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Peculiar piezoelectricity of atomically thin planar
structures

Mohammad B. Ghasemian,? Torben Daeneke, & ° Zahra Shahrbabaki,® Jiong Yang®
and Kourosh Kalantar-Zadeh & *?

The emergence of piezoelectricity in two-dimensional (2D) materials has represented a milestone
towards employing low-dimensional structures for future technologies. 2D piezoelectric materials
possess unique and unprecedented characteristics that cannot be found in other morphologies; there-
fore, the applications of piezoelectricity can be substantially extended. By reducing the thickness into the
2D realm, piezoelectricity might be induced in otherwise non-piezoelectric materials. The origin of the
enhanced piezoelectricity in such thin planes is attributed to the loss of centrosymmetry, altered carrier
concentration, and change in local polarization and can be efficiently tailored via surface modifications.
Access to such materials is important from a fundamental research point of view, to observe the extra-
ordinary interactions between free charge carriers, phonons and photons, and also with respect to device
development, for which planar structures provide the required compatibility with the large-scale fabrica-
tion technologies of integrated circuits. The existence of piezoelectricity in 2D materials presents great
opportunities for applications in various fields of electronics, optoelectronics, energy harvesting, sensors,
actuators and biotechnology. Additionally, 2D flexible nanostructures with superior piezoelectric pro-
perties are distinctive candidates for integration into nano-scale electromechanical systems. Here we fun-
damentally review the state of the art of 2D piezoelectric materials from both experimental and theore-
tical aspects and report the recent achievements in the synthesis, characterization and applications of
these materials.

1. Introduction
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The piezoelectric effect, which was discovered in 1880 by the
Curie brothers, is defined as the capability of a material to
convert mechanical stimuli into electrical signals and vice
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versa." Generally, it is believed that piezoelectricity only
appears in materials with a bandgap which also do not feature
centrosymmetry in their crystal structures.” In metals, electro-
static forces between ions are screened by itinerant electrons.
Additionally, the ferroelectric switching in metals is ruled out
by screening, which excludes the external electric fields.
Hence, metals do not possess piezoelectricity since polariz-
ation charges are fully screened due to the high electron con-
centration. However, this view has been questioned when
spontaneous polarization and ferroelectricity were found in
metallic WTe, by Fei et al., suggesting a metal is also able to
exhibit piezoelectricity, as if a material is ferroelectric it is
piezoelectric too.” Deformation within piezoelectric materials,
due to an external force, results in the distortion of the crystal
lattice and consequently the generation of an electrical poten-
tial. Based on dimensionality, piezoelectric nanostructures are
classified into four main categories of zero-dimensional (0D),
one-dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) materials, as shown in Fig. 1.* The definition
of 0D piezoelectricity is a new concept. Basically, it refers to
nanomaterials such as nanodots, nanodispersions, hetero-
geneous particle arrays, uniform particle arrays, hollow
spheres and core-shell quantum dots that can be assembled
together in order to establish the base for other types of piezo-
electric nanostructures.’

0D nanoparticles present high surface area, strong piezo-
electric properties and intrinsic single domain; however, their
practical application is limited due to assembly compli-
cations.® As an instance, the formation of single domains with
a high piezoresponse has been observed in arrays of PbTiO;
nanodots. The size dependency exploration on the piezoelec-
tric properties of these nanodots revealed a decrease in the
piezoelectric coefficient with increasing lateral size, while
nanodots with diameters of approximately 10 nm preserve fer-
roelectricity.” 1D piezoelectric materials, such as nanowires,
nanobelts, nanotubes and nanorods, usually have a diameter
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Fig. 1 (a—d) Schematic views of zero- to three-dimensional piezoelec-

tric nanostructures. Reproduced from ref. 4 with permission from The
Royal Society of Chemistry.

of less than 100 nm, which are either intrinsically piezoelectric
or become piezoelectric when they lose their centrosymmetry
in one or two directions.”®° 2D piezoelectric materials, which
are planar structures with nanometer thicknesses, are formed
from intrinsically piezoelectric materials or those which lose
their centrosymmetry in one direction when thinned down.
Both 1D and 2D piezoelectric nanostructures are used as build-
ing blocks of energy harvesters, catalytic systems, electronic
devices and sensors.*'%"?

Many layered materials have been identified that feature
strong in-plane bonds and weak van der Waals interlayer coup-
ling. These layered van der Waals materials are tempting can-
didates for splitting off individual half unit cell thick or
thicker layers through exfoliation in the search for 2D piezo-
electric sheets."” Extensive investigations of 2D materials
revealed that many of them possess unique properties, which
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offer new opportunities to the realm of piezoelectricity, includ-
ing high crystallinity paired with the exceptional ability to
sustain enormous deformation/strain before failure, as well as
the reduction of centrosymmetry, appearance of new electronic
states and possibility of surface modifications that affect the
bulk of the 2D structure."* In contrast to 1D and bulk piezo-
electric structures, 2D piezoelectric materials can also be easily
integrated with conventional surface electronic technologies,
which allows the incorporation of piezoelectric devices for
practical applications.">"®

Out of the thirty-two described 3D crystal classes, 21 crystal
classes are non-centrosymmetric, while in four 2D crystal
classes, including cubic, rectangular, hexagonal and oblique,
the inversion symmetry can be broken by reducing the thick-
ness from 3D to 2D of the same material composition.”” The
opportunity of inducing non-centrosymmetry when a layered
crystal is thinned down, especially to monolayer thickness,
offers access to a vast family of new materials for creating 2D
piezoelectric structures. While some bulk materials, including
many transition-metal dichalcogenides (TMDCs) and hexag-
onal boron nitride (h-BN), are centrosymmetric, they may
reveal a broken centrosymmetry after thinning down to a
single layer, due to the loss of the inversion centre. This can
be achieved for materials that contain at least two van der
Waals layers in their unit cell, with the inversion point being
within the van der Waals gap. In contrast, monolayer graphene
preserves its inversion symmetry, since the inversion centre
resides within the central monolayer."* Altogether, the inter-
actions between layers within stratified materials can be
divided into London interactions, hydrogen bonds and inter-
stitial cations. A wide range of compounds such as oxides,
hydroxides, carbides, nitrides, halides, chalcogenides and
phosphates can be prepared into a layered form,'® and the
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search for 2D piezoelectric materials has so far been limited to
their exfoliated form.

Raman features and phonon modes have been used for
studying characteristics such as thickness, feasibility of exfolia-
tion, stability and crystal structure of layered piezoelectric
materials.'®'® Scattering and transport of the carriers in 2D
TMDCs are ruled by the material’s planar structure, while the
mobility of the carriers is mainly influenced by the following
scattering mechanisms: (i) optical and acoustic phonon scat-
tering, (ii) surface interface phonon scattering, (iii) Coulomb
scattering at charged impurities and (iv) roughness
scattering.’”*! On the other hand, diverse factors such as
carrier density, effective carrier mass, layer thickness, tempera-
ture, and phonon and electronic band structures also influ-
ence the degree that scattering mechanisms affect the mobility
of carriers.*”

Ab initio calculations have determined the phonon dis-
persion in WS, and MoS,.>*> The obtained results correlated
with the experimental Raman spectra of MoS, indicate that
the main Raman peaks match with the out-of-plane A;, mode
and the in-plane E,, and E',, phonon modes. By decreasing
the layer thickness of MoS, the position of the peaks slightly
shifted due to the effect of the neighbouring layers on
Coulomb interactions.”® These peak shifts allow Raman spec-
troscopy to identify changes in the thickness of thin materials.
Similarly, the layer thickness of atomically thin h-BN was
identified relative to the intensity of the E,, optical phonon
mode.>® More interestingly, the shifts in the out-of-plane and
in-plane phonon coupling modes of 2D MoS, were employed
to study its sensitivity against relative humidity.** By increas-
ing the relative humidity to a certain level, the position of the
A, peaks showed a blue shift due to the absorption of water
molecules and change of electron-phonon interactions while
the E,, peaks remained unchanged. The intensity and position
of Raman peaks also strongly depend on the applied strain
since it changes the crystal phonons. Generally, compressive
and tensile strains lead to phonon hardening (blue shift) and
phonon softening (red shift), respectively. In the case of 2D
materials, strain enhances the intensity of the Raman spectra
which can be used for studying the properties of piezoelectric
materials.”>*® The stability of 2D Janus group-VI chalco-
genides has been investigated through the molecular
dynamics and phonon dispersion calculations.”” Accordingly,
MoSSe, WSeTe, WSTe, and WSSe monolayers are stable while
MoSTe and MoSeTe monolayers were recognised as unstable.
Also, based on the formation energy and phonon dispersion
estimations, all the nine members of 2D Janus group-III
chalcogenides (GalnS,, GalnSe,, GalnTe,, Ga,SSe, Ga,SeTe,
Ga,STe, In,SSe, In,SeTe, and In,STe) are stable.>”

In spite of the fact that a few reviews have demonstrated
piezoelectricity in two dimensions, they generally lack the
depiction of important theoretical characteristics and data
mining in the field of 2D piezoelectric materials. A recent
review by Liu et al.*® briefly demonstrated the key advances of
2D piezoelectric materials, especially in the fields of piezotro-
nics and piezophototronics. However, the absence of theore-
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tical studies and data mining for identifying 2D piezoelectric
candidates is sensed. This paper expands upon the recent pro-
gress and most important aspects of 2D piezoelectric materials
from the fundamental principles to applications. We outline
2D piezoelectric materials and review the main preparation
methods followed by the theoretical and experimental
approaches of measuring piezoelectricity in 2D materials.
Theoretical predictions of piezoelectricity and the diverse com-
pounds discovered through data mining are presented. 2D
compounds that are the topic of recent intense research and
their applications are discussed.

2. Piezoelectric materials

The discovery of piezoelectricity in 2D materials®® led to new
horizons for energy harvesting systems, electronics, actuators,
and sensors for employing such low-dimensional materials in
the next-generation technologies. Although there are many
review articles on piezoelectric materials,'®*°* information
about the 2D piezoelectric structures is still sparse. With
recent progress in the synthesis methods for materials at
atomic levels, piezoelectricity in atomically thin layered
materials has drawn more attention. Recent studies have evi-
denced many promising 2D materials for their piezoelectric
properties.>'*?¢?33% Five important groups of 2D piezoelectric
materials including h-BN, TMDCs, groups III and IV mono-
chalcogenides and chemically modified graphene have
attracted much interest in the field of piezoelectricity.*”° It
was demonstrated that 2D TMDCs such as 2H-MoS,, 2H-WS,
and 2H-MoSe, present stronger piezoelectric coefficients than
h-BN and engineered graphene and some of them, specifically
2H-MoTe,, show remarkable piezoelectric coefficients even
larger than those of 3D wurtzite materials including bulk GaN
and AIN.>”"° Based on first-principles calculations,*" layered
group III monochalcogenides including InSe, GaS and GaSe
were also recognized to be piezoelectric in monolayer form.
The structure of this group of monolayered materials is quite
similar to that of 2H-TMDCs and both groups possess a Dy
point group symmetry with no inversion centre and thus non-
zero piezoelectric response.

