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A Bright Future for Engineering Piezoelectric 2D Crystals

Peter. C. Sherrell*t*, Marco Fronzi®“t*, Nick A. Shepelin®¢, Alexander Corletto®¢, David Winkler"&h,
Mike Ford®, Joseph G. Shapter®, and Amanda V. Ellis®*

The piezoelectric effect, mechanical-to-electrical and electrical-to-mechanical energy conversion, is highly beneficial for
functional and responsive electronic devices. To fully exploit this property, miniaturization of piezoelectric materials is the
subject of intense research. Indeed, select atomically thin 2D materials strongly exhibit the piezoelectric effect. The family
of 2D crystals consists of over 7000 chemically distinct members that can be further manipulated in terms of strain,
functionalization, elemental substitution (i.e. Janus 2D crystals), and defect engineering to induce a piezoelectric response.
Additionally, most 2D crystals can stack with other similar or dissimilar 2D crystals to form a much greater number of complex
2D heterostructures whose properties are quite different to those of the individual constituents. The unprecedented
flexibility in tailoring 2D crystal properties, coupled with their minimal thickness, make these emerging highly attractive for
advanced piezoelectric applications that include pressure sensing, piezocatalysis, piezotronics, and energy harvesting. This
review summarizes literature on piezoelectricity, particularly out-of-plane piezoelectricity, in the vast family of 2D materials
as well as their heterostructures. It also describes methods to induce, enhance, and control the piezoelectric properties. The
volume of data and role of machine learning in predicting piezoelectricity is discussed in detail, and a prospective outlook

on the 2D piezoelectric field is provided.

1. Introduction

The highly anisotropic nature of two dimensional (2D) materials
means that straining the lattice,’ inducing defects,? or even
adsorbing atoms® onto the surface can result in dramatic
changes in their physical and electronic properties. These
properties can be further manipulated by van der Waals (vdW)
stacking® of discrete 2D components to produce heterodimers
and heterooligomers, unlocking an even wider range of
properties for next generation applications.> An emerging
research focus of particular interest is the piezoelectric
properties of 2D crystals, that is the interconversion between
mechanical and electrical energy.
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2D crystals are already widely studied for catalytic® and
photonic applications,” and the coupling between piezoelectric
output and these phenomena (e.g., piezo-catalysis, piezo-
photo-catalysis, piezo-tronics and piezo-phototronics) leads to
dramatic improvements in device performance by lowering
energy barriers.® However, since most 2D crystals do not exhibit
strong intrinsic piezoelectric effects, atomic scale engineering
approaches are needed to induce or enhance piezoelectric
properties to exploit these materials.

This review introduces the fundamentals of piezoelectricity,
including key parameters and figures of merit. Subsequently we
discuss how piezoelectricity has been observed in 2D crystals,
with a focus on homostructures (that is single- and multi-
layered 2D crystals made from a single materials). Then, ways
of engineering, enhancing, and exploiting piezoelectricity are
explored including chemical modification, and heterostructure
formation. We then discuss machine learning methods that
enable the accurate prediction of piezoelectric coefficients for
the vast family of 2D crystals and their heterostructures. The
broad focus of the review enables us to provide guidance for
material selection and to give a perspective on the future of the
field.

Before discussing piezoelectricity in 2D crystals, it is first
necessary to understand the origin of the piezoelectric effect.
To exhibit piezoelectric properties, a material must have a non-
centrosymmetric unit cell producing an anisotropic dipole
moment, otherwise known as polarization.® Dipolar anisotropy
is most commonly observed in crystalline and semicrystalline
dielectric materials due to their organized structures and ability
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to be polarized under external electric fields (E; where i
corresponds to the vector direction in three-dimensional
space). Notably, most dielectric materials exhibit a linear
dielectric response to an applied E; and are thus isotropic at E; =
0 (Figure 1a). Starting at the origin (Figure 1a), and following
path 1, the dipole moments of crystallites align with increasing
applied E;. With decreasing E; (path 2) the dielectric material
crosses through the origin and before having a flipped
polarization at a negative applied E; (path 3). Upon returning to
E; = 0 (path 4), the dielectric is at a neutral state, and will not
exhibit any polarization. In contrast, ferroelectric materials
retain polarization in the absence of an external field (Figure
1b). Here, starting from the origin (path 1), dipole ordering
increases up to a given applied E;. This polarization under an
applied E; is called the spontaneous polarization (Ps). When the
E; returns to O (path 2), the ferroelectric material remains
partially polarized,
polarization (P;). With continued sweeping of E; (paths 3

a phenomenon known as remnant
through 7), the ferroelectric will reversibly cycle through a
hysteresis loop. It is the existence of the P, (i.e., stable
that
conventional ferroelectrics.

polarization) allows piezoelectric phenomena in

(a)

(-0}

E (V)

Figure 1. The conventional relationship between the applied electric field (E;) and the
resultant polarization (P;) in; (a) linear dielectric materials and; (b) ferroelectric materials.
Linear dielectric materials in (a) undergo spontaneous dipolar orientation with applied
E;, subsequently returning to a randomized dipolar orientation in the absence of applied
E;.. Ferroelectric materials in (b) undergo a similar dipolar orientation when the
magnitude of the applied E; is greater than the coercive field (Ec) of the material and the
P; saturates at the spontaneous polarization (P;) of the material. Following the removal
of the E;, the dipolar orientation reduces via relaxation to the remnant polarization (P,)
value.
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The ; vector, corresponding to the direction of the applied
electric field, can induce various electrochemical effects
depending on the dipolar anisotropy of a given unit cell. The
most commonly studied systems are the 11 system (applied
electric field in the x-direction, mechanical response in the x-
direction, Figure 2a), the 31 system (applied electric field in the
z-direction, mechanical response in the x-direction, Figure 2b),
and the 33 system (applied electric field in the z-direction,
mechanical response in the z-direction, Figure 2c). It should be
noted that mechanical response and electric response are
interchangeable in their directions and effects. For 2D crystals,
the 11 system is considered in-plane piezoelectric response,
whereas 31 and 33 are considered out-of-plane (OOP)
piezoelectric response.

The piezoelectric effect efficiently and reversibly converts
The
electromechanical coupling is described by the coupling of the

between mechanical and electrical energies.
mechanical (stress-strain) and dielectric (electric displacement-
electric field) constitutive equations (Equation 1a and 1b),

shown without the tensor notation for simplicity.*°

S =sT+dE la

D =dT + ¢E 1b

In Equation 1a, the induced mechanical strain (S) is related to
the applied stress (T) via Young’s modulus (s), and to the applied
electric field (E) via the charge form of the piezoelectric
coefficient (d), demonstrating the influence of the electric field
on strain in electromechanically coupled materials. Conversely,
in Equation 1b, the induced electric displacement (D) is related
to the applied stress, T, by the d coefficient, and to the applied
electric field, E, by the dielectric constant (g). Notably, the
electric displacement (i.e., spatial separation of bound surface
charges), is directly proportional to the polarization. As a result,
an electric field applied to a polarized material will induce an
internal strain (i.e., dimensional expansion or contraction), and
applied stress will induce an electric displacement field and thus
a measurable charge. These coupling phenomena are
demonstrated in Figure 2a and Figure 2b for Equation 1a, and in
Figure 2c for Equation 1b, respectively.

