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Semiconductor nanowires are unique as functional building blocks in nanoscale electrical and

electromechanical devices. Here, we report on the mechanical properties of ZnO nanowires that range

in diameter from 18 to 304 nm. We demonstrate that in contrast to recent reports, Young’s modulus is

essentially independent of diameter and close to the bulk value, whereas the ultimate strength increases for

small diameter wires, and exhibits values up to 40 times that of bulk. The mechanical behavior of ZnO

nanowires is well described by a mechanical model of bending and tensile stretching.
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The mechanical properties of nanomaterials are of con-
siderable interest given the potential applications of nano-
structures in electronic and electromechanical devices. A
knowledge of these mechanical properties is essential for
designing, manufacturing, and operating such devices.
Quasi-one-dimensional nanostructures are particularly in-
teresting since they possess unique properties associated
with their highly anisotropic geometry together with finite
size effects and their roles in the exclusion of defect from
these materials. Nanowires (NWs) represent excellent
model systems to investigate this size dependence, particu-
larly the ability to tune the radius over a continuous range
to investigate the manner in which their properties ap-
proach those of the bulk as a function of shape and size.

ZnO is a promising material with potential applications
as a highly sensitive atomic force microscopy (AFM)
cantilever [1], a candidate material for flat panel displays
and LEDs, and a transparent conducting oxide material and
gas sensor [2]. These applications exploit the unique prop-
erties of this material. ZnO is a semiconductor, with a
direct wide band gap of 3.37 eVand a large exciton binding
energy of 60 meV. It is also highly piezoelectric owing to
its noncentrosymmetric structure, which is a key in build-
ing electromechanically coupled sensors and transducers.
Finally, ZnO is a biosafe and biocompatible material thus
opening up potential bioapplications. Although ZnO nano-
wires have been synthesized successfully by vapor trans-
port [3,4] or wet chemistry routes [5,6], and characterized
optically and electrically, much less is known about their
mechanical properties. Whereas the bulk mechanical prop-
erties of ZnO are well established, the reported values of
the elastic modulus of nanowires or nanobelts are widely
scattered with reported values that are significantly less
than the bulk value: 58 GPa by a mechanical resonance
experiment [7], 52 GPa by dual-mode resonance [8], ð31�
2Þ GPa by a three-point bending test [9], and ð29� 8Þ GPa
by a single clamped nanowire bending experiment [10].
More recently, Chen et al. [11] have observed a size
dependent Young’s modulus using an electric-field-

induced resonance flexure method. The Young’s modulus
of ZnO nanowires was measured [11] to be 140 GPa for
NWs with diameters larger than 200 nm and up to 220 GPa
for NWs with a diameter down to 50 nm. There is at
present no general consensus on how size effects the
mechanical properties of ZnO nanowires. Clearly, a better
understanding of ZnO NW mechanical behavior is critical
before these nanoscale materials can be successfully in-
corporated into electromechanical devices and sensors.
Mechanical measurements of individual nanowire are a

challenge, principally because of the difficulties in per-
forming standard tensile or bending tests on freestanding
nanoscale objects. Several approaches have been devel-
oped including the use of electrically and mechanically
excited resonance flexure [11] and nanostressing stage
within scanning electron microscope (SEM) [12], trans-
mission electron microscope (TEM) [13,14], and atomic
force microscope (AFM) [15–23] measurements. The lat-
ter is most popular due to its high spatial resolution and
force-sensing capabilities. In this work we report on the
mechanical properties of ZnO nanowires that range in
diameter from 18 to 304 nm using an AFM lateral bending
technique developed very recently [21], which allows the
full spectrum of mechanical properties to be measured,
including the elastic modulus, plasticity, ultimate strength,
and failure. We demonstrate that Young’s modulus of these
nanowires is essentially independent of diameter. In con-
trast to recent reports [11] the average value of the modulus
is very close to that reported for its bulk and thin-film
values (about 144 GPa). On the other hand the ultimate
strengths are up to 40 times that of bulk for smaller-
diameter nanowires and ZnO nanowires exhibit brittle fail-
ure without measurable plastic deformation.
ZnO nanowires were synthesized by a mild solvothermal

route using a thin nucleation layer of nanostructural ZnO
deposited on thermally oxidized Si substrates under an Ar
and O2 atmosphere by room temperature direct current
(DC) magnetron reactive sputtering, similar to that re-
ported earlier [24]. The reaction was performed in a sealed
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autoclave filled with equimolar ethanol solutions (0:001M)
of zinc nitrate hexahydrate ðZnðNO3Þ26H2OÞ) and hexa-
methylenetetramine (C6H12N4, HMTA) by suspending the
Si substrates containing the ZnO seed layer. The typical
reaction time is 24–48 h at 80 �C. Cetyltrimethy-
ammoniumbromide (CTAB) was used as the modifying
and controlling agent for tuning the diameter of ZnO nano-
wires. The high-resolution TEM image and SAED pattern
in Fig. 1(a) show that these nanowires have perfect single
crystalline wurtzite structure along [0001] growth direc-
tion. The inset shows a low magnification scanning elec-
tron microscopy image of ZnO nanowires with lengths of
many micrometers and diameters of around 20 nm.

