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Abstract: In this critical review, we call attention to a
widespread problem related to the vast disagreement in
elastic moduli values reported by different authors for
nanostructures made of the same material. As a parti-
cular example, we focus on ZnO nanowires (NWs), which
are among the most intensively studied nanomaterials due
to their remarkable physical properties and promising appli-
cations. Since ZnO NWs possess piezoelectric effects, many
applications involve mechanical deformations. Therefore,
there are plenty of works dedicated to the mechanical char-
acterization of ZnO NWs using various experimental and
computational techniques. Although the most of works con-
sider exactly the same growth direction and wurtzite crystal
structure, reported values of Young’s modulus vary drasti-
cally from author to author ranging from 20 to 800GPa.
Moreover, both – diameter dependent and independent –
Young’s modulus values have been reported. In this work,
we give a critical overview and perform a thorough analysis
of the available experimental and theoretical works on the
mechanical characterization of ZnO NWs in order to find out
the most significant sources of errors and to bring out the
most trustable results.

Keywords: ZnO nanowires, Young’s modulus, experimental
studies, simulations, ab initio, molecular dynamic

1 Introduction

It is known that materials reduced to the nanoscale
dimensions can show significantly different properties
and behavior compared to what they exhibit at the micro-
and macroscales, enabling unique applications. At the
same time, it means, that the bulk properties of materials
cannot be directly used for the proper description and
modeling of nanoscale systems. Reliable results can be
obtained only by measuring the properties of individual
nanostructures directly. However, any measurements at
such small length scales are challenging. Complications
are related to all stages of the measurement process
including, but not limited to proper sample preparation,
achieving stable measurement conditions, sensitivity, reso-
lution, and reproducibility of the experiments. If the mate-
rial is of great importance to the scientific community, its
properties are measured by many different authors and dif-
ferent methods. However, the results of the measurements
can differ significantly, and it can be difficult to find crucial
criteria to explain the difference and to select the most
trustworthy results. Probably the most evident example is
related to the elastic properties of ZnO NWs, which are
among the most important nanoscale materials due to their
attractive properties and number of promising applica-
tions [1].

ZnO is a semiconducting material with a large exciton
binding energy and a wide band gap of 3.37 eV, which
can be easily controlled by doping [1]. Due to the noncen-
tral symmetry of the wurtzite structure, ZnO possesses
remarkable piezoelectric properties. Other attractive
properties include high refractive index, high thermal
conductivity, antibacterial and UV-protection proper-
ties, and among other things, ZnO is a bio-safe and bio-
compatible material. All this gives rise to numerous
applications in different fields including, but not limited
to, the rubber industry [2,3], dentistry [4], food packaging
[5], paint pigment [6], photoprotective coatings [7,8] etc.
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In particular, ZnO NWs are considered functional parts of
various nanoelectromechanical systems [9] and nanosen-
sors [10,11].

The combination of semiconducting and piezoelectric
properties means that ZnO, particularly in nanostructured
form, can be utilized for piezoelectric devices, transducers
and nanogenerators [9,12–14]. Numerous studies are dedi-
cated to applications of ZnO NWs in piezotronics and
piezo-phototronic, where piezoelectric potential created
in the material in response to mechanical stress and defor-
mation is used as a “gate” voltage to tune/control the
charge carrier transport properties [15]. Axial stress/strain
may significantly enhance the sensitivity of ZnO NW photo-
detectors and enhance the light emission of ZnO diodes
[16–18]. All these applications rely on the elastic properties
of ZnO NWs, and hence correct and precise data are needed
for simulation and engineering of robust operational devices
based on ZnO NWs.

By now, there are dozens of available articles dedi-
cated to the mechanical characterizations of ZnO NWs.
However, reported values of elastic modulus vary drasti-
cally ranging from a few tens to several hundreds of GPa
as will be shown in this review article. The problem was
emphasized even by the National Institute of Standards
and Technologies (U.S.) [19]. In addition, there is no
consensus on the size effect on the mechanical proper-
ties of the NWs. This is a frustrating situation, since
Young’s modulus is an extremely important character-
istic in many applications, so that trustworthy value is
essential for the design and simulation of prototype
devices based on ZnO NWs.

The problem of inconsistency of reported mechanical
properties for various NWs was highlighted in a relatively
recent review by Wang et al. [20]. In the present article,
we take a more detailed look at the problem by focusing
on a single property (elastic modulus) and a single mate-
rial (ZnO NWs). We give an overview and perform an in-
depth critical analysis of the available experimental and
theoretical works dedicated to the mechanical character-
ization of ZnO NWs and try to find out the most important
reasons for the drastic variation of measured elastic prop-
erties and to bring out the most trustworthy/reliable
results.

First, we will shortly describe the structure and synth-
esis of ZnO NWs. Then, we will overview commonmethods
employed for the characterization of ZnO NWs. Next, we
will critically analyze and discuss the available experi-
mental works in detail.

2 Crystal structure and elastic
properties of ZnO wurtzite phase

ZnO canmainly possess three crystalline structures. Cubic zinc
blende (space group F m4̅3 or No. 216, the Strukturbericht
designation is “B3”), cubic rock salt ZnO (space group Fm m3̅
or No. 225, the Strukturbericht designation is “B1”) and hex-
agonal wurtzite structure (space group P63mc or No. 186, the
Strukturbericht designation is “B4”) are reported in the litera-
ture. Under ambient conditions, the wurtzite structure is the
most stable phase of ZnO [1,21,22].

The structure of the wurtzite phase could be described
as two interpenetrating hexagonal-close-packed sublat-
tices. The unit cell of hexagonal wurtzite ZnO is composed
of Zn2+ ions surrounded by four O2− ions at the corners of a
tetrahedron or vice versa (Figure 1). The close-pack alter-
nating Zn or O (001) planes are staked along the <001>
direction (c-axis) displaced with respect to each other by
the amount of u. The parameter u could be defined as the
length of the chemical bond parallel to the c axis in frac-
tional coordinates, i.e., in the units of c (Figure 1). In the
ideal crystal, u = 3/8 = 0.375. In a real wurtzite structure,
the parameter u differs from a value equal to 3/8 for the ideal
structure, describing the distortion of the ZnO tetrahedra.

The lattice constants of the ZnO hexagon crystal
structure are a = 0.325 nm and c = 0.521 nm, giving the
ratio of c/a of about 1.603 which is close to the ideal value

for a hexagonal closed-packed cell / = / =c a 8 3 1.633.

Figure 1: Axonometric hexagonal image of tripled ZnO conventional
unit cell (UC) with enclosed labels (horizontal coordinates of atoms
in the fifth layer coincide with those in the first layer). Dashed lines
correspond to the lines of adjacent UCs. The parameter u deter-
mines the relative lengths of Zn–O bonds.
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Atoms of both chemical elements in the wurtzite phase
are located in the unit cell the 2b Wyckoff positions with
coordinates Zn (0, 0, 0), (1/3, 2/3, 1/2) and O (0, 0, u),
(1/3, 2/3, 1/2 + u), correspondingly [23].

Oppositely charged alternating Zn2+ and O2− planes
produce spontaneous polarization along the c-axis [24].
The polar surfaces of ZnO are atomically flat, stable and
without surface reconstruction. ZnO exhibits three fast-
growth directions of <2-1-10>, <01-10> and <0001> allowing
the synthesis of a wide range of different structures by con-
trolling the growth rates along these directions [24]. Hexa-
gonal ZnO crystal has five independent elastic moduli (C11,
C12, C13, C33 and C44), which cause significant anisotropy of
elastic properties [25].

Experimentally measured Young’s modulus of bulk
ZnO in the [0001] direction obtained by method of reso-
nance–antiresonance [26] is 140 GPa.

3 Growth methods

The anisotropic nature of the ZnO crystal structure assists
the growth of NWs, which is propagated along the c-axis
in <0001> direction. In recent years, different methods
have been used to synthesise ZnO nanowires [1,21]
including high-temperature vapor-phase methods like
vapor-liquid-solid (VLS) growth [27–29] andmetal-organic
chemical vapor deposition (CVD) [28], or low-temperature
solution-based methods like microemulsion synthesis [30],
solvothermal [31,32]oxford,andhydrothermalmethods [33].

Vapor-phase methods involve the condensation of
vaporized source material onto a high-temperature sub-
strate (500–1,500°C) with a metal catalyst inside a hor-
izontal tube furnace. Among various vapor-phase methods,
the VLS mechanism is the most widespread due to the sim-
pler and cheaper process. Nanosized liquid metal (e.g., Au,
Cu, Ni) droplets are used as catalysts on different substrates
including sapphire, GaN and AlGaN. The quality and the
sizes of the ZnONWs are controlled by the chamber pressure,
oxygen partial pressure and thickness of the catalyst layer.

In low-temperature solution methods, either an aqu-
eous or an organic solution, as well as a mixture of the
two can be used to carry out the synthesis of the NWs. The
most popular solution-basedmethod is hydrothermal growth
[33], which employs an aqueous solution. The hydrothermal
method uses a seeded substrate, e.g., a thin layer of ZnO
nanoparticles that promotes nucleation for the growth of
the NWs. The NWs are grown in the aqueous solution of
alkaline reagent, and Zn2+ salt mixture, temperature and
reaction time is used to control the sizes of the NWs.

