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The bulk piezoelectric response, as measured by the piezoelectric modulus tensor (), is deter-
mined by a combination of charge redistribution due to strain and the amount of strain produced
by the application of stress (stiffness). Motivated by the notion that less stiff materials could
exhibit large piezoelectric responses, herein we investigate the piezoelectric modulus of  van der
Waals-bonded quasi-2D ionic compounds using first-principles calculations.  From a pool of 869
known binary and ternary quasi-2D materials, we have identified 135 non-centrosymmetric crystals
of which 48 systems are found to have d components larger than the longitudinal piezoelectric mod-
ulus of AIN (a common piezoelectric for resonators), and three systems with the response greater
than that of PbTiO 3, which is among the materials with largest known piezoelectric modulus. None
of the identified materials have previously been considered for piezoelectric applications. Further-
more, we find that large & components always couple to the deformations (shearing or axial) of van

der Waals “gaps” between the layers and are indeed enabled by the weak intra-layer interactions.

i INTRODUCTION

Coupling between the mechanical degrees offreedom
and the electric polarization in a solid, a hallmark of
piezoelectric materials, has found use in applications that
range from sensors, resonators, motors, and actuators,
to high-resolution ultrasound devices and miniature fil-
ters for cellular communications. = Interestingly, only
about 10 piezoelectric materials, including SiQ (quartz),
LiTaO3, LINbO 3, PZT (lead zirconate titanate)-based,
BaTiO 3-based, (K,Na)NbO 3;-based, BisTi3;O42-based,
AIN, and ZnO, are technologically relevant and cover vir-
tually all of these applications.*® Expanding the pool
of known piezoelectric materials would help broaden
the range of applications and allow earth-abundant and
non-toxic’ replacements for materials that are presently
inuse. Furthermore, it would offer more cost- and
performance-effective choices beyond a relatively limited
set of materials that are at present used for their piezo-
electric properties.

The need for new piezoelectrics was recognized be-
fore and was the main motivation behind recent com-
putational efforts in high-throughput screening of inor-
ganic materials for piezoelectric performance. These in-
clude the work on perovskite alloys, ° and creation of
a database of piezoelectric properties of compounds.®
Materials with reduced dimensionality, such as 2D
mono- and multi-layers have also been investigated
recently.'™='6 In virtually all  of these works, the quan-
tity of interest was the piezoelectric coefficient tensor
€j , which relates the polarization P ; to strain ;,'"'®
(in Voigt notation, '° P; =~ ; & ;) and is typically ob-
tained from first-principles calculations.

In this work, we also apply first-principles calculations
to screen for candidate piezoelectrics, but instead of the
piezoelectric coefficient tensor we consider the piezoelec-
tric modulus tensor dji , which relates the induced polar-
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FIG. 1. lllustration of a quasi-2D material (TaSe;), show-
ing the atomic structure of the layers and the van der Waals
spacing between them.

P
ization to the applied stress, Pi = = ; dj 0,718 The

advantage of using djj is in that it represents an im-
portant figure of merit in a wide range of technological
applications’? and is a more commonly measured piezo-
electric property, especially for materials in the thin film
form. Because the induced polarization depends on the
applied stress through a combination of the charge redis-
tribution due to strain and the amount of strain that is
produced by the applied stress, the piezoelectric modulus
tensor dj depends on both the piezoelectric coefficient
tensor i and the elastic tensor Cj as:

X6
dj = ex(C)y- (1)
k=1

From equation (1), we can infer that large piezoelectric
modulus dj can be expected in materials with large large
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FIG. 2. Correlation between experimentally measured longi-
tudinal piezoelectric modulus (d 33) and their elastic modulus
(C33). Green circles denote data from either single crystals
or single-crystal, single-domain samples in case of ferroelec-
tric materials. Orange circles denote polycrystalline samples.
Data is sourced from Refs. 1,2,20-25.

