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A penta-BCP sheet with strong piezoelectricity
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and a record high positive Poisson’s ratiof
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Two-dimensional structures composed solely of pentagonal motifs are of particular interest due to their
unique geometries and novel properties. In particular, the broken centrosymmetry in many pentagon-
based sheets results in piezoelectricity. Herein, we rationally design a penta-BCP sheet with large
intrinsic polarization and weak mechanical strength. First-principles calculations reveal that the penta-
BCP sheet is a dynamically, thermally, and mechanically stable semiconductor with an indirect band gap
of 2.97 eV. More interestingly, the penta-BCP sheet is found to be the first penta-sheet with a positive
Poisson’s ratio larger than 1.00 (1.30), and possesses prominent spontaneous polarization (Ps = 4.66 x
107 C m™) and piezoelectricity (d» = —13.57 pm V7% and d»» = 6.33 pm V7). The large positive
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1. Introduction

Piezoelectric materials exhibit tunable electrical polarization
under mechanical strain, enabling the conversion between
electrical and mechanical energy. In principle, these materials
should be non-centrosymmetric and non-metallic. They are
widely used in applications like functional sensors, nano-
sized actuators, and energy harvesters. In recent years, two-
dimensional (2D) piezoelectric materials have received exten-
sive attention, primarily because spontaneous polarization and
piezoelectricity at the nanoscale are expected to realize device
miniaturization."”> Moreover, many centrosymmetric 3D bulk
materials break their inversion symmetry when thinned down
to 2D materials, providing more opportunities to form sponta-
neous polarization and generate piezoelectricity.® However,
spontaneous polarization and the piezoelectric response are
rarely seen in conventional 2D materials that consist of hex-
agonal motifs due to the centrosymmetry of their geometries.*
To overcome this problem, pentagons are used to construct 2D
materials. Since the theoretical prediction of penta-graphene in
2015,° 2D materials composed of pure pentagonal motifs have
attracted much attention,®*° and some pentagon-based 2D
materials have been experimentally synthesized, including
penta-silicene nanoribbons,'* penta-PdSe,,'* and penta-NiN,.*
Numerous penta-sheets can exhibit exceptional piezoelectric
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properties."*"” For example, although graphene exhibits no

piezoelectricity, penta-graphene is piezoelectric."> Meanwhile,
piezoelectricity is a general property of the semiconducting
penta-graphene-like structures because they are all non-
centrosymmetric with the space group symmetry of P42,m.'8
In addition, spontaneous polarization can be introduced in
penta-sheets with enhanced piezoelectric responses. For
instance, the out-of-plane spontaneous polarization has been
found in hydrofluorinated penta-graphene,'® penta-CoAsS,"
and penta-CCB"® due to the asymmetry along the out-of-plane
direction. By contrast, in-plane spontaneous polarization can
also be introduced through a small tilt of the Si-Si dimers'® or
the existence of B-N or P-N polarized bonds.'®"” From the
physics point of view, the polarized bonds and mechanical
strengths of pentagon-based sheets significantly impact their
spontaneous polarization and piezoelectric response.>* How-
ever, in these reports, the coupling between the individual
piezoelectric coefficients was neglected,> which actually may
play an important role when the Poisson’s ratio is large.*?
Hence, an intriguing question arises: can we design a ternary
pentagon-based piezoelectric sheet with a large Poisson’s ratio
and a significant piezoelectric response?

To answer this question, it is important to note the facts that
the electron cloud of sp>-B atoms is not easily deformed,>* and
the related bond lengths and bond angles are not easily
changed. By contrast, the electron cloud of P atoms is relatively
easy to deform,** and the related bond lengths and bond angles
are relatively flexible, resulting in weak mechanical strength.
These factors, together with the flexible bonding of C, provide
the basis for a B-C-P penta-sheet with a promising
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piezoelectric performance. In addition, because the electrone-
gativity of the P atom is between that of C and B atoms, the C-B
bonds should be highly polarized and can enhance sponta-
neous polarization when coincided with the polarized direction
of the pentagon-based sheet. Thus, it can be expected that this
BCP ternary pentagon-based sheet possesses a large piezoelec-
tric response. This motivates us to carry out this study.

