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Abstract
Electrically coupled, high quality factor (Q), tunable channel-select ladder filters comprised of dielectrically transduced thickness shear mode
resonators are presented using integrated circuit compatible bulk micromachining technology. The filters are fabricated on the 3.2 m thick device
layer of heavily doped SOI wafers with a 20 nm thick hafnium dioxide film sandwiched between the polysilicon electrodes and the silicon device
layer. The ladder filter consists of shunt and series resonators operating in the half-wave thickness shear vibration mode. Dielectric transduction
provides a k2 reduction in motional impedance relative to air-gap electrostatic transduction. Each constituent resonator of the filter can be excited at
above 810 MHz resonant frequency with Q of 7800 in air and a motional impedance (RX ) of 59 . The ladder filter demonstrates a center frequency
tuning range 8–817 MHz and an adjustable bandwidth from 600 kHz to 2.8 MHz, while maintaining an insertion loss <4 dB, stop-band rejection
>30 dB and pass-band ripple <2 dB. By having a tunability feature, RF MEMS filters can accommodate various signal waveforms with bandwidth
range 0.1–5 MHz. In addition, errors due to fabrication can be compensated and capacitive loading in receiver architecture can be minimized.
© 2006 Elsevier B.V. All rights reserved.
Keywords: RF MEMS; MEMS resonators; Tunable MEMS filters; Ladder filters; Dielectric transduction; Radio frequency filters; Bandpass filters; Channel-select
filters; Thickness shear mode resonators

1. Introduction
A great number of applications in cellular transceivers and
sensor networks have mobilized the growth of on-chip, high-Q
MEMS resonators and filters to substitute the present offchip SAW, ceramic and quartz resonators in direct conversion
transceivers. Multi-band, multi-standard radio receivers have
narrow channels and are susceptible to nearby strong interferers. Channel-select filtering requires small bandwidth, superior
stopband rejection, and excellent shape factor to filter out undesired frequencies. MEMS resonators with high Q, high resonant
frequency, and low RX can be coupled electrically in a ladder
configuration to form a channel-select filter that operates at radio
frequency.
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Radio receivers require a large array of channel-select filters
connected in parallel that causes the input capacitance of the filter array to load individual filters and worsening their stop-band
rejection. For reconfigurable radios the front-end filters must
also handle encoded waveforms with different bandwidth specifications. A filter that facilitates dynamic tuning of filter center
frequency and bandwidth will not only overcome fabrication
tolerances and performance degradation due to thermal drift,
but will also reduce capacitive loading at the filter input, enable
handling of multiple waveforms, and substantially decrease the
number of filters in next-generation receivers.
The desired filter characteristics are defined by the MEMS
resonators as the building blocks of the filter. Minimum insertion loss can be satisfied by decreasing RX , while the resonators’
Q determines the shape factor. Air-gap electrostatically transduced MEMS resonators have Q > 10,000 but are limited by
their large motional impedance (RX > 10 k) [1]. In lieu, piezoelectric FBARs have small motional impedance (RX < 10 ) but
relatively low Q (∼2000) [2].
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The thickness shear mode resonator is a suitable nominee to construct a MEMS filter for a number of reasons. Its
high-Q mode has been demonstrated successfully in quartz resonators. Furthermore, it has a high frequency and low motional
impedance. The thickness shear mode resonator also presents a
frequency tuning capability which is useful for compensation of
frequency shift due to fabrication errors. Dielectric transduction
is accomplished here by sandwiching a thin film high-κ dielectric
material between the silicon bar resonator and polysilicon electrodes. This enhances both the force density of the actuator as
well as the sense capacitance, thereby improving the resonator’s
motional impedance by a factor of κ2 [3].
High frequency resonators were fabricated by reducing the
air gap and increasing the transducer area of bulk-mode bar resonators [4]. In spite of their high frequency, the huge RX of these
resonators will produce a high insertion loss filter. An effort to
decrease RX by filling the air gap of a wine-glass disk resonator
with silicon nitride is presented in [5], resulting in a resonant
frequency of 165 MHz with a Q of 21,400 and an RX of 8.5 k.
Alternatively, contour-mode aluminum nitride piezoelectric resonators with 656 MHz resonant frequency and an RX of 170 
have been reported. However, the ladder filter comprised of these
low Q piezoelectric resonators exhibited a 20 dB shape factor of
2.7 [6].
This paper will first discuss the quarter-wave thickness shear
mode (TSM) silicon bar resonator in Section 2. The silicon bar
resonator is capable to reach 723 MHz resonant frequency with
a Q of 4400 and an RX of 2.4 k using silicon nitride dielectric
transduction. Furthermore, the superior Q of half-wave thickness
shear mode of a fully released bar resonator will be demonstrated
in Section 3. The motional impedance of the half-wave thickness shear bar resonator is significantly reduced by substituting
silicon nitride (κ ∼ 9) with hafnium dioxide (κ ∼ 28), reducing
dielectric thickness, and increasing the electrode area. The high
Q and low RX of this resonator facilitate the design of high quality
channel-select filters. High performance MEMS resonators can
be coupled electrically to form a bandpass filter that operates at
radio frequency. The discussion will turn into the design and performance of electrically coupled thickness shear filters in Section 4. Electrically coupled channel-select filters with 814 MHz
center frequency, 600 kHz bandwidth, −4 dB insertion loss (IL)
and <1 dB pass-band ripple will be demonstrated. Section 5 of
this paper will present the design of a reconfigurable ladder
filter using RF MEMS resonators with voltage-tunable series
and parallel resonance frequencies. We will introduce a voltage biasing scheme capable of independently tuning the series

