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Abstract
This paper proposes an optimal design of the thermal-actuated, piezoresistive-sensed resonator
fabricated by a foundry-provided CMOS-MEMS process. The optimal design is achieved both
by quantitatively comparing the mechanical properties of different composite films as well as
by deriving an analytical model for determining the device dimensions. The analytical model
includes a stress model of an asymmetric mechanical structure and a piezoresistivity model of
the heavily doped, n-type polysilicon film. The analytical model predicts that the optimal
length of the displacement sensor is 200 μm when the thermal actuator is 200 μm in length
and the absorption plate is 100 μm in length. Additionally, the model predicts the resistivity of
the polysilicon film of (6.8 ± 2.2) m� cm and the gauge factor of (6.8 ± 2.9) when the grain
size is (250 ± 100) nm. Experimental results agree well with simulation results. Experimental
data show that the resonant frequency of the device is 80.06 kHz and shifts to 79.8 kHz when a
brick of Pt mass is deposited on the resonator. The mass of the Pt estimated from the frequency
shift is 4.5419 × 10−12 kg, while estimated from the measured dimension is 4.4204 ×
10−12 kg. Sensitivity of the resonant sensor is calculated to be 1.8 × 102 Hz ng−1.
Experimental results further show that the polysilicon film used in the experiments has a grain
size of (241 ± 105) nm, an average gauge factor of 5.56 and average resistivity of 5.5 m� cm.

(Some figures may appear in colour only in the online journal)

1. Introduction

Micromachined resonant sensors with the resonant frequency
modulated by the measurand have the advantages of high
measurement accuracy and quasi-digital output [1]. These
sensors have substantially been applied to various sensor
applications, including proximity sensing [1], acceleration
measurement [2] and bio-molecular detection [3]. Given that
a resonant sensor consists of device actuation and motion
sensing, the general concerns of designing/fabricating such
devices are the process capabilities of implementing those two
functionality and feedthrough between the driving node and
sensing node [4, 5].

The heavily doped, n-type polysilicon film is a standard
gate material in the MOS fabrication process, which can also
be used in many MEMS applications. For example, this film
can be used as a polysilicon heater for the thermal actuation
[6, 7] and a piezoresistor for the strain sensing [4, 8]. Therefore,
thermal-actuated and/or piezoresistive-sensed MEMS devices
can be realized using standard CMOS process plus post-
CMOS process [4]. Other frequently adopted techniques in
the CMOS-MEMS process include electrostatic actuation and
capacitive sensing. In contrast to those techniques, the thermal-
actuated, piezoresistive-sensed approach is characterized by
its absence of tiny gaps, hermetic sealing and low actuation
voltage, thus making it attractive for use in CMOS-MEMS
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designs [4]. However, the piezoresistivity of the polysilicon
film largely depends on its fabrication process and is not fully
disclosed to MEMS designers, thus limiting the application of
polysilicon films in MEMS designs [7].

A considerable amount of literatures of the piezoresistive
films have focused on the medium-doped, p-type single
crystalline silicon, owing to its large sensitivity in strain
sensing [9]. Despite having a lower piezoresistivity than that
of single crystalline silicon, polycrystalline silicon can be
deposited at lower temperature and is easily integrated with
other fabrication process. Consequently, the piezoresistivity
of the polysilicon has received increasing attention following
the increasing interest in MEMS devices. Reported data
in literatures are not directly applicable in predicting
the piezoresistivity of the polysilicon film in a standard
MOS process not only because the piezoresistivity of the
polysilicon film depends on the grain size, texture and doping
concentration [10], but also because most of the reported
data are for the medium–low doping concentration, p-type
silicon. For example, when modeling the hole density of a
p-type silicon film, many studies approximate the Fermi–
Dirac distribution by using the Boltzmann distribution. This
approximation may be inapplicable to a heavily doped n-type
silicon film [11].

Designing MEMS devices with industrial CMOS
processes is attractive for its cost reduction, high device
yield and on-chip circuitry [12]. However, engineers may
find it extremely challenging to optimize the MEMS device
performance because the fabrication process has been tuned
exclusively for IC circuitry. Since the fabrication process
is fixed, MEMS designers can only select the appropriate
layers and devise device dimensions to achieve the optimal
performance. Previous MEMS research with standard MOS
fabrication process often omits the discussion of layer selection
because the selection is rather limited as compared to the
intended MEMS functionality. For example, when using
PolyMUMPs or double-metal CMOS process to fabricate
MEMS resonators, the films available for making MEMS
devices can only fulfil the requirements of the device actuation
and motion sensing [1, 13, 14]. However, as the CMOS process
used becomes increasing complex, more than one layer can
be used to implement the intended MEMS functions. In that
case, the selected layers affect the structure thickness, thermal
conductivity and ultimately change the performance of the
MEMS devices.

