&
o]
a
Bl
e
(2]
(2]
l
e
0
[°)
e
a

4656 wileyonlinelibrary.com

ADVANCED
MATERIALS

www.advmat.de

'a\
Me \lii"§

www.MaterialsViews.com

A Review of Mechanical and Electromechanical Properties

of Piezoelectric Nanowires

Horacio D. Espinosa,* Rodrigo A. Bernal, and Majid Minary-Jolandan

Piezoelectric nanowires are promising building blocks in nanoelectronic,
sensing, actuation and nanogenerator systems. In spite of great progress
in synthesis methods, quantitative mechanical and electromechanical
characterization of these nanostructures is still limited. In this article, the
state-of-the art in experimental and computational studies of mechanical
and electromechanical properties of piezoelectric nanowires is reviewed
with an emphasis on size effects. The review covers existing characteriza-
tion and analysis methods and summarizes data reported in the literature.
It also provides an assessment of research needs and opportunities.
Throughout the discussion, the importance of coupling experimental

and computational studies is highlighted. This is crucial for obtaining
unambiguous size effects of nanowire properties, which truly reflect the
effect of scaling rather than a particular synthesis route. We show that
such a combined approach is critical to establish synthesis-structure-
property relations that will pave the way for optimal usage of piezoelectric

nanowires.

1. Introduction

Nanowires are envisioned as fundamental building blocks of
future electronic, electromechanical, optoelectronic, sensing
and actuation nanosystems.!l Given the remarkable progress
in their synthesis in the last two decades,? researchers have
been able to demonstrate unique and novel nanosystems with
unprecedented functionality; for example, high-mobility single-
nanowire transistors,l3 strain-controlled logic gates,* single-
nanowire lasersP and strain sensors.’! The majority of these
and other new applications of nanowires are largely possible as
a result of the enhancement of the material properties at the
nanoscale (such as size effects) including mechanicall’! and
electromechanical®1% properties.

Among nanowires, those that exhibit piezoelectricity, for
example, semiconducting wurtzite compounds (e.g., ZnO and
GaN) or ferroelectrics (e.g., PZT, BaTiO;), are technologically
relevant and have received increased attention because usage
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of piezoelectric properties often results
in nanosystems with high functionality.
For instance, the combination of semi-
conducting and piezoelectric properties
is important in core-shell optoelectronic
heterostructures where a direct bandgap,
combined with piezoelectric polarization
fields created by lattice mismatch, are
critical for the operation of the devices.!!
Strain sensors with increased sensitivity,
provided by the piezoelectric effect, are
also possible.l! Another example, which
perhaps has received the most attention,
are nanogenerators'? where piezoelec-
tricity is employed to convert mechanical
energy to electrical energy for the opera-
tion of low-power electronics.'®l Initial
demonstrations of these devices were
based on atomic force microscopy (AFM)-
induced bending of individual and arrays
of semiconducting nanowires.'?l More
recently, nanogenerators have been manu-
factured from systems consisting of millions of nanowires.'¥
Furthermore, nanogenerators employing traditional piezoelec-
tric materials such as lead-zirconate-titanate (PZT)™ and flex-
ible piezoelectric polymers such as poly(vinylidene fluoride)
PDVF!'® have also been demonstrated.

Although all these applications are very promising, they
are still years away from being commercially available, mostly
due to issues of reliability and robustness,'”] as well as per-
formance optimization, which remain to be addressed. For
performance optimization it is desirable to know which set of
nanowire morphological (diameter, length), structural (crystal
structure, defect type and density, etc.), and electrical proper-
ties (conductivity, polarizability) gives the best performance
for a particular application. Likewise, the effect such features
have on their reliability is important. Furthermore, given that
the size-induced enhancement of properties, e.g., mechanicall’!
and electromechanical,® have been primarily reported for
nanowire diameters below 100 nm, their detailed characteriza-
tion in this size range is critical to the development of opti-
mized nanosystems.

Characterizing and developing a mechanistic under-
standing of mechanical and electromechanical properties in
nanostructures with characteristic dimensions below 100 nm
has been challenging and required the development of new
experimental, computational, and theoretical approaches.
As it will be shown in this article, measurement of proper-
ties through a particular experimental technique is not suf-
ficient to fully understand the behavior of nanostructures.
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The challenging nature of experimentation and modeling at
the nanoscale requires comparison between measurements
and first-principles atomistic calculations in order to discard
methodological artifacts and bridge the gap between theoret-
ical and experimental investigations. Unambiguous property
characterization can then emerge. Additionally, experimental
approaches are usually not sufficient to establish mechanistic
explanations for a particularly measured material behavior.
Moreover, thorough structural characterization of the speci-
mens must be performed in order to identify and quantify the
presence of defects and impurities (e.g., dopants) and their
influence on measured properties. This is of critical impor-
tance in nanoscale research because different synthesis routes
can produce nanostructures that, although made of the same
material and with similar morphological characteristics, may
display different properties because of defects and impurities
introduced (either intentionally or unintentionally) during
synthesis.

For the particular case of mechanical and electrome-
chanical characterization of piezoelectric nanowires, a com-
bined experimental-theoretical methodology is provided in
Figure 1. For structural and elemental characterization of
nanostructures, high-resolution transmission electron micro-
scopy (HRTEM) and atom probe tomography (APT)!'¥ are
employed because of their high resolution in the identifica-
tion of defects, crystalline structure, and chemical composi-
tion. The outcomes of these characterizations are used as
inputs for atomistic studies where first-principle calculations
are directly employed or used to validate semi-empirical force
fields employed in molecular mechanics (MM) and molecular
dynamics (MD) simulations. The results of these simula-
tions are compared with experimental measurements, and
complemented by thorough structural and elemental charac-
terization of the tested specimen, allowing the establishment
of synthesis-structure-property relationships. The continued
development of these different techniques, as will be shown
in the following sections, has allowed the discovery of several
size effects in mechanical and electromechanical behavior
of piezoelectric nanowires. Nevertheless, additional research
remains to be pursued in order to gain a fundamental under-
standing of these properties in nanostructures. In turn, this
fundamental understanding should pave the way to design
optimized nanowire systems for electronic, electromechan-
ical, and optoelectronic applications.

This review article is divided into three sections. In the
first section, the relevance of atomic characterization of
nanowires with TEM and APT is briefly outlined. In the
second section, a discussion of the mechanical properties of
several piezoelectric nanowires, emphasizing recent results
on semiconducting ZnO and GaN nanowires and other wur-
tzite compounds, is presented. In the third section, nanos-
cale techniques for the measurement of the piezoelectric
coefficients in individual nanowires, as well as data reported
in the literature for several materials, are presented. As it
will be shown, accurate measurement of mechanical and
electromechanical properties in the size range of a few nm
to 100 nm is quite challenging and requires development
of novel experimental techniques and methods of analysis.
As a result, some of the findings are still subject of debate.
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Nevertheless, a consistent picture is emerging in which both
mechanical and electromechanical properties of nanowires
are significantly enhanced below a critical dimension of
~100 nm.
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Figure 1. Methodological approach to characterize mechanical and electromechanical properties of piezoelectric nanowires. Structural and elemental
characterization provides information on defects and dopants that is used as input for atomistic calculations of realistic nanowires and helps establish
the role of size, defects and dopants on mechanical and electromechanical properties. Atomistic calculations of these properties, where Density Func-
tional Theory aids to validate empirical molecular mechanics/dynamics models, are compared against the results of experiments in order to establish
unambiguous trends. The coupling of all these techniques allows establishment of synthesis-structure-property relations that lead to a fundamental

understanding of the properties of nanowires.

2. Structural and Elemental Characterization
of Piezoelectric Nanowires

2.1. The Role of Defects in Nanowire Behavior and their
Characterization

Several types of defects have been identified in nanowires.
Establishing their role on mechanical and electromechanical
properties is of great importance. Stacking faults,*2?% inver-
sion domain boundaries (IDB),21?2l screw dislocations or nano-
pipes,’?’l and surface defectsi?!l have all been observed. The
presence of such defects is highly dependent on the particular
nanostructure synthesis method; for example, molecular beam
epitaxy (MBE) has been reported to yield high crystalline perfec-
tion and few stacking faults,?! while the more extended vapor-
liquid-solid (VLS) method reportedly yields a higher density of
such defects.?” Thus, to obtain measurements that probe the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

effect of size and not the particular synthesis route, assessing
the potential influence that defects have on the electromechan-
ical and mechanical response, coupled with their direct iden-
tification in the tested nanowires, is imperative. Defects are
known to affect, for example, mechanical,? optical?? and elec-
trical?’” behavior of a material. The fact that defects play a role
in mechanical behavior is widely accepted, although a quanti-
fication of their specific influence in the case of nanowires is
still a subject of intense research (see section 3.2). On the other
hand, the potential influence defects may have on the piezoe-
lectric behavior of nanostructures is largely unknown.
Dislocations and inversion domain boundaries are known to
have an effect on bulk piezoelectricity,?® while the role of stacking
faults and surface defects is not clear (although stacking faults
are known to affect the local band structurel?®)). As dislocations
alter the local strain fields, they create a local piezoelectric polari-
zation.!?®! This affects mostly the electric fields near surfaces or
interfaces.”) As a result, the overall piezoelectric response may

Adv. Mater. 2012, 24, 4656—4675
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change. However, the occurrence of dislocations in nanostruc-
tures is not as extended as in bulk or thin-films?%?? because
they can migrate to the surface and disappear. For the case of
inversion domain boundaries (IDB), they result in the inver-
sion of the direction of the piezoelectric response. This defect
consists of the coexistence of two inverted regions of the crystal
separated by a single-atom boundary. As a result, applying, for
instance, tension to such a structure would result in an electric
field parallel to the stress in one region, while the other region
would develop an anti-parallel field. There exists evidence that
this type of defect appears in nanowires,?1-22 although it is not
clear to what extent. It is also noteworthy that published work on
electromechanical properties of nanostructures has not reported
whether this defect was present on the tested specimens.