Group IV monochalcogenide 2D piezoelectrics comprising
GeS, GeSe, SnS and SnSe possess a C,y point group to offer
colossal piezoelectricity. First principles simulations predict
that monolayer group IV monochalcogenides can show strong
piezoelectric coefficients approximately one to two orders of
magnitude larger than those of other 2D piezoelectrics such as
2H-MoS, and h-BN.** The strong piezoelectricity in monolayer
group IV monochalcogenides arises from the stable non-
centrosymmetric structure of monolayers and their flexible
puckered C,y symmetries along the armchair direction.*® In
spite of the fact that graphene possesses many distinctive
physical and mechanical properties, this 2D nanomaterial is
not intrinsically piezoelectric due to its inversion symmetry
factor; however, piezoelectricity can be induced in graphene
through physical or chemical modifications (engineering)

2878 | Nanoscale, 2020, 12, 2875-2901
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which will be discussed in the following sections. Although
the piezoelectric polarization of 2D materials, such as h-BN
and MoS,, is usually narrowed to the in-plane orientation and
odd number of layers, as an interesting group III-VI chalcogen-
ide material, a-In,Se; shows both out-of-plane and in-plane
piezoelectricity proven by theoretical calculations and experi-
mental studies.***> The experimental studies assigned this in-
plane/out-of-plane coexistence to the noncentrosymmetry in
a-In,Se; which originates from the hexagonal stacking and
offers an exceptional opportunity to take advantage of both
directional and nondirectional piezoelectricity in devices.
According to the piezoresponse force microscopy (PFM)
measurements, the ds; piezoelectric coefficient in a-In,Se; is
increased from 0.34 to 5.6 pm V' by the accumulation of
layers from single to bulk without the odd/even effect and this
layer dependency of in-plane and both out-of-plane piezoelec-
tric characteristics has been associated with the substrate
clamping effect in a-In,Se;.**

According to the principles of crystallography, the piezo-
electric effect appears in all non-centrosymmetric point groups
except for the cubic class 432. In 2D piezoelectric materials,
piezoelectricity generally originates through three phenomena:
(1) loss of centrosymmetry, (2) charge delocalization and (3)
surface modification,'>*® which are discussed below.

2.1. Centrosymmetry impact

Material properties and their application are significantly cor-
related with and impacted by their crystal symmetry. To induce
the piezoelectric effect, the material needs to have a nonzero
electronic band gap and a nonsymmetric crystal structure.*”"*®
The lack of centrosymmetry determines the piezoelectric
moduli and certain optical properties of the material. The sym-
metry of single or few layered materials might be different
from that of their bulk counterparts, leading to new material
properties that arise in 2D nanostructures. Many bulk
materials lose their inversion centre when downsized to 2D,
specifically to monolayer dimensions. Reduction of the dimen-
sionality to 2D crystal structures significantly increases the an-
isotropy and reduces symmetry elements, which promote
piezoelectricity in 2D structures such as buckled hexagonal
and 2H structures with broken inversion symmetry.’”*%>°
2H-MoS, and h-BN are well-known examples, which possess
an inversion centre and nonpiezoelectric nature in the bulk
structure, while their individual monolayers present piezoelec-
tricity due to the lack of centrosymmetry, as shown in
Fig. 2."%?%! Moreover, the breaking of inversion symmetry
and piezoelectricity are also observed in odd number of layers
since all odd-rank tensor properties, such as the third-rank
piezoelectric tensor properties, might be mathematically
nonzero.”” A computational study*® suggested that many bulk
structures with different point groups lose their centrosymme-
tries upon exfoliation to monolayers and statistically the per-
centage of structures with no centre of inversion grew from
18% in bulk crystals to 43% in monolayer counterparts for the
same structure (Fig. 3a), which may potentially offer output

This journal is © The Royal Society of Chemistry 2020
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d)
PG00
Fig. 2 (a, b) Top views and (c, d) side views of atomically thin h-BN and
2H-MoS,, respectively. (B, N, Mo and S atoms are red, blue, silver and
yellow, respectively.) The arrows show the direction of piezoelectric
polarization. Hexagonal primitive cell and orthorhombic unit cell used in

DFT simulations are highlighted in blue and yellow. Reprinted with per-
mission from ref. 29. Copyright (2012) American Chemical Society.
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Fig. 3 Computed point groups of the identified layered materials. (a)
The point group distribution of layered materials with and without cen-
trosymmetry in the Materials Project database indicating that many bulk
materials lose the centre of inversion upon exfoliation into monolayers.
(b) Distribution of materials with nonzero band gaps as the essential cri-
teria for piezoelectricity. The symmetry of primary bulk 3D crystals and
their corresponding AA-stacked crystals have been shown in red and
blue, respectively. Reprinted with permission from ref. 48. Copyright
(2017) American Chemical Society.

power response, if possessing a nonzero electronic band gap,
as depicted in Fig. 3b.

2.2. Delocalization of charges

Changes in the local polarization and lower carrier concen-
tration are the other possible origins of creation or enhance-
ment of piezoelectricity in materials after thinning down from
the bulk to 2D nanostructures.’> The piezoelectric effect is
highly correlated with the direction of polarization, for
example, the piezoelectric effect is limited in the c-axis of ZnO
and just exists in the in-plane direction with three-fold rotation
symmetry for MoS,. ZnO nanosheets with a wurtzite structure

This journal is © The Royal Society of Chemistry 2020
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retain their hexagonal structures even when they thinned
down to a few atomic layers and thus the crystal non-centro-
symmetry and piezoelectricity are preserved.*> As shown in
Fig. 4a, the centres of negative and positive ions are displaced
relative to the stress applied along the apex of the tetrahedron,
which motivate the piezoelectric polarization and piezoelectri-
city along the c-axis.>® CdS is another example of a material in
which piezoelectricity increases by thinning due to the deloca-
lization of charges. CdS ultrathin films (2-3 nm) and ZnO
nanosheets (2 nm) showed piezoelectric coefficients (d3;) of
32.8 and 23.7 pm V', respectively, which are almost two to
three times larger than those of their bulk counterparts.>®*

The carrier concentration (n.) can be obtained using n. = 1/
pepe where p, e and u,. are resistivity, electronic charge and elec-
tron mobility, respectively. Previous studies implied that the
piezoelectricity in materials significantly depends on the carrier
concentration.’® For example, CdS thin films synthesized by
chemical vapor deposition exhibited a carrier concentration of
~10"2-10"® ecm™.>* By increasing the carrier concentration from
10° to 10" em™ in CdS, the piezoelectric coefficient dropped
by 60%.%”® It was suggested that the stronger piezoelectricity
in CdS ultrathin films arises from a lower carrier concentration,
free boundary and change in local polarization due to the small
dimensionalities with a large surface area, and charge and
defect redistribution near the surfaces.>*>*>°

2.3. Surface modification

Piezoelectricity in 2D materials can originate from surface and
structural modifications. A non-centrosymmetric structure and
subsequently piezoelectric characteristics can be produced in
2D materials through appropriate crystal engineering and
material modification. The most widely studied monolayer
material, graphene,’®°" typically possesses an inversion sym-
metry and is not naturally piezoelectric. However, single-layer
graphene deposited on SiO, grating substrates presented a
considerable vertical piezoelectric coefficient of 1.4 nm V™. As
shown in Fig. 4b, this piezo-response was associated with the
broken symmetry of the crystal structure due to the chemical
interaction of carbon atoms in graphene with the oxygen
atoms of the underlying SiO, substrate. This chemical inter-
action induces a non-zero dipole moment and polarization in
the system.®” Similarly, there are other examples of generating
piezoelectricity in 2D graphene by selective chemical modifi-
cation or introducing structural defects.****~% The flexoelectri-
city concept has been introduced to rationalize the emerging
piezoelectricity in porous graphene sheets having holes with
defined symmetries and shapes. The average strain gradient
around the hole is non-zero due to the broken inversion sym-
metry; therefore, flexoelectricity causes local polarization and
generally a non-zero net polarization in the graphene sheet, as
described in Fig. 4c and d.°® Theoretical® 7® and
experimental”'™”® studies have proven that piezoelectricity can
be engineered into graphene through the selective adsorption
of adatoms on the surface. Calculations carried out by Ong
et al. showed that employing H, Li, K and F on single-layer gra-
phene could result in the change of polarization (Fig. 4e) and

Nanoscale, 2020, 12, 2875-2901 | 2879
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Fig. 4 (a) Hexagonal structure of the ZnO nanomaterial with Zn—O-Zn stacking while the O atom is in the centre of the tetrahedron before com-

pression (left) while a piezoelectric field is generated when the unit cell of ZnO is compressed by an external force (right). Reprinted with permission
from ref. 53. Copyright (2018) American Chemical Society. (b) Schematic of a graphene layer with oxygen termination on a SiO, substrate (left) and
generation of oriented dipolar surface states adjacent to the substrate surface as the origin of the piezoresponse due to the chemical interaction
between carbon and oxygen atoms (right). Reproduced from ref. 62. CC BY 4.0. (c) The emergence of polarization in a triangular-hole graphene
nanosheet under the applied strain and (d) a finite element model showing the qualitative nature of distribution of strain towards the triangular hole
in a thin sheet based on the linearized elasticity theory. Reprinted from ref. 66, with the permission of AIP Publishing. (e) Presence of piezoelectricity
in an engineered graphene single sheet doped with different atoms on the surface due to broken inversion symmetry. Polarization changes perpen-
dicular to the graphene sheet by applying an equibiaxial in-plane strain to graphene which can be used for determining the ez; piezocoefficient. The
inset indicates the direction of positive polarization. Reprinted with permission from ref. 39. Copyright (2011) American Chemical Society. (f)
Different configurations of piezoelectric graphene doped with BN. R and W are the radius of BN rings and the width of the separating wall, respect-
ively, and the enclosed areas show the unit cell of each configuration. (g) D3y, and C,y point symmetry defects (holes) in graphene which break the
inversion symmetry of graphene. Unit cells are enclosed with black lines. Reprinted with permission from ref. 63. Copyright (2015) American
Chemical Society. (h) Top and side views of surface-modified h-BN with hydrogen and/or fluorine atoms; the left and right groups are chair and
boat forms respectively, and the unit cells are shown with rectangles. Reproduced from ref. 74 with permission from the PCCP Owner Societies.

the generation of piezoelectricity in graphene by breaking the piezoelectric coefficient in graphene was obtained after modifi-

inversion symmetry, leading to piezoelectric coefficients that
are comparable with those of 3D piezoelectric materials such
as wurtzite BN and GaN, as listed in Table 1. The highest d3;

Table 1 Piezoelectric coefficients (ds; in pm V™! and ez, in pC m™) in
graphene after chemical doping with K, Li, H, and F adatoms calculated
by density functional theory (DFT). Bulk wurtzite BN’® and GaN”” are
listed for comparison. Reprinted with permission from ref. 39. Copyright
(2012) American Chemical Society

Atom(s) dsy €31
K 0.23 52
Li 0.15 55
H 0.11 20
F 0.0018 —-26
F, Li 0.30 30
H, F 0.034 =31
3D BN 0.33 —
3D GaN 1.05 —

2880 | Nanoscale, 2020, 12, 2875-2901

cation with F and Li whereas doping with Li or K resulted in
the highest e;; piezoelectric coefficient.>*®® 2D graphene also
becomes piezoelectric by substituting its carbon pairs with
different patterns of BN, which transforms the point symmetry
of graphene from D, (centrosymmetric) to Dsj, (non-centro-
symmetric). Similarly, hole defects may induce Ds, or C,,
point symmetries, which break the inversion symmetry in gra-
phene, as shown in Fig. 4f and g.°® Although h-BN monolayers
are intrinsically piezoelectric, chemical doping such as fluori-
nation and hydrogenation may be applied on both sides of
h-BN to induce flatness distortion and consequently produce
new in-plane and out-of-plane dipole moments and piezoelec-
tric responses in h-BN (Fig. 4h).”

2.4. Piezoelectric polarization direction

Polarization is a crucial concept in piezoelectric materials for
understanding their response to the externally applied stimuli.

