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ABSTRACT

Two-dimensional (2D) piezoelectric materials have gained considerable attention since they
could play important roles in the nanoelectromechanical systems. Herein, we report a first-
principles study on the piezoelectric properties of monolayer group-V binary compounds with
theoretically stable honeycomb phases (a-phase and B-phase). Our calculations for the first time
reveal that a majority of the monolayers possess extremely high piezoelectric coefficients d;;,
i.e., 118.29, 142.44, and 243.45 pm/V for a-SbN, a-SbP, and a-SbAs, respectively, comparable
to those of recently reported group-IV monochalcogenides (d;; = 75-250 pm/V) with an
identical mm2 symmetry. It is found that the giant piezoelectric responses of a-phase monolayers
as compared to those of B-phase monolayers are induced by their flexible structures and special
symmetry. Meanwhile, the piezoelectric coefficients of a-phase monolayers are found to be
surprisingly anisotropic and obey a unique periodic trend which is not exactly identical to that
for the B-phase monolayers. To gain a comprehensive understanding of the periodic trends in
piezoelectricity, several factors which influence the piezoelectric coefficients are quantitatively

determined.



INTRODUCTION

Since the discovery of graphene in 2004,' a series of two-dimensional (2D) layered materials
beyond graphene have been designed and fabricated. Those 2D materials, ranging from
insulators to semiconductors and metals, exhibit unique properties and application perspectives
as compared with those of their three-dimensional (3D) counterparts.>> Studies on the intrinsic
properties of 2D monolayer materials are important and helpful for promoting
their application and development in nano-devices. As revealed by recent experimental and
theoretical studies, many 2D monolayer materials, which are non-centrosymmetric, exhibit
considerable piezoelectricity and are much promising for applications in sensors, actuators, and
energy conversion devices.®!3 By virtue of their unique crystal structures, 2D monolayer
hexagonal boron nitride (2-BN) and a family of transition-metal dichalcogenides (TMDCs) were
firstly selected to theoretically examine their piezoelectric effects.® ! 2 % More notably, the

piezoelectric coefficient (e;; = 2.9X 1071 C/m) of monolayer MoS> measured by subsequent
experiment® confirmed the previous theoretical prediction with a calculated value of e;; = 3.64 X

101 C/m."? Notwithstanding, 2D materials with larger piezoelectric coefficients are desirable
since their feasibility and applicability in sensors, actuators and energy conversion devices could

be much improved.

Recently, many new one-atom-thick and few-atom-thick monolayer materials, including

15 group-IL ! _III,'%17 and -IV monochalcogenides,'> and group-1II-V

metal oxides,'"
compounds,'® '® have been predicted to be piezoelectric by theoretical calculations and thus

greatly enrich the existing knowledge of the family of 2D piezoelectric materials. A majority of

them possess high piezoelectric coefficient d;;, which is the most useful coefficient in



determining the efficiency of mechanical-to-electrical energy conversion. For example, a series
of theoretical investigations have shown that Janus GalnS; and In2SSe,!” buckled GaS, !! BaTe,!!
and CdO '° monolayers exhibit remarkable piezoelectric responses with coefficients d;; of 8.33,
8.47, 18.66, 19.92, and 21.7 pm/V, respectively, which are all larger than those of A-BN,
monolayer MoS», and most of bulk piezoelectric materials commonly used to date.!> 120 In
particular, as observed by Fei et al. and Hu et al. using first-principles simulations, monolayer
group-IV monochalcogenides with a-phase and y-phase, e.g., GeS, GeSe, SnS, and SnSe, are
strongly piezoelectric. The calculated relaxed-ion piezoelectric coefficients d;; of y-phase and a-
phase GeS, GeSe, SnS, and SnSe are as high as 20-91 pm/V and 75-250 pm/V, respectively.'*:
21 All those theoretical studies have pointed out the directions for the future development of 2D

piezoelectric materials with giant piezoelectricity, while more experimental results are needed to

verify the calculations.