Vapor-phase method produces NWs with high quality
due to the high temperatures involved with the process
limiting the substrate selection and increasing the cost of
the deposition system. In contrast, low-temperature solu-
tion routes allow for commercialization due to the simple,
low-cost and scalable synthesis of ZnO NWs. At the same
time, hydrothermally grown ZnONWs havemore crystalline
defects than NWs grown by vapor-phase-based methods,
primarily due to oxygen vacancies [34,35].

4 Mechanical characterization of
ZnO nanowires

4.1 Experimental test methods

Elastic properties of ZnO NWs have been measured by all
common techniques employed for mechanical character-
ization of one-dimensional nanostructures including ten-
sile test [36–41], resonance method [42–47], cantilevered
beam bending [48–51], three-point bending [52,53], nanoin-
dentation [54,55], buckling [40,56] and contact resonance
atomic force microscopy (AFM) [57].

The uniaxial tensile test is one of the main techniques
used in material science for measuring Young’s modulus
of materials and has been widely used for the mechanical
testing of ZnO NWs. The tensile test involves uniaxial
deformation ε of the NW with the simultaneous measure-
ment of the applied load F and the strain σ according to
Hook’s law: σ = Εε. Knowing the cross-section of the NW
A, the stress–strain curve is obtained and Young’s mod-
ulus can be calculated as E = F/εΑ.

There are two main approaches to the tensile testing
of NWs. The first method involves the use of an AFM
cantilever as a force sensor and a nanomanipulator probe
as an actuator inside an electron microscope [38,40,41]
(Figure 2a). NW is clamped between the cantilever and
the probe, and a nanomanipulator is used to deform the
NW uniaxially. The applied load is calculated from the
deflection of the cantilever with a known spring constant,
and strain is obtained from the elongation of the NW
measured by the electron microscope (Figure 2b). The
second option is to use specific MEMS test systems [36,37].
MEMS allows simultaneous measuring of the force and
deformation using load and displacement sensors.

Cantilevered beam bending scheme (Figure 3a) con-
sists of the bending of the NW from one end, while the
other end is rigidly fixed. The scheme can be realized
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either on as-grown NWs freely protruding above the sur-
face [58] (e.g., produced by thermal or CVD growth
method) or alternatively NW can be placed half-sus-
pended over a hole. The latter situation can be achieved
in different ways: by manipulating a single NW into the
desired position or transferring NWs on a specially struc-
tured substrate, either by drop casting from a solution [31]
or mechanically [50]. Bending of the NW can be done with
an AFM [51] or with a nanomanipulator equipped with a
force sensor inside an electron microscope for real-time
visual feedback [48,49,59].

Young modulus, E, in the cantilevered beam bending
test is calculated on the basis of elastic beam theory (EBT)
[60] by solving the following differential equation for a
bent elastic beam:

+ =EI φ
l

F φd
d

cos 0,
2

2 load (1)

where I is the second area moment of inertia, l the natural
axis of the beam, φ the angle between the tangents to the
bent and initial profiles of the beam, and F the point force
that the beam is loaded at its end. The second area
moment of inertia of a regular hexagon is found by:

=I D5 3
256

,hex hex
4 (2)

where Dhex is the diameter of the regular hexagon.
Note that the model works best for very high aspect ratio
beams.

Three-point bending test conditions are realized when
both ends of NW are resting on a substrate (Figure 3b).
Typically, it is achieved by the deposition of NWs on a
substrate with holes or grooves so that some individual
NWs are suspended over those structures [61]. Usually,
the adhesion between the flat NW facet and the substrate
is enough to fix the NW at both ends. Alternatively, a
focused ion beam (FIB) or electron-beam-induced deposi-
tion can be used to fasten the ends of the NW to the sub-
strate. AFM is used to simultaneously bend the NW in the
middle and to measure the force and the displacement of
the NW with high accuracy [52]. Three-point bending can
be conducted laterally or perpendicular to the surface of
the substrate. Young’s modulus of suspended NW with
both ends fixed and subjected to a load F at its mid-point
is calculated as follows:

=E FL
δI192

,
3

(3)

where I is the second area moment of inertia, L the sus-
pended length, and δ displacement of the NW. δ and F are
found by measuring the sensitivity and normal force con-
stant of the cantilever and then decoupling the raw AFM
data into the corresponding deformation of the AFM can-
tilever and the NW.

Nanoindentation can be considered the most con-
venient method for the characterization of 1D nano-
structures due to the simple sample preparation and
fast measurement procedure [62]. NWs are deposited on a
flat and hard surface, and an AFM cantilever is used to ident
the sample (Figure 3c). Obtained AFM force–displacement
curves are usually analyzed using the Hertz model [63]. The
elastic modulus is found from the following force–displace-
ment relationship:

Figure 2: Examples of tensile tests carried inside SEM (adapted form [41]) and TEM (adopted form [40]) using piezo scanners.

Figure 3: Schematics of (a) cantilever beam, (b) 3-point bending,
(c) nanoindentation, and (d) resonance method test schemes. Arrow
indicates the direction of the applied external force.
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where F is the applied load, R is the tip radius, δ is dis-
placement, and E* is reduced Young’s modulus which is
related to Young’s modulus of the NW by
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where ENW and νNW are Young’s modulus and Poisson’s
ratio of the NW and Ei and νi are the same quantities for
the indenter, respectively.

In the resonance method [42,46], mechanical oscilla-
tions are induced in a single freestanding NW by an alter-
nating electric field of variable frequency to find the
natural resonant frequency of NW. Young’s modulus is
then calculated as follows:

=f
β
πL

EI
m2

,i
2

2
(6)

where βi is a constant for the ith harmonic: β1 = 1.875, and
β2 = 4.694, E is the elastic modulus, m is the unit length
mass, and L is the length of the cantilever [64]. NW can be
excited directly at the substrate where they are grown or
by picking up and attaching a single NW to a probe.
Usually, a second probe is then used as a counter elec-
trode, and voltage is applied across the NW and the probe
(Figure 3d). As the resonance method requires real-time
visual observation to detect resonance, measurement is
conducted inside an electron microscope.

Lastly, the buckling test has also been used for the
mechanical characterization of NWs [65]. The experi-
mental setup of a buckling test is similar to the uniaxial

tensile test, which uses an AFM cantilever and a nano-
manipulator (Figure 4). NW is attached to the probe of the
nanomanipulator, which serves as an actuator and is
then axially pushed into the AFM cantilever used to mea-
sure the applied force. An axial compressive loading
leads to the buckling and subsequent bending of the
NW. Young’s modulus is found using Euler’s formula:

=P π EI
L

,cr
2

e
2 (7)

where Pcr is the buckling force, I second area moment of
inertia, and Le effective length. In fixed–fixed boundary
conditions, the effective length is half the actual length of
the pinned NW.

4.2 Atomistic simulations

This section gives an overview of atomistic simulations of
the elastic properties of wurtzite-structured ZnO nano-
wires. Methods of varying complexity are used in modern
computational science to calculate Young’s modulus of
nanostructures. These methods can be divided into two
major categories, based on the approach they use to pre-
dict interatomic interactions. The first category involves
methods based on empirical interatomic potentials (also
known as force fields). The second one involves quantum
chemical methods, mostly based on Density Functional
Theory (DFT). Alternatively, Young’s modulus calculation
methods can be divided into static and dynamic. Thus,
four approaches can be conditionally distinguished:

Figure 4: (a) SEM image showing the buckling test for an NW with a diameter of 46 nm. (b–e) A series of enlarged SEM images of the NW
under the application of a continuously increasing compressive load. Adapted from [65].

Elastic properties of wurtzite-structured ZnO nanowires  5



molecular mechanics, first-principles methods based
on the approximate solution of the Schrödinger equation,
empirical molecular dynamics and, finally, first-principles
molecular dynamics (Figure 5).

Interatomic potentials are empirical analytical func-
tions, which allow the estimation of the potential energy
of a system as a function of the positions of its atoms.
Interatomic potentials of various types have been devel-
oped with very different physical justifications by fitting
to various material properties pre-calculated by elec-
tronic structure (DFT) calculations or known from avail-
able experimental data. However, since the interatomic
interactions are extremely complex and have a quantum
mechanical nature, all analytical interatomic potentials
are mathematical approximations that simplify the com-
plex interatomic interactions. The simplest potentials are
the so-called pair potentials, which describe the potential
energy of two interacting atoms. Typical examples of
such potentials are the Buckingham and Lennard-Jones
[66], Lennard-Jones [67], and Morse [68] potentials. Pair
potentials can be separated into rigid-ion models or core-
shell models. In the former approach, ions are considered
as the point charges, whereas the latter is more complex,
as it includes ionic polarizability by representing ions as
cores connected to charged shells. Pair potentials often
fail to describe systems with high anisotropy, processes
of charge transfer from one atom to another, and many-
body interactions. To capture such phenomena, intera-
tomic potentials with a more complex mathematical struc-
ture that describe many-body interactions of atoms and
give a more accurate description of chemical re-bonding
can be used. Examples of such potentials are:
(1) the reactive force-fields (ReaxFF) [69] where intera-

tomic potentials include the energy associated with
bonds forming between atoms, the energies asso-
ciated with three-body valence angle strain and four-
body torsional angle strain, as well as the energy
penalty preventing the overcoordination of atoms,

which is based on atomic valence and electrostatic
and dispersive contributions calculated between all
atoms in the systems;

(2) the Stillinger -Weber potentials [70], which include
both two- and three-part terms;

(3) the embedded atom method [71], where energy is
represented as a sum of functions of the separation
between an atom and its local environment;

(4) the Tersoff potentials [72,73], for which the total
energy of the system can be further decomposed
into site energy or bond energy;

(5) the Charge-Optimized Many Body potentials [74],
which combine the ideas of bond order and variable
ionic charge to produce a flexible description of
interatomic interactions.

