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Abstract
In this investigation, the size-scale in mechanical properties of individual [0001] ZnO
nanowires and the correlation with atomic-scale arrangements were explored via in situ
high-resolution transmission electron microscopy (TEM) equipped with atomic force
microscopy (AFM) and nanoindentation (NI) systems. The Young’s modulus was determined to
be size-scale-dependent for nanowires with diameter, d , in the range of 40 nm � d � 110 nm,
and reached the maximum of ∼249 GPa for d = 40 nm. However, this phenomenon was not
observed for nanowires in the range of 200 nm � d � 400 nm, where an average constant
Young’s modulus of ∼147.3 GPa was detected, close to the modulus value of bulk ZnO. A
size-scale dependence in the failure of nanowires was also observed. The thick ZnO nanowires
(d � 200 nm) were brittle, while the thin nanowires (d � 110 nm) were highly flexible. The
diameter effect and enhanced Young’s modulus observed in thin ZnO nanowires are due to the
combined effects of surface relaxation and long-range interactions present in ionic crystals,
which leads to much stiffer surfaces than bulk wires. The brittle failure in thicker ZnO wires
was initiated from the outermost layer, where the maximum tensile stress operates and
propagates along the (0001) planes. After a number of loading and unloading cycles, the highly
compressed region of the thinner nanowires was transformed from a crystalline to an
amorphous phase, and the region near the neutral zone was converted into a mixture of
disordered atomic planes and bent lattice fringes as revealed by high-resolution images.

1. Introduction

ZnO nanostructures have received increasing attention for
various applications including nanoscale interconnects and
active components in optical electronic devices and nano-
electromechanical systems (NEMS). In addition, ZnO wires
have a direct band gap of ∼3.37 eV at room temperature,
making them attractive wide band gap semiconductors for
short wavelength light emitting devices and electron field
emitters [1, 2]. ZnO has some extra advantages over other
wide band gap materials. First, it exhibits both semiconducting
and piezoelectric properties that can form the basis for
electromechanically coupled sensors and transducers. Second,

3 Authors to whom any correspondence should be addressed.

ZnO can be grown in a variety of nanostructures such as
nanorings, nanobows, etc, which could be unique for many
applications in nanotechnology [3].

The diameter dependent mechanical property of nanos-
tructures was found to be important for application in NEMS
and micromechanical systems [4]. The mechanical properties
of individual ZnO nanostructures have been measured by
various experimental techniques. The values of the elastic
modulus reported so far range from 20 to 250 GPa [1, 5–9].
The wide range of values obtained is due to the different
techniques of measurement and also due to the error associated
with each technique. One of the initial nanomechanical
testing techniques inside the transmission electron microscope
was carried out by subjecting the nanowire/nanotube to
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an alternating electrostatic field of known frequency and
measuring the Young’s modulus based on the dynamic
response of the nanowire cantilever [4, 10, 11]. In a
similar direction, Treacy et al [12] conducted the in situ
measurement of the Young’s modulus of a carbon nanotube
in transmission electron microscopy (TEM) by increasing
the specimen temperature and measuring the amplitude of
its intrinsic thermal vibration. In these measurements, the
deformation is gradient dominated and has a prominent surface
elasticity effect [4]. Recently, several atomic force microscopy
(AFM) based nanomechanical testing techniques have been
developed. Although AFM-based techniques have sufficient
force and displacement resolution, they are incapable of real-
time imaging. Hence, the data interpretation is difficult and
prone to measurement errors [13]. A nanoscale materials
testing system consisting of a miniaturized testing stage based
on MEMS (microelectromechanical system) technology has
been developed recently [14–16]. Here, the load is applied
using a thermal actuator on one side of the testing stage, and
the displacement is measured using a differential capacitive
sensor on the other side [17, 18]. The main difficulty in these
systems is the complexity of their fabrication and tolerance
variations in the fabricated devices. In situ AFM measurements
inside TEM are among the new developments in the field of
nanoscale mechanical testing systems. This technique allows
one to perform mechanical measurements along with real-
time imaging with a resolution close to 1 nN. In an in situ
nanoindentation (NI) TEM system, the force data are read
through a proper capacitive force sensor with the resolution
close to 100 nN [19–21].

