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Chapter 1

Introduction

1.1 Background and Motivation

From early days of the electronic era, system designers have always depended on

mechanically-vibrating elements (e.g., quartz crystals) for most of their frequency

synthesis (oscillators) [1] and frequency selection (filters) [2] need. The unprecedented

enhancement in the performance provided by these low-loss components have given

them enough leverage to continue and extend their presence in electronic devices for

many years.

Although the invention of the integrated circuits (IC) revolutionized the electronic

industry, the need for off-chip quartz crystal and ceramic resonators has never been

moderated. Integrated passives even though useful for some applications, are unac-

ceptably lossy at higher frequencies. Therefore, demand for wireless communication

devices operating at high frequencies promoted the application of discrete resonators

further more. Meanwhile, piezoelectric vibrating components have evolved into new

classes of devices such as surface acoustic wave (SAW) and bulk acoustic wave (BAW)

resonators and filters with high operational frequencies. Novel micro-fabrication tech-

niques developed for IC industry created opportunities for batch fabrication of these

devices in smaller size and lower cost. However, they still consume far more area

than the rest of the electronic circuit and can not be easily fabricated on the same

substrate.

During the past several decades, the IC fabrication technology has matured to

an extent that manufacturing a hand-held wireless device capable of communicating

1



1. Introduction

voice, image, and digital information over multiple frequency bands is practically in

reach. However, variety of resonators and filters required in these types of devices

occupy a large percentage of the circuit board area and the manufacturing process

is not cost effective. Therefore, the competition has already started for launching

a technology, which enables implementation of all the required frequency-selective

components on a single substrate that eventually will be integrated with the electronic

circuit.

1.2 RF-MEMS Resonators and Filters

Quartz crystals and SAW devices are most used in wireless transceivers architectures

[3, 4]. These devices show low input impedance and consequently low insertion loss

(IL). This is the key reason of these devices to be irreplaceable for decades, even

though they suffer from their large size and therefore, it is impossible to be on-chip

integrated with the electronics.

The concept of MEMS resonators for the first time is presented using electro-

static actuation and readout mechanisms of a millimeter size resonant metal beam by

the late 1960s [5]. Later on, by developing surface micromachining techniques, the

concept of MEMS resonators is presented using polysilicon microstructures such as

cantilever/clamped-clamped microbeams [6] and Comb-drives [7]. These devices pro-

vides a wide range of applications as sensing and actuating elements with high quality

factor performance [8]. Their performance justifies additional fabrication processes

which are required to make the device integrated in an electronic chip. However,

flexural (bending mode) resonators were performing at lower resonance frequencies

compared to SAW and quartz crystals. By boosting the resonance frequency, they

are also suffering from thermo-elastic [9] and squeeze film [10, 11] dampings. To be

able to boost the resonance frequency and still keeping the high quality factor of

the resonators, miniaturized acoustic devices were presented. Thin-film bulk acoustic

resonators (FBAR) [12] are the most successful MEMS resonators which are already

commercialized. FBAR filters resonance frequency depend on the thickness of the

thin-film and therefore is limited in the integration in a chip with multiple frequen-

cies. To resolve this issue, acoustic Lamb wave (contour mode) MEMS resonators

[13, 14] have been presented which have a resonance frequency which is lateral di-

mension dependent. These resonators have a high resonance frequency and still show

a high quality performance as they are released from substrates and do not pene-

2
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Figure 1.1: A 2-port resonator equivalent circuit, including the static capacitance of

the resonator, C0 and the termination impedances, Rs, in (a) mechanical domain,

and (b) electrical domain.

trates any solid wave (energy) to the substrate. These devices can be classified in two

general categories: capacitive and piezoelectric resonators which are described in the

following sections.