The piezoelectric coefficients are dependent on the stimulus
and the measured quantity; thus, it is useful to define two
critical parameters that will be discussed in this review. As
shown in Equations 1a and 1b, the coupling coefficient between
the strain and electric field and the displacement field and
stress is the piezoelectric charge coefficient, d. This coefficient
can be obtained by either measuring mechanical strain under
an applied electric field (Equation 2a) or measuring the
displacement field (via short circuit charge) under an applied
mechanical stress (Equation 2b), with the boundary condition of
constant stress or constant electric field, respectively. The units
are given in m V! in Equation 2a and C N'! for Equation 2b.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Schematic of the three main modes measured for piezoelectric output; (a) the
11 mode, where force (typically longitudinal strain) is applied in plane, parallel to the
measured charge or voltage; (b) the 31 mode, where force is applied longitudinally and
charge or voltage is measured out-of-plane; and (c) the 33 mode where compressive
force is applied out-of-plane and charge or voltage is measured out of plane.
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An alternative form that will be used throughout this review is
the piezoelectric stress coefficient, e. In this form, the
coefficient relates either an induced stress to an applied electric
field at constant strain (Equation 3a), or an induced
displacement field to an applied strain at constant electric field
(Equation 3b). The units for the following forms are given as N
V-1 for Equation 3a and C m™ for Equation 3b. In both forms of
the piezoelectric coefficient, i and j represent the direction used
for either the application of a stimulus or the measurement of
the effect, with i between 1 and 3, and j between 1 and 6 (to
account for the shear modes). The values of 1, 2 and 3 are used
to map directly to the directions of the crystallographic a, b and
c axes of the material studied.
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Figure 3. Demonstration of the principle of piezoelectric coupling; (a) the application of
a DC bias and the subsequent expansion of a piezoelectric material through the converse
piezoelectric effect; (b) the application of an AC bias, demonstrating the frequency
dependent expansion and contraction of a piezoelectric material through the converse
piezoelectric effect; (c) the application of a mechanical force (F) and the influence on the
surface charge (Q), generated current (I) and generated voltage (V) profiles of a
piezoelectric material through the direct piezoelectric effect.
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This electromechanical coupling results in the converse
piezoelectric effect (whereby an electric field is applied, and a
strain (S) is induced) having minimal time lag in both direct
current (DC) and alternating current (AC modes) (Figure 3a, b).
However, the direct piezoelectric effect (applied force and
resultant charge, current, voltage measurement) has a time
dependence (Figure 3c), due to the measured current and
voltage corresponding to the rate of change of deformation for
the piezoelectric material. This time dependence typically leads
to extremely short voltage and current spikes that are not
accurately measured by many measurement devices, leading to
misreporting of piezoelectric data.!!

To understand how these direct and converse piezoelectric
effects in- and out-of-plane operate in real materials, we must
look at crystal structures. In bulk piezoelectric materials, the
piezoelectric effect arises from the spatial displacement of
atomic charges within the unit cell (e.g., the out-of-plane (OOP)
divalent titanium ions (Ti%*) displacement in lead titanate
(PbTiOs), shown in Figure 4a). This is the case for PbTiO3 with
the thickness at one unit cell (Figure 4a), or germanium telluride
(GeTe) nanosheets,'? where the vertical separation of the Ge
and Te atoms induces piezoelectricity in the OOP direction,
perpendicular to the basal plane (Figure 4b). Such distorted 2D
structures are also capable of exhibiting in-plane
piezoelectricity. Conversely, monolayers of planar 2D crystals,
and distorted structures with symmetry along the OOP
direction, are unable to achieve OOP polarization so are limited
to in-plane piezoelectricity. Examples of these are graphene
nitride (CsNg4,*3 Figure 4c) and molybdenum sulfide (MoS,,**
Figure 4d), respectively.

To overcome this restriction and to achieve OOP
piezoelectricity, the layering of multiple different 2D crystals
can be explored to break this OOP symmetry.'> 16 However,
many methods to achieve this result in stacking sequences that
deviate from commensurate stacking, preventing observation
of the piezoelectric effect (Figure 4e). The purposeful layering
of multiple 2D crystals with complementary electronic
properties (Figure 4f) is emerging as a powerful technique to
induce OOP piezoelectricity in those materials, which are
otherwise limited to in-plane polarization.'” This method shows
great promise for fine control of piezoelectricity. These
concepts will be explored further in Section 3.

With this background in the origin of, and properties of
piezoelectric phenomena, the following section describes how
the piezoelectric effect is manifest in diverse classes of 2D
crystals.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. The structure of selected 2D crystals exhibiting piezoelectric properties; (a) the
conventional perovskite structure PbTiO;, shown for a thickness of one unit cell, side
view; (b) the chalcogen structure GeTe in the rhombohedral a phase, side view; (c) the
planar CsN, nanosheets, top view; (d) the transition metal dichalcogenide MoS,, side
view; (e) demonstration of the non-ideal stacking arising from solution-processing; and
(f) demonstration of heterostructure layering for inducing piezoelectricity.

2. Measurement and prediction of
piezoelectricity in monolayer 2D crystals

Here we summarize individual 2D crystals of fixed atomic
composition (homostructures) that have been reported to
display the piezoelectric effect. While we have largely selected
reports of monolayer 2D crystals, some few-layered 2D crystals
are also discussed, where appropriate.

Layered 2D crystals are very attractive for energy storage,
conversion, and harvesting applications due to their inherently
high surface area, diverse surface chemistries, and versatility in
processing and assembly. However, this diversity makes
simplistic classification and understanding of the piezoelectric
effect in each 2D crystal class challenging.

The fundamental piezoelectric effect, arising from dipole
motion in asymmetric crystal structures, means that many 2D
layered materials have little or no ds3gs3 (out-of-plane
piezoelectricity) and modest d3i1g3:1 (in-plane to out-of-plane)
values. However, isotropic nanoparticle vacancies in crystals
that have only a small effect on the net dipole moment are likely
to break the symmetry of the point group in 2D crystals and
enable piezoelectric properties.?

The following section is not comprehensive, rather it
summarizes published piezoelectric properties of a variety of
the most studied 2D crystals.

Single atomic-layer materials can be broadly split into two
categories, homoatomic (e.g., graphene, phosphorene and
antimonene) or heteroatomic (e.g., hexagonal boron nitride,
indium sulfide and gallium arsenide). While elemental single
atomic-layer materials do not exhibit intrinsic out-of-plane
piezoelectric effects due to their centrosymmetric nature, they
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often do have in-plane piezoelectric properties, depending on
the degree of ionization of their covalent bonds. This section
detail literature on piezoelectric properties of both
elemental and compound single atomic-layer materials.

will

a. Graphene

As the first identified 2D crystal, graphene (a zero band-gap
semiconductor) has received more attention as a piezoelectric
material than many other 2D crystals. It has a highly
symmetrical D6h crystal structure, and as such is not
intrinsically piezoelectric.> ¥ However, due to the exceptional
mechanical strength and chemical stability of graphene,
piezoelectricity can be induced by creating well defined pores in
the basal plane,? or by biaxially straining the graphene sheet?®.
Wang et al,*® used strain engineering to demonstrate a
substantial 37 nC N'! ds3 coefficient in graphene using the direct
piezoelectric effect (mechanical-to electrical), while noting the
converse effect (electrical-to-mechanical) was significantly
lower at 12.5 um V1. This converse effect is significantly lower
than the direct effect because of the high conductivity and large
quantum capacitance of graphene that causes charge
dissipation when a voltage is applied.

However, the electronic structure of graphene allows other
methods, beyond defect or strain engineering, to induce
piezoelectric outputs. For example, the seminal report by Ong
and Reed,?® showed that adsorbing atoms on the surface of
graphene can generate a significant converse piezoelectric
effect, up to a ds3; of 0.3 pm V! for fluorine and lithium doped
graphene. This induced piezoelectricity arises from charge
transfer from the graphene to the adatoms, leading to a net
dipole across the graphene sheet.?°

b. Phosphorene/Black Phosphorous

Phosphorene is an emerging 2D crystal that is intrinsically
piezoelectric due to its non-centrosymmetric point group.?!
Moreover, its buckled structure allows it to exhibit out-of-plane
piezoelectric responses. The two calculated values of the strain
piezoelectric response are e;1 = 59 pC m™ in-plane and eé’l =
1.06 pC m?' out-of-plane.?? The calculated in-plane
piezoelectric value is comparable to that of other piezoelectric
nanomaterials such as indium selenide (InSe) (57 pC m3),
gallium phosphide (GaP) (52.6 pC m™), gallium arsenide (GaAs)
(49 pC m™?) and fluorinated hexagonal boron nitride (h-BN) (84
pC m™).3 22 The out-of-plane egl is also comparable to some 2D
buckled hexagonal compounds such as gallium antimonide
(GaSb) (0.8 pC m™) and indium antimonide (InSb) (2.3 pC m1).23

These papers assume a 1:1 relationship between the
displacement field polarization, allowing the
representation of the piezoelectric coefficient in C m™.
However, units of C m™ represent values of polarization, and C
m2 represent piezoelectric coefficients. Thus, these reports can
lead to significant confusion for the broad and multidisciplinary
readership of piezoelectric literature.

and

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) Effect of oxygen doping on the piezoelectric coefficient in oxidised
monolayer phosphorene oxide?* (Adapted from Ref. 2* with permission from the Royal
Society of Chemistry, Copyright 2017); and (b) comparison of piezoelectric coefficients
ds; of an adatom-doped black P with previously known values for 2D piezoelectric
materials. The orange and green bars represent values of ds; calculated using the PBE
functional and the DFT-TS scheme, respectively. GO denotes the graphene oxide. The
colour filled and unfilled bars represent adatom-induced piezoelectric materials and
intrinsic piezoelectric materials, respectively. The superscript labels “(a),” “(b),” “(c),”
“(d),” and “(e)” refer to Refs.2% 2528 (Reproduced from Ref. 2 with permission from the
American Physical Society, Copyright 2020).