In recent years, potentials have been created also using
machine-learning techniques [75]. The computational cost
of advanced potentials is of some order of magnitude higher
with respect to the simplest empirical potentials, but still
significantly less than the solutions of the electronic pro-
blem by means of the first principles methods [76].

On the other side of the computational cost scale are
the first-principles quantum-mechanical methods, the
most typical of which is DFT. These methods are used
for high-precision calculations of the interatomic interac-
tions based on simulating the electronic structure for any
atomic configuration. A key parameter to be adjusted for
the reliable description of the electronic structure is the
proper choice of exchange-correlation functional (EXC).
For example, by changing the EXC, one can adjust the
basic structural properties of the bulk ZnO phase, such
as the lattice constants and the band gap [77]. Equally
important is the correct selection of the pseudopotential
describing the core of a studied atom, as well as the
appropriate convergence of the both interatomic poten-
tials and ab initio methods can be used to calculate
macroscopic quantities such as Young’smodulus. Depending
on the thermodynamical characteristics of the simulated
system, different methods can be used to calculate Young’s
modulus. The simplest and most computationally inexpen-
sive method is Molecular Statics (MS), which neglects the
kinetic energy of the atoms, which is a valid approximation
at very low temperatures. In this approach, Young’s modulus
is calculated as

⎜ ⎟
⎛
⎝

⎞
⎠

=
∂

∂
=

E
V

U
ε

1 ,
ε0

2

ǁ
2

0ǁ

(8)

whereU is the potential energy of the system of atoms (as
calculated by either ab initio methods or interatomic

Figure 5: Classification of theoretical methods for Young’s modulus
calculation.

6  Sergei Vlassov et al.



potentials), V0 is the volume of the system, and = /ε L LΔǁ is
the strain defined as the relative change in the length L of
the structure in the direction of the applied pressure.

For finite temperature calculations, the Molecular
Dynamics (MD)method, which integrates Newton’s kinetic
equations numerically, is used. The Newtonian forces of
the moving atoms are calculated using either interatomic
potentials, or from the first principles (ab initio molecular
dynamics–AIMD). AIMD calculations are limited by the com-
putational capabilities of modern high-performance com-
puting clusters; thus, this method is not widely used today.
Finally, due to those computational limitations, most of the
calculations of Young’s modulus for ZnO NWs are limited to
relatively small diameters (cross-sections).

5 Analysis and discussion

5.1 Available experimental works

In this section, we will give an overview and perform a
critical analysis of the available experimental works dedi-
cated to the mechanical characterization of ZnO NWs.
The reported values of elastic modulus are summarized
in Figure 6. As can be seen, a discrepancy in the results
reaches the order of magnitude, which is unacceptable

for such parameters as the Young modulus that should be
a specific property of the material. Moreover, one extremely
high and unrealistic value (800GPa [54]) was excluded
from the graph since it would unreasonably increase E scale
and decrease the readability of the rest of the data. Note that
Manoharan et al. [48] provided only the average value for
the range of diameters; therefore, it is presented as a dashed
line on the graph. Please also note that variation of proper-
ties with diameters (in the given case increase of the
measured Young’s modulus with a decrease of the dia-
meters) is a well-known phenomenon for nanoscale sys-
tems [36,38,42,56,78–80] and will be discussed further
in the article. When we speak about the discrepancy in
the results in the present review, our concerns are
related to the discrepancy in the reported elastic mod-
ulus of ZnO NWs when we compare similar diameters.

In the next sections, we will first try to find out
general factors that may influence the measured elastic
properties, and then, we will analyze reported works
separately in order to find the possible reasons behind
the drastic discrepancy between the published results.

5.1.1 Influence of growth method and conditions

The first and most obvious factor that one would expect
to have an influence on Young’s modulus of NWs is
the synthesis method, conditions, and crystal growth

Figure 6: Summary of Young’s modulus of ZnO nanowires reported by different authors. Different colors represent different methods:
blue – tensile, red – resonance method, green – cantilevered, orange – three-point bending, yellow – indentation, purple – buckling and
grey – contact resonance AFM.
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direction. There are several methods commonly used for
the synthesis of ZnO NWs [1] that can be divided into vapor
phase synthesis (mostly VLS [27,81] methods) and solution
phase synthesis (mostly hydrothermal methods [35,82]).

Although different research groups link the crystal
structure and orientation to the synthesis conditions,
little attention has been paid to the connection between
the synthesis method and mechanical properties. Some
authors just briefly mention synthesis conditions as the
possible reason for the discrepancy in results (e.g., [41]).
Indeed, the difference in synthesis can strongly affect the
mechanical strength of the material due to different
defect concentrations. Young’s modulus, however, is the
property related to the crystal structure (mainly bond
length and the coordination number of atoms [83]) and
should not be as strongly influenced by the presence of
defects as the strength. An exception is point defects
(impurities and vacancies) that affect crystal lattice para-
meters and therefore have a certain influence on the elastic
properties as was shown in both experiment and simula-
tion [41,84]. In particular, oxygen vacancies in ZnO NWs
will increase average bond length and, thus, result in a
reduction of the intrinsic elastic modulus [85]. As pointed
out in Section 2.3 (growth methods), generally oxygen
vacancies are (more likely) produced during hydrothermal
growth [35]. Moreover, Wang et al. [41] have shown that
small changes in the initial synthesis conditions can sig-
nificantly affect the concentration of point defects and
consequently the elastic values of the material. The influ-
ence of impurities was studied by Vahtrus et al. [31]. They
demonstrated that the incorporation of Co atoms into the
ZnO lattice significantly decreased Young’s modulus –
almost two times at 5% of Co inclusion. The concentration
of impurities in proper synthesis should be far below such
amounts. However, this factor should be kept inmind, as it
may at least be partly responsible for the discrepancy in
experimental results. Roy et al. [46] studied separately the
influence of surface defects on the mechanical properties
of ZnO NWs. Surfaces of tested NWs were studied under
TEM after the mechanical characterization and despite
the considerable amount of surface irregularities authors
could not find any significant effects of defects on Young’s
modulus.

Another aspect to consider is that although at normal
conditions ZnO exhibits single-phase wurtzite crystal
structure [86] both in bulk and nano forms, it may contain
stacking faults of different types. The most common are
basal plane stacking faults. They can be considered as a
sheet of zinc blende structure embedded in the wurtzite-
structure ZnO [87]. Therefore, the composition of ZnO
crystal with a significant amount of basal plane stacking

faults can be viewed as a mixture of wurtzite and zinc
blende phases. On the other hand, both wurtzite and
zinc blende phases of ZnO are tetrahedral crystals with
exactly the same bond length, implying that their bulk
moduli should be equal, which is also confirmed by
first-principles calculations [83]. We could not find any
study comparing Young’s modulus of zinc-blende or
with wurtzite or mixed wurtzite/zinc-blende phases of
ZnO. However, such comparisons are available for some
other materials that can be grown in one of these
phases. For example, Dunaevskiy et al. [88] experimen-
tally found that Young’s modulus of the wurtzite-phase
InP NWs is approx. two times higher compared to the
zinc-blende phase. Therefore, we think that this aspect
deserves more attention in future studies related to the
mechanical properties of ZnO NWs.

The difference in synthesis methods may result also
in different cross-section geometries of ZnO NWs. Wang
et al. [41] showed that only small variations in the initial
synthesis conditions could lead to NWs with either hex-
agonal or circular cross-section geometry. The situation
is even more complicated by the fact that cross-sections
can have any intermediate geometry between hexagonal
and circular [36,57]. Additionally, distortions of hexagon
geometry should be mentioned (Figure 7). As described in
section 2.4, Young’s modulus is highly dependent on the
diameter and the cross-section of the NW, especially in
the case of bending experiments, where it is inversely
proportional to the fourth power of the diameter. Conse-
quently, using the wrong cross-section or inaccurate dia-
meter could lead to significant errors in the calculation of
elastic properties. Unfortunately, thorough descriptions
and high-resolution electron microscopy images of NW
cross-section are seldom given in works dedicated to the
mechanical properties of ZnO NWs. Moreover, sometimes,

Figure 7: Illustration of cross-section deviation from hexagon shape
(adopted from Broitman et al. [89]).
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either hexagon [51] or circular cross-section [39,53] is
assumed without giving further explanation or discussion.

