. We first heated the
supercell structures at 300 K for 10 ps. After ensuring thermal
equilibrium at that temperature, the monolayers were gradually
heated to 900 K and 1200 K for 10 ps (Figure S1 of Supporting In-
formation (SI)). As the potential energy is sensitive to bond
breaking and atom re-arrangements, we monitored the energy
change during the AIMD simulations. We observed that the energy
is almost constant with very small fluctuations resulting from the
thermal oscillations of atoms around their equilibrium positions.
Moreover, the snapshot of atomic configurations of PG and the fPG
monolayers at the end of the AIMD simulations at various tem-
peratures is displayed in Fig. 3 (b). Such results indicate that the
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Fig. 2. Variation of total energy with respect to area ratio for a-fPG, §-fPG, y-fPG monolayers and their comparison with other 2D carbon allotropes, including graphene, PG,
tetrahexcarbon, 123_E8Y24 [30], a-, 8-, y-graphyne (GY) [31] and their graphdiyne (GDY) [32] counterparts. (A colour version of this figure can be viewed online.)
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Fig. 3. (a) Phonon band dispersion with atom-projected phonon density of states (PhDOS) and (b) variation of potential energy for 10 ps at high temperature (1200—1500 K) for PG,
a-fPG, §-fPG, and y-fPG. Inset shows the atomic configurations at the end of the AIMD simulations. (A colour version of this figure can be viewed online.)

monolayers can survive at high temperatures, determining their
suitability for technological applications above room temperature.

To further examine the ability to withstand small mechanical
deformation, we studied the mechanical stability of the fPG
monolayers by evaluating the well-known Born-Huang elastic
stability criteria [34] as C;1Cop — sz > 0 and Cgg > 0 where Cj; are
in-plane elastic constants obtained from the energy-strain re-
lations. The strain energy per unit area (Us) is defined as,

1 1
Us(e) = 5Cn e + §C226§y + Craeweyy + 2Ces6ry 3)

where ¢;; are the corresponding in-plane strains and defined as ¢ =
(I — Ip)/lp, where Iy and | are the equilibrium and strained lattice
values, respectively. We applied various in-plane mechanical
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deformations including uniaxial, biaxial, and shear strains in the
range of —2 to 2% with an increment of 0.5%, and calculated the
strain energy at each strain. The strain energy vs strain for the fPG
monolayers is plotted in Figure S2 of SI where the second derivative
presents the corresponding elastic constants according to Eq. 3. The

Table 2
Calculated elastic constants (G;) in N/m, Young's modulus (Y?P) in N/m,
son's ratios (v) of PG, a-, 8-, and y-fPG monolayers.

and Pois-

Cin Ca Ci2 Ces y2P yzP Va Vb
PG 2675 2675 -188 151.0 2662 2662 -0.070 -0.070
a-fPG 2099 2099 0.7 1024 2099 2099 0.004 0.004
g-fPG  181.2 1608 -0.9 194 181.2 1608 -0.005 —-0.005
v-fPG 1157 1157 -85 7.9 1151 1151 -0.073 -0.073
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obtained elastic constants of the fPG monolayers are listed in
Table 2. The results reveal that the elastic constants of the fPG
monolayers meet the Born stability criteria, confirming their me-
chanical stability.