1.3 Capacitive Transduction

Capacitive resonators and filters are are working based on electrostatic actuation and

readout mechanisms of two parallel electrodes. There has been tremendous research

on capacitive transduction resonators due to their compatibility with CMOS fabrica-

tion process and their high quality-factor [15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,

27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. Disk resonators is most common configuration

for these type of devices. However the devices are showing a high motional impedance

and therefore a high insertion loss [13, 19]. The equivalent circuit of 2-port resonator

is presented in Fig. 1.1. Fig. 1.1(a) and (b) shows the equivalent circuit of a resonator

in mechanical (motional capacitance, Cm, inductance, Lm, and impedance, Rm) and

electrical domains (motional capacitance, CM, inductance, LM, and impedance, RM),

respectively. η is the electro-mechanical coupling factor. η, Rm and RM in a capacitive

transduction can be derived as follows:
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1. Introduction

η = Vdc ×
εA

g2
(1.1)

Rm =

√
k ×m
Q

(1.2)

RM =

√
k ×m
Qη2

=

√
k ×m

Q×
(
VdcεA
g2

)2 (1.3)

where k and m are the equivalent spring constant and mass of the resonator. Q

is the quality factor, ε is the dielectric constant of the material in the gap and A is

the overlap area of the electrodes and g is the gap distance. As seen, to decrease

the motional impedance of the resonator, the gap distance can be decreased and a

DC-bias voltage (Vdc) can be applied between the electrodes. Assuming RM >> Rs,

it can been shown that the S21 of the resonator presented in Fig. 1.1 is:

S21[dB] = −20 log

(
1 +

Rm

2Rs

)
(1.4)

Therefore, by decreasing the motional impedance, RM, the insertion loss, S21, will

also decrease. Several attempts have been made to decrease the motional impedance

of the capacitive resonators, e.g. filling the gap with high dielectric material [22, 32,

33, 34, 35, 36]. However, all these attempts did not lead to a low enough motional

impedance. As seen in Eq. (1.4), another approach was increasing the termination

resistance which shifts the S21 floor up, and will also reduce the insertion loss of the

resonator, however this approach is limited to high frequencies due to the presence of

parasitic capacitors.

1.4 Piezoelectric Transduction

Piezoelectric resonators consist of a piezoelectric layer with two thin-film metal layers.

The electrical signal is applied to these metal layers and when the frequency of the

electrical signal is equal to a certain resonance frequency of the resonator, that specific

resonance mode will be exited. Unlike the capacitive resonators, piezoelectric devices

do not have a switching voltage (DC-bias voltage), therefore the piezoelectric devices

4



1.4. Piezoelectric Transduction

Rs

C0

Rm Lm Cm1:ɳ

Vin

Figure 1.2: A equivalent circuit of a 1-port resonator.

are always active for all modes, therefore designing a specific dominant resonance

mode (selective mode excitation) is a challenge. Lamb wave resonators can be de-

signed as 1- or 2-port device. 1-port resonators are usually used for sensor applications

and 2-port resonators are for both sensor [37, 38] and band-pass filter [39, 40, 41, 42]

applications. These configuration are described in the following sections.

1.4.1 One-/Two-Port Resonators

There are a lot of possible configuration for Lamb wave resonators [43, 44, 40, 45].

However, in this section we have presented few types of these configurations. In

general, a 1-port Lamb wave piezoelectric resonator can be modeled as presented in

Fig. 1.2. As seen, the resonator is actuated using an input signal and the output of the

resonator is not loaded. These devices are usually used as sensor and characterized

using their input impedance changes [37, 46]. The mechanical lumped parameters

(Rm, Lm and Cm) and the electromechanical coupling coefficient (η) are dependent

on the configuration. The possible Lamb wave configurations of a 1-port piezoelectric

resonator are presented in Fig. 1.3. Fig. 1.3(a) shows the case that the piezoelectric

material is sandwiched between two metal layers and the first resonance frequency

of the resonator depend on the length of the resonator (λ/2). This case, is similar

to FBAR resonators, however these type of Lamb wave resonators are released from

the substrate and the resonator movement is perpendicular to the applied electric

field. Therefore, e31 coefficient is the relevant piezoelectric property rather than

e33 coefficient. Fig. 1.3(b) and (c) show two other possible configurations where

the resonance frequency depends on the distance of the electrodes. Usually these

configurations are utilized to actuate the resonators at higher resonance frequencies

due to the shorter wavelength. Fig. 1.3(b) shows the case that the size of each electrode

5
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Figure 1.4: A conventional 2-port Lamb wave resonator configuration.

is equal to λ/2 and Fig. 1.3(c) shows the case that the spacing is equal to the size of

each electrode (λ/4).