In addition, depending on the synthesis, NWs can
have non-uniform diameters. For instance, CVD (VLS)
method often yields tapered NWs due to the presence of
two competing processes during growth: catalyst-mediated
precipitation through the liquid/solid interface, which leads
to axial elongation, and non-mediated direct vapor deposi-
tion on the existing nanowire sidewall surface. The latter
process results in radial thickening and eventually leads to
tapering as the length of NWs increases [90] (Figure 8a). For
example, ZnO NWs grown by CVD [48] and thermal eva-
poration [54] (Figure 8b) exhibit rather non-uniform and
tapered shapes according to the images provided in their
works. The assumption of uniform diameter in such case
will unavoidably lead to errors in Young’s modulus value.
The difference will be especially high if instead of average
diameters over the whole length of NW, some researchers
will calculate diameters from thinner parts and some
researchers from thicker. In this case, the difference can
be drastic, since Young’s modulus has power dependence
on diameter (Section 4).

Nonetheless, we could not find a clear correlation
between synthesis methods and measured modulus in
analyzed works. In addition, the presence of defects or
simplifications made in the determination of NW cross-
section and diameter cannot alone explain the huge dif-
ferences in obtained results. What is more telling, is the
fact that the same measurement method used by two
groups on ZnO NWs produced by the same manufacturer
resulted in very different modulus values [36,37]. Both
Agrawal et al. [36] and Desai and Haque [37] used
MEMS-based uniaxial tensile test to measure Young’s
modulus of ZnO NWs produced by NanoLab Inc. Agrawal
et al. [36] found that Young’s modulus of ZnO increase
from 140 to 160 GPa with the decrease of diameter as

opposed to Desai and Haque [37] who found that the
average value of Young’s modulus was only about 21 GPa.

On the other hand, apart from the cases of obvious
size effect, strong deviations of reported Young’s mod-
ulus from the bulk value in experiments appear almost
exclusively toward lower values. If discrepancies between
different authors were caused entirely by human or tech-
nical factors, we would observe values scattered around
both sides of the bulk value. Therefore, we can conclude
that structure-related factors are at least partly responsible
for the observed discrepancies. Bulk values are expected at
higher diameters for high-quality crystalline ZnO NWs,
and lower moduli are expected for NWs with a high con-
centration of point defects.

5.1.2 Influence of test method

The next important factor that should be considered as
potentially responsible for differences in reported moduli
is the dependence on the test method. Indeed, ZnO NWs
are monocrystalline materials with anisotropy of struc-
ture and properties; therefore, test conditions may have
an effect on measured elastic properties. For instance, the
tensile test involves uniaxial (along the NW) deformation
of the NW, and the load is uniformly distributed over the
cross-section of the NW. Therefore, the tensile test is not
as sensitive to the inhomogeneous nature of NW, which
arises from the fact that the surface atoms possess dif-
ferent properties compared to the bulk atoms. In parti-
cular, the outer layer in nanostructures is considered to
be stiffer which is explained in [91] by (i) the broken-
bond-induced local strain and skin-depth energy pinning
and (ii) the tunable fraction of bonds between the under-
coordinated atoms. Related phenomenon is an additional
Laplace pressure PL = 2γ/r arising for nanostructures of

Figure 8: (a) Possible deposition pathways in a VLS system [90]. Depending on the growth parameters, VLS growth via catalyst alloy, radial
overcoating on the existing NW sidewalls and thin film deposition on the substrate may occur. (b) SEM image showing the morphology of
as-grown ZnO nanorods arrays grown on the silicon substrate (side view) [54].
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curvature r, where γ is a specific surface energy or a spe-
cific work to create the free surface area [92]. Laplace
pressure compresses the nanostructure contributing to
the surface stiffening. In order to take surface stiffening
into account, NWs are often approached with either core-
surface [93] or core-shell [42] empirical models [94]. In
these models, the “core” has the elastic properties of the
bulk material, while the surface or the “shell” is stiffer.
Therefore, the smaller the diameter, the higher is the con-
tribution of either the surface or the “shell” to the elastic
properties of NW resulting in size-dependent Young’s
modulus.

In the bending test, deformation is highly non-uni-
form and surface atoms are subjected to higher mechan-
ical stresses than the inner part of the NW. Therefore,
surface effects, as well as non-uniform distribution of
defects, can play a major role in the experiments where
the mechanical properties of NW are found from the
bending of NW such as resonance method, buckling,
three-point or cantilever beam bending. The difference
in the loading modes impelled some authors to distin-
guish between the tensile modulus and the bending mod-
ulus [38,40]. We totally support such an approach and
think that it is always important to denote the test
conditions.

Manoharan et al. [48] propose that the dynamic
experiments are expected to show slightly higher, unre-
laxed modulus compared to quasi-static experiments.
According to the authors, in dynamic experiments, the
time period of motion of the NW is much lower than the
relaxation time, and hence, the modulus values esti-
mated during dynamic experiments tend to be higher
than the values estimated during static or quasi-static
experiments [95]. In addition, the oscillating electric field
induces charges on the NW surface, which can signifi-
cantly overestimate the elastic properties [96]. Moreover,
authors believe that for piezoelectric materials with low
dielectric constant, such as ZnO, quasi-static tests are
not recommended for measurements of elastic constants
(Young’s modulus) because of the uncertainties in elec-
trical boundary conditions [97]. They suggest that the
strong electromechanical coupling in ZnO is a possible
mechanism responsible for the reduction of the modulus
of ZnO NWs compared to bulk. Due to its non-centrosym-
metric wurtzite structure and the ionic nature of the
interatomic bond, internal electric fields are induced in
ZnO when the material is strained. The positive sign of
the electromechanical coupling coefficient, e33, along the
[0001] direction implies that the induced electric field
tends to reduce the measured modulus of the NW. Addi-
tional electrical polarization is introduced in the NW

during flexural deformation due to the flexoelectric effect
which arises because of the high-strain gradient at the
nanoscale [98]. The measured modulus values in quasi-
static nanomechanical characterization are therefore influ-
enced by the electromechanical coupling resulting in Young’s
modulus of ZnO NW being different from the bulk. We, how-
ever, would not be too critical to quasi-static tests, even for
piezoelectric materials with low dielectric constant like ZnO,
since there are a number of results reported (for instance
[38,40,46,52,56] and others) that are close or even exceed
bulk values, obtained in the dynamic modes. Moreover, He
et al. [38] compared the results of uniaxial tensile test mea-
surements of ZnO NWs to previously published electric-filed-
induced resonant method measurements on the same mate-
rial. Both measurements gave similar tensile modulus and
bending modulus values for ZnO NWs and showed diameter
dependence. The only difference in the obtained results was
the shape of the curve: at first, tensile modulus increased
slower than bending modulus with the decrease of diameter
and then for smaller diameters more rapidly. The authors
utilized a core-shell model where stiffened surface contributes
more to bending modulus at larger diameters, while relaxa-
tion of the core contributed to tensile modulus at smaller
diameters. In addition, Xu et al. [40] compared the tensile
modulus and bending modulus of ZnO NW using the same
setup to conduct tensile and buckling tests inside an SEM
equipped with a nanomanipulator and AFM cantilever.
Similar to He et al. [38], the measurements performed by
Xu et al. resulted in a diameter-dependent modulus with
values of the same magnitude. Moreover, in both works,
modulus values were close to the bulk values of ZnO. A
slight difference was observed in the tendency of the dia-
meter dependence. The bending modulus increased more
rapidly compared to the tensile modulus with the decrease
of the diameter even for smaller NWs. Again, the core-shell
model with stiffened shell was used to explain the differ-
ences inmeasured values of tensile and buckling tests. Most
importantly, both works showed that although loading
mode can have a certain influence on the tendency of dia-
meter dependence of ZnO NWs, it does not explain the large
discrepancy in the reported values of Young’s modulus.

An alternative approach proposed by Manoharan
et al. [48] for the explanation of reduction in modulus
is that the elastic properties of a material can be described
at the atomistic level, where the bond length, bond energy,
and arrangement of atoms influence the overall elastic
behavior of the material [99,100]. In the case of ZnO, the
effective charge (e∗) on the Zn–O changes due to charge
redistribution when the material is strained [101]. Since
Young’s modulus of the material depends on e∗, the mod-
ulus of the material should change at higher strains. The

10  Sergei Vlassov et al.



techniques used for measuring the elastic properties at
bulk scale involve negligible strains compared to nanos-
cale bending experiments. As a result, the measured mod-
ulus values of nanoscale ZnO are different from bulk due to
strain-dependent modulus. Again, we would like to note
that the majority of the data in Figure 6 agree well with
bulk values at higher diameters; therefore, strain-depen-
dent modulus alone cannot explain the low values of
elastic modulus of ZnO NWs reported in some works.