3.2. Mechanical properties

After revealing the robust stability of the fPG monolayers, we
investigated their intrinsic mechanical properties by calculating
two independent mechanical constants as Young's modulus (Y?P)
and Poisson's ratio (») with different in-plane crystal orientations
using Eq.1 and Eq. 2, respectively. It is evident from Fig. 4 (a) that,
similar to PG, the Y2 of a-fPG is rather isotropic in the in-plane of
the sheet. The change of Y?P with respect to § (which is relative to
the positive x-axis in the unitcell) in «-fPG is about 1%, confirming
the isotropic mechanical response. The largest Y?P value of 209.9 N/
m for a-fPG is found along the a lattice direction (0°). This value is
relatively lower than that of other sp>—sp3-hybridized carbon al-
lotropes, including PG (267.5 N/m) [14,16] and tetrahexcarbon
(286.12 N/m) [35]. Moreover, the Y?P shares the minimum value of
207.7 N/m in the diagonal direction (45°). Contrary to a-fPG, §-fPG
and y-fPG exhibit strong anisotropic Young's modulus. From a-fPG
to B-fPG, the Y?P reduces due to the presence of acetylenic linkages.
The maximum Y?P value of 181.2 N/m in $-fPG monolayer can be
obtained along the a lattice direction (# = 0°), which is higher than
that of other carbon allotropes containing acetylene linkages such
as graphyne (127 ~137 N/m) and graphdiyne (104 ~118 N/m) [36].
With the increase of # angle from 0° to 90°, the Y?P first rapidly
decreases to 63.1 N/m at § = 45°, and then increases where the Y?P
value approaches to 160.8 N/m for § = 90°. Likewise, the Y?P in -
fPG reduces because of the existence of the extra acetylenic link-
ages. The maximum Y?P value is calculated as 115.7 N/m in the a
lattice direction (# = 0°) while the minimum value is about 27.5 N/
m in the diagonal direction (§ = 45°). Thus, the results imply that (-
fPG and v-fPG are relatively much stiffer along the lattice directions
(a or b) than along the diagonal direction (# = 45°) where they
exhibit mechanical flexibility. That is, the apparently low Young's
modulus of -fPG and v-fPG along the diagonal direction enables
them to be easily stretchable and soft along this direction.

As for Poisson's ratio (PR), PG exhibits auxetic behavior with
near zero negative PR (about —0.07) while «-fPG has zero PR (0.00).
The results of the direction-dependent PR, illustrated in Fig. 4 (b),
reveal that a-fPG exhibits a rather isotropic mechanical response in
the plane. For §-fPG and y-fPG, similar to PG, both exhibit an
auxetic behavior with a near zero negative PR in the a and b lattice
directions. However, both have positive PR in other spatial di-
rections. Unlike «a-fPG, §-fPG and y-fPG display a highly anisotropic
mechanical response. In general, the fPG monolayers have the near
zero PR in the lattice directions, indicating that they do not trans-
versely deform in response to an axial applied strain. As Poisson's
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Fig. 4. Polar diagram for (a) Young's modulus in the unit of N/m and (b) Poisson's ratio
of PG, and the fPG monolayers. (A colour version of this figure can be viewed online.)
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ratio of 2D materials is sensitive to strain [37], we further evaluated
PR of the fPG monolayers for a large strain regime. We plotted the
variation of the transverse strain to longitudinal axial strain ranging
from —4 to 10% in Fig. 5. It can be seen that the transverse strain for
a-fPG monotonically decreases with the tensile strain. Thus, the
monolayer exhibits a positive PR under uniaxial tensile strain. With
enhancing compressive strain, on the other hand, the transverse
strain also decreases, indicating the emergence of an auxetic
behavior (negative PR). We thus reveal that «-fPG exhibits auxetic
behavior under uniaxial compressive strain whereas it is a non-
auxetic monolayer under uniaxial tensile strain (Fig. 5 (a)). For -
and v-fPG, with the tensile strain, the transverse strain decreases
until the PR reaches to zero and then a positive PR takes place at
~2% and ~ 5%, respectively (Fig. 5(b) and (c)). That is, the auxetic
mechanical response in §-fPG and y-fPG disappeared beyond these
strain points. Consequently, we show that the sign of PR in the fPG
monolayers can be easily tuned by strain engineering.