Since 2014, 2D few-layer black phosphorus sheets have been successfully isolated from the
bulk by mechanical and liquid exfoliation methods.??>* Other few-layer structures of group-V
elements, including phosphorene, arsenene, and antimonene, have been brought into the family
of 2D layered materials.?>** Unlike graphene, these systems possess non-zero band gaps, high
carrier mobility, obvious anisotropy.?’ By theoretical method, Zhang et al. further investigated a
class of possible monolayer group-V allotropes and proposed that two types of layered phases,
i.e., a-phase and B-phase, have the best energetic stability.>” In experiments, beside phosphorene,
few-layer antimonene and arsenene nanoribbons have also been synthesized by various
technologies and the stable structures predicted by theoretical calculations have been verified by
relevant experimental results.’!3% 3> Obviously, one-element group-V monolayers with an a-

phase or pP-phase have no intrinsic piezoelectricity since their crystal structures are


javascript:;

centrosymmetric. In order to change the structure symmetry and enhance the piezoelectricity of
group-V monolayers, following the examples of other 2D alloying materials, it is feasible that
the stable group-V monolayers could be composed into binary compounds, e.g., a-AsP alloy,*¢’
which have been synthesized with various chemical compositions and mechanically exfoliated
down to several atomic layers.>® Meanwhile, a series of monolayer group-V binary compounds
with either a-phase or B-phase, i.e., PN, AsN, SbN, AsP, SbP, and SbAs, have been predicted to
possess excellent energetic stability and electronic properties.***® Since the a-phase and B-phase
binary compounds have the mm2 (or Cz,) and 3m (or C3,) point-group symmetry, respectively,
the non-zero independent piezoelectricity could appear in these systems. Nonetheless, there is a
lack of detailed study on the piezoelectricity of monolayer group-V binary compounds and thus

relevant theoretical calculations could provide some valuable information about the piezoelectric

effects in those 2D materials.

In this work, based on first-principles density functional theory (DFT), we systematically
investigated the intrinsic piezoelectricity of stable monolayer phases of group-V binary
compounds, including PN, AsN, SbN, AsP, SbP, and SbAs. We showed that all these monolayer
materials with either a-phase or B-phase were piezoelectric. Surprisingly, the a-phase monolayer
structures of group-V binary compounds exhibited remarkable and anisotropic piezoelectric
properties and their piezoelectric coefficients d;; were determined to be as large as those of
monolayer group-IV monochalcogenides (such as SnSe, SnS, GeSn, and GeS), which were
recently predicted to be strongly piezoelectric. Our theoretical results thus suggested that the
monolayer systems of group-V binary compounds could be much promising in the development

of efficient nano-sized sensors and energy conversion devices.



COMPUTATIONAL DETAILS

We perform first-principles calculations in a DFT-based framework as implemented in the VASP
code with a projected augmented wave (PAW) method and a plane-wave energy cutoff of 500
eV.#-3! For the exchange-correlation potential, the generalized gradient approximation (GGA)
within the Perdew-Burke-Ernzerhof (PBE) formalism is employed.’? In all calculations, the

Brillouin zone is sampled using a regular 10 X 15X 1 Monkhorst-Pack k-point mesh.’® The

convergence criterion of electronic self-consistent field calculations is set as 107® eV for energy.
Firstly, the lattice constants of 2D systems under study are optimized until the forces are less
than 0.01 eV/A. Subsequently, in the system with fixed lattice constants, atomic positions are
optimized until a much stricter convergence criterion of 0.002 eV/A for forces is reached.
Meanwhile, a vacuum space with a thickness of about 18 A is added in the z-direction to avoid

mirror interactions among atoms.

The elastic tensors of a relaxed-ion and clamped-ion system, with and without ionic
contributions, are all calculated directly using the finite differences method in VASP,>* which are
generally in agreement with those calculated by another frequently used method for 2D materials,
i.e, those calculated by fitting the unit-cell energy to a series of strain states.!” 1> On the other
hand, we calculate both relaxed-ion and clamped-ion linear piezoelectric coefficients of
monolayer group-V binary compounds by using the modern theory of polarization based on the
Berry’s phase approximation.>>® According to the definitions, the third-rank piezoelectric
tensors e;x and djjx can be evaluated by

dp;

