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ABSTRACT: Great efforts have been made to synthesize
ZnO nanowires (NWs) as building blocks for a broad range of
applications because of their unique mechanical and
mechanoelectrical properties. However, little attention has
been paid to the correlation between the NWs synthesis
condition and these properties. Here we demonstrate that by
slightly adjusting the NW growth conditions, the cross-
sectional shape of the NWs can be tuned from hexagonal to
circular. Room temperature photoluminescence spectra
suggested that NWs with cylindrical geometry have a higher
density of point defects. In situ transmission electron
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microscopy (TEM) uniaxial tensile-electrical coupling tests revealed that for similar diameter, the Young’s modulus and
electrical resistivity of hexagonal NWs is always larger than that of cylindrical NWs, whereas the piezoresistive coefficient of
cylindrical NWs is generally higher. With decreasing diameter, the Young’s modulus and the resistivity of NWs increase, whereas
their piezoresistive coefficient decreases, regardless of the sample geometry. Our findings shed new light on understanding and
advancing the performance of ZnO-NW-based devices through optimizing the synthesis conditions of the NWs.

KEYWORDS: ZnO nanowires, in situ TEM uniaxial tensile-electrical coupling test, Young's modulus, piezoresistivity, shape effect,

point defects

Zinc oxide nanowires (ZnO NWs) have attracted world-
wide interest for their promising application in piezo-
electric devices and sensors. " In order to optimize the
working condition and improve the reliability of these devices,
it is paramount to fully understand the elastic and
mechanoelectrical properties of individual ZnO NWs. How-
ever, comprehensive literature survey indicated that the
piezoresistive property of individual ZnO NW has been rarely
studied quantitatively. And even for the most fundamental
parameter of Young’s modulus, the reported data’ "
from consistent and can be classified into three types of
behaviors. Type I is size-strengthening. In 2006, Chen et al.”
reported that when the sample size was reduced from 220 to 50
nm, the Young’s modulus of ZnO NWs will increase from 140
to 220 GPa. A similar trend was reported by Agrawal et al.'’ in
2009. Type II is size-independent. By employing an AFM
lateral bending technique, Wen et al'? reported in 2008 that
the modulus of ZnO NWs is diameter independent and close to
the bulk value even for sample diameter down to 18 nm. Type
III is that the elastic moduli of ZnO nanostructures are much

are far
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lower than the ZnO bulk value, which implies a size-weakening
effect. In 2009, Zhao and Mao'’ reported that the Young’s
modulus of ZnO nanobelt is about 40 GPa in dark
environment. The much lower modulus was in agreement
with that reported by Bai et al."” in 2003. It was interesting to
note that all three types of results were reported in Physical
Review Letters. The obvious discrepancies suggest that there
could be factors that should be considered in measuring the
Young’s modulus of ZnO NWs but unfortunately were
overlooked in previous works.

In order to uncover the hidden factors, we summarize the
reported data on the modulus of ZnO nanostructures in Table
1. Detailed analysis suggests that the inconsistency may mainly
come from two sources. First, uncertainties resulting from the
intrinsic limitation of various testing protocols. Take inden-
tation test, for example, even though it is an efficient and useful
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Table 1. Summary of the Experimental Reported Data on the Modulus of ZnO Nanostructures

Young’s modulus [GPa]

140—220
142—160
150-210
140-170
140-210
104—-198
140

40

382 £ 1.8
29 £ 8
21

S2

types
Type I: size strengthening

Type 1I: size independent (like bulk)
Type III: much lower than their bulk value

“The cross-sectional shape of NWs not shown in paper.

diameter [nm] test methods shape
550—-17 in situ SEM resonance’ circular
413-20 in situ TEM tension'’ hexagonal
250—20 in situ SEM tension"’ “
80—20 AFM cantilever in situ SEM tension'” “
80—20 AFM cantilever in situ SEM buckling12 @
134-25 contact resonance AFM"® “
340-18 AFM three point bending'* circular
AFM nanoindentation'’ nanobelts
AFM three point bending'® nanobelts
45 AFM bending17 @
314-217 in situ SEM tension'® “