2. Computational methods

Calculations within the framework of density functional theory
(DFT) are performed utilizing the Vienna ab initio simulation
package (VASP).>> The projector augmented wave (PAW)
method®® is used to treat the interactions between valence
electrons and ion cores. Plane waves with a kinetic energy
cutoff of 600 eV are used to expand the wavefunction of the
valence electrons. The exchange-correlation interaction of elec-
trons prescribed by the Perdew-Burke-Ernzerhof (PBE)
functional®” within the generalized gradient approximation
(GGA) is used in geometry optimization and properties calcula-
tions, while the hybrid Heyd-Scuseria-Ernzerhof (HSEO06)
functional®® is used for more accurate electronic structure
calculations. For geometry optimization, the convergence cri-
teria for the total energy and atomic force components are set
to 10 eV and 10 ° eV A™", respectively. The first Brillouin
zone is represented by a 9 x 9 x 1 k-point grid using the
Monkhorst-Pack scheme.?® The vacuum space is set to 17.7 A to
avoid the interactions between the periodic images. The finite
displacement method*® implemented in the Phonopy code®" is
used for phonon spectra calculations using a 5 x 5 x 1 super-
cell of penta-BCP. In ab initio molecular dynamics (AIMD)
simulations,®* the canonical ensemble with a Nosé
thermostat®® is used to realize temperature control. The elastic
constants are calculated using finite difference methods.** The
spontaneous polarization is quantified using the finite electric
field method based on Berry phase theory.”® The piezoelectric

View Article Online

Journal of Materials Chemistry C

tensor coefficients are obtained using density functional per-
turbation theory (DFPT)*® as implemented in VASP.

3. Results and discussion
3.1 Structure and stability

The optimized structure of penta-BCP is presented in Fig. 1(a),
which possesses P2; symmetry (space group no. 4). The unit cell
contains two B, two C, and two P atoms, which occupy three
non-equivalent Wyckoff positions, namely, 2a; (0.879, 0.861,
0.526), 2a, (0.773, 0.508, 0.507), and 2a; (0.538, 0.186, 0.562),
respectively. The lattice parameters of penta-BCP are a = 3.67 A
and b = 4.12 A. The top view shows that the penta-BCP sheet is
composed exclusively of pentagons consisting of B, C, and P
atoms. The C-B, C-P, and B-P bond lengths are 1.56, 1.92, and
1.96 A, respectively. The buckling height of this structure is
2.47 A, which is larger than that of ternary penta-BCN (1.34 A)'®
and penta-CNP (2.41 A)'” due to the larger bond lengths of
penta-BCP compared with penta-BCN and penta-CNP. The
coordinates and lattice parameters of the optimized geometry
are listed in the ESLt To identify the chemical stability of
penta-BCP, we calculate the cohesive energy (E..n) of penta-
BCP, which is defined as Econ = (Epenta-Bcp — 2Ep — 2E¢ — 2Ep)/6,
where Eg, Ec, Ep, and Epeniapcp Tepresent the energy of an
isolated B atom, C atom, P atom, and a unit cell of penta-BCP,
respectively. The resulting cohesive energy of penta-BCP is
—5.61 eV per atom, which is comparable to that of many other
ternary monolayers such as penta-BNSi (—5.43 eV per atom),””
penta-SiCN (—4.36 eV per atom),*® BPC, (—5.77 eV per atom),*®
and BiPbC; (—5.62 eV per atom),*° indicating its energetic
stability. We also calculate the formation energy (Eform) Of
penta-BCP (Eform) defined as: Eform = (Epentancp — 2Es — 2ES
— 2E%)/6, where Ez, ES, and E5 represent the energy of each B, C,
and P atom in its most stable bulk phase, respectively. The
calculated formation energy of penta-BCP is 0.09 eV per atom,
implying that the procedure of synthesizing penta-BCP via the
corresponding elementary substances is endothermic.
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Fig. 1 (a) Top and side views, and (b) the phonon spectrum of penta-BCP. (c) Potential energy fluctuation with time during the AIMD simulation at
1200 K. The insets show snapshots of the atomic configuration of penta-BCP at the end of the simulation. The pink, gray, and purple spheres represent B,