The identification of the aforementioned defects in nanos-
tructures has been mostly attempted using HRTEM,[1%-23]
because of its resolution and suitability for examining single-
crystal specimens. Furthermore, development of in situ testing
methods, where mechanical properties of nanostructures are
simultaneously measured along with HRTEM observation, has
garnered much attention recently®*-33l because defect identifi-
cation on the tested specimens is possible. Nevertheless, in situ
TEM testing has been mostly applied for mechanical proper-
ties, while studies on piezoelectricity in nanostructures, where
the atomic structure of the specific tested specimen is charac-
terized, are lacking (See Section 4.1).

2.2. Characterization of Nanowire Dopants

Dopants in nanowires play a role in the conductivity of the spec-
imen and therefore influence the electromechanical response,
especially in the case of piezoelectricity.**"] If the conduc-
tivity of a specimen is high, the direct piezoelectric response is
quenched due to free charges (introduced by dopants) that screen
the charges generated by the piezoelectric effect.’¥ Incorpora-
tion of intentional or unintentional doping®! is possible during
the synthesis process; and given that even a small concentration
of dopants can influence properties in nanowires, an elemental
characterization method with high resolution is needed.*%

Atom probe tomography (APT) is a technique that allows
both identification of the atomic species and its spatial distri-
bution within a nanowire (NW) specimen with sub-nanometer
resolution down to the single-atom level.'®! However, applica-
tion of this technique to piezoelectric materials, some of which
display large wide band gaps is particularly challenging. A par-
ticular implementation of APT called local electrode atom probe
(LEAP), which allows characterization of dopants in nanowires
has recently been applied to GaN nanowires.*! In this tech-
nique, a high electric field is applied between a small-diameter
sample (nanowire) and an electrode positioned directly in front
of it (local-electrode). As a result of the high electric field and
the energy transferred by a pulsed-laser focused on the tip of
the sample, individual atoms are evaporated from the specimen
and attracted to a detector positioned behind the local electrode.
Spectroscopy is then performed by analyzing the time-of-flight
and mass-to-charge state ratio of the evaporated atoms.

Using the LEAP technique, successful detection of Mg
dopants and their spatial distribution in GaN nanowires was
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Figure 2. Elemental mapping of a GaN nanowire using LEAP. (a) Experi-
mental setup where an electric field applied between the specimen and
an electrode, and a laser pulse, aid in the evaporation of individual atoms
from the specimen. (b) Higher magnification image showing a nanowire
positioned in the tungsten (W) probe in (a). Figure (c) and (d) show the
identification of the material elements (gallium, nitrogen) and the dopant
(magnesium) in the nanowire specimen. Reprinted with permission.!l
Copyright 2011, American Chemical Society.

achieved (see Figure 2).11 As mentioned earlier, application of
this technique in wide band gap materials is particularly chal-
lenging and requires further optimization of experimental
parameters. As a result, only relatively high concentrations of
dopants have been detected (6 x 10! cm™3). These experiments
suggest that Mg doping may distribute unevenly and preferen-
tially on the nanowire surface, illustrating that indeed, synthesis
may play a role on observed properties.

3. Mechanical Properties of Piezoelectric
Nanowires

As stated above, nanowires made from piezoelectric mate-
rials are widely used for nanogenerators, optoelectronics and
sensing/actuation devices. In these applications, especially in
those where strain or displacement is needed to achieve func-
tionality, knowledge of mechanical properties enables mod-
eling, design and optimization of device functionality. Typically,
one is interested in knowing the elastic moduli, failure prop-
erties (strength and strain), and the structural features that
are responsible for both. These structural features are usually
characterized in HRTEM, preferably in the same nanostruc-
ture that undergoes deformation—this is accomplished through
in situ experiments.”?**2 The final goal is to establish syn-
thesis-structure-property relations that ultimately lead to device
optimization.
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The elastic moduli are critical to determine the deformation
or strain that a nanostructure will undergo under an applied load
or conversely, the stresses caused by a prescribed deformation.
Knowledge of the strains or deformations is important in appli-
cations pertaining to piezoelectric materials since they will have
a direct influence on the generated piezoelectric potential.3¢37]
On the other hand, knowledge of stresses, in conjunction with
identification of failure mechanisms provides bounds for reliable
design. Hence, failure or fracture strains and strengths are just
as important as the elastic moduli because they determine the
mechanical operational limits of the devices, and therefore have
an influence over the reliability and robustness of the system.

In this section, an account of the state-of-the-art in mechan-
ical characterization of piezoelectric nanowires is given. Partic-
ular focus is placed on wurtzite semiconductors, given that they
are all piezoelectric. More specifically, Zinc compounds (ZnO,
ZnS), the nitride series (AIN, AlGaN, GaN, InN), and CdS are
reviewed here, due to their technological importance and also
to the fact that nanogenerators using all these materials have

Mok
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been reported.*37#¢! Special emphasis is given to ZnO and GaN
due to their importance not only in nanogenerators, but also to
other applications, e.g., optoelectronics. In fact, it will be shown
below that the mechanical properties of these two nanowire
materials have been the most extensively characterized.

3.1. Summary of Nanomechanical Characterization and
Modeling Methods

Many experimental and modeling approaches have been used
to characterize the mechanical properties of piezoelectric
nanowires. The experimental methods have been reviewed in
detail in [31,32,47-50]. The methods are briefly discussed in this
section and more extensively later in the context of the results
presented. To provide appropriate background, a summary of
the published reports on the mechanical characterization of the
seven aforementioned materials, including the characterization
techniques is given in Table 1.

Table 1. Summary of the different methods (experimental and modeling) used to characterize the mechanical properties of ZnO, GaN and other
wurtzite semiconductors (WZS). Acronyms: MEMS (Micro-Electromechanical Systems), SEM (Scanning Electron Microscopy), TEM (Transmission
Electron Microscopy), AFM (Atomic Force Microscopy), LFM (Lateral Force Microscopy), MD (Molecular Dynamics), FEM (Finite Element Mod-
eling), MST (Molecular Statistical Thermodynamics), DFT (Density Functional Theory).

Method Loading mode Material
ZnO GaN Other WZS
EXPERIMENTS
MEMS in situ SEM/TEM Tension [7,24,66] [42,52]
Nanoindenter in situ TEM Compression [57]
AFM Cantilever in situ SEM Tension/buckling [53-56]
AFM Cantilever in situ TEM Buckling [67]
AFM bending of cantilevered NW Bending [118,119]
AFM:-Instrument based
AFM/LFM Bending 58] InN:[120]
Three point bending Bending [59] [64,121] ZnS:[122]
Contact resonance N/A [123,124] InN:[125]
Nanoindentation [126] [126] ZnS:[127-129]
In situ SEM/TEM resonance Bending [60-62] [130,137] CdS:[132] AlGaN:[133]
Electrical resonator Bending CdS:[134]
SEM electrostatic bending Bending AIN:[135]
MODELING
Atomistic
MD Tension/buckling [7,24,53,73,74,136-138] [42,139,140]
MD/FEM Tension AIN:[78]
MST Tension [72]
DFT Tension [75,141] [42] ZnS:[77]
DFT/surface elasticity N/A [142] [143]
Theoretical
Bond-order-length correlation N/A [144]
Core-shell modeling N/A [56,60,69] [69]
Surface elasticity N/A [145,146]

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the experimental domain, one can divide the methods
based on the loading mode, namely uniaxial tension or com-
pression, and bending-based, where bending (either static or
in resonance) and buckling are employed. Uniaxial methods
provide a means of applying a controlled deformation at one
end of the specimen, while load measurement is performed
at the other end. Strain is usually measured by imaging of
the specimen, usually in situ an electron microscope. In situ
TEM provides the highest resolution and enables characteriza-
tion of the atomic structure of the specimen.?*l Implementa-
tion of this loading mode has been carried out using Micro-
Electromechanical Systems (MEMS) in situ the TEMU:244251
or in situ the SEMP? where a thermal actuator applies the pre-
scribed displacement to the specimen. The load-sensing mecha-
nism is a capacitive displacement sensor.’!] An alternative is to
use a nanomanipulator as the actuator and an AFM cantilever
as the load sensor. This later method has been used extensively
in situ SEM.?3-59 Likewise, in situ TEM nanoindentation has
also been employed.P”!

