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ABSTRACT

This paper reports a novel nanoelectromechanical
oscillator using a single zinc oxide (ZnO) nanowire
suspended across two micromachined Au electrodes. The
oscillator is self-driven into a motion that is self-detected
by using a field effect transistor (FET) configuration and a
lock-in detection method. A continuum electromechanical
model is established to realize a theoretical analysis on the
oscillator and the primary experimental measurements are
performed to validate the effectiveness of the device.
Compared with other nanoelectromechanical oscillators,
such as that with carbon nanotubes, the oscillator based on
ZnO nanowire is provided with an enhanced
electromechanical response and an observable resonance
with a frequency on the order of tens of megahertz driven
in an air environment. These merits significantly enhance
the device’s practicability. The device can be potentially
applied for actuators and sensors.

1. INTRODUCTION

Nanoelectromechanical systems (NEMS) have
attracted many attentions in fields of science and
technology due to their remarkable properties. One of the
most attractive devices is a NEMS resonator that uses a
one-dimensional semiconducting nano-structure, such as a
carbon nanotube, which can be used as free-frequency
mixers to realize a self-driving and self-detecting
mechanical motion [1-2]. The advantages of using
nano-scale materials as resonators consist that a high-free
frequency (on the order of MHz) can be reached, and a
small tension or displacement can be measured by using
the free-frequency mixer, which is typically used to
implement a  high-sensitivity,  tenability, and
high-frequency operation of NEMS oscillators.

A semiconducting zinc oxide (ZnO) nanowire is a
one-dimensional material that has been used in many
nano-devices, such as transistors [3], resonators [4], and
nano-sensors [5]. They are pure, structurally uniform,
single crystalline, and most are free from dislocation.
Many novel properties of ZnO nanowires have been
demonstrated, such as piezoelectricity, optoelectronic
effects and thermoelectricity. In this paper we report on a
NEMS oscillator based on a single semiconducting ZnO
nanowire suspended on two Au electrodes. We
successfully drive and detect its resonant motion at a
frequency range of 10 to 30 MHz in an air environment. A
continuum electromechanical model is established to
extract the vibration mode of the resonator, the results of

which are in accordance with the experimental
measurement results.
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2. FABRICATION OF OSCILLATOR

Figure 1 shows a diagram and a scanning electron
microscope (SEM) image of our resonator. A single ZnO
nanowire is doubly clamped and suspended on two metal
electrodes. The fabrication process of the electrodes including
top two electrodes and lower gate electrodes, shown in Fig.
1(a), starts with the preparation of a phosphorus-doped
(P-doped) silicon substrate (1.5~4.0x10'® cm™) that is covered
by a 40 nm SiO, layer formed by thermal oxidization. The
doped silicon substrate acts as the lower electrode. Afterwards
a 300 nm Cr/Au film is sputtered. The Cr/Au layer is masked
and etched to form the top electrodes that subsequently serve as
supporting platforms for suspending the nanowire. Using a
field effect transistor (FET) terminology, we define the top two
electrodes as the source and drain and the bottom substrate as
the gate. The ZnO nanowires used in our device are synthesized
by thermal evaporation of ZnO powders under controlled
conditions without the presence of catalyst [6]. The synthesized
nanowires, with a length of 1-15 pm and a diameter of 10-500
nm, are freed from being bound up in bundles by ultrasonically
dissolving the bundles in ethanol solvent for several minutes.
Dispense a drop of the nanowire-containing solvent onto the
prepared wafer and apply alternating current (AC) electric field
to the top two electrodes for trapping and aligning the nanowire
onto the electrodes, which is based on dielectrophoresis
assembly technology [7-8]. In this process, the desirable
frequency is 5-20 MHz and the peak-to-peak amplitude of the
applied AC voltage is 2-20 V [8]. After the assembly of the
nanowire onto the electrodes, Focused ion beam (FIB) (A 30
keV Ga+t ion beam with a 7 pA current aperture) is employed to
deposit Pt on the contact between the nanowire and electrodes
in order to clamp the nanowire. The FIB process also helps to
eliminate the Schottky barriers at the interfaces between the
semiconducting nanowire and the metal electrodes. A near
Ohm-contact is formed between ZnO nanowire and Au
electrode by this post-treatment.
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Figure 1: The diagram of the fabrication and measurement
set-up of the NEMS oscillator using a single suspending ZnO
nanowire.
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3. ELECTROMECHANICAL MODELING
FOR OSCILLATOR