o 19
in situ TEM resonance nanobelts

tool to get the relative modulus evolution, the complex stress/
strain conditions as well as the bulk-materials-based empirical
formula make it more challenging to get an absolute modulus of
nanostructured materials convincingly. For flexural loading
tests, that is, bendingm’zo’21 or resonance,”’’ the measured
modulus will be inversely proportional to the fourth power of
the measured diameter. This means that small measurement
error can result in large deviation of the measured modulus,
especially for those NWs with tiny diameters. In addition,
surface effects are expected to be more pronounced under
flexural loading than those under uniaxial loading.'” What is
more, although resonance is a well-accepted approach,
uncertainty in the boundary condition could introduce
considerable errors to the Young’s modulus measurement.””
The nonuniform stress distribution of the flexural loading will
further complicate the analysis of the experimental results.
Uniaxial tension, on the other hand, is more straightforward
and reliable, as the stress in the specimen tends to be more
uniform.'”*>** The challenge for tensile test is to measure the
elastic strain with high accuracy. Second, even though the
samples used by different research groups had been synthesized
with different methods, little attention has been paid to link the
ZnO properties to their sample conditions other than the
crystal structure and orientation. Other factors that are very
likely to play a key role in affectin% the properties of ZnO NWs
include the chemical composition,” cross-sectional geometry,”’
internal defects,”” and so forth. For example, cylindrical NWs
were used by Wen et al,” whereas Agrawal et al.'”** studied
hexagonal NWs, but the effect of the cross-sectional geometry
difference had been pretty much overlooked in these studies.

In this work, we fabricated cylindrical and hexagonal ZnO
NWs by adjusting the growth condition slightly. Photo-
luminescence (PL) spectrum suggests that the internal defect
density is higher in cylindrical ZnO NWs. By adopting a state-
of-the-art in situ transmission electron microscope (TEM)
uniaxial tensile-electrical coupling testing technique,” the size
and cross-sectional geometry dependence of the elastic
modulus and piezoresistive coefficient of the as-synthesized
NWs are unambiguously revealed. Our findings are expected to
clarify the long-existing conflicts about the elastic properties of
ZnO NWs and to shed new light on the rational design and
fabrication of ZnO NW based devices.

As shown in Figure la, the NWs fabricated at high flow rate
were almost parallel to the surface of the Si substrate (Figure
la), and displayed roughly circular cross-section (inset of
Figure la), whereas the ones under low flow rate oriented
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largely vertical to the Si substrate surface and showed hexagonal
cross-section (inset of Figure 1b). The Au-nanoparticle
catalysts were always found at one end of the cylindrical ZnO
NWs (Figure. 1a), suggesting that the growth process followed
the classic vapor—liquid—solid (VLS) mechanism.””*° In
contrast, no catalyst particles were observed on the tip of
hexagonal NWs but a thin ZnO film was found on the substrate
surface (Figure 1b). Therefore, the growth of the hexagonal
ZnO NWs is very likely following a self-seeding vapor—solid
(VS) mechanism.”" On average, the length and diameter of the
hexagonal ZnO NWs were larger than those of the cylindrical
NWs after growing at the identical temperature (925 °C) for 20
min. Selected area electron diffraction (SAED) and X-ray
diffraction patterns confirmed that both types of NWs were
single crystalline with hexagonal wurtzite structure and no
significant difference was observed from the diffraction peak
width or intensity.

The chemistry and defects of both types of NWs were also
characterized. No impurity elements were detected in the NWs
from energy dispersive X-ray spectroscope analysis. However,
distinctly different PL spectra were obtained from cylindrical
and hexagonal NWs using a Xe excitation light source with the
wavelength of 340 nm. Both spectra contained two main bands,
a narrow one with the peak maximum at 3.2 eV attributable to
the near band-edge emission (NBE) and a green luminescence
(GL) with peak maximum around 2.45 eV from the defect
centers.”” In order to examine the GL carefully, the peaks of the
NBE in both spectra were normalized and plotted in Figure 1lc.
Obviously, the GL peak of cylindrical NWs is much higher than
that for hexagonal NWs.

