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Abstract
This paper presents a CMOS-MEMS prestress vertical comb-drive resonator with a
piezoresistive sensor to detect its static and dynamic response. The proposed resonator
consists of a set of comb fingers fabricated along with a composite beam. One end of the
composite beam is clamped to the anchor, while the other is elevated by residual stress.
Actuation occurs when the electrostatic force, induced by the fringe effect, pulls the composite
beam downwards to the substrate. The initial tip height at the free end of the resonator due to
residual stress is approximately 60 µm. A piezoresistor is designed to sense the vertical
deflection and vibration of the resonator. The relative change in the resistance of the
piezoresistor (�R/R) is about 0.52% when a voltage of 100 V is applied in static mode. The
first resonant frequency of the device is 14.5 kHz, and the quality factor is around 36 in air. The
device is fabricated through TSMC 0.35 µm 2p4m CMOS process and post-CMOS process.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Micromachined resonators have been widely investigated
and are currently employed in various applications such
as temperature, humidity and gas detection, as well as in
biological technology and other applications [1–4]. In most
resonators, not only resonance frequency but also vibration
amplitude, phase and quality factor are detected. However,
frequency is the most commonly used resonator signal output
since its quasi-digital form supports unproblematic signal
transfer and precise readout [5].

Among the existing excitation methods for MEMS
resonators that were previously proposed are included
thermal, piezoelectric, electromagnetic and electrostatic
[5, 6]. Thermal excitation is based on the difference
between the thermal expansions of different materials in
a composite cantilever beam. This excitation principle is
easy to implement, but requires high power consumption [7].
Piezoelectricity is the most often utilized phenomenon to excite
a resonator. However, piezoelectric materials may cause

hysteresis and are not compatible with the CMOS process
[8, 9]. Electromagnetic actuation consumes less power than
thermal excitation, if the external magnetic field is sufficiently
strong. Nevertheless, it complicates the production process
because a permanent magnet needs to be integrated into
the device [6, 10]. Electrostatic excitation is also widely
used in micromachined devices [11–14]. The main benefit
of electrostatic excitation is its characteristic of low power
consumption. Recently, many electrostatic actuation methods
have been developed, such as the parallel plate, lateral
comb-drive and vertical comb-drive structures. A vertical
resonator with a parallel plate electrostatic actuator exhibits
a nonlinear phenomenon, called pull-in, which severely
constrains the stable region at one-third the length of the
gap [15]. Electrostatic comb actuators were developed to
avoid pull-in. The comb-drive structure has an advantage over
parallel plates, in that the electrostatic force is independent of
the displacement of the actuator. Therefore, the positioning of
the comb-drive shuttle can be controlled accurately using the
applied voltage.
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Figure 1. The resonator at different driving states: (a) initial state, (b) bias voltage state, (c) critical bias voltage state.

Besides excitation methods, sensing methods are also an
important issue in designing a resonator. Several techniques
have been proposed for measuring the bending or vibration of
a cantilever resonator. They include optical and piezoresistive
detection [16]. The most frequently used method is optical
detection [17–19] because of its inherent simplicity and high
sensitivity. However, its disadvantages include problems
with alignment capability, miniaturization and portability.
Another useful technique is piezoresistive detection [20–22].
The resistance of the piezoresistor varies with the surface
stress-induced deflection of cantilever. The measurement
can be integrated by using the piezoresistor for the sensing
element.

With regard to CMOS-MEMS technology, it has been
developed over the past decade. Monolithic integration
of microdevices with electronics can not only lower
manufacturing cost but also minimize total systems. The
parasitic resistance and capacitance associated with the
interconnection between the MEMS devices and electronics
can also be reduced. It is conductive to enhance electrical
signal quality and improve system performance. A famous
example is the digital micromirror device (DMD) made by
Texas Instruments [23].