€Uk = Gy
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where &k, g, and P; represent the strain tensor, stress tensor, and polarization tensor,
respectively.’” And the indices i=1, 2, and 3 for polarization tensor P; indicate the polarization
components along x-, y-, and z-directions, respectively. In Voigt notation,>’ for &j and o tensors,
the indices j and k can also be labeled as 1 = xx, 2 =yy, 3 =zz, 4 = yz, 5 = zx, and 6 = xy.
However, in 2D materials, we only consider the in-plane strains and stresses, such as those with
1 (xx), 2 (yy), and 6 (xy) components. Therefore, the second-rank &j; tensors of quasi-2D systems
under study can be indicated as only three forms, i.e., €11, €22, and €;2 , where 1 or 2 corresponds
to x- or y-direction as defined in Figure 1 and the relationship of ;2 = &2/ could exist.!?!3 It is
known that the crystal symmetry decides the number of non-zero and independent piezoelectric
coefficients. As shown in Figures la and 1b, the a-phase and B-phase monolayers of group-V
binary compounds belong to mm2 and 3m point groups, respectively. Interestingly, the
piezoelectric properties of 2D monolayers with these point-group symmetries have been

analyzed by Duerloo et al., Fei et al., and Blonsky et al. particularly.'% 1213

For a-phase structures with mm2 point-group symmetry, the independent piezoelectric
coefficients e;, er2, ezs, di1, di2 and das are non-zero.'> The coefficients ezsand d2s represent the
piezoelectric effect of polarization along y-direction subjected to the applied shear strain on the
xy-plane and here we specifically pay attention to the coefficients e;;, ezs, di1, and d;2. Based on

the relationship °’

eix = d;;jCj , 3)



where Cj is the elastic stiffness coefficients, we can obtain d;; and d;> from ey, e;2, Ci1, C22, and

Cpras 3
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Moreover, for B-phase structures with 3m point-group symmetry, the non-zero and independent
piezoelectric coefficients are e;;, ess, di;, and d3;. Using eq 3, similar to those of a-phase

structures, d;; and ds; can be calculated as '°

€11
dy4, =——, 6
n= (6)
€31
dyy = ————. 7
T ot O 7

In the section that follows, we will carefully evaluate the piezoelectric effects in the monolayer
group-V binary compounds with a-phase and B-phase by means of directly calculations on their

piezoelectric coefficients.

RESULTS AND DISCUSSION

All calculations on the piezoelectric coefficients start from the optimized configurations of 2D
monolayers and the corresponding a-phase and B-phase structures are shown in Figure 1. As

predicted by previous theoretical studies,*** 4648 the two honeycomb phases of group-V binary



compounds (PN, AsN, SbN, AsP, SbP, and SbAs) are both very stable, owning to their greatly
high cohesive energy. Meanwhile, the band structures of these monolayers have been reported
systematically by DFT calculations accompanying by different exchange-correlation functionals,
such as PBE and HSE06.% For a-phase structures, besides the mm2 point-group non-
centrosymmetric model with only one type of bond in the unit cell, as shown in Figure 1a, there
may exist another centrosymmetric allotrope actually. Take o-SbAs for example, the
centrosymmetric structure simultaneously possesses Sb-Sb, As-As, and Sb-As bonds in the unit
cell. By examining the difference (~0.007 eV/atom) in formation energies of the two structures,
we find that the non-centrosymmetric structure of a-SbAs has a little higher thermodynamic
stability than the centrosymmetric one. For the B-phase structure which is hexagonal, it has only
one independent lattice parameter (@) and there are two atoms in the primitive unit cell (Figure
1b). Nevertheless, in order to facilitate the calculations of elastic and piezoelectric properties, an
orthorhombic super cell including four atoms is constructed for B-phase structures, similar to

those for a-phase structures.
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Figure 1. Optimized structures of (a) a-SbAs, and (b) B-PN binary compound monolayers from
the top and side views. The a-SbAs and B-PN present orthorhombic and hexagonal structures,

respectively, and their primitive unit cells are shown in dash boxes.