€j , but also in systems with low stiffness ¢ . Softer (less
stiff) materials can exhibit large piezoelectric response,
as measured by dj , compared to stiffer materials with
similar e . This is illustrated in Figure 2, where we no-
tice less stiff materials overall exhibit larger piezoelectric
responses in the corresponding direction.

For this reason, we concentrate our investigation on
layered (quasi-2D) van der Waals bonded solids, which
can be expected to have relatively low stiffness in the
out-of-plane direction due to the presence of weak van
der Waals (vdW) interactions between the layers. The
questions we are addressing are: (a) whether materials
that belong to this class and exhibit strong piezoelectric
response (¢ ) can be found, and (b) if this is true, what
is the role of vdW interactions in enabling the strong
response. To our knowledge, these questions have not
been previously addressed in a systematic way.

Our results confirm the expectations. The search has
revealed a number of quasi-2D materials with relatively
large dj components. Out of 869 considered binary and
ternary layered VdW systems, we have identified 135
non-centrosymmetric crystals. Out of those we find more
than one third (48 compounds) exhibit piezoelectric mod-
uli greater than that of AIN (d33=5.5 pC/N), a commonly
used piezoelectric material in resonator applications. In
addition, we found three layered systems with piezoelec-
tric moduli even larger than that of PbTiO 3 (d33=119
pC/N ), another established piezoelectric material known
for its very large response. It is important to note that
none of these vdW systems have been considered previ-
ously for piezoelectric applications.

After performing a thorough analysis of the coupling
between various stress and g components, we find that

in all of these systems, large piezoelectric response is al-
ways coupled to the stress components that imply de-
formations (axial or shear) of the van der Waals “gaps”
between the layers. This is consistent with the fact that
the softest elastic constants are related to these deforma-
tions. Ultimately, our results point to the layered vdW
systems as a rich chemical space for finding new piezo-
electric materials, and introduce elastic properties as ad
ditional design criteria for finding materials with large
piezoelectric modulus.

1. COMPUTATIONAL METHODOLOGY

In this section, we discuss the details of the compu-
tational methodology used in our calculations, broadly
divided into three main subsections. The first subsection
describes the procedure for identifying quasi-2D struc-
tures fromthe Inorganic Crystal Structure Database
(ICSD).?%27 Next, we describe the drawbacks of GGA
exchange correlation functionals for predicting the prop-
erties of layered materials and our approach to overcome
this issue. Then, we provide detailed descriptions of our
workflow for evaluating the piezoelectric modulus tensors
(9) of quasi-2D solids.

A, Automated I0entification of Quasi-2D Materials

An essential component of this work is the identifi-
cation of layered (quasi-2D) vdW materials from ICSD.
To accomplish this, we extend the applications of our
previously-developed proceduré® for automated identi-
fication of the binary quasi-2D materials from the ICSD
to include ternary chemistries. Similar algorithms have
been developed and used for the purpose of broad iden-
tification of vdW bonded layered systems by others, in-
cluding the work of Ashton et al.,?® Mounet et al.,*° and
Cheon et al.’"

Our procedure relies on a slab cutting routine and bond
counting. In the first step, we cut out stoichiometric
slabs of a certain thickness for all symmetry inequiva-
lent sets of Miller indices (hk/) within a certain range
(=3<h, kI <3). Next, for each slab we find the ter-
minations of its surfaces that minimize the number of
broken bonds by translating surface atoms from one side
of the slab to the other using appropriate lattice vectors.
We then count the (minimal) number of broken bonds,
i.e., the under-coordination, of the surface atoms. The
condition of quasi low-dimensional crystals then implies
the existence of (hkl) directions for which the correspond-
ing slabs do not have any under-coordinated atom rela-
tive to their bulk coordination in the first shell.  If there
is exactly one such (hkl), the material is a layered ma-
terial with relatively large spatial gaps separating indi-
vidual layers. If the number of directions is larger than
one, then the corresponding systems are of lower dimen-
sionality, quasi-1D for two such directions and molecular



crystals for larger than two. If there are no such di-
rections, the structure is then a connected 3D structure
without large spatial gaps.