Fig. 2. Unreleased thickness shear bar diagram.

resonance and pole-zero separation of the filter’s constituent
resonators [7]. Coupled with orthogonal frequency tuning, we
can construct the filter with desired pass-band characteristic in
real time. Finally, the paper will be concluded with a concise
summary.
2. Quarter-wave thickness shear bar resonator
The quarter-wave thickness shear bar resonator is excited in
a very similar way to quartz resonators. The asymmetric thickness shear mode is common in quartz resonators, excited by
the application of an ac signal across electrodes on opposing
faces of a quartz crystal [8]. In contrast to the quartz thickness shear mode, the electrode configuration of the dielectrically
transduced silicon bar induces a symmetric mode, as shown in
Fig. 1.
2.1. Small signal electrical equivalent impedances of the
quarter-wave thickness shear mode resonator
A one-dimensional thickness shear mode is derived for an
unreleased silicon bar transduced by a thin dielectric film. The
film, deposited on top of the bar, is sandwiched between the
silicon bar and conducting top electrodes (Fig. 2). The bottom
face of the bar is fixed to an effectively infinite oxide layer,
imposing a zero-displacement boundary condition at the base
of the bar. In this configuration, the silicon bar is biased to a
dc voltage Vdc while a small alternating voltage vac is applied
to the top electrode. The voltage drop across the electrode-bar

Fig. 1. X-displacement contour plot from Ansys simulation of the symmetric quarter-wave thickness shear mode.
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parallel plate capacitor induces a normal force on the dielectric
film, transferring to a lateral strain in the dielectric. Though the
strain is in fact uniform in both lateral directions, we consider
a long narrow bar, approximating a one-dimensional model of
the strain. This strain is distributed between the film and silicon
bar, inducing a quarter-wave thickness shear resonant mode. The
lateral displacement ux for the one-dimensional thickness shear
mode is given by
   
ρ
ux (x, z, t) = Ax sin ω
z eiωt
(1)
G Si

of the silicon bar resonator. The one-dimensional approximation
holds true for resonators with L  w, b.
The shear stress in the silicon is approximated to be distributed linearly through the bar due to the displacement
boundary condition imposed by the oxide anchor. This yields
a maximum shear stress in the silicon of

for the quarter-wave thickness shear resonant frequency of
 
π
G
ω=
(2)
2b
ρ

ux,max =

Si

A voltage Vdc + vac applied across the dielectric film generates
a normal force
fZ ≈ −Vdc

κf ε0 wL
vac
2h2f

(3)

for a bar of width w and length L, where κf and hf are the relative
permittivity and thickness of the dielectric film, respectively.
Here, we make the approximation that vac  Vdc . The factor of
2 in the denominator arises from a configuration in which the
drive electrode covers half the width of the bar, and the sense
electrode occupies the other half.
The laterally transferred strain in the film is
εx,f = νf εz =

