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Abstract—This paper presents the Butterworth-van Dyke
model and quantitative comparison that explore the design
space of lead zirconate titanate-only (PZT) and PZT on 3-, 5-,
and 10-μm single-crystal silicon (SCS) high-overtone widthextensional mode (WEM) resonators with identical lateral dimensions for incorporation into radio frequency microelectromechanical systems (RF MEMS) filters and oscillators. A novel
fabrication technique was developed to fabricate the resonators
with and without a silicon carrier layer using the same mask
set on the same wafer. The air-bridge metal routings were
implemented to carry electrical signals while avoiding large
capacitances from the bond-pads. We theoretically derived and
experimentally measured the correlation of motional impedance (RX), quality factor (Q), and resonance frequency (f) with
the resonators’ silicon layer thickness (tSi) up to frequencies of
operation above 1 GHz.

I. Introduction

T

he development of modern integrated wireless communication systems has pushed the investigation of
efficient electromechanical transducer materials for microelectromechanical resonators and filters. Ferroelectric materials such as lead zirconate titanate (PZT) are favorable
transducers for devices that operate at high frequencies up
to the UHF range because they avoid thick film requirements and reduce the area required for the resonators and
filters. Furthermore, PZT exhibits a large electromechanical coupling coefficient, enabling the design of larger percentage bandwidth filters [1].
PZT is also an attractive electromechanical transducer
because it possesses a dc bias-dependent elastic modulus.
This property has been utilized to design PZT transduced
length-extensional mode (LEM) resonators with up to 5%
frequency tuning [2]. However, PZT-only resonators are
well known to have low Q. To overcome the low Q of PZTonly resonators, we have developed a new fabrication technology to integrate PZT transduction with single-crystal
silicon (SCS) resonators. This fabrication technology allows us to fabricate PZT-only and PZT-on-silicon resonators using the same mask set on the same wafer.
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The material properties and piezoelectric coefficient of
PZT solely dominate the Butterworth-van Dyke (BVD)
model in PZT-only resonators. However, the effective
mass, MEff, effective stiffness, KEff, and the damping factor, ζ, of PZT-on-silicon resonators are scaled by the ratio
of the thickness of the PZT layer, tPZT, to that of the
silicon layer, tSi. Several research groups have previously demonstrated aluminum nitride (AlN) and zinc oxide
(ZnO) transduction of MEMS resonators with and without
a silicon carrier layer and derived the corresponding BVD
models [3]–[5]. However, the thicknesses of piezoelectric
films in many applications are usually much smaller than
the thickness of the silicon carrier layer. Thus, the mass of
the thin film transducer can be neglected without affecting
the accuracy of the equivalent electrical model very much.
In this paper we derive, simulate, and experimentally justify a model that will hold true for any thickness ratio of
the piezoelectric transducer and silicon carrier layer. The
model converges to models presented in references [3]–[5]
for the specific thickness cases.
II. High-Overtone WEM Resonator
PZT-transduced LEM resonators have been successfully demonstrated. By varying the silicon thickness, tSi,
(thereby the percent mass of crystalline silicon in the resonator) and dc bias voltage, we can define the desired Q
and frequency tuning range of the resonators [2]. However,
various applications in wireless communication systems
demand higher frequency of operation. To reach f above
100 MHz using the length-extensional mode of vibration,
the length of PZT-on-silicon resonators must be scaled
down to less than 40 μm. The length of PZT-only resonators must be shrunk even more because of the lower
acoustic velocity compared with PZT-on-silicon resonators. Aggressive scaling in lateral dimensions of the resonator reduces the transduction area, resulting in poor
motional impedances. To enable PZT-transduced resonators with a high frequency of operation while maintaining
low motional impedance, design and fabrication of PZTtransduced high-overtone width-extensional mode (WEM)
resonators will be presented.
A. Design of a High-Overtone WEM Resonator
A high-overtone width-extensional mode of vibration
can be excited to achieve a high resonance frequency while
utilizing a large transduction area [6]. The schematic of
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Fig. 1. Schematic of (a) PZT-only resonator and (b) PZT-on-silicon resonator.
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Fig. 3. The cross-sectional view of a width-extensional mode resonator.

a one-dimensional model. The resonator vibrates in the
direction normal to area A (not shown in the picture).
From Newton’s law of motion, the sum of forces that
act on the resonator can be expressed as
(s(x, t) + d s(x, t))A - s(x, t)A = r EffAdx

¶ 2u(x, t)
¶t 2

, (1)

where u and σ are the displacement of center mass and the
distributed stress across the thickness of the composite
resonator, respectively. Eq. (1) can be simplified as
A

Fig. 2. ANSYS mode shape of a high-overtone width-extensional mode
resonator.