In Ref. 28 we demonstrated the success of our algo-
rithm in searching complex quasi-2D materials, includ-
ing those with layer stacking in oblique directions, ma-
terials with corrugated, accordion-like layers, and those
with individual layers composed of multiple atomic lay-
ers. Using the described automated algorithm, we have in
this work considered 3500 binary and 8000 additional
ternary compounds from the ICSD and classified them
into layered (quasi-2D) and not layered materials. We
restricted our search to stoichiometric and ordered sys-
tems that do not contain rare earth elements and have
50 of less atoms in the unit cell. From our calculations,
we have identified 426 binary and 443 ternary quasi-2D
compounds. A full list of these materials can be found in
supplementary information with their ICSD id.

%, Calculating 1iezoelectric roperties of
Quasi-2D Materials

In quasi-2D structures considered in this work, the in-
dividual layers are held together by relatively weak vdW
interactions. The standard exchange-correlation func-
tionals typically employed in density functional theory
(DFT) calculations, including the calculations of elastic
and piezoelectric properties, are known to fail to describe
the vdW interactions.  This is evident from relatively
large errors in the out-of-plane lattice constants and the
associated elastic properties*> To overcome this issue,
we employed a vdW-corrected functional (optB86) as im-
plemented in VASP (Vienna Ab-initio Simulation Pack-
age) codé>** to calculate the lattice parameters, elastic,
and piezoelectric properties of quasi-2D materials.®>3¢
To evaluate the piezoelectric coefficient tensors, we uti-
lize the VASP implementation of the density functional
perturbation theory (DFPT) 2739 calculations. A rela-
tively large plane wave cutoff energy of 540 eV is used for
structural relaxation, calculation of elastic tensors, and
piezoelectric coefficient tensors A dense k-point grid, de-
fined by Matoms * M kpoints = 1000, where rnyoms is number
of atoms in the primitive cell and nypoints  is the num-
ber of k-points, is employed. In all our calculations, a
very high tolerance of 1078 eV for energy convergence is
used, which is an important consideration for conducting
DFPT calculations. '© For calculation of elastic tensors
we use a finite difference method. Here, the full elastic
tensor is calculated by conducting six finite distortions
of the lattice and obtaining elastic constants (C j ) from
the stress-strain relationship.*%4'

The importance of incorporating vdW-corrections
is illustrated in Figure 3, where we notice signifi-
cant improvement in predicting elastic constants, par-
ticularly Csz and Cyy, with vdW-corrected func-
tional (optB86)3°*¢ compared to standard GGA-PBE
functional.*> The GGA-PBE predicted elastic constants
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FIG. 3. Elastic constants of quasi-2D materials calculated
with (a) GGA and (b) vdW-corrected functional.  The calcu-
lated values are compared with experimental ones.The calcu-
lations with the vdW-corrected functional are all within 50%
error relative to the measurements. Details of measurement
techniques, measurement temperatures, etc., are provided in
the supplementary informations.

are sourced from Ref. 43. A more detailed analysis of the
data presented in Figure 3 reveals that the GGA-PBE is
still better in predicting in-plane elastic coefficients C ¢4
and C12, but the error in reproducing C 33 and Cy4 is a
factor of 10 or larger. This is due the fact that these par-
ticular two elastic constants are directly related to the
deformations of the spatial gaps between the layers and
the failure of GGA-PBE in reproducing relatively weak
vdW interactions. The comparison of predicted prop-
erties with GGA-PBE and vdW-corrected functional is
limited only to the elastic constants (Figure 3); the lack
of experimental data on piezoelectric properties of quasi-
2D materials prevented us from making similar compar-
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FIG. 4. Workflow for calculations of piezoelectric coefficient tensor ejj , the elastic stiffness Cj , and the piezoelectric mod-

ulus tensor djj of quasi-2D materials. A vdW-corrected functional

piezoelectric modulus of 80 quasi-2D materials.

isons for predicted piezoelectric properties. In the sup-
plemental information Table S1, we have provided the
experimental details (e.g. measurement techniques, mea-
suring temperatures, etc.) for each compound shown
in Figure 3. The comparison of calculated and exper-
imental values for the piezoelectric modulus of a few
commercially important piezoelectric materials (includ-
ing AIN and PbTiO 3) are shown supplementary infor-
mation. Predicted piezoelectric moduli are found to be
in good agreement with experimental values.