Bending and buckling methods are usually easier to imple-
ment but data interpretation is more complex. Nanostructure
bending is achieved by means of atomic force microscopy,
which also provides measurement of force, either in the lat-
erall®® or vertical directions® or by a nanomanipulator pushing
the nanowire specimen until it buckles. Alternatively, bending
can be induced by electrostatic resonance.%2 In all cases,
fixed boundary conditions at the nanowire end are difficult to
ensure and this has led, e.g., in the case of ZnO nanowires, to
significant data scatter, as reported in ref. [7].

Atomistic models, primarily molecular dynamics (MD)
and first-principles density functional theory (DFT) calcula-
tions have been extensively used to predict nanowire proper-
ties (See Table 1). The most common investigated loading has
been tension. These studies have provided important insight
into the mechanisms leading to size effects. More discussion
of the simulation methods and findings is provided in subse-
quent sections for both mechanical and piezoelectric nanowire
properties.

3.2. Mechanical Properties of ZnO Nanowires

ZnO nanowires are, by far, the most extensively characterized
among piezoelectric nanowires. This is partly because of the
interesting properties exhibited by ZnO, such as relatively high
piezoelectric constants and high exciton-binding energy, as
well as the relative ease with which ZnO nanostructures can
be synthesized.[®¥ In fact, most of the techniques developed
for mechanical characterization of one-dimensional nanostruc-
tures have been applied to ZnO, see Table 1. Currently, there is
a general consensus pointing to the existence of a strong size-
effect on the modulus of elasticity for nanowires oriented in
the [0001] direction,”) in which the modulus increases as the
diameters decrease below 100 nm. Their failure strength and
strain, and their governing mechanisms, although known to
be higher than in bulk, are still the subject of investigation. In
this section we provide a summary of the identified mechan-
ical properties of ZnO nanowires, namely elastic and failure
properties.

Adv. Mater. 2012, 24, 4656—4675
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3.2.1. Elasticity of ZnO Nanowires

The elastic properties of ZnO mnanostructures have been
studied by several experimental, computational and theoretical
approaches. As shown in Table 1, the body of literature is vast,
and until recently, conflicting accounts of the size dependence
of the elastic modulus existed.

In terms of experimental results, as pointed out in ref. [7],
several artifacts dominated the earlier reports, resulting in
scatter and conflicting trends in the reported size effects. These
artifacts were related to uncertainties in boundary conditions,
metrology of the cross-section, instrument calibration and
sample manipulation.”] For instance, in tests where an atomic
force microscope was used to perform a three-point bending,
the boundary conditions varied between fixed or pinned
ends.[**%] Another source of boundary condition uncertainty
was present when a compliant structure, such as a copper grid,
was used to load the specimen. (%!

Recently, Agrawal et al.” used in situ TEM experiments and
a MEMS testing platform, coupled with atomistic simulations to
demonstrate unambiguously the size-dependence of the elastic
modulus of [0001]-oriented ZnO nanowires. The combination of
uniaxial loading condition, the use of selected area diffraction
patterns to measure strains, and accurate measurement of the
nanowire cross-sectional area together with atomistic simulation
of nanowires with up to 20 nm in diameter, allowed identifica-
tion of a consistent trend on elastic modulus. In particular, it was
shown that the modulus increases as the diameters decreases
below approximately 80 nm. Larger nanowires showed a mod-
ulus of elasticity that agreed well with the bulk value (140 GPa).

Subsequent reports (shown in Figure 3) have confirmed
the existence of a size dependence on the elastic modulus of
[0001]-oriented ZnO nanowires below a critical size. In partic-
ular, all the reports have shown that the modulus increases as
the diameter decreases. This has been shown by in situ SEM
uniaxial®>>% and buckling experiments.>>’] All these methods
utilized AFM cantilevers to measure the applied load.

Among the recent results, one can highlight the work
by Xu et al.,”® which used the experimental setup shown in
Figure 3(d) to test the size dependence of the modulus under
uniaxial loading and under buckling. The uniaxial results agree
well with the earlier results by Agrawal et al.”} The bending
results demonstrated that different loading modes lead to a dif-
ferent size dependence of the modulus. This is a result of the
greater influence of surface elasticity on the buckling loading
mode given that the nanowire surface has a higher elastic mod-
ulus.”l This fact had been reported earlier, albeit with a more
pronounced scatter and under different experimental setups for
each loading mode.’® Theoretical estimations also predicted
loading mode effects.®%] The fact that surface elasticity plays
a more pronounced role in the size dependence measured in
bending was recently confirmed by the in situ TEM experi-
ments performed by Asthana et al.l*”]

In summary, several experimental, computational and theo-
retical results have been applied to characterize or model the
elastic behavior of ZnO one-dimensional nanostructures. Two
important findings have become clear, namely: i) there is a size-
dependence on the modulus along the [0001] orientation with
the modulus increasing as the nanowire diameter decreases.
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Figure 3. (a) Recent reports on the elastic properties of [0001]-oriented (c-axis) ZnO nanowires as a function of the diameter. (b) and (c) illustrate the
combined computational-experimental method employed by Espinosa and co-workersl’l where a MEMS device and MD calculations were employed.
See text for explanation of Figure (b). (d) Basic set up of the other experimental methods in which an AFM cantilever and a manipulator is used to load
the specimen in tension or buckling. Figures (b) and (c) reprinted with permission.”l Copyright 2008, American Chemical Society. Figure (d) adapted

with permission.®] Copyright 2010, Springer-Verlag.

ii) surface elasticity effects imply that the size-dependence
measured in bending modes is more pronounced than the one
measured under uniaxial loading.

3.2.2. Mechanical Failure Properties

Among several of the characterization techniques for mechan-
ical properties of nanowires, only a limited number have the
capability of characterizing failure properties such as fracture
strain and fracture strength. As a result there is less data avail-
able on failure of ZnO nanowires. Furthermore, there is no cur-
rent consensus about strength size-dependence, although some
attempts to explain the phenomenon have been made.

Strength of ZnO nanowires was first measured using the
AFM/LFM technique where a suspended nanowire is subjected
to a three-point bending test by lateral bending using an AFM
tip.*® More recently, uniaxial fracture experiments carried out
in situ TEM, with MEMS devices,?* and in situ SEM tests, with
nanowires clamped between a nanomanipulator and an AFM
cantilever, were reported.”>>°l These results are presented in
Figure 4.

The data shown in Figure 4 clearly reveals the existence of
size effects in the fracture strength and strain of ZnO nanowires.
ZnO nanowires display fracture strengths of a few GPa, several
times the fracture strength of the bulk and approaching the
theoretical strength (E/10 ~ 14GPa) at the smallest nanowire
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Figure 4. Fracture properties of ZnO Nanowires. (a) Fracture strains as a function of nanowire diameter, plotted from data in Ref. [53,55] (b) Fracture
strength as a function of diameter.5*5>581 (c) Fracture strengths as a function of nanowire surface area.*l
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Figure 5. Alternative Weibull statistics to quantify the fracture in ZnO nanowires (a) illustrates
the fracture from a surface-defects perspectivel?*l (thus using surface area), while (b) shows the
Weibull statistics from a point-defect perspective.”® Figure (a) reprinted with permission.?4l
Copyright 2008 American Chemical Society, (b) Reprinted with permission.’*l Copyright 2011,

American Institute of Physics.

diameter. Consequently, the fracture strain is relatively high,
usually higher than 2% even for the larger nanowire-diameters.
Two mechanisms have been proposed to explain the results
based on surface defects and point defects (vacancies). The first
mechanism based on surface defects was proposed by Agrawal
et al.?* and correlates strength with surface imperfections (as
imaged in HRTEM), which are inherent to many of the syn-
thesis processes employed in the manufacturing of nanowires.
These surface irregularities induce stress concentrators that lead
to fracture. Weibull statistics using the nanowire surface area as
the physical parameter lead to the results shown in Figure 5b.
Clearly, there is a correlation between surface area and fracture
strength, meaning that surface defects do play a role in nanowire
fracture, albeit the regression coefficient is rather low, likely due
to the somewhat limited number of performed experiments.?