ν f fz
Ef wL
ν f fz
(1 − νf )wL

GSi hf
2hf
σ0 ≈
σ0
Gf hf + (1/2)GSi b
b

b
νf κf ε0 Vdc vac
σ0,b =
GSi
(1 − νf )GSi hf

where Ef∗ is the axial Young’s modulus of the dielectric film.
This initial lateral stress σ 0 functions like an effective residual
stress in the film, consequently distributing itself in both film
and bulk silicon, as illustrated in Fig. 3. We assume that the
electrode’s thickness is negligible with respect to the thickness

(7)

With the first-order determination of the quarter-wave thickness
shear mode, we calculate the motional impedance RX , inductance LX , and capacitance CX of the resonator. The change in
the sensed capacitance over time is approximated as
Qωκf ε0 wL
∂C
hmax
≈
∂t
2h2f

(8)

The quality factor Q is introduced here to account for effective
displacement amplification at resonance. The film is laterally
expanded and contracted as the bar resonates, causing the thickness of the film to change with a Poisson efficiency factor. The
maximum change in the film thickness is given by hmax =
νf ux,max . The output current is

(4)

(5)

(6)

in the approximation that hf  b. The maximum displacement
of the bar can then be approximated as

IOUT = Vdc

and the lateral stress in the film is
σ0 = Ef∗ εx,f =

σ0,b =

Qπ(νf κf ε0 Vdc )2 wL
∂C
√
vac
=
∂t
4(1 − νf ) GSi ρ h3f b

giving a motional impedance of
√
h3f b
vac
4 GSi ρ 1 − νf
RX =
=
2
IOUT
Qπ (νf κf ε0 Vdc ) wL
The effective mass for the thickness shear mode is
 


ρw
ρ
1
Meff = 2
x2 sin2 ω
z dx dz = ρwLb
L
GSi
6

(9)

(10)

(11)

and the effective spring constant is
Keff = Meff ω2 =

π2 GSi wL
24 b

From Eqs. (10)–(12), for RX ≡
constant η is
η2 ≈

(12)
Keff Meff /Qη2 , the coupling

(πwLVdc νf κf ε0 )2
24(1 − νf )hf 3 b

(13)

The motional capacitance CX ≡ η2 /Keff is
CX =

(Vdc νf κf ε0 )2 wL
(1 − νf )GSi h3f

(14)

and the motional inductance LX ≡ Meff /η2 is
Fig. 3. 2D cross-section schematic of the conversion of transverse electrostatic
stress in the silicon nitride thin film to thickness shear mode in the half-length
(A–A in Fig. 2) bar resonator.

LX =

4(1 − νf )ρ b2 h3f
π2 (Vdc νf κf ε0 )2 wL

(15)
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2.2. Fabrication process
A 68 nm low stress silicon nitride thin film is first deposited
by LPCVD at 850 ◦ C on an n-type low resistivity SOI wafer with
a 1.8 m thick SCS device layer. The silicon nitride is patterned
to open contact holes to bias the silicon resonator (Fig. 4(a)).
A 120 nm layer of n-doped polysilicon is then deposited by
LPCVD at 620 ◦ C, annealed at 1000 ◦ C for 40 min, and patterned to form the electrodes (Fig. 4(b)). This is followed by a
deep reactive ion etch (DRIE) step to define the resonator into
the silicon device layer as shown in Fig. 4(c). The unreleased
SEM image of a quarter-wave thickness shear mode resonator
is shown in Fig. 5.

Fig. 5. SEM of a silicon nitride-on-silicon unreleased bar resonator.