2D phosphorus allotropes have been constructed by assembling
the ultrathin metastable phosphorus nanotubes (PNTs) into
films with different stacking orientations.3° First-principles
calculations show that these allotropes possess remarkable
stabilities due to the strong inter-tube van der Waals
interactions. Two of the structures have non-centrosymmetric
stacking and thus exhibit piezoelectric properties. The
calculated piezoelectric coefficients for PNT(0,0.5) are d;; = -
8.26 pmV?'and d;, =-0.13 pmV?, and dy; =-7.57 pm V' and
d4, = 0.05 pm V-2 for PNT(30,0.5). 3

One of the challenges of working with phosphorene is that it
readily oxidises. This is especially true for structures with less
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than 4 layers. First principles calculations have been used to
study the electronic structures and piezoelectricity of a series of
2D monolayer phosphorene oxides (POs).?* Some of the
monolayer PO materials have large in-plane and out-of-plane
piezoelectric coefficients. For example, a d1; of 54 pm V! and
ds; of -10 pm V! for a P40, structure with single-sided oxygen
atoms and d»s of 21 pm V! for P40, structures with double-sided
In the
stoichiometric P40, configuration, each phosphorus atom

oxygen atoms have been calculated (Figure 5a).

adsorbs an oxygen atom on the surface, which dramatically
changes the structural properties of the bare phosphorene and
increases its ionic character. Similar work calculated a d;; of
88.54 pm V1.3 An alternative ground state of PO proposed by
Li et al.3°, involving a twist-boat configuration of 6-P with
distorted surface oxidation (Pca21-PO), had a d;; of 50.32 pm
VL. The authors showed that Pca21-PO was highly stable and
energetically more favourable than the previously explored
Pmn21-PO ground state.?* 3! It is clear that the concentration
and position of dangling oxygen atoms can significantly
influence the piezoelectricity of monolayer POs (Figure 5, left).
The calculated piezoelectric coefficient di; of 54 pm V7 in POs
is much larger than those of some conventional 2D piezoelectric
materials such as MoS,, BN, and GaSe (d1; =3.73 pm V1,14 d;; =
0.60 pm V1, and di; = 2.30 pm V3, respectively).? The fact that
the PO is oxidised suggests that it could be quite stable and find
many applications. However, simulation studies have shown
that PO can become insulating at the highest oxidation levels of
P,0Os or P,010, due to oxygen in the structure breaking the
conjugation and localizing the conduction and valence bands.3?
This means utilizing PO for devices will require control over the
degree of oxidation, but will nonetheless be useful due to
increased stability. Adsorption of other atoms on the 2D crystals
may also lead to enhanced properties and this represents an
important avenue for future investigation.

Like graphene, the effects of various adatoms on the
piezoelectric coefficients of phosphorene have been explored
using density functional theory (DFT) calculations. All metallic
elements in the top three rows of the periodic table were used
in turn as adatoms, with a broad range of concentrations from
P4gX1 to PsX,. Amongst the wide range of values obtained, Li-
doped black P (P4Liz) had a d3; value of 6.28 pm V7, at least
three times larger than that for any other 2D piezoelectric
material (Figure 5b). A second calculation using a more
complicated DFT-Tkatchenko-Scheffler (TS) approach yielded
significantly smaller ds; value of 2.5 pm V! for P4Li,. The results
show that there is no clear relationship ds; calculated using the
PBE function and the more ‘accurate’ TS functional (Figure 5b),
highlighting a central problem of DFT, where there is no
available systematic approach to improve the result. This
highlights the computational challenges in
accurately predicting piezoelectric coefficients, particularly for
van der Waals materials.?® 33

unresolved
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Figure 6. Bubble formation in h-BN crystals. (a) Topography of h-BN with bubbles and creases; (b) electrostatic force microscopy (EFM) electric image of the same region as (a); (c)
topography and d) EFM electric images of a triangular shaped bubble; (e) height, electric, and dielectric profiles along the lines in (c) and (d); (f) simulated topography image of a
triangular bubble in monolayer h-BN ; (g) calculated electric-field energy density of (f); and (h) vector field polarization and (coloured) charge distribution. Colour scales (from dark
to bright): topography (both experimental and simulated) 20 nm; EFM 1.5 V; electric field energy density 1.5 pV A-2; charge distribution -6 x 10%2 (green) to 6 x 10%2 (pink) e~ cm-2
(Reproduced from Ref. 3* with permission via CC-BY licence from Wiley & Sons, Copyright 2020)

Normally piezoelectricity is limited in multilayer 2D crystals
because of the opposing orientations of adjacent atomic layers.
This effect is minimal in black phosphorous lattices due to their
spring-shaped space structure.

The structure results in the charges within the top and bottom
half-layers aligning in antiparallel directions as strain is applied
along the armchair in-plane direction.?? 3> This effect occurs
even in multilayer BP, although the adjacent layers may reduce
the measurable piezoelectric response. Ma et al.3> have used
this to advantage to confirm experimentally the existence of in-
plane piezoelectricity for multilayer BP along the armchair
direction. Current—voltage measurements demonstrated a
piezo-tronic effect (modulation of semiconductor band
structure by strain induced piezoelectricity)3® in this orientation.
Cyclic compression and release of BP flakes with an
approximate thickness of 18 layers generated an intrinsic
current as large as 4 pA under a compressive strain of 0.72%. 36

c. Antimonene

Recent success in the isolation and synthesis of highly stable and
atomically thin antimonene has triggered great interest.
Calculations have shown that the application of uniaxial strain
along the zigzag and armchair directions generates direction-
dependent trends in the electronic band structure, suggesting
potential future use in nanoelectromechanical systems.3”
Additionally, some energetically stable allotropes of
antimonene and arsenene have been predicted to possess very
high lattice strain limits of up to 58% and 24% in the armchair
and zigzag direction respectively, much higher than any other
2D crystal (e.g., graphene, MoS, or phosphorene).3® Lu et al.?®
investigated the electronic structures of, and the biaxial strain
effect in, antimonene-based van der Waals heterostructures
using first principles calculations. They combined antimonene

6 | J. Name., 2012, 00, 1-3

(Sb) with semi-metallic graphene (G), semi-conducting
arsenene (As) and insulating h-BN to generate three new 2D van
der Waals heterostructures, namely, G/Sb, As/Sb and h-BN/Sb.
With biaxial strain, continuously controllable band gaps from 0
eV to 1 eV were observed, corresponding to spectral ranges
from near-infrared (NIR) to mid-infrared (MIR). These
exceptionally large, stable, lattice strains, in conjunction with
strain-tuneable and directional electronic properties suggest
that antimonene may become a material of great interest for

engineering  piezoelectric  properties in 2D  crystal
heterostructures. These heterostructures could have
applications in infrared detectors, photoelectric, or

microelectronics piezoelectric devices. Despite these recent
successes, there are virtually no reports of piezoelectric outputs
from antimonene to date, hence this exciting material is not
discussed further here.

d. Hexagonal boron nitride

Hexagonal boron nitride (h-BN) is an interesting case. In its
monolayer form it has no center of symmetry and is thus
expected to have a degree of piezoelectric properties.!* 4°
However, there is a paucity of experimental evidence for the
piezoelectricity in h-BN. Recently, Ares et al.3* calculated a
piezoelectric coefficient of y =~ 291 pC m™ for h-BN, mimicking
data obtained by electrostatic microscopy,
comparable to that of other (non 2D) piezoelectric ceramics
including, zinc oxide (ZnO), aluminum nitride (AIN), and lead
zirconate titanate (Pb[Zr,Ti1l—,]Os, PZT) ceramics.*’ 42 This was
attributed to nanoscale strain being induced in the lattice by the
applied electric field (Figure 6).

force and

These findings, particularly the influence of strain on the
piezoelectric coefficient, are of seminal importance to unlocking
next generation piezoelectric devices based on 2D crystals.

