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Abstract: The detection of piezoelectric current in one-dimensional semiconductor materials has
been a controversial issue due to the possibility of charge annihilation at nanoscale dimensions.
We report here, the mechanically triggered electrical current in the uniaxially compressed
individual ZnO nanobelts under no applied bias. The measurements were carried out in-situ in a
transmission electron microscope. In contrast to the bending mode, the magnitude of the
electrical current increased with the increase of uniaxial compression, which indicates load-mode
dependency of the detected current. The flow of electrical current through the ZnO nanobelts
under applied stress was explained based on the separation of ionic charges along the two ends of
the nanobelts due to the applied compressive force. The charge separation is expected to induce
an internal electric field inside the nanobelt and facilitates the free charge carriers to move
through the nanobelt. Due to the separation and accumulation of charges, the metal-
semiconductor system becomes forward biased when contact is established, leading to the flow

of electrons through the Schottky barrier.
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1. Introduction:
The need to develop self-powered nanosystems that can operate wirelessly and independently
with a sustainable energy supply has triggered worldwide research on one-dimensional structures
with coupled piezoelectricity and conductivity. ' Generally, such nanodevices are fabricated by
using individual nanowires/nanotubes/nanobelts having width of 20-100 nm, and few
micrometers in length. Quasi-one dimensional nanostructures of ZnO, such as nanowires (NWs)
and nanobelts (NBs) exhibit both semiconducting and piezoelectric properties.® The coupled
piezoelectric and semiconducting properties of the NWs and NBs accommodate charge creation,
accumulation, and discharge processes. By deflecting or compressing a NB or NW using a
conductive atomic force microscope (AFM)/Nanoindentator (NI) tip, the energy is first created
by the deflection/compressive force and stored by piezoelectric potential, and later converts into
piezoelectric energy. A piezoelectric effect is required to create electric potential of ionic charges
from elastic deformation, and semiconducting property is necessary to separate and maintain the
charges and then release the potential via the rectifying behavior of the Schottky barrier at the
metal-ZnO interface. Most recently, this approach has been extensively developed to produce
usable power output for nanodevices. >*°

The recent studies on the piezoresponse of ZnO nanowires show that under bending mode,
electrical currents in the range of ~ 5 nA could be detected from a single nanowire.*’
Subsequently, the current increased continuously with the decrease of bending curvature and the
current was stabilized at ~40 nA. The current dropped immediately when the nanowire was bent
again. It was suggested that the piezopotential developed across the thickness of the bent

nanowires trapped the free electrons and resulted in decreasing the electrical conductivity.
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There is a controversial issue with respect to the detection of piezoelectric signals (sensor
mode) in ZnO nanowires. Earlier work of Huston ¥ shows that the increase in inherent
conductivity of the nanowires can result in reduction of the piezoelectric signal. In this context,
Alexe et al. ? predicted that the detection of piezoelectric signal in bent ZnO nanowires may
become a very difficult task when the nanowire has high carrier concentrations and low
resistance. They based this prediction on the carrier concentration and mobility data obtained for
ZnO nanowires by Sirohi et al. '°, Alexe et al. ° concluded that in bent nanowires there was a
strong driving force (due to the potential across the nanowire diameter) for the free carriers
inside the ZnO NW to travel the shortest way (NW diameter) to cancel the displacive charges.
However, Wang '' has shown out that the detection of piezoelectric signals will be possible for
sensitive measurement systems (total capacity <10 pF).