This investigation develops a vertical resonator with
electrostatic driving and piezoresistive sensing. CMOS-
MEMS technology is used for fabrication. In the following
sections, the operating principle, modelling and simulation and
fabrication are given. Experimental results indicated that the
present resonator possesses a 14.5 kHz resonating frequency
and a quality factor of around 36 in air.

2. Operating principle

2.1. Electrostatic actuation

The electrostatic actuation method of the developed resonator
is based on a prestress comb-drive structure [24]. Figure 1
schematically depicts a resonator with different driven states.
The resonator consists of an anchor, a composite beam and a
set of comb fingers. These comb fingers, designed along the
composite beam, act as the movable and fixed comb fingers.
Figure 1(a) shows one end of the composite beam, which
is clamped to the anchor, and the other end is elevated due
to the residual stress between the two deposited materials.
Notably, the initial lift height of the resonator can be further
enhanced by increasing the residual stress of the composite

beam using a post heat treatment process [25]. When a
voltage, V , is applied between the movable and fixed comb,
the movable composite beam can be pulled downwards to the
substrate by the electrostatic force induced by the fringe effect,
as shown in figure 1(b). The taper-like distances between
each movable and fixed comb are obtained from the free
end to the fixed end based on the curved-up shape of the
composite beam. In the actuating mechanisms, the movable
comb fingers that are close to the anchor provide the main
actuation force. As the actuation progresses, these movable
comb fingers will be pulled down accordingly. As the driving
voltage is increased, the vertical displacement of the free end
of the resonator is increased. Compared with the parallel plate
electrostatic actuator, the vertical comb drive exhibits no pull-
in and hysteresis phenomenon. Notably, the electrostatic force
is constrained when the movable comb finger is close to the
fixed comb finger, independently of the input driving voltage,
as shown in figure 1(c).

2.2. Piezoresistive detection

Piezoresistivity is a material property that is exhibited when
a mechanical stress applied to the material affects the bulk
resistivity [26]. The change in resistivity due to mechanical
stress is called the piezoresistive effect. Silicon, especially
in the monocrystalline form, exhibits a strong piezoresistive
characteristic. It also has excellent mechanical properties,
which makes it a suitable material for a piezoresistive sensing
element. For instance, a strain gauge is a typical example of
the application of the piezoresistive effect [27].

For a piezoresistor, the resistance is associated with stress
that is longitudinal (σl) and transverse (σt) with respect to
the current flow. Assuming that the mechanical stresses are
constants over the piezoresistor and the geometric changes
are neglected, the relative change in the resistance R is
given by [26]

�R

R
= σlπl + σtπt, (1)

where πl and πt are the longitudinal and transverse
piezoresistive coefficients, respectively. The two coefficients
depend on the crystal orientation, the doping type and the
concentration. The output signal from the piezoresistor is
usually measured using a Wheatstone bridge and the variation
of the piezoresistor (�R) can be transformed to a voltage
output. Figure 2 depicts the Wheatstone bridge configuration
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of four resistors. The output voltage Vout of the Wheatstone
bridge is given by

Vout = 1

4

�R

R
Vin, (2)

where Vin is the supply voltage, R is the initial resistance of the
piezoresistor and �R is the change in resistance. Equation (2)
has shown an important advantage of the Wheatstone bridge
configuration: the output voltage is independent of the absolute
value of the piezoresistor. It is determined merely by the
relative change in resistance and the supply voltage.

3. Modelling and simulation

3.1. Theoretical analysis and modelling

The cantilever composite beam consists of two materials A
and B that possess tensile and compressive residual stress,
respectively, as shown in figure 3(a). With the released
processes, the composite beam is assumed curving up with
the lift height, HL, at the free end due to the induced stresses.
In the present derivations, the symbols an, Pn, HFn, L are
denoted as the distance related to the anchor, electrostatic
force induced by the comb finger 1–n in kth and (k − 1)th
state, lift height of the nth movable comb finger and length
of the composite beam, respectively. Here, one-movable and
two-fixed comb fingers were defined as a single pair of comb
fingers for the purpose of simulating and extracting capacitance
function during electrostatic force calculation. A cross section
view of the composite beam is shown in figure 3(b), where
LC is the engaged length between the movable and fixed comb
fingers.