This work presents an optimal design of the thermal-
actuated, piezoresistive-sensed resonant sensor fabricated by
a foundry-provided CMOS-MEMS process. Owing to that the
fabrication process is fixed, this design is optimized by both
quantitatively examining the appropriate layers and deriving
an analytical model for determining the device dimensions.
This analytical model includes the stress analysis of a three-
piece mechanical structure and a piezoresistivity model of the
heavily doped, n-type polysilicon film. The piezoresistivity
model is obtained by rewriting the equations of a resistance
model [15, 16] and a piezoresistivity model [9, 10] of the
medium-doped, p-type polysilicon. Therefore, this model is
capable of predicting the device actuation and piezoresistive

Figure 1. A conceptual design of the proposed resonant sensor.

motion sensing of the resonator. The design procedures,
feedthrough problem, and testing results are discussed in
detail.

2. Conceptual design

Figure 1 shows the conceptual design of the devised resonant
sensor. It consists of a ‘thermal actuator’, ‘absorption plate’
and ‘displacement sensor’. The thermal actuator drives the
device into resonance. The absorption plate provides a
platform for the bio-chemical reactions, thus changing the
mass of the entire system (resonator). Resonant frequency of
the device is shifted by the additional mass and is measured
by analyzing the readout signal of the displacement sensor.
The resonant frequency change due to the gravimetric change
(�m) can be modeled as [17]

�m = m0

(
ω2

n

ω
′2
n

− 1

)
, (1)

where ωn and ω
′
n are the resonant frequencies of the resonator

before and after the mass absorption; m0 is the original mass
of the device.

2.1. Foundry-provided CMOS-MEMS process

The fabrication processes of this sensor design are the TSMC R©

2P4M process and the post-CMOS process provided by the
National Chip Implementation Center [7]. The 2P4M process
mainly consists of two n-type polysilicon films (poly1, poly2),
four metal films (aluminum, metal1∼4) and dielectric films
(oxide) in between each metal film. The process profile and
film thickness are shown in figure 2.

The post-CMOS process defines/releases the MEMS
structure without damaging the circuitry. These actions
are achieved by defining the MEMS structures using an
anisotropic oxide etch and release the structure using an
isotropic silicon etch. Since the metal layer is an etch stop for
the oxide etch and the oxide layer is an etch stop for the silicon
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Figure 2. TSMC R©2P4M process. It is a standard CMOS process
and consists of two polysilicon films and four metal films.

etch, the polysilicon film in a suspended MEMS structure must
be covered by a metal film on the top and an oxide film at the
bottom.

According to the data sheet of the 2P4M process, the sheet
resistance of poly1 is 8�/square and poly2 is 50�/square.
Therefore, poly1 is suitable for implementing the heater in
the thermal actuator, while poly2 is suitable for implementing
the piezoresistor in the displacement sensor. However, based
on our experiences, the poly1 layer is often damaged during
the post-CMOS process. Only poly2 layers are used when
polysilicon films are needed in the design. Moreover, the
metal4 layer is not used in this sensor design for the same
reason.

2.2. Design of the thermal actuator

The design goal of the thermal actuator is generating a large
displacement when a voltage is applied. Therefore, this thermal
actuator must consist of a resistive film to generate sufficient
heat dissipation. Additionally, the structure must have a low
thermal conductivity, low bending stiffness and a multi-layer
structure with large mismatched thermal coefficients to convert
the joule heating into structure deflection. To satisfy the above
requirements, the thermal actuator is designed as a multi-layer
structure and the incorporated layers are determined by using
finite-element method (FEM) simulations.

Figure 3 show five designs with different layer
combinations of the thermal actuator. In type I, the thermal
actuator consists of metal2-oxide-metal1-oxide-poly2-oxide,
in which the total layer thickness is 3.72 μm and the width of
the poly2 film is designed to be 5 μm. Type II has the same
composite structure as that of type I, except for that the poly2
width is 2.5 μm. Type III is similar to type I, except for that the
oxide between metal1 and metal2 is replaced with many ‘via’
pillars. Type IV is similar to type I, except for that the metal1
layer is replaced with oxide. In contrast to type IV design, type
V has an additional metal3 and oxide layer. All these designs
comply with the design rules of the 2P4M process.

In the following FEM simulations, the thermal actuator is
200 μm in length and 20 μm in width. The actuation voltage
is 2 volts. Table 1 lists the material properties needed for these
simulations. FEM simulation results shown in table 2 indicate
that type IV has the largest deflection under the same actuation
voltage. Type IV is chosen to be the composite structure for the
proposed thermal actuator design. According to the data sheet
of the 2P4M process, thickness of this composite structure is
3.18 μm.