This journal is © The Royal Society of Chemistry 2020



Nanoscale

By the application of an electric field, dipoles are created by
changing the position of electrons and nuclei and conse-
quently the material undergoes polarization. In addition to the
electric field, polarization occurs in piezoelectric materials by
the application of a mechanical stress. Negative and positive
charges neutralize each other; therefore, piezoelectric
materials do not show any current flow under zero-load con-
ditions. However, by applying compacting or stretching forces,
a voltage appears due to the imbalance of the dipole
moments.”” The selection of piezoelectric materials for par-
ticular applications requires a standard mean to identify the
direction of polarization and set the electrical and mechanical
axes of operation. These axes are described by numbers, for
instance, 1, 2 and 3 corresponding to the x, y and z axes,
respectively, which are set during the poling process.”>’® The
polarization direction aligns with the direction of the applied
electric field through the poling process when the material is
subjected to a sufficiently large electric field. The poled
materials retain the polarization direction even after the exter-
nal field is ceased and exhibit piezoelectric properties.”
Applying a mechanical tension or compression on a poled
piezoelectric material alters the dipole moments and generates
voltage. The direction of the poling field leads the direction of
the electrical and mechanical axes. When a compression
happens along the polarization direction or a tension happens
perpendicular to the polarization direction, a voltage with the
same polarity of the poling voltage is generated. On the other
hand, compressions perpendicular to or tensions along the
polarization direction lead to a voltage with opposite polarity
to that of the poling voltage. These behaviours are known as
generator actions.®

The direction of piezoelectric polarization is sequentially
switched by changing the orientation of the applied strain
tensor. Therefore, the mechanical and electrical behaviours of
piezoelectric materials can be coupled through the S; = dy;Ey
equation where s, d and E represent the second rank strain
tensor, piezoelectric coefficient and electric field, respectively
(i, j and k stand for x, y and z of the Cartesian frame).*!
Piezoelectricity in 2D materials is highly correlated with the
direction of polarization, which can be in-plane, out-of-plane
or both and can potentially play an important role in the devel-
opment of future planar devices if harnessed correctly and
efficiently. While many 2D materials show in-plane intrinsic
piezoelectricity, out-of-plane ferroelectricity and piezoelectri-
city are more straightforward and applicable for circuit designs
such as nanogenerators, nonvolatile memory and photovoltaic
devices.®?

TMDCs, h-BN and graphene nitride possess in-plane piezo-
electricity. As an example of TMDC materials, the piezoelectric
property of MoS, is only restricted to the in-plane (d;,) direc-
tion and no out-of-plane (dj;) direction is found since MoS,
monolayers preserve the ideal symmetry feature along the ver-
tical z-axis, as shown in Fig. 2b and d.** Also, due to the
unique hexagonal structure, the in-plane piezoelectric field
vector in 2D MoS, has three equal directions, which are along
the three-fold symmetry axes.

This journal is © The Royal Society of Chemistry 2020
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In contrast to graphene, h-BN shows intrinsic piezoelectri-
city with a strong in-plane direction due to the alternating
sequence of nitride and boron atoms in the hexagonal array.*®
Although the noncentrosymmetrical structure and the lack of
an inversion centre are known as the basic origins of intrinsic
piezoelectricity, extrinsic piezoelectricity and polarized dipoles
can be induced in 2D materials by applying special interfaces,
e.g. doped graphene with out-of-plane piezoelectricity, which
will be discussed in the following section.

Some materials such as rhombohedral a-In,Se; and Janus
MoSSe exhibit more intricate piezoelectricity in both in-plane
and out-of-plane directions.*** In the synthesis of 2D Janus
MoSSe through plasma stripping and thermal selenisation,
one layer of S atoms in MoS, can be artificially replaced by a
layer of Se atoms, which creates a broken out-of-plane sym-
metry and vertical piezoelectricity in 2D MoSSe, which are not
observed in pristine 2D MoS,. Besides that, such a Janus
MoSSe monolayer takes advantage of the in-plane piezoelectric
effect due to atomic planar projections similar to those of the
TMDC family.®*

3. Preparation techniques of 2D
piezoelectric materials

To date, many synthesis methods have been developed for the
preparation of 2D materials which mainly can be divided into
two main groups of “top-down” and “bottom-up” methods. In
the first approach, bulk hosts of layered materials are delami-
nated into their elemental layers, while materials are grown
“atom by atom” under special conditions in the latter
method.®” Although various synthesis approaches have been
developed,” two major methods of exfoliation from the bulk
and direct growth by vapor phase deposition are the dominant
methods. In this section, different synthesis methods for the
synthesis of 2D materials are discussed with the emphasis on
those materials with piezoelectric properties.

3.1. Exfoliation

Generally, exfoliation is the process of dividing bulk layered
materials into their mono- or few-layered flakes by overcoming
the van der Waals interactions between the adjacent
layers.®®%” Bulk layered materials are defined as compounds
with periodic layered structures held together by weak inter-
layer noncovalent attractions and strong intralayer covalent
bonds.'®  Exfoliation  techniques  have  developed
considerably®®®® and new exfoliation derivative methods such
as mechanical cleavage, ion intercalation®® and surfactant-
assisted ultrasonication®® were further developed. During
mechanical exfoliation, the interlayer potential energies are
reduced by applying an external mechanical force. Mechanical
exfoliation techniques gave birth to graphene and the tech-
nique was later extended to other related 2D materials such as
phosphorene, h-BN, TMDCs and MXenes.'?%8%92-94

2D materials obtained through mechanical exfoliation are
of remarkably high quality with clean surfaces and high crys-
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tallinity, and as a result are considered to possess superior
physical properties including those which are important for
piezoelectricity. However, the large-scale production of 2D
materials via exfoliation techniques is limited because of the
associated low production rate and small yields of this tech-
nique, which might possibly be improved by liquid exfoliation.
In this regard, ultrasonic wave agitation has been extensively
used for generating cavitation bubbles and breaking up
layered crystals, allowing the production of exfoliated
nanosheets.'®®® However, such liquid phase techniques inter-
fere with crystallinity and sheet size and will induce surface
adsorbents to the final 2D sheets which can severely impact
their piezo properties.

As another exfoliation approach, the chemical exfoliation
method including solvent-assisted exfoliation or liquid phase
exfoliation (LPE)"*°* and ion intercalation assisted exfoliation
have been used for the large-scale preparation of 2D materials.
Layered compounds such as BN, Bi,Te;, C;N4;, Mo0S,, MoSe,,
MoTe,, NbSe,, NiTe,, TaSe,, and WS, were exfoliated by direct
sonication in organic solvents (like isopropanol and
N-methylpyrrolidone) and deposited on a large scale or as indi-
vidual flakes and nanosheets.®*°*% Inevitably, LPE introduces
functional groups and/or reduces the stoichiometry of the as-
prepared 2D materials altering the chemical composition from
that of the bulk, which might adversely affect their pro-
perties.®® Specifically for 2D TMDCs, the intense and invasive
LPE methods transform the crystal structure from the domi-
nant 2H structure that does not feature centrosymmetry into
semi-metallic 1T polymorphs which feature weak piezoelectri-
city and high electrical conductivity.

The exfoliation energies of many parent bulk materials
were estimated through high-throughput screening of material
databases to identify probable candidates for exfoliation to 2D
materials."®°® In the process of producing 2D materials, the
values of two closely related factors of binding energy between
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layers (Eg) and exfoliation energy (Exg), the required energy for
removing an individual layer, are extremely important.
Bjorkman et al.®” estimated the interlayer binding and exfolia-
tion energies in a large number of layered materials by
different methods. Calculations showed that the difference
between Eg and Exr is small and less than 4%; thus interlayer
binding energy can be assumed to be equal to the exfoliation
energy in all layered materials. Moreover, computational
results indicated that these energies for most systems, inde-
pendent of their electronic structure, are between 13-21 meV
A%, as shown in Fig. 5a-e.”” A topology-scaling algorithm
search in the Materials Project crystal structure database by
Ashton et al. nominated 826 stable layered materials that can
be exfoliated to 2D monolayers, while most of them (680)
showed an exfoliation energy lower than 150 meV per atom,
the threshold of exfoliation energies for experimentally existent
materials, as demonstrated in Fig. 5f.°® Similarly, a high-
throughput computational study determined 1825 candidates
for exfoliation with 1036 easily exfoliable and 789 potentially
exfoliable layered materials.®®

3.2. Chemical vapour deposition

Atomically thin films or flakes can be prepared directly on
specific substrates by depositing the desired compounds from
their gaseous phase or through reactions of gaseous precur-
sors in the vapor phase, leading to deposition methods which
offer 2D highly controllable layers that can achieve large area
coverage with good uniformity and high crystallinity. Such
layers can be of suitable physical quality to offer the predicted
piezoelectricity of specific 2D systems. Additionally, the direct
formation of 2D layers on a substrate that features different
crystalline and chemical properties from the deposited com-
pound can provide an inherent non-symmetry that can boost
the piezoelectric coupling coefficients. Chemical vapor depo-
sition (CVD), as one of the main approaches of vapor phase
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(a) The process of increasing the interlayer distance for calculating the interlayer binding energy and (b) the corresponding binding energy

curve. (c) Interlayer binding energies for a series of materials calculated by random-phase approximation (RPA) and the Vydrov and van Voorhis
(VV10) methods. (d) Comparison of the results of different DFT-based approaches for treating van der Waals (vdW) interactions to assess their rela-
tive deviations from RPA. Reprinted figure from ref. 97. Copyright (2012) by the American Physical Society. (f) The exfoliation energy histogram cal-
culated by DFT for 826 layered materials and (e) their comparison with experimentally synthesised 2D MoS, and SnSe. Reprinted figure from ref. 98.

Copyright (2017) by the American Physical Society.

2882 | Nanoscale, 2020, 12, 2875-2901

This journal is © The Royal Society of Chemistry 2020



Nanoscale

deposition, introduces thin layers of materials by the chemical
reaction of volatile precursors on substrates.'®® Due to control-
lable adjustment of the thickness and acceptable electronic
properties, different types of 2D piezoelectric materials such as
In,Se;, MoS,, MoSe,, WS,, and WSe, '°**°> have been syn-
thesized using the CVD technique. CVD is frequently con-
sidered to be the most practical approach for synthesizing
TMDC monolayers. Early reports on the synthesis of MoS,
were based on the growth of multilayer materials from S and
MoO; precursors'®>'®” or through the sulfurization of a Mo-
deposited substrate.

108

100 pm

10 pm

Fig. 6 (a) The schematic of chemical vapour deposition of MoS,. 1 to 5
legends in order are: MoOsz nanopowder, sulfur powder, horizontal
furnace, quartz substrates for deposition and quartz tube. Reproduced
from ref. 107 with permission from The Royal Society of Chemistry.
Optical images of CVD-grown (b) MoS, (reproduced from ref. 109. CC
BY 4.0) and (c) MoSe, (reprinted with permission from ref. 103.
Copyright (2014) American Chemical Society).
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Fig. 6 schematically describes the CVD principles of synthe-
sizing 2H-MoS, by the chemical reaction of MoO; and S on the
Si/SiO, substrate at elevated temperature.

The technique may also produce 2H-MoSe, when using the
Se precursor.'®*'* In addition to the mentioned advantages
of CVD over exfoliation methods, such as large-scale prepa-
ration and well-dispersed monolayers on the substrate, CVD
also provides a route to directly grow layered heterostructures
with clean interfaces, which are attractive for piezotronic
device applications.