The second mechanism was proposed by He et al.*®l and cor-
relates failure with vacancies existing in nanowires. This mech-
anism was first postulated by Pugno for carbon nanotubes.l”%71l
Under certain assumptions, quantized Weibull statistics was
fitted to the experimental data. However, the physical meaning
of this exercise remains somewhat questionable since He
et al. did not report unambiguously absence of surface defects
or quantification of vacancy cluster size, e.g., through high-
resolution transmission electron microscopy in the tested
specimens.

In principle, the fracture behavior of ZnO nanowires may be
the result of a combination of surface defects and point defects.
However, the quantification of the specific role each one plays
in fracture remains challenging because it is still quite difficult
to identify the largest surface defect or vacancy cluster size for
a particular sample. Identification of the role of these defects
is more amenable to be investigated using atomistic methods,
in which precise control of the starting atomic structure of
the nanowire is achieved. Indeed, failure properties of ZnO
nanowires were investigated using Molecular Dynamics and
First-Principles atomistic calculations.

Most molecular dynamic simulations of ZnO nanowires
have employed the pairwise Buckingham potential (see ref-
erences in Table 1). Although this potential has been able to
yield appropriate results for elastic properties,”! researchers
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fact of the Buckingham force field as dem-
onstrated by large scale first principles DFT
calculations.””! These simulations revealed
that the phase transformation occurs, but
as a precursor to fracture. Indeed, a non-
linear stress-strain curve with brittle failure
was predicted for nanowires up to 3.6 nm in
diameter. This result is not surprising in view of the pairwise
nature of the Buckingham potential as well as the neglect of
changes in electronic structure at high strains.

Even when the existence of the wurtzite to body-center-
tetragonal phase transformation has been elucidated, the com-
putationally predicted failure strains and stresses are higher
than those observed in experiments. Two reasons can be given
to explain such a discrepancy: temperature effects and initial
defects in the atomic structure of the nanowires. The introduc-
tion of defects in DFT calculations remains challenging because
even a few atomic defects lead to unrealistically high defect
densities.”! Further understanding calls for development of
multiscale methods that can simulate nanowires with realistic
sizes, yet avoiding the artifacts introduced by semi-empirical
potentials.l”!

3.3. Mechanical Properties of GaN

GaN nanowires are the second most-studied material among
wurtzite semiconductors. Similar to ZnO, several methods have
been applied to its elastic characterization. However, very little
has been reported on failure properties.

Recently, Bernal et al*?l summarized elasticity results
reported in the literature, which, similarly to ZnO, exhibited
significant scatter. The authors concluded that the sources of
such scatter is primarily the result of experimental artifacts, as
pointed out previously for ZnO."! Using a combined method-
ology of DFT, MD, and in situ TEM testing, Bernal et al. pre-
sented a consistent trend for the mechanical properties of c-axis,
a-axis, and m-axis GaN nanowires. One of the main conclusions
of the study was that GaN nanowires exhibit bulk elastic prop-
erties for diameters greater than 20 nm, which is in contrast
to the stronger size effect, at around 80 nm, observed in ZnO
nanowires.”! This can be explained by differences in the reduc-
tion of interatomic spacing near the surfaces, which is more
prominent for ZnO than for GaN. Comparison of Figure 3b
and Figure 6b shows that for nanowires of the same diameter,
surface atoms are displaced more with respect to their pristine
crystal positions in ZnO.
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Figure 6. a) Elastic Properties of [0001]-oriented (c-axis) GaN nanowires. b) Atomic displacements from the bulk crystal positions as obtained from
MD simulations. Reprinted with permission.[*2l Copyright 2011, American Chemical Society.

Much less is known about fracture, either from experimental or
computational studies. Recently, Huang et al.’”) reported uniaxial
compression experiments on GaN nanowires, using an in situ
TEM nanoindenter. Their results indicate that the failure is brittle,
with some instances of incipient, localized plasticity in the vicini-
ties of the nanoindenter. They identified failure planes that cor-
respond to the major slip systems in wurtzite GaN. It should be
noted that the tested nanowires were not c-axis orientation [0001]
but rather a-axis [1210]. The failure strength of GaN nanowires, as
measured by this method, is on the order of 1-2 GPa for diameters
between 100-200 nm. Given the identified failure strength of
ZnO, it is expected that the failure strength of GaN should be
of the order of a few GPa for sub-100 nm diameter nanowires.
Future characterization studies should shed light on this issue.

A feature that may be important in the mechanical charac-
terization of failure properties of GaN is the presence of planar
defects, such as stacking faults. The precise extent to which
these defects are widespread among the different synthesis
methods is unknown, although they seem to be less impor-
tant in molecular beam epitaxy,”® while they have been clearly
observed for CVD synthesis.?” The characterization of the
mechanically-tested structures for this type of defects, prefer-
ably in situ the TEM, will be critical in unambiguously charac-
terizing the failure properties of GaN nanowires.

3.4. Mechanical Properties of ZnS, CdS, InN, AIN and AlGaN
Piezoelectric Nanowires

The mechanical properties of these semiconductors have been
studied less extensively when compared to ZnO and GaN.
Their characterization is of technological relevance, especially
the nitrogen-containing semiconductors, in view that it has
been reported that transition from Al to In in the nitride series
improves the characteristics of nanogenerators.*!

The mechanical properties available in the literature for
these semiconducting nanowires are summarized in Table 2.
The bulk mechanical properties are also given in the table for
comparison and future reference. It is expected that, just as it
has been shown for GaN and ZnO, nanowire properties should
converge to the bulk values at some critical dimension.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Inspection of the table reveals that further characterization
efforts are necessary to achieve certainty on the properties of
these nanostructures; nevertheless, some trends can be readily
identified. For ZnS, the first-principles results of Chen et al.”’]
are noteworthy, since they predict that nanowire with sizes of
~20 nm would probably display the elastic properties of the
bulk ZnS. The same can be said for the results of Mitrush-
chenkov et al.,”8l which predict convergence to bulk properties
at small diameters.

Inspection of the other results reported in Table 2 reveals
either a significant scatter or insufficient information to draw
conclusions. Based on the understanding and insight gained
through mechanical characterization of GaN and ZnO nano-
structures, it is evident that some of the scatter reported for
these semiconducting nanowires arises from limitations and
drawbacks of the employed experimental approaches. Thus,
it is imperative that future characterization efforts draw from
past experience and are based on protocols with well-defined
boundary conditions and unambiguous metrology. It is noted
that any mechanical characterization method should achieve
convergence to bulk properties at large nanowire diameters.

4. Characterization of Piezoelectricity
in Nanowires

Piezoelectricity is a linear electromechanical coupling, which
manifests itself as a direct effect (P; = dj, 6;) and a converse
effect (g = dy. Ey), where P is the polarization vector, o is the
stress tensor, € is the strain tensor, E is the electric field vector,
and d is the piezoelectric third rank tensor.”” In a particular
coordinate system, the third rank tensor is given by a piezo-
electric matrix having several independent constants, whose
numerical values depend on the crystallographic structure of
the material. In direct piezoelectricity, application of mechan-
ical stress on a piezoelectric material results in generation of
electrical charges (voltage) on its surface. This charge can be
utilized in sensing and energy harvesting. In the converse
piezoelectric mode, an electric field applied across the mate-
rial generates strain or deformation in the material, which
can be employed, for example, in actuators.®l Accordingly,
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Table 2. Results available in the literature for mechanical properties of ZnS, CdS, InN, AIN and AlGaN one-dimensional nanostructures. Bulk proper-
ties were calculated using elastic constants in references™”] (zZnS),[48l (CdS) and['* (InN, AIN). The moduli of any basal-plane orientation have the

same value in bulk wurtzite so only one of them is reported.

Material Method Orientation Diameter Modulus Ref. Orientation Modulus in bulk
[nm] [GPa] [GPa]
AFM Three-Point
ree-romn [0001] [100] Not reported 5247 [122]
Bending [0001] 116.8
ZnS Nanoindentation Not reported 100 55.2+5.6 [127]
Nanoindentation [0001] 50-100 35.943.5 [129]
[100] 91
DFT [0001] ~0.5-2.4 ~125 [77]
In situ TEM .
[10-10] (m-axis) 50-300 20-200 [132] [10-10] 4738
Resonance
Cds I I "
Electri Not rted, -
ectrica ot reported, pos 60+10 62+17 [134] [0001] 62.8
Resonator sibly [0001]
AFM/LFM Not reported Not reported 150 [120] [0001] 174
InN AFM Contact
ontac [10] 88.6 260 [125] [110] 153
Resonance
[0001] 3292
SEM Electrostatic 0001 175 p 135
Bending [ ] [135] Any basal plane 3341
AIN direction
DFT-based FEM
asec [0001] <10 nm C43-400 78] Cis 373
modeling
In situ SEM . Not available for
AlGaN [12-10] (a-axis) Not reported 185+ 20 [133] .
Resonance specific alloy

piezoelectricity can be experimentally characterized in both
direct and converse modes.