This journal is © The Royal Society of Chemistry 20xx
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Nevertheless, further work is needed to realize the potential of
h-BN for piezoelectric applications.

e. Metal Oxides

The emergence of liquid metal synthesis techniques has
stimulated an upsurge in the production and customization of
2D metal oxide systems.** 45 2D metal oxides display a variety
of crystal structures. While PZT is the most commonly studied
piezoelectric ceramic material in bulk, there are very few metal
oxides in the 2D form that show significant out-of-plane
piezoelectric effects.*> One exception was reported recently by
Ghasemian et al.*5, using a liquid metal synthesized lead oxide
(PbO). This orthorhombic 2D-PbO showed a ds3 of 30.41 pm V!
and a ds; of 18.9 pm V', one of the highest reported for 2D
crystals. While it remains significantly lower than that of the
benchmark piezoelectric ceramic PZT, the work highlights the
ability to produce environmentally friendlier, yet chemically
similar, piezoelectric 2D crystals.

While minimal out-of-plane piezoelectric performance has been
reported for metal oxides, Alyoruk** performed detailed
simulations on 2D metal oxides to elucidate their in-plane strain
and charge coefficients (Figure 7). These values ranged up to 25
pm V1, showing the promise of 2D metal oxides for future
piezoelectric applications.

f. Transition Metal Chalcogenides

Transition metal chalcogenides (TMCs) are one of the most
thoroughly studied 2D piezoelectric materials. The piezoelectric
properties result from a buckled, and asymmetric structure that
has intrinsic in-plane and out-of-plane piezoelectricity.

Recently emerging monolayer group-IV monochalcogenides,
including tin selenide (SnSe), tin sulphide (SnS), germanium
selenide (GeSe), and germanium sulphide (GeS), have large
predicted di1 coefficients (between 75 pm V-t and 250 pm V-1).47
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They are also predicted to be more resistant to oxidation in
ambient air compared to phosphorene or arsenene, with
approximately double the activation
dissociation/chemisorption of 0.8

energy  for

These predictions were recently validated by Khan et al.*?, who
demonstrated a high piezoelectric output in the 11 and 31
modes for liquid metal exfoliated SnS. Frustratingly, the authors
did not report experimentally derived di; and ds; coefficients,
with only the calculated d; (in-plane) coefficient of -144 pm V-
1 being provided.®® However, the material they produced
exhibited remarkable performance, with an output voltage of
150 mV at just 0.7% strain.*® Further meticulous studies were
performed to rule out triboelectric or flexoelectric contributions
to this voltage, so this material represents one of the highest
measured piezoelectric voltages for a monolayer.

While many different transition metal dichalcogenides and
dioxides have been studied for piezoelectric properties, these
studies have focused nearly exclusively on in-plane piezoelectric
outputs.®® This is due to the intrinsic symmetry of these
triatomic-layer materials in the z-direction (and, unlike h-BN,
these do have a defined center of symmetry).

g. Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs, Figure 4e) have
recently created huge research interest due to their typical
layer-dependent electronic structure, absorbance in the visible
range, and predictable chemistries useful for a very wide range
of electronic and opto-electronic applications. TMDs have three
main crystal phases, 2H, 1T, and 1T’ (with variations including
Ta), with dramatically different properties. For instance, the
thermodynamically stable phase for tungsten selenide (WSe3) is
the semiconducting 2H phase, but it can be converted into the
topologically insulating 1T’ phase through rapid cooling, or by
induced strain during synthesis.>?->5

SnSe; should not exhibit intrinsic out-of-plane piezoelectricity,
so the recent report of piezoelectric SnSe, pressure sensors
highlights the challenges in understanding and assessing the
performance of 2D crystals as piezoelectric devices.>® A paper
substrate impregnated with monolayer SnSe, exhibited
exceptional performance as a pressure sensor (611%
responsivity and sensitivity of 1.79 kPa™), attributed to the
piezoresistive effect of SnSe,.>® However, there was no
fundamental characterization of the piezoelectric output so it
cannot be confirmed whether the change in resistance is driven
by piezoelectricity of the SnSe, (potentially arising from Se
vacancies), or from friction (and hence triboelectricity)!!
between the SnSe, and the paper substrate.

Similarly, SnS, recently demonstrated an out-of-plane
piezoelectric coefficient of approximately 2.2 pm V157 This d33
value was found to decrease with increasing SnS; layer number,
resulting in a 37% reduction as thickness increases from 4 nm to
9.2 nm.

This journal is © The Royal Society of Chemistry 20xx
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Figure 8. Calculated clamped and relaxed-ion piezoelectric strain (dy;) coefficient for 2H
transition metal dichalcogenides (Adapted from Ref. 5! with permission from the
American Chemical Society, Copyright 2015).

Beyond these studies of Sn-based TMDs, few reports exist on
out-of-plane piezoelectricity in pristine TMDs due to their
centrosymmetric crystal structures. However, there are
numerous papers detailing the in-plane piezoelectric output
(Figure 8). These papers generally follow the rule that for a given
transition metal system, the in-plane piezoelectric coefficient
will increase with the atomic number of the chalcogen atom (S
< Se < Te). No clear trend is observed for the size or atomic
atom component. The
dependence on the atomic number of the chalcogen atom is
assumed to arise from increasing internal relaxation with higher
atomic number chalcogens.>! Furthermore, Te is the most easily
polarized chalcogen due to its larger size, which generates
increased lattice strain.>® These calculations are performed
assuming a 2H crystal structure,® yet many TMDs are
thermodynamically stable in a centrosymmetric 1T structure.
The approach remains valid as phase engineering for the control
of electronic and optical properties is a key advantage of
TMDs.>8 TMDs with versatile compositions and analogous
crystal structures are a powerful tool for studying the effect of
lattice strain, stacking, defects, and atomic size on piezoelectric
properties moving forward.

number of the transition metal

h. Perovskites

Layered materials with unit cells thicker than three atomic
layers have the advantage of possessing non-centrosymmetric
crystal structures in thermodynamically stable phases.>® These
classes of materials show great promise for piezoelectric
applications, however they are typically difficult to fabricate
and handle.*®

Perovskites have the general crystal formula of ABX;3 (Figure 4a)
and a massively diverse range of chemistries. Although they are
heavily studied for solar applications, they are not often
examined for piezoelectric properties.®® Indeed, recent reports
on exploiting potential piezoelectric outputs from 2D
perovskites have still focused on using piezo-photo-tronic
effects to enhance their device performance in solar cells.%% %2
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Ferroelectricity (and hence piezoelectricity) may be observed in
traditional perovskite structures (such as PbTiO3; and BaTiO3)
down to few unit cell thickness (broadly <3 nm).®3-%¢ These
discoveries have been enabled by rapid advances in the
synthesis and isolation of thin perovskite layers.®” One of the
clearest examples is the work by You et al.®8, that describes in-
plane ferroelectric output from vdW barium lead chloride
(BazPbCls) down to two layers at room temperature. One of the
key challenges in developing perovskite-based ferroelectrics is
the difficulty of fabricating homogenous perovskite layers (with
no point defects/pinholes) less than 3 atomic layers thick.3 6%
Recent work by Nordlander et al., has surpassed the previously
hypothesized thickness limitation, demonstrating polarization
in half-unit cell thick perovskites.”® However, while the half-unit
cell possesses the broken inversion symmetry required for the
exploiting these properties
extremely challenging. In spite of this challenge, this is a

piezoelectric effect, remains
significant advance and presents a unique opportunity for
future 2D perovskite piezoelectric crystals. 7°