To uncover the underlying mechanism of the near zero PR with
sign-tunable nature in the fPG monolayers, we studied the evolu-
tion of structural parameters including bond lengths and bond
angles under uniaxial deformations. The variation of bond lengths,
bond angles, and bond projections for the §-fPG monolayer during
the uniaxial strains along the x and y directions are presented in
Figure S3 of SL It can be seen that with enhancing the strain along
the x direction, C,—Cs bond length lying on the yz-plane decreases,
corresponding a positive PR. However, its projection in the y-di-
rection increases up to a threshold value of 2—3% strain (corre-
sponding to a negative PR), and then subsequently decreases with
further strains (corresponding to a positive PR). Thus, the sign-
tunable PR nature seems to be a consequence of the change of
C,—C3 bonds. For C;—C; bonds, we consider four types of bonds,
denoted as daq, dap, doc, and dog in the fP units. We observed that dyq
bond lying on y-axis slightly increases with enhancing strain, cor-
responding a negative PR. The d;. and d4 bonds increase with the
increase of strain while the bond angles a3 and a4 decrease. The dyp
bond increases with increasing x direction strain up to 3% while the
bond angle a1 decreases, and then, with further strains both sub-
sequently turn to opposite directions. The change of the projection
of C;—C;, bonds in the y direction is relatively small, resulting in a
near zero PR with negative and positive values. Consequently, the
sp? and sp> carbon atoms combined together act as the primary
factor for emerging a near zero PR with sign-tunable nature in the
fPG monolayer. Similar behavior is also observed with enhancing
the strain along the y direction.

3.3. Electronic properties

As the physical properties of carbon allotropes having different
hybridization states are quite different, it is of great interest to
examine the electronic properties of the fPG monolayers. By
adopting the PBE and HSEO6 functionals, we calculated the elec-
tronic band structures and extracted the band gap energies, sum-
marized in Table 1. Fig. 6 shows the electronic band structure with
projected density-of-states (pDOS) of the fPG monolayers at the
HSEO06 method. Our results reveal that «-fPG and -fPG are natural
semiconductors while y-fPG shows metallic character. As a
benchmark, we calculated the electronic band gap of PG about
3.26 eV, agreeing well with previous theoretical result [14].
Although PG and «-fPG are composed of the same type hybridized
carbons (sp-sp®), the band gap energy in a-fPG is significantly
reduced to be 1.06 eV. The decrease in the band gap energy can be
explained by the ratio of sp> to sp? carbons, which is 2—4 for PG and
1 to 12 for a-fPG. In our previous study, we clearly showed that the
band gap energy in sp>-sp> hybridized carbon allotrope is signifi-
cantly increased by changing the sp>-hybridized carbons to sp> as
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Poisson's ratio, respectively. (A colour version of this figure can be viewed online.)
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the sp3-hybridization can localize the electronic states to the frag-
ment delocalized 7 bond to open the band gap [35,38]. Hence, the
results highlight the principal role of the sp?/sp> ratio in the elec-
tronic properties of the fPG monolayers. As for sp-sp’>-sp> allo-
tropes, B-fPG has the band gap energy of 0.42 eV while y-fPG is
metallic due to the crossing of two bands at the Fermi level. We
found that the insertion of acetylenic groups in between fP units
results in reducing the band gap energy. According to the pDOS, the
main states around the Fermi level are contributed by C,-p, orbitals
rather than C; and C3 atoms.

3.3.1. Band gap tuning by strain engineering

2D materials are well-suitable for strain engineering because of
their ultra-high flexibility. The emergence of exotic electronic
properties such as the tunable band gap energy and band gap

transition by strain engineering, which has been shown in recent
studies [17,39], motivated us to examine the electronic properties
of the fPG semiconductors (a-fPG and $-fPG) under strain. As the
band edge positions and band gap energy are two crucial param-
eters for nanoelectronics and optoelectronics, we studied their
variations by strain engineering and presented in Fig. 7 and
Figure S4 of SI. The results revealed that the energy level of VBM
and CBM for «a-fPG and (-fPG subjected to strain decreases with
tension and increases with compression. This indicates that the
kinetic energy of the state is proportional to the reciprocal lattice
vector, which decreases with the increase of lattice parameters. We
also noticed that the change in the VBM energy is comparatively
smoother than that in the CBM with the applied strain, resulting in
the band gap energy reduction. Remarkably, the strain changes not
only the energy of the band edges but also their positions in
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momentum space. As shown in Fig. 7, at —4% equi-biaxial strain, the
position of CBM is shifted from I' to M in a-fPG and from X to Y in -
fPG. Thus, both «-fPG and (-fPG present an intriguing indirect-to-
direct band gap transition at this strain where the direct band
gap energy is about 1.59 eV and 0.81 eV, respectively. On the other
hand, the tensile strain can result in a semiconductor—to-metal
transition. In this respect, the change of the geometric structure by
strain leads to the change in the energy level of band edges as well
as the band gap energy, and consequently, alters the electronic
properties of the monolayers. The electronic band structures under
uniaxial strain are also presented in FigureS5 and S6 of SI. As a
consequence, our first-principle calculations revealed that the band
gap and band edge positions of the fPG monolayers can be effec-
tively tailored by strain engineering.