€.  'Workflow for identifying quasi-21 piezoelectrics

A complete workflow we developed for identifying
promising quasi-2D piezoelectric materials is illustrated
in Figure 4. The binary and ternary crystal  struc-
tures from the ICSD database are first screened using
the automated algorithm for identifying quasi-2D struc-
tures. Then, we filter out all centrosymmetric struc-
tures based on the space group assigned in ICSD. Out
of ~11500 binary and ternary materials we find 869 lay-
ered systems, out of which 135 are identified as hav-
ing non-centrosymmetric structures. Next, the non-
centrosymmetric, structures are relaxed using the pre-
viously described first-principles calculations employing
a vdW-corrected functional. As the piezoelectric mate-
rials need to have sizable band gaps for their properties
to not be screened by the existence of free charge carri-
ers we next employ a band-gap filter.  As suggested in
the previous works,?8#* for electronic structure calcula-
tion, we perform self-consistent GGA-PBE calculations
on the vdW-relaxed structures using dense k-point grids.
Because of the known band gap error in DFT calcula-
tions we use a relatively generous band gap cutoff of
0.1 eV. Fifty additional materials with their band gap

(optB86) is used in all calculations. We have calculated

smaller than 0.1 eV are discarded as a result. Finite dif-
ference calculations are performed with vdW-corrected
functional to obtain the elastic constants (€). Five ma-
terials with elastic tensors with negative eigenvalues are
also discarded.According to Born stability criteria, ° the
elastically stable materials always have positive eigen-
values of stiffness matrix. This means that an elasti-
cally stable materials always have positive elastic energy
for arbitrary homogeneous deformation by an infinitesi-
mal strain. *¢ With the remaining 80 candidates, we pro-
ceed our calculations by performing Density Functional
Perturbation Theory (DFPT) 37-%° calculations to assess
their piezoelectric coefficient tensor, ¢. Out of the re-
maining 80 candidates, 38 materials contain transition
metal elements. For these, we perform a limited search
of the magnetic ground state by enumerating all mag-
netic configurations in the unit cell and calculating their
total energies. The elastic and piezo calculations are then
performed only on the lowest energy spin stateThis step
is necessary because of the strong dependence of the elec-
tronic structure and other properties on spin configura-
tion discussed in more details in Ref. 47.The automated
DFT calculations including initial file generation, calcu-
lating properties, data extraction and data handling are
performed with the help of PyLada, “¢ a Python frame-
work for high-throughput first-principles calculations.

71, RESULTS 200D DISCUSSIONS
A YPromising Quasi-2D Piezoelectric Materials

Based on the calculated piezoelectric modulus tensor,
a number of candidate materials with relatively large dj
components have emerged.They are shown in Figure 5
with the full list together with the corresponding d jj , Cj
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FIG. 5. Left panel:
(out of 135 non-centrosymmetric compounds).

plot of d max = max(|d i |) against the space group number for 63 quasi-2D vdW materials withd max >0
The two horizontal dotted lines denote the d 33 values of PbTiO 3 (119 pC/N)

and AIN (5.5 pC/N). The blue square in this plot represents the hypothetical structure of PbS (distorted NiAs found in ICSD),

not the ground rocksalt structure.

and ej values provided in the supplementary informa-
tion. In addition, the top 20 most promising systems,
based on the largest @ component, are listed in Table I.

