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Abstract: ZnO nanomaterials have been widely used in micro/nano devices and structure due to
special mechanical/electrical properties, and its characterization is still deficient and challenging. In
this paper, ZnO nanomaterials, including nanorod and nanowire are characterized by atomic force
microscope (AFM) and nanomanipulator embedded in scanning electron microscope (SEM) respec-
tively, which can manipulate and observe simultaneously, and is efficient and cost effective. Surface
morphology and mechanical properties were observed by AFM. Results showed that the average
Young’s modulus of ZnO nanorods is 1.40 MPa and the average spring rate is 0.08 N/m. Electrical
properties were characterized with nanomanipulator, which showed that the ZnO nanomaterial have
cut-off characteristics and good schottky contact with the tungsten probes. A two-probe strategy
was proposed for piezoelectric property measurement, which is easy to operate and adaptable to
multiple nanomaterials. Experiments showed maximum voltage of a single ZnO nanowire is around
0.74 mV. Experiment criteria for ZnO manipulation and characterization were also studied, such as
acceleration voltage, operation duration, sample preparation. Our work provides useful references
for nanomaterial characterization and also theoretical basis for nanomaterials application.

Keywords: nanomanipulator; atomic force microscope; ZnO; mechanical/electrical characterization;
piezoelectric property

1. Introduction

Nanomaterials have a wide range of applications, whose characterization, including
force, electricity, heat and light, etc. is of great significance [1-4]. For instance, ceramic
nanomaterials are often used as friction protective films, so its micro/nano hardness,
Young’s modulus, fracture strength and so on need to be tested [5]. Metal or semiconductor
nanowires are commonly used as connecting wires or functional construction materials
in nano-devices, so that its electrical properties need to be characterized [6]. Performance
optimization and reliability improvement of nano-devices rely on nanomaterials.

ZnO is one of the most important nanomaterials in nanotechnology [7]. It is a wide
bandgap semiconductor, which has piezoelectric and pyroelectric properties [8-10]. With
piezoelectric properties, ZnO nanomaterials were used to prepare piezoelectric nanogen-
erators and nanosensors with different structures to transform mechanical energy into
electrical energy [11-13]. However, current research on the mechanical/electrical perfor-
mance of ZnO is still insufficient, and further exploration is still in demand.

SEM and AFM are widely used in basic micro/nano operation and characterization,
research of micro/nano science and technology has been continuously innovated and
improved [14-16]. Nanostructures and nanomaterials with excellent mechanical/electrical
properties have been discovered continuously, which has an important impact on the
development of life science, information and communication, new materials, and many
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other fields [17]. AFM force measurement technology provides a technical platform for
micro/nano structures mechanical properties characterization [18-20]. SEM is able to
integrate MEMS equipment and carry out secondary development because of its large
vacuum chamber [21]. Most of present mechanical/electrical characterization methods
cannot simultaneously measure and observe nanomaterials, limiting work efficiency. The
SEM-embedded nanomanipulator and AFM can simultaneously operate and characterize
the performance of micro and nano samples.

In this paper, ZnO nanomaterials, including nanorod and nanowire are characterized
by AFM and nanomanipulator embedded in SEM respectively. Surface morphology and
mechanical properties were observed by AFM. Electrical properties were characterized with
nanomanipulator, which showed that the ZnO nanomaterial have cut-off characteristics
and good schottky contact with the tungsten probes. Piezoelectric property was also
measured. A two-tip approach for piezoelectric measurement was proposed, which is
flexible and adaptable. Different with previous publications, piezoelectric properties of
a single ZnO nanowire was measured instead of ZnO arrays, which is easy to operate
and cost-effective. It is easier to control experimental variables. Experiment criteria for
ZnO manipulation and characterization were also studied, such as acceleration voltage,
operation duration, sample preparation.

2. Theoretical Modeling Analysis
2.1. Mechanical/Electrical Characterization Principles

One-dimensional materials such as ZnO nanorods and ZnO nanowires have excellent
physical properties due to the size effect, which is an ideal component for constructing nano
devices. Research on mechanical properties of materials is helpful to understand internal
structure and offer guidance for performance improvement. Nano indentation technology
is a widely used method to measure mechanical properties of nanomaterials. Young's
modulus and rigidity are measured with AFM embedded in SEM. Nano indentation
technology is based on elastic contact theory. Principle of this technique is to form a
force-displacement curve by pressing down sample with a known type of probe and then
lifting up the probe. The elastic-plastic properties of nanomaterials were recorded by
force-displacement curve.