Here, we present a study on the in situ mechanical
property measurement of individual thin ZnO nanowires
(40 nm � d � 110 nm) using an AFM–TEM system and
that of thicker nanowires (200 nm � d � 400 nm) by an NI–
TEM system. This study was performed to better understand
the effect of diameter scaling on the recorded mechanical
properties of ZnO nanowires.

2. Experimental details

The system consists of an AFM/NI-equipped TEM sample
holder, a controller, and a PC with Nanofactory’s data
acquisition software. All measurements were carried out on a
single tilt AFM/NI holder in a JEM 4000FX TEM, operated
at 200 keV. The setup of the AFM/TEM holder is shown
in figure 1. The electrochemically etched gold wire with
ZnO nanotubes (attached to the gold tip by conducting silver
paste) was mounted to the piezo-driven movable part of the
holder facing the fixed and sharp AFM/NI tip. The first
step when using the AFM/NI–TEM setup is to calibrate the
electrical conversion factor (C) of the force sensor. This
constant is related to the electrical sensitivity of each sensor
and must be set to a value that triggers a 1:1 correspondence
of the F–d (force–displacement) relation when the cantilever
is tested against the bare substrate of gold. In the present
AFM system, C = 10.1 mV nm−1, and for the NI system
it is 1.01 pF/0.1 μN. In such an arrangement, atomic-scale
imaging and F–d measurements are carried out concurrently.

Figure 1. The in situ AFM/NI–TEM holder used for the present
mechanical measurements.

The contact was made between the AFM/NI tip and the
ZnO nanowire by the precision movement of the gold wire
(with the sample) attached to the piezo-driven manipulator.
To ensure the reliability of the recorded mechanical property
data, it is important that the nanowires be firmly attached to
the tip of the gold wire (250 μm diameter) mounted on the
piezotube. To ensure this, the nanowires were attached to
the gold substrate by silver paste. The contact at the tip end
was achieved by sweeping a converged electron beam (probe
diameter ∼ 30 nm) back and forth around the contact point
of the nanowire to the NI/AFM tip. In this set-up, the full
nanowire–contacts system may be regarded as having a pinned
and clamped configuration. Our ZnO nanostructured samples
were synthesized by the thermal chemical vapor deposition
method, as reported elsewhere [22, 23].

3. Results and discussion

Figures 2(a)–(f) show a series of images acquired during the
in situ nanomechanical testing of a ZnO nanowire 40 nm in
diameter. Figure 2(a) shows the ZnO nanowire in contact
with the AFM tip and attached firmly to the gold wire. The
nanowire sample used in our study was a good quality single
crystal, having a [0001] oriented wurtzite structure with lattice
constants of a = 0.325 nm and c = 0.520 nm, as shown from
the high-resolution image and diffraction pattern (figure 2(b)),
and was typically between 4 and 10 μm long. Figure 2(c)
displays the ZnO nanowire under the compressive/bending
state by incremental movement of the piezo-driven gold tip
against the AFM tip. As the ZnO wire was strained, a few
regions on the nanowire showed local bright field contrast. The
local changes observed in contrast may be related to atomic
distortion resulting from stress concentration. Figures 2(d)
and (e) show the nanowire under a highly bent condition. After
unloading, it was found that the nanowire resumed its original
form from the highly bent state (figure 2(f) is the relaxed state
after unloading). Figure 2(g) displays the corresponding force–
displacement (F–d) plot obtained for this nanowire. A drop in
force at 100 nN indicates a structural instability in the bent
nanowire.