2.3. Design of the absorption plate

The absorption plate provides a platform for the bio-
chemical reactions. It is designed to have a large area, high
thermal resistance and large bending stiffness. The large
area facilitates more bio-chemical reactions and improves the
device sensitivity. The high thermal resistance prevents the
heat generated by the thermal actuator from interferencing
with the piezoresistive displacement sensor. The large bending
stiffness amplifies the structure deflection generated by the
thermal actuator, which also improves the device sensitivity.
To meet above three requirements, the composite structure
of the absorption plate is designed by stacking all the oxide
layers without metal layers, leading to a total thickness close
to 4.0 μm.

2.4. Design of the piezoresistive displacement sensor

Piezoresistive displacement sensor uses the piezoresistivity
of the polysilicon film for strain sensing. It is designed to
have a low bending stiffness so that it would not destruct the

Type II (M1, M2)Type I (M1, M2)

Type III (M1, M2, via)

Type V (M2, M3)

Metal
Oxide
Polysilicon

Type IV (M2)

Figure 3. Five designs of thermal actuators. Each design has different composite structure.
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Table 1. Material properties (Young’s modulus E, Poisson’s ratio ν and density ρ), thermal conductivity κ and specific heat capacity (c)
used for modeling the proposed resonant sensor.

Material E (GPa) ν ρ(kg m−3) κ (Wm−1K−1) c(Jkg−1K−1)

Polysilicon 169 0.27 2 330 25 700
Silicon oxide 70 0.25 2 200 0.059 840
Aluminum 70 0.33 2 700 237 898.7
Tungsten 410 0.28 19 250 178 242.7
Platinum 170 0.39 21 440 73 132.51

Table 2. FEM simulation results of five thermal actuator designs.

Composite Temperature Total Max.
Type films increase (◦C) thickness (μm) deflection (μm)

Type I metal2/oxide/ 33.863 3.72 2.303
metal1/poly2/oxide

Type II Half poly2 26 3.72 2.059
Type III metal2/via/ 31.15 3.72 2.5

metal1/poly2/oxide
Type IV metal2/oxide/ 37.3 3.18 3.098

oxide/poly2/oxide
Type V metal3/oxide/metal2 40.7086 4.72 1.727

oxide/poly2/oxide

deflection generated by the thermal actuator. Its composite
structure is thus designed to consist of metal1-oxide-poly2-
oxide films, resulting in a total thickness close to 1.58 μm.
Three additional resistors are also designed using the poly2
layer and located at the fixed substrate. These three resistors
along with the piezoresistor in the displacement sensor form
a Wheatstone bridge which converts the resistance variation
of the piezoresistor into voltage. For the best sensitivity of
the bridge output [18], three resistors are designed to have the
same resistance as that of the piezoresistor in the displacement
sensor.

3. Analytical modeling of the thermal-actuated,
piezoresistive-sensed resonator

A previous section discusses the layer selection for the resonant
sensor design, which determines the structure thickness of each
key component. This section derives a mathematics model for
the proposed sensor design for use in further determining the
device dimensions and achieving an optimal performance.

3.1. Stress analysis of the resonant sensor

For the stress analysis, the proposed design can be considered
as a three-piece structure under the bending moment generated
by the thermal actuator. As shown in figure 4(a), from the
left to right, each block represents the thermal actuator,
absorption plate and displacement sensor. Since the lateral
force generated by the thermal actuator contributes less in the
structure deformation, the lateral force is ignored. Therefore,
the force balance in the y-direction and moment balance in the
z-direction can be written as follows:

ML − MP − MR + VR(L1 + L2 + L3) = 0

VL = VR, (2)

(a)

(b)

(c)

Figure 4. A schematic of the stress analysis of the proposed sensor
design. (a) A free-body diagram of the overall system. (b)
Free-body diagrams of the thermal actuator and displacement
sensor. (c) Boundary conditions of the three-piece structure.

where MP is the moment generated by the thermal actuator;
MR and ML are the reaction moments at two fixed ends; VL

and VR are the shear forces at two fixed ends; L1, L2 and L3

are the lengths of the thermal actuator, absorption plate and
displacement sensor, respectively.

If the absorption plate is sufficiently rigid, deformation
of the absorption plate can be ignored. Stress analysis can
thus be simplified by separating them for the thermal actuator
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and displacement sensor. By using the free-body diagram (see
figure 4(b)), the displacement in y-direction can be modeled
as follows:

(EI)1
d2y1

dx2
= M1(x) = VLx + ML

(EI)3
d2y3

dx2
= M3(x) = MR − VR(L1 + L2 + L3 − x), (3)

where (EI)1 and (EI)3 are the equivalent bending property of
the thermal actuator and displacement sensor, respectively. The
above equations are linked together by the following boundary
conditions:

y1(x)|x=0 = 0

dy1(x)

dx

∣∣∣∣
x=0

= 0

y3(x)|x=L1+L2+L3 = 0

dy3(x)

dx

∣∣∣∣
x=L1+L2+L3

= 0

dy1(x)

dx

∣∣∣∣
x=L1

= dy3(x)

dx

∣∣∣∣
x=L1+L2

= θ

y3(x)|x=L1+L2 = y1(x)|x=L1 + L2 · θ. (4)