Electrical characterization of ZnO nanorods were carried out by a nano manipulator
embedded in SEM. Two tungsten probes serve as electrodes, which contacts with ZnO
nanorod, establishing a conductive circuit together with a power supply. The equivalent
electric circuit of metal-semiconductor-metal structure is shown in the Figure 1. There are
two probe-ZnO metal semiconductor junctions in the loop. When probes get into contact
with ZnQO, the forbidden band of semiconductor at the interface bends, forming a Schottky
barrier, whose presence leads to a high interfacial resistance [22].
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Figure 1. Equivalent electric circuit of metal-semiconductor-metal structure. (a) Probe is marked in blue. When semiconduc-

tor ZnO nanorod come into contact with probe electrode, a barrier is formed at the contact point which is called depletion

layer. (b) Three resistors in the circuit. Rp; and Rpy, are resistance of the depletion layer, R; is resistance of the ZnO nanorod.
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Electrical conductivity is an important parameter to measure the ability to transfer
current. Electrical conductivity (o) can be calculated by Equation (1).

R:Exg @)

where L is the distance between two contact points of probe and ZnO nanowire, S is the
cross-sectional area of ZnO nanowires and R is resistance of ZnO nanowires.

2.2. Piezoelectric Properties Characterization Principles

ZnO nanomaterials possess piezoelectric properties. Nanogenerator made of piezo-
electric nanomaterials has become a hot research topic [23-25]. Principle of piezoelectric
properties measurement, i.e., the two-probe strategy, is shown in Figure 2.
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Figure 2. Principle of piezoelectric properties characterization. Yellow rectangle represents a single
ZnO nanowire. ZnO nanowire deforms when pressed by probe which is marked in blue. Two probes
contact ZnO nanowire to form an electrical circuit. A digital multimeter measures voltage generated
by ZnO nanowire deformation.

Two tungsten probes would be connected to sample to form an electrical circuit. One
probe holds the nanowire, another one is used to deform the nanowire. As shown in
Figure 2, when the probe is away from the sample, it would be electrically neutral. When
the probe gradually moves to the right and touches ZnO nanomaterial, it exerts a force
on the ZnO nanomaterial, which will deform. As ZnO nanomaterial have piezoelectric
properties, deformation can generate piezoelectric electric field inside nanomaterial, thus
generating a piezoelectric potential. The potential will be correlated with the deformation
extent [26-30].

The piezoelectric constant is a significant parameter that measures conversion of

mechanical energy to electrical energy by ZnO. We defined a shear piezoelectric constant

to estimate piezoelectric capability of ZnO nanowire: dgje.r = %, where Qgpear is the

electric charge generated on two ends of the deformed nanowire, F is the force deform ZnO
nanowire which is exerted by probe.

2.3. Contact Strategy between Probe and the Nanorod

Object-probe contact strategy plays an important role in the experiment. For charac-
terization, probe gets close to and then touch the sample. Probe pose is key to improve
experimental efficiency and yield, as probe angle will affect operation efficiency, as shown
in Figure 3.
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Figure 3. Force interaction between probe and nanorods with different interaction angles.

Probe 1

Nanomanipulator

It is known that at microscale, van der Waals force is proportional to contact area, and
in vacuum, van der Waals force between any two objects is generally attractive. Figure 3
shows three types of contact strategies between the tip and the sample. Probe 1 touches the
sample with a point, probe 2 has an acute angle with the sample, while probe 3 is nearly
parallel with the sample. The van der Waals forces of probe 1 and probe 3 are the lowest
and highest. In electrical properties characterization, probe touches the sample and both
get into contact, leaves the sample after measurement is over, and contact strategy 1 and
2 should be adopted. For sample pickup, probe and sample get into contact, the probe
takes the sample away, so contact strategy 3 should be used, to strength adhesion force
between the two.

