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We report intrinsic current-voltage properties of ZnO nanowire measured by a four-tip scanning
tunneling microscopy (F-STM). It is found that after bending the nanowire with the F-STM the
conductance is reduced by about five orders of magnitude. The cathodoluminescent spectra indicate
that the ZnO nanowires contain a sizable amount of defects in the surface region, responsible for
their conduction. It is suggested that the observed huge conductance changes are caused by the
shifting of the surface defect states in the ZnO nanowires in response to the applied surface strain.
© 2006 American Institute of Physics. [DOI; 10.1063/1.2234293]

The electronic structures and transport properties of
solid materials depend strongly on strain. Such dependence
has provided a unique and useful mechanism in designing
electronic devices, such as in the conventional strain engi-
neering of band structures of semiconductor superlattices.
The electronic structures and transport properties of solid-
state nanostructures are expected to be even more sensitive
to strain due to their reduced size and dimensionality.1-3

The “smallness” of nanostructures allows them to sus-
tain a much larger strain than their bulk counterparts, while
maintaining structural integrity (e.g., coherent without dislo-
cation formation4). This provides a high degree of flexibility
in designing nanoelectromechanical devices and sensors,
opening up a new emerging field of flexible electronics.5-8
There have been increased recent interests in understanding
the transport properties and their strain dependencel910 of
nanostructures and nanoscale systems. The work to date,
however, has mostly focused on how stt'ain changes the in-
trinsic electronic structures and transport properties of nano-
structures, such as the modification of host electron band
structure under strain. Here, using ZnO nanowires as a model
system, we demonstrate that strain can also have a profound
effect on the defect electronic structure of a nanostructure
and, hence, change its transport property.

We have developed a four-tip scanning tunneling micro-
scope (F-STM) setup,11'T" which consists of four specially
designed STMs, capable of performing the dual functions to
bend the wire and to measure the conductance and the
current-voltage (I-V) curves in situ on the same sample, here
a single ZnO nanowire. We found that the electrical conduc-
tance of the ZnO nanowires changes by five orders of mag-
nitude when they are bent by STM tips. Both the bending
process and the conductance transition are completely re-
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versible. Cathodoluminescent (CL) spectra and temperature
dependence of the conductivity indicate that our ZnO nano-
wire samples contain a sizable amount of defects, making the
original wire conducting. Consequently, we deduce that the
huge conductance change is caused by the shifting of defect
electronic states induced by the external strain.

The ZnO-nanowire samples used in our experiments
were synthesized via reduction and oxidation of ZnS
powder13 and dispersed on a silicon wafer coated with a
500-nm-thick silicon dioxide layer as insulator. The STM
tips were made from a tungsten or gold wire using the stan-
dard preparation process. All measurements are performed in
dark environment with the electron beam of scanning elec-
tron microscopy shielded.

First, before performing the bending experiments, we
characterized our ZnO-nanowire samples, by measuring the
“intrinsic” 1-V characteristics of a single ZnO nanowire us-
ing the four-terminal method in our F-STM. Figure 1 shows
one typical 1-V curve of the ZnO nanowire, displaying a
linear relationship with a resistance of —25.9 kO. The rela-
tively high metal-like conductivity (4.1 S/cm in this case)
indicates that the ZnO nanowires used here are distinctively
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MG. 1 I-V curve obtained by the four-terminal method.

© 2006 American Institute of Physics

Downloaded 16 Feh 9010 to 155.Q7.11.1ft3. Redistribution suhiect to AIP license or convrinht- see httn-//anl.ain.orn/anl/convrinht.isn


mailto:hjgao@aphy.iphy.ac.cn

043103-2 Lin et al.

MG. 2. (8) Two outer tips fixed the nanowire and measure the I-V curves;
(b) the middle probe pushed down and bent the nanowire; (c) the middle tip
retracted and loosened the nanowire; (d) the middle tip moved away; (€)
curve (m) corresponds to (b) and curve (O) corresponds to (cl; (f) another
experiment: pushing the nanowire with several small steps, and the corre-
sponding I-V curves after each step.

different from those conventional undoped ZnO.14 Besides
the four-terminal method, two-terminal method was used to
take a series of data with different tip separations for calcu-
lating the contact resistance and make sure if there is a non-
Ohmic contact. In our experiment, no notable contact resis-
tance was observed and the linear characteristic of the I-V
curve up to +5 V shows that the contact is Ohmic without
Schottky barrier.

Next, we measured the |-V curves of the ZnO nanowires
while they are bent using the F-STM. Figures 2(a)-2(d) il-
lustrate the bending process. Two tips (tips A and B) were
used to support (fix) the two ends of a nanowire, and a third
tip (tip C) was placed in the middle to push (bend) the nano-
wire. During the bending process, the electrical measurement
was conducted in situ through the two outside tips.

Figure 2(e) shows, respectively, the 1-V curves of a ZnO
nanowire at the maximum bent position and the final restored
position after the middle tip C was withdrawn. The resistance
of the maximally bent nanowire [Fig. 2(d)] is about 1.42 Gfl
derived from the (m) curve of Fig. 2(e), which is about five
orders of magnitude lower than that of the original unbent
wire (~25.9 kfl). From the amount of push of the middle tip
C and the dimension (length and diameter) of the nanowire,
we estimated using the beam bending theory1516 that the
bending introduced a maximum of about +1.3% tensional
strain in the surface regions of the nanowire. The resistance
at the final restored nanowire position after tip C was with-
drawn [Fig. 2(d)] is about 27.6 kfl derived from the (O)
curve of Fig. 2(e), which is about the same as that of the
original unbent wire (~25.9 kfl). This indicates_that the im
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MG. 3. (Color online) Conductance transition corresponds to the bending
process at low temperature (30 K). Conductance dropped when bending the
nanowire step-by-step (from the first step to the fourth step) and reverted to
the initial state when the middle tip was retreated to release the nanowire to
its original shape (fifth step).

posed bending deformation of the nanowire is essentially
elastic and the induced change of conductance is reversible!