It should also be noted that comparing the piezoelectric
properties of perovskites to other 2D crystals is challenging, as
these materials nearly always have their ferroelectric properties
reported. This does not lend itself to direct comparison with
piezoelectric vectors in the 11, 31, or 33 directions. For this
reason, a detailed examination of ferroelectric perovskites is
not undertaken here, however an excellent review of this field
is provided by Qi, Ruan, and Zeng.”*

i MXenes

As an emerging class of materials, MXenes are of great interest
for a diverse range of applications because of their exceptional
electronic, mechanical, and chemical properties. MXenes are a
family of 2D inorganic compounds with the general formula of
Mn+1 XnTx, Where M is a transition metal, X is carbon and/or
nitrogen, and T is a functional group on the surface of the
MXene (typically O, OH and F). Of specific interest for
piezoelectric applications is their large out-of-plane
electrostatic field,'° and their versatile surface chemistry that
enables (relatively) simple manipulation of their properties
without compromising their electrical and mechanical
properties.>®

While electrostatic shielding applications have been widely
reported for MXenes,’> 73 only a few papers report their
piezoelectric properties.”* Out-of-plane piezoelectricity in
MXenes was reported by Tan et al.”* They used oxygen
functionalized MXenes with the general formula M,CO,. Their
calculated piezoelectric ds; coefficients ranged between 0.40
pm V! and 0.78 pm V1. The authors claimed that the Sc,CO,
monolayer had the largest out-of-plane ds; of all atomically
thick 2D crystals studied. This may be exceeded and this work
highlighted the considerable potential of MXenes as
piezoelectric materials.

This journal is © The Royal Society of Chemistry 20xx



Please do not adjust margins

Journal Name

j.  Anti-MXenes

Recently, Gu et al.”® reported the fabrication of a new class of
2D crystals, the anti-MXenes (Figure 9). These materials consist
of two metal atoms and two X layers within a unit cell, forming
a square shape when looking top down (e.g., cobalt boride
(CoB) (Figure 9a), cobalt CoSi (Figure 9b), copper sulphide (CuS)
(Figure 9c) etc). Crucially, these anti-MXenes have been
predicted to be thermodynamically and mechanically stable.

This seminal report did not cover piezoelectric properties,
however, their asymmetry in the z-direction suggests they may
be intrinsically piezoelectric. Furthermore, the exposure of
surface metal atoms is ideal for functionalization that can be
used to further induce or enhance out-of-plane piezoelectric
responses. Due to the paucity of publications on the intrinsic
piezoelectric properties of anti-MXenes, they will not be
the potential for inducing
piezoelectric effects makes these materials attractive for
further study.

discussed further. However,

k. Ternary Chalcogenides

The most well studied out-of-plane piezoelectric effects are in
2D crystals with the general formula M,C; (where M = metal,
and C = chalcogen). Intrinsic asymmetry in the z-direction leads
to ferroelectric behaviour, notably in a-In,Ses that has an R3m
crystal symmetry.”® Interestingly, the ds3 of a-In,Ses is thickness
dependant, reaching a constant value at thicknesses >50 nm
(Figure 10).77 This thickness dependence arises from decreased
substrate constraints on the piezoelectric response and has also
been reported in other layered ferroelectric materials including
PZT and CulnP,Sg.”® 7°
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Figure 10. (a) Atomic force microscopy (AFM) (labels on image denote thickness); (b)
vertical piezo-force microscopy (PFM); and (c) lateral PFM images for a >9L thick a-
In,Se; sample (Scale bar: 5 pum); (d) Thickness dependence of the ds3 piezoelectric
coefficient for a-In,Ses (inset: enlarged ds; coefficient and thickness below 60 nm). The
effective ds3 piezoelectric coefficient for the monolayer a-In,Se; crystal is approximately
0.3 pm V-1, and that for thick samples (>90 nm) saturates at approximately 5.6 pm V-;
and (e) Lateral PFM amplitude (piezoresponse) as a function of a-In,Se; thickness (inset:
enlarged lateral amplitude at less than 60 nm). It also presents a saturated trend when
the thickness reaches ~90 nm. The horizontal and vertical error bars represent the
standard deviations of sample thickness and piezoelectric response. Note that the
background noise has been deducted for all the presented data here. (Reproduced from
Ref. 77 with permission from the American Chemical Society, Copyright 2018)
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Figure 9. The structure of eight anti-MXenes: (a) CoB, (b) CoSi, (c) CrAs, (d) CusS, (e) IrB,
(f) PtSi, (g) RuAs, and (h) TcSi. (Co=e;B=9;Si=e;Cr=9;As=9;Cu=9;S=
Pt =o; Ru=e;and Tc = ¢) (Reproduced from Ref. 75 with permission from the American
Chemical Society, Copyright 2021)

slr=e;

9 | J. Name., 2012, 00, 1-3

Intriguingly, while Bi,Ses and Bi,Te; have equivalent crystal
structures to that of In,Ses, the bismuth-based materials have
not yet been investigated as piezoelectric materials. However,
hybrid monolayers of BilnSes, BilnTes, SbinSes, and SbinTes have
been shown theoretically to possess exceptional in-plane
piezoelectric coefficients of up to 362 pm V1.8 This value would
be comparable to the out-of-plane piezoelectric coefficients of
the leading ceramic material PZT, however experimental
synthesis of these compounds and validation of these
predictions are challenging. Summary of monolayer 2D crystals
The prior sections have provided an overview of piezoelectric
properties in a selection of the more common 2D monolayers.
It is clear that only a few 2D monolayer materials exhibit strong
out-of-plane polarization and/or piezoelectric effects, with a
notable exception being In;Ses. This presents a quandary when
designing devices that exploit the piezoelectric effect. Thus, the
following section will discuss approaches to engineer large out-
of-plane piezoelectric responses.

3. Engineering piezoelectricity in 2D crystals

a. Stacking 2D Heterostructures — Unlocking Unique
Piezoelectric Outputs
Stacking Dissimilar 2D crystals
The development of z-direction piezoelectricity in 2D crystals
with diverse chemical properties requires the assembly of van
der Waals heterostructures. These structures can be further
manipulated by phase-engineering processes to unlock unique

This journal is © The Royal Society of Chemistry 20xx
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symmetries and electronic properties. However, when
assembling heterostructures from dissimilar 2D crystals, the
mechanism of stacking and the interface between the materials
are crucial to understand.>® A major limitation is that common
solution phase heterostructuring approaches leave unwanted
species between layers and often cause non-conformal
restacking (Figure 4f).81 While such systems are still useful for
electronic and charge transport applications, they do not have
a coherent heterostructure unit-cell that is required for
fundamental properties such as piezoelectricity. However,
deposition systems such as chemical vapor deposition (CVD)??
and mechanical transfer enable the fabrication of epitaxial and
coherent interfaces, where the structure is connected into a
single unit cell (Figure 4f).

Piezoelectricity in heterostructures from dissimilar 2D crystals
was first predicted by Mohanta et al. for GaN/boron
monophosphide crystals.?3 These heterostructures were
predicted to have a dss of up to 40 pm V. Subsequent
predictions have shown that 2D crystal heterostructures with
large out-of-plane piezoelectricity can be produced using

constituent 2D crystals that only possess in-plane
piezoelectricity.3% &
Several recent studies have subsequently reported

synergistically enhanced piezoelectric responses greater than
the sum of the individual heterostructure components. Yuan et
al.®® have fabricated In,;Ses/molybdenum sulfide (MoS,)
heterostructures from mechanical exfoliation, demonstrating
an increase in the ds33 from 7.5 pm V! for In,Ses to 17.5 pm V!
for the In,Ses/MoS; heterostructure.®® This is particularly
interesting as MoS; does not have any intrinsic z-direction
piezoelectric output, as described in Section 2g. This exemplifies
the potential of heterostructure formation towards introducing
piezoelectric properties into non-piezoelectric materials. The

Journal Name

role of electronic band offset of the heterostructure
constituents is clearly demonstrated to result in a large
interfacial dipole that complements the polarization of the
underlying In,Ses sheet. A similar heterostructure of In,Ses/WS,
was shown to have a ds3 of 10.7 pm V1. The key difference
between In,Ses/MoS, and In,Ses/WS, heterostructures was
their relative band offsets of 0.8 eV and 0.6 eV, respectively,
leading to the significantly improved performance from the
MoS; based heterostructure.