Here, we report the mechanically triggered generation of piezoresponse in the uniaxially
compressed piezoelectric ZnO nanobelts. In order to correlate the structure-piezoresponse
property of a nanobelt, we conducted structural imaging simultaneously with the piezoresponse
measurements inside a TEM with a conducting probe (capacitance < 3 pF). In the present
conductive nanoindentor (NI) /TEM system, the force data is read through a proper capacitive
force sensor with the resolution close to 100 nN and a maximum force of 10 u/N can be applied.
1214 These nanobelts self-ignite electrically once subjected to an externally applied uniaxial
compressive load without any external bias. It should be noted that nanobelts with lengths

shorted than ~1-2 um were used in this study to ensure pure compression without bulking and

bending of the nanobelts. °
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2. Experimental Procedure:

The piezoresponse experiments on ZnO nanobelts were conducted in situ in a high resolution
TEM using a special NI holder. All the measurements were carried out on a single tilt NI holder
in a JEM 4000FX TEM, operated at 200 KeV. The detailed description of NI-TEM holder is
reported earlier in our study on mechanics of ZnO nanowires. '® The electrochemically etched
gold wire with ZnO nanobelts that were attached to the gold tip by conducting silver (Ag) paste
was mounted to the piezo-driven movable part of the holder facing the fixed and sharp NI tip.
The first step when using the NI-TEM setup is to calibrate the electrical conversion factor (C) of
the force sensor. This constant is related to the electrical sensitivity of each sensor and must be
set to a value that triggers a 1:1 correspondence of the F—d (Force-displacement) relation when
the cantilever is tested against the bare substrate of gold. In the present NI system it is
1.01pF/0.1uN. In such an arrangement, atomic scale imaging and F-d measurements are carried

out concurrently.

The ZnO nanobelts used in our study are grown in a double quartz tube configuration
thermal chemical vapor deposition (CVD) system as reported previously but without the use of
Au catalyst. '” The growth was performed in a horizontal furnace consisting of a quartz tube
vacuum chamber. A closed end smaller quartz tube (60 cm long and 2 ¢m in diameter) containing
the precursor materials and the substrates was inserted within the vacuum chamber. A mixture of
ZnO (0.2 g) and graphite (0.1 g) powder in an alumina boat was used as the precursor materials.
The boat is placed at the closed end of the smaller quartz tube. A series of low resistance silicon

substrates (1—4) was then placed downstream from the mixture in the small quartz tube with a
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2 cm spacing in between. Substrate 1 and 4 are 20 c¢cm and 26 cm away from the boat,
respectively. Once, inserted the closed end of smaller quartz tube is in the hottest zone of the
furnace. The temperature of the furnace was raised to 1100 °C. The substrates were in a
temperature zone of ~650 to 450 °C. At ~350 °C, oxygen gas was introduced into the furnace at
a 10 sccm flow rate. The temperature was held at 1100 °C for 30 minutes and turned off to allow
cooling to 600-700 °C in ~1 hour. Experiment was stopped by switching off the furnace and
allowing the system to cool down to room temperature. ZnO NBs were obtained at substrates 1

and 2. !

3. In-Situ Observation of Piezoelectric Current

The ZnO nanobelt was examined in situ under high-resolution transmission electron microscope
before the mechanical straining. The length of the suspension part of the nanobelt was ~2 um.
The width of the nanobelt was measured to be 400 nm (Fig. la) and the aspect ratio was
estimated to be 8. The TEM analysis revealed the single crystal structure of the ZnO nanobelt
and the growth direction was along [0001] as evident by the high-resolution lattice image (Fig.

1b) and the corresponding diffraction pattern (inset Fig. 1b).

To ensure the reliability of the recorded data, it is important that nanobelt be firmly
attached to the tip of the gold wire (250 um diameter) mounted on the piezotube. To ensure this,
the nanobelt was attached to the gold tip by silver paste. In order to achieve a good electrical
contact between the ZnO nanobelt and the tungsten tip, a field emission process was introduced
at the first stage to clean the nanobelt tip and welding the connection. During the field emission,
the ZnO nanobelt was kept ~ 0.5 um away from the tungsten surface, where 20 V was applied.

Under this condition, the emission current could reach 17 nA. After 1 minute of emission, the
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high voltage was turned off and the ZnO nanobelt was quickly moved towards the Au tip surface
to make a contact. We have repeated this process several times and found that it is very effective
for making a reliable electrical contact, possibly due to the high temperature generated at the tip
by the emission process as well as desorption of the surface contamination. During the loading

and unloading cycles, no slippage at the both ends of the nanobelt was observed.

