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We report here, an investigation on electrical and structural-microstructural properties of an
individual ZnO nanobelt via in situ transmission electron microscopy using an atomic force
microscopy (AFM) system. The I-V characteristics of the ZnO nanobelt, just in contact with the
AFM tip indicates the insulating behavior, however, it behaves like a semiconductor under applied
stress. Analysis of the high resolution lattice images and the corresponding electron diffraction
patterns shows that each ZnO nanobelt is a single crystalline, having wurtzite hexagonal structure

(a=0.324 nm, ¢=0.520 66 nm) with a general growth direction of [1010]. © 2009 American

Institute of Physics. [doi:10.1063/1.3241075]

Nanogenerators,' piezoelectric field effect transistors,
and piezoelectric diodes® were recently developed based on
the unique coupling of piezoelectric and semiconducting
properties of ZnO nanowires. The emergence of this nan-
opeizotronic area’ requires further understanding on the elec-
tromechanical behavior of ZnO nanostructures. Although
there were a few reports on the electromechanical behavior
of ZnO nanowires,sf8 no studies are devoted on the study of
ZnO nanobelts, which are structurally different. Here, we
present the study on the electrical and structural properties of
an individual nanobelt via in situ high resolution transmis-
sion electron microscopy (TEM)-atomic force microscopy
(AFM) system. All the measurements were carried out on a
single tilt AFM-TEM holder (Nanofactory Instruments) in a
JEM 4000FX TEM system that operated at 200 kV. Our ZnO
samples were synthesized by thermal chemical vapor depo-
sition method, as reported elsewhere.”'?

For in situ electrical measurement, an individual ZnO
nanobelt was attached to the electromechanically etched
tungsten tip by tungsten deposition using the focused ion
beam (FIB) technique to ensure good electrical contact be-
tween the tip and the nanobelt. The different steps of the
sample preparation are shown in Figs. 1(a)-1(c). In short, a
nanobelt was picked up using the FIB probe [Figs. 1(a) and
1(b)] and attached on the tungsten tip [Fig. 1(c)] by the tung-
sten deposition. The tungsten tip with ZnO nanobelt was then
transferred to the AFM-TEM specimen holder and ap-
proached to its opposite conducting AFM tip by the peizoma-
nipulator. A schematic diagram of the experimental setup is
shown in [Fig. 1(d)]. In order to clean the surface of the
nanobelt and to achieve a good physical contact with the
AFM tip, we applied a floating bias of 50 V to the nanobelt.
Figures 2(a)-2(c) display the sequential images of a typical
ZnO nanobelt undergoing to a stressed state by the gentle
push of the peizodriven tungsten tip toward the AFM tip. It is
to be noted that, for measuring the electromechanical prop-
erties in our experiments, nanobelts with shorter length of
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~1-2 um are chosen, to avoid bulking of the nanobelts.
Figure 2(a) shows the bright field image of ZnO nanobelt
just in contact with the AFM tip.

The current-voltage (I-V) characteristics of the ZnO
nanobelt just in contact with the AFM tip [curve “a” in Fig.
2(d)] shows insulating behavior, probably due to less contact
area and high contact resistance. By controlling the contacts
of the nanobelt with the conducting AFM tip and also by
bringing the nanobelt in a stressed state, it was possible to
alter the I-V characteristics of the nanobelt. Figure 2(b)
shows the ZnO nanobelt in a stressed state during the com-
pression process and Fig. 2(c) shows the image at higher
stressed state. A series of measured /-V curves with an in-
crease of stress in ZnO nanobelt are respectively shown in
Fig. 2(d). As we try to stress the nanobelt by delicate driving
of the tungsten tip with the nanobelt against the AFM tip, a
current of several nanoamps can be observed at a higher bias
voltage (curve “b”). Although, the value of current obtained
is not so high, however the nature of -V curve indicates the

Tungsten
ZnO  wire

o

AFMtip

FIG. 1. Images from the FIB system showing (a) the as grown ZnO sample
and the FIB probe, (b) a single nanobelt attached to the FIB probe, (c) the
FIB probe with a nanobelt approaching the tip of the tungsten wire, and (d)
Schematic of the current-voltage measurement setup.

© 2009 American Institute of Physics
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FIG. 2. (Color online) Bright field TEM images depicting the ZnO nanobelt
() just in contact with the AFM tip; [(b) and (c)] under the applied stresses
by compressing against the AFM tip. (d) A series of the representable /-V
curves measured with applied stresses on the ZnO nanobelt. Curve “a” is for
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the ZnO nanobelt just in contact with the AFM tip, curve “b” and “c” are for
the stressed states of the nanobelt.

semiconducting behavior of the nanobelt. With the increase
in stress, the current is dramatically increased with start off
voltage of 5.5 V bias [curve “c” in Fig. 2(d)]. In a large bias
regime, the I-V curve can be differentiated to obtain a resis-
tance R of the nanobelt (R~ dV/dl,). We found that for this
compressed state, the resistance of the nanobelt was de-
creased to 33 from ~80 M() in the lightly stressed state
shown in Fig. 2(b).