3. Materials and Equipment

Experimental setup is shown in Figure 4. The nanomanipulator (Canada/Toronto
Nano Instrumentation Inc, NB202-SEM) and AFM (Canada/Toronto Nano Instrumentation
Inc, EM-AFM) can be installed in the vacuum chamber of SEM (SU3500, Hitachi, Japan).
The manipulator has a coarse and fine three-degree-of-freedom (DOF) mode that can be
switched in real time according to operational tasks. The probe was ST-20-0.5 from GGB
Industries Inc, with a tip diameter of 0.5 um and taper of 10°. Original ZnO nanorod
(diameter: 100-2000 nm, length: 3-10 um) and nanowire (diameter: 50-120 nm, length:
2-20 pm) powder was purchased from Nanjing XFNANO Materials Tech Co., Ltd, China.

Zn0 nanorod . .
Nanomanipulator driver

Digital multimeter

Figure 4. Mechanical/electrical characterization experimental apparatus. On the left is the electrical / piezoelectric character-

ization system (The point that a probe contacts ZnO nanorods is called irradiation point, as red dotted line marks), in the

middle is the SEM, and on the right is the morphology and mechanical characterization system.

For mechanical/electrical properties characterization of ZnO nanorods, 40 mg ZnO
nanorod powder were mixed with 2 ml alcohol. A pipette was used to drop the solution
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onto a silicon wafer, which is attached to the corresponding sample stage after dried. For
piezoelectric test, a tiny amount of nanowire powder was glued on a small piece of carbon
tape, which is placed on one arm of the nanomanipulator, and characterized with the other
two tips.

According to abovementioned working principles, the mechanical/electrical / piezoelectric
properties were measured and recorded.

4. Results and Discussions

Figure 5 shows the random distribution of observed nanorod and nanowire on the
substrate. It can be seen from the figure that samples randomly distributed on the substrate.
Some samples gather or pile up in three-dimensional space, resulting in aggregation, as
red-highlighted in Figure 5. Correspondingly, samples cannot be directly contacted and in-
teracted, i.e., not all samples are suitable for operation and characterization. Only clear and
single nanorod /nanowire can be picked. Criteria of suitable ZnO nanorod /nanowire for
mechanical/electrical characterization are defined as follows: it must exist independently
without winding, stacking and contacting; nanomaterial and silicon wafer should be kept
clean and without attachments.

5.00kV 16.6mm x800 ' 50.0pm '

(a) (b)

Figure 5. ZnO nanorods and ZnO nanowires. (a) ZnO nanorod marked by blue dotted line is suitable for operation and
observation and marked by red dotted line means stacked ZnO nanorods. (b) ZnO nanowires marked by red dotted line are
sample for piezoelectric properties characterization.

SEM image scanning lacks operational depth information feedback. In experiments,
probe manipulation relies on experience. In this paper, local scanning method is adopted
to ensure high reliability of real-time visual feedback and accuracy of absolute probe
positioning. Height information of probe and sample is confirmed by focusing. The sample
was selected as reference and the probe was moved to touch sample by constantly adjusting
nanomanipulator arm.

4.1. Electron Beam Irradiation

The point that a single probe contact with nanomaterial is called electron beam
irradiation point, as shown in Figure 4. Electron beam irradiation is also one of the factors
affecting contact between probe and its object [31]. As the probe tip and ZnO nanomaterial
were in contact, their adhesion force increases with the electron beam irradiation time,
whose increase rate depends on electron beam current, in accordance with EBID (electron
beam-induced deposition). Even after suspending the irradiation, the adhesion force
caused by electron beam irradiation increases irreversibly.

Experiment has proved that possibility of samples attaching to the tip increases with
operation time, as shown in Figure 6, so acceleration voltage of SEM and contact duration
between probe and sample should be defined tactfully.
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Figure 6. Release/adsorption probability vs. irradiation time between probe and nanorod. Contact

=_> .
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strategy 3 was used. SEM acceleration voltage is 5 kV. Adsorption probability reached over 95%
when contact time exceeds 4 minutes.

As seen from the Figure 6, when contact strategy 3 in Figure 3 was used, the nanowire-
probe contact area is considerable, when irradiation time exceeds 240 s, ZnO nanowire was
almost adsorbed to the tip irreversibly. For piezoelectricity characterization, probe need
to pick up a single ZnO nanowire from tape which adsorb a large number of nanowires.
Accordingly, sample-probe contact duration should last four minutes at least.