To estimate the state of stress in this configuration, the thin
ZnO nanowire was modeled with a finite element modeling
(FEM) package (COMSOL 4.0) as an elastic beam. The
nanowire was subjected to large deformation, assuming that
the wire was fixed at one end and pinned at the other end.
Tetrahedral elements were used for meshing. The free end
of the cantilever was displaced by 150 nm toward the fixed
end. To model buckling using FEM analysis, the symmetry
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Figure 2. (a) The bright field image of a ZnO nanowire in contact
with the AFM tip and attached firmly to the gold wire. (b) The
high-resolution image and the corresponding diffraction pattern of
the ZnO nanowire. (c)–(e) The nanowire under the axial force
exerted by the incremental movement of the gold contact against the
AFM tip. (f) The nanowire in relaxed state after unloading. (g) The
corresponding force–displacement (F–d) plot where the maximum
force corresponds to the buckling state of the nanowire.

of the problem had to be broken. This was done by upwardly
displacing the free end by 50 nm. The FEM results in figure 3
show that the maximum deflection of the nanowire occurs in
close approximately to its pinned end. This is consistent with
the in situ TEM data. According to the FEM analysis, the
maximum von Mises stress occurs at the fixed end and the
highly deflected part of the nanowire.

The ZnO nanowires with a slenderness ratio
(length/diameter) larger than 40 were regarded as long beams
and, therefore Euler’s buckling formula can be employed. In
this scenario, the sudden force drop in figure 2(g) represents
the Euler’s buckling force, FEuler. The Young’s modulus of
the nanowire can be estimated based on Euler’s formula [24],
FEuler = nπ2 E I

L2 . Here, L is the length of the ZnO nanowire
between the two contacts (=2.1 μm), E is the elastic modulus,
and the moment of inertia is I = 5

√
3a4/16 (considering

the cross-section of the nanowire as a regular hexagon of
side length a), determined from the bright field TEM image.
The constant n is defined by a condition related to the end
of the nanowire. The whole nanowire–contacts system may
be regarded as having a pinned and clamped configuration.
Hence, the value of n can be taken as ∼0.707. Based on the
above calculation, the Young’s modulus for the nanowire of
diameter 40 nm is estimated to be 249.3 (±1.8) GPa under the
elastic limit. We tested several nanowires ranging from 110
to 40 nm and found that the estimated values of the Young’s
modulus range from 199.2 (±2.5) to 249.3 (±1.80) GPa.
The value of elastic modulus obtained under the present
investigation is higher than those reported previously for ZnO
nanowires [4–8], for nearly the same width of nanowires. We
could not bend this nanowire (d = 40 nm) to its failure point,
as it was too flexible and resulted in the displacement of the
nanowire from the pinned end.

The second part of our present investigation deals with
the mechanical property measurement of thick nanowires with
diameters in the range 200 nm � d � 400 nm. Figures 4(a)–
(c) show the sequential images of a thick ZnO nanowire
undergoing a bending process to the failure point. Figure 4(a)
is the bright field image showing a 300 nm wide ZnO nanowire
(NW 1) in contact with the NI tip and attached firmly to the
gold wire at the other end. Figure 4(b) shows a slightly bent
nanowire under the applied compressive force. This geometry
resembles a clamped cantilever subjected to a shear force at the
free end. In practice, the nanowire tip was bent by the piezo-
driven movement of the gold wire against the NI tip. During
the bending process, the nanowire fractured in a brittle mode
(figure 4(c)) at a critical force of ∼250 μN (figure 4(d)), with a
cleavage plane perpendicular to the nanowire axis, i.e. parallel
to the (0001) planes. Figure 4(d) displays the recorded F–d
plots corresponding to the maximum compressive force at the
failure point of NW 1 (figure 4(c)). It appears from figure 4(c)
that the NW 1 is broken from a location close to the free end,
which can be puzzling at first sight. A correct analysis of the
deformation behavior in NW 1 cannot be conducted unless
the effect of NW 2 (figure 4(a)) is taken into account. This
configuration is shown schematically in figures 5(a) and (b).
NW 2 has almost the same diameter as NW 1 but is shorter in
length. This nanowire (NW 2) is also firmly attached to the
gold wire. Interestingly, the shorter nanowire (NW 2) acts as a
pivot point for bending NW 1 (the black arrow in figure 5(b)),
thus reducing its effective cantilever length to ∼550 nm. The
fracture is expected to initiate from the pivot point as this
location carries the highest amount of stress, as shown by the
modeling results (figure 5). The FEM result for this nanowire
is shown in figure 5(c). As confirmed by the in situ TEM
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Figure 3. (a) Schematic of the thin ZnO nanowire configuration during deformation between the Au base and the AFM tip shown in figure 2.
(b) The corresponding free-body diagram and the direction of applied force F on the nanowire. (c) The finite element simulation of the
nanowire under the assumption of pinned and fixed configuration. (d) A 2D diagram corresponding to the von Mises stress at the highest
displaced location along the length of the nanowire.