To perform lateral bending tests, ZnO nanowires were
sonicated off the supporting substrate and dispersed in
ethanol, then deposited on a prepatterned substrate which
contains well-defined trench patterns fabricated by focus-
ion-beam milling. Trenches have 400–500 nm depth and
various widths the latter chosen according to the diameter
of nanowires. Typically, the ratio of trench width to nano-
wire diameter is around 30 times, which eliminates wire
droop and minimizes the role of the clamps in the lateral
AFM bending experiments. Nanowires were subsequently
double-clamped at the trench edges by electron beam
induced deposition of Pt lines, with the pinning points
deposited as close to the edge as possible to accurately
define the spanning length and to eliminate wire-substrate
friction at the clamps during AFM bending manipulations
[see Fig. 1(b)]. Two types of well-calibrated rectangular
cantilevers with average normal force constants of 3 N=m
(75 kHz) and 40 N=m (300 kHz) were used in the bending
experiments. AFM lateral manipulations were performed
using a Digital Instruments Nanoman System with closed-
loop x-y-z scanner. The normal and lateral force signals
were recorded as a function of displacement using a
Labview-based program. The lateral force data was ana-
lyzed exclusively since the normal force just contributes
less than 5% of the total force signal. A more detailed
description of the manipulation and tip calibration proce-
dures can be found elsewhere [21].

Nanowires were imaged in tapping mode before each
manipulation, then the cantilever oscillation was switched
off, and the lateral bending test was performed in contact
mode along a trajectory that intersects the middle of the
suspended wire. Figure 2 shows a typical set of F-d curves
for a 288 nm diameter ZnO nanowire and the correspond-
ing AFM images before bending and after failure. The
resulting F-d curve [Fig. 2(c)] shows that during manipu-
lation the lateral force is essentially zero until contact is
established between tip and nanowire. Subsequently, the
force F increases approximately linearly with the wire
displacement, reflecting the bending deformation of the
wire. Finally, a sharp force-drop is observed that is asso-
ciated with wire failure; this is immediately confirmed by
the later AFM image in Fig. 2(b). The wire is elastically
deformed up to a displacement of 140 nm, followed by
brittle failure. No plastic deformation is observed. The
mechanical properties over the entire elastic range can
be well described by a generalized model [red curve in
Fig. 2(c)] which provides an accurate measurement of the
Young’s modulus E and allows the yield point to be iden-
tified in nanowire systems [25].
Figure 3 shows a F-d curve of the corresponding bend-

ing manipulation for a 18 nm diameter ZnO nanowire. The
applied force F initially increases linearly with the wire
displacement, and then increases much more rapidly at
larger displacement, exhibiting an approximately cubic

FIG. 1. (a) A high-resolution TEM image of ZnO nanowire.
The insets are a selected-area electron diffraction pattern corre-
sponding to the 0001 growth direction, and a SEM image.
(b) Nanowire bridging the trenches double clamped at the trench
edges by electron beam induced deposition of Pt lines. The inset
shows a rotated view of the same wire and pining geometry.

FIG. 2 (color). (a) and (b) Tapping-mode AFM images of a
144 nm radius ZnO nanowire before bending and after brittle
failure. (c) F-d curve recorded during the manipulation by AFM
tip-induced lateral bending of a 144 nm ZnO nanowire (in black)
and fit of F-d curve to the generalized formula, which yield a
Young’s modulus of 135 GPa (in red).
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dependence. At these larger displacements an axial tensile
force is inherently induced because of the stretching of the
wire, which affects the total stress experienced by the
beam, resulting in an enhancement of its rigidity [26].
The 18 nm wire can be elastically deformed up to 72 nm
before brittle failure.

The mechanical behaviors of both the 18 nm and 288 nm
wires are well described by the mechanical model de-
scribed previously that accounts for both bending and
tensile stretching. The solution is given by [25]

Fcenter ¼ 192EI

L3
fð�Þ�zcenter; (1)

where Fcenter is the applied force to the center of the wire, E
is the Young’s modulus of the wire, �zcenter is the resulting
displacement of the wire at the load point, I ¼ �R4=4 is
the moment of inertia for a cylindrical wire, and L is the
wire length. The function fð�Þ is defined

fð�Þ ¼ �

48 � 192 tanhð ffiffiffi

�
p

=4Þ
ffiffiffi

�
p

; (2)

where � is related to the displacement �zcenter of the wire
by

� ¼ 6"ð140þ "Þ
350þ 3"

; " ¼
�

2�zcenter
R

�

2
: (3)