The piezoelectric modulus tensor (9) is a third rank
tensor, and any isotropic averaging scheme will  yield
zero*® To rank these materials based on the merit of
their piezoelectric response, we defineghx = max(|d ij |)
as the largest element of the absolute dj matrix. Then
the dmax is plotted against the space group number in
Figure 5. The two reference lines have been drawn for
categorizing these candidates — one representing calcu-
lated d33 of PbTiO 3 and the other representing calcu-
lated d33 of AIN (see supplementary information for the
benchmark agains experiments).

Please note that PbTiO; is also a ferroelectric and here
we are only using the value for its piezoelectric response.
More precisely, the PbTiO 3 reference line corresponds
to the bulk piezoelectric modulus corresponding to the
single-crystal single-domain samples.

The materials shown in the left panel of Figure 5 can
broadly be divided in three categories. The first category
is comprised of quasi-2D compounds with d max larger
than the longitudinal piezoelectric modulus of PbTiO 3
(d33=119 pC/N) " — the key end member of most commer-
cial high-strain piezoelectrics. We found three materials
(In2Tes, PbS, and GeTe) in this category. Among them
PbS is not in its ground state rocksalt phase, but in the
hypothetical distorted NiAs structure which has found its
way into the ICSD.*° The other two compounds have pre-
viously been experimentally synthesized, °-°? but their
piezoelectric moduli have not been reported so far.

In the second category we group all compounds which
have dhax larger than the longitudinal piezoelectric mod-
ulus of AIN (d 33=5.5 pC/N) °3 and lower than the longi-
tudinal piezoelectric modulus of PbTiO 3. The majority

Right panel: crystal structures of quasi-2D materials with large piezoelectric moduli.

(48 compounds) of the piezoelectric candidates from our
study fall in this category revealing that overall the vdW
bonded quasi-2D systems indeed exhibit a propensity to-
ward large piezo-response.This group is composed from
oxides and other chalcogenidessuch as CuvVO3;, SnO,
BilnO 3, MoV ,0s, SnS,, InSe, Cs,Tes and other (total of
30); halides such as KSnFs5, Agl, MgClI », and Pbl , (to-
tal of 4); pnictides such as NaSnN, NaSnP, KSnAs, and
NaNs (total of 4). Also, a number of materials in this
group (10) are the mixed anion systems, €.9., Nal3Og,
SbF,Cl3. Not surprisingly, the more ionic systems like
oxides, halides and nitrides are more frequently found
closer to the top of the range. Finally, two compounds
Cs,Tes and Bi,WOg are found in calculations to be dy-
namically unstable, but both have been experimentally
synthesized (likely high-temperature phases)>*°°

The last group is composed of materials with the piezo-
electric response lower than the longitudinal piezoelectric
modulus of AIN. Though these candidates exhibit low
piezoelectric response,they could still be useful as the
calculated moduli are comparable with that of quartz
(d11=2.27 pC/N). ¢ We found a total of 12 compounds
which fall inthis category. Examples include: WS,,
RhF3, ZrCl,, and GalnS;. The moduli 9, ¢ and € with
other informations such as band gap, space group of these
compounds are provided in the supplementary informa-
tion.

We also observe that the piezoelectric compounds in
the quasi-2D family of solids are clustered mainly in three
specific space groupsj.e., space group no. 36 (Cmc2,),
160 (R3m), and 186 (P&mc). This is mainly a reflection
of the population bias, as these are the three most fre-
quently occurring non-centrosymmetric space groups in
the quasi-2D family of crystals.

Table | shows that in 9 of the high-response quasi-2D



TABLE I. List of top 20 candidate quasi-2D piezoelectric materials are shown with their space group (SG)

number, calculated DFT band gap (E

g), maximal piezoelectric modulus d max , the dj component that

appears as dnax , maximal ej (emax ), the emax component of ej .