3.3.2. Anisotropic effective mass and high carrier mobility

We further evaluated the potential applications of the fPG
monolayers in nanoelectronics. As v-fPG monolayer is metallic, we
only analyzed the effective mass and carrier mobility for a-fPG and
6-fPG semiconductors. The carrier effective mass (m*) is obtained
from the fitting data near band edges (VBM and CBM) with
quadratic polynomial using m* = n[92E(k)/9k?]~! where k is the
wave-vector and E(k) is the electronic band dispersion obtained
from the HSEO6 method. As illustrated in Fig. 8 (a) and (c), the
parabolic fittings of the band edges along the x and y directions fit
well with the calculations. For a-fPG, the calculated effective mass
of electron in the x (or y) direction (I"-X (or Y) direction) is 0.17 mq
while the hole effective mass in the same direction (M-X (or Y)
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direction) is about 0.16 mg where myg is the free electron effective
mass. Such a low effective mass of carriers is expected to be asso-
ciated with a high carrier mobility.

For -fPG, the electron effective mass in the x and y directions is
found to be 0.23 mg and 0.31 mg, respectively, which are relatively
higher than that of «-fPG. Moreover, the hole effective mass in the x
and y directions is about 0.14 mg and 0.19 my, respectively. Thus, the
effective mass of charge carriers in §-fPG exhibits an anisotropic
behavior. Being able to gain a visual understanding of the anisot-
ropy in (-fPG, we next calculated the effective mass of charge
carriers from I' to A arbitrary directions, and illustrated in Fig. 9. It
can be seen that the effective mass of both hole and electron dis-
plays an approximate “8” shape, verifying the strong anisotropic
transport behavior. Moreover, we examined the direction-
dependent effective mass of the charge carrier when (-fPG is
subjected to an in-plane isotropic strain. As depicted in Fig. 9, the
anisotropy in the effective mass of electrons and holes of §-fPG is
improved by strain engineering.

Next, we calculated the carrier mobility (u) in the framework of
deformation potential (DP) theory on the basis of effective mass
approach proposed by Bardeen and Shockley [40] in the following
equation,

en3C;
Mi = *412 (4)
kpTm; mgEj ;

where my = /m;*m; is the average effective mass. Eq, ; is the DP
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constant derived from the band edge energy changes (obtained function of uniaxial strains are presented in Fig. 8 (b) and (d) at
from the HSEO6 functional) with uniaxial strain. The band edge which the linear fit curves give the DP constants. The obtained DP
positions with respect to the vacuum level of a-fPG and §-fPG as a constants are summarized in Table3. We found that the DP
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Table 3
Calculated effective mass (m;) around band edge positions, deformation potential constant (Eq, ;), and mobility (x;) of electron and hole for a-fPG and -fPG at T = 300 K.
Structure Charge carrier my/mo my[mg Eq. x Eqy ux (Eq. (4)) uy (Eq. (4)) ux (Eq. (5)) uy (Eq. (5))
(eV) (em? V-1s1)
o-fPG electron 0.17 0.17 9.42 9.42 0.17 x 104 0.17 x 10* 0.17 x 10* 0.17 x 10*
hole 0.16 0.16 1.68 1.68 6.50 x 104 6.50 x 10* 6.50 x 10* 6.50 x 10*
B-fPG electron 023 031 6.21 8.97 0.17 x 10* 0.05 x 10* 0.16 x 10* 0.06 x 10*
hole 0.14 0.19 3.20 1.21 1.64 x 10* 7.39 x 10% 1.57 x 10* 7.74 x 104
constants for electrons are much larger than those for holes. This is
related to the carrier-acoustic phonon interaction. In other words, 12
the DP constant is a fea_ture of the coupling strength of the electron a(w) = Va2w( /e () + (W) — & (w) (6)
1 2
(or hole) to the acoustic phonon [41]. A weaker electron (or hole)-