2.3. Experimental results
An unreleased 80 m long × 40 m wide bar resonator was
characterized using a DesertCryo microwave probe station. The
resonator body was grounded and a dc bias was applied to both
the drive and sense electrodes with bias-Ts from MiniCircuits.
Transmission measurements were performed using an Agilent
8753ES Network Analyzer and the quality factor and insertion loss were extracted from the measured data. The motional
impedance of the resonator was determined from the insertion
loss data after adjusting for the attenuation losses at the drive
pad. The quarter-wave thickness shear vibration mode of the
unreleased silicon resonator was measured with a resonant frequency of 713 MHz, an RX of 10.5 k and Q of 1517 in air
(Fig. 6).
It has previously been shown that quality factor improves
with reduced anchor area. By performing a timed etch of the
buried oxide in HF as shown in Fig. 7, the overall contact area
between the oxide and bottom surface of the resonator was
reduced to approximately 30 m × 5 m. This partially released
bar had a resonant frequency of 723 MHz, RX of 2.4 k and Q
of 4400 in air (Fig. 8). The large acoustic mismatch of the air

Fig. 4. Fabrication process flow of quarter-wave thickness shear mode resonator.

Fig. 6. Measured transmission of the thickness shear mode of the unreleased
resonator in air.
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Fig. 7. A partially released quarter-wave thickness shear mode resonator.
Fig. 9. ANSYS contour plot of the symmetric half-wave thickness shear mode.

gap reduces leakage of the shear standing wave into the anchor,
thereby decreasing the quarter wavelength of the vibration mode.
This explains the increased resonant frequency of the partially
released bar relative to the unreleased bar.
The frequency response of the partially released bar gives a
2 ≡f
coupling factor kem
zero /fpole − 1 ≈ CX /CFT of kem = 0.03.
This is comparable to the coupling factor of quartz crystals
[9].
Although a quarter-wave thickness shear mode resonator
using dielectric transduction can achieve a high resonant frequency with low motional impedance, however, the relatively
inadequate quality factor of the resonator constrains us from
coupling the resonators to build a MEMS filter with a good
shape factor. Hence, an attempt to enhance the quality factor of
the resonator was done by exciting a half-wave thickness shear
mode in the fully released silicon bar.
3. Half-wave thickness shear bar resonator
The half-wave thickness shear bar resonator is excited in the
same way as the quarter-wave thickness shear bar resonator. The
electrode configuration of the dielectrically transduced silicon
bar induces the symmetric half-wave thickness shear mode, as
shown in Fig. 9. This mode causes the tether suspension at the
nodal plane to move along the Z-axis, as indicated by the down
arrows.

Fig. 8. Measured transmission of the shear mode of the partially released resonator in air.

3.1. The motional impedance of the half-wave thickness
shear mode resonator
A one-dimensional quarter-wave thickness shear mode model
was derived for an unreleased silicon bar transduced by a thin
dielectric film in Section 2. In order to excite the half-wave
thickness shear mode, the oxide layer of the SOI wafer is fully
etched, leaving a free displacement boundary condition on the
bottom face of the bar. The schematic of a fully released bar
resonator is shown in Fig. 10.
The resonant frequency of the half-wave thickness shear
mode resonator is two times of its quarter-wave counter part.
Therefore, the first-order motional impedance of the half-wave
thickness shear bar resonator is also twice of the quarter-wave
thickness shear mode resonator’s motional impedance. The
motional impedance of the half-wave thickness shear bar resonator at resonant is given by
√
h3f b
8 GSi ρ 1 − νf
RX =
(16)
Qπ (νf κf ε0 Vdc )2 wL
Pure half-wave thickness shear mode resonance of a bar
depends only on thickness b, with frequency

1 G
f =
(17)
2b ρ

Fig. 10. Schematic of a fully released half-wave thickness shear bar resonator.
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Therefore, the silicon bar’s lateral dimensions affect the resonant
frequency, giving layout design flexibility covering a 30 MHz
range below 840 MHz. Fig. 11 shows the bar’s simulated resonant frequency as a function of the bar length. The pure shear
mode resonant frequency of the bar is 844 MHz. This property is
exploited to fabricate multiple frequency resonators and filters
on the same chip.
3.2. Fabrication process
The resonator is fabricated in a 4-mask SOI process similar to
the fabrication process explained in Section 2. The silicon nitride
layer is replaced with a 30 nm hafnium dioxide film (κ ∼ 28,
νacoustic ∼ 8500 m/s) on a low resistivity SOI wafer with a 3.2 m
thick SCS device layer. An SEM of the resonator is shown in
Fig. 12(a). A high-resolution SEM revealing the 30 nm hafnium
dioxide layer is shown in Fig. 12(b).
Fig. 11. ANSYS simulation of length (L) vs. resonant frequency of the 3.2 m
thick half-wave shear mode resonator.