For the mechanical—electrical coupling tests, the ZnO NWs
were transferred and welded onto a Si-based MEMS
mechanoelectrical testing device, E-PTP (Figure 2a), inside a
dual beam focused-ion beam system, with the method similar to
the one reported in previous literature.”>** As shown in Figure.
2a, a three-probe configuration was employed. With less Pt
pollution/damage, this easy-to-fabricate and spatially efficient
approach is equivalent to the conventional four-probe method
(Figure S1 in Supporting Information), and thus the
contribution of the resistance from the contacts and circuit
can be minimized. E-beam induced deposition was taken as the
first option to connect the NW to the Au electrodes for
resistivity measurement to minimize the damage of the ion
beam (i-beam). The I-V curve under this condition, however,
exhibited rectifying characteristics (Figure 2b, upper). The
nonlinear nature is typical of Schottky contact for the metal—
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Figure 1. SEM and PL spectra of the cylindrical and hexagonal ZnO
NWs, respectively, synthesized at different carrier gas flow rate. (a)
SEM top view of the cylindrical NWs grown under higher carrier gas
flow rate. The inset shows the circular morphology of the NW cross-
section. (b) Side-view SEM image of hexagonal ZnO NWs synthesized
under low carrier gas flow rate. The inset shows a high magnification
SEM picture of the hexagonal cross-section of a NW. The inset scale
bars in both (a) and (b) represent 100 nm. (c) Room temperature PL
spectra for both types of ZnO NWs. The higher green luminescence
intensity from the cylindrical NWs indicates a higher density of
defects.

semiconductor junction. To study the intrinsic electrical
transport properties, ohmic contact is highly desirable.
Interestingly, we found i-beam-induced Pt deposition exhibited
perfect ohmic contact, as shown in Figure 2b (lower, red).
Presumably, this is due to the fact that part of the high energy
Ga ions were directly injected into the ZnO NWs, which
increases defect-assisted tunneling across the Schottky barrier”
and improves the electrical contact.’® Therefore, i-beam-
induced deposition was always employed to fabricate the
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microleads for all the mechanical, electrical, and mechano-
electric properties measurements in this study. To minimize the
i-beam radiation damage, only the welded parts of the NW
were exposed to the i-beam during the whole process. As
shown in Figure. 2a, the welded spots were about 1 ym wide. It
is worth mentioning that the NW close to the weld points is
often “polluted” by the diffusive Ga and Pt. The polluted length
measured from SEM image was about 1—2 ym (marked by the
white square in Figure 2a) next to the welding areas. Outside
the affected region, the NWs appeared clean, especially the part
in between the trench of the PTP, which has been used to
measure the Young’s modulus.

The electrical resistance was measured under sweeping
voltage mode both outside and inside a TEM to evaluate the
environmental effects. As shown in Figure 2c, the resistance was
stable in air. However, once the prevacuum chamber was
pumped, the resistance began to decrease until reaching a stable
value. More interestingly, as soon as the NW was irradiated
with the high energy TEM e-beam, the resistance began to drop
again until an even lower constant value was obtained, given the
fixed TEM e-beam intensity. The environment-dependent
resistivity probably resulted from the change in the depletion
layer under the NW surface as the number of chemisorbed
oxygen and vapor species varies at different pressure levels®”**
and upon e-beam irradiation.”” Previous studies’”*' also
demonstrated that pressure, electron beam irradiation, and
humidity can all affect the measured elastic modulus of NWs
and, therefore, contribute significantly to the large scattering in
previously measured elastic modulus in ZnO nanowires. So, in
order to eliminate or minimize the environmental effects, all the
properties reported in this study were measured after the
stabilization under evacuation and e-beam irradiation.

For accurate measurement of electrical resistivity, I-V curve
was obtained by sweeping the voltage V from —2 to 2 V and
recording the electrical current I simultaneously. Then the
electrical resistivity, p, was calculated from measuring the
resistance R (which equals to the slope of the linear I-V curve)
and the dimensions of the NW. For similar sample diameter,
the resistivity of hexagonal NWs is typically 3 orders of
magnitude higher than that of cylindrical ones, as shown in
Figure 2d. A size dependence is also observed, according to the
fact the resistivity increases by about 40% for both types of
NWs as the diameter decreases from ~420 to ~80 nm.