We drive the suspending nanowire into motion using
the electrostatic interaction with the gate electrode
underneath the nanowire. A combination of a static (DC)
voltage V>¢ and a time-varying AC voltage 6V, with a

high driving frequency of @ is applied to the gate, induces
a driving electrostatic force on the nanowire, which is
given by:

F=CW2/2=CVpcy2+2Vpc -8V, +6V,21/2 (1D

where C'= dC 1s the derivative of the gate capacitance
oz g P

with respect to the distance between the nanowire and the
gate. The first term in equation (1) refers to a component of
the static force on the nanowire that determines the tension
in the nanowire. The later two terms in equation (1) refer to
the alternating force components with different
frequencies that drive the nanowire into periodic motion.
The second term is with a frequency of @, and the third is
with a frequency of 2@ . When either of the frequency @
and 2w approaches the mechanical fundamental
frequency of the nanowire @,, the resonance takes place.

To explain the motion mode of the nanowire resonator, we
use a continuum model:
d?z  dz d+z d2z
+n—+EI +T
dr? dt dx4 dx?
where pA is nanowire mass density, 77 is damping

pA =F 2

constant, £/ is bending rigidity of the nanowire, and T'is

the tension in the nanowire. Using a numerical

methodology, the normalized motion response to the

periodic force at the frequency of @ is solved in the

frequency domain, which is given by:

Z(jw) 1

F(jw) EIB* 0.5499T
AT Sl

pA pA

where £ is the mode factor, for the fundamental mode,

(3

H(jw)= ;
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B =4.73/1, 1 is the suspending length of the nanowire.

Extract the amplitude and phase difference of the motion
response as:

1
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As explained in equation (1), the driving electrostatic
forces on the nanowire contains one static force and two
alternating forces at two different frequencies of @ and
2w . Thus the motion response of the nanowire can be
represented by:

2(joy=2,-H(jO)+Z,-H(jo)+Z, H(j2w)  (6)

where ZozéC/(VgDC)2+%C/|5Vg|2 , Z, :C’VgDc|5Vg| ,

1 2 . . .
Z, = ZC ’|5Vg| . The nanowire motion goes into resonance at

@, /2 and @, according to the equation (6) , where

4 2
o, \/Elﬂ L 0549975

pA pA
The vibration motion of the nanowire is self-detected by
using the frequency mixer of the semiconducting nanowire and
a lock-in detection method. The conductance change is
proportional to the induced charge dQ in the nanowire:

00=C, -0V, +Vpc.6C+6C- 6V, (7)
Thus the conductance change is written as:
5G=§—5(5Vg+ng>c-5C/cg+5c-5Vg/cg) ®)

g

where 9G S is the transconductance of the semiconducting
g

ZnO nanowire, which in our devices is typically 0.5-50 puS/V.
The first term in the equation (8) is induced directly by the AC
gate voltage that is with zero phase difference. The later two
terms are induced by the mechanical motion of the nanowire
that produces the gate capacitance change 6C = C"Z , which
is proportional to the displacement of the nanowire
Z(joy=2Z,-HjO)+Z,-H(jw)+Z, -H(j2w) .

The mixer scheme to detect the resonance is illustrated in
Fig. 1 (b). An alternating voltage oV, (w—Aw) is applied to
the top source electrode at a frequency offset from the high
frequency gate voltage o6V, (w) by an intermediate frequency

Aw. The signal 0V, ,(w—Aw) mixes the conductance change
of the nanowire that has alternating components at @ and 2w,
which results in an output current at the top drain electrode with
AC components at Aw, o+Aw, ¥—Aw, 3w—Aw . The AC
current component at A@ is picked up through the lock-in
amplifier while the other components are filtered. The lock-in
current at Aw is induced from the conductance change
components at @ mixing with the source voltage
OV, (w—Aw). Three terms in equation (8) contribute to the
alternating singles at @, but with different phase differences.
The first one is a standard transistor gate effect directly induced
by the AC gate voltage &V, (w) with zero phase, the second

one is induced by the mechanical motion component H (j®)
with a phase of ZH(jw), and the third one contributes to an

alternating conductance change at @ that is the product of the
mechanical motion component H(j2w) and the AC gate
voltage OV, (w) that is with a phase of ZH(j2w) .
Synthesizing the above three factors, the magnitude of the
current extracted by the lock-in amplifier is given by:

s [ 4, + 4, cos LH (jw) + 4 cosZH(j2a))]2

lock—in| —

)
+[ 4, sin ZH (jw) + 4, sin ZH(j20)]’
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where
A= 2 v,

—|ovu| . A=Llov| .
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noted that some smaller factors have been omitted in
equation (9).