The structural properties of black phosphorus (Black P)/MoS,
van der Waals heterostructures have been investigated using
first principles calculations.®” This work showed that an applied
compressive strain has minimal effect on the optical properties
in the X and Y directions but a remarkable effect on the three
optical parameters in the perpendicular direction. This suggests
that good piezoelectric effects may be realized in BlackP/MoS,
heterostructures. Blue phosphorene, an allotrope of the BlackP,
was first produced experimentally on an Au(111) substrate in
2016.%88 The blue phosphorene was found to have no intrinsic
piezoelectric properties, but some heterobilayers, predicted by
computational approaches, may exhibit them. For example, the
out-of-plane piezoelectric response of a selenium molybdenum
sulfide (SeMoS)/BlueP was predicted to be approximately 3x
larger than the Janus SeMoS monolayer alone.??

Jang et al.?! have fabricated, or ‘dimensionally engineered’, a
2D/3D perovskite heterostructure. They deposited a thin 2D
layer (<25 nm) of FAPbI3 perovskite on an 800 nm 3D perovskite
crystal. This 2D/3D heterostructure exhibited a synergistic
increase in dsz; from 2.77 pm V' and 3.73 pm V! for the 2D and
3D constituents, respectively, to 4.33 pm V! for the 2D/3D
heterostructure. This approach is exploited for piezo-
phototronic effects that boost photocurrent output of solar
cells.

(b)

(a) AA (bulk)
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Figure 11. lllustration of the atomic arrangement for (a) AA’ stacking in the bulk form of hBN. Nitrogen and boron atoms are shown in silver and green, respectively. (b and c)
Illustration of the atomic arrangement for AB and BA stacking. The vertical alignment of nitrogen and boron atoms distorts the 2p, orbital of nitrogen (light blue), creating an out-of-
plane electric dipole. (d) Illustration of a small angle twisted bilayer BN after the atomic reconstruction. The reconstruction creates relatively large AB (green) and BA (yellow)
domains, with small AA regions (white) and domain walls in between (black). The red circled dot and red circled X represent up and down polarization, respectively. (e andfF) Vertical
PFM phase and amplitude images of twisted bilayer BN. Scale bars are 100 nm. (Reproduced from Ref. 2 with permission from the AAAS, Copyright 2021)
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Stacking Similar 2D crystals (Twist Angle/Stacking Order)

While stacking of dissimilar materials should lead to emergent
out-of-plane piezoelectric properties, achieving the same result
from a bilayer of a single 2D crystal will not produce any change
in the piezoelectric tensor. However, simply altering the
stacking order and/or twist angle of a bilayer stack has recently
been reported to induce a strong out-of-plane piezoelectric
response. This breakthrough was reported simultaneously by
Yasuda et al.®°, Woods et al.”! and Vizner Stern et al.??, using

bilayer h-BN.

These teams independently reported that by identifying®® or
inducing®® a shift from the anti-parallel stacking sequence, AA’,
of bulk h-BN (Figure 11a) to a parallel AB or BA stacking
sequence (Figure 11b, c), out-of-plane polarization is achieved.
Yasuda et al.®® generated this shift in a parallel stacking
sequence by forcing a small twist angle between the layers,
which created alternating domains of ‘up’ polarization (BA,
yellow, Figure 11d) and ‘down’ polarization (AB, green, Figure
11d). Probing the samples by piezoforce microscopy (PFM)
clearly demonstrated the emergence of domains with these
alternating polarizations (Figurell e and f). Vizner Stern et al.??
used a similar approach and noted the polarization in the h-BN
bilayers was flipped by domain wall-sliding.

Beyond h-BN, out-of-plane piezoelectric effects were recently
reported by Zheng et al.?? in graphene bilayers using a similar
dry transfer and twisting technique. Note that the emergence
of out-of-plane polarization was studied at a reduced
temperature of 4 K, compared to room temperature for the
aforementioned h-BN samples. Nonetheless, these results
generated a paradigm shift that will enable future design of
piezo- and ferro-electric 2D devices from non-polar materials.
Critically, for these bilayers of similar 2D crystals, techniques to
induce out-of-plane polarization are difficult and not scalable.
Thus, similar 2D heterostructures are ideal for probing
fundamental properties, and exploring the physics within but
only at the lab scale. For exploitation of the out-of-plane
piezoelectric effect for real commercial devices, dissimilar 2D
heterostructures (Figure 4f), where stacking order can be
largely discounted, appear more promising.

Recent work by McGilly et al.®* and Li et al.,>> have produced
Moiré superlattices from twisted graphene bilayers.
Interestingly, an alternative mechanical-to-electrical conversion
mechanism, the flexoelectric effect, is observed in these non-
piezoelectric crystals. These works serve to highlight a key
challenge in experiment measurement and quantification of the
piezoelectric effect, the deconvolution of piezoelectric,
triboelectric, and flexoelectric contributions.!® %6

Clearly, heterostructures are an emerging, promising approach
to tuneable properties and device performance in 2D crystals.
However, with continued development of experimental
techniques for reproducible heterostructure fabrication, the
flexibility of combining any given van der Waals 2D crystals will
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lead to unprecedented piezoelectric device performance from
these 2D constructs.

b. Manipulating Chemistries

The conventional way to change the chemical and/or physical
properties of a given material is through structural
modification. We have tangentially discussed this above,
comparing In,Ses to BilnSes type systems, however the
approach is much more general and, importantly, can induce
piezoelectric response in non-polar materials.

Defects

The introduction of defects into the surface of a 2D crystal is an
obvious way to induce a local asymmetry and hence out-of-
plane piezoelectric response. The primary challenge here is to
translate this local breaking of symmetry into a macroscale
device performance. The best example reported in literature to
date is that of Kang et al.,®” using molybdenum telluride
(MoTe;). They showed that generation of Te vacancies in MoTe;
by thermal annealing dramatically increased the d33 from ~0.4
pm V1 to ~2.4 pm V! (Figure 12 a-c). This corresponded to a
decrease in the Te:Mo stoichiometry from 2.0964 to 2.0023,
respectively. As the net value of Te:Mo was still greater than the
stoichiometric ratio of 2.0000, it is hard to draw conclusions
about the specific defect density required to optimize the
piezoelectric output. This approach to inducing out-of-plane
piezoelectricity will require further fundamental studies.

Voids from CVD

Cooling
—

Trapped charges

Figure 12. Defects in different 2D crystals leading to enhanced piezoelectric output; a-c)
in MoTe,; a) flat crystal structure; b) corrugated crystal structure; and c) corrugated
crystal structure with Te defects (a-c, Reproduced from Ref. 9 with permission from
Elsevier, Copyright 2018); d-f) in MoO,; d) pristine MoO,; e) voids formed during
chemical vapour deposition growth; and f) charge trapping leading to ferroelectret
formation during cooling from synthesis. (Reproduced from Ref. % with permission from
Wiley & Sons, Copyright 2020.)

Recent work by Choi et al.®® has highlighted different processing
routes for exploiting the piezoelectric effect induced by defects
on MoS,. Here, polycrystalline MoS, monolayers were
produced by Mo sputtering followed by sulfurization via CVD.
The samples were then exposed to a high temperature (350 °C
to 450 °C) annealing process in the presence of toluene. This so
called thermal-solvent annealing process led to sulfur (S)-
vacancy formation. These S-vacancies were shown to lead to a
suppression in electron density within the annealed MoS,, and
a subsequent hole-rich system.

This journal is © The Royal Society of Chemistry 20xx
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Figure 13. Schematic representation of the effect of pore geometry (represented by the
shaded area) on the polarisation (P) in a non-piezoelectric crystal; a) a non-porous, non-
piezoelectric, shows no piezoelectric response under strain (directionally represented by
dark arrows); b) the same crystal with an approximately circular pore demonstrating a
non-zero local polarisation, not no overall net polarisation and thus no measurable
piezoelectric response; and c) with a non-centrosymmetric (approximately) triangular
pore, both local and net polarisations are non-zero, thus the material will exhibit
apparent piezoelectricity. (Adapted from Ref. 13 with permission from Springer Nature,
Copyright 2014.)

Coupled to this effect, was a variation in the atomic bonding
length within the highly defected MoS, leading to broken
inversion symmetry. Choi et al.®® showed an out-of-plane
piezoelectric (measured in the 33 mode) current and voltage of
+20 pA and +700 mV, respectively, for the highly defected
sample, approximately 20 times higher than pristine MoS,.

