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Abstract: A design and fabrication method for a silicon micromachined resonant accelerometer based
on a zinc oxide (ZnO) nanowire is reported. The key and sensitive element of the accelerometer is a
nanowire-based resonator with a single ZnO nanowire suspended across two micromachined Cr/Au e-
lectrodes. A dielectrophoresis technique is used to assemble the ZnO nanowire onto electrodes,then a
Focused Ion Beam (FIB) is employed to deposit Pt on the contact between the nanowire and electrodes
to clamp the nanowire and eliminate the Schottky barriers at the interfaces. When an external acceler-
ation is applied, the inertial force generated by the proof mass imposes a stress on the nanowire
through the beams that support the suspended proof mass. Consequently, the acceleration is associat-
ed with the shift in the resonant frequency of the nanowire. By its quasi-digital output, the trouble in

detecting feeble analog signals from most MEMS devices could be averted. Experimental results show
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that the sensitivity of the accelerometer increases dramatically with the decrease of the nanowire’s

thickness. In the design, nanowire with a thickness of 500 nm is selected for the theoretical analysis,

and the sensitivity of the acceleration sensor is estimated to be more than 2.5 kHz/g.
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1 Introduction

Silicon micromachined accelerometers have been
developed and widely used in many applications
due to their small size, batch fabrication and low
costt’). The micromachined accelerometers can
cover a wide measurement range from sub-gravi-
ty to tens of thousands gravities. Accordingly,
the wide application fields of the micromechani-
cal accelerometers include automotive air bags,
vehicle stabilization systems, navigation and
guidance systems, seismometry for oil explora-
tion, earthquake prediction, shock and vibration
detection, etc.

Micromachined accelerometers can be catego-
rized into piezoresistive accelerometers, capaci-
tive accelerometers and resonant accelerometers
based on sensing principles. Piezoresistive accel-
erometers have the advantages of simple struc-
ture and low cost but have poor resolution accu-
racy and sensitivity to temperature variations.
Capacitive accelerometers are insensitive to tem-
perature variations, easy for interfacing with cir-
cuits and have better resolution and accuracy
than piezoresistive ones. In this paper, a novel
silicon micromachined resonant accelerometer by
using ZnO nanowire-based resonators is presen-
ted. Resonant sensors have excellent perform-
ancet™, such as wide dynamic range, the quasi-
digital nature of the output signal and the inher-
ent continuous self-test capability. Further-
more, the upper bound of the dynamic range is
limited by the measurement time,and increasing

the measurement time automatically results in a

larger dynamic range. The digital output signal

can be directly connected to digital signal pro-
cessing electronics. Therefore, the resonant
sensing method can be a good candidate to im-
plement a high resolution accelerometer for a

navigational application.

2 Design of accelerometer struc-

ture

In this paper, a novel micromachined resonant
accelerometer based on zinc oxide (ZnO)
nanowires with a quad-beam and a proof mass is
reported, as shown in Fig. 1 (a). The sensitive
element of the accelerometer is a nanowire-based
resonator with a single ZnO nanowire suspended
across two micromachined Cr/Au electrodes,
which are located at the root of the silicon beams
where the stress induced by the acceleration of
the mass are maximal, as shown in Fig. 1(b) and
(o).

The nanowire is electrostatically driven into a
motion using the alternating electrostatic inter-
action with the gate electrode underneath the
nanowire. The driving signal frequency w is
swept and the vibrational motion of the nanowire
will reach resonance if the driving frequency w
catches the fundamental frequency w, of the
nanowire. When an external acceleration is ap-
plied, the inertial force generated by the proof
mass imposes a stress on the nanowires through
the beams that support the mass. The stress will
change the resonant frequency of the nanowire,
and thus the acceleration is associated with the

shift in the resonant frequency of nanowire.
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(a)Fabricated accelerometer

(b) Enlargement of electrodes on beams

(¢) SEM image of nanowire-based resonator

Fig.1 Micromachined resonant accelerometer

3  Stress analysis and parameter

design

The relationship between the structure parame-
ters and the stress in the beam is theoretically
analyzed, and therefore the sensitivity of the
sensor depending on the structure parameters is
obtained. When an external acceleration is ap-
plied, the beam bends. The bend induces a
strain along the beam, which is transferred to

the nanowire, and thus produces a stress in the

nanowire. According to the mechanics theory,
the stress T in the nanowires can be deduced as:
_ 3mal,E

46, WP E,

where m is the mass; I, , b,, h, are the length,

T byhy (D

width and thickness of the silicon spring beam
respectively;b, ,h, are the width and thickness of
the nanowire respectively, Young’s modulus E=
210 GPa for a ZnO nanowire; E, = 160 GPa for
the silicon spring beam. The fundamental fre-

quency of the suspended nanowire is®**,

w<)=N/‘84EI+O'j49 9TF , (2)
o

where pA is the nanowire mass density (p =
5.606 X10° kgm * for a ZnO nanowire), EI is
the nanowire’s bending rigidity, I =6.h3/12, 8=
4.73/l,,and [, is the length of the nanowire.
Thus the sensitivity of the accelerometer is given
by
_0.454 8mLE [T
1 i, E, N pE