The in situ tensile test was realized by using a Hysitron
PicoIndenter (PI95) TEM holder*”*’ inside a JEOL 2100F
TEM. By measuring the distance and displacement between
two tiny carbon markers (indicated by the black arrows in
Figure 3a) before and during the tensile test, the elastic strain
loaded on the NW at the gauge part can be calculated precisely.
In this study, the mechanical tests were carried out under
displacement rate control, and the stress on the NW was
measured to be linearly proportional to time, indicating an
elastic deformation behavior. A typical engineering stress—
strain curve of a cylindrical ZnO NW is shown in the inset of
Figure 3b. The curve shows good linearity in the whole stage of
loading, indicating that our study was in the elastic region,
which is further confirmed by no detectable hysteresis in the
force—strain curve in multiple loading—unloading tests. The
Young’s modulus E was measured from the slope of the stress—
strain curve, and the propagated uncertainty was estimated by
considering the errors in the measurement of diameter, force,
and displacement. The measured moduli are plotted in Figure
3b as a function of effective diameter, which is defined as d =
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Figure 2. Experiment setup and electrical measurement of individual ZnO NWs. (a) SEM image demonstrating the three-probe method for electrical
and piezoelectric measurements of ZnO NWs. (b) The I-V curves of an as-grown cylindrical ZnO NW with Pt microleads deposition induced by e-
beam (top) and i-beam (bottom), suggesting Schottky and Ohmic contact, respectively. (c) Electrical resistance evolution of an individual ZnO NW
as the sample was inserted into a TEM. (d) Effective diameter dependence of electrical resistivity of cylindrical and hexagonal ZnO NWs without any
intentionally applied strain. The resistivity of the hexagonal NWs is 3 orders of magnitude higher than the one of the cylindrical NWs.

(4A/7)"%, where A is the measured cross-sectional area. For
both hexagonal and cylindrical NWs, E increases significantly as
the diameter decreases below 150 nm, similar to the size-
strengthening effect reported by previous studies.”'’ The
difference is that a strong cross-sectional shape effect of the
modulus can be concluded from Figure. 3b. Taking the error
bars into account, the Young’s modulus of a hexagonal ZnO
NW is remarkably higher than a cylindrical NW with the same
effective diameter in the measured size range. When the
diameter is greater than 200 nm, the Young’s modulus of the
hexagonal NWs is approximately 140 GPa, which is consistent
with the reported bulk modulus at room temperature,'’
whereas the one of a cylindrical NW is about 13% lower.
The electrical resistivity was studied as a function of elastic
strain. One typical example is shown in Figure. 4. The current I
passing through an individual NW was recorded while sweeping
the voltage from —5 to S mV at fixed strain levels of 0%, 0.63%,
1.28%, and 1.87%, respectively (inset in Figure. 4a). After
recording the I-V curve at each nonzero strain, the strain was
unloaded and the I-V sweep was repeated. The fact that the
resistance could return to the initial strain-free value indicates
that the observed resistivity evolution result from elastic strain.
As tensile elastic strain increases, the slope of the I-V curve
turns steeper, suggesting that the resistivity goes down (the
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inset in Figure 4a). This phenomenon was further confirmed by
measuring the electrical current I during the tensile loading of a
NW, on which a constant low voltage (S mV) was applied in
order to reduce the joule heating. As shown in Figure 4b, the
electrical current responded simultaneously to the elastic strain
and returned to the initial value when the force was unloaded.
It is noted that during this test, the stress was programmed to
keep at 1.5 GPa for 20 s; however, due to the drift of the
picoindenter, the tensile stress loaded on the sample decreased
gradually. Meanwhile, the resistivity increased accordingly,
which indicated that resistivity strongly depended on stress and
elastic strain, and the dependence could be detected sensitively
via our method. Three loading—unloading cycles were
performed, and the results were reproducible, indicating good
stability and reliability of our three-probe approach, and thus
the observation is truly from the elastic strain-induced electrical
transport property evolution.