3.3. Liquid metal-based printing

Many 2D materials including Ga,S;,"'" GaS, In,S;,""> SnO,"*?
and y-AIOOH™"* that are not accessible with existing synthesis
methods can be feasibly prepared through the liquid metal-
based reaction route using low melting point metals such as
gallium and its eutectic alloys.'*® Recently, Zavabeti et al.'*®
developed a unique technique to synthesis large area ultrathin
2D metal oxides using nontoxic eutectic gallium-based liquid
alloys as a reaction environment at room temperature to
isolate metal oxide nanosheets, including Al,0;, HfO, and
Gd,0;, from the liquid metal surface through two synthesis
approaches. The first is a van der Waals (vdW) exfoliation tech-
nique'"” in which the liquid metal droplet is touched by a
solid substrate, where the oxide skin is isolated due to the
absence of macroscopic forces between the oxide skin and the
parent liquid metal (Fig. 7a and b). In the second method,
pressurized air passes through the liquid metal placed under
deionized water, as shown in Fig. 7c. The oxide nanosheets
that formed due to the reaction between the injected air and
the liquid metal are dispersed into the aqueous solution as the
air bubbles are released. 2D piezoelectric GaPO, which is not
achievable by conventional exfoliation was also synthesized by
a liquid metal-based printing process followed by a secondary
vapor phase reaction.'*® Ga,0; nanosheets were first exfoliated
directly from liquid gallium onto a substrate (SiO,/Si wafer)

Touch

I print

sheet

Bubble Bubble

formation SUbstraFer
/ .
|
1 um |

L]
Drop-cast
2D sheets

(@) Thin layers of Al,Os, Gd,Oz and HfO, shown on the cross-section of the liquid metal. (b) vdW exfoliation technique through the touch

print of a solid substrate on the surface of the liquid metal which allows the transfer of interfacial oxide layer to the substrate. (c) Schematic descrip-
tion of the pressurized gas injection method into the liquid metal and bursting of the formed bubbles into the upper solution. A drop-cast resulting
sheet has been imaged on a SiO,/Si wafer (right). Adjusted with permission from ref. 116. Copyright 2017 American Association for the Advancement

of Science.
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Fig. 8 (a) The exfoliation of a Ga,O3z nanosheet by the vdW 2D printing

method from the surface of a gallium liquid metal followed by a phos-
phatisation step through the chemical vapour phase reaction to produce
GaPO,. (b) AFM topography and height profile of the aforementioned
GaPO,. (c) dz3 values of GaPQO, films with different thicknesses obtained
through PFM measurements and DFT simulations. Reproduced from ref.
118. CC BY 4.0. (d) The MoS, monolayer produced in the liquid phase
using an asymmetric microcentrifugation surface acoustic wave device
comprising LiNbO3z chips connected to the PDMS reservoir. Reprinted
with permission from ref. 126. Copyright (2018) American Chemical
Society. (e) Low-resolution bright-field TEM image of two stacking InSe
nanosheets directly grown by pulsed laser deposition (PLD) and (f) AFM
image of the triangular InSe monolayer inside the square. Reprinted with
permission from ref. 120. Copyright (2017) American Chemical Society.

and subsequently phosphatized during a chemical vapor reac-
tion in a tube furnace with phosphoric acid to result in GaPO,
with a thickness of 1.1 nm, as shown in Fig. 8a-c. Employing
PFM measurements and density functional theory simulation,
significant experimental and theoretical vertical piezoelectric
coefficients of 7.5 and 8.5 pm V', respectively, were observed
for these unit cell thick GaPO, nanosheets.

3.4. Other methods

There are also other types of deposition methods based on
molecular beam epitaxy and physical deposition techniques
that can result in high quality 2D crystals that should be tested
for creating piezoelectric materials. Hydrothermal methods
and salt-assisted and graphene-assisted synthesis techniques
are further possibilities for the preparation of 2D materials
that can be potentially used for making 2D piezoelectric
layers.>”

High quality MoSe, thin films were successfully grown
layer-by-layer from monolayer to eight layers by molecular

2884 | Nanoscale, 2020, 12, 2875-2901
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beam epitaxy (MBE) and in situ angle-resolved photoemission
spectroscopy (ARPES) was used to study the transition from
indirect to direct bandgap in MoSe, thin films with variable
thickness.""” Pulsed laser deposition (PLD) is classified as a
typical physical bottom-up approach for the deposition of com-
plicated oxide thin films;'*° however, this technique has been
recently used for growing 2D materials owing to the precise
control of thickness and stoichiometry, which are potential
piezoelectric candidates.'" Yang et al.'®° reported the direct
growth wafer-scale synthesis of single phase 2D InSe
nanosheets by PLD with a nominal thickness of ~1 nm
(Fig. 8e and f). The PLD technique has also been used for the
preparation of 2D 2H-MoS,***** and Yb/Er co-doped
WSe,."”® An interesting consideration is that the piezoelectri-
city of layered structures can assist in their exfoliation. Besides
the conventional exfoliation methods, piezoelectric MoS,
monolayers were obtained using a compact microcentrifuga-
tion surface acoustic wave (SAW) device which applied a conco-
mitant mechanical shear force and electric field for the
efficient exfoliation of layered bulk materials, shown in
Fig. 8d."%°

This developed SAW system presented a remarkable yield
per unit time of 3.816% h™" which is significantly higher than
those of other liquid phase exfoliation methods such as probe
sonication with an aqueous surfactant (0.625% h™")* and
liquid exfoliation using a blender with an aqueous surfactant
(0.40% h™")."*” Nebulization using SAW devices can also result
in high efficiency and ultrafast exfoliation of MoS,."*®

4. Characterization of
piezoelectricity in 2D materials

By thinning down to the nanoscale, many macroscopic
methods are not suitable for the characterization of 2D piezo-
electric materials. To date, different approaches have been
introduced and developed in both theoretical and experi-
mental areas to study 2D piezoelectric materials. Although
each method might be used for understanding a particular
aspect of the material, a variety of characterization techniques
and their combination are usually employed to ascertain the
comprehensive characterization of piezoelectricity in 2D nano-
materials. Density functional theory (DFT), molecular
dynamics simulations (MD) and molecular structural mech-
anics (MSM) can be highlighted as the most commonly used
atomistic simulation methods of determining piezoelectricity
in 2D materials; meanwhile, experimental techniques such as
piezoresponse force microscopy (PFM) and direct tensile
testing are employed to confirm these properties in parallel
with theoretical studies.”> The following section presents a
brief review of the simulation and experimental approaches
for investigating the piezoelectric properties of 2D materials.

4.1. Theoretical assessments

In parallel with the experimental explorations of new 2D piezo-
electric materials, theoretical and simulation research on the

This journal is © The Royal Society of Chemistry 2020
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piezoelectric characteristics of 2D nanostructures has also
emerged, to complement experimental studies on 2D piezo-
electric materials.>*®'*°'3> Today, many reviews on different
types of bulk piezoelectric materials can be found,"*#*%133:134
while experimental studies on 2D piezoelectric materials are
limited to a few well-known 2D nanostructures (e.g. h-BN and
MoS,)?>>891357139 and systematic data collection in monolayer
symmetries for probing piezoelectricity in 2D materials has
been rarely reported. Theoretical calculations and simulations
can now predict piezoelectricity in novel 2D materials that has
never been demonstrated through experiments. As a result, the
gap of knowledge in the domain of 2D piezoelectricity appears
to be filling fast through data mining of 2D materials in recent
reports. Data mining promotes the fast scanning of all
materials in a database to identify many unexplored materials
which are often not just confined to the well-studied material
families that would have been otherwise unlikely to be recog-
nized through experimental techniques. Recently, several
groups of 2D materials such as piezoelectric monolayers, elec-
trode materials and heterostructures have been established on
the basis of high-throughput computations and data-mining
algorithms.®

Ashton et al.®® carried out a data mining investigation of
the Materials Project crystal structure database using a topo-
logy-scaling algorithm (TSA) to recognize materials with poten-
tial layered motifs in their crystal structures through measur-
ing the sizes of bonded atomic clusters in different unit cells
(Fig. 9a). Their search yielded 826 promising layered materials
as potential candidates for the production of 2D monolayer
structures after exfoliation. The calculated data indicated that
some stable planes such as buckled structures, as shown in
Fig. 9b, could possess piezoelectricity due to their broken
inversion symmetry.

Cheon et al.*® carried out an intensive data mining survey
on around 50 000 inorganic crystals and discovered hundreds
of unrecognized low-dimensional layered structures including
325 potential 2D piezoelectric materials. A data mining algor-
ithm was employed to find Ilattice-commensurate hetero-
structures and two-dimensional weakly bonded solids in the
Materials Project database™® of bulk materials. Their algor-
ithm detected materials composed of 2D structures which
were held together through weak bonds such as weakly ionic
or van der Waals interactions and determined the dimension-
ality of van der Waals bonds between the subunits of bulk
materials.

The algorithm also monitored the bonding length as a cri-
terion to differentiate covalent and van der Waals bonds, in
order to identify how atoms are connected in subunits. Based
on this data mining investigation, 23 distinct chemical
families consisting of 1173 2D materials with unique chemical
formulas were identified while 325 of them were highlighted
as potential 2D piezoelectric monolayers owing to the lack of
an inversion centre in their single layer crystal structures and
non-zero band gap, as described in Fig. 9c, d and 3. 943 out of
the total 1173 2D materials have been experimentally
synthesized.*®

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Illustration of a topology-scaling algorithm to find probable
materials with layered motifs in their crystal structures. Black circles
imply the cluster of bonded atoms in a unit cell while coloured circles
represent seven periodic images of the same cluster for a 2 x 2 x 2
supercell of the original cell. Periodic images can bond to each other in
0, 1, 2 or 3 dimensions which define the dimensionality of structural
motifs. (b) Buckled structures of GeTe and SnS with broken inversion
symmetry that leads to piezoelectricity. Reprinted figure from ref. 98.
Copyright (2017) by the American Physical Society. (c) Different groups
of weakly bonded solids with 2D subunits and similar chemical compo-
sitions found through data mining in the Materials Project database (T:
transition metal, Ac: actinides, F: halogens, As; large pnictogens, S: chal-
cogens and La: lanthanides). (d) Distribution of band gaps for bulk
materials consisting of 2D layers estimated by the Kohn—Sham DFT cal-
culation. Reprinted with permission from ref. 48. Copyright (2017)
American Chemical Society.