Figure 2. The Wheatstone bridge configuration of four resistors.

Figure 3. A schematic view of the composite beam: (a) the XZ plane cross-section view, (b) the YZ plane cross-section view (a single pair of
comb finger).

3.1.1. Decomposition of multiple loads. In the mechanics
of material analysis, the deflection of a straight beam with
constant multiple loads can be calculated as follows [28]:


zxn = Pn · x2

6 · Ec · Ic
(3 · an − x),

z′
xn = Pn · x

2 · Ec · Ic
(2 · an − x),

for 0 � x � an, (3)




zxn = Pn · a2
n

6 · Ec · Ic
(3 · x − an),

z′
xn = Pn · a2

n

2 · Ec · Ic
,

for an � x � L, (4)

where x is the position of the beam, Zxn is the shape of small
deflection of the strength beam at position x coming from the
nth load, Z′

xn is the slope of shape at position x coming from the
nth load, an is the position of the nth load, Pn is the difference
in the electrostatic force induced by the comb finger 1–n in
the kth and the (k − 1)th state, EC is Young’s modulus of an
equivalent single material beam and IC is the moment of inertia
of an equivalent single material beam. The following section
discusses the equivalent material parameters and electrostatic
force.

3.1.2. Moment of inertia of composite beam. In order to
accurately calculate the moment of inertia of the designed
beam, the composite beam can be recast into a T shape single
beam as shown in figure 4. The material A with width b was
replaced by material B with width α ·b, where b is the width of
the composite beam, α is the proportional constant between
Young’s modulus of materials A and B, h1 is the distance
between the top side of material A and the neutral axis of the T
shape beam and h2 is the distance between the bottom side
of material B and the neutral axis of the T shape beam. The
moment of inertia of the T shape beam can be expressed as [28]

Ic = 1

12
· b · t3

A + b · tA ·
(

h1 − tA

2

)2

+
1

12
· (α · b) · t3

B + α · b · tB ·
(

h2 − tB

2

)2

, (5)

where EC = EB, α = EB/EA, h1 = (tA · AA + tB · AB)/

(AA + AB), h2 = tA + tB − h1 and AA and AB are the cross-
section areas of materials A and B, respectively.
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Figure 4. The equivalent beam model of the composite beam.

3.1.3. Resonant frequency of composite beam. The resonant
frequency of a homogeneous cantilever beam with uniform
cross-section is defined as [29]

fn = λ2
n

2πL2

√
EI

ρA
, (6)

where λn is a dimensionless parameter, which is determined
by the boundary conditions, and L, E, I , ρ and A are
the length, Young’s modulus, moment of inertia about the
neutral axis, density and area of cross-section of the cantilever
beam, respectively. Composite beams may be analysed
using the same theory as is used for ordinary beams, since
the assumption that plane cross-sections remain plane after
bending is valid in pure bending, independently of the material
[28]. Therefore, the natural frequency of a composite beam can
be approximated by

fn = λ2
n

2πL2

√∑N
i=1 EiIi

ρ̄A
, (7)

where N is the number of layers in the composite beam, Ei

and Ii are the Young’s modulus and the moment of inertia of
each layer and ρ̄ is the average specific mass density of the
composite beam, which is given by

ρ̄ =
∑N

i=1 ρiti∑N
i=1 ti

, (8)

where ρi and ti are the density and thickness of each layer,
respectively. The theoretical resonant frequency of the
resonator is calculated at 15.7 kHz by using equation (7).

3.2. FEM mode simulation

To fully understand the resonant characteristics of the
resonator, an FEM simulator, IntelliSuite®, is used to calculate
the resonant frequencies and the corresponding mode shapes.
The resonator consists of a 500 × 44 µm2 composite beam
that is fixed to an anchor structure with 34 movable comb
fingers orthogonally mounted on the composite beam, and 35
fixed comb fingers are mounted on the silicon substrate. The
dimension of the comb finger is 68×3.6 µm2, and the overlap
length is 60 µm. Note that in the present FEM simulations,
we solely require a movable comb and composite beam to
calculate the resonant frequencies. Table 1 shows the mode
shape simulation results of the proposed resonator. In the
first mode, the resonator is bending in the vertical direction.

