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In situ probing electrical response on bending of ZnO nanowires inside
transmission electron microscope
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In situ electrical transport measurements on individual bent ZnO nanowires have been performed
inside a high-resolution transmission electron microscope, where the crystal structures of ZnO
nanowires were simultaneously imaged. A series of consecutively recorded current-voltage �I-V�
curves along with an increase in nanowire bending show the striking effect of bending on their
electrical behavior. The bending-induced changes of resistivity, electron concentration, and carrier
mobility of ZnO nanowires have been retrieved based on the experimental I-V data, which suggests
the applications of ZnO nanowires as nanoelectromechanical sensors. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2936080�

Nanoscale one-dimensional ZnO materials, such as
nanowires1 and nanobelts,2 have attracted great interest due
to their importance both in basic scientific research and in
potential technological applications. As a prototype material,
the mechanical properties of ZnO nanowires3–6 and ZnO
nanobelts7,8 have been investigated. Recently, the
nanogenerators,9 piezoelectric field effect transistors,10 and
piezoelectric diodes11 based on ZnO nanowires have been
developed by the unique coupling of piezoelectric and semi-
conducting properties of ZnO, and then a new field nanopi-
ezotronics has been set up.12 For the piezorelated devices,
electromechanical behavior plays a key role in their applica-
tions.

In this letter, we present electrical measurements of in-
dividual ZnO nanowires in combination with the determina-
tion of their crystal structure via in situ high-resolution trans-
mission electron microscopy �TEM� technique. Thus, the
electrical properties of ZnO nanowires were directly linked
with their structure. In the meantime, the electrical response
on the bending of ZnO nanowires was systematically inves-
tigated.

For in situ measuring the electrical transport properties
of nanomaterials, a special specimen holder was designed in
a JEOL 2010 field emission gun TEM, operated in a 10−5 Pa
vacuum and at room temperature. This equipment has been
used to study the mechanical properties of WO3 nanowires13

and field emission properties of carbon nanotubes.14,15 ZnO
nanowires were synthesized by the thermal evaporation of
ZnO powders. To carry out electrical measurements in situ
TEM, an individual ZnO nanowire was attached to the elec-
trochemically etched tungsten tips by a dielectrophoresis
method. The tungsten tips with ZnO nanowires were then
loaded to the specimen holder and approached to its opposite
gold electrode by a piezomanipulator. In order to achieve a
good physical contact at the two ends of the ZnO nanowire,
we first applied a relatively high voltage with a current of
about 1 �A for 1 min. Because of the high resistance at the
two contact points of the nanowire ends, a locally high tem-
perature by the Joule heating could weld the nanowire onto

its two electrodes, so a perfect electrical contact and a tight
fix were realized. While performing the electrical measure-
ments, we blacked out the TEM electron beam to rule out the
influence of electron bombardment.

Figures 1�a�–1�d� display the sequential images of a
typical bending process of ZnO nanowires under the gentle
moves of a piezodriven electrode. No slides at the two con-
tact points between the nanowire and its electrodes were ob-
served, showed by the inset arrowheads. Figures 1�e� and
1�f� are the in situ selected-area electron diffraction pattern
and the high-resolution TEM image corresponding to the
framed area in Fig. 1�a�, which indicates that the ZnO nano-
wires have wurtzite structure and are high-quality single

crystalline with the �011̄0� growth direction. Figure 1�g�
shows the consecutively recorded I-V curves along with an
increase in nanowire bending process corresponding to the
cases of Figs. 1�a�–1�d�. For an initial two-end clamped not-
bent ZnO nanowire, the highest conductance was demon-
strated. With the increase in bending, the conductance
dropped significantly, vice versa, the I-V characteristics was
recovered with the decrease in the bending deformation.

The measured system in our experiment can be regarded
as a metal-semiconductor-metal16 �M-S-M� circuit. Thus, the
changes of electrical parameters can be retrieved from the
experimental I-V data. The I-V curves are close to a straight
line under the higher bias; their slopes are directly related to
the resistances �R= �dV /dI��. Based on the M-S-M model,
under the lower bias, the current is expressed as17,18

ln I = ln S + V� q

kBT
−

1

E0
� + ln JS. �1�

The ln I-V curves under lower bias are basically fitted to
straight lines; their slope k is used to extract the carrier con-
centration n. The relationship between the slope k and n can
be deduced by the following equations:

k =
q

kBT
−

1

E0
, �2�

where E0=E00 coth�E00 /kBT�, E00= ��q /2��n /m*��1/2, q is
the elemental charge, kB is Boltzmann constant, m* is an
effective electron mass of the ZnO nanowire, and � is the
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dielectric constant. The specific sizes of nanowires are di-
rectly obtained inside TEM, so that the resistivity � can be
obtained, and the electron mobility � is then obtained by
using the relationship �=1 / �nq��.