4.1.1. Density functional theory. DFT has been employed
to scrutinize and measure the properties of 2D materials, such
as exfoliation energy, band gap, point group, and optical,
physical and piezoelectric properties, and has been proven to
be a robust technique.?”?®'*"*> DFT simulations also provide
the opportunity to predict and explain the origin of piezoelec-
tricity and compare the piezoelectric coefficients of different
materials.’”'*® First principles DFT calculations indicated the
presence of intrinsic piezoelectricity and strong piezoelectric
coefficients in group-III monolayer monochalcogenides with
an MX stoichiometry (M = Ga or In, X = S or Se).*' Fig. 10a
shows the atomic structure of 2D GaS from top and side views
which is also the representative structure for GaSe and InSe
monolayers. DFT-optimized parameters and their corres-
ponding experimental structural parameters of bulk phases
including monolayer thickness 7, lattice constant a,, band gap
Egop and M-M bond length dy;_ are listed in Table 2 for the
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Fig. 10 (a) Top and side views of the GaS monolayer. Lattice constant, thickness of the monolayer and the distance between two bonded metal

atoms are marked with ag, h and du_m, respectively. The x and y directions correspond to the armchair and zigzag directions of the monolayer,
respectively, and the bottom arrow indicates the polarization direction after uniaxial stretching of the monolayer. Reproduced from ref. 149. CC BY
4.0. (b) Periodic trend of dy; in 37 two-dimensional materials within three categories of metal dichalcogenides, metal oxides, and group IlI-V semi-
conductors (except PbO which possesses an inversion centre and a null piezoelectric response). (c) Direct relation of dy; in 2D transition metal
dichalcogenides (groups 5 and 6) to the ratio of anion and cation polarizabilities. (d) In group IlI-V compounds, di; is directly correlated to the anion
and cation polarizabilities ratio and the Bader charge and in-plane lattice parameter, except for AIN, InN and GaN. Reprinted with permission from
ref. 37. Copyright (2015) American Chemical Society. (e) 2D structural transition from a rectangular unit cell with threefold coordinated atoms to a
square unit cell with fivefold coordinated atoms in SnS and GeSe monochalcogenide monolayers at T.. Reprinted figure from ref. 150. Copyright
(2003) by the American Physical Society. Molecular dynamics numerical measurements of (f) stress—strain, (g) polarization density—strain and (h)
polarization density—electric field of 2D h-BN and MoS, (symbols). The elastic constant, piezoelectric coefficient and dielectric constant for 2D
h-BN and MoS; (lines) were obtained by applying linear curve fitting on the corresponding results of MD simulations. Reprinted from ref. 151, copy-
right (2019), with permission from Elsevier.

direct comparison of DFT results and experimental para-
meters. The DFT calculations estimated that GaSe, GaS and
InSe monolayers present significant piezoelectric coefficients

(2.30, 2.06 and 1.46 pm V*,

respectively) with the same order

Table 2 The comparison of the structural parameters and band gaps of

bulk and monolayer materials obtained through experiments
DFT calculations,*

145-

148 and

respectively (ap, h and du_m are in A and Egap is in
eV). Reproduced with permission from ref. 41

Bulk Monolayer
Material  a, h dvmv  Egp o h dviv Egap
GaSs 3.59 4.60 2.45 2.59 3.64 4.66 2.48 2.37
GaSe 3.76  4.78  2.46 2.10 3.82 4.83 2.47 1.81
InSe 4.00 5.28 2.78 117 4.09 5.39 2.82 1.40

2886 | Nanoscale, 2020, 12, 2875-2901

of magnitude as those of 2H-MoS, and h-BN indicating that a
large piezoresponse can be observed in many 2D materials
with a broken centrosymmetry.*' Other studies have also pre-
dicted piezoelectricity in graphene oxide and doped graphene.
DFT calculations estimated the piezoelectric coefficients to be
0.24, and 0.30 pm V' for graphene oxide and doped gra-
phene, respectively.>®3% 44

An intensive theoretical study was carried out by Blonsky
et al® on 37 2D materials from different families of metal
oxides (MO, M = Be, Ca, Cd, Mg, Pb, Zn), metal dichalcogen-
ides (MX,, M = Cr, Mo, Nb, Ta, W and X = S, Se, Te) and group
1I-V semiconductors (AX, A = Al, B, Ga, In and X = As, N, P,
Sb) to determine their piezoelectric coefficients. All of these
materials showed a hexagonal symmetry and nonzero piezo-
electricity, as shown in Fig. 10b, and the majority of them
exhibited dy, coefficients higher than the value for typical bulk
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Table 3 Piezoelectric coefficients (dy; in pm V™! and ey in pC m™) and formation energies (AE; in meV per atom) for 2D metal dichalcogenides,
group |l oxides and group llI-V compounds. Reprinted with permission from ref. 37. Copyright (2015) American Chemical Society

Metal dichalcogenides Group II oxides

Group III-V compounds

Material dyy €11 AEg Material dyy e AE; Material dy €11 AE;
CrS, 6.15 543 75 BeO 1.39 132 90 BN 0.61 139 90
CrSe, 8.25 575 75 MgO 6.63 230 430 Bp 2.18 240 520
CrTe, 13.45 654 85 CaoO 8.47 155 560 BAs 2.19 204 520
MoS, 3.65 362 77 ZnO 8.65 266 190 BSb 3.06 206 590
MoSe, 4.55 383 80 cdo 21.7 333 260 AIN 2.75 223 510
MoTe, 7.39 467 83 PbO 0 0 85 AlP 0.09 3.5 520
WS, 2.12 243 77 AlAs 0.38 12.7 500
WSe, 2.64 257 80 AISb 0.79 19.9 480
WTe, 4.39 323 120 GaN 2.00 148 420
NbS, 3.12 211 93 GaP 1.29 52.6 450
NbSe, 3.87 222 97 GaAs 1.50 49.0 410
NbTe, 4.45 184 100 GaSb 1.42 33.2 390
TaS, 3.44 267 87 InN 5.50 224 450
TaSe, 3.94 250 90 InP 0.02 0.5 440
TaTe, 4.72 207 140 InAs 0.08 1.7 410
InSb 1.15 17.9 380

piezoelectric structures, except 2D tetragonal PbO which has
an inversion centre and a null piezoelectric tensor. In particu-
lar, CaO, CdO, CrSe,, CrTe, and ZnO systems revealed remark-
able piezoelectric coefficients, as listed in Table 3. The nomi-
nated 2D materials generally presented low formation energies
compared to their bulk counterparts which facilitate their exfo-
liation from bulk structures™*'*
already been synthesized and experimentally
characterized.”®'**"** Through DFT calculations, Duerloo
et al.*® discovered that unlike their bulk counterparts, many

and some of them have

regular 2D monolayers of TMDCs possess piezoelectric pro-
perties. Their calculations of the piezoelectric coefficient of
monolayer materials revealed that some of them may exhibit a
piezoelectric coupling factor larger than many recognized bulk
wurtzite structures such as AIN.>°

Furthermore, the DFT calculation was used for finding a
correlation between the piezoelectric coefficient and structural
properties of these 2D materials. As shown in Fig. 10c, the
piezoelectric coefficients (d;;) of 15 materials in group 5 and 6
transition-metal dichalcogenides are directly proportional to
the ratio of polarizabilities of isolated cations and anions indi-
cating that the strong piezoelectric coefficient in dichalcogen-
ides arises from the small cation and large anion polarizabil-
ity. A similar trend was identified in the case of 2D materials
of groups III-V (Fig. 10d). In this class, piezoelectricity orig-
inates from the displacement of ions and the resulting change
in polarization. It was observed that the piezoelectric coeffi-
cient is correlated to the ratio of cation and anion polarizabil-
ities, and the formation of the Bader charge and lattice
parameters.®’

4.1.2. Molecular dynamics. MD is one of the main
approaches to study nanomechanics, since the size-dependent
properties in nanostructures can be well predicted through
MD  simulations MD
calculations'>>"*°® have been employed sporadically for study-

using continuum theories.">*

ing the origin of piezoelectricity and some other piezoelectric

This journal is © The Royal Society of Chemistry 2020

properties such as the piezoelectric coefficient, strain effects,
and phase transition in the bulk and one-dimensional piezo-
electric materials;">’"'°! however, very few similar studies on
2D piezoelectric materials have been reported.'®

MD has been used for predicting the fundamental effects
of temperature on the physical properties of few-layered group-
IV monochalcogenides, identifying temperature as an avenue
towards the tuning of the material’s properties. According to
the MD calculations, SnSe and GeSe monochalcogenide mono-
layers experience a two-dimensional rectangular-to-square unit
cell phase transition at a critical temperature 7., as shown in
Fig. 10e,"*® which leads to a dramatic change in their band
structure and electronic, piezoelectric, spin and optical pro-
perties. Similarly, another MD simulation on the stability of
2H single-layer CrS, at 600 K showed no structural transition,
indicating the stability of single-layer piezoelectric CrS, at this
temperature.'*?

Recently, Zhang conducted MD simulations on the piezopo-
tential properties of 2D h-BN and 2H-MoS, nanosheets.”"
Accordingly, a new nonlocal electromechanical model based
on Eringen’s nonlocal theory was designed for studying the
small-scale effects in the analytical modelling of these 2D
materials. The numerical simulations and analytical modelling
showed that small-scale effects can change the electromecha-
nical behaviours of 2D piezoelectric materials and significantly
affect their piezopotential properties, indicating that pre-
viously used classical electromechanical models are not
reliable for the precise characterization of the piezopotential
in 2D piezoelectric materials. Moreover, the elastic constant,
piezoelectric coefficient and dielectric constant of 2D h-BN
and MoS, materials were numerically measured through the
MD simulations, as shown in Fig. 10f and g. The MD findings
also showed that the piezo-potential coefficients of both h-BN
and 2H-MoS, nanosheets increased by decreasing their
lengths which proves that the piezo-potential properties of 2D
materials can be significantly enhanced at the nanoscale by
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small-scale effects that change the electromechanical beha-
viours of 2D materials.'>!

4.1.3. Molecular structural mechanics. Although the
material characteristics and element sectional parameters are
readily available in material data handbooks or can be calcu-
lated through the element sectional dimensions for practically-
produced macroscopic structures, there is no information
about the sectional and elastic properties of atom-atom bonds
for nanostructured materials; hence, establishing a link
between the macroscopic structure and microscopic compu-
tational chemistry seems necessary.”® For this purpose, the
covalent bonds among two adjacent atoms act as connecting
beam members with round cross-sections where individual
atoms act like the joints of related load-bearing beam members
with bending and axial stiffness and torsional rigidity. The sec-
tional properties of these beam members are determined by
setting a linkage between molecular mechanics and structural
mechanics.'®>'®" Subsequently, the whole nanostructure is
considered and simulated as a space frame structure, which
can be solved and explained by the MSM method.** MSM simu-
lations have been extensively employed for the prediction and
modelling of the mechanical behavior of different nano-
structures such as graphene and h-BN nanosheets'®>'®® and
the study of piezoelectricity in 2D h-BN.'®” Using MSM, Zhang
et al.'® studied the buckling and pre-buckling deformation
behaviors of h-BN nanosheets subjected to an electric field.
These deformations are the consequence of the stress gener-
ated in the sheets through the reverse piezoelectric effect under
the exposed electric field. The obtained results indicated struc-
tural selective deformations for BN as axial and shear defor-
mations were observed in zigzag and armchair h-BN planes,
respectively, suggesting the high dependence and relation of
polarization in the BN nanostructure to the crystal orientation.
The influence of the aspect ratio a/b of BN nanosheets on the
critical buckling axial electrical field (E.,) was also tracked by
MSM. Calculations showed that E.. decreases by increasing the
ratio a/b, especially for armchair h-BN.

4.2. Experimental assessments

Generally, piezoelectric coefficients in piezoelectric materials
can be determined through the direct measurement tech-
niques such as laser Doppler vibrometry,'®®**® laser interfero-
metry,"””® and pneumatic pressure rig,"”" by indirect methods
including impedance and return loss'”> and acoustic wave'”?
and by other methods.'”* However, most of these methods are
unable to identify the local electromechanical properties at the
nanoscale.