Figure 4. (a) The bright field image of a thick ZnO nanowire (∼300 nm) in contact with the NI tip and attached firmly to the gold wire at the
other end. (b) A slightly bent nanowire under the applied compressive force. (c) An image of the broken nanowire. (d) The recorded F–d plot
of this deformation behavior captures the failure point (maximum force) of the nanowire.

observation, the maximum deflection of the nanowire occurs
at its free end. According to the FEM analysis, maximum
von Mises stress occurs at the pivot point.

The Young’s modulus can be obtained using the geometry
of NW 1 at the maximum deflection illustrated in figure 4(b)

and the maximum bending force. In general, for a cantilever
under a bending force F (figure 5(d)), the curvature at any
point (x , y) on the cantilever and the deflection yA at the
loading point (L, 0) have well known relationships with the
applied force F as yA = F L3/3E I [25]. The diameter, d ,
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Figure 5. (a), (b) Schematics of the thick ZnO nanowire configuration during deformation between the Au base and the AFM tip shown in
figure 4. (c) The corresponding von Mises stress obtained by finite element simulation of the nanowire under the fixed–free support
assumption. (d) The corresponding free-body diagram shows that force F is being applied to the free end.

Figure 6. The bending angle θ (red dashed line), and the bending
deflection yA (black solid line) values plotted along the effective
length of NW 1 (∼550 nm).

and the deflection, yA, are determined from the bright field
TEM image. Based on the above formula, the maximum
elastic modulus for NW 1 was estimated to be 147.3 GPa. To
check the accuracy of the adopted model, the bending angle,
θ , and the bending deflection, yA, values along the effective
length of NW 1 (∼550 nm) were calculated and are plotted
in figure 6. In particular, the predictions of deflection and
bending values at the free end of NW 1 are in agreement with
the bright field TEM observation shown in figure 4(b). The
analysis of the above problem once again asserts that the in
situ TEM observation can be invaluable to correctly interpret
the experimentally recorded F–D data. For the nanowires with
diameters in the range 200 nm � d � 400 nm, the length of
the nanowires was much shorter than for the thin nanowires
(L/d � 15). Therefore, simple beam bending theories similar
to the schematic in figure 5(d) were employed.

The calculated values of the Young’s modulus as a
function of wire diameter are plotted in figure 7. It is evident
that the Young’s modulus of [0001] oriented ZnO nanowires
is diameter-dependent and varies sharply with diameters below
110 nm. For nanowires having diameter d � 200 nm, the
elastic modulus values were consistently between 130 and

Figure 7. The variation of Young’s modulus as a function of
nanowire diameter. The fitting curves from the core–surface model
(black) and the core–shell model (red) are also plotted. The inset
shows the schematic of both models.

155 GPa (figure 7). The estimated Young’s modulus for ZnO
nanowires with d � 200 nm is close to the modulus values
measured in bulk single crystals of ZnO (∼140 GPa) in the
[0001] direction [26]. The synthesis of these nanowires was
not different from that of the d � 110 nanowires, which
indicates that the Young’s modulus property is affected by the
size variations in the nanowires.

The observation of size-scale effects on the mechanical
properties of ZnO nanowires is in agreement with the recent
reported molecular dynamic (MD) simulations [18]. These
simulations showed that the diameter scaling effect and higher
value of Young’s modulus for ZnO wires of diameters less than
∼100 nm are due to the surface reconstruction phenomenon.
The effect of surface reconstruction is different in ZnO
nanowire than in metallic nanowire [17, 27] due to the long-
range ionic interaction in ZnO. The atomistic simulations
predict that in ZnO nanowires, the surfaces are initially in
a compression state, leading to the overall axial expansion
of the nanowire upon relaxation. Due to the high radial
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contraction of the surface, the surface atoms have smaller
effective interatomic radii and hence the surface atoms exhibit
a much higher elastic modulus compared to the inner atoms.
It is expected that for very thin nanowires the contribution of
the surface atoms to the overall elastic modulus dominates the
behavior of the nanowire. However, this diameter scaling effect
is less effective at larger diameters. Several other mechanisms
have also been proposed to explain the observed size-scale
effect in ZnO nanowires. Kulkarni et al [28] and Cao et al [29]
reported that the nonlinear elastic response of the nanowire
core (interior) is effective in determining the elastic modulus
of the nanowire. In contrast, Zhang and Huang [30] found
that due to increased electron density on the surface, there is
saturation of the bond, and this is responsible for the stiffening
of the nanowire as the size decreases.