Table 1 summarizes the DFT-PBE calculated band gaps and geometrical parameters, which
are defined in Figure 1, for all the 12 structures under study in this work. The results are
generally in agreement with previous calculated values.*'*** 4648 Dye to the increase of atomic
radius, it is fairly easy to figure out that the geometrical parameters, including lattice constants,
bond lengths, and monolayer thickness, increase roughly with the increasing atomic number for
both oa-phase and p-phase structures. Calculated by the same DFT-PBE method, the
corresponding lattice parameters {a, b} of one-element monolayers of a-phase phosphorene,
arsenene, and antimonene are {a =4.53 A, b=3.36 A}, {a=4.76 A, b=3.69 A}, and {a = 4.89,
b = 4.35}, respectively.”’ And the lattice parameters a = 3.33 A, 3.61 A and 4.12 A belong to -
phase phosphorene, arsenene, and antimonene, respectively.?’ The increase in bond lengths
accompanied by covalence weakening in 2D compounds may induce the decrease of elastic
stiffness coefficients. Besides, as listed in Table 1, all the 12 binary compounds are
semiconducting materials with distinct band gaps, which are direct and indirect for a-phase and
B-phase structures, respectively. The DFT-PBE band gaps of a-phase structures also show a
periodic trend, which decrease from 2.18 eV for a-PN to 0.29 eV for a-SbAs. Similar trend in
band gaps has also been demonstrated by Yu et al. previously,*® but it is not so obvious for p-
phase structures. It is worth noting that the PBE functional usually underestimates the band gaps
of solids and more accurate and relatively higher values can be obtained by the G method*® or

hybrid functional, e.g., HSE06.%

Table 1. DFT-PBE calculated lattice parameters (a and b), bond lengths (d; and d>), monolayer
thickness (%), and band gaps (Ey) for a-phase and B-phase monolayer group-V binary

compounds.
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Material a(A) b(A) di(A) d:(A) h(A) Ee(eV)
PN 416 270 172 182 190 2.8
a-AsN 418 296 190 195 213 191

a-SbN 419 330 210 211 242 1.90
o-AsP 4.69 350 238 239 235 0.90
a-SbP 443 391 262 256 285 0.71
a-SbAs 473 404 273 267 280 0.29

B-PN 2.73 1.79 0.86 1.81
B-AsN 297 1.96 0.96 1.98
B-SbN 3.27 2.14 1.01 1.68
B-AsP 3.46 2.39 1.32 1.86
B-SbpP 3.73 2.59 1.41 1.75
B-SbAs  3.87 2.70 1.52 1.49

To determine the piezoelectric strain tensors, by carrying out the aforementioned finite
differences method, we first calculate the elastic stiffness coefficients C;;, C22, and C;2 of a-
phase and [-phase compounds. The coefficients under the relaxed-ion and clamped-ion
conditions, which are determined with and without the full relaxation of atomic position,
respectively, are summarized in Table 2, noting that C;; is the same as C2. for B-phase structures.
The elastic stiffness coefficients of a-As monolayer, calculated directly by the finite differences

method performed in VASP or through fitting the unit-cell total energy Er to a series of 7X7

strain states ¢ based on the formula C = (1/A) 0%2E;/0€%,'> 0 are also listed in Table 2 for
comparison. Obviously, two methods can provide nearly the same elastic stiffness coefficients,

1.%% and Wang et al..°! From

which are comparable to those previously reported by Kecik et a
Table 2, it can be observed that the experimentally relevant relaxed-ion elastic stiffness

coefficients always have smaller values as compared to the clamped-ion ones due to the smaller

11



inner stresses in the systems under the relaxed-ion condition. Such difference in relaxed-ion and
clamped-ion elastic stiffness coefficients has also been discovered and discussed in many other
2D materials.'?!* 1 18 Furthermore, in systems varying from PN to SbAs, their elastic stiffness
coefficients decrease generally for both a-phase and B-phase structures. It is noteworthy that the
existence of very small elastic stiffness C;; and C;> of a-SbN, a-SbP, and a-SbAs monolayers
may be ascribed to the distinct structural and electronic properties of these compounds. The
detailed evaluation of elastic stiffness, as discussed above, can result in an accurate estimation on

piezoelectric properties based on the relationships between the tensors Cj; and dj.