Moreover, by reducing the dimensions of piezoelectric
materials to the atomic scale, the common characterization
methods of measuring piezoelectricity in bulk materials such
as the Sawyer-Towler-circuit method are not suitable and new
alternatives were developed. Various techniques are used for
the structural and elemental characterization of 2D piezoelec-
tric materials and their outcomes are employed as inputs for
either first-principles calculations and further simulations.
The synthesis-structure-property correlations in piezoelectric
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materials can be established by comparing the results of these
simulations and experimental measurements of the tested
specimen.®

4.2.1. Piezoresponse force microscopy. PFM employs the
inverse piezoelectric concept to measure piezoelectricity in
materials. Basically, a small AC voltage is applied to the
surface of the sample through the atomic force microscope
(AFM) tip resulting in an inhomogeneous electric field below
the tip. This electric field induces local surface deformations,
including lateral torsions and vertical expansions or retrac-
tions which deflect the cantilever which is sensed by the lock-
in amplifier."”>'”® The mechanism of PFM imaging and poss-
ible movements of the cantilevers are demonstrated in Fig. 11a
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Fig. 11 (a) lllustration of the PFM mechanism. (b) Schematics of vertical
(1) and lateral (2) PFM. Reprinted with permission from ref. 177. (c) In-
plane (IP) and out-of-plane (OOP) switching coupling models in an
In,Ses flake. (d) OOP and IP phase images of the In,Ses flake after
writing two square patterns indicating that the polarization direction can
be changed by an external bias. Scale bar is 1 um. (e) Local ferroelectric
switching loops of the In,Ses flake without and with a Au top electrode.
The butterfly-like amplitude—voltage loop and sharp change in the
phase graph are typically observed in ferroelectric materials. Reprinted
with permission from ref. 83. Copyright (2018) American Chemical
Society.
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and b."””"”® The amplitude and phase of the generated defor-
mations are used for identifying the strength and direction of
dipoles in piezoelectric materials. Due to the improvement of
the spatial resolution of PFM in recent years, the technique
has become one of the most useful tools for characterizing the
electromechanical properties of piezoelectric and ferroelectric
nanostructures, allowing the characterization of domain
nucleation and evolution,'”® the conduction of static domain
imaging'®® and resolution analysis,'®' and manipulation and
fabrication at the nanoscale.'”*'®> The PFM technique is
widely used for the quantitative measurement of piezoelectric
coefficients, ferroelectric domain imaging and determining
the domain switching behaviours in 2D piezoelectric
materials. The image contrast arises due to changes in the
piezoresponse sign when crossing the boundary of domains
with opposite polarizations. As a special class of piezoelectric
materials, ferroelectric materials present piezoelectricity due
to the lack of structural symmetry. Ferroelectrics exhibit spon-
taneous polarization, i.e. polarization in the absence of an
electric field; hence PFM is also employed extensively for
studying ferroelectric materials. The ferroelectric nature of
materials can be further confirmed by combining the ampli-
tude-voltage butterfly loop, 180° phase-voltage reversal loop
and switched domains caused by opposite voltages, as shown
in Fig. 11c-e.>>%

4.2.2. Laser Doppler vibrometry. The out-of-plane
vibrations with ultra-high frequencies can be detected by laser
Doppler vibrometry (LDV).'®* Basically, the Doppler frequency
shifts by light scattering on the moving surface. The shift in the
Doppler frequency is directly proportional to the velocity of the
surface and hence the non-contact and easy measurement of
the surface vibration velocity is possible by tracking the Doppler
frequency shift. An optical microscope can be used to transmit
and focus the laser beam on the sample, as well as tracking the
sample changes.'®* LDV has been used for measuring the piezo-
electric coefficient of piezoelectric thin films of materials such
as PZT, AIN, LiNbO;, and NBT."**"®” In such processes, a vari-
able DC bias voltage and an alternating small voltage (V,.) are
applied to the piezoelectric material for measuring the piezo-
electric hysteresis loop. An electric field is generated and cycled
in the piezoelectric material and the resulted displacements are
monitored. The DC bias field is applied in cycles to obtain the
ds; versus electric field hysteresis loop and the piezoelectric
coefficient can be calculated using the equation ds; = At/V,,
where At is the amplitude of vibration (pm) of the piezoelectric
material."®® LDV has been employed to record the visual surface
displacements of 2D MoS, attributed to the acoustically gener-
ated electric field in the piezoelectric MoS, monolayer, as
shown in Fig. 12a.'®® Using the contrast against the substrate
the piezoelectric coupling coefficient could be estimated.

4.2.3. Second-harmonic generation. Second harmonic
generation (SHG) or frequency doubling is a special phenom-
enon of sum-frequency generation. SHG is described as a non-
linear optical technique in which a nonlinear material interacts
with two photons of the same frequencies (w), generating a new
photon with twice the frequency (equivalently twice the energy)
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Fig. 12 (a) Optical image of 2D MoS; flakes (left) and visual evidence of
their inherent piezoelectricity by measuring the vibration pattern and
intensity in single layer MoS; flakes by laser Doppler vibrometry (LDV)
after acoustic wave excitation (right). Reprinted with permission from
ref. 169. Copyright (2016) American Chemical Society. (b) Description of
second-harmonic generation and schematic energy-level diagram. (c)
Fitted curves of the second-harmonic (SH) intensity of odd-layer atom-
ically-thin h-BN and MoS, samples as a function of their crystallographic
orientation. Column diagram shows the layer dependence of the SH
intensity and surface nonlinear susceptibility in few layered (one to five)
MoS;, and h-BN materials indicating the noncentrosymmetric structure
of odd layer thicknesses. Reprinted with permission from ref. 23.
Copyright (2013) American Chemical Society. (d) AFM image of a MoS,
thin film with a variable thickness from 1 layer to 3 layers (scale bar is
1 um) and the corresponding second-harmonic image where the
brighter color indexed by X means a stronger SHG intensity in the 1L
region of MoS,; (scale bar is 5 um). (e) Polar plot based on the second-
harmonic intensity as a function of the angle in the MoS, monolayer.
Reprinted figure from ref. 190. Copyright (2013) by the American
Physical Society.

and half the wavelength of the original photons, as depicted in
Fig. 12b. Similar to other even-order nonlinear optical cases,
SHG is not found in materials with inversion centrosymmetry;
therefore it can be applied as a powerful tool for the characteriz-
ation of ferroelectric and piezoelectric materials.'**'®* SHG has
been used widely as a robust method to probe the symmetry
variations in 2D piezoelectric materials and for domain
imaging and switching in ferroelectrics."****'" The optical
second-harmonic generation in few-layered (one to five) atomic-
ally-thin MoS, and h-BN samples was investigated by Li et al.*?
As shown in Fig. 12¢, strong and weak SHG signals were
observed in odd and even layers, respectively, implying the non-
centrosymmetric structure and broken inversion symmetry of
materials with odd layer thickness. Rotational symmetries of
lattices were also revealed by measuring the SHG as a function
of crystal orientations in odd layer MoS, and h-BN samples
which proved that few-layered MoS, and h-BN materials possess
the same crystallographic structure as those of the layers in
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their bulk crystals. In a similar manner, the orientational
dependency of SHG has been used for imaging the crystal
domains of CVD-grown and exfoliated 2D MoS,."**'%> An
example is shown in Fig. 12d, in which the brighter region pre-
sents a stronger second-harmonic intensity in the MoS, mono-
layer which depends on the laser input power and the crystal
rotation angles. A sixfold pattern can be obtained when the
second-harmonic intensity of this area (1L MoS,) is plotted as a
function of the rotation angle shown in Fig. 12e. PFM and SHG
are considered as ideal non-destructive techniques for the
characterization of thin films. The extreme sensitivity of SHG to
symmetry changes also leads to its application in the determi-
nation of the Curie temperature and the identification of ferro-
electric-paraelectric phase transitions.'”® However, PFM offers
a remarkably higher spatial resolution in comparison with SHG
which allows high resolution domain imaging. As such a com-
bination of both techniques is often applied.*®

4.2.4. Direct tensile testing. Tensile testing and lateral
bending are known to be the most common ways of determin-
ing direct piezoelectricity by measuring the generated electric
potential or charge under mechanical deformation in piezoelec-
tric nanostructures; however, the low amplitudes of the gener-
ated charges or voltages in 2D materials and the need for ultra-
sensitive electronic measurement devices present challenges.

In the direct tensile testing method, the piezoelectric speci-
men is laid on a precision tensile device, while two conductive
contacts are created at the specimen’s sides which are linked
to a charge amplifier. Due to the piezoelectric effect, the
applied direct tensile stimuli induce electric polarization in
the sample and the generated electric charges are measured.®
According to the experimental tensile study on monolayer
MoS, by Wu et al.,'* oscillating current and voltage signals are
observed when odd-layer MoS, materials are stretched and
released, as shown in Fig. 13a and b. Positive voltage and
current output were identified when a strain was applied in
the x direction (armchair), while a decreasing strain resulted
in a negative output which directly indicated the conversion of
mechanical stimuli into electricity by 2D MoS,. By straining
the device along the armchair direction of MoS,, strain-
induced piezoelectric polarizations evolve in the zigzag edges
of the sample and a flow of electrons occurs in an external
load resistor. Here, by releasing the device into its initial state,
piezoelectric polarization charges disappear and electrons
drive back in the opposite direction. Stretching and releasing
cycles of the device cause alternating pulses. However, by the
rotation of the strain direction from x (armchair) to y (zigzag),
the piezoelectric response is reversed. This dependency of
piezoelectric charge polarization on the strain directions can
be interpreted through the symmetry analysis of the D3}, point
group of single layer MoS,.

According to the D3}, symmetry, 2D MoS, only presents one
non-zero independent coefficient e;;. Thus, the in-plane polar-
ization along the x direction can be explained as P; = e14(¢1; —
€55), where €1, and ¢,, are the strain tensors along the x and y
directions, respectively. Consequently, the sign of the piezo-
electric output reverses by switching the strain direction from
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Fig. 13 (a) Optical image of a typical device made by depositing a
single layer MoS, flake on a PET flexible substrate between metal elec-
trodes. (b) Mechanism of generating the piezoelectric output due to
continuous stretching and releasing of the 2D MoS, piezoelectric
device. Piezoelectric polarizations are produced at the zigzag edges of
the MoS, monolayer upon stretching. (c) Decreasing the piezoelectric
output by increasing the number of layers in the MoS, flake while even
layers and the bulk do not show any output. Reprinted by permission
from  Macmillan Publishers Ltd,**  copyright  (2014). (d)
Electromechanical behaviour and /-V,, characteristics of a MoS, device
under compressive (left) and tensile (right) strains at different applied
forces. Inset photos present the relation between the locations of the
applied forces and the resulting compressive/tensile strains. Current
values decreased and increased under compressive and tensile strains,
respectively. Reproduced from ref. 102. CC BY 4.0.

x (armchair) to y (zigzag)."* In fact, a peak output of 20 pA and
15 mV associated with a mechanical to electrical energy con-
version efficiency of 5.08% was produced after the MoS, mono-
layer was strained by 0.53%, while this output decreased with
increasing thickness (Fig. 13c). The piezoelectric effect in tri-
angular MoS, monolayers was also studied by measuring the
I-V curves under isotropic mechanical deformation using an
AFM tip in the centre and edge of 2D MoS,. A drop and a
growing trend in current magnitudes were observed under
compressive and tensile strains on these MoS, monolayers,
respectively, which were fixed between sets of S-D (source/
drain) electrodes, as shown in Fig. 13d. These devices could be
used as strain/force sensors. The contrasting behaviour of
compressive and tensile strains was rationalized by differences
in locally strain-induced charge polarizations.'***%*

5. Applications of 2D piezoelectric
materials

As discussed earlier, the polarization direction imposes a
crucial impact on the piezoelectric properties of 2D materials
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which subsequently defines their specific performance in
different devices and applications. For example, although the
h-BN monolayer presents good thermal conductivity and
superior mechanical and chemical properties, its application
is limited due to the planar structure and the absence of out-
of-plane piezoelectricity.> Therefore, attempts have been made
to predict and engineer different polarization directions in
other 2D material candidates for nanoelectromechanical
applications ?”3960:62:66.74195 = A gymmetry analysis using
density-functional perturbation theory predicted 37 2D
materials with an in-plane (d;;) piezoelectric coefficient
among metal oxides and metal dichalcogenides, while an
additional out-of-plane coefficient (d3;) was found in some
hexagonal group III-V materials, such as AlAs and InP.*”

The exceptional and unique properties of 2D piezoelectric
materials have led to the creation of many innovative devices
for a large variety of applications such as piezotronics,"">'9¢
energy harvesting and storage,'"'%77% catalysis, %2012
optoelectronic,?®?°*?%* nanoelectronic and piezophoto-
tronic applications,">?%7?% actuations,”” sensing®'®>'* and
bio-applications.”**"*'> The most important applications of 2D
piezoelectric materials are discussed in the following section.