4.2. Morphology and Mechanical Properties of ZnO Nanorods

Mechanical properties of ZnO nanorods have a very important impact on their applica-
tions in micro/nano devices [32-34]. Therefore, it is of great significance to characterize the
mechanical properties of ZnO nanorods. Surface topography of a ZnO nanorod is shown
in Figure 7a,b. Combining with SEM, it is easy to locate ZnO nanorod, and characterize it
with AFM efficiently.

-16.3 nm

(b)

Figure 7. Morphology and mechanical properties of ZnO nanorods in the range of 2 pm x 2 um. (a) AFM is scanning a
single ZnO nanorod. (b) Morphology of an observed nanorod.

For selected ZnO nanorod in this experiment, the average Young’s modulus and
spring rate of ZnO nanorods are 1.40 MPa and 0.08 N/m, respectively.

4.3. Electrical Properties of ZnO Nanorods

Accelerating voltage was adjusted to 30 kV when probes contact with ZnO nanorod,
where strategy 2 was used, and irradiation time was set 15 minutes, which was used to
strengthen adhesion between probe and nanorod. This operation can effectively reduce
contact resistance between probe and nanorods. Contact interaction is shown in Figure 4.
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Contact between probe tip and the end surface of ZnO nanorods is a typical metal
semiconductor contact. Through nanomanipulator embedded in SEM, it is connected with
external electrical test module to form a current circuit. The I-V characteristics of the probe
tip and the contact barrier are measured and evaluated. Three groups of ZnO nanorods
with different lengths were tested, as shown in Figure 8.

) hd ) b ] ] ) b/ L] L ] ) ) 2 ] \J )

8000 [—— 10pum B

6000 —=— 20pm
-_ —— 30um -

4000 4

2000 -

current/nA

-6000 Ty 5T rvTe———ter ety
$ 6 4 2 0 2 4 6 8
voltage/V

Figure 8. I-V curve of three groups of nanorods. Curve 1, curve 2 and curve 3 correspond to ZnO
nanorods with length of 10 um, 20 um and 30 um respectively, with same diameters of 2 um. The
three I-V curves are nearly symmetrical, which indicates that ZnO nanorods and probe form almost
equal contact barriers between the forward bias junction and reverse bias junction.

When the Schottky barrier is in positive or reverse bias state, the depletion layer in
ZnO nanorods increases with the gradual increase of bias voltage. When the critical bias
is reached, the conducting channels in the nanorods will be completely exhausted. This
depletion behavior is similar to clamping of conductive channels in a field effect transistor.
And the current will show a cut-off characteristic after clamping. The experiment shows
that the current will not change when the forward voltage reaches 4.5 V and the reverse
voltage —3.8 V. The results show that ZnO nanorods and tungsten probes form a good
back-to-back Schottky contact and show a cut-off characteristic.

4.4. Electrical Conductivity of ZnO Nanowires

Electrical conductivity of ZnO nanowires are measured and evaluated by nanoma-
nipulator embedded in SEM. Three groups of ZnO nanowires with different lengths were
tested, as shown in Figure 9.

As can be seen in Figure 9d, the blue and orange bars represent the resistance and
electrical conductivity of ZnO nanowires, respectively. Resistance increases with measured
length, consistent with theoretical predictions. But the electrical conductivity also increased
with the increase of measured length, although the change is not significant. This may be
due to the poor heat dissipation in the vacuum chamber of SEM. The current equipment
can not completely exclude the influence of temperature, which can be improved by setting
thermocouple inside SEM or other ways in future research. Finally, the average electrical
conductivity of ZnO nanowires is calculated as 480.9 S/m.
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Figure 9. Electrical conductivity measurement. (a—c) Lengths of ZnO nanowires are 20.9, 30.9, 40.9 um with same diameters

of 1.06 um. (d) Blue bars represent resistance and red bars represent electrical conductivity correspond to ZnO nanowires
with length of 20.9 pm, 30.9 pm and 40.9 um.

4.5. Piezoelectric Properties of ZnO Nanomaterials

Due to the small size and ability to supply energy to micro/nano devices, metal—
oxide-based piezoelectric energy harvesters have recently gained an enormous amount
of attention. Here piezoelectric properties of a single ZnO nanowire is measured by
nanomanipulator embedded in SEM with a two-tip strategy. Experimental apparatus is
shown in the Figure 4, and experimental process are shown in Figure 10a—d.