where G and ρ are the shear modulus and mass density of the
silicon resonator, respectively. In reality, the resonator exhibits
a small-amplitude flexure mode coupled to the shear mode.
This coupling can be observed in the ANSYS modal analysis
in Fig. 9. The Southwell–Dunkerley formula [10] approximates
the combined shear-flexure frequency as
1
2
ftotal

=

1
2
fshear

+

1
2
fflexure

(18)

3.3. Experimental results
A 100 m × 40 m bar resonator was tested in a DesertCryo
microwave probe station at room temperature and pressure. In
order to simplify the microwave frequency measurement, the
resonator device layer was grounded and both drive and sense
electrodes were biased to 5 V using bias-Ts. SLOT (short-loadopen-through) characterization and transmission measurements
were performed using an Agilent 8720ES network analyzer and
the Q and insertion loss were determined from the measured S21
response. As expected, the motional impedance decreases with

Fig. 12. (a) SEM of a hafnium dioxide-on-silicon fully released bar resonator. (b) SEM of the 30 nm hafnium dioxide layer on the top of the silicon resonator.
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Fig. 13. Measured transmission response of a half-wave thickness shear mode
resonator in air.
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Fig. 14. (a) Electrically coupled ladder filter configuration. (b) Bandpass frequency response of the ladder filter.

4. Electrically coupled RF MEMS ladder ﬁlters
area wL of the resonator. In addition, the cubic dependence of
RX on dielectric film thickness hf and its inverse square dependence on dielectric constant κf improve motional impedance
to values close to 50 . The half-wave thickness shear mode
of the released silicon resonator was measured with a resonant frequency of 809 MHz, a Q of 7800 and an RX of 59 
in air (Fig. 13). The calculated fQ product of the resonator is
6.2 × 1012 Hz. MEMS resonators with the performance shown
by the half-wave thickness shear mode resonator can be coupled electrically to form a channel-select RF MEMS filter that
has both excellent shape factor and low insertion loss.

Electrical coupling is achieved by routing the electrical signal
from successive resonators in a ladder configuration. The design
flexibility afforded by the frequency dependence on lateral
dimensions enables the design of series and parallel resonators
of the ladder without the need for additional mass-loading or
electro-etching steps to reduce the shunt resonator frequency
[11,12]. The ladder filter configuration and its bandpass frequency response are shown in Fig. 14(a) and (b), respectively.
Five electrically coupled ladder filters were designed with
1 MHz separation in center frequency and 3 dB bandwidth of

Fig. 15. SEM of an array of ladder configuration electrically coupled thickness shear filters.
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Fig. 16. Measured filter transmission response showing two 650 kHz channelselect filters.
Table 1
The measured characteristics of electrically coupled thickness shear filters

IL
3 dB BW
fc
Ripple
Stop band rejection
20 dB shape factor
Rtermination

Ladder filter 1

Ladder filter 2

−3.5 dB
630 kHz
813.6 MHz
<1 dB
−24 dB
1.43
712 

−4 dB
680 kHz
814.5 MHz
<1.1 dB
−25.2 dB
1.5
750 

∼600 kHz. Fig. 15 shows an SEM of two ladder filters. The
series resonators are 280 m × 100 m and the shunt resonators
are 300 m × 100 m. Fig. 16 provides the frequency response
of the filters and Table 1 summarizes the filters performance in
air. In order to verify that there are no spurious responses in the
vicinity of the filter passband region, frequency was swept over
a wide range. The wide spectrum swept of the channel-select
filters in search of spurious responses is shown in Fig. 17.

Fig. 17. Measured filter transmission response over a wide frequency range.

Fig. 18. The distorted bandpass response of the filter due to fabrication tolerances.