The bending moment Mp is generated by the thermal
actuator which is a composite structure of metal-oxide-poly-
oxide films. Since the poly film in this composite structure
is much thinner than other films, the bending moment can
be approximated as the mismatch of the thermal coefficients
between the metal film and oxide film. Based on the analysis
of a bi-morphs structure [19], the bending moment Mp can be
approximated as

Mp = w · (tmdmEmαm − todoEoαo·)T (5)

where the subscript m, o stands for the metal and oxide,
respectively; w is the width of the thermal actuator; t is the
film thickness; E is the Young’s modulus of the film; d is
the distance from respective film to the neutral axis of the
composite structure and α is the thermal coefficient.

3.2. Piezoresistivity of the heavily doped, n-type polysilicon

According to Lu et al [15], the resistivity of a polysilicon
film is contributed by two sources: potential barrier at the
grain boundary and the bulk resistivity of the crystalline.
Energy difference between the grain boundary and crystalline
region results in an energy barrier and depletion region in the
vicinity of the grain boundary. If the crystalline region is not
completely depleted (Lg > 2ωg, see figure 5), the resistivity of
a polysilicon film (ρt) can be modeled as

ρt = Lg − (2ωg + δ)

Lg
ρg + (2ωg + δ)

Lg
ρb (6)

where Lg is the average grain size; ωg is the depletion width;
ρg is the resistivity in the grain region; ρb is the resistivity due
to the grain boundary and δ is the width of the grain boundary.

Figure 5. A simple electrical model for one-dimensional grain
structure of the polysilicon [8].

The resistivity of the grain region equals to that of the single
crystalline silicon, which can be modeled as [20]:

ρg = 1

qn(0)μn
, (7)

where q is the elementary charge; n(0) is the electron
concentration in the charge neutral region of the grain and μn

is the electron mobility. By applying the thermionic-emission
theory to model the conductivity of the gain boundary [15],
the current density J of an n-type film can be written as

J = 2 f qn(0)

(
1

2m∗
eKT

)1/2

exp

(−qVB

KT

)
sinh

(
qVba

2KT

)

VB = qn(0)ω2
g

2ε
, (8)

where m∗
e is electron effective mass; VB is the bending of the

energy band diagram due to the energy difference between
grain boundary and the grain; f is an artificial factor to fit
experimental data; K is the Boltzmann constant; T is the
temperature in kelvin; Vba is the voltage drop across grain
boundary and ε is the dielectric constant of the silicon.

Depletion width is related to the energy level of the grain
boundary. The depletion width can be determined by using the
concept of ionized trap density (QT ) at the grain boundary and
the charge-neutrality condition, which equates the number of
ionized dopants in the depletion region to the number of the
charge traps in the grain boundary (see equation (9))

2n(0)ωg = QT , (9)

where the trap density QT can be obtained from the
experimental data [15].

If the film is heavily doped (i.e., more than 1×10−20 cm−3

in this case), the Fermi level and electron concentration should
be calculated directly from the Fermi–Dirac distribution
but not the approximation of the Boltzmann distribution.
Alternatively, the electron concentration can be approximated
by the impurity concentration Nd by assuming that the impurity
is totally ionized [15]. Additionally, when the voltage drop
Vba � 2KT

q , the barrier resistivity of the n-type film described
in equation (8) can be simplified as

ρb = Vba

J(2ωg)
� 1

f

1

2ωgq2Nd
(2πm∗

eKT )1/2 exp

(
qVB

KT

)
. (10)
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Once the doping concentration, average grain size,
boundary width and trap density are known, the resistivity
of a heavily doped, n-type polysilicon film can be calculated
using equations (6)–(10).

3.3. Gauge factor of the polysilicon film

Gauge factor (G) denotes the sensitivity of a strain sensor,
which is defined as the relative change in resistance �R/R per
unit strain ε.

G = 1

ε


R

R
= 1 + 2ν + 
ρ

ρε
, (11)

where ν is Poisson’s ratio and ρ is the resistivity. The first two
terms represent the change in resistance due to dimensional
changes, while the last term represents the change in resistivity
due to strain. For anisotropic piezoresistive materials, the last
term in the longitudinal direction (i.e., in the direction of the
stress applied) can be modeled as


ρ

ρε
= πl

S11

πl = πl |T=300 KṖ(Nd, T ), (12)

where πl is the piezoresistance coefficient in the direction
of stress applied; S11 denotes the equivalent compliance
in the direction of stress applied; P(Nd, T ) describes the
dependence of piezoresistance on the impurity concentration
and temperature. The values of P(Nd, T ) are often obtained
experimentally and can be found in [9].