A
PZT-only and PZT-on-silicon resonators are illustrated in
Figs. 1(a) and 1(b), respectively. By selectively patterning the interdigitated electrodes on top of the resonators,
the higher overtone of width-extensional mode is excited
as demonstrated in ANSYS modal analysis (Ansys, Inc.,
Canonsburg, PA) in Fig. 2.
B. Effective Mass, Damping Ratio, and Effective
Spring Constant
The cross-sectional view of a WEM resonator with
width W and thickness tPZT + tSi is shown in Fig. 3. We
assume in our analysis and derivation throughout this paper that the structure of our devices is either dominated
by PZT layer (tPZT, for PZT-only resonators) or PZT and
silicon composite structure (tPZT + tSi, for PZT-on-silicon
resonators). Though the strain is assumed to be uniform
in the x-, y-, and z-directions, we designed all suspensions
of the resonators to strongly excite the width-extensional
mode of vibrations. Because the displacement normal to
the x-direction is presumed to be negligibly small, the
three-dimensional equation of motion can be reduced into

¶s(x, t)
¶ 2u(x, t)
= r EffA
¶x
¶t 2
¶u(x,t )
¶x

¶E Eff
¶x

E EffA

¶ 2u(x, t)
¶x

2

= r EffA
= r EffA

(2)

¶ 2u(x, t)

(3)

¶t 2
¶ 2u(x, t)
¶t 2

,

(4)

where EEff and ρEff are the effective two-dimensional elastic modulus and density of the composite resonator, respectively.
The wave equation for a one-dimensional vibrating
width-extensional mode resonator including the damping
factor, b and external forces, f(x, t) is
¶ ¶ 2u
¶ 2u
¶f
(
x
,
t
)
E
A
(x, t) =
(x,tt).		
Eff
2
2
¶t ¶x
¶x
¶t
¶x
		
(5)
r EffA

¶ 2u

(x, t) - bA
2

By the method of separation of variables, we assume (5)
has solutions of the form
æ n p ö÷
u(x, t) = g(t) sin ççè
x ÷,
W ø

(6)

where g(t) is the vibration amplitude as a function of time.
Substituting (6) into (5) gives
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æ n p ö÷ ¶ 2g(t)
æ np ö
æ n p ÷ö ¶g(t)
r EffA sin ççè
x ÷ø
x÷
+ bA ççè ÷÷ø sin ççè
2
W
W
W ø ¶t (7)
¶t
2
æ n p ö÷
æ n p ö÷
¶f
ç
+ E EffA çè ÷ø sin ççè
x ÷ g(t) =
(x, t).
¶x
W
W ø
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elastic properties of PZT and silicon layers, the stress
components of PZT and silicon are
s PZT = E PZTe Eff

(14)

s Si = E Sie Eff,

(15)

and

Multiply (7) by sin(((nπ)/W)x) and integrate over the
width to yield
W /2

ò

-W /2

2 2
é
ê r A æç sin æç n p x ö÷÷ ö÷÷ ¶ g(t)
ê Eff çè çè W ø ø
ë
¶t 2
2

2

æ n p ö æ æ n p ö÷ ö÷ ¶g(t)
x ÷÷
+ bA ççè ÷÷ø ççè sin çèç
W
W ø ø ¶t
æ np ö
+ E EffA çèç ÷÷ø
W

2

(8)

2
ù
æ æ n p ö÷ ö÷
ú dx = F(t),
çç sin çç
x
g
(
t
)
÷
÷
úû
è è W øø

where EPZT and ESi are the two-dimensional elastic moduli of PZT and silicon, respectively. The average stress,
σEff acts on the cross-sectional area, A, of the composite
resonator which is orthogonal to the direction of motion.
This average stress yields an effective force, FEff, on the
composite resonator
FEff = s EffA = s PZTAPZT + s SiASi.