acoustic-phonon interaction results in a smaller DP constant value.
Our results indicated that the electrons in «-fPG and -fPG are more
strongly scattered by the acoustic phonon than the hole. Having the
analysis of the effective mass, in-plane stiffness constant, and DP
constant, we calculated the charge carrier mobility along the i
transport direction at 300 K using Eq.4. For «-fPG, the calculated
electron mobility in the x direction is 0.17 x 10*cm?V—'s~! (which
should be the same in the y-direction due to the structure geom-
etry). Moreover, the hole mobility in the x-direction is calculated as
6.50 x 10*cm?v-'s~1, which is ~38 times higher than that of
electron due to the large difference in the DP constant. We noted
that the DP constant takes a quadratic term in the denominator of
Eq.4 and has a higher-order effect than other terms (the effective
mass and elastic stiffness constant) on the carrier mobility. The high
carrier mobility of a-fPG would endow it with many important
applications such as the separation of electrons and holes. For (-
fPG, the carrier mobility of electron in the x and y direction is found
to be 0.17 x 10% and 0.05 x 10*cm?V~!s~! while 1.64 x 10* and
7.39 x 10*cm?V~1s~1 for the hole, respectively. The hole mobility of
the (-fPG, as well as «-fPG, is higher than that of tetrahexcarbon
(440 cm?V—1s~1) [42] and MoS, (270 cm?V~1s~1) [43]. Hence, the
mobility of (-fPG is highly dependent on the carrier type and
transport direction. The high and anisotropic carrier mobility make
B-fPG a promising candidate for future electronics.

Concerning the great anisotropy in the DP constants, a new
formula for the acoustic phonon-limited mobility in anisotropic 2D
semiconductors was given by Lang et al. [44] as follows;

3 (5G+3G
en <T

#33/2 . _w\1/2 ( OE3+7Eq;Eqj+4AEZ;
keT(m;)>/ (m7) (#

M = (5)

where the carrier mobility depends on carrier effective mass,
elastic stiffness constant, and DP constant, not only along the lon-
gitudinal charge transport direction but also along the in-plane
transverse direction. In other words, it is not neglected the scat-
tering from the x-direction when considering the carrier mobility
along the y-direction. Thus, for anisotropic materials, Eq.5 is a
significant improvement to Eq.4. The calculated charge carrier
mobility values using Eq. (5) are summarized in Table 3.

3.4. Optical properties

We further analyzed the optical properties of the fPG mono-
layers. Deduced from the frequency-dependent complex dielectric
function (given as ¢(w) = e1(w) + iez(w)), we calculated the optical
absorption coefficient a(w) using the following equation [45],

where ¢1(w) and ex(w) are the real and imaginary parts of the
dielectric constants, respectively. Considering the strong quantum
confinement effects and small Coulomb screening in 2D materials,
we focus on many-body effects including electron-electron and
electron-hole interactions, which are out of the framework of or-
dinary DFT methods. It is known that the many-body interactions
accurately describe the optical properties of 2D materials and could
produce results in good agreement with experiments [46]. A typical
way to include the many-body effects is GW approximation [26].
We thus computed the dielectric constants by adopting the GW
method. We calculated the quasi-particle (QP) energies in the
single-shot GW approximation (GWy). By employing GWq, we ob-
tained the quasi-particle band gap (fundamental gap) of a-fPG and
B-fPG as 1.92 eV and 0.91 eV respectively, which are higher than
those from the HSE functional. It is worth noting that, in our cal-
culations, the DFT band gap values obtained from the HSEO06
functional were notably larger than those from the PBE calcula-
tions, but were significantly lower than the band gaps from all the
GW calculations.