Note that inducement of a tensile force along the beam at
large displacements enhances the wire stiffness, i.e.,
fð�Þ � 1. An approximate solution to Eq. (1)–(3) can be
developed in which the approximate linear and cubic de-
pendence found in Figs. 2 and 3 is explicitly seen [25].
The generalized model in Eqs. (1)–(3) was applied to 51

individual ZnO nanowires that range in diameter from 18
to 304 nm. Figure 4(a) shows that the measured Young’s
modulus is essentially independent of wire diameter over
the range investigated. The average value of the modulus is
133� 15 GPa, which is very close to that of the bulk ZnO
(144 GP along [0001]), computed from elastic constants
from the literature [27]. These values are significantly
larger that the 21–58 GPa values previously reported for
ZnO nanowires and nanobelts [7–10]. Moreover, we find
no evidence to support the dramatic increase in stiffness of
over 200% the bulk value for sub 120 nm wires, reported
by Chen et al. [11]. In comparison with previously reported
results and particularly those employing resonance flexure
methods [11], the data presented here show a much lower
spread of values. The propagation of errors in the present
method is due primarily due to uncertainties in the physical
dimensions of the wire and AFM cantilever/tip, and the
photodiode sensitivity; the maximum relative errors in the
formulas used to estimate the Young’s modulus and ulti-
mate strength are no more than a few percent [25].
The ultimate strengths of the ZnO wires were deter-

mined using [28]

�y ¼ FcenterL

2�R3
gð�Þ; (4)

FIG. 3 (color). (a) and (b) Tapping-mode AFM images of a
9 nm radius ZnO nanowire before bending and after brittle
failure. (c) F-d curve recorded during the manipulation by
AFM tip-induced lateral bending of a 9 nm nanowire (in black)
and fit of the F-d curve to the generalized formula, which yield a
Young’s modulus of 141 GPa (in red).

FIG. 4 (color online). (a) Young’s modulus and (b) ultimate
strength values obtained from experiments for ZnO nanowires.
The bulk values are shown in blue dash-dot lines.
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where

gð�Þ¼ 4
ffiffiffiffi
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�
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�
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�

1=2

(5)

and found to be diameter dependent, with average values of
6:99� 0:67 GPa and 3:90� 0:59 GPa for small (30 nm)
and large (250 nm) diameter nanowires, respectively. The
strength data is shown in Fig. 4(b) and reveal a general
strengthening of the wire at smaller diameters. These mea-
sured values are much higher than that for bulk ZnO, which
is typically smaller than 200 MPa [29], and that of small
diameter nanowires is substantially higher than the re-
ported 3.7–5.5 GPa range in the literature. This is similar
to measurements reported for Si nanowires, exhibiting
elastic fracture behavior with a limit stress approaching
the ideal strength. The increased ultimate strength of ZnO
nanowires compared to the bulk likely results from a
reduction in the number of defects in the nanowire, a
phenomenon that is common and indeed expected in nano-
scale systems.

The ability of a material to deform elastically prior to
failure is an important factor for mechanical applications.
Smaller-diameter wires are remarkably flexible and ca-
pable of an elastic deformation up to 4–5 times their
diameters prior to failure [see Fig. 3(c)]. The excellent
resilience and the ability to store elastic energy in these
nanowires confirm their potential for applications as sen-
sors and electromechanical oscillators.

The differences in the mechanical properties reported
here compared to those in the literature [7–11] warrant
comment. While Chen et al. [11] report an increase in
Young’s modulus with miniaturization, others report a
decrease with values as low as 29 GPa [10], compared
with a bulk value of 144 GPa. Prior studies involved NWs
attached to W tips for (electric-field-induced) resonance
measurement [7,8,11] or manipulated as vertically grown
wires [10,30]. The clamping, excitation, and energy dis-
sipation mechanisms are not clear in the former, whereas
the composition and diameter are not well established at
the base of vertically grown wires. The single feature that
distinguishes the present technique is the simplicity of the
double-clamped configuration and the fact that the clamps
were intentionally deposited; their integrity was checked
both before and after manipulation experiments. This sim-
ple method is direct and robust, and provides unequivocal
estimates of both Young’s modulus and ultimate strength
that are in line with bulk values.

In conclusion, we have performed controlled lateral
force AFM measurement of the mechanical properties of
ZnO nanowires that have been characterized by HRTEM.
We have demonstrated that in contrast to recent reports the
modulus is diameter independent and close to the bulk
value down to diameters of 18 nm. The ultimate strength

of these materials increases for small diameter wires ap-
proaching values of 7.00 GPa, which is consistent with
reduced levels of defect incorporation as the materials
dimensions are reduced. These wires are also shown to
be remarkably resilient exhibiting deformations that ap-
proach 5 times the diameter. The excellent mechanical
properties demonstrated by these wires suggest that they
will be exceptionally useful building blocks in the develop-
ment of future nanoscale electromechanical devices.
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