(16)

By substituting (16) with (14) and (15), we obtain

where
W /2

F(t) =

ò

-W /2

æ n p ö÷
¶f
sin çèç
x ÷dx
W ø
¶x

s EffA = E PZT e Eff APZT + E Si e Eff ASi.

The effective two-dimensional elastic modulus, EEff is obtained by dividing σEff in (17) by εEff:

is the time dependent excitation force.
Eq. (8) can be simplified as

E Eff =

2

r EffAW ¶ 2g(t) bAW æç n p ö÷ ¶g(t)
+
ç ÷
2
2 è W ø ¶t
¶t 2
2
E EffAW æç n p ö÷
+
çè ÷ø g(t) = F(t).
2
W

(9)

From (9), we can recognize that the effective mass, damping ratio, and effective spring constant of a width-extensional mode resonator with width W are given by
M Eff =
bAW
z =
2
K Eff

r EffAW
2

(11)
(12)

C. Effective Elastic Modulus and Density
The piezoelectric force induced by the PZT layer is
distributed along the thickness of the composite resonator
(tSi + tPZT). The uniform displacement along the thickness of the composite resonator leads into the average
strain, εEff.
e Eff =

DW
,
W

t PZT + t Si

.

(18)

We assume the length of the PZT transducer, LPZT, in
our device is approximately the same as the length of the
silicon carrier layer, LSi. By using the same line of derivation, the effective density, ρEff, of the composite resonator
is given by
r Eff =

t PZTr PZT + t Sir Si
.
t PZT + t Si

(19)

D. Electromechanical Transduction Efficiency
The lateral stress, σPZT in the PZT film is given by

2

2
2
æ n p ö÷
çç ÷ = n E EffAp .
èW ø
2W

t PZTE PZT + t Si E Si

(10)

2

2
2
æ n p ö÷
çç ÷ = n bAp
èW ø
2W

E EffAW
=
2

(17)

(13)

where ΔW is the amount of change in static width caused
by time-dependent excitation force F(t). Because of the

s PZT = e 31

v AC
,
t PZT

(20)

where e31 and tPZT are the transverse piezoelectric stress
constant and thickness of PZT layer, respectively, and vAC
is the time-dependent actuation voltage.
By substituting e31 with d31 × EPZT, (20) can be written as
s PZT = d 31E PZT

v AC
,
t PZT

(21)

where d31 and EPZT are the transverse piezoelectric coefficient and two-dimensional elastic modulus of PZT, respectively. The generated piezoelectric force, FPZT|W/2 caused
by PZT transduction at W/2 can be obtained by multi-
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plying the generated stress with the cross-sectional area of
the PZT film which is orthogonal to direction of motion:
FPZT W /2 = s PZTAPZT = d 31 E PZTLv AC.

(22)

We assume the length of the PZT transducer, LPZT, in our
device is approximately the same as the length of the silicon carrier layer, LSi, and is denoted by L in (22). Because
of the width-extensional boundary condition that was imposed to excite the resonator, the same piezoelectric force,
FPZT|−W/2 with opposite direction exists at −W/2. The
efficiency of electromechanical transduction by PZT is indicated by the electromechanical transduction efficiency,
η; η is the ratio of the total generated piezoelectric force,
FPZT, to the applied time varying voltage, vAC:
h=

FPZT
= 2 d 31E PZTL.
v AC

(23)

The effective mass, damping ratio, and effective spring
constant can be related to the electrical circuit parameters.
In the process of electromechanical transduction, the time-dependent voltage vAC generates a lateral force, FPZT, through
the transverse piezoelectric stress constant, e31. The dynamic
force FPZT excites acoustic vibrations with amplitude g(t).
The charge modulation in the PZT layer due to vibration
velocity ∂g(t)/∂t induces a motional current output, i(t). The
relation between time-dependent input stimulus vAC and i(t)
can be expressed mathematically as
(24)