Relation between the principle axis of the anisotropic
material and the longitudinal direction of the piezoresistance
can be described by the Euler angles (φ, θ , ψ) in a rotation
order of z–y–z. In that case, the longitudinal piezoresistance
coefficient and the longitudinal compliance can be obtained
as [9]

πl |T=300 K = π11 + 2(π44 + π12 − π11)
(
l2
1m2

1 + l2
1n2

1 + m2
1n2

1

)
S11 = s11 + (s44 + 2s12 − 2s11)

(
l2
1m2

1 + l2
1n2

1 + m2
1n2

1

)
l1 = cos φ cos θ cos ψ − sin φ sin ψ

m1 = sin φ cos θ cos ψ + cos φ sin ψ

n1 = − sin θ cos ψ, (13)

where si j and πi j are the compliance coefficients and
piezoresistance coefficients of single crystalline silicon along
its principle axis. Their values can be found in [9]. The
piezoresistivity of a polysilicon film can be estimated from
that of a single crystalline film by assuming that the grain
orientation is randomly distributed and the piezoresistive effect
is dominated by the resistance in the grain region. In that case,
the gauge factor of a polysilicon film can be written as [10]:

G = 1 + 2ν + ρg〈πl/S11〉
[ρg + (2ωg + δ)ρb/(Lg − (2ωg + δ))]

〈πl/S11〉 =
∫ π/2
θ=0

∫ π/4
φ=0(πl/S11) dθ dφ∫ π/2

θ=0

∫ π/4
φ=0 dθ dφ

∣∣∣∣∣
ψ=0

, (14)

where 〈πl/S11〉 is the average value of πl/S11 over all possible
directions.

Again, once the grain size, boundary width and the trap
density of a polysilicon film are obtained, the gauge factor of
a polysilicon film can be predicted using equations (12)–(14).

3.4. Piezoresistive displacement sensor output

Once the gauge factor of a piezoresistive film is known, the
resistance variation �R/R due to the strain of the film can be
calculated using equation (11). In this case, the piezoresistive
film is embedded in the section of the displacement sensor. The
strain of the piezoresistive film can be estimated as follows:

ε(x) = M3(x)tz
(EI)3

, (15)

where tz is the distance between the location of the
piezoresistive film and the neutral axis of the composite
structure of the displacement sensor. The mean strain of this
piezoresistive film is obtained by the integration over the length
of the piezoresistive film.

εmean = 1

L3

∫ L3

0
ε(x) dx = tz

L3(EI)3

∫ L3

0
M3(x) dx. (16)

Resistance variation of the piezoresistive film is converted
into voltage by using a Wheatstone bridge. As discussed
previously, three additional resistors are designed to have the
same resistance as the nominal resistance of the piezoresistive
film in the displacement sensor. The voltage output of the
Wheatstone bridge can be obtained as follows:

Vout = Vbias

4


R

R
= Vbias

4

G

L3

tz
(EI)3

∫ L3

0
M3(x) dx, (17)

whereVbias is the bias voltage applied to the Wheatstone bridge.
In this resonator model, once the temperature of the thermal
actuator is obtained, the strain of the displacement sensor can
be calculated by using equations (2)–(5), the gauge factor of the
displacement sensor using equations (6)–(14) and the sensor
output using equations (15)–(17).

4. Finite-element simulations of the resonant sensor

Several FEM simulations are performed to verify the feasibility
of the resonant sensor design, along with the development of
the analytical model. In these simulations, the thermal actuator
is 200 μm in length and 2 μm × 20 μm in width. The
polysilicon heater is 5 μm in width. The absorption plate is
100 μm in length and 200 μm in width. The displacement
sensor is 100 μm in length and 2 μm × 10 μm in width.
The piezoresistive film in the displacement sensor is 2 μm in
width. Thickness of the structure is obtained from the process
data sheet and shown in figure 1. Table 1 lists the material
properties needed for these simulations.

Figure 6 shows the first two resonant modes of the
proposed resonator design. The plot reveals that the first
resonant mode is the designated out-of-plane motion and the
resonant frequency is 81.08 kHz; the second mode is an in-
plane motion and the resonant frequency is 112.22 kHz. The
frequency of the second mode is 1.4 times higher than that of

6
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(a) (b)

Figure 6. Modal analysis of the proposed sensor design. (a) First mode: out-of-plane motion, 81.08 kHz. (b) Second mode: in-plane motion,
112.22 kHz.

(a) (b)

Figure 7. Temperature distribution of the proposed sensor design when a dc 4 V is applied to the polysilicon heater. The highest temperature
is 55 ◦C. (a) View on the rear side. (b) View on the front side.

the first mode. The second resonant motion should thus not
interfere much with the designated motion of the plate.

Figure 7 shows the temperature distribution of the device
when a dc voltage 4 V is applied to the thermal actuator.
According to the simulation results, the temperature of the
thermal actuator is above the room temperature (25 ◦C), due
to the joule heating of the polysilicon heater. The polysilicon
heater is designed to have a ‘U’ shape and is placed close to
the bottom of the thermal actuator. Therefore, the maximum
temperature of the resonator (56 ◦C) is located at the bottom of
the thermal actuator and close to the tip of the thermal actuator.
A large portion of the absorption plate and displacement
sensor maintain their temperature at the room temperature.
Therefore, the heat interference from the thermal actuator to
the displacement sensor is negligible.