The second mode is yaw and roll motion; attention must be
paid to avoid shorting due to the contact between movable
and fixed combs. In the third mode, the resonator is vibrating
in roll motion. These simulation results can be used as the
reference data in determining the resonant modes during the
actual experimental measurements.

4. Fabrication

The proposed resonator device was fabricated through TSMC
(Taiwan Semiconductor Manufacturing Company) 0.35 µm
2p4m (double polysilicon quadruple metal) CMOS process
and post-CMOS micromachining process, which was provided
by the National Chip Implementation Center (CIC) [30]. The
CMOS process consists of two polysilicon layers, four metal
layers, three via layers and several dielectric layers. All metal
layers are made of aluminium and the contact/via holes are
filled with tungsten plugs. The dielectric layers are silicon
dioxide and the passivation layer includes silicon dioxide and
silicon nitride. The etched holes are filled with silicon dioxide.
The field oxide (FOX) layer is silicon dioxide. In order to
fabricate a flat plane surface, chemical mechanical polishing
(CMP) is employed after each deposition layer was completed.

After the CMOS process, a post-CMOS micromachining
process which includes a 2-step dry etching is used to release
the suspended structures of MEMS devices. Figure 5(a)
illustrates the cross-section view of the MEMS components
fabricated through the TSMC 0.35 µm 2p4m CMOS process.
Before the dry etching steps, a thick PR layer is coated on the
chip and patterned as illustrated in figure 5(b). This PR mask is
utilized to protect the bonding pads, electronic circuit and the
not needed etched regions of the MEMS components during
dry etching processes. After the PR mask is completed, an
anisotropic reactive-ion etch (RIE) with CHF3/O2 plasma is
used to define the sidewalls of the device structure and etch the
silicon dioxide in the etching holes, respectively. Figure 5(c)
schematically shows the cross-section view of the MEMS
device after the anisotropic RIE process. Then an isotropic
RIE with SF6/O2 is applied to etch the silicon substrate and
release the suspended structures of the MEMS components.
Finally, the PR mask is removed to complete the post-CMOS
micromachining process, as shown in figure 5(d).

In order to enhance the electrostatic force, the thickness of
the comb fingers must be increased. Therefore, the designed
comb fingers consist of all conductive layers in the CMOS
process. Figure 6 illustrates the cross-section of the comb
fingers. Besides, the composite beam is made of M3, M4
and all dielectric layers. Since it is made of multiple material
layers, it is bent due to residual stress. The piezoresistor made
of polysilicon (Poly2) is at the fixed end of the composite
beam and the resistance is about 52 k�. For this design, we
consulted the sheet resistance of the two polysilicon layers as
given in the TSMC 0.35 µm 2p4m CMOS process datasheet.
The sheet resistance of Poly1 is 8 �/sq and Poly2 is 50 �/sq.
Therefore, Poly2 is more suitable as a piezoresistor than Poly1.
Figure 7 displays the fabricated resonator device produced by
the CMOS process and the post-CMOS micromachining. It
is bent by the residual stress, as predicted, and the initial tip
height at the free end is around 60 µm.
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Table 1. The mode shape of the resonator.

Mode Frequency (Hz) Motion Solid mode shape

First 16790.7 Pitch

Second 103433 Yaw and roll

Third 105726 Roll

Figure 5. Process flow: (a) completion of CMOS process, (b) patterning a PR mask to protect unneeded etched regions, (c) etching silicon
dioxide by anisotropic RIE etching, (d) etching silicon substrate to release suspended microstructure and remove the PR (colour online).