The nonlinear /-V characteristics of these stressed states
suggests for a semiconducting behavior. Thus our measure-
ment system can be regarded as a metal-semiconductor-
metal (M-S-M) circuit."' The related semiconducting param-
eters can be retrieved from the experimental /-V data in the
bias regime >5 V, by the following relation,'*" In I=In §
+WV{[q/(kgT)]-1/Ey}+In J,. Here S is the contact area asso-
ciated with a bias, J; is slowly varying function of the ap-
plied bias. The In/ versus V plot gives an approximately
straight line with a slope of [¢/(kgT)]-(1/E,), and an inter-
cept of In S. The representative (In 7)-V curves are depicted
in Figs. 3(a) and 3(b) corresponding to curve b and curve ¢ in
Fig. 2(d), respectively. Figure 3(c) shows the linear fits of
curve b and c extrapolated to the In / axis, showing nearly
identical values of intercept. This means, In S and the contact
area (S) is merely identical for both of these stressed states.
In the expression of Inl, Ey=Ey, coth[Ey/(kzT)], where
Eg=[(fq)/2][n/(m*c)]"%. Here, g is the elemental charge,
kg is the Boltzmann constant, m* is an effective electron
mass of ZnO nanobelt, and ¢ is the dielectric constant. We
have estimated the specific sizes of the nanobelt from the
bright field TEM image and thus the resistivity, p is obtained.
The electron mobility, w, is then calculated by using the
relationship u=1/(ngp). For ZnO materials, e=7.8g, g, is
the dielectric constant of a vacuum, and m*=0.28m0.14 Based
on this procedure, the resistance, resistivity, carrier concen-
tration, and carrier mobility were extracted as summarized in
Table I. As shown, nanobelt under the higher applied stress
is having ~2.27-times higher charge carrier density but
~1.85-times lower charge mobility.

The structural properties of our nanobelts were also ana-
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FIG. 3. (Color online) The In I-V curves corresponding to (a) curve b and
curve ¢ in Fig. 2(d), respectively. (c) The linear fits of the curves in [(a) and

()]

lyzed during the in situ TEM experiment. The general mor-
phology shows that the ZnO nanobelts have an average
width of ~150 nm and length of ~2 um. A low magnifi-
cation bright field image of a nanobelt and its corresponding
electron diffraction pattern (in the inset) is shown in
Fig. 4(a). The diffraction pattern suggests that our ZnO
nanobelts are single crystals with wurtzite hexagonal struc-
ture (@=0.324 nm, ¢=0.520 66 nm, P63mc), and a general

growth direction of [0110]. The corresponding high reso-
lution image, [Fig. 4(b)] taken from the rectangular region in
Fig. 4(a) of the nanobelt also confirms these properties.

TABLE I. Electrical parameters of ZnO nanobelts.

Parameters Curve b Curve ¢
Resistance (M()) 80 33
Resistivity (€} cm) 21.98 10.36
E, (meV) 259 26.4
Carrier concentration /(cm?) 1.1x 10" 2.5% 107
Mobility (cm?/V s) 4.45 2.41
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FIG. 4. (a) A ZnO nanobelt and its corresponding electron diffraction pat-
tern (inset) and (b) the high-resolution lattice image.

Reported studies on the in situ electromechanical behav-
ior of ZnO nanowires have shown that the electrical
conductivity of ZnO nanowires decreased upon elastic
bending.s_8 However we found that the electrical conductiv-
ity of ZnO nanobelts is increased under applied stress. We
explain our results as follows. Our ZnO nanobelts are
short (~1-2 um) as compared to these ZnO nanowires
(~10-20 um).>® In our case, compression did not form
physical bending on the nanobelt and thus did not produce
the positively and negatively charged surfaces on the nano-
belt as for the cases of ZnO nanowires. Hence, electrons are
not trapped to decrease the electrical conductivity of the
nanobelt when stressed as suggested for the case of bent ZnO
nanowires.> Possible reasons for the increase in electrical
conductivity of the stressed nanobelt under the present study
could be (1) The generation of piezoelectricity in the stressed
ZnO nanobelt. The applied compressive force causes charge
separation along the stress axis. This charge separation in-
duce an internal electric field inside the nanobelt and helps
the electrons to move through the nanobelt. (2) The presence
of dangling bonds at the surface of the ZnO nanobelts. These
defects can have a dominant role in modulating its electrical
conductivity.ljf17 Surface defects can produce surface states
within the band gap making the ZnO nanobelt behaves like a
weakly conductive metal. This allows the flow of conduction
electrons near the surface region of the ZnO nanobelts as
also reported by Lin er al.” As suggested from the data sum-
marized in Table I, the mobility of the carrier concentration
for the higher stressed nanobelt is decreased inspite of the
appearance of piezoelectric effect, which should provide a
driving force for the electrons to move faster. It is speculated
that in the present case, the surface conduction mode started

Appl. Phys. Lett. 95, 172106 (2009)

to dominate over the internal piezoelectric mode. The mobil-
ity of the charge carriers was decreased despite of the ap-
pearance of piezoelectricity. This means, the applied me-
chanical stress has the tendency to induce more surface
defects. The detailed mechanism for this is unclear and is
subjected for future study.

In conclusion, we have shown that the electrical trans-
port properties of the nanobelt could be tuned from the insu-
lating to semiconducting by inducing stress into the nanobelt
using an in situ AFM-TEM stage. The semiconducting pa-
rameters were retrieved from the experimental I-V curves
using the M-S-M model. The structural investigations of the
nanobelts show that each nanobelt is single crystalline with

hexagonal wurtize structure and grown in the [0110] direc-
tion.

The authors acknowledge support from National Science
Foundation (NSF-CMMI Grant No. 0926819 and NSF-DMR
Grant No. 0820884).
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