The results show that the sensitivity is direct-

Af (3)
ly proportion to the size of the proof mass and
the length of the spring beam, and inverse pro-
portion to the width, the square of the thickness
of the spring beam and the thickness of the

nanowire, as shown in Fig. 2.
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Fig. 2 Relationship between thickness of nanowire

and sensitivity

From the figure, we can see that when the
thickness of the nanowire is less than 500 nm,
the sensitivity of the accelerometer will increase

dramatically with the decrease of the nanowire’s
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thickness. The nanowires are mostly with a
length of 1 —15 um and a thickness of 10-500
nm, so the thickness of 500 nm is chosen for the
theoretical analysis, and the sensitivity of the
sensor is estimated to be 2.5 kHz/g.

Modeling and simulating results of the quad-
beam resonant accelerometer are gained by using
ANSYS. By the theoretical analysis and simula-
tion, the structural parameters are optimally de-
signed. Finally, the accelerometer structural pa-

rameters are shown in Tab. 1.

Tab.1 Structural parameters of accelerometer

parameters(pum)
length width thickness
proof mass 3 000 3 000 340
spring beam 750 120 40

4 Fabrication process and assem-

bly of accelerometer

The fabrication process flow for realizing the ac-
celerometer is shown in Fig. 3. The micromach-
ining process is used to form the supporting
beams and the proof mass of the accelerometer,
also used to form the electrodes which are con-
structed similarly as a field effect transistor
(FET) configuration. Firstly, a phosphorus-
doped (P-doped) silicon is used as the substrate,
and a shallow trench and a deep trench from the

backside of the substrate are etched to form the

(a) Shallow trench etching

(b) Deep trench etching

(¢) Thermal oxidization

(d) Sputter Cr/Au film

(e) Mask and etch Cr/Au film to form electrodes

(f) ICP etch to form supporting beams

(g) Assembly of zinc oxide nanowires

(h) Pt deposition

Fig.3 Fabrication process flow of the accelerometer

proof mass structure. The depth of the shallow
trench is defined by the thickness of the proof
mass, and the depth of the deep trench is defined
by the thickness of the beam. Secondly the sili-
con is covered by a SiO, layer formed by thermal

oxidization. Thirdly, a Cr/Au film is sputtered
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onto the SiO, layer, and then it is masked and
etched to form the top two electrodes that are a
pair of comb-like electrodes with multiple face-
to-face narrow fingers. Finally, the silicon wafer
is etched out from the front side using a ICP
method to form the beam structure. Up to now
the basic structure of the accelerometer is
formed. Using a field effect transistor (FET)
terminology, the top two electrodes are defined
as the source and drain and the bottom silicon
substrate as the gate. The following important
step is the assembly of zinc oxide nanowires.
The ZnO nanowires used in the device are syn-
thesized by thermal evaporation of ZnO powders
under controlled conditions without the presence
of a catalyst™. The dielectrophoresis technique
is used to assemble ZnO nanowires onto elec-
trodest™. A drop of the nanowire-containing sol-
vent is dispensed onto the prepared wafer with
the electrodes and the appropriate alternating
(AC) voltage is applied to the two top elec-
trodes. An electric field is generated by the volt-
age between source and drain, and then it gener-
ates a dielectrophoretic force to trap and align a
single nanowire on the electrodes. Here the al-
ternating (AC) voltage 15 V at a frequency of 10
MHz is used. After the assembly, focused ion
beam (FIB) is employed to deposit Pt on the
contact between the nanowire and electrodes in
order to clamp the nanowire and eliminate the

]

Schottky barriers at the interfaces™. A near

Ohm-contact is formed between the ZnO
nanowire and the Au electrode by this post-
treatment. The fabricated accelerometer and the

scanning electron microscope ( SEM) of the

nanowire-based resonator are shown in Fig. 1.

5 Measurement set-up of oscillator

The oscillator is electro-statically driven into a
motion. A combination driving signal of a static
voltage (DC) V,DC and a time varying voltage
(AC) 6V, at a high frequency of w is applied to
the gate electrode underneath the nanowire.

Here which induces an electrostatic force on

O—Aw
Input
® npu
Lock-in
amplifier

+
V.DC Ref

v bire

Aw

(a) The measurement set-up of the resonator(An AC
voltage with frequency w is applied on the gate e-
lectrode to drive the nanowire into motion. An-
other AC voltage with frequency w— Aw is applied
to the source electrode; it mixes with the alterna-
ting change in the conductance of the nanowire
that is induced by the motion to generate an alter-
nating current at Aw and is detected by the lock-in

amplifier through the drain electrode. )

Current/nA
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fIMHz
(b) Theoretical current response of resonator
Fig. 4 Schematic and theoretical current response of

resonator
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the nanowire, the frequency w is swept from 1
MHz to 30 MHz in our experiments. The vibra-
tional motion of the nanowire is self-detected by
using the FET configuration frequency mixer
and a lock-in detection method™ . The frequency
mixer detection helps to avoid the complication
due to capacitive currents between the gate and
the drain/source electrodes. An alternating volt-
age 0V with the high-frequency of w— Aw is ap-
plied to the top source electrode at a frequency
offset {from the gate voltage 6V, (w) by an inter-
mediate frequency Aw. A frequency of 30 kHz is
used in our experiments. The signal 6V (w —
Aw) mixes the conductance change of the
nanowire which is proportional to the induced
charge in the nanowire due to its motion. The
lock-in amplifier picks up an AC current with the
frequency of Aw which is induced from the fre-

quency mixer, as shown in Fig. 4(a). According

References:

[1] ROYLANCE L M, ANGELL J B. A batch-fabrica-
ted silicon accelerometer [ J]. IEEE Trans. On E-
lectron Devices, 1979,26:1911-1917,

[2] ZACHARY J, WINNIE S, ANJA B. Design, fab-
rication and testing of a novel MEMS resonator for
mass sensing applications [ J]. Microelectronic En-
gineering » 2007,84;1601-1605.

[3] USTUNEL H, ROUNDY D, ARIAS T A. Model-
ing a suspended nanotube oscillator[ J]. Nano Lett ,
2005(5) :523-526.

[4] BAO M H. Analysis and Design Principles of
MEMS Devices [ M]. Elsevier, 2005.

[5] PAN Z W, DAI Z R, WANG Z L. Nanobelts of
semiconducting oxides [ J]. Science, 2001, 291:

1947-19409.

to the research of the nanowire oscillator™, the
nanowire motion goes into resonance at two
driving frequency points of w,/2 and w, theoreti-
cally, as shown in Fig. 4 (b). An experimental
measurement on the fabricated accelerometer is

still in progress.

6 Conclusions

Due to the quasi-digital output of the frequency
shift of the nanowire associated with the acceler-
ation, the trouble in detecting feeble analog sig-
nals from most MEMS devices could be re-
solved. For the nanowires mostly with a length
of 1—15 ym and a thickness of 10—500 nm, the
thickness of 500 nm is chosen for the theoretical
analysis, and the sensitivity of the accelerometer

sensor is estimated to be 2.5 kHz/g.

[6] WANG D Q. ZHU R, ZHOU Z Y, et al.. Con-
trolled assembly of zinc oxide nanowires using di-
electrophoresis [ J ]. Applied Physics Letters,
2007,90:103-110.

[7] ARNOLD M S, AVOURIS P, PAN Z W, etal..
Field-effect transistors based on single semiconduct-
ing oxide nanobelts [J]. Phys. Chem, 2003,107;
659-663.

[8] SAZONOVA V, YAISH Y, USTUNEL H, ez
al.. A tunable carbon nanotube electromechanical
oscillator [JJ. Nature, 2004,1431:284-287.

[9] ZHU R, WANG D Q. XIANG S Q. etal.. Model-
ing and experimental study of nanoelectromechanical
oscillator using single zinc oxide nanowire [ C].
IEEE International Conference on Micro Electro
Mechanical Systems (IEEE MEMS ), 2008; 746-

749.



No. 6 CHEN Guo-wei,et al. :Silicon micromachined resonant accelerometer +-* 1285

Authors’ biographies:
\ "W CHEN Guo-wei (1983 —), male, con-
\‘

ZHU Rong(1968—) , female, Ph. D.,
ducts research at the National Key La- professor of the State Key Laboratory
boratory for Electronic Measurement of Precision Measurement Technology
Technology, North University of Chi- and Instruments, Department of Preci-
na. His research interests are

K sion Instruments and Mechanology, Ts-
i - nanowires and MEMS/NEMS devices.

inghua University, her research inter-

E-mail: chenguowei. cool@163. com ests are Nano/ MEMS sensors and sys-
tems, navigation and control. E-mail;

rong_zhu@263. net

O FHTE
Ho F1 A X EIZ R F XK

%Eﬁ—&1’2,7]%ﬁ%;%1,F,\f'@@l,ﬁ%,iﬁl,f ‘f?il
(LYERZFR BXRAXEG, 47 100012;2. PEBFKE X £k, 7 100049)

Hoo A B 32 5 (HW T J2 v [ 2 8] K BH B2 8 (SSTO A L8 2 — A HWT Btz M fe
52 1 B PR S5E  5 0R  7E R AT 3t T UL 20 TR S N e AR R UL A R Al b B E T PO S i Y il
P o0, A T —EREAORE T RO E RN R Z R GBI E RS HAE RS RN
AR AR G LA SRR R GE 2 . WEIE T AR GE R R B 4 Al LR B A A L BB A LT B BT A A AN
AR BEAEFIX 5 A~ 5 B B AL 7R A )il BE 47 ) 00 R Y RGOt e RE . 1R 45 R R W] L 75 Bl B 45 44 TR L
AR UET 40 OO T HWT B G /e o i I T 50T fOEa#MEBEZ o /8. al Ui &2 A/6 it
2R, L HWT SBWF5Ext 4. S8t 17 Ho A DG B 88 19 P06 A 80 L S8 7 %A [l il B2 4% ) 1 60
T HWT REHATIEA MR 1% H AR . ASCRRI PO AR B AT ik wE A T HERT
IR BH LI 1) e B