In order to quantify the contribution of the surface and
core elasticity of ZnO nanowires, the results were fitted into
the core–surface model (or Miller–Shenoy model) [31] and
the core–shell model [4]. The schematics of both models are
shown in the inset of figure 7. The core–surface model is
a continuum mechanics approach that embodies the surface
effect [32–34]. The model essentially assumes that a nanowire
consists of a core with elastic modulus Ec and a surface (zero
thickness) with surface elastic modulus S (Pa m). Under
bending, the measured (or effective) Young’s modulus E is
given by

E = Ec + 8
S

D
. (1)

In the core–shell model, the nanowire consists of a core
with elastic modulus Ec and a shell with elastic modulus Es:

E = Ec

[
1 + 8

(
Es

Ec
− 1

)(
rs

D
− 3

r 2
s

D2
+ 4

r 3
s

D3
− 2

r 4
s

D4

)]

(2)
where D is the outer diameter of the circular cross-section
and rs is the shell thickness. Both models were fitted
to our experimental data obtained from the bending of the
nanowires following equations (1) and (2). In the core–
surface model, it was found that the core elastic modulus
Ec = 131.9 (±4.3) GPa and the surface elastic modulus
S = 445.4 (±43.2) N m−1 and in the core–shell model
Ec = 127.2 (±4.3) GPa, and the shell elastic modulus Es =
372.1 (±14.2) GPa. The shell thickness rs was chosen as
2.42 nm based on the recent report of Xu et al [35]. It
appears that both models can predict the experimental data
as evidenced in figure 7. However, it is observed that the
estimated values of the core elastic modulus from both the
models differ by approximately (5–10)% from the bulk value
(∼140 GPa), which may be indicative of surface stress [36].

After applying a number of loading and unloading cycles,
no prominent change in internal structure was evident for the
thin ZnO nanowires. This exceptionally high flexibility is
unexpected due to the ionic nature of Zn2+ and O2− bonding.
During the buckling state shown in figures 8(a) and 9(a)
(similar to figure 2(e)), we did not observe any breakage in the
nanowire, except that diffraction contrast was prominent due
to changes in the mass–thickness contrast. However, careful
observation of the high-resolution image of the compressive

Figure 8. (a) Bright field TEM image of a thin ZnO nanowire in a
bending state after four cycles of loading and unloading. (b) The
high-resolution image of the marked region in (a) shows that there is
breaking of the atomic lattice and disordering in the marked region.

(This figure is in colour only in the electronic version)

region (marked by the framed square (I) in figure 9(a)) shows
that the compressive-stressed region has transformed from
crystalline to amorphous state while the crystalline order in the
tensile region of the nanowire has changed only slightly.

In nanostructured materials the surface-to-volume ratio
is high, hence there are large numbers of surface atoms
that are not in equilibrium due to missing neighboring
atoms at the surface. Statistically, these atoms have less
constraint on movement in comparison to the core atoms.
In a highly bending state where the surface atoms bear the
maximum tensile and compressive stresses, disordering of
atoms on the surface can occur. This might trigger the
crystalline-to-amorphous transformation into an amorphous
structure [37, 38]. Such crystalline-to-amorphous transitions
have been predicted by MD simulations, although for smaller
ZnO nanowires. Kulkarni et al [28] reported that crystalline
ZnO nanowires with diameters less than 1 nm transformed
into amorphous structures, while this phenomenon was not
observed for thicker nanowires. This observation was also
confirmed by Dai et al [38] where ZnO nanowires with lateral
dimension of 0.7 nm were transformed from crystalline to
amorphous structures. The MD simulation of the 1.6 nm ZnO
nanowires shows that upon tensile stress and relaxation, the
nanowire does not completely transform into an amorphous
phase. Hence, the state of transformation into the complete
amorphous state depends on the size of the nanowire. These
MD simulations indicate the important role of surface stresses
and, if combined with external applied loads, they might be
more effective in driving the crystalline-to-amorphous phase
transitions.