The most common methods for characterization of direct
piezoelectricity in mnanostructures usually involve tensile
loading or lateral bending of the material with simultaneous
measurement of generated charge or electric potential. This is
challenging because the charges or voltages tend to be small,
which requires ultra-sensitive electronics.®”! On the other hand,
the measurement of converse piezoelectricity in nanostructures
is mostly performed by means of piezoresponse force micros-
copy (PFM). This method takes advantage of the scanning and
cantilever deflection measurement capabilities of the AFM. By
applying a local electric field on the material of interest and
measuring the induced displacements (often in the pico-meter
range), the components of the piezoelectric matrix are meas-
ured. PFM is by far, the most employed method for characteri-
zation of piezoelectricity in nanostructures.

In the context of computational methods, typically the direct
piezoelectric effect is quantified. This involves the application of
prescribed strains to the model and subsequent calculation of
the change in polarization.! Typically, full first-principles cal-
culations using density functional theory (DFT) are employed,
although recently a modified version of molecular dynamics
(referred to as core-shell MD) has been proposed.82

In this section, we review the literature on characteriza-
tion of piezoelectricity in nanowires using experimental and
computational approaches. In contrast to the characterization
of mechanical properties, where atomic structural charac-
terization, experimental measurements, and simulations have
been performed, much remains to be done in establishing
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synthesis-structure-properties relations in the context of piezo-
electricity. The experimental method most widely used (pie-
zoresponse force microscopy-PFM—explained below) has rela-
tively high throughput but does not allow in situ characteriza-
tion of the specimen under test. Furthermore, due to coupling
between mechanical and electrical effects, these experiments
are even more challenging than nanomechanical ones, and as
a result the number of studies focusing on characterization of
piezoelectricity in nanowires is much smaller when compared
to those on mechanical characterization. Furthermore, the
majority of computational results are still limited to nanowire
sizes smaller than 5 nm. Notwithstanding all these challenges,
recent experimental results point to an enhancement of piezo-
electricity for nanowires below 100 nm.

4.1. Experimental Investigation of Piezoelectricity in Nanowires

4.1.1. Converse Piezoelectric Characterization by Piezoresponse
Force Microscopy

Piezoresponse force microscopy (PFM) has been employed to
characterize the converse piezoelectric properties of several
materials.®*#% Due to its high resolution and insensitivity
to topographic features, PFM has been extensively used in
imaging domain structure and domain evolution in thin fer-
roelectric films,[#788 and in characterization of ferroelectric
and piezoelectric nanowires.®°% The PFM setup is shown in
Figure 7a. It consists of the AFM system, extended electronics
including a lock-in amplifier, and a function generator. In PFM
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Figure 7. (a) Schematic of the PFM setup, including the AFM system and extended electronics,
for measurement of the converse piezoelectric effect at the nanoscale. (b) Two common modes
of PFM: lateral and vertical PFM for measurement of in-plane and out-of-plane deformation in

the material, respectively.

a conductive cantilever is brought into contact with the surface
of the material of interest under a controlled constant force.
The conductive probe is often obtained by coating commercial
AFM probes with a thin layer (~10-20 nm) of Au or Pt. An AC
voltage, Visin(wt), is then applied between the cantilever and
the grounded substrate. Due to the piezoelectric effect, a local
AC strain is generated by the application of the AC voltage. The
deformation of the surface of the sample, arising from the con-
verse piezoelectric effect, is detected through the optical beam
path and four-quadrant photodetector of the AFM. The induced
signal on the cantilever (dysin (@t + ¢)) is deconvoluted in a
lock-in amplifier to measure amplitude (dy) and phase (¢) with
respect to the input AC voltage. Amplitude of the PFM response
is indicative of the strength of the piezoresponse and the phase
signal is indicative of the polarization direction underneath the
probe tip.

The AFM cantilever can undergo bending and torsion sim-
ilar to a regular cantilevered beam. Consequently, complemen-
tary information about the deformation of the sample surface
is acquired. To take advantage of this effect, PFM can be oper-
ated in the vertical and lateral modes, (Figure 7b). In the lateral
PFM mode, the electric-field-induced shear deformation of the
sample surface causes torsional twist of the cantilever, similar
to friction measurements with AFM. For full transfer of the
shear response to the probe, the cantilever should be scanned
laterally with respect to its long axis (90-degree scan). On the
other hand, in the vertical PFM mode, the out-of-plane defor-
mation of the surface is registered through the deflection of the
cantilever.

Overall, PFM allows for acquiring five different signals simul-
taneously, including topography, vertical PFM amplitude, ver-
tical PFM phase, lateral PFM amplitude, and lateral PFM phase.
These signals can then be used to construct the local strain state
under the tip. PFM can be operated in imaging mode as well as
spectroscopy mode for single point measurements. In imaging
mode, the tip is scanned over the surface of the sample, often at
a very low speed (<1 Hz), while the harmonic voltage is contin-
uously applied between the tip and the sample. In this manner
a continuous map of piezoelectricity on sample surface is
obtained with sub-nm resolution. In point measurement mode,
the scan size is set to zero and the strain state in the local area
directly beneath the tip is collected. To obtain the piezoelec-
tric constant, the amplitude of the applied AC voltage is swept
between zero and several volts, and the slope of the response

NV
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curve vs. applied voltage is used to extract
the corresponding piezoelectric constants.
In this review we focus on the piezoelectric
characterization of nanowires, without going
into details on the theoretical description of
piezoresponse force microscopy. There are
comprehensive reviews in the literature that
could be referred to for complete theoretical
description of PFM.P192

PFM is a common method for charac-
terization of piezoelectricity in 2D materials
such as thin films ferroelectrics. However,
for one-dimensional nanostructures such as
nanowires, it is rather challenging in prac-
tice. The probe has to be precisely positioned
on the top of the nanowire, often under 100 nm in diameter.
This is rather difficult especially for nanowires with circular
cross sections. The system should be thermally stabilized prior
to the experiment to limit the thermal drift between the probe
and the sample. Furthermore, often the cantilever and the
nanowire should align at a specific angle with respect to each
other in order to probe the desired piezoelectric constant. Often
the nanowire tends to move under the probe during mapping
of the PFM response.

Since piezoelectricity is a first order linear effect, care must
be taken to distinguish higher order terms arising from electro-
static and electrostrictive effects. The lateral PFM is not suscep-
tible to electrostatic interactions due to the symmetric nature of
the electrostatic interactions in PFM setup, and therefore, often
soft cantilevers could be used. In vertical PFM, rigid cantilevers
are used to screen for weak electrostatic interactions in order
to avoid possible interference of the electrostatic forces in the
PFM signal %% The stiff cantilevers, however, apply larger
forces on the sample and could induce nanoindenation into the
nanowire. Therefore, soft cantilevers are preferred as long as
the electrostatic response does not dominate the deflection of
the cantilever.

!

4.1.2. PFM Applied to Piezoelectric Nanowires

PFM has been widely used for probing the converse piezoelec-
tric effect at the nanoscale.[®334 Specifically, piezoelectricity in
ZnO nanobelts,® PZT nanowires,®” BaTiO; nanowires, 3%
sodium niobate nanowires,®’] potassium niobate nanowires,*®!
GaN nanowires,”! ferroelectric nanoribbons,® and PZT rib-
bons!'%! has been characterized.

The earliest applications, and most of the reported results
for PFM deal with ferroelectric materials. PFM on BaTiO;
nanowires was reported in 2002 where Yun et al. demon-
strated that nonvolatile electric polarization could be reproduc-
ibly induced and manipulated in BaTiO3; nanowires, as small as
10 nm, by an external electric field.® For single crystal BaTiO;
nanowires a shear piezoelectric constant of d;s ~ 16.5 pm/V
was obtained using a modified PFM that allowed for direct
axial polarization of the nanowire.’”! In addition, it was shown
that the stable and one-dimensional ferroelectric mono-domain
polarization in these nanowires could be switched under
axial electric biasing, indicating the ferroelectric nature of the
nanowires. %]
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Monocrystalline lead zirconate titanate PDb(Z1Ti)O3
nanowires also showed piezoelectric hysteresis and ferroelec-
tric switching behavior.” Further studies with this material,
on nanowires with diameter of ~45 nm!'%U revealed that the
piezoresponse for the PZT nanowires was larger than in thin
films of the same material. In addition to nanowires grown in
conventional bottom-up approach, PZT nanowires fabricated
via lithography and electrochemical etching methods were also
characterized.?] For PFM characterization, an 80 nm Pt film
was deposited prior to PZT film growth as the bottom elec-
trode. Unpoled PZT nanowires obtained in this manner were
shown to display a piezoelectric constant of 114 pm/V, which
increased to 145 pm/V after poling for 30 minutes under 10 V.
This value represents the highest value of piezoelectric constant
reported for nanostructures.[102

Other materials, namely Niobates, have also been character-
ized by PFM. KNbO; nanowires with diameter of ~100 nm,
mechanically clamped and electrically biased in the axial direc-
tion showed a piezoelectric constant of 7.9 pm/ V.8l In this con-
figuration, the substrate is left floating and the bias is applied
between the lithographically fabricated electrodes on the
clamped ends of the nanowire and the AFM tip. Nanowires of
crystalline orthorhombic sodium niobate (NaNbO;) of ~100 nm
in diameter displayed a vertical piezoelectric constant of a few
pm/V, much smaller than that of the polarized and doped bulk
NaNbO;. This was attributed to the unknown and unfavorable
crystal orientation in the nanowire and its interaction with the
electric field.””!