Pole-zero alignment in an electrically coupled ladder filter is a
very critical factor to acquire the desired bandpass response. Fabrication errors can reallocate the pole and zero of the filter, hence
the bandpass response of the filter may be distorted as shown
in Fig. 18. In order to overcome this problem a reconfigurable
ladder filter using high performance MEMS resonators that can
dynamically tune the pole and zero of the filter is necessary.
5. RF MEMS channel-select ﬁlter with tunable center
frequency and bandwidth
Low frequency filters comprised of electrostatically coupled resonators have been demonstrated with 10× bandwidth
tunability [13]. However, it is challenging to implement electrostatic coupling springs at GHz frequencies even with 100 nm
air-gaps. Galayko et al. presented a tunable bandwidth filter
using clamped-clamped beam resonators in a ladder configuration [14]. The first transmission zero (and hence filter bandwidth)
was tuned by controlling the series resonance frequency of the
shunt resonator, though large parasitic capacitance prevented
implementation and tunability of the second transmission zero
of the filter.
In a typical ladder filter configuration, ωparallel of the shunt
resonator, which defines the filter center frequency fc , is matched
to ωseries of the series resonators. Filter bandwidth (BW) is determined by notches on either side of the pass-band and is 2×
the pole-zero separation of the series and shunt resonators. The
key to tunable ladder filters is the ability to change fc and to
dynamically tune the pole-zero separation ωparallel − ωseries of
the resonators. In Section 4, we have demonstrated high performance channel-select ladder filters with 600 kHz bandwidth,
25 dB stop-band rejection, excellent shape factor, and low insertion loss (IL) using dielectrically transduced thickness shear
mode resonators. In this section, we introduce a voltage biasing
scheme capable of independently tuning the series resonance
and pole-zero separation of the filter’s constituent resonators.
Coupled with orthogonal frequency tuning, we can configure
the filter with desired pass-band characteristic in real time.
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electrode and is a function of electrode geometry. The series
resonance frequency is given by

K
1
ωseries = √
(19)
=
M
LX CX
An expression for the parallel resonance frequency is obtained
through a first-order Taylor’s expansion

Fig. 19. Longitudinal cross-section of a half-wave thickness shear mode resonator.

1
ωparallel = √
LX (CX Cft /(CX + Cft ))



CX
CX
≈ ωseries 1 +
= ωseries 1 +
Cft
2Cft

5.1. Orthogonal frequency tuning
The series resonance of low frequency resonators can be
tuned by electrostatic spring tuning. However, the stiffness of
high frequency resonators is quite large (a 1 GHz bulk-mode
resonator has a stiffness on the order of 1 MN/m in the resonant
direction) and would require considerable electrostatic force to
tune the stiffness and the series resonance frequency.
In contrast, orthogonal frequency tuning deforms the resonator in a direction perpendicular to the direction of vibration.
The resonators are generally less stiff in the orthogonal direction and can be deformed with substantially less force. The
symmetric half-wave thickness shear mode resonator exhibits
a small-amplitude flexure mode coupled to the shear mode
as discussed in Section 3. The Southwell–Dunkerley formula
approximates the combined shear-flexure frequency is given by
Eq. (18). When a polarization voltage VP is applied to the resonator and a voltage VS is applied to the substrate, the tuning
voltage VP –VS generates an electrostatic force that deflects the
structure towards the substrate, as illustrated in Fig. 19. Bending
the structure will soften the flexural mode stiffness, hence the
series resonance frequency will be reduced.
5.2. Pole-zero separation tuning
A dielectrically transduced MEMS resonator can be represented by an equivalent series LCR circuit in parallel with a
feedthrough capacitance Cft , as shown in Fig. 20. For a given
transduction efficiency η ≡ VP ∂C/∂x, RX = b/η2 , CX = η2 /K, and
LX = M/η2 , where b, K and M denote the damping constant, effective spring stiffness and effective mass of the resonator. The
feedthrough capacitance in a two-port resonator originates from
electric field coupling from the input electrode to the output

ωparallel − ωseries ≈ ωseries

CX
2Cft

(ωparallel − ωseries )
CX
≈
ωseries
2Cft

(20)

(21)
(22)

For electrostatic transduction, the ratio of CX to Cft is very small
(10−4 to 10−2 ). Therefore, the separation between the series and
parallel resonances is largely independent of the series resonance
frequency shifts due to changes in the spring constant K. The
pole-zero separation can be modeled as a function of structure
bias voltage VP