The two-tip strategy is that, a clear, single ZnO nanowire on the carbon tape was
selected, probe II got close to the nanowire below its tip, as the nanowire moved slightly
with the probe, the two got into contact. The probe II position was adjusted to increase
contact area until it exceeds 2 pm. The contact was exposed with e-beam for at least 4 min.
According to Figure 6, probe II and nanowire will be fixed together firmly. As diameter
of ZnO nanowire is lower than that of ZnO nanorod, it is easier to separate from tape,
increasing experiment efficiency.

The nanowire was then taken away from the tape by probe II. Probe I got into contact
with free end the nanowire with the same strategy with probe II. E-beam is turned off
to eliminate electromagnetic noise. Probe I went downward a specific distance with the
nanowire free end, called deformation, the transient maximum voltage was recorded, as
shown in Figure 10. As deformation increases, the voltage will also increase.

Deformation ranges from 0 to 6 pm. Accordingly, the output voltage maximum varies
from 0 to 0.74 mV, in accordance with previous literature [12]. The shear piezoelectric constant
is calculated to be around 9.91 x 108 C/N [35]. It is much higher than previous literature
(26 pC/N) [36]. The discrepancy may be results of different crystal direction or deformation
range. More accurate and reasonable piezoelectric constant will be our future work, with
the benefit of more accurate microforce sensors. More accurate and reasonable piezoelectric
constant will be our future work, with the benefit of more accurate microforce sensors.
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Figure 10. Piezoelectric characteristic measurement. (a) Probe II gets close to ZnO nanowire. (b) Probe II touches and picks up
ZnO nanowire. (c) Probe II takes the nanowire away from the tape. (d) Probe I deforms the nanowire. (e) Piezoelectric voltage
vs. deformation. Deformation ranges from 0 to 6 pum. Accordingly, the output voltage varies from 0 to 0.74 mV. n = 15.

Our work provides theoretical basis for the application of ZnO nanowires, such as
nanogenerators. The two-tip strategy is simple and efficient, and the probes are free from
abrasion. Improving its repeatability, adaptability and reliability is our future work.

5. Conclusions

Precise operation/characterization of nanomaterials is still one of the most important
challenges in the construction of micro/nano scale components. Mechanical/electrical
properties characterization of ZnO nano-materials relies on nanomanipulator and AFM
embedded in SEM. Surface morphology and mechanical properties were observed by AFM.
Electrical properties were characterized with nanomanipulator, which showed that the
ZnO nanomaterial have cut-off characteristics and good schottky contact with the tungsten
probes. Piezoelectric property was also measured, and the two-tip strategy was convenient,
efficient and easy to expand to other materials. Our work provides useful references for
nanomaterial characterization and also theoretical basis for nanomaterials application.

Author Contributions: Conceptualization, M.L., H.O., T.S. and W.S.; methodology, M.L.; software,
K.C,; validation, M.L., W.S. and K.C,; formal analysis, ].C. and J.R.; investigation, X.Q.; resources,
M.L.; data curation, W.S.; writing—original draft preparation, W.S.; writing—review and editing,
M.L.; visualization, W.D.; supervision, L.M.; project administration, Z.C.; funding acquisition, M.L.,
H.O. and T.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(No. 51205245, 61573236); the Scientific Research Foundation for the Returned Overseas Chinese
Scholars, State Education Ministry, and Shanghai Science and Technology Committee of China
(No. 14JC1491500).

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2021, 12, 248 10 of 11

References

1. Zhao, X; Yang, S.; Sun, Z.; Cui, N.; Zhao, P; Tang, Q.; Tong, Y.; Liu, Y. Enhancing the intrinsic stretchability of micropatterned gold
film by covalent linkage of carbon nanotubes for wearable electronics. ACS Appl. Electron. Mater. 2019, 1, 1295-1303. [CrossRef]

2. Yamazaki, H.; Hayashi, Y.; Masunishi, K.; Ono, K.; Ikehashi, T. High sensitivity MEMS capacitive hydrogen sensor with inverted
T-shaped electrode and ring-shaped palladium alloy for fast response and low power consumption. Micromech. Microeng. 2018,
28, 094001. [CrossRef]

3. Jiang, C.; Zhao, H.; Xiao, H.; Wang, Y.; Liu, L.; Chen, H.; Shen, C.; Zhu, H.; Liu, Q. Recent advances in graphene-family
nanomaterials for effective drug delivery and phototherapy. Expert Opin. Drug Deliv. 2020, 18, 1-20. [CrossRef]