In principle, the electrical properties of a semiconductor
lacking an inversion symmetry can be engineered by strain
possibly due to two effects: piezoelectricity and piezoresistiv-
ity.3’44 In our study, good ohmic contacts were secured and
retained so the piezoelectric potential could not be accumulated
in the closed circuit. Moreover, the observed symmetric shape
of the I=V curve under strain in the inset of Figure 4a is also
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Figure 3. Young’s modulus of ZnO NWs as a function of effective
diameter and cross-sectional morphologies. (a) Uniaxial tensile strain
measurement from the displacement of carbon markers. SAED pattern
indicates that the single crystal ZnO NW grew in [0001] direction. (b)
Variation of Young’s modulus with effective diameter and cross-
sectional shape. The inset is a stress vs strain curve response for a
cylindrical NW. The scale bars in (a) represent 200 nm.

contrary to what was reported on the piezoelectric effect of
ZnO NWs.® Therefore, in our study, piezoelectricity is
excluded, and the effect observed here should be due to
piezoresistivity. Theoretically, piezoresistivity can result from
the strain-induced band gap variation, which affects the
concentration of the charge carriers, the band curvature change,
which alters the effective mass and mobility of the charge
carriers, and, for materials at the sub-10 nm scale, the
quantization effect that occurs in the first few atomic layers.*
Given the fact that the diameter of the NW in our study (>80
nm in diameter) is in the regime that the quantum confinement
is negligible,* the resistivity decrease is most likely due to the
intrinsic band structure change induced by strain. To quantify
the strain effect on resistivity, the piezoresistive coefficient IT is

defined as
_Ap/p,

g

_ PR

II =

eE-p,

where p, and p are the electrical resistivity of the NW at zero
stress and stress o, respectively. The piezoresistive coeflicient of
six NWs with different diameters and cross-sectional shapes was
measured and displayed in Figure 4d. It can be seen that IT for
cylindrical NWs is generally higher than that for hexagonal ones
for similar diameter, and for both types of NWs, I1 decreases as
the diameter decreases (Figure 4c).

As shown in Figure lc, the PL spectrum measurements
unambiguously demonstrated the different GL intensity in the
two types of the ZnO NWs. A correlation was proposed half a
century ago between the GL and electron paramagnetic
resonance attributed to oxygen vacancies in reduced
Zn0.*>*" After that, Vanheusden et al.***’ proved that the
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Figure 4. Piezoresistivity of ZnO NWs with different size and cross-
sectional morphologies. (a) Linear resistivity drop as the uniaxial
tensile strain increases, measured on a cylindrical ZnO NW. Inset is
the I-V curves of the same NW under various strains. (b) Resistivity
response under applied stress in real time. (c) Piezoresistive coefficient
of both types of NWs with different effective diameters.

GL emission resulted from the recombination of a photo-
generated hole with a singly ionized oxygen vacancy. Although
we could not exclude other point defects,*™" there is strong
evidence that oXygen vacancy might be responsible for the GL
band in ZnO.**"*'7>* The prominent GL intensity
undoubtedly indicates higher concentration of defects in the
as-grown cylindrical ZnO NWs than in the hexagonal ones,
dictated by the growth conditions. What is more, earlier
experimental and theoretical studies also indicated that native
oxygen vacancies could also impact the electrical transport
properties of ZnO, by generating high levels of unintentional n-
type dopants.”>*® Therefore, the cylindrical ZnO NWs could
be regarded as a more heavily doped, and thus a more
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electrically conductive, n-type semiconductor than the lighter
doped hexagonal ones.

When oxygen vacancies are introduced into materials, the
charge neutrality is restored by electrons localizing around the
cations to form lower-valence cations defects. As a result, the
vacancies will increase average bond length and, thus, result in a
reduction in the intrinsic elastic modulus.”” Recently,
simulation and experimental studies have revealed in several
materials that point defects could strongly influence the
mechanical properties such as Young’s modulus.’>*’~®* Pan
et al. applied first-principles density functional theory
calculations and found that the calculated Young’s modulus
of ReB, with 1.3% concentration of boron vacancies (415 GPa)
is much lower than that (698 GPa) of the defect-free one.
Wang et al. observed the decrease of elastic modulus in pure
and gadolinium-doped ceria as the oxygen vacancy concen-
tration increases by conducting nanoindentation tests.’’
Analogously, we propose that the higher density of point
defects in cylindrical ZnO NWs was partially responsible for the
lowered Young’s modulus.