ε 2 A2
√
VP2
ωparallel − ωseries =
(23)
2d 4 Cft KM
In other words, the parallel resonance frequency is simply a
voltage-controlled offset from the series resonance frequency.
5.3. Filter tuning algorithm
A ladder filter consists of a shunt resonator and two series
resonators. For minimum insertion loss and pass-band ripple, the
parallel resonance frequency of the shunt resonator is matched to
the series resonance frequency of the series resonators. Ladder
filters can be cascaded to provide higher stop-band rejection
at the expense of insertion loss. To achieve the desired center
frequency and bandwidth, we use the following filter synthesis
method:
1. Fix VP and change VS for the series and shunt resonators such
that the desired series resonance frequencies are obtained
(orthogonal frequency tuning).
2. Tune VP –VS separately for each resonator to obtain the
desired pole-zero offset. Since VP –VS remains constant, the
bending of the resonators does not change so the series resonance frequency remains fixed.

5.4. Fabrication process

Fig. 20. Equivalent circuit of a dielectrically transduced MEMS resonator.

Filter T-sections consisting of one shunt and two series resonators shown in Fig. 21 were fabricated on an SOI wafer with
a 3 m heavily doped device layer and 0.5 m buried oxide.
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Fig. 21. 3D model of tunable ladder filter.

Fig. 22. Device cross-section with isolated resonator and substrate for applying
independent tuning voltages.

Fig. 24. The uncalibrated frequency characteristic of the resonator.

The resonators are 310 m (and 300 m) × 100 m × 3.1 m
released silicon bars with 20 nm of hafnium dioxide and 50 nm
of polysilicon layers on top for dielectric transduction. Orthogonal frequency tuning was achieved by applying a substrate
bias voltage to bend the resonators in the vertical direction.
A back-side etch was added to the fabrication process in Section 3 to create substrate islands for independent tuning of the
resonators. A front-side trench etch allowed isolated dc bias
voltages to be applied to the resonators (Fig. 22). Process limitations prevented polysilicon connections between the series and
shunt resonators, so a small gold bondwire was implemented as
seen in Fig. 23. Care must be taken to ensure that the wirebond does not damage the oxide under the pads and short the
devices.
5.5. Experimental results
Due to parasitics feedthrough, several calibrations are
compulsory to extract the mechanical properties of the filter. The resonators and filters were characterized using a
DesertCryo microwave probe station. The resonator proof-mass

Fig. 23. Microphotograph of tunable ladder filter with a gold wirebond bridge.

Fig. 25. Measured frequency characteristic of the resonator after Cascade substrate calibration.
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Fig. 26. Measured frequency characteristic of the resonator after SOI calibration.

was grounded and a dc bias VP was applied to both the drive
and sense electrodes with MiniCircuits bias-Ts. Quality factor characterization and S21 transmission measurements were
performed using an Agilent 8722ES Network Analyzer with
32 averaging steps. The resonators and filters were terminated
with 50  and 500  impedances, respectively. The uncalibrated frequency characteristic of the resonator is shown in
Fig. 24. Cascade substrate calibration cancels the cables and

Fig. 27. (a) Measured series resonance tuning for Vs = 5 V and (i) Vs = 12 V, (ii)
Vs = 8 V, and (iii) Vs = 5 V. (b) Resonant frequency vs. substrate tuning voltage.

Fig. 28. (a–c) Measured transmission response demonstrating pole-zero separation of a thickness shear mode resonator as dc bias VP increases from 5 V to 10 V. (d)
Measured pole-zero separation vs. dc bias voltage of the resonator.
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Fig. 29. Measured transfer function of ladder filter with no tuning.