It is to be noted that to get effective current generation, the metal-nanobelt contact is
required to be Schottky in nature. The choice of Au electrodes served as contacts for the current
measurements is justified by the Schottky—Mott model, which predicts that metals with high
work functions are key candidates for rectifying contacts for n-type semiconductors. Hence, the
materials of choice are limited to gold, platinum, and palladium. '®

Fig. 2a shows the contact of a nanobelt with the NI tip in an uncompressed state. The
ZnO nanobelt was moved against NI tip by the incremental movement of the piezodriven gold
tip. As the ZnO nanobelt was strained, a few regions on the nanobelt showed local bright field
contrast. The local changes observed in contrast may be related to atomic distortion resulting
from stress concentration. Fig. 2b shows the nanobelt under slightly compressive state (strain,
€1~5%) and the state of the nanobelt with strain, ,~10 % is shown in Fig. 2c. The nanobelt in the
highest compression state (€3~25 %) is shown in Fig. 2d.

The corresponding current variation versus time (I-t) during compression and
uncompressed states in single ZnO nanobelts are shown in Fig. 3a-c. In this measurement, there
was no applied bias voltage in the system and the current was continuously recorded while the
ZnO nanobelt was slowly compressed against the NI tip. The magnitude of the applied forces is
plotted as the dash lines in Fig. 3a-c. As evident in Fig. 3a-c, when the NI tip contacts the

nanobelt, the current is almost zero. As the nanobelt is compressed against the NI tip (Region 1),
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there is a continuous increase in the current. When the nanobelt was under 25 % compression,
the current reached to a maximum value of 175.34 nA. During the unloading stage (Region II),
the current again slowly drops to almost zero with decrease in the compression along the length
of the nanobelt. This detected current is expected to be the result of piezoelectric potential
generated in the nanobelts. We tested several nanobelts in the compression mode and observed
the similar behavior of generation piezocurrent with time. Another such observation for a
nanobelt of width ~ 200 nm and length ~ 1pum is shown in Fig. 3b, where the nanobelt shows the
electric current of 67.4nA under the maximum compression. The behavior of piezoelectric
current is consistent with the data reported by Sridhar et al. '* on the current generated during the
indentation of PZT-4 and (Bag;7Cag0s3) TiO; piezoelectric materials. One should note that the
charge induced by the mechanical compression is due to the strained contact area and will not be
sustained if the contact area is fixed. " However, in the case of an advancing contact (i.e.,
increasing load), the charge buildup increases due to the increase in strained area. Hence, the
observed piezoelectric current from ZnO nanobelt in the present investigation is not transient. If
the indentor is conducting and is grounded, a charge opposing that of the specimen would
develop. The dynamic change in the charge at the indentor needed to sustain charge neutrality
can be measured as a quasi-static current. In one of the recent study *, the piezoelectric
coefficient from the ZnO nanowires was measured on the basis of the direct linear piezoelectric
response from the substrate integrated ZnO nanowire array devices on galvanized steel.

In order to check the irradiation effect of the electron beam on the piezocurrent, we
measured the current versus time of a ZnO nanobelt without electron beam. We found that there
was no change in the value of current with and without beam as shown in Fig. 3b &3c. Fig. 3b is

the I-t curve with the beam on and Fig. 3c is the corresponding I-t curve with beam off for the
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same nanobelt of width ~ 200 nm. However, we found that there is less fluctuation of
piezocurrent without electron beam as shown in Fig. 3c.

Similar experiment on the observation of current by mechanical stress was conducted on
Si nanowire to further clarify that if the detected electrical current is exclusive to ZnO nanobelts.
However, the compression of Si nanowire did not generate any current in opposite to what we
had observed for the case of ZnO nanobelts. The current versus time plot of Si nanowire is
shown in Fig. 3d. The Si nanowire is a non-piezoelectric material, hence did not produce any
current upon compression. This again indicates that the possibility for the TEM electron beam to
be transported through the nanowire and detected by the current measurement setup cannot be
the case. The experiment on Si nanowires clarifies that the electrical current observed in ZnO
nanobelts under mechanical stressing is due to piezoelectricity.