C, and P atoms, respectively.
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The dynamic stability of penta-BCP is verified through
calculating its phonon spectrum. As shown in Fig. 1(b), the
absence of imaginary modes in the first Brillouin zone confirms
that penta-BCP is dynamically stable. The thermal stability of
penta-BCP is investigated by performing AIMD simulations at
several different temperatures from 300 K to 1200 K at intervals
of 300 K. The duration of each simulation is 10 ps with a time
step of 1 fs. To avoid the fake stability caused by the constraints
of periodic boundary conditions, a 5 x 5 x 1 supercell is used
in these simulations. The results obtained at 1200 K are plotted
in Fig. 1(c), which shows that the total potential energy
of the supercell fluctuates around a constant during the simu-
lation at 1200 K, and the geometry of penta-BCP does not
suffer significant distortion at the end of the simulation. The
results from simulations at other temperatures are given in Fig.
S1 in the ESLt The thermal stability is also studied by
calculating the change in Gibbs energy of penta-BCP with
temperature. The Gibbs energy G(T, p) is defined as
G(T,p) = mVin[U(V) + Fohonon(T; V) + pV], where the right-

hand side of this equation aims to find a minimum value for
the contents of the square brackets by changing the volume (V),
where U(V) is the internal energy, Fyhonon(7;V) is the sum of
phonon Helmholtz free energy, T is the temperature, and
p is the pressure. Besides, Fpnonon(T3V) can be presented as
3N iy, 3N
Fohonon(T; V) = 2171 + X% kT In(1 — e "i/kT) where 3N repre-
= =
sents the number of phonons, w; corresponds to the frequency
of the phonon, 7 is the Dirac constant, and k is the Boltzmann
constant. Using the quasi-harmonic approximation method*!
as implemented in Phonopy,*" we obtain the change in Gibbs
energy of penta-BCP with temperature as shown in Fig. S2 in
the ESI.{ For comparison, a similar calculation is also carried
out for diamond, and both show similar behavior, further
confirming the thermal dynamic stability of the penta-BCP
sheet at finite temperatures. Finally, we examine the mechan-
ical stability of this structure. The calculated linear elastic
constants are Cy; = 47.49 N m™ ', C,, = 153.08 Nm ™}, Cy, =
61.81 N m ' and Ce = 76.04 N m™ ", which fully satisfy the
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Born-Huang criteria for this 2D material (Cy; > 0, Cy, > 0, Cgs
> 0, and C1;C,, > 0122),42 confirming that penta-BCP is
mechanically stable.

3.2 Mechanical properties

The mechanical properties of penta-BCP are investigated based
on the calculated linear elastic constants. The in-plane Young’s
moduli E, and Ej, along the [100] and [010] directions are
derived from the formula of E, = (C1,C5, — C1,°)/Cy, and Ey, =
(C11Cap — C13%)/Cyy, which are 22.65 N m™ ' and 73.35 N m™*,
respectively. Accordingly, the in-plane Poisson’s ratio
1 = C1,/Cy, and v, = C;,/Cyq; are, respectively, calculated to be
0.40 and 1.30. Using the following formulas,"* we calculate the
in-plane Young’s modulus (E) and Poisson’s ratio (v) along an
arbitrary direction (0):