Compound SG Eg(eV) dmax (pC/IN)  maxdj  €max (C/m?) maxej € (C/m?)
|n2Tes 9 0.7 351.7 d15 2.6 e15 2.6
Pbs’ 186 0.2 161.4 Os3 8.3 €33 8.3
GeTe 160 0.6 148.4 dis 3.3 €5 3.3
CuVO3 1 0.9 106.9 sy 0.8 €3 0.2
SnoO 31 1.6 67.1 yy 1.1 € 1.1
BilnO 3 33 2.8 56.1 Oy 4.7 €33 4.7
Bi,WO¢* 41 1.7 54.1 oy 3.9 €33 2.9
Nal30Os 81 2.8 48.4 diy 0.7 €3 0.6
NaN3; 12 1.4 40.7 Os6 0.3 €3 0.1
KSnzFs 143 3.0 40.5 dis 0.3 €15 0.3
MoV »0g 35 0.8 40.4 033 2.9 €33 2.9
TIBrO 3 160 3.0 38.8 Oy 1.0 €4 1.0
NaSnN 186 1.1 36.6 dis 0.6 €5 0.6
CsTes? 36 0.5 31.3 g 0.6 ey 0.4
Bi2MoOs 61 1.7 28.7 Oy 1.6 €14 1.3
Agl 186 1.3 27.8 dis 0.3 €33 0.1
SbF,Cl3 79 1.5 24.4 dis 0.2 €33 0.1
MgCl, 115 4.9 23.5 dys 0.2 €5 0.2
PbRb,03 36 1.3 22.2 O3y 0.7 €34 0.7
BiGeOs 9 2.3 21.1 033 3.0 €33 3.0

f hypothetical structures

piezoelectric compounds,the d1s component appears as
Omax . Note that because of the freedom in choosing the
in-plane axes, ds and d4 are virtually indistinguishable
(see the discussion section)This component corresponds
to the thickness shearing deformation where the material
shears like a deck of cards in the in-plane direction, with
no change in the other dimension. Materials with large
d,5 can be used in a variety of applications includingsen-
sors, actuators, accelerometer, material testing structural
health monitoring, non-destructive testing (NDT), and
non-destructive evaluation (NDE).%” The components of
d; appearing as dnax usually coincide with the compo-
nents of § appearing as @ax . The distribution of differ-
ent components of di (and ej ) appearing as dnax (and
€max ) are discussed in more detail in the next section.
Another quantity that could influence the piezoelectric
response is the band gap of the material. In this work
the band gaps are calculated at the DFT level and are
also shown in Table | and supplementary information.
Only about 1/3 of  the studied materials are found to
have DFT band gaps below 1 eV. Given the well known
underestimation of band gaps in DFT based methods we
do not think that materials with DFT band gaps larger
than 1 eV would suffer from problems related to the exis-
tence of free charge carriers due to thermal fluctuations.
However, for those with smaller gaps thermal fluctuation
may cause sufficient number of free charge carriers, which
may lower the polarization upon straining these materi-

¥ dynamically unstable

als despite having large piezoelectric moduli. Of course,
provided that the real band gap is sufficiently close to the
DFT one. For these materials, a more accurate assess-
ment of the electronic structure might be needed before
they are considered for applications.

In relation to the chemical composition and toxic-
ity it is also important to not that currently, the most
widely used piezoelectric material is lead zirconate ti-
tanate (PbZr -, TixO3 or PZT). *® However, PZT causes
significant environmental problems because of its high
lead content>® Hence, significant efforts have been made
to develop lead-free piezoelectric materials.*° In our
work, we have identified 44 candidates that do not con-
tain any toxic elements including Pb.  Out of 44 candi-
dates, 33 of them have their piezoelectric modulus larger
than AIN.

%, Role of van der Waals Interactions

In order to understand the role of van der Waals in-
teractions on the piezoelectric response of quasi-2D ma-
terials, we analyze the relationships of enax and dmax to
the corresponding strain and stress components, respec-
tively. A histogram showing the number of compounds
with a given g component appearing as gax is shown in
Figure 6 (a). We observe that the most frequent enax is
€3;3. This indicates that in the majority of quasi-2D ma-
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FIG. 6. Histogram of the maximum components of (a) the
piezoelectric coefficient tensor, €max and (b) piezoelectric
modulus tensor, dnax . The most frequent enax is €33, whereas
for dmax the most frequent maximum values are d1s, d24 and
d33. (c) Schematics of several important piezoelectric operat-
ing modes with their corresponding deformation types. The
schematics of other relevant piezoelectric operating modes,
i.e., components of dj are shown in the supplementary infor-
mation.

terials the largest piezoelectric response, as measured by
the ej , is along the layer stacking direction. The reason
for this behavior is that the relatively weak vdW inter-

actions allow large charge redistribution in the layering
direction upon straining the system.