A conventional 2-port Lamb wave piezoelectric resonator is presented in Fig. 1.4.

On one side of the piezoelectric layer, a set of input and output interdigitated elec-

trodes and on the other side, a common grounding electrode is located. The input

electrodes are contracting, the output electrodes in between the input electrodes, are

expanding and vice versa. A 2-port resonator can also be modeled as in Fig. 1.1(b),
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1.4. Piezoelectric Transduction

similar to the capacitive resonators. The electro-mechanical lumped parameters (RM,

LM and CM) and the electromechanical coupling coefficient (η) depend on the con-

figuration, however, for a specific configuration presented in Fig. 1.4, the equivalent

motional impedance can be derived as [47, 48]:

RM =
π

4N
× ρPZT

0.5 × EPZT
0.5

Q
× t

Le
× 1

e31
2
. (1.5)

where N is the number of electrodes for each input and output assuming the

number are the same for both ports, ρPZT is the density, EPZT is the Young’s modulus

of the piezoelectric layer, Q is the quality factor, t is the thickness of the structure,

Le is the Length of resonator and e31 is the transverse piezoelectric coefficient.

1.4.2 RF-MEMS Bandpass Filters

SAW filters are a successful replacement of quartz crystal filters which have been

commercialized for more than a decade. SAW devices are usually fabricated in single-

crystalline piezoelectric substrates and are rather costly and not integrable due to their

large off-chip size. FBAR filters are the latest generation of electro-mechanical filters

used in wireless communication systems and its application is getting more and more

dominant in cellphone market-share. In principle, FBAR filters can be integrated

with CMOS IC processes using post-processing techniques, however, increasing the

number of frequency bands for different applications is making this technology more

expensive as its resonance frequency depends on the thickness. As a candidate for

the next generation of bandpass filters, Lamb wave filters are getting more attention.

However, they are still in the research stage and needs to be studied further to satisfy

the demands of IC technology.

There are two main types of Lamb wave filters: mechanically [49, 50, 51] and

electrically coupled filters [36, 52, 45]. In mechanically coupled filters, several Lamb

wave resonators are coupled using a mechanical coupler and the stiffness of the coupler

is determining the bandwidth of the filter. There are several challenges in utilizing

Lamb wave filters. For example, in order to reduce the insertion loss of the filter

at high frequencies, the wavelength of the corresponding frequency has to be rather

small compared to the size of the resonators and therefore higher order resonators

are utilized to increase the transduction area and reduce the insertion loss. Also the

size of an optimum mechanical coupler also depends on the wavelength of the filter.

Therefore, fulfilling all these criteria is a challenge.

7



1. Introduction

1.5 Thesis Outline

In chapter 2, a 2-port length extension mode resonator is presented using a thin-film

PZT layer. A feed-through cancellation method is proposed using bottom-electrode

patterning and the performance enhancement is studied in the presence of a ground-

ing resistance. Using this technique, a high stop-band rejection has been achieved

compare to the conventional resonator configurations.

In chapter 3, 2-port higher-order longitudinal mode resonators are presented. 3D

finite element simulation has been presented for each specific resonator and the ef-

fect feed-through cancellation has been studied using the simulation. The bottom-

electrode and ground patterning techniques have been studied.

In chapter 4, a mechanically coupled bandpass filter is studied using two coupled

contour mode resonators. The proposed filter is realized near 400 MHz. The res-

onators are actuated differentially and the filter output are differentially extracted.