Table 2. Clamped-ion and relaxed-ion elastic stiffness coefficients C;;, C22, and C;2 of a-phase
and B-phase group-V binary compounds calculated at the DFT-PBE level. The corresponding

coefficients of a-As monolayer are also listed for comparison. The coefficients are all in units of

N/m.
Clamped-ion Relaxed-ion
Material Cu Co; C Ci Co; Cor
o-As 55.4 70.1 335 19.6 64.9 17.1

55.8¢  70.0¢ 33.4“ 18.0¢ 64.7* 19.1¢

20° 55° 18°
13.3¢ 70.3° 19.1°

o-PN 103.4 2175 521 433 204.1 244
o-AsN 75.8 160.3 475 20.6 1443 17.8
a-SbN 55.6 136.6 50.0 7.8 107.3 13.0
a-AsP 62.0 833 323 188 78.6 184
a-SbP 524 739 36.6 104 602 13.8
a-SbAs  46.6 625 350 8.8 499 146
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B-PN 154.2 22.9 150.2 20.1

B-AsN 1123 283 105.8 23.0
B-SbN 92.7 28.2 80.6 21.0
B-AsP 68.5 11.8 62.9 9.5
B-SbP 54.5 11.5 46.8 8.7
B-SbAs 485 10.7 40.8 8.0

“Values are calculated by the formula C = (1/4) 02E;/d&?. >Values are obtained from ref 60.

“Values are obtained from ref 61.

According to the definition of piezoelectric tensors e; in eq 2, we further calculate the e;;
coefficients of a-phase and B-phase group-V binary compounds by evaluating the polarization
changes of a rectangular unit cell under applied uniaxial strains. This method, also known as
Berry’s phase technique,° has been widely and successfully employed in the research of
piezoelectricity of 2D crystals previously.'>!3 16 18 Similar to elastic stiffness coefficients
discussed above, the relaxed-ion and clamped-ion piezoelectric coefficients are calculated.
Herein, the coefficients e;; and e;> of a-phase structures with an mm2 point-group symmetry and
er1 and e3; of B-phase structures with a 3m point-group symmetry have to be calculated to obtain
the coefficients d;;, d;2 and d3;. More specifically, in this work, the coefficients e;; and e;> are
determined by a linear fitting of 2D polarization changes AP; along x-direction with respect to
the uniaxial strains €;; and €22 along the x- and y-direction, respectively. Likewise, the coefficient
e3; which reflects the polarization changes AP; along z-direction under the applied strain ¢;;
along the x-direction, is also obtained through the linear fitting for AP; versus ¢;;. As indicated in

Figures 2 and 3, we perform all the clamped-ion and relaxed-ion polarization calculations under

13



11 average strain states for ¢;; and &22, which range from —0.01 to 0.01. In this strain range, the
relations between polarization changes and strains are found to be linear for the 2D a-phase and
B-phase monolayers, except for a-SbAs. While our calculations show that the strain limits of

such linear relation for a-SbAs are as small as £0.005, as highlighted in Figures 2 and 3.

In particular, the relaxed-ion coefficients are further elucidated below since they are always
related to experimental values. As shown in Figures 2c¢ and 3c, the relaxed-ion piezoelectric
coefficients e;; of a-phase and B-phase binary monolayers are all positive since the polarization
changes along x-direction increase with increasing strain &;;. On the contrary, the coefficients e;>
of some a-phase binary monolayers are negative, as shown in Figure 2d. For B-phase structures,
the group-V binary monolayers also exhibit out-of-plane piezoelectric effects with non-zero e;;
and d3;. Nevertheless, as depicted in Figure 3d, the coefficients e3; are nearly one order of
magnitude smaller than the in-plane coefficients e;;. Therefore, we can predict that the

piezoelectric coefficients d3; of -phase group-V binary monolayers could be relatively small.
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Figure 2. Calculated polarization changes per area along the x-direction under the applied
uniaxial strains €;; (a and ¢) and &22 (b and d) along the x- and y-direction, respectively, for a-PN,
a-AsN, a-SbN, a-AsP, a-SbP, and a-SbAs monolayers. The corresponding clamped-ion and

relaxed-ion piezoelectric coefficients e;; and e;> can be obtained from the slopes of the lines.
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Figure 3. Calculated polarization change per area along the x- (a and c) and z-direction (b and d)
under the applied uniaxial strain ¢;; along the x-direction for 3-PN, B-AsN, B-SbN, B-AsP, 3-SbP,
and B-SbAs monolayers. The corresponding clamped-ion and relaxed-ion piezoelectric

coefficients e;; and e3; can be obtained from the slopes of the lines.