In the context of piezoelectric, semiconducting materials,
PFM was applied to individual ZnO nanobelts in the (0001)
surface where the piezoelectric constant was measured to
be d;; ~14.3 to 26.7 pm/V, higher than its bulk counterpart
(~9.9 pm/V).*" It was observed that the effective piezoelectric
constant was frequency dependent, and decreased by increasing
the frequency of the applied electric field. It was speculated that

(a) Detector

laser
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such frequency dependence may be due to the surface charge
effect or imperfect electrical contact between the bottom of the
nanobelts and the conductive layer. Another study was reported
on pillars of Zn0.'% In this method the pillars are template-
grown on a highly doped substrate functioning as the bottom
electrode, while their top facet is in contact with the AFM
tip, which acts as the top electrode. In this method, the PFM
map could be simultaneously obtained from several nanopil-
lars. Figure 8 depicts the experimental setup for this type of
measurement. For ZnO nanopillars with typical diameters of
~300 nm, a piezoelectric constant ds3 ~7.5 pm/V was obtained.
In this study, the AFM cantilever was in contact with the pillars
on their (0001) surface, as opposed to nanowires laying on the
substrate. Figure 8b shows the simultaneously acquired PFM
map (left) and the topography image (right) in which corre-
spondence between the bright area in the PFM image and the
top surface of the individual pillars can be observed. Figure 8¢
shows the linear behavior of the obtained piezoresponse ampli-
tude vs. applied electric potential.

A similar study, for ZnO nanorods with diameters in the
range of 150-500 nm, and length of 400 nm to 600 nm, reported
a variation of piezoelectric constant from 0.4 to 9.5 pm/v.*’
Interestingly, a direct correlation was found between the piezo-
electric coefficient and the resistivity of the nanorods. Nanorods
with low piezoelectric response display low resistivity, with vari-
ation from 0.1 to 155 Q.cm. This observation was explained by
the reduction of the Madelung constant due to free electrons®”!
and confirmed earlier results pointing to the fact that conduc-
tivity does in fact quench piezoelectric response.®!

Another way of revealing the converse piezoelectric effect
is by direct application of an electric field in a freestanding
nanowire and then observing the induced displacement.
Electric field induced transverse deflection of freestanding
nanowires was demonstrated in Zn0.'**) When an electric field
was applied along the g-axis of a c-axis nanowire, a shear stress
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Figure 8. Piezoelectric characterization of pillars. (a) Schematic of the measurement setup. (b) PFM amplitude (left) and topography image (right)
showing that the bright spots in PFM amplitude image correspond to the top face of the ZnO pillars. (c) Piezoresponse vs. applied potential revealing
linear behavior. The slope corresponds to the ds; piezoelectric constant. b) and c) reprinted with permission.' Copyright 2006, Wiley-VCH.
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was induced in the a-c plane causing transverse deflection of
the nanowire, which was imaged in situ an SEM. It was found
that under 100 V electric bias, the nanowire deflected by an
angle of ~0.18°.

PFM was also recently applied to individual c-axis GaN
nanowires as small as 65 nm in diameter.’) Nanowires with
hexagonal structure grown by catalyst-free molecular beam epi-
taxy method showed a piezoelectric constant (d;5~10 pm/V) of
three times that of the bulk value.

An AFM topography image of a 64 nm GaN nanowire is
shown in Figure 9a. Figure 9b,c show the simultaneously
acquired piezoresponse amplitude and phase image obtained
under 10V,, and scanning speed of 0.25Hz. As shown in the
high magnification image, Figure 9(e), only the top facet of the
NW exhibits a strong piezoelectric signal due its proper orienta-
tion with the AFM tip. The lateral facets, identified mainly from
the deflection image, show minimal to no piezoresponse. Fur-
thermore, the piezoresponse amplitude signal is fairly uniform
over the length of the NW (2 um).

Figure 9(d) shows the obtained piezoresponse as a func-
tion of applied potential. The response is reproducible, and as
expected, linear. The slope of the obtained response represent
the shear piezoelectric constant of the NW, as d;5 = 2&;3/E;.'%]
From the lateral sensitivity calibration, the obtained shear pie-
zoelectric constant of the NW was d;s = 10 £ 0.7 pm/V.

In addition to the previous results, it has recently been
shown that the full piezoelectric tensor can be characterized
using PFM. As previously stated, piezoelectricity is a third rank
tensor. Hence, the piezoelectric tensor for most crystals has a
number of non-zero independent constants. For example, for
wurtzite GaN and ZnO nanowires, which exhibit hexagonal
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symmetry, the piezoelectric matrix has three independent coef-
ficients (ds3, dq3, and dys5),7>1%! where under a complex defor-
mation mode all three constants contribute to charge (voltage)
generation. The strain-electric field relationship for piezoelec-
tric material with 6mm symmetry is expressed as:

€11 0 0 djy

€22 0 0 dj E

€33 _ 0 0 ds; El 1
2823 - 0 dlS 0 E2 ( )
2813 d15 0 0 3

2812 0 0 O

The induced strain due to electric fields in different direc-
tions is therefore expressed as:

£11 = & = dn E3, £33 = d33 E3,

2

2893 = dis By, 2613 = disE1, €12 =0 ?

It is noteworthy that nearly all studies on piezoelectric charac-
terization of nanowires provide only one piezoelectric constant,
often the one related to the out-of-plane deformation measured
from the bending of the cantilever in the PFM setup (vertical
PFM). However, a full characterization of piezoelectricity in
these one dimensional nanostructures requires quantification
of all three independent piezoelectric constants. For example,
for a-axis [1210] and m-axis [1100] GaN nanowires, due to their
crystallographic orientation, even in pure bending or tension
all three constants contribute to the generated voltage. In order
to probe piezoelectricity in 3D, the torsional twist and flexural

60 <

Phase (°)
8880888
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0 2 4 6 ] 10
AC Voltage Amplitude (V, )

40 |
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Figure 9. (a) AFM topography image of a H = 64 nm nanowire, along with (b) PFM piezoresponse amplitude image, and (c) phase image. It is clear
from the image that the top facet of the NW shows strong piezoresponse due to its alignment with the AFM probe, while the side facets show weak
to no response. (d) Lateral piezoresponse amplitude vs. applied AC voltage peak-to-peak amplitude; four responses measured on different points
on the same nanowire are overlaid showing the reproducibility of the measurement. The average slope of the response is dy5~10 pm/V. (e) A higher
magnification image of the area marked in (b). Reproduced with permission from.’l Copyright 2011 Cambridge University Press.
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(a)

Figure 10. Extension of PFM to 3-dimensional measurement of piezoelectricity in individual
nanowires. (a) A nanowire is clamped by metallic contacts at its two ends, and the electric field
is applied in the axial direction of the nanowire. The vertical and lateral responses of the can-
tilever measure the axial and lateral piezoelectric response of the nanowire. (b) The common
PFM method where the nanowire is placed on a conductive substrate and a lateral electric
field is applied between a conductive AFM cantilever and the grounded substrate. The lateral
and vertical piezoelectric response of the nanowire is detected by the cantilever torsion and
bending, respectively. Reproduced with permission from.'% Copyright 2012 American Chemical

Society.

bending of an AFM cantilever was employed to measure the
harmonic in-plane and out-of-plane displacements induced by
applying AC voltage on the piezoelectric nanowire. Through
the application of an electric field in various directions (axial
and transverse) and by physical rotation of the nanowire with
respect to the AFM cantilever (parallel or perpendicular), the
three piezoelectric constants in individual c-axis GaN nanowires
were measured.[!%

For the c-axis GaN nanowires, the coordinate system can
be defined such that the 3-axis is aligned with the long axis of
the nanowire (c-axis [0001]), and 1-2 axes are in its cross-sec-
tional plane, with the 1-axis being normal to the facet of the
NW (Figure 10). To obtain the three piezoelectric constants in
the defined coordinate system, axial (E;) and lateral (E; and E,)
electric fields must be applied on the nanowire. By applying
a voltage in the axial direction, the piezoelectric constants d;;
and ds; are obtained by measuring the corresponding displace-
ments. The d;5 constant is obtained by applying a transverse
electric field (E;) across the nanowire and measuring the strains
&3 or £13.1%1%7] Figure 10 schematically shows the experimental
setup for the measurement of the 3D piezoelectric matrix of an
individual nanowire. In Figure 10(a), the nanowire is shown
on an insulating surface with its two ends clamped by elec-
tric contacts, which are used to apply an axial electric field. In
Figure 10b, the nanowire is shown on top of a conductive sub-
strate acting as an electric ground, as in the conventional PFM
setup. An electric voltage is applied between a conductive AFM
probe and the grounded substrate to induce a transverse elec-
tric field in the nanowire. The displacement along the nanowire
axis is measured in this case. For nanowires with diameters
in the range of 64 nm-190 nm, piezoelectric coefficients dj; =
12.8 pm/V, dy3 = 8.2 pm/V, and d;5 = 10.2 pm/V were meas-
ured, which reveal that the piezoelectric constants of the GaN
nanowires are up to six times that of the bulk values.['”!