The increase of the Young’s modulus as the diameter shrinks
has been explained by core—shell models even though different
cross-sectional geometry was being used in these studies.”"
The apparent modulus was attributed to an average of the
stiffened surface layer with higher effective modulus Eg and the
relatively lower core modulus E. The fact that the resistivity
increases with decreasing NW diameter suggests that the
density of point defects (that gives unintentional n-doping) is
lower in the NWs with smaller diameter, which may be another
factor affecting the size effect on Young’s modulus. In our
study, the modulus begins to increase significantly when the
NW diameter decreases to 140 nm, which is different from
what was reported by He et al. (120 nm)"' or Agrawal et al. (80
nm)."” The difference may arise from the fact that surface stress
effect® is not only affected by diameter but also by the cross-
sectional geometry. In general, we propose the discrepancy
comes from the difference of the detailed microstructure of the
ZnO NWs synthesized at different conditions, but more study
is required for a quantitative explanation.

The evolution of the piezoresistive coefficient of ZnO NWs
is mainly deduced from the cross-sectional shape and size
dependence of Young’s modulus. This finding sheds light on a
new selection strategy of the optimal NW size, especially for the
applications that demand high piezoresistivity. A similar
strategy was also reported by Rinaldi et al,”® from the point
of view of piezoelectric effect of ZnO devices. We also note that
the cylindrical NWs have lower resistivity than the hexagonal
ones, so the shape dependence of I1 follows a similar trend as
bulk Si:*° the piezoresistive coefficient increases as the
resistivity decreases.

In conclusion, single crystalline ZnO NWs have been
fabricated via thermal evaporation without intentional doping.
Their cross-sectional geometry can be tuned by adjusting the
gas flow rate. Besides clarifying the size effect on Young’s
modulus, we demonstrated that for NWs with similar diameter,
those having hexagonal cross-sectional shape exhibit signifi-
cantly higher Young’s modulus and electrical resistivity than the
cylindrical ones. This effect can be attributed to the different
density of point defects inherited from the growth stage, as
evidenced by the stronger green emission in the PL spectra of
the cylindrical NWs. This study offers a new opportunity to
tailor the mechanical and mechanoelectrical properties of ZnO
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NWs at the synthesis stage by controlling and optimizing the
growth conditions.
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1. The Schematic diagram of the three-probe configuration

In the so-called three-point measurement configuration, in fact four metallic leads were made
and connected to the four existing electrodes, as shown in Figure Sla. No electric current passed
through R¢; and R during the measurement, so the contact resistance was ruled out. The
equivalent circuit of such three-point configuration is shown in Figure S1b, which can be clearly

found to be equivalent to the conventional four-point measurement.

I |
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v

Figure S1 | Schematic diagram of the three-probe configuration. (a) The setup of the three-
probe configuration. (b) Equivalent circuit of the three-probe configuration.

2. The stress-strain curves of ZnO NWs



E =Y
I
[=2]
T

w
—TT

" Diameter 303 nm Diameter 410 nm

Stress (GPa) Q)
N
Stress (GPa) 0.
F =N

1 ) E 122 GPa 2 E 139 GPa
B Cylindircal NW Hexagonal NW
0 . 1 . 1 R 1 0 ) ] . ] " 1 R 1 A
0 1 2 3 0 1 2 3 4
Straiin (%) Strain (%)
b el
— 3 - —
©
ot & 4l
Q 2} 2, :
Tn' J Diameter 135 nm | ¢ Diameter 207 nm
S 1} E 139 GPa e 2r E 143 GPa
5 [ Cylindircal NW a Hexagonal NW
0Ok " 1 N 1 i 0 . 1 . ] " 1 " 1
0 1 2 3 0 1 2 3 4
Strain (%) Strain (%)
C fsr
4 |
—_— ? 6 |
Q@ 3t a |
O e 4
:; 2 Diameter 82 nm g | Diameter 89 nm
g 11 E 156 GPa o 2 E 168 GPa
5 - Cylindircal NW 5 Hexagonal NW
0 . L . L X 0 ; e s . 1 2 1 2
0 1 2 3 0 1 2 3 4 5
Strain (%) Strain (%)

Figure S2 | The stress-strain curves of ZnO NWs of different diameters and cross sectional
shapes. The linear part of the curves was fitted and demonstrated as the red lines to obtain the
Yong’s modulus of each NW. Some of the red lines did not pass the original point because the

corresponding NWs were bent slightly during the sample preparation.