Once the piezoelectric coefficients e;;, e;> and e3;, and elastic stiffness coefficients C;;, C22

and C;, are obtained, based on eqs 4—7, we can determine the piezoelectric coefficients d;;, di>
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and d3;, which are important measures for the efficiency of mechanical-to-electrical energy
conversion. All the relevant clamped-ion and relaxed-ion piezoelectric coefficients e;;, ez, es1,
dii, di2 and ds; calculated by DFT-PBE method for the a-phase and B-phase monolayer
structures of group-V binary compounds, including PN, AsN, SbN, AsP, SbP, and SbAs, are
summarized in Table 3. For all a-phase monolayers, it is found that the relaxed-ion coefficients
er1 and d;; are much larger than their clamped-ion counterparts, consistent with those of 2D GeS,
GeSe, SnS, and SnSe monolayers with the same symmetry.'*> The reason for that may be the
ionic relaxation which releases some stresses in the unit cell. Similarly, as listed in Table 3, the
relaxed-ion coefficients d;> of a-phase monolayers are larger than their clamped-ion counterparts,
except for a-PN whose relaxed-ion coefficient (—2.44 pm/V) is a little smaller than the clamped-
ion coefficient (—2.65 pm/V). Moreover, for B-phase structures, the calculated piezoelectric
coefficients d3; confirm the above-mentioned prediction that they could be much small, e.g., the
largest d3; is about —0.26 pm/V for B-SbN. Interestingly, in contrast to those of o-phase
monolayers, the relaxed-ion coefficients d;; of B-phase monolayers are relatively smaller than
those of the clamped-ion ones, as listed in Table 3. In general, for monolayer group-V binary
compounds, the a-phase structures have stronger piezoelectricity than B-phase structures, which
is attributed to the flexile puckered structures and unique electronic properties of a-phase

monolayers. Similar conclusion was drawn for monolayer group-IV monochalcogenides.'* %!

Table 3. Calculated clamped-ion and relaxed-ion piezoelectric coefficients e;s, e;2, e3s, di1, di2
and d3; of a-phase and B-phase monolayers of group-V binary compounds. The e;;, e;2, and e3;

are in units of 107!° C/m and d,, d2, and ds; are in units of pm/V.

17



Clamped-ion Relaxed-ion

Material e, en es dii dp> ds; e en es; di di ds;
a- PN 030 —4.92 1.63  —2.65 241 -3.28 6.94 —2.44

a-AsN 091 —4.98 3.87 425 498 -3.11 29.14 575

a-SbN 1.31 —4.26 7.69  —5.93 7.51 1.21 11829 —-13.20

a-AsP 0.84 —0.68 223 -1.68 2.68 -0.25 1890 —4.74

a-SbP 586 —0.44 17.73  —9.38 11.00 2.02 142.44 -27.64

a-SbAs  4.84 -1.70 2145 -14.73 12.13  3.78 24345 —63.65

B- PN 4.36 0.058 3.32 0.033 3.60 -0.15 2.77 —0.088
B-AsN 4.74 0.093 5.64 0.066 4.00 —-0.12 4.83 —0.093
B-SbN 5.04 0.063  7.81 0.052 3.16 —0.26 5.30 —0.26
B-AsP 0.60 0.025 1.06 0.031 0.36 0.007 0.67 0.010
B-SbP 1.82 0.046  4.23 0.070 0.86 -0.015 226 —0.027
B-SbAs  1.27 0.022  3.36 0.037 0.54 -0.014  1.65 —0.029

Two-dimensional materials which possess giant piezoelectricity have attracted tremendous
attention. Besides the most studied #-BN and MoS», Fei et al. reported that the monolayer group-
IV monochalcogenides were outstanding 2D piezoelectric materials, i.e., SnSe (d;; = 250.58
pm/V) and GeSe (d;; = 212.13 pm/V).!* With the mm2 symmetry identical to that of monolayer
group-IV monochalcogenides, a-phase monolayer group-V binary compounds investigated in
this work also exhibit excellent piezoelectric properties. For example, the calculated relaxed-ion
coefficients d;; of a-SbN, a-SbP, and a-SbAs are 118.29, 142.44, and 243.45 pm/V, respectively,
comparable to those of SnSe and GeSe. Although other binary monolayers, i.e., a-PN, a-AsP,
and a-AsN, possess relatively small relaxed-ion coefficients d;; of 6.94, 18.9, and 29.14 pm/V,
respectively, they are still much larger than those of MoS: (d;; = 3.73 pm/V).!? The relaxed-ion