On the other hand, the piezoelectric modulus tensor
O relates relates stress to polarization and combines two
types of effects: (1) amount of strain due to application
of stress, and (2) amount of charge redistribution (polar-
ization) due to resultant strain produced by the applied
stress. A similar histogram of the dj components ap-
pearing as dmax is shown in Figure 6(b). We divide the
d; components into three groups depending on the de-
formation types (stress components) and the polarization
direction. The schematics of the polarization directions
and the associated stress components is shown in Fig-
ure 6(c) together withthe d j components connecting
the two. Every component of 0 represents a separate
piezoelectric operating mode. Schematics of all possible
piezoelectric modes are provided in supplementary infor-
mation.

Group I: Applied stress deforms van der Waals bonds
and the measured polarization coincides with the direc-
tion of the deformations. The longitudinal mode (d33)
and shear modes (ds and d4) fall in this class. As evi-
dent from the histogram in Figure 6(b) these are the most
frequently appearing dmax components. In our consid-
ered materials, the modes c4 and dys are indistinguish-
able because of the arbitrariness of the choice of axes ‘1’
and ‘2’, while the axis ‘3’ is fixed by layer stacking direc-
tions. In both of these modes, the same stress component
(o4) is responsible for the deformation, which implies
shearing of the van der Waals gaps. On the other hand,
in the d 33, the applied stress axially deforms (stretches
or compresses) van der Waals gaps. Hence, the large
piezoelectric responses are achieved by deforming (axial
or shear) the relatively soft van der Waals bonds. The
bar-heights of d;5 and do4 in the histogram of dmax in
Figure 6(b) are larger compared to d 33. This is because
the shearing resistance values (&) of quasi-2D materials
are lower compared to their axial resistance values (Gs)
(refer to Figure 3(b)).

Group IlI: Applied stress deforms van der Waals bonds,
but the measuring polarization directions are different
from their deformation directions. The face shear modes
(d44 and dbs) and the thickness-extension modes 7 and
d3,) fall in this class. The schematics of ¢4 and ds are
provided in the supplementary information. Usually, the
direction of polarization is facilitated by the direction of
deformation. In such modes, the deformation directions
are different from their measured polarization directions.
This is the reason behind their low occurrence in the
histogram of dmax though the van der Waals bond are
deformed by the applied stress.

Group lll:  The van der Waals bond does not deform
by the applied stress in these modes. This is why these
modes do not appear frequently in the histogram of rghx .
This includes length or width extension modes (d 44 or
d22) and shearing modes of type dig and dss.

The above discussion implies that the large piezoelec-
tric response is always accompanied and caused by the



stress that deforms the “soft” van der Waals gaps either
through stretching, compression,or shearing. In addi-
tion, the analysis of the maximal piezoelectric moduli
and the associated stress components provided guidance
to experimentalists of how thin films should be grown to
utilize large d max . It also describes what kind of me-
chanical actuation is necessary to achieve large piezo-
electric response. This also helps in the design of new
devices to take advantage of large dmax . Finally, these
findings can open up a wide variety of devices based on
their operation modes or based on new materials for non-
conventional modes. For example, materials with large
face-shear (d4) mode response will be attractive for for
torsional applications, like novel gyroscopic sensors or
high-precision torsional MEMS actuators.°’