205,206

9

5.1. Piezotronics

The presence of piezoelectricity in semiconductor materials
with different crystal structures has greatly helped in the devel-
opment of the piezotronic research field.>'®*'” The piezotronic

effect was introduced for 3D wurtzite piezoelectric nano-
and since then many electronic devices

structures in 2007%*®
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such as strain sensors,?'?**° nanodiodes,?*! and nanotransis-
tors emerged based on piezotronics.?** This effect can be
explained as the change of the interfacial carrier dynamics as
a result of piezoelectric polarization modulation.>?* The piezo-
tronic effect employs the piezoelectric potential as the gate
voltage to modulate the properties of charges which affect the
interfacial properties, in contrast with conventional electronics
which rely on the electrostatic coupling between the electric
field induced by the gate voltage and a conductive channel.'®
One of the very first experimental demonstrations of piezotro-
nics in 2D materials has been in 2H-MoS, monolayers,'*
which were also confirmed by DFT calculations.'**'” This
first 2D piezotronic device was successfully implemented by
transferring MoS, flakes on flexible polyethylene terephthalate
(PET) substrates, as shown in Fig. 13a. The resulting metal-
semiconductor-metal structure comprised of two back-to-back
Schottky barriers. The effect of strain on the electrical trans-
port properties of such MoS,-based devices was investigated by
Wu et al. and Liu et al''"® They measured the electric
current-voltage curves of the developed devices and assigned
the asymmetry changes in the output curves to the presence of
the piezotronic effect, which modulates the metal-MoS, con-
tacts, as shown in Fig. 14a and b. It was found that under
strains, the current-voltage curves showed alternating
changes, indicating that changes in the transport behaviors
mainly arise from piezotronics.

Since 2D MoS, is a semiconducting piezoelectric material,
for which carrier transport can be modulated by strain-
induced piezoelectric charges, it is a promising candidate for
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(a) The effect of strain in a single-layer MoS, device under an opposite drain bias which leads to an asymmetric modulation of carrier trans-

port implying the piezotronic characteristics of the device. The current—voltage curve moves under the applied strains (¢ with negative and positive
signs denotes the compressive and tensile strains, respectively). (b) The band diagrams of a single layer MoS, device. The observed piezotronic
behaviour is explained based on the changes of Schottky barrier heights due to the strain-induced polarization, where ¢s and ¢4 are the heights of
Schottky barriers at source and drain contacts, respectively, and E, represents the change in the Schottky barrier height as a result of piezoelectric
polarization charges. Reprinted by permission from Macmillan Publishers Ltd,** copyright (2014). (c) Optical image of a flexible two terminal single-
layer MoS, piezophototronic device. (d) Schematic description of the setup used for studying the piezophototronic properties of 2D MoS,. (e) Band
diagrams explaining the working mechanism of the piezophototronic process and the relation between the photocurrent (/) and the applied strain
in the monolayer MoS, photodetector. The observed piezophototronic response is attributed to the variations of the Schottky barrier height caused
by strain-induced polarization. Reproduced with permission from ref. 208, copyright John Wiley and Sons, 2016.
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developing piezotronic devices.” By assembling a strain/force
sensor, Qi et al. investigated the piezotronic properties of 2D
MoS, arising from coupled in-plane piezoelectricity and carrier
transport.'® In this work, local isotropic strains were applied
to different spots of monolayer MoS, using a contact mode
AFM, whilst an external bias was applied for measuring the
corresponding conductivity changes. Here the AFM load on
the centre and near the edges of the MoS, monolayer led to
compressive strain (concave shaped deformation) and tensile
strain (convex shaped deformation), respectively, as shown in
Fig. 13d. With increasing force, the current decreased and it
increased under compressive and tensile strains, respectively.
The current modulation in this device was associated with the
changes in the Schottky barrier height (SBH) as a result of the
applied strains and piezotronic effect. In such a device, com-
pressive strain increased the barrier height thereby decreasing
the generated current. Conversely, a tensile strain decreased
the barrier height and increased the current. At the molecular
level, and according to the energy band diagrams, negative
piezoelectric polarization charges are generated at the zigzag
edges of the 2D MoS, triangle under compressive strain. The
produced negative piezopotential depletes free electrons close
to the metal interfaces, leading to increased SBHs at both con-
tacts and eventually current reduction under the compressive
strain. In reverse, positive piezoelectric polarization charges
are induced at three zigzag edges of the MoS, monolayer due
to a local tensile strain and the free electrons near the inter-
faces between metal contacts and MoS, are attracted by the
produced positive piezopotential, resulting in reduced SBHs at
both contacts and increase in the measured current under the
tensile strain.'®> The ability of the piezotronic effect in the
modulation of metal-semiconductor contacts in 2D materials
introduces new approaches to develop photovoltaic, opto-
electronic, catalysis and force nanosensor technologies'®>
without the need for modifying the chemistry and physics of
interfaces.

5.2. Data transfer and modulation/demodulation

One of the possible applications of piezoelectricity in 2D
materials which are also semiconducting is the modulation/
demodulation of the data. After the exposure of a direct
bandgap 2D semiconductor to light, excitons are produced
that can be dragged using acoustic waves along the planar
surface of the 2D materials. The excitons only recombine when
they are screened. The entrapment of the excitons on the
surface and the presence of piezoelectricity help to alter the
velocity of the propagation via the applied signals and as such
provide the modulation and demodulation capability.*** This
was first demonstrated in monolayer MoS, and the concept
should be further expanded to other 2D piezoelectric materials
for commercial applications.®®

5.3. Piezophototronics

Some 2D materials show unique photonic properties in
addition to their remarkable piezoelectric abilities, leading to
novel applications in innovative optoelectronics. The piezopho-
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totronic phenomenon is generated in 2D materials when dis-
tinctive piezoelectric, photonic and semiconductor properties
are coupled.”® Fundamentally, electro-optical observations
such as carrier generation, separation, transport and recombi-
nation at p—n junctions or metal-semiconductor Schottky con-
tacts can be systematically controlled by applying a strain-
induced piezopotential in piezophototronic materials*'®>>®
leading to the emergence of improved optoelectronic devices
including solar cells, light-emitting diodes (LEDs), photosen-
sors and photoelectrochemical devices.'>?**7>** Both piezotro-
nic and piezophototronic systems employ piezopotential as
gate stimuli to modify the optoelectronic and electronic inter-
actions in semiconductor devices.”*! The principles of the
piezophototronic effect was initially explained in 2010 by Hu
et al.>** for 3D wurtzite piezoelectric nanostructures. This
effect was also recently observed in 2D materials such as
2H-MoS, for applications in strain-gated flexible opto-
electronics.”®® For this purpose, the crystallographic orien-
tations of mechanically-exfoliated MoS, monolayers were
determined through the second-harmonic generation method
before transferring on flexible substrates between two electri-
cal contacts, as shown in Fig. 14c. The piezophototronic per-
formance of this 2D MoS,-based device was monitored by
measuring the generated photocurrent under systematically
tuned optical illumination and mechanical strain, as depicted
in Fig. 14d. The process of the strain-gated flexible opto-
electronics and the strain dependence of the photocurrent in a
device under a —2 V drain bias is schematically illustrated in
Fig. 14e. By applying a mechanical strain to the device, the
piezoelectric charges generated in the zigzag edges of the
MoS, monolayer affect the metal-MoS, contacts directly
through modulating the concentration or distribution of free
carriers in single layer MoS, at the vicinity of the Schottky
barrier. In another word, the mechanical strain acts as a con-
trolling gate signal to modify the optoelectronic mechanism
which can be called the piezophototronic effect. As shown in
Fig. 14e, the tensile strain and large compressive strain caused
a decrease in the photocurrent, while a small compressive
strain increased the photocurrent, as discussed in ref. 208.
The piezophototronic behavior of a 2D MoS, single Schottky
solar cell was theoretically simulated and compared with other
counterparts including MoSe, and WSe,.>*® This study
revealed that the performance of solar cells can be enhanced
when the SBH is tuned effectively by strain-induced piezo-
polarization charges in the interface. Accordingly, an increase
of 5.8% in the open-circuit voltage was seen after applying a
1% strain (Fig. 15a) and the modulation impact of the piezo-
phototronic effect on the MoS, solar cell was found to be sig-
nificantly higher than that of WSe, and MoSe, solar cells
(Fig. 15b) likely due to the higher measured piezoelectric
coefficient in MoS, (although theoretically the coupling coeffi-
cient of MoSe, is higher than that of MoS, - Table 3).>*?

5.4. Energy harvesting

2D piezoelectric materials are also of great interest in the con-
struction of flexible nanogenerators, owing to their morpho-

This journal is © The Royal Society of Chemistry 2020
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Fig. 15 (a) The dependence of open circuit voltage (V) and maximum output power (P,,,) under various applied strains in a two-dimensional MoS,

piezophototronic solar cell. (b) The comparison of y of a piezophototronic solar cell in three 2D materials (MoS,, MoSe, and WSe;) as a function of
strain. The ratio y introduces the modulation for the open circuit voltage of a piezophototronic solar cell by piezoelectric charges. Reprinted from
ref. 233, copyright (2017), with permission from Elsevier. (c) Electric field applied to a MoS,; monolayer along the armchair (Mo and S parallel, left)
and zigzag (Mo and S in the same line, right) directions of the triangular monolayer MoS, flake. (d) Voltage output resulted by applying strain to the
MoS, nanogenerator along the armchair and (e) zigzag directions. Reprinted from ref. 104, copyright (2016), with permission from Elsevier. (f)
Piezoelectric energy harvester (PEH) based on the WSe, monolayer with the Cr/Au electrodes and PET substrate. (g) Voltage output signal of the 2D
WSe,-based PEH by applying a 1 GQ external load. Reproduced with permission from ref. 234, copyright John Wiley and Sons, 2017. (h) A piezoelec-
tric device based on a Pbl, nanosheet connected to Au electrodes on a PET substrate. (i) Forward and reversed open-circuit voltages of a 2D Pbl,
piezoelectric device while the blue line indicates the open-circuit voltage of the device without a Pbl, nanosheet. Reprinted from ref. 235, copyright
(2018), with permission from Elsevier. (j) Different stacking structures of bilayer WSe;; AA and AB stacking modes show polarity in the same direction
while the directions of polarity in the AA’, AB" and A'B stacking structures are opposite. (k) The comparison of simulated piezoelectric coefficients of
monolayer WSe, with AA and AB stacked structures. The inset shows the estimated polarization charges obtained by DFT simulation for the WSe,
monolayer compared to different stacking counterparts under the same uniaxial strain. (1) A large-area integrated PEH device created by parallel
connection of four arrays of tb-WSe, (each array consists of five tb-WSe,, as magnified in the left photo) and (m) the output voltage signals of this
tb-WSe, based PEH device measured periodically under 1 GQ of load resistance. Reproduced with permission from ref. 234, copyright John Wiley
and Sons, 2017.

pared to the zigzag direction under the same strain of 0.48%,
as demonstrated in Fig. 15c-e."® Following these pioneering
studies on MoS, nanogenerators, other nanogenerators for
energy harvesting based on 2D WSe,>** and Pbl,**” were
reported as shown in Fig. 15f-i. Although the previous report™
indicated that nanomaterials with even layer thickness possess

logical advantages." As discussed earlier, the strong piezoelec-
tricity with a dy; value in MoS, monolayers (Table 3) was used
within a flexible substrate to form a 2D nanogenerator.'* In
contrast to this nanogenerator where the piezoelectric
response was only found in the zigzag edges of MoS, mono-
layers, Kim et al. detected an electrical output on both zigzag

and armchair edges of the triangular-shaped MoS, monolayer,
and particularly the nanogenerator device based on the arm-
chair direction of MoS, provided a double output power com-