piezoelectric coefficients d;; of different 2D materials are shown in Figure 4a. On the other hand,
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although the anisotropic piezoelectric properties have been predicted and discussed in other 2D

models,'>?! the piezoelectric effect in a-phase monolayer is found to be extremely anisotropic,

manifesting itself by a large gap between the absolute values of coefficients d;; and d;2. These

anisotropic behaviors may be useful in the design of nano-sized sensors and energy harvesting

devices with special demands.

(®)
243.45 SISb 33As ISP 7N
N N
i5p 2.77 (di1) I5p
—0.088 (d31)
¥As 0.67 (du) | 4.83 (du) BAg
250.58 0.010 (ds1) | —0.093 (ds1)
51 Sh 1.65 (du) 2.26 (du) 5.30 (din) Sle
—0.029 (dsr) | —0.027 (dsr) | —0.26 (ds1)
0 50 100 150 200 250 300 51Sh BAg 15p N B-phase
Piezoelectric coefficient d;;,(pm/V)

Figure 4. (a) Comparison of the relaxed-ion piezoelectric coefficients d;; between previously

studied 2D piezoelectric crystals (MoS2, GeSe, and SnSe) and group-V binary compounds

presented in this work. (b) Periodic trends of relaxed-ion piezoelectric coefficients d,;, d;2, and

ds; with respect to the order of atomic number for a-phase and -phase group-V binary

monolayers.

The piezoelectric responses in a lot of 2D piezoelectric materials, particularly in those that

have elements belonging to the same family, were found to obey a periodic trend.!® 13- 18 Ag

expected, we also find the obvious periodic trend of relaxed-ion piezoelectric coefficients d;;, d;2,
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and d3; of both a-phase and B-phase group-V binary monolayers. However, as depicted in Figure
4b, the trends for the a-phase and B-phase structures are similar but not exactly the same. Taking
nitrides as examples, the piezoelectric coefficients d;; and d;> for a-phase structures and d;; and
ds; for B-phase structures increase with increasing atomic number of elements, i.e., from PN to
AsN, and SbN. Nevertheless, for antimonide, the piezoelectric effects increase gradually with
increasing atomic number of elements, i.e., from a-SbN to a-SbP, and a-SbAs, but decrease with

increasing atomic number of elements, i.e., from B-SbN to B-SbP, and B-SbAs.

To explore the origin of piezoelectricity of 2D monolayers and explain the mechanism of the
periodic trend, Blonsky ef al. predicted the piezoelectric coefficients of a series of 2D materials,
including TMDCs and group-III-V compounds.!® They proposed a crucial correlation of
piezoelectric coefficients d;; with atomic polarizabilities, Bader charges and lattice parameters
by fitting an empirical formula. Such correlation theory is employed to analyze the trend of
piezoelectricity in B-phase group-V binary compounds investigated in this work. The ratio of
atomic polarizabilities, which is one of the dominant factors that characterize the piezoelectricity
of some 2D compounds, '° are found to follow the sequence of AsP (1.20) < SbAs (1.42) < SbP
(1.69) < PN (3.36) < AsN (4.02) < SbN (5.68), where the reported atomic polarizabilities of N, P,
As, and Sb atoms are 7.41, 24.9, 29.8 and 42.2 a.u., respectively.®?> As shown in Figure 4b, the
piezoelectric coefficients d;; of B-phase monolayers, i.e., B-AsP (0.67 pm/V) < B-SbAs (1.65
pm/V) < B-SbP (2.26 pm/V) < B-PN (2.77 pm/V) < B-AsN (4.83 pm/V) < B-SbN (5.30 pm/V),
obviously follow the increases in their corresponding ratio of atomic polarizabilities. Therefore,
it is suggested that the piezoelectric responses in B-phase group-V binary compounds are mainly
attributed to the distinction of atomic polarizabilities of elements, consistent with those