Based on the temperature difference of 30 ◦C (� 56 ◦C−
25 ◦C) from FEM simulation results, the deformed shape of

the proposed resonator design can be predicted using the
analytical model (equations (2)–(5)). Simulation results in
figure 8 indicate that the analytical model and FEM model
predict a similar deformed shape. Additionally, the maximum
deflection is located at the tip of the displacement sensor,
which is 1.48 μm predicted by the FEM model and 1.4 μm
by the analytical model. The deviation from these two models
is approximately 5%.

5. Device fabrication

Figure 9(a) presents the cross-sectional view of the device
after the standard 2P4M CMOS process. The entire die is
covered by the passivation layer. To manufacture different
composite structures for the proposed resonant sensor design,
figure 9(b) shows that portion of the passivation layer is first
removed by one lithography (‘PAD’ mask [21]), followed by

7
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Figure 8. Simulation of the deformed shape of the proposed sensor design. (a) Analytical model, the maximum deflection is −1.48 μm.
(b) FEM model, the maximum deflections is -1.4 μm.

(a) (b)

(c) (d)

Figure 9. Fabricating the sensor design using the 2P4M CMOS process and post-CMOS process. (a) Completion of CMOS process.
(b) Removing the passivation layer using ‘PAD’ mask and patterning the MEMS structure using ‘RLS’ mask. (c) Etching silicon dioxide by
anisotropic RIE etching. (d) Releasing the MEMS structure by an isotropic silicon etch.

another mask (‘RLS’[21]) that defines the structure sidewalls.
Figure 9(c) presents an anisotropic reactive-ion-etch (RIE)
using CHF3/O2 plasma. This step etches away silicon oxide
and stops on metal layers and silicon substrate. According
to our experience, a minimum 4 μm × 4 μm window can
be successfully accomplished in this process step, which
defines the minimum sidewall spacing of MEMS structures.
Additionally, the polysilicon layer should be placed, at least,

2 μm away from the edges of the protection metal layer to

prevent it from damage by this dry etching process. Finally,

an isotropic RIE with SF6/O2 is applied to etch portion of the

silicon substrate, subsequently releasing the MEMS structures.

Following the removal of the PR mask, the fabrication process

is completed. Figures 9(c) and (d) show different composite

structures needed for this resonant sensor design.
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Figure 10. A fabricated device and its dimension.
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Figure 11. The block diagram of the driving circuits and Wheatstone bridge readout circuits.

6. Experimental results

The fabricated devices have the same dimensions as described
in section 4, except for that the length of the displacement
sensor ranges from 80 to 140 μm. Figure 10 shows one of the
fabricated devices with the displacement sensor of 100 μm
in length. Resistance of the polysilicon heater located at the
thermal actuator is measured to be 3.8 k�. The piezoresistor
located at the displacement sensor is measured to be 4.259 k�.
A chunk of Pt mass is deposited on the absorption plate by
using the focused ion beam for testing the resonant frequency
shift. The dimensions of the Pt measured by the white-light
interferometer are 11.5 μm × 6.4 μm × 2.8 μm. There exist
irregular patterns on the aluminum film. Since aluminum film
is a hard mask in the etching process, the thickness loss
of aluminum layer is negligible [22, 23] and those irregular
patterns are likely the residues from the lithography process.

Figure 11 shows the circuitry used to calibrate the
fabricated devices. The proposed design consists of a

Wheatstone bridge, differential pre-amplifier (INA 103)
and lock-in amplifier (SIGNAL RECOVERY 7265). The
Wheatstone bridge consists of four resistors, where R2 is
the designated piezoresistor located at the displacement
sensor; R1, R3 and R4 are fabricated resistors using the same
polysilicon film as R2 but located at a fixed substrate. R1 ∼ R4

are designed to have the same resistance for the best bridge
sensitivity. The bridge is biased at dc 1 V. The polysilicon
heaters Rh1 and Rh2 in the thermal actuators are driven by a
pure sinusoidal signal. Consequently, the resonator vibrates at
the frequency twice that of the driving signal. Thus, the output
signal frequency is twice that of the driving signal and can
be measured selectively by the lock-in amplifier. Therefore,
in this setup, both the electrical feedthrough effect and the
resistance mismatch effect are suppressed.

Several experiments are performed to verify the
effectiveness of the proposed design, which includes
the piezoresistivity of the polysilicon film, temperature
distribution of the resonator and resonant frequency variations.
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Figure 12. Calibrating the gauge factor for three piezoresistive films.