C11Con — C1?
E(0) = Coc o2 1)
Ciis* + Coct + (%612 - 2C|2)czs2
C11Cyp — C1?
(Cn 4 Cpy — 212 2C2'66 12)6252*C12(64+S4)

v(0) = @

C11Crm — C12?
Ciis* + Coct* + (% - 2C12)czs2
66

Here, s = sinf, ¢ = cos 0, and 6 represents the in-plane angle with
respect to the [100] direction. As shown in Fig. 2, the Young’s
modulus and Poisson’s ratio of penta-BCP both exhibit similar
butterfly-like characteristics, indicating the mechanical anisotropy
of penta-BCP. One can see that the values of Young’s modulus vary
from 22.65 N m™" to 167.88 N m™". The maximum is found for 0 =
56°, while the minimum is found for 6 = 0°. Note that the Young’s
moduli of penta-BCP are comparable to those of black phosphorene
(23.0-92.3 GPa).** By contrast, they are smaller than those of penta-
BCN (189-223 N m ™ '),"® penta-CNP (172-190 N m ™ *),"” penta-BNSi
(109-113 N m™"),*” and penta-SiCN (129.88-131.29 N m™"),*® and
they are much smaller compared with those of some common 2D
materials such as graphene (340 N m™*),*> h-BN (275.8 N m™"),*?
and MoS, (180 N m™"),*® suggesting that penta-BCP possesses weak
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Fig. 2 Variation of (a) the in-plane Young's modulus, and (b) Poisson’s ratio with the direction in penta-BCP.

10304 | J Mater. Chem. C, 2022, 10, 10302-10309

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2tc02053j

Published on 23 June 2022. Downloaded by Peking University on 8/9/2022 4:41:54 AM.

Paper

mechanical strength. Therefore, it can be expected that penta-BCP
could possess larger piezoelectric coefficients than penta-BCN and
penta-CNP.

Interestingly, penta-BCP is the first pentagon-based sheet so
far with a Poisson’s ratio larger than 1.00. As shown in Fig. 2(b),
penta-BCP exhibits a large positive Poisson’s ratio of 1.30 along
the [010] direction. To further confirm the large positive
Poisson’s ratio of penta-BCP, we identify the lateral strain in
the [010] direction under a tensile strain of 1.0% along the [100]
direction by finding the minimum total potential energy. The
minimum of total potential energy is found at the lateral
compressive strain of 0.4%, as shown in Fig. 3(a). Similarly,
the lateral compressive strain is 1.25% along the [100] direction
when a tensile strain of 1.0% is applied along the [010] direction.
The calculated Poisson’s ratios along the [100] and [010] directions
based on the applied tensile strain and lateral compressive strain
are 0.40 and 1.25, respectively, in agreement with the above results
obtained based on the elastic constants. To further understand the
large positive Poisson’s ratio, we calculate the changes in bond
angles centered at C with B,/P; and B,/P, for the B/P atoms above
and below the carbon atoms, respectively, as illustrated in Fig. S3 in
the ESLt The values of 0,(B;—~C-P;) and 0,(B,~C-P,) in the equili-
brium state are 128.46° and 108.45°, respectively. After applying a
tensile strain of 1% along the [010] direction, 0,(B,-C-P,) decreases
to 127.60°, while 6,(B,~C-P,) increases to 109.78°, leading to a ratio
of —(Axy/x)/(Ay,/y) = 1.10, larger than 1.00. In fact, the Poisson’s
ratio larger than 1.00 is allowed in this 2D structure. For 2D systems
with a square lattice, the elastic constants C,;; and C,, are equiva-
lent. The Born-Huang criteria in these systems (specifically, C;; >
|C12])** guarantee Cy,/Cyq = C1,/Cyy < 1, leading to a Poisson’s ratio
of less than 1.00 along the [100] and [010] directions. However, for
2D systems with a rectangular lattice, the Born-Huang criteria can
be expressed as C;,C», > Cy.%,*> and the non-equivalent C;; and C,,
lead to non-identical C;,/Cy; and C;,/C,, values. As a result, one of
the axial Poisson’s ratios can be larger than 1.00 without violating
the Born-Huang criteria.