4.1.3. Direct Piezoelectric Measurement

In the literature, the direct piezoelectric measurement is most
often presented in the context of piezoelectric nanogenera-
tors. The generated electric charges or the produced electric
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potential under a mechanical deformation,
such as tensilel® or bending,'?! is reported
as the outcome of direct piezoelectricity. Two
common methods for direct piezoelectric
measurement include tensile testing and lat-
eral bending experiments, much similar to
nanomechanical characterization.

In the tensile test, the specimen is placed
on a precision tensile apparatus and fixed
at two ends by conductive electrodes wired
to a charge amplifier, Figure 11. Direct ten-
sion induces electric polarization in the spec-
imen due to the piezoelectric effect and the
induced electric charges are measured. Using
a precision mechanical testing stage, Wang
et al. measured direct piezoelectric effect
in suspended and doubly clamped single
crystal BaTiO; nanowire (~280 nm in dia-
meter) under periodic tensile strain in high
vacuum.® The charge response from the nanowire was meas-
ured with a high sensitivity fast-response charge amplifier and
it was directly proportional to the applied strain rate. A charge
constant of ~45 pC/N for the BaTiO; nanowire was measured.
Considering that the charge constant for bulk BaTiO; is dj3 =
190 pC/N,”! it shows that part of the generated charge is dis-
sipated or leaked into the measurement system.

In lateral bending experiments, a conductive AFM probe
bends the nanowire and the generated electric potential across
the nanowire is measured with the same conductive probe.['
It has been shown that in lateral bending by an AFM tip, the
maximum potential produced at the NW surface has an inverse
relationship with the cube of its length/diameter aspect ratio
and a direct relationship with the lateral displacement by the
probe.l'%] Theory has shown that for a ZnO NW with a diam-
eter of 50 nm and length of 600 nm, the piezoelectric voltage
is on the order of 0.3 V, enough to drive the metal-semicon-
ductor Schottky diode at the interface of the AFM probe and
the NW.[1%I This method was applied to ZnO nanowires and
CdS nanowires grown on a substrate.[*l By scanning the tip
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Figure 11. Direct measurement of piezoelectricity in an individual BaTio,
nanowire. (a) Schematic of the experimental setup for charge measure-
ment and SEM image of the fixed-fixed nanowire, and (b) acquired signal
from the charge amplifier under periodic tensile loading. Reproduced
with permission from.®% Copyright 2007 American Chemical Society
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slope of the polarization per unit volume vs.
the applied strain provided the piezoelectric
constant.Bl A giant piezoelectric size effect
was observed for both nanowires, with GaN
exhibiting larger and more extended size
dependence than ZnO. The results presented
in Figure 13 show that for both ZnO and GaN
nanowires, approximately two orders of mag-

Measured Electric Potential (V)

1

Applied Force (nN)

Figure 12. Direct piezoelectric measurement by lateral bending. (a) The experimental setup,
including a high impedance preamplifier, and AFM probe. (b) Measured electric potential from
an individual GaN nanowire vs. applied force. The inset is an AFM topographic image of the
nanowires. Reproduced with permission.""l Copyright 2011, IOP Publishing Inc.

across the sample surface with standing nanowires in contact
mode AFM, the output voltage was detected across an external
load. Similarly, piezoelectricity in single GaN nanorods was
demonstrated.l'%] The coupling between the piezoelectric and
the semiconducting properties of the sample and the Schottky
contact between the semiconducting nanowire and the conduc-
tive AFM probe govern the mechanism of measurement in this
method. In slightly different configuration, direct bending of
PZT nanofibers spanned over a trench under bending using a
tungsten probe in a nanomanipulator was presented by Chen
et al.l''% A piezoelectric voltage constant of 0.079 Vm/N was
measured.% Recently, an improved method was introduced
using AFM direct bending of individual nanowires.'!!] This
new method (Figure 12) allows for more precise selection of a
nanowire including its state before and after the experiment. It
also provides precise control of the applied force and its point
of application. Due to the anticipated high tip—sample contact
resistance, a high input impedance preamplifier was required
to improve the voltage measurement accuracy. In bending, the
electric potential is positive on one side and negative on the
other side. By precise force control, the relationship between
the applied force and generated potential was established.

4.2. Computational Investigation of Piezoelectricity

Computational investigations of piezoelectricity are limited
mainly due to the computational cost associated with simu-
lating large size (length and diameter) nanowires. As a result,
the majority of the available studies are limited to nanowires
with diameters below 4 nm. Espinosa and co-workers studied
the size-dependence of piezoelectricity in GaN and ZnO
nanowires, for diameters ranging from 0.6 to 2.4 nm, based on
first principle-based density functional theory (DFT) calcula-
tions.B] The generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof (PBE) functional and the revised
PBE functional with double-{ polarization (DZP) orbital basis
sets was used for the calculations. The length of the nanowires
along the polar axis was set to one lattice constant, with periodic
boundary conditions applied. In order to obtain the piezoelectric
constant dj3, each nanowire was strained along the polar axis
up to 4% strain, with steps of 0.5%. After energy minimization,
polarization was calculated using the Berry-phase approach. The

50 100 150 200 250 300 350 400
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nitude enhancement in piezoelectric coeffi-
cient could be achieved if the diameter of the
nanowire reduces to less than 1 nm. Since the
output charge in piezoelectric nanogenera-
tors scales with piezoelectric coefficient, the
strong piezoelectricity in smaller nanowires
is promising for energy harvesting for self-
powered nanodevices. In order to under-
stand the underlying size-dependence, the authors performed
an analysis of distribution of charges and dipole moments.
One of the observations from the computational modeling was
that the absolute value of polarization in nanowire was smaller
than the bulk value. However, when normalized for volume,
the nanowires exhibited larger values. For the same number
of atoms, the nanowire had smaller volume respect to the bulk
material due to radial contraction caused by surface relaxation.
This observation asserted that reduction of volume due to sur-
face reconstruction in nanowires play an important role in the
enhancement of the piezoelectric constants.[®!

Similar enhancements, although of lesser magnitude, were
identified for [0001] ZnO nanowires, using similar density func-
tional theory calculations, carried out in nanowires up to 2.8 nm
in diameter.'"?l In this work, it was found that ZnO nanowires
have larger effective piezoelectric constant respect to their bulk
counterparts due to their free boundary. For nanowires with
diameters larger than 2.8 nm, the effective piezoelectric con-
stant was almost constant. It was found that the effective piezo-
electric constant in small nanowires did not depend monotoni-
cally on the radius due to two competitive effects of the increase
of the lattice constant with reduction in the radius.

For the case of ZnO, the aforementioned computational
studies, along with other similar reports are summarized in
Figure 14. It is evident from the plot that computational studies
still need to reach a larger size, and that there is a gap in the
characterization of piezoelectricity between 10 nm and 100 nm.
This size range is very relevant as the advantages of scaling
usually appear below 100 nm and nanowire diameters, achiev-
able with current synthesis methods, are typically above 10 nm.