6.1. Piezoresistivity of the polysilicon film

In this experiment, a cantilever beam containing a piezoresistor
made of polysilicon layer (poly2) is bent by a probe. Deflection
of this cantilever beam is measured by an interferometer. And
the resistance of the polysilicon film is measured by a multi-
meter. Based on equation (11) and the above experimental data,
the gauge factor of this piezoresistive film can be calculated.
Figure 12 shows the calculated gauge factor of three different
cantilever beams at different beam deflections. According to
the experimental results, the gauge factor is 5.56 on average
and the resistivity of the film is 5.5 m� cm on average.

6.2. Temperature distribution of the resonator

Prior to the temperature measurement, the whole device is
pre-heated to approximately 55 ◦C in order to suppress the
background noise. A dc voltage of 4 V is then applied to
the thermal actuator and the temperature distribution of the
fabricated device is measured using infrared (InfraScope II
from Quantum Focus Instruments). As shown in figure 13,
the thermal actuator has an elevated temperature while the
absorption plate maintains its temperature at the background
temperature. The displacement sensor temperature is slightly
higher than the background temperature owing to the self-
heating effect of the Wheatstone bridge. Above results validate
the proposed design with respect to the high thermal resistance
of the absorption plate, which aims to prevent the thermal
actuator from interfering the temperature of the displacement
sensor. Moreover, the highest temperature occurs near at the
end of the heating resistor and is measured at 90 ◦C, which
equals to a temperature increase of 35 ◦C (=90 ◦C − 55 ◦C).
Both the temperature distribution and highest temperature
revealed in this experiment are consistent with the FEM
simulation results shown in figure 7.

6.3. Resonant frequency of the resonator

Resonant frequency of the proposed device is measured using
two methods. In the first method, the device is vibrated by

Figure 13. Static temperature distribution of the fabricated device
measured by infrared. The maximum temperature is 35 ◦C above the
background temperature.
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Figure 14. Resonant frequency of the device measured by two
methods. One method uses shake table and LDV, and the resonant
frequency is of 81.69 kHz. The other method uses proposed driving
circuits and readout circuits, and the resonant frequency is of
80.6 kHz.

a shake table and its displacement is measured by a laser
Doppler vibrometer (LDV). After subtracting the dynamics of
the table base, the frequency response of the device measured
by the first method is 81.69 kHz and is shown in figure 14.
In the second method, the resonator is driven by a sinusoidal
voltage and the displacement signal is pickup by the readout
circuit shown in figure 11. The peak-to-peak value of the
driving voltage is 4 V. The resonant frequency is measured
at 80.06 kHz. Above results closely correspond to the FEM
simulation results shown in figure 6(a), which predicts the
resonant frequency of the device of 81.08 kHz. In addition,
figure 14 shows a ‘−20 dB/decade’ roll-off at low frequencies
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attaching a Pt mass to the absorption plate. This frequency response
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for the second method but not for the first method. Other
simulation results indicate that the roll-off may come from the
thermal actuation, thus not showing in the first method.

6.4. Device sensitivity

Following calibration of the fabricated device, a chunk of the Pt
mass is deposited on the absorption plate as shown in figure 10.
After the Pt deposition, the resonant frequency of the proposed
device is measured at 79.8 kHz, which is 80.06 kHz before the
deposition (see figure 15). The mass of the resonator before
the Pt deposition is estimated from the FEM model as 6.96 ×
10−10 kg. By using the frequency shift and equation (1),
the mass of the Pt is estimated to be 4.54 × 10−12 kg. The
mass of the Pt, estimated by the measured dimension (see
figure 10) and the Pt density of 2.145 × 103 kg m−3, is 4.42 ×
10−12 kg. The deviation of these two mass measurements is
2.7%. Furthermore, the sensitivity of this mass detection sensor
is calculated to be 1.8 × 102 Hz ng−1.

7. Discussion

According to the derivation shown in equations (6)–(10), (14),
the average grain size and boundary width of a polysilicon
film (microstructure) can be estimated by measuring the film
resistivity and gauge factor (macro-properties) or vice versa.
By using the impurity concentration of 4 × 1020 cm−3 (from
2P4M data sheet), boundary width of 1.5 nm and trap density
at the grain boundary of 3 × 1012 cm−3 (used in many works
[16]), figure 16 predicts the film resistivity and gauge factor
as a function of the grain size. This information can be
useful for industry applications because the piezoresistivity
can be obtained using the in-run optical measurement instead
of an intrusive calibration process. By using the results
shown in figure 16, the film resistivity is predicted at
(6.8 ± 2.2) m� cm and the gauge factor (6.8 ± 2.9) when
the grain size is of (250 ± 100) nm. For comparison, several
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Figure 16. The relations between the grain size, resistivity, and
gauge factor of a heavily doped, n-type polysilicon film, which is
predicted by the derived analytical model.

Figure 17. A SEM photo of the poly2 film in the 2P4M process.
The grain size is measured to be (241 ± 105) nm.