5. Experiment and discussion

5.1. Static characteristic measurement

In order to examine the static characteristics of the resonator
device, a WYKO interferometer and an LCR meter are used for
preliminary measurement. The experimental block diagram
is shown in figure 8. To actuate the resonator using the
electrostatic force, a dc bias driving voltage given by the power
amplifier is used. As expected, the variation of resistance
due to the piezoresistive effect occurred with the deflection
of the resonator. The WYKO interferometer and LCR meter
are utilized to measure the vertical displacement and the
piezoresistor variation of the resonator, respectively. The tip
height at the free end of the resonator versus the applied dc bias
driving voltage between movable and fixed combs is shown
in figure 9. The vertical displacement decreased from 61.9

to 58.4 µm and was obtained when driving the device with a
voltage ranging from 0 to 100 V; thus, a maximum vertical
displacement of 3.5 µm is observed. The variation of the
piezoresistor is also shown in figure 9. The resistance value
increased from 52.19 to 52.46 k� and was obtained when
driving the device with a voltage ranging from 0 to 100 V.
The maximum relative resistance change of the piezoresistor
(�R/R) is about 0.52% when the applied voltage is 100 V, as
shown in figure 10. The result indicates that the piezoresistor
possesses a linear characteristic between 40 and 100 V.

5.2. Frequency response measurement

Figure 11 shows the frequency response of the resonator that
is measured by using an MEMS Motion Analyzer (MMA)
and a piezoresistor, respectively. The piezoresistor output
is connected to an external Wheatstone bridge (5 V supply
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Figure 6. Cross-section of the fixed and movable comb fingers
(colour online).

Figure 7. SEM image of a fabricated resonator device.

Figure 8. The experimental diagram of static characteristic
measurement.

voltage) and a commercial instrumentation amplifier (AD620)
with a gain of 25. The resonator is biased by a sinusoidal
wave with voltage offset of 30 V and amplitude of 30 V,
and the frequency ranges between 5 and 20 kHz. The first
resonant frequency mode is measured at 14.5 kHz, and it
closely matches the calculation (15.7 kHz) and simulation
result (16.8 kHz). The error is due to fabrication process
variations such as the thickness of each layer and the undercut
of silicon. The beam length is increased due to the undercut

Figure 9. The static characteristic of the resonator.

Figure 10. The relative resistance change (�R/R) of the
piezoresistor.

Figure 11. The frequency response of the resonator.

phenomenon which results in the decrease in the spring
constant. Thus the measured resonant frequency is lower
than the simulated result. The quality factor is calculated
at 36. The results indicate that the piezoresistor and MMA
measurements coincide on the resonance. The piezoresistive
signal completely reflects the mechanical vibrations of the
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resonator. Besides, the power consumption of the Wheatstone
bridge is about 0.48 mW. Notably, a ‘half mode’ peak before
the first mode peak resonance in 7.25 kHz is also observed
in this measurement. The half mode characteristic is due to
the double frequency and nonlinear effect in the electrostatic
resonator [31, 32]. It occurs when a driving voltage of the ac
signal coupled with dc bias is used to eliminate the frequency
distortion which caused when the resonator is driven by a pure
ac signal. It exists not only in electrostatic actuation but also in
other actuation principle such as electromagnetic, thermo and
piezoelectric actuators [33, 34]. However, devices generally
do not work at half mode. Thus, it is unnecessary to suppress
the half mode.

6. Conclusions

This work presents a vertical comb-drive resonator with a
piezoresistor sensing component. The static characteristic
and frequency response of the resonator are measured. The
proposed resonator device is implemented using the TSMC
0.35 µm 2p4m CMOS process and the post-CMOS process.
The design, modelling, simulation and measurement are also
presented. Preliminary measurement demonstrates that the
initial lift height by residual stress is about 60 µm and the
resonant frequency is 14.5 kHz. The measurement results also
indicate that the piezoresistor produced by Poly2 possesses a
good piezoresistive characteristic. In the future, the resonator
could be used as a sensor or an actuator.
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