The amorphous-to-crystalline transition starts with the
generation of atomic disordering and dislocation activities
in the nanowire. Several reports have also documented
the transformation of crystalline structures to an amorphous
state under straining and dislocation activities [39–43].
Figure 8(a) shows the ZnO nanowire in a bending state
after four cycles of loading and unloading. The high-
resolution image of the marked region in figure 8(a) shows
that there is breakage of the atomic lattice and disordering
in the region marked (figure 8(b)). After repeated stress
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Figure 9. (a) A thin ZnO nanowire in bent condition is shown. The areas of interests marked as (I) and (II) were subjected to further analysis.
(b) The high-resolution imaging and corresponding fuzzy diffraction pattern confirm the presence of the amorphous phase. (c) The
high-resolution image shows the surrounding of the region (I). The corresponding diffraction pattern shown in the inset depicts the diffuse
diffraction spot and streaks in the pattern indicating the presence of defects. (d) The tensile side, marked as region (II), shows a mixture of
bending and breaking of the lattice image, indicating the generation of atomic disorder due to the high applied stress. The corresponding
diffraction pattern from this region indicates the diffuse diffraction spots confirming the presence of defects. (e) The tensile-stressed region
corresponding to the surrounding of region (II) on the neutral axis of the nanowire shows that the crystalline structure of the nanowire remains
intact although there is slight bending of the (0001) lattice plane. The corresponding diffraction pattern shows slightly ‘arc like’ diffraction
spots indicating bending lattice features.

cycles, the atomic disordering increases at the highly bent
region, and some of these regions have transformed from a
crystalline to an amorphous phase, as evidenced in figure 9.
The high-resolution image of the region marked as (I) in
figure 9(a) confirms the amorphous phase (figure 9(b)). The

corresponding diffuse diffraction rings shown in the inset
confirm the presence of amorphous regions. Figure 9(c) shows
a high-resolution image of the surrounding region marked
as (I). The image clearly shows the breaking of the lattice
fringes due to the high dislocation density as marked by the
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Figure 10. (a) A thick ZnO nanowire in bent condition is shown. The regions (I) and (II) were subjected to further examination. (b) The
crystalline structure and corresponding diffraction of region (I). (c) The crystalline structure and corresponding diffraction of region (II). No
indication of amorphous phase regions was observed.

white arrows. The corresponding diffraction pattern shown
in the inset (figure 9(c)) depicts the diffuse diffraction spot
and streaks in the pattern, indicating the presence of defects.
The tensile side, marked as region (II), also shows the mixture
of bending and breaking of the lattice image, indicating the
generation of atomic disorder due to the high applied stress
(figure 9(d)). The breaking of the lattice fringes shows that
the dislocation line is moving along the (100) plane. The
corresponding diffraction pattern (inset, figure 9(d)) from this
region also shows the diffuse diffraction spots confirming the
presence of defects. The tensile-stressed region corresponding
to the surrounding region of the framed square (II) on the
neutral axis of the nanowire shows that the crystalline structure
of the nanowire remains intact although there is slight bending
of the (0001) lattice plane with an estimated value of the
lattice constant of ∼0.52 nm, corresponding to the c lattice
constant of the wurtzite structure of ZnO (figure 9(e)). The
corresponding diffraction pattern (inset, figure 9(e)) shows
slight ‘arc like’ diffraction spots indicating bending lattice
features [44]. The generation of such atomic disorders can
lead to high flexibility in the nanowires as they impede the
formation and progression of internal cracks. Our results and
observations are in agreement with the recent report of Han
et al [45] where the amorphization of a certain region for

SiC nanowires under bending explained the observed large
plasticity in the nanowires.

It is to be noted that we have observed the amorphous
phase in the highly bent region of the ZnO thin nanowire after
a number of cycles. We did not observe the formation of an
amorphous phase on any other part of the nanotube, indicating
that the amorphization of the highly bent part of the nanotube
is not due to carbon contamination.