A comparison of the Poisson’s ratio values of penta-BCP and
some other 2D materials is listed in Table 1. There are many
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Table 1 Comparison of the largest value of Poisson’s ratio (v) of penta-
BCP with that of some other 2D materials

Structure v Direction
Penta-BCP 1.30 1010
Penta-C,B,>° 0.906 [100] and [010]
Penta-BCN'® 0.026 [010
Penta-CNP'” 0.025 [100] and [010]
Penta-BNSi®’ 0.11 [110

GeSe,*” 1.20 [010

Scp*® 1.261 [100

YSb*® 1.101 [100

YBi*® 1.054 [100
o-Arsenene®’ 1.07 [010
Four-layered arsenene®® 1.19 [010

non-pentagon-based 2D sheets with their Poisson’s ratio greater than
1.00, for instance, GeSe, (1.20, [010]),”” ScP (1.261, [100]),*® YSb (1.101,
[100]),*® YBi (1.054, [100]),"® o-arsenene (1.07, [010]),* and four-layered
arsenene (1.19, [010]),*® while penta-BCP is the first penta-sheet that
exhibits a Poisson’s ratio larger than 1.0 along the [010] direction,
which is much higher than the value of 0.026 in pristine penta-BCN"®
and even higher than the previous record for a high Poisson’s ratio in
the pentagon-based sheets held by penta-C,B, (0.906).*° It is also
worth mentioning that the Poisson’s ratio of penta-BCP has a negative
value of —0.28 for 0 = 48° and its equivalents. The absolute value is
larger than that of penta-CNP (—0.04)"” and penta-SiCN (—0.132),%®
which shows its potential application in nanomechanical devices as a
nano-auxetic material. Because the in-plane projections of C-B and
C-P bonds are close to the [110] direction and its equivalents, the
values of both 6;(B;-C-P;) and 6,(B,-C-P,) increase with tensile strain
applied along the [110] direction. This leads to the expansion in the
transverse direction at 0 = 48° and its equivalents, thus, resulting in
the negative Poisson’s ratio.

3.3 Electronic properties

The electronic properties of penta-BCP are studied by calculat-
ing the electronic band structure, total density of states (DOS)
and atomic projected DOS (PDOS). As shown in Fig. 4(a), penta-
BCP is semiconducting with an indirect band gap of 1.97 eV at
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Fig. 3 Variation of the potential energy of penta-BCP with lateral strain under tensile strain of 1.00% along (a) the [100] and (b) [010] directions.
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Fig. 4 (a) Electronic band structure, DOS, and PDOS of penta-BCP. Band-decomposed charge-density distribution of (b) the second highest occupied
band, (c) the highest occupied band, (d) the lowest unoccupied band, and (e) the second lowest unoccupied band of penta-BCP (isosurface values =

0.008 A-3).

the PBE level, as the valence band maximum (VBM) and the
conduction band minimum (CBM) are located at the high-
symmetry points X and I' in the first Brillouin zone, respec-
tively. The electronic band structure at the HSE06 level has a
similar dispersion but a wider band gap of 2.97 eV compared
with that at the PBE level due to the well-known fact that the
PBE functional underestimates band gaps. From the PDOS in
Fig. 4(a), one can see that the VBM is mainly contributed by the
P atoms, while the CBM mainly comes from the B and P atoms.
As shown in the band-decomposed charge-density distributions
in Fig. 4(b-e), the contributions to the electronic states of the P
and B atoms near the Fermi level are consistent with the PDOS
results. In addition, the charge-density distributions are asym-
metrical, leading to spontaneous polarization in penta-BCP.

3.4 Spontaneous polarization

In order to generate spontaneous polarization in a 2D material,
the chemically equivalent polarized bonds should be arranged
in a configuration where their local polarizations cannot cancel
out, so that the centers of positive and negative charge
can be separated. Such a configuration is forbidden in the
highly symmetric hexagonal, tetragonal and orthorhombic 2D

(a)

structures constructed by the corresponding motifs. By com-
parison, a spontaneous polarization along the [010] direction is
allowed due to the monoclinic symmetry of penta-BCP. Based
on Berry phase theory, the spontaneous polarization of penta-
BCP is quantified by calculating the dipole moment using the
finite electric field method,*® which is shown below:

Ps — P;on + Ptsele (3)
Nﬂ om
pon =14 z Z! Ari (4)
s Q i
i=1

where P,, P°" and P are the total polarization, the ionic
contribution, and the electronic contribution, respectively, Q2 is
the volume of the unit cell, and |e|Z] and Ar; represent the
valence charge and the displacement of the i-th atom,
respectively.