Boundary conditions is another factor that may have
a noticeable influence on the measurement results. For
instance, Manoharan et al. [48] performed bending tests
on ZnO NWs in cantilevered beam configuration with two
different approaches to NW clamping. In one case, NWs
were “soldered” by platinum deposition using a FIB.
Measured elastic modulus ranged from 35 to 44 GPa. In
other cases, NWs were held by adhesion only and mea-
sured elastic modulus ranged from 18 to 27 GPa. According
to the authors, the discrepancy in results between clamped
and adhesion-clamped NWs was attributed largely to the
difference in boundary conditions in the two specimen
clamping techniques. If the applied bending force is com-
parable to the adhesion and friction forces, the rigid
support boundary condition is no longer valid, as the
nanowire has free boundary conditions on a significant
part of its outer surface. Nevertheless, in both cases, the
elastic modulus was significantly below the bulk value.
The importance of the proper choice of boundary condi-
tions in the three-point bending test was demonstrated by
Zhou et al. [102]. The authors introduced modification
coefficient κ into right the part of equation (3). κ values
vary from 1 for perfectly fixed ends to 4 for simply supported
beams. This means that improper choice of boundary con-
ditions can give under- or overestimate actual Young’s
modulus up to 4 times.

The reliability of indentation methods relies on the
knowledge of contact geometry. When it comes to the
indentation of NWs (especially made from hard materials
like ZnO), deformations are so small that determination
of the contact geometry with reasonable accuracy becomes a
very challenging task. Noteworthy are also the simulation
results obtained by Chang et al. [103] revealing that using
the well-known Oliver-Pharr theory, generally applied for
materials with semi-infinite half-space, yields an underesti-
mate of the elastic modulus of the NW material. We could
not find studies comparing results from indentation with
values obtained by other methods for ZnO NWs. However,
such comparison is available, e.g., for Si NWs [104]. The
authors found that the elastic moduli obtained from nanoin-
dentation (37.9± 13.3GPa for Berkovich tip and 59.5± 13.3GPa

for cube-corner tip), were significantly lower than the values
(141.9 ± 33.3GPa) obtained from the bending test.

Another important factor related to the test methods
is the calibration of the force sensor. Small forces involved
in the mechanical testing of NWs are mainly detected either
by the deflection of pre-calibrated AFM cantilevers or sen-
sors based on microelectromechanical systems (MEMS). For
non-calibrated AFM cantilevers manufacturers usually pro-
vide a very broad stiffness range of up to two orders of
magnitude. There are dozens of methods used for the cali-
bration of AFM cantilevers [105–122]. Common calibration
methods are “geometric” methods [105–107,110], based on
the physical dimensions of the beam; “thermal” methods
[108,109,123], based on the acquisition of the cantilever’s
thermal distribution spectrum; “reference cantilever”method
[122], where cantilever with unknown spring constant is
pushed against the pre-calibrated cantilever. Other methods
include Finite element analysis [112], nanoindentation [121]
and pendulum [123] methods. According to Burnham et al.
[123], the divergence between “geometric” and “thermal”
methods, which are mostly used methods, does not exceed
17%. However, overall discrepancy between available
methods can reach up to 50% [123]. Unfortunately, cali-
bration methods are rarely mentioned in articles dedicated
to the mechanical characterization of nanostructures;
therefore, it is hard to estimate their influence. However,
it is obvious that the discrepancy in reported moduli
may be partly related to differences in force calibration
procedures.

Note that the resonance method does not involve
external force sensing and therefore does not rely on
calibration. Nevertheless, no evident consistency between
different works based on the resonancemethodwas found.
Chen et al. [42] found pronounced size-dependence and
Young modulus values in the range 135–220 GPa for nano-
wires from 17 to 550 nm using the resonance method in
SEM, while Huang et al. [43] observed no size dependence
for NWs in the range 43–110 nm and Youngmodulus in the
range from 49 to 70 GPa using resonance method in TEM.
Zhou et al. [45] used the resonance method at ambient
atmosphere for NWs in the range 152–516 nm and found
Young’s modulus values in the range of 63–138 GPa and
observed no size dependence. Roy et al. [46] did not
observe any size effect and obtained Young’s modulus
very close to the bulk value.

For experiments performed inside electronmicroscopes,
the possible influence of electron beam (e-beam) should be
discussed. Considering the energy transferred to the NW by
incident electrons accompanied by Joule heating in electron
microscopy imaging, a temperature increase in NWs during
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the mechanical testing inside SEM or TEM is expected.
A slight dependence of Young’s modulus on temperature
(−(1.09) × 10−4 K−1) for ZnO NWs was reported by Roy
et al. [124]. Wang et al. concluded in their review [20] that
e-beam-induced thermal effects alone should not signifi-
cantly alter the mechanical properties of NWs. The authors
note though that incident electrons can induce structural
changes in materials with ionic and covalent bonds that
can influence their mechanical properties. The extent of e-
beam-induced effects, however, is difficult to analyze sys-
tematically based on literature only, as different research
groups use different currents, voltages, magnifications and
scan rates.

Some amount of additional heat production is expected
also in the resonance method due to inner friction during
oscillations. Since heating should lead to a slightly smaller
measured modulus, this effect competes with the slight
expected stiffening of ZnO NWs in dynamic methods as
discussed earlier in the present section. In addition to
thermal effects, incident electrons in electron micro-
scopes may cause structural changes in irradiated struc-
tures creating point defects [125].

Based on analyzed works dedicated to the measure-
ment of Young’s modulus of ZnO NWs, it can be con-
cluded that test conditions may have a certain effect on
measured elastic moduli. At the same time, no obvious
correlations between the measured values and measure-
ment method can be drawn to explain huge variations in
reported results.

5.1.3 Geometrical factor and biased error

In Section 5.1.1, we discussed the critical importance of
knowing the geometry of each measured NW as accu-
rately as possible due to the power dependence of Young
modulus on diameter and cross-section. Besides the dras-
tically magnified errors in measured moduli, incorrectly
determined geometry can result in another serious pro-
blem that we would like to discuss here separately, as it
seems to be completely overlooked by the scientific com-
munity. Namely, errors and uncertainties in the determi-
nation of NW diameter and cross-section may introduce
a systematic bias toward the higher Young’s modulus
values at smaller diameters resulting in overemphasized
size effect.

To explain this, let’s conduct an imaginary cantilever
beam bending test. For simplicity, we assume that the
force is measured with absolute precision and the “real”
Young’s modulus E is expected to be a constant (does not
depend on diameter) with a value of 140 GPa. Next, we

introduce an intentionally incorrectly measured diameter
D* that has a constant error σ relative to real diameter D
and corresponding apparent Young’s modulus Eapp that
is derived from equation (1). Given that the second area
moment of inertia (equation (2)) ∝I D4, the apparent
Young’s modulus will be Eapp = E(D/D*)4, where D* = D + σ.

In Figure 9 (left), we plotted the dependence of Eapp
on D* for different σ values. Solid curves on the left image
correspond to the situations where the diameter of NWs is
either overestimated by 3 nm (σ = 3 nm, blue curve) or
underestimated by 3 nm (σ = −3, orange curve). The
dashed line corresponds to the average of these two
situations. It is clearly seen that depending on the sign
of σ, the error in diameter measurement contributes
asymmetrically to the Eapp value. Therefore, even if there
were no real diameter dependence, it would be artificially
created solely by uncertainties in diameter measure-
ments. For the considered situation with maximum error
σ = ±3, the measured Eapp values will be scattered between
the blue and orange curves in Figure 9 (left) with an arti-
ficial bias toward higher average Eapp values at smaller
diameters. On the right side of Figure 9, we plotted the
averaged Eapp values for three different σ values ( ±1, 3,
and 5 nm).

In proper experiments, the accuracy of diameter
measurements from the hi-res SEM images is expected
to approach 1 nm. However, if we consider tapering and
deviations from the perfect hexagonal geometries, as dis-
cussed in Section 5.1.1, then the situation becomes much
more serious. Therefore, the aforementioned effect, which
is apparently disregarded by all experimental studies,
might be a significant contributing factor in the discrepan-
cies among different experimental works, as well as the
overestimation of the minimumNW size for which Young’s
modulus starts becoming diameter-dependent. The latter
is also could be at least partially responsible for the dis-
crepancy between theoretical and experimental works,
discussed in Section 5.2.1.

5.1.4 Point-by-point analysis

Since we could not find clear dependence of reported
moduli on synthesis or test conditions, we suspect experi-
mental artefacts, including flaws in experiment design and
data analysis, as one of the reasons for the high discre-
pancy of reported values. Therefore, we will approach the
problem from the other side and will try to highlight the
most trustable works and separate them from the more
controversial results. Then, we will shortly analyze every
work separately.
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To begin, initial judgment criteria should be defined
that must not be based on our subjective impressions.
The first criterion would be the reported value of Young’s
modulus itself. The general and expected tendency for
Young’s modulus of any nanoscale materials is to approach
the bulk value for larger diameters, which is confirmed for
different materials by numerous experimental [36,52,56,78,126]
and theoretical works [36,126–128]. The threshold dia-
meter at which the elastic modulus of NW starts to increase
above the bulk value varies from material to material and
from author to author, but typically for experimental stu-
dies lies below 100 nm. Experimentally measured Young’s
modulus of bulk ZnO in the [0001] direction is 140 GPa
[26]. Significant deviation from these values for larger
ZnO NWs should be a strong reason for closer analysis of
the study and suspecting experimental artifacts. Based on
this criterion, we have sorted out several works in which
deviations of reported Young’s modulus from the bulk
modulus are the most significant. These works include
Soomro et al. [54], Desai and Haque [37], Huang et al.
[43], Polyakov et al. [49], Manoharan et al. [48] and
Song et al. [51].

