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The mechanical properties of individual tungsten oxide �WO3� nanowires, directly grown onto
tungsten scanning tunneling microscopy tips, have been investigated by a custom-built in situ
transmission electron microscopy �TEM� measurement system. Young’s modulii �E� of the
individual WO3 nanowires were measured with the assistance of electric-induced mechanical
resonance. The results indicate that E basically keeps constant at diameter larger than 30 nm, while
it largely increases with decreasing diameter when diameter becomes smaller than 30 nm. This
diameter dependence is attributed to the lower defect density in nanowires with smaller diameter, as
imaged by in situ TEM. © 2006 American Institute of Physics. �DOI: 10.1063/1.2397547�

Among the various transition metal oxides, tungsten ox-
ide �WO3� attracts the most interest in the past several de-
cades owing to their excellent electrochromic, photochromic,
and gaschromic properties, and therefore significant applica-
tions as information display, smart windows, and gas
sensors.1–3 Since one-dimensional WO3 nanomaterials ex-
hibit unique properties in comparison with its bulk case,
many efforts have been recently made in the synthesis of the
tungsten oxide nanostructures, such as nanowires,4–7

nanotubes,8 and nanotips.9 However, the mechanical proper-
ties of the individual WO3 nanowires, which play the signifi-
cant role on the potential applications for nanodevice, are
rarely reported. In this letter, the mechanical properties of the
individual WO3 nanowires will be investigated.

An in situ transmission electron microscopy �TEM�
technique has been invented to study the mechanical proper-
ties of the individual nanomaterials.10 By applying an alter-
nating signal between the nano-object and its counter elec-
trode, the mechanical resonance of nanomaterials is excited,
and then the mechanical properties can be quantitatively de-
termined inside TEM. Using this method, Young’s moduli
�E� of nanowires,11,12 nanotubes,10,13 and nanobelts14 have
been acquired. But this technique also needs improvement.
In previous reports, most of the raw nanomaterials were
firstly purified with chemical solvent and then attached to the
probe tip.11,13,14 The purifying treatments inevitably bring
contamination onto the materials, and may possibly destroy
the material’s structure. In addition, the method of fixing
nanomaterials on the probe tip with graphite paste cannot
ensure that the nanomaterials are tightly fastened, thus the
measured resonance frequency of the nanomaterials often
shifts out of its natural frequency. Therefore, an effective
method should be developed to reliably measure the me-
chanical properties of the individual nano-objects.

In this letter, we report on the mechanical properties of
the individual WO3 nanowires directly grown onto tungsten
scanning tunneling microscopy �STM� tips studied by a
custom-made in situ TEM measurement system.15 This

method can ensure that the nanowires are tightly fastened to
the substrate and also avoid contamination, so the mechani-
cal properties of WO3 nanowires can be obtained reliably.
The diameter dependences of Young’s modulus and the
mechanical quality factor were found, and the reason was
revealed by the in situ high-resolution structural character-
izations.

The tungsten STM tips were prepared by electrochemi-
cal etching and were inserted to a thermal furnace to grow
WO3 nanowires. The furnace was heated to 800 °C under Ar
carrier gas, then CH4 was introduced. The temperature was
kept at 800 °C for 30 min to grow the nanowires. A similar
method has been reported by other groups.4 After growth, a
STM tip attached with WO3 nanowires was loaded into the
custom-built specimen holder in a JEOL 2010 FEG TEM
under the vacuum of 10−7 Torr at room temperature. The
STM tip was driven to approach its counterelectrode �Pt� by
a piezomanipulator. A 1–10 V sine wave signal was applied
across the tip and its electrode, and the resonance is stimu-
lated by tuning the applied frequency.

It is crucial to determine the fundamental natural fre-
quency �0. Previous results show that both parametric reso-
nance and forced resonance will either be actuated in
experiments.10,16 Parametric resonance occurs at �=2�0 /n
�n is an integer �1�,16,17 and force resonance appears at �
=�0 or �=�0 /2. It is important to determine the correct
natural frequency �0. Herein, we took a useful method to
determine �0. Another dc signal was adopted to adjust the
vibration state; the force acting on the nanowires can be de-
scribed as follows:18

F = ��Q0 + �e�Vdc + Vac cos 2�ft��2 = �2����WPt − WNW

+ eVdc�2 + e2Vac
2 /2� + 2eVac�WPt − WNW

+ eVdc�cos 2�ft + e2Vac
2 cos 4�ft/2� , �1�

where f =� /2�. Only when the nanowires vibrate under the
natural frequency �0, a selected dc voltage �eVdc=WNW

−WPt� can stop the resonance. The details can be seen
elsewhere.19 It is noted that the amplitude of the resonance is
proportional to Vac. These characteristics of fundamental
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natural resonance can easily distinguish the �0 from the
other resonant frequency �.

The length L and diameter D of nanowires were directly
measured inside TEM. As mentioned before, the nanowires
were directly grown onto the STM tips, they are tightly fas-
tened at one end, the natural frequency could be accurately
obtained without frequency shift, and also the high-
resolution structure images of the nanowires are easily
achieved by in situ TEM. This improved in situ TEM tech-
nique makes the mechanical properties of WO3 nanowires
directly correspond to their high-resolution structures.

Figure 1�a� is a typical SEM image of the tungsten STM
tip coated with the grown WO3 nanowires. Figure 1�b� is an
enlarged image of the tip edge, showing the nanowires which
usually have a length of several micrometers. The insert is
the top view of one typical WO3 nanowire. Figure 1�c�
shows a TEM image and its corresponding electron diffrac-
tion pattern �inset in Fig. 1�c��, indicating that the nanowires
are of monoclinic structure with the �100� crystal axis ori-
ented parallel to the long axis of the nanowires. The energy
dispersive spectroscopy �EDS� spectrum of the nanowires, as
seen in Fig. 1�d�, indicates that the products are pure WO3
nanowires.