Along this vein, there are noteworthy efforts being done in
order to expand the range of computational studies of piezo-
electricity. Specifically, simulation of larger models has become
possible when molecular dynamics (MD) is modified to cap-
ture the effects of polarization.®? This formulation was used to
study strain effect on the polarization distribution, piezoelectric
coefficient, and hysteresis behavior in BaTiO; nanowires.'!3] In
the core-shell MD method, two charged particles, a massive ion
core and a mass-less ion-shell were used to describe each atom.
This phenomenological model enabled capturing the dipolar
moment within each unit cell. It was found that the axial polari-
zation changed linearly with the strain over a relatively large
range, such that it increased with tensile strain and decreased
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Figure 13. (a) Cross-sections of GaN nanowires after minimization of energy. (b), (c) Diameter-dependence of piezoelectric coefficient ds3, for ZnO
and GaN nanowires; (b) is the absolute values and (c) is the normalized with respect to the respective bulk value. Reproduced with permission.[®l

Copyright 2011, American Chemical Society.

with the compressive strain. Surprisingly it was found that as
the size of the nanowire increased, the piezoelectric coefficient
increased and approached the bulk value (es; = 6.71 C/m?)
when the diameter of the nanowire was larger than 2.4 nm.['3]

Il Experimental

‘ [ ] Computational
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10 (8] 3

Normalized Piezoelectric Coefficient (Bulk
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Characteristic Nanostructure Size (nm)

Figure 14. Plot showing the scatter in piezoelectric coefficients for dif-
ferent characteristic sizes, obtained using experimental and computa-
tional techniques.[8:3594103.112115-117] valyes are normalized with respect
to the corresponding value for bulk ZnO, indicated by a horizontal line.
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More recently this method has been proposed for piezoelec-
tric semiconductors, namely ZnO.®2 The piezoelectric con-
stants were calculated for bulk wurtzite ZnO with 10 x 10 x
10 unit cells in 3-dimension for a total of 4000 atoms, with peri-
odic boundary conditions imposed. Small strains between —1%
and 1% were applied to extract the three piezoelectric constant
€33, €31, and egs. It was shown that the classical core-shell poten-
tials are sufficiently accurate for large scale atomistic simulation
of the piezoelectricity in ZnO, as compared to benchmark DFT
calculations. The authors reported ongoing efforts to extend
these calculations for ZnO nanostructures such as nanowires.

As an overall conclusion to this section, a summary of the
available data for piezoelectric nanowires is provided in Table 3.
Furthermore, the available results, computational and experi-
mental, available for ZnO nanowires are plotted in Figure 14.
An inspection of these data reinforces the fact that further char-
acterization efforts are needed to reduce the existing scatter and
identify size-effects trends in the piezoelectricity of nanowires.
Evidently, coupling of improved experimental techniques,
which allow in situ structural characterization, and enhanced
computational methods, are needed before reaching a unified
set of values and more understanding of the physics behind the
observed effects.

5. Concluding Remarks and Outlook

The widespread and relatively high yield synthesis of nanowires
achieved in the past two decades offers great promise to their
application in next generation electronics and energy har-
vesting devices. However, a better understanding of mechanical
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Table 3. Electromechanical properties of piezoelectric nanowires.
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Material Piezoelectric Properties Size [nm] Characterization Method Reference
ZnO nanorods d33=0.4-9.5 pm/V d =150-500 nm PFM on nanorods [35]
ZnO nanorods d33 =4.41+£1.73 pm/V d=150-500 nm PFM on nanorods [150]
ZnO nanobelt 14.3-26.7 pm/V w=360t=65 PFM [94]
ZnO pillars d33=7.5 pm/V d~300 nm PFM on pillars [103]
ZnO €33~ 1.27-1.29, 31~ 2.16-2.28, e;5~ 3.176-3.219 10° unit cells Atomistic simulations [82]
ZnO €33~1453-2025 (1076 uC A/ion) d=2.8nm Density functional calculations 112
NaNbO; nanowire 0.85-4.26 pm/V d=100 PFM [97]
KnbOj3 nanowire 7.9 pm/V d=100 PFM [98]
PZT nanoshell 90 pm/V d=700-t=90 PFM [157]
PZT nanofiber piezoelectric voltage constant ~0.079 Vm/N d=10 Bending using a tungsten probe [110]
PZT nanowires d~114 pm/V H=35-75 nm PFM on etched nanowires [102]
BaTiO3 nanowires 45 pC/N d~280 Direct tensile test [80]
BaTiO; nanowire 16.5 pm/V d=120 PFM [90]
BaTiO; €33< 6.71 C/m? d=0.4-2.4nm Molecular Dynamics [113]
GaN nanowire generated potential = 150 mV d~2530 Bending with AFM cantilever [
GaN nanowires dys~10 pm/V d=64nm PFM [9]
GaN nanowires d33=12.8 pm/v, dy3=9.75 pm/V, dy5 =10.2 pm/V d=64-191 nm Extended 3D PFM [10]

and electromechanical behavior of these nanostructures is crit-
ical prior to their successful integration into optimized reliable
nanodevices.

In the context of elastic properties, it has been shown that
the characterization of mechanical properties of piezoelec-
tric nanowires has been spearheaded by works on ZnO, pos-
sibly because of its availability and ease of synthesis. Several
methods have been applied, and convergence to a reliable set of
identified elastic properties reached. This has been achieved by
a steady improvement in the experimental and computational
techniques employed in the characterization of 1D nanostruc-
tures. In particular, it is clear that ZnO nanowires grown in the
[0001] orientation display larger elastic modulus at dimensions
below ~100 nm, and that the measured enhancement is a result
of the decrease in interatomic spacing near the nanowire sur-
face.”! Furthermore, it has become evident that loading modes
where surface elasticity dominates (such as bending) will dis-
play a larger enhancement in elastic modulus. A similar type of
convergence to unambiguous elastic properties is within reach
for GaN nanowires. These nanowires however, display a less-
prominent size-effect, resulting from a lesser reduction in the
interatomic spacing at the surface, as compared to ZnO.

In terms of failure properties, results reported in the litera-
ture point to the fact that ZnO nanowires exhibit significantly
larger fracture strains and strengths than the material in bulk.
However, unambiguous identification of size-dependence
remains elusive because the role played by defects on fracture
properties remains to be accurately quantified. Furthermore,
direct comparison between experimental and computational
results will require the development of new analysis methods
capable of incorporating defects, thus allowing the simula-
tion of more realistic nanowires. In the case of GaN, further

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

experimentation is needed, but the data available suggests
likelihood that fracture strengths are significantly higher than
those measured in bulk. In both cases, further research should
lead to a continuous reduction of the data scatter and a better
understanding of the underlying physics.

It has also been shown that the mechanical characterization
of other piezoelectric nanostructures is in its infancy. However,
the experience acquired in the characterization of ZnO and
GaN nanowires should lead to more accurate measurements
in the short term. Specifically, for the characterization of these
nanowires it should be expected that any method used for char-
acterization should reliably measure bulk properties for nano-
structures above a characteristic dimension. Techniques that
do not yield such results should be revised, as they probably
lack well-defined boundary conditions, accurate metrology, or
exhibit other artifacts. The technique of choice is in situ TEM
because the method provides a level of detail that allows exclu-
sion of several uncertainties, such as nanowire diameter, local
strain measurement and identification of atomic defects. In
situ SEM or AFM lack this feature. On the computational side,
comparison of the empirical MD potentials with first-principles
calculations should be carried out whenever possible in order to
validate force fields. Clearly, these conclusions are not only valid
for the mechanical characterization of piezoelectric nanowires,
but for other nanomaterials as well.

With respect to piezoelectric properties, several important
physical effects have been reported in nanowires, including
nonvolatile electric polarization, stable and one-dimensional
mono-domain polarization, piezoelectric hysteresis and fer-
roelectric switching, and strong piezoelectricity. Initial results
point to an enhancement of piezoelectric properties below
100 nm in diameter but significant scatter in the data is still
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present, which can be attributed to the lack of experimental
techniques allowing in situ atomic characterization, as well as
current challenges in bridging experimental and computational
studies. This is primarily due to the challenging nature of the
former and the size limitation of the latter. Even first prin-
ciple calculations are subject to variations depending on the
functionals used® and therefore comparing with experiments,
similar to what has been done for mechanical properties, is a
critical need.

The experimental landscape of piezoelectricity is dominated
by piezo-response force microscopy (PFM). In PFM, the electric
field penetrates into the sample approximately on the size of
the AFM probe (~50 nm). Therefore, the measured piezoelec-
tric properties are local and may change from point to point
along the sample. In direct piezoelectric measurement, the tiny
amount of generated potential with a very short decay time con-
stant makes it difficult to obtain quantitative measurements.l**
Thus, complementary efforts are required to develop new
experimental methods to probe electromechanical behavior.
Recent reports of MEMS devices with capabilities of coupled
in situ electrical and mechanical testing are promising in this
respect.?111* Furthermore, in situ TEM structural characteriza-
tion and dopant characterization through complementary tech-
niques such as atom probe tomography will prove important in
achieving unambiguous results that elucidate size effects and
not particular synthesis routes.

Overall, rate-dependent nanomechanical properties and size-
dependent piezoelectric properties are areas in which future
research has the potential to achieve the highest impact. More-
over, while results from single specimens are required and
desirable, the low yield of most of the current methods prevents
examining statistical variations across different samples. Batch
fabrication and synthesis methods for nanostructures are avail-
able, however, still there is no such high-throughput measure-
ment technology for examining samples sets.
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