The high-resolution image before the ZnO nanobelt touches the NI tip (Fig. 4a) clearly
shows the diffraction contrast at the top of the nanobelt is due to the presence of some
dislocation, probably due to mechanical stress when the nanobelt was harvested from the
substrate. From the low magnification image, the major part of the nanobelt appears to be free
from any defects. The nanobelt in a compressed state (Fig. 4b) shows high bright field diffraction
contrast, resulting from atomic distortion due to the high strain field. The high resolution image
of the nanobelt at the initial state, i.e before the compression shows highly crystalline and
continuous straight fringes (Fig. 4c), however after high compression, some regions of the
nanobelt shows discontinuity of fringes (Fig. 4d) over the few atomic layers (surrounded by red
rectangles), which indicates that there is creation of planar defect due to high compression and
also at some point, there is broadening of lattice fringes (some of them are indicated by blue

arrow), which might occur due to the creation of point defect. The above observation is also
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confirmed by the corresponding fast Fourier transform (FFT) patterns. The FFT pattern of the
nanobelt in the relaxed state shows sharp and intense diffraction spots (inset of Fig. 4c), however
the FFT pattern corresponding to the compressed state shows the diffuse diffraction spots (inset
of Fig. 4d), which indicates the presence of planar defect. The formation of defects upon bending

2122 and also for

of the nanobelt/nanowire has also been reported earlier for ZnO nanowires
other ceramic and oxide nanowires like SiC, SiO, etc. 23,24 These kinds of planar defects and

point defect can alter the electronic structure by producing the localized resonant states. *°
4. Load Mode Dependency of the Electrical Potential

Previous studies on the in-situ electromechanical behavior of ZnO nanowires/nanobelts have
shown that the electrical conductivity of ZnO nanowire/nanobelt decreases upon elastic bending.
7262 However, we observed that the magnitude of electrical current in ZnO nanobelts increases
with the increase in applied compressive stress. As observed in Fig. 3a, the current increases to
its maximum value (~175.34 nA) under the compression mode with the applied load of ~9.98
uN. It should be noted that our ZnO nanobelts are short (~1-2 um) as compared to the previously
studied ZnO nanowire/nanobelts (~10-20 um) 30.31"and therefore compression of such nanobelts
did not form physical bending on the nanobelt but rather uniaxial compression.

The effect of loading mode on the output piezoelectric signal can be explained by taking into

account the effect of deformation modes on the separation of positive and negative ionic charges

(Zn*" and O%).

A piezoelectric material responds to the applied mechanical force by the displacive
motion of (+) and (-) charges (Zn*" and O%) to form a dipole. To better understand the electric

potential development in our nanobelts, a series of finite element modeling was performed using
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COMSOL Multiphysics 4.0A. Zinc oxide nanobelts were modeled as an elastic piezoelectric
material with growth along [0001] direction. Free tetrahedral element was used for meshing the
structure. Elastic constant tensor, C, piezoelectric coefficient tensor, e, and dielectric constants

tensor, x, are defined as follows by equation (1), (2) and (3):

207 1177 1061 0 0 0

117.7 207 1061 0 0 0

106.1 106.1 2095 0 0 0
C= [GPa] (1)

0 0 0 448 0 0

0 0 0 0 448 0

0 0 0 0 0 446

0 0 0 0 -045 0
e=| 0 0 0 045 0 O|dn] ()
051 -051 12 O 0 0

777 0 0
k= 0 777 0 |g 3)
0 0 891

Where, & = 8.85x107"2 F/m is the vacuum permittivity. In this model, force was applied at one
end, while the other end was assumed to be fixed and electrically grounded. Two loading cases
where considered: Figs. 5(a-c) correspond to the uniaxial compression and Figs. 5(d-f) describe
the bending scenario. Figs. 5(a-c) show the displacement, d, axial strain, ¢, and the corresponding
electrical potential, V, of a ZnO nanobelt under the uniaxial compressive loading, F. Under the
uniaxial compression, strain, €, is developed along the length of the ZnO nanobelt separating the
anions (Zn") and cations (O%) in ZnO and polarize it along the straining direction (shown in Fig.