A stationary selected WO3 nanowire is given in Fig.
2�a�, which can be regarded as a vibration cantilever clamped
at one end. By adjusting the frequency of the applied volt-
age, the natural resonance was achieved, as shown in Fig.
2�b�. The root of the nanowire can be clearly imaged, so the
mechanical stability can be easily displayed. Even under the
large vibration amplitude for half an hour, no position shift
was observed at the nanowire root and no shift of the reso-
nance frequency was detected during this vibration. This
confirms the stability of the root of the nanowires directly
grown onto the STM tips.

The Euler-Bernoulli equation of a cantilevered beam was
employed to analyze the mechanical properties of the WO3

nanowires. The resonance frequency �f1� depends on the
unique intensive material parameter E �Young’s modulus�
and the geometric parameter of the nanowires. The nanowire
was tilt at the range of ±30°, the projection images did not
show any change in diameter, illustrating that the nanowires
are basically cylindrical. The amplitude at resonance was
maintained below L /10 to minimize the bending curvature,
thus it fits the assumptions of the Euler-Bernouli equation.20

Under this condition, resonance frequency can be expressed
by the following equation:

f i =
�i

2

8�

D

L2	E

�
, �2�

where D, L, E, and � are the diameter, length, Young’s
modulus, and mass density of the nanowires, respectively.
�i is a constant for the ith harmonic: �1=1.875, �2=4.694.
Therefore, Young’s modulus can be obtained from the other
parameters measured by in situ TEM. In the meantime,
the mechanical quality factor Q can also be obtained from
the full width at half maximum �f of the resonance peak,
i.e., Q= f1 /�f . The experimental results are summarized in
Table I.

Figure 3 shows the diameter dependence of Young’s
modulus E of the nanowires. It is indicated that E basically
keeps constant at a diameter larger than 30 nm, while it
largely increases with decreasing diameter when the diam-
eter becomes smaller than 30 nm. The quality factor has the
same trend: it increases with decreasing diameter.

This similar trend of size dependence of E was previ-
ously reported in other materials, such as ZnO,12 Ag, and Pb
nanowires21 and carbon nanotubes.10 Several models are pro-
posed to explain it. The stiffness effect of the surface12,21 and
the nonlinear effect of the core22 were suggested to result in
this size effect. In this work, if the size effect is originated

FIG. 1. �a� SEM image of the STM tip coated with WO3 nanowires. �b�
Enlarged SEM image of the tip edge; the insert is the top view of one WO3

nanowire. �c� TEM image of a WO3 nanowire. The inset is its corresponding
electron diffraction pattern, showing that the nanowire has monoclinic struc-
ture with the �001� crystal axis oriented parallel to the long axis of the
nanowires. �d� Typical EDS spectrum of the WO3 nanowires.

FIG. 2. Selected WO3 nanowire at �a� stationary and �b� first harmonic
resonances.

TABLE I. Measured dimensions, resonance frequency f , Young’s modulus
E and its error �E, and quality factor Q of WO3 nanowires.

D �nm� L �	m� f �MHz� E �GPa� �E �GPa� Q

16 1.5 6.575 313 61 ¯

20 1.4 6.735 159 31 610
30 1.6 6.660 118 19 ¯

38 3.0 2.258 105 10 590
43 1.7 8.490 119 17 ¯

53 3.1 3.202 123 10 520
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from the stiffness effect of the surface or the nonlinear effect
of the core, E will be closer to the bulk value when the
diameters become larger. However, our present results show
that the E of nanowires with smaller diameters is close to its
bulk case. Thus the stiffness effect and the nonlinear effect
can be ruled out in these results. Here, the in situ TEM
method provides us the advantage that the microstructure can
be acquired simultaneously while the mechanical properties
are measured. Figure 4 shows the high-resolution TEM im-
ages of the in situ samples. Figures 4�a� and 4�b� are the
typical lattice structures of the WO3 nanowires correspond-
ing to the smaller and larger diameters, respectively. It is
found that the large quantity of planar defects exists in the
nanowires with larger diameters, which is resulted from the
higher density of the oxygen vacancies in the thicker
nanowires.7 The difference in defect density among the

nanowires with different diameters could be the main reason
for the size dependence of the mechanical properties of the
WO3 nanowires. The lower defect density in the thinner
nanowires �Fig. 4�a�� makes their Young’s modulus close to
its bulk case �
300 GPa�.

The quality factor Q also shows a diameter dependence
�Table I�. The thinner WO3 nanowires have larger Q values.
It is known that the inverse factor 1 /Q is related to the en-
ergy dissipation. Because the nanowires vibrate at TEM
vacuum �10−7 Torr�, the energy dissipation arising from air
damping can be neglected; it originates mainly from the in-
trinsic properties of “internal friction” involving surface and
defect effects. The thinner nanowires show relatively low
defects, which results in less energy dissipation.

In conclusion, the mechanical properties of WO3 nano-
wires were investigated by in situ TEM method. The direct
growth of nanowires onto the STM probe tip enables reliable
property measurements. The mechanical properties of WO3
nanowires show a size dependence. The nanowire’s Young’s
modulus largely increases when its diameter becomes
smaller than 30 nm, which approaches its bulk value. The
planar defect plays an important role on the size effect. This
work also provides a reliable method to measure the other
properties by directly growing nano-objects onto the probe
tips.
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FIG. 3. Diameter dependence of Young’s modulus of the WO3 nanowires.

FIG. 4. Typical in situ high-resolution TEM images, corresponding to the
nanowires with �a� smaller diameter and �b� larger diameter, respectively.
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