4. Ding, Y,; Zeng, M,; Fu, L. Low-temperature synthesis of sp2 carbon nanomaterials. Sci. Bull. 2019, 64, 1817-1829. [CrossRef]

5. Bandekar, G.; Rajurkar, N.S.; Mulla, 1.S.; Mulik, U.P.; Amalnerkar, D.P.; Adhyapak, P.V. Synthesis, characterization and photocat-
alytic activity of PVP stabilized ZnO and modified ZnO nanostructures. Appl. Nanosci. 2013, 4, 199-208. [CrossRef]

6. Gao, Y.; Wang, Z.L. Equilibrium Potential of Free Charge Carriers in a Bent Piezoelectric Semiconductive Nanowire. Nano Lett.
2009, 9, 1103-1110. [CrossRef]

7. Wang, Z.L. Zinc oxide nanostructures: Growth, properties and applications. |. Phys. Condens. Matter 2004, 16, 829-858. [CrossRef]

8. Zhou, J.; Xu, N.S.; Wang, Z.L. Dissolving Behavior and Stability of ZnO Wires in Biofluids: A Study on Biodegradability and
Biocompatibility of ZnO Nanostructures. Adv. Mater. 2006, 18, 2432-2435. [CrossRef]

9. Bibi, I; Kamal, S.; Abbas, Z.; Atta, S.; Majid, F; Jilani, K.; Hussain, A.IL;; Kamal, A.; Nouren, S.; Abbas, A. A new approach of
photocatalytic degradation of remazol brilliant blue by environment friendly fabricated zinc oxide nanoparticle. Int. J. Environ.
Sci. Technol. 2019, 17, 1765-1772. [CrossRef]

10. Saravanakumar, B.; Mohan, R.; Thiyagarajan, K.; Kim, S.-J. Fabrication of a ZnO nanogenerator for eco-friendly biomechanical
energy harvesting. RSC Adv. 2013, 3, 16646-16656. [CrossRef]

11. Lee, KY,; Kumar, B.; Seo, J.-S.; Kim, K.-H.; Sohn, J.I.; Cha, S.N.; Choi, D.; Wang, Z.L.; Kim, S.-W. P-Type Polymer-Hybridized
High-Performance Piezoelectric Nanogenerators. Nano Lett. 2012, 12, 1959-1964. [CrossRef]

12.  Nourafkan, M.; Mohammadi, E.; Manavizadeh, N. Influence of the ZnO Nanostructures Shape on Piezoelectric Energy Harvesters
Performance. IEEE Trans. Electron Devices 2019, 66, 4989-4996. [CrossRef]

13. Hu, D; Yao, M,; Fan, Y.;; Ma, C.; Fan, M; Liu, M. Strategies to achieve high performance piezoelectric nanogenerators. Nano
Energy 2019, 55, 288-304. [CrossRef]

14. Varghese, B.; Zhang, Y.; Feng, Y.P,; Lim, C.T.; Sow, C.-H. Probing the size-structure-property correlation of individual nanowires.
Phys. Rev. B 2009, 79, 115419. [CrossRef]

15. Cao, N,; Xie, S.; Wu, Z,; Liu, M.; Li, H.; Pu, H,; Luo, J.; Gong, Z. Interactive Micromanipulation of Picking and Placement of
Nonconductive Microsphere in Scanning Electron Microscope. Micromachines 2017, 8, 257. [CrossRef]

16. Garza, H.H.P,; Ghatkesar, M.K.; Basak, S.; Lothman, P,; Staufer, U. Nano-workbench: A combined hollow AFM cantilever and
robotic manipulator. Micromachines 2015, 6, 600-610. [CrossRef]

17. Shi, C.; Luu, D.K; Yang, Q.; Liu, J.; Chen, J.; Ru, C; Xie, S.; Luo, J.; Ge, J.; Sun, Y. Recent advances in nanorobotic manipulation
inside scanning electron microscopes. Microsyst. Nanoeng. 2016, 2, 16024. [CrossRef]

18.  Hou, J.; Wu, C,; Liu, L.; Wang, Z.; Dong, Z. Modeling and analyzing nano-rod pushing with an AFM. IEEE Int. Conf. Nanotechnol.
2010, 329-334. [CrossRef]