It should also be noted that the crystalline-to-amorphous
transformation is more prone to forming in a compressive-
stressed region compared to a tensile-stressed region. In
the compressive-stressed region, an extra component of stress
develops due to the formation of hoop stress. Hoop stress
forms during the uniaxial compression of materials (not under
tensile loading). This additional stress component increases the
driving force for reconstruction of highly strained atoms in the
compressed regions. However, the tensile-stressed region does
not show the formation of the hoop stress, hence there is less
driving force for atomic reconstruction in the tensile-stressed
region as compared to the compressive-stressed region.

Interestingly, the thick nanowires (figure 10) did not
show the generation of a detectable amorphous region, and
the crystalline nature of the atomic structure in the bent
region remained unchanged, as evidenced by the high-
resolution images from regions (I) and (II) in figures 10(b)
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and (c). The corresponding diffraction patterns (insets,
figures 10(b) and (c)) show the sharp crystalline diffraction
spots. The estimated value of the lattice fringe is ∼0.53 nm,
corresponding to the c lattice constant of the wurtzite structure
of ZnO. The ratio of surface atoms to core atoms decreases
as the diameter of the nanowires increases. This will result
in less contribution of the surface atoms on the governing
properties of the nanowires. The surface atoms are not
in a thermodynamic equilibrium state and, due to missing
neighboring atoms, therefore have less constraint on movement
or reorientation under applied stress. As such, due to a higher
ratio of surface atoms in thin nanowires, there will be more
chances for the nanoscale reconstruction of atoms (amorphous
regions) under applied stress.

In the present investigations, the effect of the electron
beam was minimized by conducting the structural characteriza-
tion at a low beam current of 2.91 nA. The manipulation of the
nanowires was done at a much lower beam current of 0.72 nA.
The low beam currents of 0.72 and 2.91 nA were obtained
by adjusting the possible combinations of condenser aperture
and spot size. The electron beam was spread to avoid any
convergence of the beam on the sample. In addition, we shut
off the electron beam while recording the force–displacement
data. Thus the related contamination and electron beam
induced structural damage was minimized. Recent theoretical
calculations show that the local temperature is no more than
a few degrees above the room temperature under low beam
currents [46]. In some of our previous work [47] the low
current beam radiation did not induce any detectable change
in the conductivity of the nanowires, indicating that the effect
of the electron beam can be ignored in the analysis of the data
presented in this work.

4. Conclusions

In conclusion, we utilized in situ TEM techniques to
demonstrate the size-scale effect in the mechanical properties
and flexibility of ZnO nanowires. Nanowires with diameters
ranging from 40 nm � d � 110 nm (thin nanowires) to
200 nm � d � 400 nm (thick nanowires) were mechanically
deformed using AFM and NI–TEM systems. Nanowires with
40 nm � d � 110 nm exhibited strong size-scale effects, and
the Young’s modulus increased from 189.4 (±2.5) to 249.3
(±1.8) GPa as the wire diameter decreased from 110 to 40 nm.
The dependence of the elastic modulus on the diameter was
not observed for nanowires with 200 nm � d � 400 nm. The
values of Young’s modulus in these nanowires varied between
130 and 155 GPa.

The diameter scaling effect and the higher value
of Young’s modulus observed in thinner ZnO nanowires
(40 nm � d � 110 nm) was due to the combined effects of
surface relaxation and long-range interactions present in the
ionic crystals, which led to much stiffer surfaces than the bulk.
In the wires with diameters larger than 200 nm, the surface-to-
volume ratio decreases and, hence, the surface stiffness effect
also decreases. Therefore, the nanowire starts to exhibit the
bulk behavior and brittle failure.

The high mechanical flexibility of the ZnO nanowires was
associated with the crystalline-to-amorphous transitions. After

a number of loading and unloading cycles, the highly deformed
regions of the thin nanowires indicated local disordering and
dislocation formation. The crystalline state of the thick
nanowires remained intact during mechanical loading. To the
authors’ knowledge this is the first report on the observation of
crystalline-to-amorphous transitions in ZnO nanowires.
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