SEM photos (see figure 17) are taken on the polysilicon film
and the grain size of the film is measured to be (241 ±
105) nm. The experimental data shown in figure 12 indicate
that the resistivity is of 5.5 m� cm on average and the gauge
factor is of 5.56 on average. These experimental data validate
the feasibility of the developed piezoresistance model.

The proposed design consists of many optimization
problems. For example, the displacement sensor should be
lengthy so that it does not destruct much of the deflection
generated by the thermal actuator. However, the output signal
of the piezoresistive film is proportional to the strain instead of
the deflection. The lengthy design of the displacement sensor
may reduce the strain, subsequently reducing the output signal.
To verify this dilemma, this work fabricates devices with
the same dimensions of the thermal actuator and absorption
plate yet four different lengths of the displacement sensor
(80, 100, 120 and 140 μm). The experimental results from
these four designs are compared with the simulation results
of the FEM model and analytical model. According to results
shown in figure 18, the experimental results and simulation
results correlate well with each other in that the output voltage
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Figure 18. The relations between the length of the displacement
sensor and the output signal. Experimental data and simulation
results show that the output signal increases as the length of the
displacement sensor increases from 80 to 140 μm. Both the FEM
model and analytical model predict the optimal length of the
displacement sensor of 200 μm.

increases as the length of the displacement sensor increases
from 80 to 140 μm. Additionally, both FEM model and
analytical model predict an optimal length of 200 μm of the
displacement sensor. Unfortunately, this optimal design is not
experimentally verified in this work since the current design
already violates the design rule of this fabrication process for
the maximum length of the suspended structure [21].

The quality factor is a key parameter of the resonator
design. In this case, the quality factor excerpted from the LDV
measurement is 166.3. Using this quality factor, the mass of
the resonator estimated by the FEM model (6.96 × 10−10 kg),
resonant frequency of the device (80.06 kHz) and a first-
order system for thermal actuation, one can construct a third-
order model for this thermal-actuated resonator design. For
comparison purpose, the frequency response of this model
is also plotted in the upper plot of figure 15 and the altered
frequency response due to the additional Pt mass of 4.42 ×
10−12 kg is plotted in the bottom plot of figure 15. As shown
in the plot, the third-order model works well in predicting
the frequency response of the resonator when no Pt mass
is attached. However, the measured data show asymmetric
resonant response and low quality factor (∼98) as compared
to the response predicted by the model. This deviation is
likely due to a non-zero background signal of the measurement
system. More experiments are planned to explore the details.

8. Conclusion

This work presents the design and calibration of a thermal-
actuated, piezoresistive-sensed resonant sensor fabricated
by TSMC R© 2P4M process. The proposed sensor design
consists of three key components: thermal actuator, absorption
plate and displacement sensor. The thermal actuator actuates
the device into resonance. The absorption plate provides
a platform for the bio-chemical reactions, subsequently
changing the mass of the resonator. The additional mass
changes the resonant frequency of the device and is
measured by analyzing the readout signal of the piezoresistive
displacement sensor.

The proposed sensor is designed by the optimal layer
selection and dimension determination. For the layer selection,
the thermal actuator is designed to consist of metal2-
oxide-poly2-oxide films to fulfil its design goals of low
thermal conductivity, large mismatched thermal coefficients
and compliant bending stiffness. The absorption plate is
designed to consist of four oxide films to achieve a low
thermal conductivity and large bending stiffness. Moreover,
the displacement sensor is designed to consist of metal1-oxide-
poly2-oxide films to achieve a low bending stiffness.

This work also presents the derivation of an analytical
model for determining the optimal device dimension. Based
on this model, the optimal length of the displacement sensor is
predicted at 200 μm when the thermal actuator is 200 μm
in length and the absorption plate is 100 μm in length.
Additionally, the film resistivity of the polysilicon film in
the 2P4M process is predicted to be (6.8 ± 2.2) m� cm
and the gauge factor (6.8 ± 2.9) when the grain size is
(250 ± 100) nm.

Experimental results indicate that the resonant frequency
of the proposed design is 80.06 kHz and shifts to 79.8 kHz
when a brick of Pt mass is deposited on the absorption plate.
The Pt mass estimated from the frequency shift is 4.5419 ×
10−12 kg, while estimated from the measured dimension
is 4.4204 × 10−12 kg. Moreover, the device sensitivity is
calculated to be 1.8 × 102 Hz ng−1. In this work, the grain
size of the polysilicon film is measured to be (241 ± 105) nm,
the resistivity is of 5.5 m� cm on average and the gauge
factor is of 5.56 on average. Above results correlate well
with the proposed analytical model. Experimental results also
closely correspond to the simulation results in that the output
signal of the piezoresistive sensor increases as the length
of the displacement sensor increases from 80 to 140 μm.
Unfortunately, this work does not experimentally confirm the
optimal length of the displacement sensor of 200 μm owing
to design constraints.
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