19. Mark, A; Helfricht, N.; Rauh, A.; Xue, J.; Knodler, P.; Schumacher, T.; Karg, M.; Du, B.; Lippitz, M.; Papastavrou, G. Electrokinetics
in Micro-channeled Cantilevers: Extending the Toolbox for Reversible Colloidal Probes and AFM-Based Nanofluidics. Sci. Rep.
2019, 9, 1-13. [CrossRef] [PubMed]

20. Yun,S.; Guo, T.; Li, Y;; Gao, X.; Huang, A.; Kang, L. Well-ordered vertically aligned ZnO nanorods arrays for high-performance
perovskite solar cells. Mater. Res. Bull. 2020, 130, 110935. [CrossRef]

21. Saito, S.; Miyazaki, H.T.; Sato, T.; Takahashi, K.; Onzawa, T. Dynamics of micro-object operation considering the adhesive effect
under an SEM. Microrobot. Microassem. III 2001, 4568, 12-24. [CrossRef]

22. Yang, Z.; Chen, T.; Wang, Y.; Sun, L.; Fukuda, T. Carbon nanotubes pickup by van der Waals force based on nanorobotics
manipulation inside SEM. Micro Nano Lett. 2016, 11, 645-649. [CrossRef]

23. Karatas, S.; Altindal, S.; Cakar, M. Current transport in Zn/p-Si(100) Schottky barrier diodes at high temperatures. Phys. B
Condens. Matter 2005, 357, 386-397. [CrossRef]

24. Zhao, L.; Gao, Z.; Zhang, ]J.; Lu, L.; Li, H. Effect of fabrication temperature on the manufacturability of lateral ZnO nanowire
array UV sensor. Sci. China Ser. E Technol. Sci. 2020, 63, 668—674. [CrossRef]

25. Wang, Z.L.; Gao, R.P; Pan, ZW.; Dai, Z.R. Nano-Scale Mechanics of Nanotubes, Nanowires, and Nanobelts. Adv. Eng. Mater.
2001, 3, 657-661. [CrossRef]

26. Wu, Z; Ding, W.; Dai, Y.; Dong, K.; Wu, C.; Zhang, L.; Lin, Z.; Cheng, ].; Wang, Z.L. Self-powered multifunctional motion sensor
a, enabled by magnetic-regulated triboelectric nanogenerator. ACS Nano 2018, 12, 5726-5733. [CrossRef]

27. Biswas, P.; Hoque, N.A.; Thakur, P; Saikh, M.M.; Roy, S.; Khatun, E; Bagchi, B.; Das, S. Portable Self-Powered Piezoelectric
Nanogenerator and Self-Charging Pho-to-Power Pack Using In Situ Formed Multifunctional Calcium Phosphate Nanorod-Doped
PVDF Films. Langmuir 2019, 35, 17016-17026. [CrossRef]

28. Zhou, J; Fei, P; Gu, Y;; Mai, W,; Gao, Y,; Yang, R.; Bao, G.; Wang, Z.L. Piezoelectric-Potential-Controlled Polarity-Reversible

Schottky Diodes and Switches of ZnO Nanowires. Nano Lett. 2008, 8, 3973-3977. [CrossRef]


http://doi.org/10.1021/acsaelm.9b00243
http://doi.org/10.1088/1361-6439/aac21d
http://doi.org/10.1080/17425247.2020.1798400
http://doi.org/10.1016/j.scib.2019.10.009
http://doi.org/10.1007/s13204-012-0189-2
http://doi.org/10.1021/nl803547f
http://doi.org/10.1088/0953-8984/16/25/R01
http://doi.org/10.1002/adma.200600200
http://doi.org/10.1007/s13762-019-02586-y
http://doi.org/10.1039/c3ra40447a
http://doi.org/10.1021/nl204440g
http://doi.org/10.1109/TED.2019.2942777
http://doi.org/10.1016/j.nanoen.2018.10.053
http://doi.org/10.1103/PhysRevB.79.115419
http://doi.org/10.3390/mi8080257
http://doi.org/10.3390/mi6050600
http://doi.org/10.1038/micronano.2016.24
http://doi.org/10.1109/nano.2010.5697758
http://doi.org/10.1038/s41598-019-56716-0
http://www.ncbi.nlm.nih.gov/pubmed/31889103
http://doi.org/10.1016/j.materresbull.2020.110935
http://doi.org/10.1117/12.444134
http://doi.org/10.1049/mnl.2016.0287
http://doi.org/10.1016/j.physb.2004.12.003
http://doi.org/10.1007/s11431-019-1464-4
http://doi.org/10.1002/1527-2648(200109)3:9&lt;657::AID-ADEM657&gt;3.0.CO;2-0
http://doi.org/10.1021/acsnano.8b01589
http://doi.org/10.1021/acs.langmuir.9b03264
http://doi.org/10.1021/nl802497e