3. The fracture strength of ZnO NWs
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Figure S3 | The fracture strength of ZnO NWs as a function of effective diameters and cross-
sectional morphologies. All the NWs showed a brittle fracture behavior as displayed in the inset.
The fracture strength of hexagonal NWs is significantly higher than the one of the cylindrical
NWs, for the cylindrical NWs contain more defects.

4. The growth of ZnO NWs

Thermal evaporation process was employed to grow the ZnO NWs in a horizontal vacuum
tube furnace (Carbolite CTF 17/300)"*. Mixed powder of ZnO and graphite with a weight ratio
of 1:1 was loaded in an alumina boat as the source and placed at the center of the tube furnace. Si
(100) wafers cut to ~1.5 cm*0.5 cm and sputter coated with a 10 nm thick Au catalytic thin film
were mounted 3-5 mm above the ceramic boat, with the Au film facing the mixed powder. After
evacuating the tube to ~0.1 Pa and filling with Ar to atmosphere pressure, the chamber
temperature was raised to 925 °C at the rate of 15 °C /min under constant flow of pure Ar (100
sccm). In the second stage, a gas mixture of Ar and O, with molecular ratio of 10:3 was
introduced into the system when the temperature was kept at 925 °C for 20 minutes. A total gas

flow rate of either 130 sccm (Condition 1, for cylindrical ZnO NWs) or 65 sccm (Condition 2,



for hexagonal ZnO NWs) was maintained throughout the experiment. The morphology of the as-

synthesized ZnO NWs was studied with field emission SEM (Hitachi U6600).

5. Mechanical testing specimen preparation

The ZnO NWs were first transferred to a copper TEM grid by rubbing the Si substrate on
which the NWs were grown. A NW with suitable diameter and length was then positioned on the
E-PTP device using a piezoelectric nanomanipulator manufactured by Kleindiek. The NW was
aligned carefully perpendicular to the trench edge to secure the uniaxial loading condition. The
NW was welded to the E-PTP device via i-beam induced deposition of Pt for mechanical
measurement. To minimize damage caused by Ga ion irradiation, only the Pt welded parts were
exposed to the ion beam. The whole process was performed inside a FEI Helios 600 NanoLab

Dual Beam System.

6. Mechanical data acquisition and analysis

The raw displacement data recorded the motion of the diamond punch of the indenter, which
included not only the extension of the NW but also the deformation of the two Pt welds and the
semicircular end of the E-PTP device, on which the force was applied from the diamond punch.
Therefore, to measure the strain of the NW, two sharp carbon markers (displayed in Figure 3a)
were deposited on the surface of NW with the assistance of e-beam’. The distance between the
two markers before and during the tensile loading was measured from a real-time video, and thus
the uniaxial strain was calculated. It is noticed that the strain on the NW could be measured
accurately this way as long as there was no strain gradient or localization in the NW. Since the

distance was obtained from TEM images, the measurement accuracy depends on the pixel size of



the images. To calculate the stress imposed on the NW, the cross-sectional area and force were
measured, respectively. Cross-sectional area was measured in SEM by attaching the fractured
NWs to a nano-manipulator tungsten needle and rotating it to parallel with the e-beam (inset of
Figure 3b). The net force loaded on the NW was calculated by subtracting the force contributed
from the empty E-PTP device from the force read from the transducer of the Picolndenter

system.

7. Uncertainty estimation
The propagation of uncertainties into the measured and calculated quantities was estimated”.

The Young’s modulus £ under uniaxial loading is calculated from the following equation:
F
E=2— A (1)
€

where F, A, d, and L are the NW loading force, NW cross-sectional area, measured displacement
of the two carbon marks and initial distance between the marks, respectively. Since the area and
distance were measured from TEM images or real-time video, the measurement accuracy
depended on the pixel size of the images. The force error came from instrumental error of the

transducer of the holder. Thus the propagated percentage uncertainty 4E into £ can be estimated

by

AE AFY (AAY (45Y (ALY
el N | B I R R et ) Rt 2
E F A 0 L
where AF, AA, A0, and AL are the measurement uncertainty of NW unloading force, NW cross-

sectional area, displacement of the two carbon marks and initial distance between the marks,

respectively.
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