By substituting ∂g(t)/∂t in (9) by i(t)/η, we obtain
M Eff ¶i(t) z
K Eff
+ i(t) +
h ¶t
h
h

ò i(t)dt = F(t)

(25)

or
z
M Eff ¶i(t)
K Eff
+ 2 i(t) + 2
h 2 ¶t
h
h

ò i(t)dt = v AC(t).

the small signal electrical equivalent impedances of a resonator consist of j number of WEM resonators with width
W vibrating in fundamental mode (n = 1) connected in
parallel are
p r Eff 1/2E Eff 1/2 ( t Si + t PZT ) 1
j 4Q
L
E PZT 2
d 31 2

(27)

CX =

LW
E PZT 2
d 31 2
j p (t Si + t PZT) E Eff

(28)

LX =

j r Eff (t Si + t PZT)W 1
,
L
4 E PZT 2
d 31 2

(29)

RX =

E. Small-Signal Electrical Equivalent Circuit

¶g(t)
i(t) =
h.
¶t

Fig. 4. Electrical equivalent circuit of a PZT-transduced high-overtone
WEM resonator, including the static capacitance between the electrode
and resonator’s body, C0, the feedthrough capacitance between input
and output ports, Cft, and the termination impedance, RL.

(26)

From (26), we can define the motional resistance, capacitance, and inductance of the 2-port PZT-on-silicon composite resonator. They are normally represented in parallel
with the feedthrough capacitance Cft, as shown in Fig. 4.
For a given transduction efficiency η, RX = ζ/η2, CX = η2/
KEff, and LX = MEff/η2. The feedthrough capacitance in a
two-port resonator originates from electric field coupling
from the input electrode to the output electrode and is a
function of electrode geometry. The nominal capacitance,
C0, is the static capacitance between the electrode and the
resonator’s body. A high-overtone width-extensional mode
resonator can be treated as an array of smaller widthextensional mode resonators connected in parallel. Thus,

4

2

where Q is the mechanical quality factor of the resonator.
Using the identical line of derivation, the motional resistance, capacitance, and inductance of the 2-port PZTonly transduced resonator are given by
p r PZT 1/2 t PZT 1
j 4Q E PZT 3/2 L PZT d 31 2

(30)

CX =

4 L PZTW
E PZTd 31 2
j p 2 t PZT

(31)

LX =

j r PZT t PZTW 1
,
4 E PZT 2 L PZT d 31 2

(32)

RX =

which are the small-signal electrical equivalent impedances of piezo-only resonators presented in [3]. The resonant
frequency f is given by
f =

1
2p

1
C XLX

.

(33)

III. Fabrication Process
The device fabrication is largely based on the fabrication sequence outlined in [2] with additional improvements
in the process to eliminate the pad capacitances. PZT is
well known to have a large permittivity that can lead to
large pad capacitances. Therefore, in this refined fabrication process, air-bridge metal routings were implemented
to carry electrical signals while avoiding large capacitances from the bond-pads. In addition, a novel fabrication
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Fig. 5. Air-bridge process cross-section of PZT-only and PZT-on-silicon high-overtone width-extensional mode resonators fabricated on the same
wafer.