There is an improving in boosting the resonance frequency of PZT-based filters how-

ever, due to the existing feed-through at high frequencies, the rejection floor of the

resonators was not improved.

In chapter 5, a 4th-order bandpass filter method based on differential readout of

two in-phase actuated contour mode resonators with slightly different resonance fre-

quencies is proposed. The proposed bandpass filter technique is realized at 400 MHz

and 700 MHz. Using this technique, the feed-through signal is canceled and the stop-

band rejection of the filter has been improved.

8



Chapter 2

PZT-on-Silicon Length

Extensional Mode

Resonators1

A length extensional mode lead zirconate titanate (PZT)-on-Si resonator is presented

using 50 Ω termination with high-stopband rejection exploiting feed-through cancel-

lation. A 250 nm-thick (100)-dominant oriented PZT thin-film deposited on top of

3 µm Si using pulsed laser deposition (PLD) has been employed. The resonator is pre-

sented with the length of 40 µm (half-wavelength), which corresponds to a resonance

frequency of about 83 MHz. The effect of feed-through cancellation has been studied

to obtain high-stopband rejection using bottom electrode patterning in the presence

of a specific grounding resistance. Using this technique, the stopband rejection can

be improved by more than 20 dB.

2.1 Introduction

Nowadays, there is a great demand for integrated and reconfigurable RF bandpass

filters to get rid of bulky, off-chip and expensive SAW filters and resonators, which

can reduce the form factor, cost and increase the functionality of the next generation

1This chapter has been published in:

H. Yagubizade et al., “Pulsed-Laser Deposited Pb(Zr0.52,Ti0.48)O3-on-Silicon Resonators With

High-Stopband Rejection Using Feed-Through Cancellation,” Appl. Phys. Lett. 102 063509, 2013.

9



2. PZT-on-Silicon Length Extensional Mode Resonators

of wireless devices. Radio frequency MEMS (RF-MEMS) resonators are promising

candidates for this purpose. Lamb-wave piezoelectric RF-MEMS resonators have

demonstrated promising performance, such as low motional impedance and high Q-

factor [53, 54, 55, 56, 57]. Their Q-factor has been boosted by integrating them

with single crystalline materials, e.g. single-crystalline silicon [53, 54] and silicon

carbide [55, 56], which store energy and deliver it back in each cycle with less loss

compared to the piezoelectric medium. Also Lamb-wave resonators are of great in-

terest for highly sensitive sensors due to their high Q-factor [57].

AlN, ZnO and recently PZT thin-films are the prevalent piezoelectric materials

utilized in the resonators. Of these, PZT has the highest electromechanical coupling-

factor. Also, the ferroelectric properties of PZT makes it more attractive for RF-

MEMS applications. On the other hand, PZT has a lower phase velocity, which makes

it difficult to achieve very-high resonance frequencies. However, higher composite

phase velocities can be obtained by PZT in combination with other materials having

higher phase velocities (e.g. silicon) [47]. Previously, PZT has been grown using

chemical solution deposition methods [58] for RF-MEMS applications. In this chapter,

a pulsed laser deposition (PLD) [59] has been exploited to grow a high-quality PZT

thin-film with (100)-dominant orientation for RF-MEMS application. PZT suffers

from a high feed-through due to its high dielectric permittivity and, as a consequence,

drastically reduces the stopband rejection [60, 61]. In this chapter, we propose a

feed-through cancellation method in the presence of specific grounding resistances

(non-zero grounding) in input- and output-sides, which always exist and prevent the

perfect grounding. Particularly, these grounding resistances have to be considered in

the design of high-dielectric resonators, such as PZT.

In this chapter, a length extensional mode resonator, Fig. 2.1(a), with the length

of 40 µm (half-wavelength) is presented. The basic configurations are presented in

Fig. 2.1(b) and Fig. 2.1(c). The key aspects set forth in this chapter are the use of

PLD-based PZT thin-film with its characteristics in RF-MEMS as well as presenting

a feed-through cancellation method, which improves the stopband rejection by more

than 20 dB.