In order to reveal the detailed dependence of conduc-
tance on bending strain, we have measured I-V curves as the
tip C was pushing down in incremental steps, as shown in
Fig. 2(f). The conductance, i.e., the slope of the I-V curves,
decreases continually as the pushing and hence the surface
strain increase. We have also performed the same transport
experiments at low temperature (~30 K) and the measured
I-V curves are shown in Fig. 3. The results are very similar to
those at room temperature, as shown in Fig. 2. In general, the
conductance continued to decrease as the middle tip was
pushed down and the strain in the ZnO nanowire increases.
After the middle tip was withdrawn, the ZnO nanowire at the
restored position after bending exhibits a conductance almost
the same as that at the initial configuration before bending.

We can safely rule out the possibility that the change of
ZnO nanowire conductance might be caused by changing
contact condition during bending or influenced by tip condi-
tion. This is because the measured conductance is the same
before and after the bending operation by tip movement,
which is also very close to the original value obtained from
the four-terminal-method measurement. Furthermore, as we
had mentioned before, a series of two-terminal-method mea-
surement and the I-V curves show that the contact is Ohmic
and the contact resistance is unapparent compared to the re-
sistance of ZnO nanowire. Besides tungsten, we also used
gold tips, which have produced similar results as tungsten
tips. Therefore, we concluded the change of ZnO nanowire
conductance must be caused by the change of electronic
structure of ZnO induced by bending strain, as we discuss
below.

In order to reveal the underlying mechanisms for such
huge conductance change in ZnO nanowires induced by
bending (strain), we analyze the CL spectra of the ZnO nano-
wires to understand the origin of its conduction at the “nor-
mal” state without bending. Figures 4(a) and 4(b) show the
CL spectra of a single ZnO nanowire obtained at room tem-
perature (RT) (300 K) and low temperature (~30 K), re-
spectively. The RT spectrum contains a sharp and high peak
of near-UV emission at 388 nm and a shallow peak of green
emission around 530 nm. The near-UV emission agrees with

the band gap of bulk ZnO (around 380 nm)17’19coming from
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FIG. 4. CL spectra of single ZnO nanowire and temperature dependence of
conductivity. CL spectra were excited by an electron beam of 5 keV. (a) CL
spectrum recorded at room temperature, (b) CL spectrum recorded at low
temperature (30 K). The inset shows the detail of the low-temperature spec-
trum from 340 to 440 nm. () Temperature dependence of conductivity of a
single ZnO nanowire. The horizontal axis is in a logarithmic scale. All
experimental data were obtained with the four-terminal-method
measurement.

the recombination of free excitons;20 the green emission is
likely due to a local energy level in the band gap."1"™ At low
temperature, both emissions exhibit a blueshift to smaller
wavelength. The inset of Fig. 4(b) further shows that the
near-UV emission consists of three peaks at 369.2, 374.7,
and 383.5 nm, respectively.

The CL spectra indicate that there are plenty of defects
in the ZnO nanowire [Figs. 4(a) and 4(b)], which can act as
a dopant responsible for the observed high conductivity at
the normal state. Previous studies have shown that it is the
defects at the surface of a ZnO nanowire that dominate its
conductivity. 162324 The defects at the surface produce a large
number of surface states in the gap crossing the Fermi level,
making our ZnO nanowires behave like a weakly conductive
two-dimensional metal with a low resistance in the normal
state (i.e., the strain-free state). The conduction electrons
likely flow through the surface region of the ZnO nanowires.

The temperature dependence of the normal-state conduc-
tivity is also measured, as shown in Fig. 4(c). There are two
key points to be observed in Fig. 4(c). First, the magnitude of
conductivity is much higher than what has been reported
previously for ZnO nanowire.}4 Second, the conductance
changes only by ~19% over a large temperature range
(35-460 K). These two facts suggest that doping caused the
electron transport of our ZnO nanowires to be similar to that
of noncrystalline metals.

Now, we establish that the electron transport of the ZnO
nanowire is characterized as a weakly disordered metal.
When the ZnO nanowire is bent, the bending induced surface
strain will greatly shift the positions of the surface states
changing their relative position to the Fermi level. Espe-
cially, if the strain makes the Fermi level move out of the
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range of surface states, then the conductance of the ZnO
nanowire will decrease continuously as strain (bending) in-
creases. When the strain is removed, the conductance will
return to its normal state as the surface states restore their
original positions overlapping with the Fermi level. Thus, we
postulate that strain has a strong effect in changing the align-
ment of the Fermi level and the electron states of defects in
ZnO nanowires whose surface contains a large amount of
defects. This postulation remains to be confirmed by further
studies, e.g., by first-principles calculations.

In conclusion, we discover a strain-induced conductance
transition in ZnO nanowires. The mechanism of the conduc-
tance transition is attributed to the strain induced change of
surface states. Our findings demonstrate a unique example of
strain-induced change in defect electronic states of nano-
structures, rather than change in host electronic states of
nanostructures as shown extensively by previous studies. We
believe the discovered phenomena and underlying mecha-
nisms are not only of broad scientific interests but also of
great technological significance, because they may occur
generally in semiconductor nanostructures with a high level
of intrinsic defects or extrinsic dopants.
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