technique was developed to fabricate the resonators with
and without silicon layer using the same mask set on the
same wafer. A systematic study is essential to investigate
the effect of silicon on Q, f, and RX of PZT-transduced
resonators at radio frequency. In this research effort, we
fabricated PZT-only and PZT on 3-, 5-, and 10-μm SCS
high-overtone width-extensional mode resonators with
identical lateral dimensions.
A PZT transducer comprised of Ti/Pt/PZT/Pt were
deposited on SOI wafers with 3-, 5-, and 10-μm thick device layer. The 0.5-μm thick PZT films were deposited using a chemical solution deposition method with a crystallization temperature of 700°C to achieve full densification
and high crystallinity. The input and output terminals of
the resonators are lithographically defined by patterning
the top Pt electrode on top of the PZT actuator. The current configuration of the resonator uses a common bottom
Pt electrode underneath the PZT for both the input and
output ports. The process cross-section of released PZTon-silicon and PZT-only resonators is shown in Fig. 5.
To ensure survival of the single-crystal silicon component
of the resonators, an organic photo-definable layer was
developed to provide protection of the resonator while allowing undercutting of the handle silicon wafer using a
XeF2 etch. At the end of device fabrication, the PZT film
already possesses some degree of poling as a result of the
plasma processing. To improve the degree of poling, the
resonators were subjected to electric fields of 200 kV/cm
for 10 min before testing. An SEM image of the fabricated
high-overtone width-extensional mode resonator is shown
in Fig. 6.
IV. Characterization of High-Overtone WEM
Resonators
The resonators were characterized in an RF probe station in a 2-port configuration using GSG probes. Parasitics up to the probe tips were first calibrated with SOLT
measurements on a standard calibration substrate. All
measurements were performed in air, at room temperature
and pressure. The measurement setup is presented in Fig.

Fig. 6. SEM image of the fabricated high-overtone width-extensional
mode resonator. The close-up picture shows the air-bridge routing that
isolates the resonator from the bonding-pads.

7. The trade-offs in Q, f, and RX of resonators with different silicon thicknesses were recorded. Resonators with
thicker silicon layer exhibit higher Q, higher f, and lower
RX for frequency up to about 900 MHz as shown in Fig.
8. The measured characteristics of the second-overtone
WEM resonators with different silicon thicknesses are
summarized in Table I. Table II compares the analytically estimated motional inductance and capacitance of
second-overtone WEM resonators with the experimentally
extracted data. The maximum variation between theoretical and measured data is less than 9%.
The measured resonance frequency of the resonators
with different silicon thicknesses are in agreement with the
theoretically analyzed and simulated data. Fig. 9 plotted
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TABLE I. The Measured Characteristics of High-Overtone WEM Resonators With Different
Silicon Thicknesses.
tSi (μm)
QLoaded
f (MHz)
RX (Ω)
RL (Ω)
f×Q

0

3

5

10

150
428
390
50
6.4 × 1010

314
834
296
50
2.6 × 1011

501
942
435
50
4.6 × 1011

458
1018
700
50
4.7 × 1011

TABLE II. LC Tank of High-Overtone WEM Resonators: Design and Measurement Summary.
Designed
tSi (μm)
0
3
5
10

Measured

LX (μH)

CX (fF)

f (MHz)

LX (μH)

CX (fF)

f (MHz)

84.5
244
350
616

1.820
0.130
0.080
0.041

406
893
949
1000

80.1
261
353
560

1.730
0.140
0.081
0.037

428
834
942
1018

Fig. 7. Testing configuration for a PZT-transduced high-overtone widthextensional mode resonator.

the calculated, simulated, and measured resonance frequency of PZT transduced second-overtone WEM resonators with different silicon thicknesses (tSi). By integrating
PZT transduction with single-crystal silicon, the figure of
merit, f × Q, is improved by one order of magnitude.
V. Conclusion
In conclusion, we have fabricated PZT transduced
high-overtone WEM resonators with and without a silicon
device layer using the same mask on the same wafer. A
novel fabrication technique has been developed to allow
cancelation of large pad capacitances. The BVD models
for PZT-only and PZT-on-silicon high-overtone WEM resonators have been derived and used to design resonators
with frequency above 1 GHz. The performances of PZT
transduced high-overtone WEM resonators with various
silicon thicknesses were investigated. Integrating PZT

Fig. 8. Measured transmission response of PZT-only and PZT on 3-, 5-,
and 10-μm silicon WEM second-overtone resonators with the exact same
lateral dimensions in air at room temperature and pressure. All measurements were performed using termination impedances (RL) of 50 Ω.

transduction with silicon improves the f × Q by one order
of magnitude. Frequency of operation is dominated by the
silicon layer for silicon thickness larger than 3 μm. By
varying the silicon thickness, we can define the desired Q
and center frequency of the resonators from high frequency
up to the ultra high frequency range. This technology will
enable PZT-transduced resonators, filters, and oscillators
that cover the range up to low-band GSM frequencies.
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