Micromachines 2021, 12, 248 11 of 11

29.

30.

31.

32.

33.

34.

35.

36.

Cha, S.N.; Seo, J.-S.; Kim, S.M.; Kim, H.J.; Park, Y.J.; Kim, S.-W.; Kim, J.M. Sound-Driven Piezoelectric Nanowire-Based
Nanogenerators. Adv. Mater. 2010, 22, 4726-4730. [CrossRef]

Lin, L; Hu, Y;; Xu, C.; Zhang, Y.; Zhang, R.; Wen, X.; Wang, Z.L. Transparent flexible nanogenerator as self-powered sensor for
transportation monitoring. Nano Energy 2013, 2, 75-81. [CrossRef]

Li, B.; Feng, Y.; Ding, K.-W.; Qian, G.; Zhang, X.-B.; Liu, Y.-F. Effect of electron beam irradiation on multi-walled carbon nanotubes.
Trans. Nonferrous Met. Soc. China 2014, 24, 764-769. [CrossRef]

Park, J.; Oh, M.; Hossain, A.; Lee, K.Y.; Yoo, D.; Kim, Y.; Kim, S.W.; Lee, D. Mechanical properties of individual nanorods and
nanotubes in forest-like structures. Scr. Mater. 2017, 133, 54-58. [CrossRef]

Kumar, A.; Huang, N.; Staedler, T.; Sun, C.; Jiang, X. Mechanical characterization of aluminum doped zinc oxide (Al: ZnO)
nanorods prepared by sol-gel method. Appl. Surf. Sci. 2020, 265, 758-763. [CrossRef]

Luki¢, B.; Seo, JJW.; Couteau, E.; Lee, K.; Gradecak, S.; Berkecz, R.; Hernadi, K.; Delpeux, S.; Cacciaguerra, T.; Beguin, F.; et al.
Elastic modulus of multi-walled carbon nanotubes produced by catalytic chemical vapour deposition. Appl. Phys. A 2005, 80,
695-700. [CrossRef]

Yu, G.; Zhao, L.; Guan, Y.; Song, Y. The Invention Relates to an Experimental Measurement Method for Torsional Property of Zinc
Oxide Nanowires for Nanogenerators. China CN201410795628.5 [P], 19 December 2014.

Chelu, M.; Stroescu, H.; Anastasescu, M.; Calderon-Moreno, J.; Preda, S.; Stoica, M.; Fogarassy, Z.; Petrik, P.; Gheorghe, M.;
Parvulescu, C.; et al. High-quality PMMA /ZnO NWs piezoelectric coating on rigid and flexible metallic substrates. Appl. Sutf.
Sci. 2020, 529, 147135. [CrossRef]


http://doi.org/10.1002/adma.201001169
http://doi.org/10.1016/j.nanoen.2012.07.019
http://doi.org/10.1016/S1003-6326(14)63123-X
http://doi.org/10.1016/j.scriptamat.2017.02.011
http://doi.org/10.1016/j.apsusc.2012.11.101
http://doi.org/10.1007/s00339-004-3100-5
http://doi.org/10.1016/j.apsusc.2020.147135

	Introduction 
	Theoretical Modeling Analysis 
	Mechanical/Electrical Characterization Principles 
	Piezoelectric Properties Characterization Principles 
	Contact Strategy between Probe and the Nanorod 

	Materials and Equipment 
	Results and Discussions 
	Electron Beam Irradiation 
	Morphology and Mechanical Properties of ZnO Nanorods 
	Electrical Properties of ZnO Nanorods 
	Electrical Conductivity of ZnO Nanowires 
	Piezoelectric Properties of ZnO Nanomaterials 

	Conclusions 
	References