5¢). The polarization can be given by P = ¢ es3, where ess is the piezoelectric tensor. > ** This
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polarization produces a potential drop of V' (V>0) — V" (V<0) = |¢| Les; along the length L of the

nanobelt.

The modeling results including displacement, strain, and electrical potential for the
bending case are shown in Figs. 5(d-f). There is clear difference in terms of strain and electrical
potential distribution between the two loading scenarios. In the bent NB, tensile and compressive
strains formation results in creation of positive and negative electrical potentials on the outer and
inner surfaces, respectively. The modeling results are in agreement with the previous studies on
the detection of positive and negative charges on the tension and compressive sides of ZnO
nanowires. >+ These ionic charges form an electric field along the width (perpendicular to the
axial direction) of the nanobelt, which can trap the free charge carriers and therefore reduce the
electrical conductivity. However, under uniaxial compression, the charge separation along the
axial direction of the nanobelt can induce an internal electric field inside the nanobelt that assists
the movement of charge carrier through the nanobelt resulting in an improvement in electrical

conductivity.

The schematic diagram of the model to describe the two mechanisms is shown in Fig. 6.
Initially in the piezoelectric material, (+) and (-) charges form a dipole with slight separation
from the center of the dipole (Fig. 6a). When the piezoelectric nanobelt is bent, the charges are
separated along the thickness of the nanobelt. The positive charges will be accumulated along the
outer arc surface (tension side) and negative charges along the inner arc surface (compressed
side). The electric field, E, is generated perpendicular to the length of the nanobelt, and hence
perpendicular to the flow of charges. The electrons are trapped in this configuration (Fig. 6b). In
the uniaxial compression case, the ionic charges will be separated along the length of the

nanowire/nanobelt and form an electric field in the carrier movement direction that gives the
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driving force for the flow of electrons (Fig. 6¢). By the increase of the applied force, more
charges will be displaced and hence the magnitude of the electric field increases. Therefore, the
magnitude of the detected piezo-current increases by the increase of the applied axial force. The
increase in piezoelectric current with time as depicted in Fig. 3 is also due to the increase in the
contact area between the NI tip and the nanobelt, when the nanobelt is under the increasing

compressive stress.

Our results on ZnO nanobelts are in agreement with that of reported by Shreedhar et al. *°

on PZT and (Bag17Cags3)TiO3 materials, which shows that when a piezoelectric material is
indented towards the poling direction, the induced current increases in magnitude with time, first
rapidly and then slowly. This increase is to be expected since the contact area increases with

time. The induced current is a result of the electrically polarized contact area.

The piezoresponse observed in nanobelts in our study is explained by linear piezoelectric
equations as reported by Giannakopoulos and Shreedhar et al*> ?° It is mentioned that
mechanical displacement induces a polarization on the piezoelectric specimen at the contact area.
By integrating the electric charge distribution under the indentor, an expression for the

mechanically induced total charge, O, is found as

Q=M% +2mao, M, — My (h—2))] )

The charge distribution (equation 4) under the indentor is due to the strained contact area and
will not be sustained if the contact area is fixed. However, in the case of an advancing contact
~1.e., spherical indentation with increasing load, the charge buildup increases due to the increase
in strained area. If the indentor is conducting and is grounded, a charge opposing that of the

specimen would develop. The dynamic change in the charge at the indentor needed to sustain
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charge neutrality can be measured as a quasi-static current. The constants M, and M, depend in a

complicated way on the five elastic (cE,-j), two dielectric (ST,-J- ), and three piezoelectric (e;)

35,20
|

constants that characterize the materia The parameters, ¢ is an electric potential, a is the

contact radius and /4 is the displacement corresponding to the rigid sphere of diameter D.

It is to be noted that the piezoelectric current would not increase infinitely with the increasing
compressive stress. Increase of compressive stress beyond some threshold value will induce
mechanical instability in the nanowires, which eventually may result in fracture. Therefore, the
magnitude of stress was kept in linear regime.