probes capacitances. The measured frequency characteristic of
the resonator after Cascade substrate calibration is shown in
Fig. 25. In addition, SOI substrate calibration is also necessary
to minimize the effect of pad capacitance, electrical resistance of
electrodes and nominal capacitance (VP = 0). The measured frequency response of the resonator after SOI substrate calibration
is shown in Fig. 26.
Measurement results demonstrating orthogonal frequency
tuning are shown in Fig. 27. Keeping VP constant at 5 V and
varying the substrate bias VS from 5 V to 17 V, we can tune the
series resonance frequency of a single resonator from 816 MHz
to 802 MHz, while maintaining a quality factor Q > 7000. The
parallel and series resonance separation does not change during
orthogonal frequency tuning.
Fig. 28 shows that the pole-zero separation of the resonator
varies from 0.6 MHz to 1.6 MHz when VP is changed from 5 V
to 12 V. The substrate bias VP was held at VP during this measurement to prevent orthogonal forces acting on the resonator.
A bias voltage VP = 5 V yields a pass-band with
fc = 817.2 MHz, 0.6 MHz bandwidth, and IL of 3.2 dB
(Fig. 29). Applying VS = 12 V and 15 V to the shunt and series
resonators, respectively, the center frequency is tuned from
817 MHz to 809 MHz without degradation in IL (3.5 dB) and
shape factor (1.3), as shown in Fig. 30.
Fig. 31 shows the bandwidth tuning from 0.6 MHz to 2.8 MHz
while maintaining a constant center frequency at 817.2 MHz.

Fig. 30. Measured transmission of ladder filter with center frequency tuning
from 817 MHz to 809 MHz with (a) no tuning and (b) series resonator: VP = 5 V,
VS = 15 V; shunt resonator: VP = 5 V, VS = 12 V.

Fig. 31. Measured transmission of ladder filter with bandwidth tuning from
0.6 MHz to 2.8 MHz with (a) no tuning and (b) series resonator: VP = 12 V,
VS = 12 V; shunt resonator: VP = 13V, VS = 16 V.

Fig. 32. Measured transfer function of ladder filter with bandwidth tuning from
0.6 MHz to 1.4 MHz and center frequency tuning from 817 MHz to 811 MHz
with (a) no tuning and (b) series resonator: VP = 10 V, VS = 19 V; shunt resonator:
VP = 9 V, VS = 17 V.

Finally, a combination of bandwidth and center frequency tuning
is shown in Fig. 32. A pass-band with fc = 811 MHz and 1.4 MHz
bandwidth is obtained.
6. Conclusions
Thickness shear mode resonators that inherit the high resonant frequency and high Q from Quartz resonators have been
successfully fabricated using integrated circuit compatible process in SOI wafers. The partially released quarter-wave thickness
shear bar resonator’s f–Q product of 3.2 × 1012 Hz is within
a factor of five of the f–Q product for quartz resonators [7].
Quarter-wave thickness shear mode resonators using silicon
nitride thin film as a dielectric transducer achieve high frequencies with greatly improved motional impedance. The lateral
electrode design causes a Poisson ratio inefficiency in the transfer of vertical strain into lateral strain. However, this transfer is
necessary to induce a shear resonance. Furthermore, this configuration allows for a large electrode area, significantly decreasing
the resonator’s motional impedance.
In addition, half-wave thickness shear mode resonators with
frequencies greater than 800 MHz and Q > 7000 have been fabricated. Dielectric transduction by a high-κ hafnium dioxide thin

H. Chandrahalim et al. / Sensors and Actuators A 136 (2007) 527–539

film reduces the motional impedance of the resonators more than
40 times relative to the previously design quarter-wave thickness shear mode resonator. Their 59  motional impedance is
the lowest reported to date for any silicon-based electrostatic
VHF MEMS resonator design. An array of ladder filters with
600 kHz bandwidth, <4 dB insertion loss, and <1 dB pass-band
ripple has been demonstrated.
Voltage tunability is more versatile than one-time modifications like laser trimming and mass loading, and enables us
to overcome process tolerance and temperature variation frequency shifts. The frequency dependence of the thickness shear
mode resonators on lateral dimensions provides the ability to
fabricate resonators of various frequencies on a single chip. We
have demonstrated bandwidth and center frequency tunability
in an RF MEMS filter with IL < 4 dB and stop-band rejection
>30 dB. With process tolerance and temperature variation frequency shifts of ±1.2 MHz and −14 ppm/◦ C, respectively, this
tuning capability not only overcomes these variations, but also
enables channel agility and adaptability in multi-mode radio
receivers.
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