The most controversial is the work by Soomro et al.
[54] who reported Young’s modulus of approximately
800 GPa for ZnO nanorods 200 nm in diameter measured
by nanoindentation. The work was published in 2012, and
by this time, Young’s modulus of ZnO nanostructures was
measured several times by different authors and never
was even closely as high as reported by Soomro et al.
We even had to leave it out of the graph in Figure 6 since

it would unreasonably increase the E scale and decrease
the readability of the rest of the data. Such a high mod-
ulus would potentially indicate a presence of a novel yet
unknown phase of ZnO crystal and should have attracted
a lot of attention since it is even higher than Young’s mod-
ulus of such well-known stiff materials like WC (707 GPa
[129]) or SiC nanowhiskers (581 GPa [130]). However, similar
values were never reported again in subsequent studies.
Since Soomro et al. provided no reasonable explanation of
their anomalous value, we tend to suspect experimental
inaccuracies as the most realistic reason. By carefully
studying their work, we brought out several factors prob-
ably responsible for unrealistic values. First, while mea-
surements were performed in a three-point bending
configuration on a suspended nanorod, for unclear rea-
sons they were treated as pure nanoindentation of
a bulk material with a corresponding mathematical
approach completely neglecting possible bending of
the suspended nanorod. Next, the whole work is based
on a single measurement: the authors provided no sta-
tistics, just a single value. There are also a number of
questionable statements. For example, the authors
claimed to use pyramidal Berkovich diamond indenter
of 2 µm in diameter, while actual diameters of Berkovich
indenters are typically below 100 nm. When discussing
elasticity, they refer to Hall–Petch law, which is related
to the hardness and strength of a material, but not to
Young’s modulus. They talk about dislocations and their
generation while they did not observe permanent deforma-
tion. In total, the whole work puts the competence of

Figure 9: Apparent dependence of Young’s modulus on NW diameter artificially caused purely by uncertainties in diameter measurements.
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authors to challenge providing enough reasons to comple-
tely ignore their value when speaking about elastic proper-
ties of ZnO NWs.

Now, let us analyze publications reporting anoma-
lously low elastic modulus. Polyakov et al. [49] reported
Young’s modulus in the range of 27–58 GPa for ZnO NWs
of 112–230 nm in diameter synthesized by CVD and later
from 22 to 117 GPa for similar NWs [50]. No dependence
on the diameter was found. Both works were performed
inside an SEM in a cantilevered beam-bending configura-
tion. NWs were held by adhesion only, which may be
among the reasons for low values as was discussed in
the previous section. Another weak point of these studies
is the low resolution of the SEM used for NW visualization
and experiments. No characterization of morphology,
cross-sectional geometry, and crystal structure of NWs
was performed. The authors only assumed hexagonal
cross-section as the most common geometry for ZnO
NWs. Working at the limits of SEM resolution can easily
lead to an overestimation of the diameter caused by blur-
ring and the large spot size of the electron beam. The
measured modulus is inversely proportional to the fourth
power of the measured diameter (equation (1)); therefore,
even a minor overestimation of the diameter would lead
to a significant underestimation of the Young modulus.
Another possible and more general source of errors is the
calibration of the special force sensor used for testing.
The authors used a quartz tuning fork (QTF)-based home-
made force sensor, which was calibrated on a pre-cali-
brated AFM cantilever (calibration provided by the man-
ufacturer). Finally, according to the SEM images of the
actual bending test provided in [49], the aspect ratio of
NW can be insufficient for reliable use of EBT (Section 4.1).
On the other hand, values measured by Polyakov et al.
agree well with values reported in some other studies
[43,48]. For instance, Huang et al. [43] reported the size-
independent bending modulus of ZnO NWs measured by
the resonance method to be ∼58 GPa for NWs diameters
ranging from 43 to 110 nm. Experiments were performed
inside a high-resolution transmission electronmicroscopy,
therefore excluding the significant error in the estimation
of diameters. The work is in letter format and, therefore,
does not provide a detailed description and discussion.
In particular, the method of NW fixation to the W tip is
not mentioned. This is a very important nuance as insuffi-
ciently rigid fixation in the resonance method can lead
to strongly underestimated elastic modulus as was shown
by Agrawal et al. [36]. In the latter study, the use of
Pt deposition for NW fixation yielded elastic moduli
of 140 GPa, while fixation with carbon resulted in only
56 GPa. Low values (from 18 to 44 GPa) were reported

also by Manoharan et al. [48] in bending tests performed
inside a high-resolution SEM (HRSEM). The use of HRSEM
again excludes the uncertainty in measurements of NW
diameters as the main factor of possible errors. The pos-
sible reason potentially could be incorrect cantilever cali-
bration data provided by the manufacturer. We would also
like to draw your attention to the fact that NWs in their
work had diameters ranging 200–750 nm, which actually
lies outside the nanoscale according to common defini-
tions [131]. In either case, higher values comparable to
the bulk modulus of ZnO would be expected for such
diameters.

The next work to analyze is Desai and Haque [37]
who reported the average value of Young’s modulus of
only about 21 GPa. The authors used original home-made
MEMS for mechanical testing. ZnO NWs were deposited
onto MEMS from the solution and the ends of NWs were
fixed with platinum deposition excluding the reduction
of the measured values due to displacement of the NW
ends. Probably, the biggest source of errors lies in the
estimation of NW diameter since according to the authors
resolution of the SEM micrograph is 12 nm. We already
mentioned this work in Section 5.1.1 and indicated the
fact that the same method and NWs from the same man-
ufacturer were used by Agrawal et al. [36] who found that
Young’s modulus of ZnO increased from bulk value to
160 GPa with the decrease of diameter. Agrawal et al.
[36] suggest that very low Young’s modulus measured
by Desai and Haque [37] are related to errors introduced
by loading a compliant SiO2 grid with the NW attached to
it instead of loading the NW directly.

Song et al. [51] reported elastic moduli values mea-
sured for CVD-grown ZnO NWs in the cantilever beam
bending test ranging from 15 to 47 GPa. An interesting
aspect of this work is that NWs were bent in their original
as-grown positions without transferring and fixing them
on a separate substrate. Probably boundary conditions in
such configuration should be reconsidered, especially
considering the fact that CVD-grown ZnO NWs are often
significantly wider at the base (tapered). However, the
main concern we have in relation to their work is that
the authors have used an average NW diameter for all
measurements. They state, that from the SEM and TEM
images, the aligned ZnO NWs have a uniform diameter of
45 nm. However, from the histogram they provide in
Figure 1d in their article, it is clearly seen that diameters
are actually distributed from 25 to 67 nm. Considering
that elastic modulus depends on diameter in power four
(equations (1) and (2)), we think that the use of average
diameter is inappropriate, and results obtained in such a
way cannot be considered reliable.
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Now, we would like to bring out a few works that can
be considered more reliable due to a number of factors. A
good example is the work done by Agrawal et al. [36]. We
consider their results to be one of the most trustable. This
conclusion is based on several aspects. The authors
approached very carefully evaluation of the geometry of
the NWs. They measured cross-section separately for
every ZnO NW used in the study in HRSEM. The measure-
ments are performed in a tensile test configuration inside
TEM. Based on the figures provided in their article NWs
are of high quality with a uniform diameter. Obtained
elastic moduli are very close to bulk value for NWs
thicker than 100 nm and have a moderate increase of
the modulus for smaller diameters. Data contains error
bars. Moreover, measurements are accompanied by MD
simulations that give very good agreement with their
experimental data.

Another recent article we would like to mention is the
work of Wang et al. [41]. Again, the authors paid atten-
tion to cross-section of NWs. They performed an uniaxial
tensile test inside TEM and similar to Agrawal et al. [36]
found that the measured elastic modulus was close to the
bulk value for diameters above 100 nm and had a well-
pronounced increase of the modulus for smaller dia-
meters. Whereas for similar diameters, Young’s modulus
of hexagonal NWs was always larger than that of cylind-
rical NWs by ∼10%. They attributed this effect to the dif-
ferent densities of point defects inherited from the growth
stage [32].

One more example is the work by Roy et al. [46].
High-resolution and high-quality SEM and TEM images
are provided revealing high-quality ZnO NWs with uni-
form diameters. Elastic modulus was measured using a
resonance method and ranged from 123 to 154 GPa for
NWs diameters from 78 to 310 nm, which is again very
close to bulk values. No conclusion of diameter depen-
dence can be drawn since there is only one NW that had a
diameter below 100 nm.