The spontaneous polarization of penta-BCP is calculated to
be 4.66 x 107'° C m™*, which is larger than that of penta-BCN
(3.17 x 107" C m ") and penta-CNP (4.33 x 10 C m™").**"”
The results of Bader charge analysis®** in Fig. 5(a) show that
each C atom gains 1.89 electrons from its neighboring B and P
atoms, while each B and P atom contributes 1.43 and 0.46

(b)

52
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Fig. 5 (a) Bader charge distribution on the atoms in penta-BCP, and (b) polarization of penta-BCP with 2%, 4%, 6%, 8%, and 10% uniaxial tensile strain

along the [100] and [010] directions.
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electrons, respectively. The intensities of electron transfer can
be explained by the electronegativity of these elements. The
electronegativity of P (2.19) falls in between that of B (2.04) and
C (2.55). Thus, C gains more electrons from B than from P. The
atomic charges demonstrate the highly polarized nature of the
C-B, C-P, and B-P bonds, and the polarization of these bonds
adds up in the [010] direction whereas it cancels out along the
[100] and out-of-plane directions, leading to a spontaneous
polarization along the [010] direction in penta-BCP. The most
highly polarized bond in this structure is the C-B bond between
the four-fold coordinated C and the three-fold coordinated B,
which is different from the most highly polarized B-N and N-P
bond between the three-fold coordinated atoms in penta-BCN
and penta-CNP. The C-B bond is closer to the [010] direction
than the B-N and N-P bonds, thus, the spontaneous polariza-
tion of penta-BCP is 4.66 x 107 ' C m™ ', larger than that of
pristine penta-BCN (3.17 x 107'° C m™") and penta-CNP
(4.33 x 107*° ¢ m™"). In addition, we apply 2%, 4%, 6%, 8%,
and 10% uniaxial tensile strain along the [100] or [010] direc-
tions, the results of which are shown in Fig. 5(b) (detailed
information and phonon dispersions of penta-BCP under 10%
uniaxial tensile strain are presented in Table S1 and Fig. S4 in
the ESL,t respectively). It is found that the spontaneous polar-
ization of penta-BCP increases with the uniaxial tensile strain
along the [010] direction but decreases with the uniaxial tensile
strain along the [100] direction. This can be explained by the
configuration of the most heavily polarized C-B bond in penta-
BCP. The bond axis of the C-B bond shifts closer to the [010]
direction under uniaxial tensile strain along the [010] direction,
and it deviates from the [010] direction under uniaxial tensile
strain along the [100] direction.

3.5 Intrinsic piezoelectricity

The semiconducting feature and large spontaneous polariza-
tion in the non-centrosymmetric configuration of penta-BCP
give rise to a strong piezoelectric response. Due to the con-
straints of lattice symmetry of penta-BCP, the relationship
between the piezoelectric stress tensor, the piezoelectric strain
tensor, and the linear elastic constants can be presented as
below:>*>*

0 0 €16 0 0 d16 C1 1 C12 0
e en 0 | ={dy dn 0 Ch Cn O
0 0 €36 0 0 d36 0 0 C55

()

From eqn (5), eqn (6)-(9) are derived which describe the
relationship between the non-zero independent piezoelectric
strain coefficients and piezoelectric stress coefficients. The
calculated results are listed in Table 2, and the piezoelectric
responses of some other previously reported 2D sheets are
listed in Table 3 for comparison. The positive and negative
values of the piezoelectric coefficients correspond to the posi-
tive and negative directions of the axial dipole moments
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Table 2 Piezoelectric stress tensor e; (in 107° C m™), and piezoelectric
strain tensor dj (in pm V™Y of penta-BCP