This journal is © The Royal Society of Chemistry 2020

an AA’ stacking structure and consequently are non-piezoelec-
tric due to the centrosymmetric structure, Lee et al. proved
that piezoelectric properties can be engineered in WSe,
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bilayers (b-WSe,) through turbostratic stacking and artificial
transferring of the WSe, monolayer (m-WSe,) onto another
which results in tb-WSe, structures with another four stacking
modes of AA, AB, A'B and AB', as shown in Fig. 15j. Since the
AA and AB modes of stacked b-WSe, exhibit polarity in the
same direction, they retained the piezoelectric coefficients of
1.08 and 1.19 pm V', respectively (Fig. 15k). In this work, the
total output of tb-WSe, piezoelectric energy harvesters (PEHS)
was increased by integrating a sequential series of tb-WSe,
nanogenerators through a multi-electrode patterning design,
as shown in Fig. 151 and m.>** Lépez-Suérez et al.'*® showed
that tailored nonlinearities in 2D-based piezoelectric systems
can also lead to remarkable energy harvesting from ambient
energy inputs such as vibration and thermomechanical
sources. They explored the dynamics and applications of wide
bandgap h-BN monolayers in nonlinear vibration energy har-
vesting devices with the aid of ab initio calculations and mole-
cular dynamics simulations. The system was driven into a non-
linear bistable situation by applying the compressive strain. In
this regime, quasi-harmonic vibrations were combined with
low-frequency swings between the minima of a double-well
potential and electrical power is naturally produced in the
nonlinear mechanical harvester due to the intrinsic piezoelec-
tricity of 2D h-BN. In particular, it was predicted that a 20 nm?
device (20 nm x 1 nm h-BN monolayer) under 0.3% compres-
sive strain can generate up to 0.18 pW from a 5 pN vibration.
Such a device has yet to be experimentally shown.

5.5. Sensors

2D piezoelectric materials are employed as constituents of
different types of sensors such as strain, optical, humidity,
chemical, and gas sensors. Fabrication of strain sensors
requires materials with specific characteristics such as excel-
lent electrical performance, good mechanical compliance and
suitable processability that allow patterning for device fabrica-
tion. So far 1D nanomaterials, including nanowires and nano-
rods of piezoelectric materials such as ZnO, have been used as
the building blocks of strain sensors.>'® However, fabrication
of such 1D piezoelectric sensors on a large scale is challenging
due to difficulties with picking up and placing nanorods
across electrodes. Since the dimensionality of 2D piezoelectric
materials and layered semiconductors is compatible with the
large-scale microfabrication techniques of thin films, they do
not show the limitations of 1D materials. A superior gauge
factor of ~760, higher than those for silicon (~200) and gra-
phene (~300) strain sensors, was characterized for a 2D-based
MoS, strain sensing device, suggesting the potential of MoS,
monolayers for highly sensitive strain sensing. The higher sen-
sitivity and gauge factor of MoS, monolayers were attributed to
enhanced piezoelectric polarization in 2D MoS,."*

Using ZnO nanoplatelets, Liu et al.>*’ reported a new kind
of 2D piezotronic transistor (2DPT) with a very high pressure/
sensitivity between 60.97-78.23 meV MPa~' which is much
higher than that of nanowire-based piezotronic transistors. In
addition, by ordered assembly of ZnO nanoplatelets, a 2DPT
array with an unprecedented spatial resolution of 12700 dpi
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for piezotronic transistors was obtained. This study demon-
strated the advantage of ZnO 2DPT as an active sensor for
high-resolution tactile sensing. 2D materials with the piezo-
phototronic effect also have been developed for optoelectronic
applications such as photodetectors for optical sensors.>*®

5.6. Actuators

Actuators are used for producing mechanical vibrations and
motions to move or control a system by utilizing the reverse
piezoelectric effect and applying a bias voltage. Materials with
nanometric dimensionalities introduce extreme strength
mechanical responses. Nanometer-thick layers compared to
bulky structures present enhanced strength and additional
functionalities for applications in elastic strain engineering
(ESE) due to efficient strain transfer, easy integration and feas-
ible processing. In particular, 2D materials depict a unique
high stretchability up to ~20% strain magnitudes promoting
their use for ESE.>*” The modulation of strain in piezoelectric
actuators has been used for tuning the physical properties of
different materials such as 2D semiconductors, superconduc-
tors, ferromagnets and quantum dots.>*®

Actuations in 2D piezoelectric materials can be investigated
by theoretical simulations for better understanding of the ver-
tical piezoelectric experimental results. For instance, COMSOL
Multiphysics simulation can be used to estimate the defor-
mation of such 2D films under the applied voltages.
Simulations have shown that ultrathin piezoelectric CdS might
generate an expansion up to 150 pm under a negative voltage
of —5 V, as shown in Fig. 16a-c.>* Actuators can be used for
assessing the physical parameters of interest in 2D piezoelec-
tric materials. For example, the PFM amplitude mode can
probe an out of plane (vertical) piezoresponse in piezoelectric
ultrathin films.>* Tunable biaxial stresses were applied on a
graphene monolayer using a piezoelectric actuator to study the
characteristic Raman features of graphene.>*® An electrome-
chanical device comprising single layer graphene (SLG) inte-
grated on the piezoelectric [Pb(Mg;3Nb,/3)03]0.72-[PbTiOz]o.28
(PMN-PT) substrate was produced for smooth variations of
strain by tensile stress or biaxial compression to graphene, as
shown in Fig. 16d. The optical and photoluminescence pro-
perties of 2D WSe, **? and tri-layer MoS, >*°
gated through the same approach.

were also investi-

5.7. Biomedical applications

Flexible electronics, in particular lead-free biocompatible
piezoelectric materials, offered many promises in bioscience
for applications in biomedical devices, nanogenerators,
sensors,  bioinspired  artificial skins and  many
more.*""?1?*172%3 op TMDC nanosheets, which also belong to
the family of piezoelectric materials when they are in mono-
layer morphology, are being used widely in biomedical
research due to their excellent characteristics such as large
surface-to-volume ratio, ease of surface modification, good
cytocompatibility, high thermal and optical conversion
efficiency and strong spin-orbit coupling.”’® Indirectly, by
reducing the power consumption of biomedical and portable

This journal is © The Royal Society of Chemistry 2020
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Association for the Advancement of Science, 2016. (d) The schematic illustration of a thin actuator used for applying electromechanical in-plane
biaxial strain to graphene. Reprinted with permission from ref. 236. Copyright (2010) American Chemical Society.

electronic devices, the power generated by harvesting electrical
energy from human activities or biomechanical movements,
such as muscles and cardiac/lung motions, can be used for
powering these devices or stored in batteries for self-powered
wireless sensors.’**>*® These energy harvesters consist of
organic or inorganic piezoelectric materials embedded in
stretchable and flexible thin films such as polyimide (PI), poly-
ethylene terephthalate (PET) and polydimethylsiloxane
(PDMS)." As discussed earlier, ultra-sensitive and high-per-
formance 2D piezoelectric materials such as MoS, "*'** and
WSe, *** are employed as the main building blocks of nano-
generators which can also be wused in biomedical
applications.">*>>*3

6. Conclusion and future perspective
of 2D piezoelectric materials

All in all, even one century after of the discovery of piezoelectri-
city, many concepts of this phenomenon have remained
unknown and recent developments of piezoelectricity in 2D
materials have provoked much more in-depth research in this
field. In fact, fascinating properties have been shown to exist
at the 2D scale since many non-piezoelectric forms of bulk
materials become piezoelectric by downsizing to the single or
few fundamental layers due to the disruption of inversion
centres and broken centrosymmetry. The planar surface of 2D
materials exposes all of the structural constituents for efficient
surface modification to enhance the piezoelectric properties
even further.

The thickness reduction to the atomic level induces unique
properties in 2D piezoelectric materials which are important
for exploring the interactions between free charge carriers,
phonons and photons. Furthermore, the limited number of
atoms and the simple structural design of typical 2D materials
provide an uncomplicated framework for computational ana-
lyses and simulations as robust tools for understanding the
fundamental atomic interactions and designing novel

This journal is © The Royal Society of Chemistry 2020

materials. Extensive efforts have been focused on the screening
of 2D nanostructures, and both experimental results and com-
putational predictions consistently confirmed the intriguing
properties of 2D piezoelectric materials for innovative elec-
tronic devices and nano-electromechanical systems.

The intrinsic piezoelectricity has been predicted in diverse
2D materials, while most of them have not been determined
experimentally due to their instability and limitations of syn-
thesis methods; thus novel and controllable synthesis tech-
niques need to be devised towards the ideal preparation of 2D
piezoelectric materials that can also accommodate suitable
carrier concentrations. Furthermore, more chemically stable
2D piezoelectrics have to be considered through theoretical
studies and simulations, with a special focus on their avail-
ability and stability in an ambient environment. Although 2D
piezoelectric materials demonstrate outstanding piezoelectric
coefficients with the same order of magnitude, larger than
those of their bulk counterparts, these values are lower than
those of some high-performance and well-known bulk piezo-
electric materials such as PZT. In this regard, attention should
be diverted to those 2D crystals such as PbO and SnS that have
been predicted to possess colossal piezoelectric coupling
coefficients in monolayers. Several key features of piezoelectric
materials such as piezoelectric coefficient, polarization value
and Curie temperature should be measured quantitatively to
provide a clear comparison between 2D piezoelectric materials
and other morphologies. The generation of piezoelectricity by
surface modification has been dominantly invested on gra-
phene*”” while piezoelectricity could be tailored for various
monolayer materials such as carbon nitride,**®* phosphor-
ene,”*® germanene®° and silicone®" by surface engineering.
As another promising view, 2D piezoelectric materials can be
used as the building blocks of innovative van der Waals hetero-
structures and 2D material composites.

Efficient theories and modelling frameworks need to be
developed for better understanding of 2D piezoelectric
materials’ behaviors observed in experiments and simulations;
in particular, the nonlinear relations between the electrome-

Nanoscale, 2020, 12, 2875-2901 | 2895



Review

chanical coupling effect and the applied strain in 2D piezoelec-
tric materials have to be taken into the account since it has
been proven that these nonlinearities play critical roles in the
electromechanical properties of bulk and 1D materials.>>?
Similarly, the electronic properties of 2D piezoelectric
materials are also affected by the applied strain, owing to the
fact that piezoelectric charges possibly affect the related
quantum yield; hence understanding the influence of strain
on 2D piezoelectric materials can expand their further appli-
cations. Dielectricity is another important factor which affects
the electromechanical performance of piezoelectric materials;
however, to date, only a few reports have addressed this."°

Pyroelectricity is another attractive concept that was pro-
posed in some 2D piezoelectric nanostructures, and is
assumed as a promising research field for designing new
devices. Similarly, 2D ferroelectric materials present some
advantages (such as flexibility and band gap tunability) over
the conventional bulk ferroelectrics; however, research on the
ferroelectricity in 2D materials is in its initial and tentative
stage. Therefore, the research field of 2D materials can be pro-
moted by further research on the different aspects of ferroelec-
tricity and pyroelectricity in 2D materials. Diverse 2D piezo-
electric materials such as TMDC nanosheets are also biocom-
patible, leading to exciting prospects for real-world appli-
cations and research translation in biotechnology.>** These 2D
piezoelectric materials can be functionalized or covered by bio-
compatible polymers such as polyethylene glycol (PEG) to
guarantee a long-term combinatorial therapy. They can be
actuated via electric fields to release drugs and target diseased
cells. Additionally, lead-based piezoelectric materials can be
replaced by biocompatible 2D materials in self-powered piezo-
electric implantable devices to avoid replacing discharged bat-
teries and further invasive operation.
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