We will not describe in detail every single work we
reviewed for the graph in Figure 6. But we would like to
emphasize that we found a tendency for correlation
between overall quality and thoroughness of the works
and reported moduli. If we look at the works that contain
good quality high resolution images of NWs with uniform
diameters, provided with detailed experimental descrip-
tions, graphs containing error bars, etc., and published in
reputable scientific journals, then we will mostly find that
reported values of elastic modulus of ZnO NWs are close to
bulk values of ZnO and generally have a tendency to
increase with decreasing of diameters. Moreover, such
values agree better with theoretical predictions and results

of various simulations, which are analyzed in the next
section.

5.2 Available simulation results

In this section, we overview and analyze available works
on the simulation of elastic properties of ZnO NWs obtained
by different authors using various empirical or full-princi-
ples methods (for a more detailed overview of the methods,
paragraph 4.2). The reported values of simulated elastic
moduli are summarized in Figure 10. Now let us compare
this graphwith the summary of experimentally found values
presented in Figure 6. In general, values fall into a similar
range showing satisfactory agreements. However, there are
also some significant differences. First, we see that except a
few cases, themajority of calculated values are less scattered
(compared to experimental results) and have a better agree-
ment between different works. Second, we see a drastic dif-
ference in the offset of size effect. Namely, if experimentally
measured Young’s modulus tends to show diameter depen-
dence already at diameters around 100 nm, then, in simula-
tions, such tendency appears at around 10 nm, making one
order of magnitude difference. Let’s now take a closer look at
each work and then try to find possible reasons for observed
disagreements.

Classical MD was used in several studies where the
dependence of Young’s moduli on NWs or nanobelts dia-
meter was evaluated within the empirical force fields by

Figure 10: Dependence of calculated Young’s moduli (E) on NW
diameters reported by different authors. The dashed magenta line at
the bottom corresponds to experimentally measured bulk Young’s
modulus [26]. Open symbols correspond to MD calculations, and
solid symbols correspond to DFT calculations.
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Agrawal et al. [36], Hu et al. [78], Dai and Park [132],
Wang et al. [133], He et al. [134], and Kulkarny et al.
[126] (nanobelts). Wang et al. [133] calculated Young’s
modulus of wurtzite-structured ZnO NWs of [0001] orien-
tation at different strain rates (7.63 × 107–1.52 × 109) and
temperatures (0.1–400 K). NWs with three different dia-
meters (8.5, 15.6, and 35.5 Å) but the same initial length of
∼13 nm were modeled in this study employing the Buck-
ingham potentials obtaining values in the range between
187.3 GPa (strain rate, 1.52 × 109 s−1; T = 400 K and dia-
meter 35.5 Å) and 337.0 GPa (strain rate, 7.63 × 107 s−1; T =
0.1 K and diameter 8.5 Å). Curves that correspond to
extreme temperatures of 0.1 and 400 K are shown in
Figure 10. MD simulations for ZnO NWs under tensile
loading were performed for NWs with lateral diameters
of 7, 16, 25 and 40 Å by Dai et al. in 2010 [135]. Buck-
ingham potential adopted from the study of Kulkarni
et al. [126] has been used for these calculations. Young’s
Modulus was obtained for ZnO NWs of all four diameters
for bucked and hypothetical unbuckled [136] wurtzite
(ZnO phase that according to our knowledge has not
been demonstrated experimentally). Young’s moduli in
the range between 48.8 and 203.6 were obtained for dif-
ferently structured systems. Structural, mechanical and
electronic properties of ultrathin ZnO NWs of wurtzite
and unbuckled wurtzite structure with a diameter of
7.454–18.079 Å were investigated using the DFT method
by Wang et al. [137]. Young’s modulus in the range of
159.5–537.6 GPa was obtained.

Dai and Park [132] have calculated the impact of sur-
face effects on the piezoelectric properties of ZnO NWs
under uniaxial loading utilizing classical MD. Bulk-nor-
malized Young’s modulus for the three NW orientations
([21̅ 1̅0], [011̅0] and [0001]) were also calculated in that
study (Young’s modulus for NW [0001] orientation is
shown with a red line and empty stars in Figure 10).
Lee et al. [138] calculated mechanical properties of ultra-
thin ZnO NWs of about 0.7–1.1 nm width with empirical
MD obtaining Young’s modulus in the range 349.1 and
164.1 GPa for small and large diameter, correspondingly.

Agrawal et al. [36] using the classical MD have mod-
eled Young’s modulus of ZnO NWs with respect to NW
diameters in the range from 5 to 20 nm. In this work, an
atypical thermalization was performed in the MD calcu-
lation. The temperature of the NWs was raised to 1,200 K
within 30 ps and then equilibrated for 30 ps and after that
NWs were cooled down to room temperature at 30 ps and
equilibrated for another 30 ps. The calculated values in
this work are in best agreement with the observed experi-
mental trends (magenta in Figure 10).

In 2017, He et al. [134] performed atomistic modeling
of structural and mechanical properties of ZnO NWs
using classical MD simulations with empirical Buck-
ingham-type pair potentials. NWs with hexagonal cross-
sections, lateral dimensions ranging 1–10 nm, and a
constant length of 10.4 nm were considered in the study
(violet line in Figure 10). It was observed that if NW
diameter increases from 1.0 to 10.0 nm, then Young’s
modulus decreases from about 260 to 145 GPa approaching
the bulk value.

In 2008, Hu et al. [78] modeled ZnO NWs oriented
along [0001] with diameters ranging from 8.707 to 47.887 Å
with a Buckingham-type interatomic potential. Calculated
Young’s modulus decreased with an increase of diameters
from 212 to 183 GPa.

The size effect of the strain-dependent Young’s mod-
ulus of [0001] oriented ZnO NWs with a diameter ranging
from 1.8 to 6.0 nm has been studied by first-principles
calculations and molecular mechanics methods by Wang
in ref. [139]. Young’s modulus was estimated using the
higher-order elastic constants, and values in the range of
142–173 GPa were obtained.

The mechanical properties of ZnO NWs and nanobelts
with lateral dimensions greater than 5 nm were studied by
Momeni and Attariani [140] using MD accompanied with the
Buckingham-type empirical potentials obtaining Young’s
modulus in the range of 159–250GPa for compression mode
and 173–275 GPa for tension mode, correspondingly.

Young modulus of wurtzite-type ZnO NWs oriented
along [0001] direction was calculated using molecular
mechanical simulations with the eight-parameter par-
tially charged rigid ion model (PCRIM) developed for
ZnO by Wang at al. [141], as well as using hybrid DFT
approach within the framework of the linear combination
of atomic orbitals (LCAO) method [142] in ref. [143] by
Bandura et al. PCRIM potentials are based on empirical
fitting and energy surface fitting from ab initio calcula-
tions. Both DFT-LCAO and PCRIM reproduce ZnO lattice
constants in good agreement with those experimentally
observed. The NWs of 1–5 nm diameters were modeled
with the hybrid DFT-LCAO method and from 1–20 nm
for force-field molecular mechanical approaches, respec-
tively. The theoretically predicted Young’s modulus for
ZnO NWs is 167.4–206.2 GPa for force-field calculations
and 173.6–232.2 GPa for first-principles calculations. Values
of Young’s modulus decrease with the diameter increase.

Size-dependent Young’s modulus of ZnO nanoplates
obtained with DFT is also reported by Zhang and Huang
[144]. Calculations show an increase of Young’s moduli
from 170 to 270 GPa as the size of nanoplate decreases.
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It should be noted that Young’s moduli vary discontinu-
ously with size due to a phase transformation from wurt-
zite to graphitic structure in their simulations.

Qi et al. [145] using DFT demonstrated that the pristine
and the H-passivated ZnONWs have different Young’s mod-
ulus (164–208 GPa for non-passivated and 69–87 GPa for H-
passivated NWs for similar diameters), indicating the great
importance of surface layer composition and structure in
overall elastic properties. However, note that the diameters
of NWs in their simulations were only 0.65–2 nm making
the contribution of surface atoms much more pronounced
compared to typical NWs used in experimental studies.

Unexpected results were obtained by Wang and Li
[146]. They developed a model of ZnO NWs with the
quantitative relationship between a circular cross-section
of NW and its bulk properties assuming clamped-end
three-point bending loading conditions. In that work,
DFT calculations were combined with the linear elasticity
theory, and a value of 113.8 GPa was obtained for wurtzite
phase for diameters above 100 nm. However, contrary to
other studies, Young’s modulus rapidly decreased to
50 GPa with decreasing the diameter of NWs to 30 nm.

Separately, we would like to mention a few more
works dedicated to ZnO nanobelts – 1D systems similar
to NWs. However, care should be taken when comparing
the results to NWs with a hexagonal cross-section. For this
reason, we did not include results for nanobelts in the
graph in Figure 10 and discuss them as supporting data.