€.  2Axial)Piezoelectric and €lastic Anisotropy

In addition to revealing new candidate piezoelectric
materials and explaining the origin of strong piezoelec-
tric response, we have also investigated the anisotropy in
axial piezoelectric response in relation to the axial elastic
anisotropy. We analyze how the response in the out-of-
plane direction compares to the in-plane responses.The
in-plane and out-of-plane directions in quasi-2D materi-
als are trivial to define and are illustrated in Figure 1.We
define the axial anisotropy in both elastic and piezoelec-
tric responses by the ratio of the out-of-plane component
to the in-plane component. Here, the in-plane component
is defined by the arithmetic mean of the ‘11’ and 22'-
components (invariant to the choice of the in-plane axes),
whereas the out-of-plane response is solely defined by the
‘33’-component. Hence, the axial anisotropy of 9, ¢, and
€ can be expressed as 2g/(d 11 + d22), 2e33/(€ 11 + €22),
and 2G;3/(C 11+C 22) respectively. If the axial anisotropy
equals or nearly equals 1 then the material is considered
to be isotropic in the corresponding quantity responses
with respect to the in-plane and out-of-plane directions.

If the axial anisotropy is greater (or lower) than 1 the
response of a material to axial deformation is dominated
in out-of-plane (in-plane) direction.

All possible correlations among the axial anisotropy
of 9, ¢, and € have been investigated. The correlation
between axial anisotropy of d with respect to the axial
anisotropy of ¢ and € are shown in Figure 7 (a) and
(b) respectively. From the comparative studies between
Figure 7 (a) and (b), we see that the axial anisotropy of d
is mainly dictated by the axial anisotropy of ¢ not by the
axial anisotropy of €. The plot between axial anisotropy
of € and ¢ is provided in the supplementary information.

From Figure 7 (a) and (b), we observe that most quasi-
2D materials have axial piezoelectric anisotropy param-
eter (both in O and ¢) > 1 and axial elastic anisotropy
parameter < 1. This implies that the quasi-2D piezo-
electric materials are dominant in out-of-plane piezo-
electric responses but elastically they are dominant in-
plane directions. This result corroborates the correla-
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FIG. 7. Correlation between axial anisotropy, i.e., out-of-
plane to in-plane response ratio) of (a) d and ¢ (b) d and €.
The results reveal that majority of quasi-2D piezoelectric ma-
terials are dominated by out-of-plane piezoelectric responses
(both in ¢ and 9) but elastically they are dominated in in-
plane direction.

tion between elastic softness and large piezoelectric re-
sponse, i.e., the large piezoelectric responses are ob-
served in elastically softer directions. We found quasi-
2D piezoelectric compounds such as CuV£and Li; SbOg
are dominated by in-plane piezoelectric response. Com-
pounds such as Bi;WOg, Al2ZnS,, GeZnO;, and GeTe
are nearly isotropic in their axial elastic responses but
highly anisotropic in axial piezoelectric responses.

0.  CONCLUSIONS

In conclusion, we performed a large-scale computa-
tional (first-principles) assessment of the bulk piezoelec-



Pb. Our results also reveal that the large piezoelectric
modulus in vdW systems is directly enabled by the vdW
interactions between layers as in majority of compounds
the large components of the piezoelectric modulus tensor
couple to the stress components that imply deformations
(both shear and axial) of the “soft” vdW bonds between
layers. Our results suggest that quasi-2D layered materi-
als are a rich structural space for discovering new piezo-
electric materials.
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tric properties of layered (quasi-2D), vdW bonded mate-
rials. In our study we concentrate on the piezoelectric
modulus as the measure of the piezoelectric response,
which relates mechanical stress and electric polarization
and depends on a combination of charge redistribution
due to strain and the amount of strain produced by the
stress. Overall, out of 135 non-centrosymmetric quasi-2D
binary and ternary structures from ICSD we have discov-
ered 51 materials with piezoelectric response larger than
that of AIN, a well-known piezoelectric materials used
in applications. Out of these 51 systems, we find three
with the piezoelectric modulus even larger than that of
PbTiO ;3 that has the piezoelectric modulus among the
largest known. More importantly, 33 out of the 51 layered
compounds do not contain any toxic elements including
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