The logarithmic plot of a current I as a function of a bias
V gives an approximately straight line with a slope of k. A
representative ln I-V curve is depicted in Fig. 2, correspond-
ing to the curve c in Fig. 1�g�. For ZnO materials, �=7.8�0,
�0 is dielectric constant of vacuum and m*=0.28m0.19 Thus,
the electron concentration n can be acquired, and the electron
mobility � can then be obtained from the resistivity � of the
nanowire. Applying this procedure to all the I-V curves in
Fig. 1�g�, the bent ZnO nanowire resistivity, electron concen-
tration, and carrier mobility can be systematically extracted.

Herein, we simply use the proportion of the deflection of
one nanowire end �ym to its length L ��ym /L� to describe
the bending deformation of the ZnO nanowires, as shown
schematically in Fig. 3�a�. With the increase in bending, re-
sistivity �, electron concentration n, and electron mobility �
of the ZnO nanowire obviously changed. The results are

summarized in Figs. 3�b�–3�d�. The resistivity � increases
considerably with increase in bending deformation �ym /L
�Fig. 3�b��; the �−�ym /L curve can be basically fitted to a
straight line at a moderate deformation. The sensitivity of �
to the mechanical deformation �ym /L is estimated as s
=d� /d��ym /L�=120 � cm, which implies that the ZnO
nanowires could be applied as nanoelectromechanical sen-
sors.

FIG. 1. ��a�–�d�� Sequential TEM images of the four typical bending cases
of the ZnO nanowire. �e� Electron diffraction pattern of the framed area in

�a�, indicating that the nanowire has a wurtzite structure with the �011̄0�
growth direction. �f� The corresponding high-resolution TEM image of the
framed area in �a�, showing the high-quality single crystal. �g� A series of
representative I-V curves of the ZnO nanowire, corresponding to the bend-
ing cases in �a�–�d�.

FIG. 2. A typical ln I-V curve of the ZnO nanowire at lower bias, corre-
sponding to the curve c in Fig. 1�g�.

FIG. 3. �a� Simplified scheme of the deflected ZnO naowires. ��b�–�d�� The
dependence of resistivity �, electron concentration n, and carrier mobility �
on the nanowire bending deflection �ym /L.
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From the fundamental knowledge, the change of � at-
tributes to the change of n and �. While �ym /L increased,
both n and � decreased, and n had a tendency of saturation
when �ym /L exceeded 0.6 �Fig. 3�c��. As proposed by Wang
et al.,10 the electrical response on the bending of ZnO nano-
wires could be understood based on the piezoelectric effect
of ZnO. In this study, the growth direction of ZnO nanowires

is �011̄0�, as detected by in situ TEM �Figs. 1�e� and 1�f��,
the polarization planes are parallel along with the nanowire
length. A bent ZnO nanowire can produce a positively
charged and negatively charged surface at the outer and inner
bending arc surfaces of the nanowire due to the stretching
and compression on the surface, respectively. The charges
are static and nonmobile ionic charges, which induce a local
electric field across the width of the nanowire. Under the
local electric field, electrons are trapped on the positive
charge side and become nonmovable charges, so the electron
concentration n decreases as the nanowire bends, which is in
consistence with the experimental results �Fig. 3�c��. When
the nanowire is bent to a critical degree, the electron trapping
region is limited because the size of the conduction channel
cannot be reduced again. Thus, the electron concentration n
displays a tendency of saturation when �ym /L exceeds 0.6.
In addition, these polarized charges on the strain-free plane
will influence the mobility �, which may be contributed to
the Coulomb charge scattering effect.20,21 It is shown that �
decreases monotonically with the gathering of polarized
charges, which is crucial for the validity of the ZnO nano-
wire as a mechanical sensor even in the large bending defor-
mation.

In summary, we present in situ manipulation and electri-
cal transport measurements on individual ZnO nanowires in-
side a high-resolution TEM, where the crystal structures of
ZnO nanowires were simultaneously imaged. Such that the
electrical behaviors of ZnO nanowires were directly linked
with their structure. With increasing the bending of ZnO
nanowires, their conductance dropped significantly. The
changes in electrical parameters, such as resistivity, electron
concentration, and carrier mobility, have been retrieved

based on the experimental I-V curves, which suggests that
ZnO nanowires have a promising application as nanoelec-
tronmechanical sensors.
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