Alternatively, enhancement of piezoelectric output by
passivating defects has been described by Han et al.X% The
authors passivated native S vacancies in MoS; monolayers, from
a S:Mo ratio of approximately 1.8:1 to 2:1. This passivation led
to strained nanosheets that generated a piezoelectric current of
approximately 100 pA, than the
unpassivated, defected MoS,. The authors postulated that this
was due to the electron trapping nature of S-vacancies in MoS;
limiting dipole deformation during straining, decreasing the
free charge carrier concentration, and subsequently the
piezoelectric output.’®® However, as is often the case in
piezoelectric literature, the fundamental piezoelectric
coefficients were not measured so it is difficult to draw concrete

three times higher

conclusions.

The results of Han et al.'® are of particular interest as they
conflict with a recent report of induced piezoelectricity in MoO,
using charge trapping electrets by Apte et al.®® Here, the
authors showed that the centrosymmetric P2;/c MoO, did not
exhibit intrinsic piezoelectricity. However, CVD treatment on
the Mo0O, nanosheets (leading to void formation) resulted in
significant piezoelectricity, with a ds3 of between 0.072 pm V-
and 0.560 pm V! (Figure 12d-f). The appearance of this
piezoelectric output correlated with ‘bulk’ voids formed within
the 2D sheets, resulting in charge trapping within the structure.
These charge traps acted as ferroelectrets, inducing a
piezoelectric response in out-of-plane deformation. °°

Although graphitic carbon nitride (g-CsN4) is not discussed
extensively in this review, Zelisko et al.** have provided an in-
depth study on the effect of pore (or defect) geometry on the
polarization of 2D crystals. They demonstrated that
symmetrical pores lead to local polarization and no net
piezoelectric output, while asymmetric pores lead to observed
piezoelectricity (Figure 13).3 These observations could form
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the basis for bespoke introduction of pores in 2D crystals to
modulate piezoelectric effects.

Elemental Substitution

Elemental substitution, and the intentional formation of Janus
type crystal structures, is one of the most promising approaches
to induce out-of-plane piezoelectricity in 2D crystals. A good
example is the group of Janus transition metal dichalcogenides,
where sulfur can be selectively substituted for either Se or Te
atoms on one basal plane surface. This substitution results in
three key changes in the crystal structure; 1) a loss of symmetry
across the z-direction; 2) an altered electron density leading to
dipole formation in the z-direction; and 3) significant lattice
strain to accommodate the size difference of the atoms on
opposing layers.

Such a structure was first predicted theoretically by Cheng et
al.*® in 2013 for the family of MXY materials (where M = W or
Mo, and X,Y = S, Se or Te). In 2017, these Janus crystals were
experimentally reported by Lu et al.,'°2 Zhang et al.,'® and
Dong, Lou, and Shenoy® who notably produced MoSTe, which
showed a ds3 up to 13.5 pm V1. A comparison with other Janus
structures showed that the magnitude of ds3 correlates with the
difference in atomic sizes of each chalcogen atom (thus MoSTe
and tungsten sulfide telleride (WSTe) had the highest ds3)
(Figure 14a,b). Interestingly, the effect of stacking sequence
was also investigated. In vertically asymmetric monolayers, the
antiparallel stacking sequence (Figure 14 c) had a ds3 more than
twice that of a parallel stacking sequence (e.g., 13.5 pm V!
compared to 5.7 pm V-1 for MoSTe).1%* This was consistent with
the findings of Yasuda et al.®° and Woods et al.®* for hBN
bilayers.

Subsequently, the field of piezoelectric Janus 2D crystals has
continued to grow, with calculated structures including Ga,SSe,
Ga,STe, Ga,SeTe, In,SSe, In,STe, In,SeTe, GalnS,, GalnSe,,
GalnTe,,28 Sb,Se,Te, Sbh,Te,Se, SbAsSe,Te,1% Te,Se,1%¢ SnSSe,
GeSSe,1%7 PtSSe, PtSTe, PtSeTe,'% ShTel, BiTel,'%° and a family of
MX,Y materials (M = Ti, Zr, or Hf, and X # S, Se).'0 In each case,
the ds; coefficient is calculated to be higher for the Janus 2D
crystal compared to non-Janus analogues.

The chemical diversity of these computationally modelled
structures suggests that, regardless of the constituent elements
of a 2D crystal, producing a Janus structure will directly lead to
the presence of a comparably large out-of-plane piezoelectric
effect. Understanding this, the question becomes which
constituent elements are the most appropriate to exploit.
Critically there remain very few experimentally synthesised
Janus 2D crystals, and approaches for atomically precise
synthesis of more complex Janus crystals (beyond MXY) remain
distant. Thus, significant focus should be directed to developing
experimental methods to validate and support theoretical
findings of Janus structures.

Recent works using computational approaches, led by Abir De
Sarkar, have reported that applied strains may induce ultra-

This journal is © The Royal Society of Chemistry 20xx
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high, colossal, or gigantic out-of-plane piezoelectricity to Janus
2D crystals.207: 110,111 These results, obtained using DFT, suggest
that Janus MXY structures have chemical bonds more ionic than
those in MX; crystals (wherein the bonds are predominantly
covalent).'! The increased ionic contribution to MXY bonds is
suggested to lead to a lower electron deformation potential
(and consequently a greater polarization). This lower
deformation potential thus enables small in-plane strains to
induce a dramatic change in dipole moment, and as a result the
piezoelectric output. When extrapolated to other Janus
monolayer structures, the effect of the change in bond nature
is consistent with a calculated increase in electron and hole
mobility, and enhanced piezoelectric effect under strain.107, 110
The largest calculated ds3 of 984 pm V! was predicted to occur
at 6% vertical compressive strain for a bilayer of TiSe,S (with the
bilayer itself presenting a 433 of 541.29 pm V1).110 While the
chemical stability of titanium chalcogenide structures is poor,
due to oxidation to TiO,,?124 this work provides a strong proof-
of-concept for using Janus 2D crystals to engineer the next
generation piezoelectric 2D crystals.

These calculations provide a target and impetus for
experimental replication. There is a challenge in achieving
appropriate strains in experimental 2D crystals, with
delamination, dislocation formation, and fracture/buckling
acting as possible (albeit undesirable) strain relief mechanisms.
However, recent work by Li et al.,''> has reported tensile strain
in WS, monolayers of up to 5.68% (attained by the radius of
bending of 2D crystal monolayers encapsulated in a polymer)
which is approaching the 6% strain used for the copmuted
piezoelectric enhancements.!*® However, this is in-plane strain
rather than compressive strain. Further work is needed to
validate if strains approaching 6% can be experimentally
realised for other 2D crystals (both in-plane and/or
compressive), or if these predicted piezoelectric enhancements
are observed at significantly lower strains. If these calculations
are able to be reproduced experimentally, these atomically thin
Janus 2D crystals would demonstrate record mechanical-to-
electrical conversion efficiency.

Although the elemental substitution approach requires careful
chemical control, it shows great potential as it allows the
formation of out-of-plane dipoles with specific magnitudes and
directions. Deconvoluting the specific role of elemental
substitution and lattice strain is quite challenging, as switching
specific surface atoms will automatically induce a strain on the
other atoms within the unit cells. Therefore calculations,
predictions, and interpretations must consider these strain
effects in addition to changes in electronegativity (or charge
localization) within the crystal structure.

In addition, it is important to take extreme care in the analysis
and the simulation conditions for calculations involving
variations in chemistry, induced strain and asymmetry. Such
conditions can result in an asymmetric application of strain (i.e.,
strain gradient), consequently manifested as the combination
of the piezoelectric and flexoelectric effect.!'® 117 The latter is
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inherently difficult to discern, although the contribution of
flexoelectricity can be minimised by confirming the absence of
an inhomogeneous strain field parallel to the direction of
polarisation following the simulations.18 112
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Figure 14. Janus transition metal dichalcogenides; a) charge density (units e/Bohr3) of
MoSTe; b) comparison of ds3 coefficient with differences in atomic radii of the chalcogen
atoms; (a and b, Reproduced from Ref. 124 with permission from the American Chemical
Society, Copyright 2017) and c) parallel (top) and antiparallel (bottom) stacking
sequences for 2D crystals. (c, Reproduced from Ref. 91 with permission via CC-BY 4.0
licence from Springer Nature, Copyright 2021.)