5. Contact Resistance and the Detection of Piezoelectric Current

The Schottky contact between the metal and semiconductor (M-S) ZnO nanobelt is one
of the key factors that can affect the detection of piezo-current signal. Schottky barriers can form
at metal-semiconductor (M-S) interfaces. According to the configuration of both metallic
contacts and the ZnO NB, it can be considered that the piezoelectric current produced by the
compression of ZnO nanobelt flows through a M-S-M (Metal-Semiconductor-Metal) circuit. One
of the contacts is Schottky and is formed between the conductive NI tip (Au coated) and ZnO
nanobelt (n type semiconductor) and the other is Ohmic formed between Ag paste and the ZnO
nanobelt. The nonlinear current-voltage (I-V) behavior is predicted if both the contacts are
Schottky-type however, we have observed a nonlinear I-V behavior from the ZnO nanobelt, even
if one contact is Schottky and the other is Ohmic. The reason for this barrier can be the interface
layer or surface layer of ZnO at the contact.

As predicted by the simulation, when the ZnO nanobelt was subjected to uniaxial
compression (Figs. 5a-c), the ionic charges will be separated along the axial length of the

nanobelt and form a polarized electric field in the direction of carrier movements in the M-S-M
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circuit. Schematic representation of the process with corresponding band structure is shown in
Figs. 7(a, b). Fig. 7(a) shows the uncompressed ZnO nanobelt with one end grounded and the
other end to be pushed against a conducting NI tip. The corresponding band structure diagram
illustrates the formation of the Schottky barrier ¢»,.np at the metal (Au tip)-n type semiconductor
(ZnO nanobelt) contact, and an Ohmic contact at the metal Ag - n type semiconductor interface.
Fig. 7(b) depicts the ZnO nanobelt in a compressed state. In a compressed state there will be
separation of charges and the Schottky barrier i.e ¢a,.ng can become forward biased when the (-)
charges accumulate at the STM tip and ZnO nanobelt interface. The electrons will flow easily
through the Ohmic contact formed between (Ag) - n type semiconductor completeing the M-S-M
circuit. Similar observation of flow of current through forward biased Schottky diode has been
reported by Wang et al.  for the bending of ZnO nanowire by in-situ AFM experiments.

The Schottky barrier height can also be modulated under mechanical straining. ***° . This

relationship can be defined as in equation (5) below

1 € —
e

Where I(¢) and /(0) are the current measured through the ZnO nanowire at a fixed bias with and
without being strained, respectively. This indicates that the change of Schottky barrier height,
A¢, has an approximately linear relationship with strain. From the above argument, we can
conclude that the Schottky barrier height can be reduced due to the straining of the ZnO

nanowire and this further assists the flow of electrons through the M-S-M circuit.

In many reported studies on piezoelectric behavior of ZnO nanostructures, PVP and PZT

material 2% 726294142 “he piezoelectric charges manifest themselves as a transient of current.
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This is true when the piezoelectric materials are introduced with periodical on-off strains as

L. 41 L. 42

reported by Chang et al. ', Chen et a and Zhang et al. *** Going through the above
mentioned studies, we have found that the strains applied on the ZnO nanowires, PVP and PZT
materials are periodic and thus lead to transient flow of piezocurrent in response to the on-off
strains. This is clearly different from our case. In our experimental work, we observed an
increasing piezoelectric current when the ZnO nanobelt was under an increasing strain at a
constant rate. We then observed a decreasing piezoelectric current when we release the strain at a
constant rate. Our detected current is following the magnitude of the applied strain since forces
are always applied and piezo-potential is always present as a result of charge separation in a
piezoelectric material.