Employing the GWy method performed within the random
phase approximation (GWgo+RPA), including electron-electron
correlations and neglecting electron-hole interactions, we
computed the optical absorption spectra of the a-fPG and 3-fPG
monolayers. Considering the electron-hole interaction as well as
electron-electron interaction, we next computed the photo-excited
states and optical absorption spectra by adopting GW+BSE ap-
proximations [47]. Fig. 10 shows the optical absorption spectrum of
a-fPG and B-fPG with polarization vectors parallel to their in-plane
using the GWp-RPA and GWy-BSE methods. It can be seen that
when including the electron-hole coupling in the GW calculations,
the optical absorption spectrum is changed dramatically. From
Fig. 10, the GW+BSE optical spectrum of «-fPG and §-fPG displays
a global shift towards lower energies as compared to the GW+RPA
optical spectrum. It can be seen that «-fPG monolayer has sub-
stantially large absorption in the range of 1.8—5 eV, in which
prominent peaks can be observed. The first absorption peaks in «-
fGP and $-fPG, which are below the QP band gap and ascribed to the
excitonic peaks, are utterly missing in the GWy+RPA spectrum.
These excitonic peaks are evidence of the quantum confinement
effects in the 2D fPG semiconductors. Importantly, «-fPG can
significantly absorb the visible light as well as the ultraviolet (UV)
light while §-fPG monolayer is seen to possess a high optical
response with anisotropy in a very broad spectral region ranging
from near-infrared to UV. This anisotropy in §-fPG stems from the
intrinsic anisotropy of the atomic structure. Remarkably, the optical
absorption coefficient of a-fPG and §-fPG can reach 10° cm™!, which
is comparable to that of organic perovskite solar cells [48]. There-
fore, all these remarkable optical properties enable the fPG semi-
conductors to be promising candidates for use in optoelectronic
devices.
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4. Conclusions

In summary, we theoretically introduce a new family of 2D
carbon allotropes, abbreviated as four-penta-graphenes (fPG). We
have found that the fPG monolayers are energetically more favor-
able than pentagraphene and the experimentally synthesized
graphdiyne allotropes. The dynamical stability of the fPG mono-
layers is confirmed by the absence of imaginary frequency of the
phonon modes in the calculated phonon dispersion curves. They
can withstand temperatures as high as 1000 K, verifying their
thermal stability. The obtained elastic stiffness constants meet the
criteria for the mechanical stability. In addition to the robust sta-
bility, the fPG monolayers exhibit remarkable mechanical, elec-
tronic, and optical properties. We have demonstrated that a-fPG
has isotropic Young's modulus and Poisson's ratio whereas §-fPG
and y-fPG exhibit highly anisotropic mechcanical behavior. More-
over, the fPG monolayers are auxetic materials with near zero PR.
Remarkably, the sign of PR can be effectively changed from negative
to positive or positive to negative by strain engineering. According
to the electronic band structure calculations, a-fPG and §-fPG are
intrinsic semiconductors with band gap of 1.06 eV and 0.43 eV,
respectively while y-fPG is metallic. We have shown that the sp?/
sp> and sp/sp?/sp° ratio of carbon atoms in the fPG monolayers is of
significant importance in the electronic properties. For instance,
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the insertion of acetylenic groups in between the fP units results in
reducing the band gap energy. The electronic band gap and band
edge positions for a-fPG and §-fPG can be tailored by strain engi-
neering. Importantly, both undergo a transition from indirect to
direct band gap semiconductor under compressive strain and
semiconductor-to-metal under tensile strain applications. The
effective mass of hole and electron indicates the strong anisotropic
transport behavior and is improved by strain engineering. Ac-
cording to the optical calculations, we clearly examine the excitonic
peaks in the optical spectra of the fPG semiconductors by including
electron-hole interactions. Our results highlight the unique me-
chanical, electronic, and optical properties in the 2D carbon allo-
tropes, which are expected to be potential candidates for
nanoelectronics and optoelectronics.
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