The intrinsic and engineered piezoelectric outputs from
selected 2D crystals are summarized in Table 1. From this data,
the best piezoelectric 2D crystals are PbO, heterostructures
with ferroelectric materials (In,Ses/WS, or In,Ses/MoS;), and
Janus transition metal dichalcogenides. However, accurate and
reproducible characterization and comparison remains
challenging, with substantial ongoing debates around the best
way to accurately measure piezoelectric properties via PFM on
the nanoscale. Notably, a considerable number of studies in the
area tend to use multiple different piezoelectric coefficients
interchangeably, resulting in a lack of comparable data.

For example, the use of the piezoelectric stress coefficient in C
m has been commonly observed, which arises by exchanging
the value for the polarization in place of the displacement field;
however, this is a value that cannot be confirmed
experimentally by using Equation 3a. Nonetheless, the
development of robust methods for engineering piezoelectric
responses in non-polar crystals using heterostructures, and
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defect engineering and elemental substitution will accelerate
future design of piezoelectric 2D systems with bespoke
properties. A major challenge is the breadth of potential
chemistries and materials that can be combined or studied (the
chemical space problem common to many areas of small
molecule chemistry and materials science). To put this data into

Table 1. Selected reporting of piezoelectric coefficients of 2D crystals.

perspective, the following section will review the use of
machine learning to predict 2D heterostructure properties.
With such a large amount of 2D crystals, the predictions
enabled by machine learning is critical to designing materials
with optimal piezoelectric outputs.

2D crystal Piezoelectric Coefficient Comments Reference
Graphene ds3=37nCN? 2D Band piezoelectric effect / strain engineering E
MoTe, ds3=0.4pm V! Up to 2.4 pm V?locally in strained areas %
SnS, ds3=2.2 pmV?! &
In2Ses d33=0.34 to0 7.60 pm V! Increases dss with increasing thickness bt
PbO ds3 = 30.41 pm V! Liquid Metal Exfoliated -
Sc2CO; d31=0.78 pm V?! Calculated via DFT, cantilever device showed piezoelectric &
output
Y.CO> d31 = 0.40 pm V?! Calculated via DFT, cantilever device showed piezoelectric I
output
La.CO» ds1 =0.65 pm V?! Calculated via DFT, cantilever device showed piezoelectric 74
output
F, Li doped graphene ds;1=0.3 pm V?! Charge transfer to adatoms from graphene 2
MoTezx dis3=2.4pmV?! Defects induced via thermal annealing o
Defected MoO> d33 = 0.072 to 0.560 pm V! Electret formation during synthesis, not intrinsic &
In2Ses/MoS; ds3=17.5 pm V?! Mechanically exfoliated samples Ll
In2Ses/WS; ds3 =10.7 pm V! Mechanically exfoliated samples &l
2D/3D FAPbIs (perovskite) ds3=2.77 pm V! Heterostructured embedded in TiO2/Spiro-OMeTAD &
MoSTe ds3 =5.7to0 13.5 pm V! .
MoSeTe ds3 =6.217 pm V! -
MoSSe ds3 = 5.248 pm V! -
WSSe ds3=5.319 pm V?! 104
WSeTe ds3=6.710 pm V? 104
WSTe ds3=9.279 pm V?! 104
MoSeTe/WSTe ds3 =5.461 t0 13.91 pm V! Stacking order dependant, calculated from DFT 120
ZrSe;S ds3=68.72 pm V? Calculated from DFT e
TesSe d3;3 =-89.338 pm V! Calculated from DFT 13
TiSe,S d33 = 541.29 pm V?! Bilayer, stacking order dependant, calculated from DFT i

* 2D Crystals Defected/Doped Crystals 2D Heterostructures Janus 2D Crystals

4. Machine Learning for 2D Heterostructure
Properties

Following the first exfoliation of graphene in 2004, extensive
research into the properties and applications of 2D crystals has
led to the development of new types of electronic and
optoelectronic devices.'?! As the research evolved, an entire
new class of 2D crystals emerged that have been the focus of
intense experimental and novel computational studies. The
synergy between experiment and modelling has played a
significant part in new material discovery and characterization.
Multiple databases of novel 2D crystals have been compiled
using experimental and computational methods to establish
structure and function. These include the Inorganic Crystal
Structure Database (ICSD), the superconducting critical
temperatures (SuperCon), the Open Quantum Materials
Database (OQMD), the Cambridge Structural Database, the
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Harvard Clean Energy Project (HCEP), the Materials Project
(MP), the Materials Commons, and the Materials Data
Facility.122-128

However, van der Waals structures formed by combining 2D
monolayers are sparsely studied, with only a few databases
available. These databases are expanding rapidly and are critical
to the discovery of new 2D crystal properties for practical
applications. Below we review the application of advanced
machine learning (ML) methods to the modelling and prediction
of van der Waals properties that leverage and augment the still
relatively small number of experiments on these materials.

With the discovery of many novel 2D crystals, (although

experimental synthesis remains challenging), traditional

quantum-chemical simulations to predict their properties face
two main problems:

1) The number of possible heterostructures built using

the currently known monolayers (approximately
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6,000) becomes unmanageable, as the combinations
of two monolayers creates approximately 20 million
bilayers, and the number of three-layer combinations
reach the trillions.12> 130 The large computational time
and required to simulate each
heterostructure using quantum chemical or molecular

resources

dynamics methods makes modelling this number of
structures intractable.

2) Many properties, where non-linear effects for a
certain regime become dominant, could add a large
degree of complexity to each calculation.®3!

Consequently, data driven ML methods have become the
dominant means for modelling and predicting the properties of
2D crystals and materials in general.'32 These methods have
clearly demonstrated their utility in situations where physics-
based simulations for generating physical properties data are
not feasible.'33 For example, using data-driven ML methods the
properties of over 1.7 million bilayers built from 1800 2D blocks
can be predicted.3*

Structural optimizations and static calculations allow us to
determine two of the most important properties that influence
the fabrication of novel 2D crystals: the exfoliation energy and
the decomposition energy of the material. The exfoliation
energy is the average energy per atom that is required for the
removal of the layer from the bulk material. The decomposition
energy is the energy required for the separation of the materials
into elemental components. The few databases that store
structural and functional information of 2D crystals are listed in
Table 2.

It has been estimated that there are >2000 possible 2D crystals,
which combinatorially multiplies the number of possible homo-
and hetero-structures. However, only a handful of 2D crystals
have been successfully synthesized or exfoliated. The very large
majority of 2D crystals have been described only by
computational methods, accelerating materials screening by
combining complementary methods such as DFT with ML.13> 136

Traditional quantum chemical computational techniques such
as DFT are widely used for material prediction (e.g., the
Materials Genome Project). These techniques can predict many
properties of novel and conventional materials with good
accuracy. As we stated above, they are very time and resource
intensive and models resembling realistic conditions require
either a large number of atoms or a long time scales. Large-scale
DFT calculations are very time consuming and often scale poorly
with system size, typically O(N¢3), with Ne being the number
of Kohn—Sham orbitals.'3” 138 The fastest approach scales as
O(N), spending most time forming the Hamiltonian and self-
consistently solving for the ground state electron eigenstates, a
challenging task for large structures with limited periodicity.*3%
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141 Indeed, such methods are still under development. Semi-
empirical approximations to DFT (whilst very promising)
introduce  approximations that substantially reduce
computational time but can be inefficient and/or inaccurate for
high-throughput electronic structure screening purposes.t42-144
To improve the accuracy, the semi-empirical parameters need
to be developed for each studied case, and currently the
computational time saved in the DFT calculation is lost in

developing the semi-empirical parameters, 142144

However, by exploiting smart synergies between DFT and ML,
fast and accurate computational screening of materials of
technological interest can be achieved. ML is the general term
assigned to all methods that automate analytical model
building.1*> 146 ML uses algorithms that iteratively learn from
available data and allow computers to find hidden relationships
among available parameters, without the use of any explicit
formulation of relationships. ML approaches have taken
material sciences to a new level and ML-assisted methods have
gained huge popularity for a wide range 