A, =Vpe-C-Z,-|H(jw)|-

4, =C"Z, |H(j20)|-|6V,| 12C,) . It is

4. PRIMARY EXPERIMENTS
ANALYSIS

The experimental measurements on the amplitude
frequency of the lock-in current that responds to the
motion of the oscillator at different pressure conditions
from atm. (10°Pa) to 1.3Pa at
oV, =01V, oV,=0.1V, Vpc =1V are given in Fig. 2.
Figure 3 shows the corresponding theoretical predication
of the current response of the nanowire with a length
L=12um , and a diameter d=500nm  at
oV, =01V, 6V, =02V, Vpc=0.1V inthe air environment
based on equation (9). From both of the experimental
measurement and the theoretical prediction, two peaks are
observed in the frequency response of the current at @, /2

AND

and @, respectively, which are both correlated with the
mechanical fundamental resonance of the nanowire at the
frequency of @, . The fundamental frequency of the

oscillator is measured and estimated to be around 24 MHz.
Nevertheless our oscillator now provides a poor quality
factor even working in a vacuum environment shown in
Fig. 2, which maybe due to an unsatisfied clamping mode
on the two ends of the nanowire that needs to be further
improved in our future works. The poor clamping effect on
the quality factor of the oscillator was also reported by
other researchers [2].
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Figure 2: Experimental measurements
responses of the device at different pressures.
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Figure 3: Theoretical predication for the current response of
the device.

Equation (9) indicates that the first peak at @, /2 is
dependent on 4, that is in the third power of the AC gate
voltage and the second peak at @), is dependent on 4, thatisin

the second power of the DC gate voltage. Equation (9) also
indicates that the total current can be lifted up by increasing the
magnitude of the AC gate voltage that is related with 4 .

Figure 4 and 5 give the theoretical predictions for the current
dependence on the AC and DC gate voltages. The practical
measurement results of the current depending on the AC and
DC gate voltages are shown in Fig. 6 and Fig. 7. It is obvious
that the practical measurements related with the AC gate
voltage in Fig. 4 accords well with the theoretical prediction in
Fig. 6, but the measurements on the DC gate voltage is
dissimilar between Fig. 5 and Fig. 7. We suspect that the DC
potential on the nanowire is correlated with several coupling
factors that have not yet been concerned in the theoretical
prediction, such as work function differences between the
nanowire and the metallic electrodes, the band-bending
between two polar surfaces of ZnO nanowires, and otherwise.
More detailed researches are required to be done to understand
the evidence.
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Figure 4: Theoretical prediction for current dependence on AC
gate voltage at 6V, =0.1V, Vpc =02V .
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Figure 5: Theoretical prediction for current dependence
on DC gate voltage at oV,, =0.1V, 6V, =0.2V .
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Figure 6: Experimental measurements of the current
dependence on AC gate voltage at 6V, =0.1V, Vpc =0V .
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Figure 7: Experimental measurements of the current
dependence on DC gate voltage at 6V, =0.1V, 6V, =0.1V .

Compared with other oscillators using such as carbon

nanotubes [1-2], the resonance of our oscillator based on ZnO
nanowire can be self-detected in the air environment and its
electromechanical response is greatly enhanced, specifically
the detected current of the carbon nanotube oscillator was
reported on the order of pA, while that of the ZnO nanowire
measured in our device is typically on the order of nA. The
reason for this enhancement might be due to the perfect single
crystalline and freedom of dislocation of the ZnO nanowire.

5. CONCLUSIONS

The paper has demonstrated a novel
nanoelectromechanical oscillator using a single suspending
semconducting ZnO nanowire. The oscillator is self-driven and
self-detected in an air environment by the aid of a FET
configuration and lock-in detection methodology. The resonant
frequency of the oscillator reaches tens of megahertz. The
current response of the oscillator detected by the lock-in
amplifier can be adjusted by the AC and DC gate voltages.
Compared with other NEMS oscillators, the enhanced
electromechanical traits can significantly improve the device’s
feasibility for practical applications. The oscillator can be
potentially used for actuators and sensors.
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