It is to be noted that we have taken enough care to minimize the irradiation effects of
electron beam on the generation of piezocurrent in our present study in ZnO nanobelt. We made
efforts to eliminate the effect of electron beam by conducting the structural characterization at a
low beam current of 2.91 nA and study the piezoelectric current at even lower beam current of
0.72 nA. The low beam current of 0.72 nA and 2.91 nA was obtained by adjusting the possible
combination of condenser aperture and spot size. The electron beam was spread to avoid any
convergence of the beam on the sample. In addition, we shut off the electron beam while
recording [-V data. Thus the related contamination and electron beam induced effect on
piezocurrent is decently minimized. Similar concerns about the effect of electron beam have also
been reported by Bai et al. * and Han et al. * Han et al. carried out similar in situ experiment at
200kV and with a low beam current and found through simple calculation * that the local

temperature is no more than a few degrees above the room temperature. We did not observe any

appreciable change in I-V data after repeating the cycles few times and it proves that the
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nanobelt is not affected by the electron beam during the time it is under the electron beam for
manipulation and I-V acquisition. In some of our previous work "°, the low current beam
radiation did not induce any detectable change in the conductivity of the nanobelts indicating that
the effect of electron beam can be ignored in the analysis of the data presented in this work.

Conclusion

In conclusion, under no external bias piezoelectric current could be generated in a single
ZnO nanobelt by mechanically compressing it using a conductive force probing system. The
mechanically triggered electrical response increases with the increase in the uniaxial
compressive deformation. The mechanism behind this observation of piezoresponse under
compressive stress is due to the separation of ionic charges (Zn”>" and O%) along the stress axis.
This charge separation leads to the generation of electric field inside the nanobelt and assists the
carrier charges to move through the nanobelt without any external bias. Due to the separation and
accumulation of charges at the metal-ZnO nanobelt end, one of the metal-semiconductor contacts
becomes forward biased, leading to the flow of electrons through the barrier. The increase of
applied compressive force will further separate the charges and increases the polarization
potential. This will increase the electric field and hence the driving force for the flow of free
charge carriers. The increase in piezoelectric current with time can also be mediated with the
increase in the contact area between the nanoindentor tip and the nanobelt, when the nanobelt is

under the increasing compressive stress.
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Figure Captions:

Fig. 1: (a) The bright field TEM image of a ZnO nanobelt attached firmly to the gold wire and
approaches the nanoindentor tip; and (b) The high-resolution TEM image and the

corresponding diffraction pattern of the ZnO nanobelt.

Fig. 2: (a) The bright field TEM image of a ZnO nanobelt in contact with the gold wire and
nanoindentor tip. (b), (¢) & (d) The nanobelt was subjected to progressive axial force

exerted by the incremental movement of the gold wire against the NI tip.

Fig. 3: (a-c) The piezocurrent variation with time during the loading (Region I) and unloading
(Region II) of three ZnO nanobelts. All the ZnO nanobelts have similar length but
different width dimension: (a) width of ~ 400 nm, (b) width of ~ 200 nm, and (c) width
of ~ 200 nm with no electron beam. (d) The current variation with time during the

loading and unloading of a Si nanowire under loading and unloading.
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Fig. 4: The high resolution TEM image (a) before the nanobelt contacts the nanoindentor tip, and
(b) the same nanobelt under a highly compressive state. Lattice imaging of the nanobelt

corresponding to the (c) undeformed state, and (d) highly compressive state is shown.

Fig. 5: Finite element simulation of a ZnO NB subjected to (a-c) uniaxial compression and (d-f)
cantilever bending: (a and d) displacement contours, (b and e) strain contours, and (c and

f) electrical potential contours along the length of the nanobelt are shown.

Fig. 6: The schematic diagram of model depicts (a) the initial state of the piezoelectric material,

(b) the state of a bent nanobelt; and (¢) the state of compressed nanobelt.

Fig. 7: The schematic diagram of a (a) uncompressed ZnO nanobelt with one end grounded and
the other end to be pushed against a conducting NI tip. The band structure diagram shows the
formation of the Schottky barrier at the metal (Au tip) - n type semiconductor (ZnO nanobelt)
and an Ohmic contact at metal Ag - ZnO nanobelt; and (b) a ZnO nanobelt in the compressed
state. The band diagram illustrates that one of the Schottky barriers is forward biased and the

electrons flow through the barrier.
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