previously predicted in TMDCs monolayers.
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For a-phase structures, however, the piezoelectric coefficients d;; and d;> do not simply
controlled by the ratio of atomic polarizabilities. Based on previous studies, for some 2D systems
subjected to external uniaxial strains, not only the polarization change but also the displacement
of ions should be considered in evaluating the piezoelectric responses.'®!!: I3 Because of the
flexile puckered structures for a-phase monolayers, it is speculated that the displacement of ions
may play a more dominant role in piezoelectric responses than the atomic polarizabilities,
demonstrating by the fact that the piezoelectric coefficients d;; (118—243 pm/V) of a-SbN, a-
SbP, and a-SbAs monolayers are extremely high. Similarly, owing to the strain-induced ionic
motion, the large relaxation contributions to the piezoelectric coefficients in TMDCs were also
discussed by Alyériik et al..®* As a consequence, the previously reported measure on the

10-11

piezoelectricity in hexagonal structures with a 3m symmetry, Le., dyq = cl% + c,a00Q5p,
2

which is an empirical correlations between piezoelectric coefficients and atomic polarizabilities,
structural properties, and Bader charges, may be inapplicable or only partially fits for a-phase
group-V binary compounds because of the tremendous differences (by about two orders of
magnitude) in piezoelectric properties of systems changing from a-PN to a-SbAs. Thus, more
systematic studies on o-phase structures with an mm2 symmetry, i.e., group-IV
monochalcogenides (SnSe, SnS, GeSe, and GeS)!* and group-V binary compounds proposed

here, would be needed to explore the mechanisms of their giant piezoelectricity.

Two-dimensional piezoelectric materials are very promising in mechanical-to-electrical
energy conversion whose conversion efficiency is often decided by their dominant piezoelectric
coefficients, such as d;; in many systems. The remarkable and anisotropic piezoelectricity
reported in this work will promote the applications of a-phase monolayers of group-V binary

compounds in the energy harvesting devices. Besides a-phase and B-phase, other seven potential
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allotropes, labeled as y-, 0-, &-, (-, -, 0-, and 1-phases, respectively, for group-V one-element
monolayers (phosphorene, arsenene, and antimonene) have been predicted theoretically by
Zhang et al..*® Subsequently, they have also examined the stabilities and electronic properties of
the allotropes of AsP and SbAs binary compounds, including a-, B-, y-, 8-, and e-phases.’” 4!
Based on our studies on giant piezoelectricity in this work, it is expected that other non-

centrosymmetric phases, beyond a-phase and B-phase, of monolayer group-V binary compounds

may be stable or metastable and also exhibit enhanced intrinsic piezoelectricity.

CONCLUSIONS

Based on first-principles DFT calculations, we have systematically examined the piezoelectric
effects in 2D monolayer group-V binary compounds with stable honeycomb phases (a-phase and
B-phase), including PN, AsN, SbN, AsP, SbP, and SbAs. We find that the group-V binary
compounds under study exhibit piezoelectricity, which strongly depends on their structural
symmetry. The piezoelectric coefficients of a-phase monolayers are remarkably 1 or 2 orders of
magnitude larger than those of the corresponding B-phase monolayers. Notably, the three
antimonides, i.e., a-SbN, a-SbP, and o-SbAs, have ultra-high relaxed-ion piezoelectric
coefficients d;; of 118.29, 142.44, and 243.45 pm/V, respectively, comparable to the recently
reported d;; of 75-250 pm/V in group-IV monochalcogenides (SnSe, SnS, GeSe, and GeS).
Meanwhile, the piezoelectric responses in o-phase monolayers are found to be obviously
anisotropic. Furthermore, the periodic trend in the piezoelectric properties of B-phase monolayers
is demonstrated to depend on the atomic polarizabilities. While for a-phase monolayers, the

origin of giant piezoelectricity becomes confusing and more parameters of mechanical and

22


file:///C:/Program%20Files%20(x86)/Dict/7.2.0.0703/resultui/dict/
file:///C:/Program%20Files%20(x86)/Dict/7.2.0.0703/resultui/dict/

electronic properties need to be considered comprehensively. From the theoretical calculations,
we have gained an unrivalled understanding of the piezoelectricity in 2D group-V binary
compounds, which would facilitate the optimization on these novel materials for their

applications in flexible sensors and energy conversion devices.
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