Parameter

€1 €22 €16 €36
—2.53 1.35 —1.00 0.35
dy dy dis ds6

—13.57 6.33 —1.31 0.46

Table 3 Comparison of the piezoelectric coefficients e and d of penta-
BCP with those of some other 2D materials

Structure e(107Ccm™) d(pmv1

Penta-BCP —2.53 (21), 1.35 (€22) —13.57 (da1), 6.33 (dy2),
Penta-BCN'® 1.93 (ea1), —1.24 (€32) 0.878 (dy1), —0.678 (ds)
Penta-CNP'’ 2.37 (€21), —1.21 (€22) 1.39 (dp1), —0.69 (ds2)
Penta-BNSi*” 3.78 (e31), —2.40 (e3,) 3.59 (dy1), —2.57 (day)
h-BN?® 1.38 (e11) 0.60 (d;1)

F-InN-H*® 2.42 (e14) 9.02 (dy4)

generated by the external tensile strain, respectively.

€16
dig = — 6
6= o (6)

Criexn — Cxeny
h)=——"——"""— 7
TG Chn - Oy @)

Cpey — Crien
dy — e = Cuen 8
27 CyCh - G Cx (8)

€36
d3g = — 9
6= G ©)

The in-plane piezoelectric response d,; of penta-BCP
(—13.57 pm V') is the strongest among the non-zero compo-
nents, which is an order of magnitude larger than those of
penta-BCN, penta-CNP, and penta-BNSi, and is larger than
those of the Janus hydrofluorinated InN.> It is also worth
mentioning that the lateral tensile strain along different direc-
tions contributes to an overall piezoelectric response. Interest-
ingly, due to the large positive Poisson’s ratio of penta-BCP,
tensile strain along the [010] direction can generate an equally
significant compressive strain along the [100] direction, corres-
ponding to the piezoelectric strain tensor components d,, and
d,1. The overall piezoelectric response induced by the coupling
of piezoelectricity and Poisson’s ratio can be expressed by

deff X & = dki X & X dkj X FJ [10)

deff = dki — dk' X Vi 11
g

where d° is the overall piezoelectric response, &; and & are
strains that are perpendicular to each other induced by Pois-
son’s ratio of v;, and dy; and dj; are the piezoelectric response
induced by the corresponding strain. The dipole moments
caused by the two strains point toward the same direction,
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i.e., positive tensile strain along the [010] direction x positive
d,», and negative lateral compressive strain along the [100]
direction x negative d,;. Thus, the two piezoelectric responses
add up to each other in the [010] direction, resulting in an
enhanced overall piezoelectric response of —16 pm V™' and
24 pm V' with respect to tensile strain along the [100] and
[010] directions, which are 17.91% and 279% larger than the
piezoelectric strain tensor components d,; and d,,, respec-
tively. For comparison, after considering the coupling of piezo-
electricity and Poisson’s ratio, the overall piezoelectric response
of penta-BCN, penta-CNP, and penta-BNSi are only increased by
no more than 3.4%, 5%, and 15.4%, respectively, because they
have low Poisson’s ratio values along the axial directions.

4. Conclusions

Based on first-principles calculations, we have proposed a new
ternary pentagon-based sheet, penta-BCP, which is dynami-
cally, thermally, and mechanically stable. It is semiconducting
with an indirect band gap of 2.97 eV, and possesses several
intriguing properties: (1) penta-BCP is the first pentagon-based
sheet with a Poisson’s ratio larger than 1.00, with a record high
value of 1.30 along the [010] direction in all pentagon-based 2D
materials; (2) penta-BCP possesses strong piezoelectricity,
which is the largest among the pentagon-based sheets that
consist of light elements reported so far; and (3) the large
piezoelectric coefficients, together with the large axial Poisson’s
ratio, lead to a significantly enhanced overall piezoelectric
response of 24 pm V! with respect to tensile strain along the
[010] direction. Therefore, this material is promising for appli-
cation in piezoelectric devices. Our work demonstrates that
multi-component penta-sheets provide a special platform for
the design of multi-functional materials.
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