The phase transformation of stress-induced ZnO nano-
belts with the cross-sectional size of 21.15 Å × 21.33 Å was
simulated by Hong et al. using MD with the Buckingham-
type interatomic pair potentials in ref. [147]. Kulkarni et al.
[126] have calculated the ZnO nanobelts oriented along
[0001], [011̅0] and [21̅ 1̅0] directions having lateral sizes
of 1, 2 and 3 nm and estimated Young’s modulus for these
systems also using MD with Buckingham-type potential.
Young’s modulus values in a range 307.4–339.76 GPa were
obtained for nanobelt with 10 Å × 10 Å lateral dimensions,
172.65–256.5 GPa for 20 Å × 20 Å lateral dimensions, and,
finally, 140.37–210.31 for 30 Å × 30 Å lateral dimensions,
depending on nanobelt orientation. The electronic and
elastic properties of 10–20Å thick [0001] ZnO nanobelts
have been studied by means of DFT in ref. [148] obtaining
Young’s modulus values in the range 160–190 GPa.

Finally, as a reference, we would like to mention a
few works dedicated to the calculation of Young’s mod-
ulus of bulk wurtzite ZnO. DFT calculations for bulk mod-
ulus of wurtzite, zinc-blende, and rock salt phases of bulk
ZnO using the chemical bond method are performed in
ref. [83] obtaining 130 GPa with Generalized Gradient
Approximation (GGA) and 161.0 GPa with local density

approximation (LDA). The listed works give good agree-
ment with the experimentally measured value of 140 GPa
[26] for bulk wurtzite ZnO.

In the next section we will sum-up and briefly discuss
the main factors that we believe may be responsible for
the discrepancy in the calculated Young’s modulus values
between various studies, as well as for disagreements
between the results of simulations and experiments.

5.2.1 Surface conditions

From the analyzed works it can be clearly seen that sur-
face conditions may play a huge role not only in obtained
values but also in the observed trends. Qi et al. [145]
clearly demonstrated (although for very small diameters)
that surface chemistry may strongly affect the elastic
properties. Besides the greatly reduced value of elastic
modulus, they observed a decrease in stiffness with a
decrease in diameters, which contradicts the vast majority
of studies. Similar contradictive size dependence but for
much larger diameters was observed Wang and Li [146].
According to the authors, this is related to the fact that
they have fully relaxed ZnO surfaces with negative stresses
in contrast to positive stresses for bulk-terminated sur-
faces. They suggest that the surface relaxation process
can be affected by surface contamination or surface charges
introduced during the preparation and characterization of
NWs. The authors conclude that the elastic modulus of ZnO
NWs with the same diameter might exhibit different values
in various surface conditions of the experimental samples.

5.2.2 Structure and geometry

Theoretical simulations usually use ideal defectless mono-
crystals with perfect geometry, while NWs in real experi-
ments unavoidably have defects and distorted geometries
(Section 5.1.1.). Limited NW length used in first-principle
calculations also can play a role.

5.2.3 Interatomic potentials

The choice of interatomic potentials or exchange-correlation
functionals makes a significant contribution to obtaining the
numerical values of Young’s moduli. The calculated para-
meters in semi-empirical approaches are often fitted to the
experimental elastic constants and vibrational properties
(e.g., phonons) obtained for the bulk phase, which can
also have measurement errors. It is also important that
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empirical potentials optimized for volume properties do not
necessarily describe surface properties well.

5.2.4 Temperature

While experimental measurements of elastic properties are
performed mainly at room temperature, simulations based
on DFT and molecular mechanics methods in analyzed stu-
dies were often performed at 0K (more precisely, even in the
absence of temperature) with no computation of thermody-
namic temperature-dependent parameters, as thermody-
namics requires calculations of the phonon properties,
which is a quite sophisticated task in the case of 1D nano-
structures. This fact can potentially contribute to disagree-
ment between simulations and experiment to some extent,
includingdifferences in theonset of thesize effect.However,
based on the studies where temperatures were varied (e.g.,
[133]), this effect is not expected to be significant.

5.2.5 Strain rate

Strain rate is known to influence the results of mechanical
tests [149]. Strain rates in real experiments with NWs can
vary drastically from the timescale of seconds for quasi-static
tests to fractions of microseconds for the resonance method.
Timescales of simulations often do not exceed nanoseconds,
which may have an effect on the result. The possible effect of
strain rate can be tested inMD simulations by converging the
simulation results with decreasing strain rate, i.e., decrease
the rate until the results do not exhibit any significant
dependence on it. Although this is a simple test, none of
the referenced works has investigated it systematically.

5.2.6 Non-standard systems

Finally, we would like to note that some strongly different
calculated values are associated either with consideration
of non-standard systems like so-called unbuckled wurtzite
NWs [136], which has not yet been found in experimental
synthesis, or surface modification by hydrogen bonds at
extremely small diameters [145] making the material an
effectively a ZnO/H core-shell NW.

5.3 Comparison between theoretical and
experimental results

Now let’s compare side by side theoretical and experi-
mental results on the same graph leaving extreme and

less reliable values out for convenience (Figure 11). If we
now consider the work of Agrawal et al. [36] as a refer-
ence among experimental studies (based on the factors
discussed in previous sections), we can see that their
measurement results agree rather well with simulations
results obtained by Momeni and Attariani [140], Bandura
et al. [143], and their own simulations that they per-
formed in the same work (Agrawal et al. [36]). For con-
venience, we connected the data points of Agrawal et al.
[36] in Figure 11 by a dotted line. Unfortunately, many of
the simulation studies are performed for small diameters
only (below 5 nm). It leaves a large gap between theore-
tical and experimental results making it rather difficult, if
not impossible, to make any reliable comparison with
experimental data.

What concerns the difference in the offset of the size
effect between theory and experiment –we could not find
clear and obvious reasons in the analyzed models used
for simulations to blame only theory. In total, we suspect
that simulations may insufficiently account for the sur-
face stiffening effect and hence underestimate the size
effect, while experiments may considerably overestimate
it as was discussed in Section 5.1.3. The latter is addition-
ally supported by the fact that experimental work by
Agrawal et al. [36], who evaluated the geometry of every
measured NW with hi-resolution electron microscopy,
has rather a moderate size effect down to the smallest
diameter they measured (20 nm).

In general, we can say that current computational
methods inmaterial science are more reliable at describing
trends in the behavior of systems rather than providing
accurate numerical values. Often, the evaluation of certain
values, such as Young’s Modulus, is affected by existing
experimental data that are attempted to be reproduced in
calculations. In this case, the coincidence with the data for
known systems allows for studying the trends that occur in
modified systems. For example, acting within the frame-
work of one model, we can understand how the system
under study will be affected when defects appear or when
the NW diameter increases, but when choosing a different
design scheme, the absolute numerical values can change
significantly.

6 Summary and conclusion

As a result of our analysis, we identified a number of
factors that may be responsible for disagreement among
the values reported for the elastic modulus of ZnO NWs
by different authors. These factors include the method
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and conditions of synthesis that may result in a deviation
from a perfect geometry and composition of the ZnO
NWs, the influence of test method and boundary condi-
tions, and the insufficiency of the microscopy resolution,
which may result in significantly inaccurate measure-
ments of the NW diameters. There can be also purely
technical and human factors, but they are impossible to take
into account when analyzing published works. Moreover,
there can be less studied factors, e.g., the influence of electron
beam irradiation when measurements are performed inside
SEM or TEM. Having that many unknowns and being limited
by the number of details given by the authors, we could not
identify clear correlations between reported elasticmoduli and
particular factors in each analyzed article. Nevertheless,
we found that despite drastic discrepancies among dif-
ferent studies, the majority of the reported moduli increase
for decreasing diameter and approach the bulk values for
large diameters, which is more pronounced in the works
containing high-quality visual data and detailed experi-
mental descriptions. In additionwedemonstrated that errors
in the diameter measurement contribute asymmetrically to
the modulus values derived from the experiments, resulting
in an increasingly systematic overestimation of themodulus
as the diameter decreases.

Considerable discrepancy is present also between
theoretical works. However, besides a few studies, for
most of the simulation results situation is not as drastic
as for experimental results. According to our analysis, the
main factors responsible for the variations of simulation
results among different authors include the choice of sur-
face conditions, structure, geometry, interatomic poten-
tials, temperature, and strain rate. Some strongly different
calculated values are associated with non-standard sys-
tems that cannot be directly correlated with experimental
results. In general, state-of-art computational methods in

materials science are more reliable at describing trends in
the behavior of investigated systems rather than specific
numerical values.

Furthermore, the onset of the size effect in simula-
tions appears at significantly smaller diameters compared
to the experiment, which is another indication that experi-
ments might overestimate the size effect. Therefore, our
analysis gives a strong basis to conclude that the elastic
modulus of good quality [0001] ZnO NWs decreases with
increasing diameter, approaching the bulk values at dia-
meters larger than a few tens of nm.

Overall, we can conclude that due to the challenges
related to the small specimen sizes, the measurement
techniques employed for the mechanical characterization
of single nanostructures are not fully mastered by the
scientific community yet, leaving space for significant errors
and often leading to contradictory results. Therefore, in
order to find a confident value for the elastic modulus of
any nanoscale material from the literature, one should not
rely upon a single study, but critically analyze at least sev-
eral available experimental and theoretical works.
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