2.2 Electrical Modeling

The effect of non-zero ground resistance Rg on the performance of a 2-port res-

onator with and without a patterned bottom-electrode is explored. An electrical

10
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SiO2 Pt PZT
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(c)
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Figure 2.1: (a) Scanning electron micrograph (SEM) of a PZT-on-silicon resonator

with the size of 10 × 40 µm2. (b) The cross-section schematic of the un-patterned

bottom-electrode device. (c) The cross-section schematic of the patterned bottom-

electrode device.
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Figure 2.2: (a) A conventional 2-port resonator, including the static capacitance of

the resonator, C0, motional capacitance, Cm, inductance, Lm, and impedance, Rm,

and the termination impedances, Rs. (b) Simplified model of the conventional 2-

port resonator for frequencies outside the passband of the resonator (c) Splitting the

ground of input- and output-ports to eliminate the parasitic path due to non-zero

parasitic ground resistances, Rg.

model of a two-port resonator without bottom-electrode patterning is illustrated in

Fig. 2.2(a) [60, 61]. The filter shown in Fig. 2.2(a) can be simplified to Fig. 2.2(b),

because of the high impedance level of the resonator for frequencies out of its pass-

band. The stopband gain of the resonator can be inferred from the circuit shown in

Fig. 2.2(b). As Rg increases, the voltage gain at node Vx increases and as a conse-

quence the rejection floor of the 2-port resonator can rise considerably and lower the

stopband rejection to less than typically 5 dB. The stopband gain of the resonator

Asb in terms of r = Rg/Rs and τ = RsC0 can be described as:

Asb = 20 log

 0.5rτ2ω2
0√

(1− (1 + r) τ2ω2
0)

2
+ τ2ω2

0 (2 + r)
2

 (2.1)

The parasitic path in Fig. 2.2(a), is also responsible for the reduction of the pass-

band gain of the resonator. By assuming that the source and load impedance are

much lower than the motional impedance of the the resonator, Fig. 2.2(a) can be

12



2.3. Fabrication

C0 C0

C R <<10 0ωg

Figure 2.3: The simplified configuration of a conventional 2-port resonator at its

resonance frequency.

simplified to Fig. 2.3 for frequencies around its resonance frequency. It can be shown

that the current through the parasitic path has approximately 180◦ phase difference

relative to the current through the resonator and consequently leads to a reduction in

the total current delivered to the load resistance. The phase of Vx is approximately

90◦ larger than the phase of Vin, if C0Rgω0 << 1, because of the highpass filtering

between node Vx and Vin. Also, the phase of Ipar is 90◦ larger than the phase of Vx

and therefore, Ipar is anti-phase with Vin. On the other hand, Ires is in-phase with

Vin. Therefore, Ires and Ipar will be anti-phase (see Fig. 2.3).

The effect of parasitic ground resistance on the transfer function of the resonator

can be mitigated by splitting the ground connections of the input- and output-ports

as shown in Fig. 2.2(c). As seen, the resonator is actuated by the voltage across

C0 which is modified compared to the model presented by Pulskamp et al. [61]. In

this way, the sensitivity of the transfer function of the filter to the non-zero ground

resistance Rg will be drastically reduced. Using this technique, the parasitic path

through the parasitic ground resistance will be eliminated.

2.3 Fabrication

The fabricated devices are shown in Fig. 2.1. In the 5-mask fabrication process, the

bottom-electrode has been patterned before growing the PZT. The devices have been

13



2. PZT-on-Silicon Length Extensional Mode Resonators
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Figure 2.4: XRD pattern of PZT thin-films on Pt/Ti/SiO2/Si wafers.

fabricated in a 3 µm silicon-on-insulator (SOI) wafer with 0.5 µm buried oxide (BOX)

layer. During the first step, a 670 nm silicon-oxide layer was grown. The thickness

of this layer is chosen to compensate for the residual stresses of the other layers in

the stack. 10/100 nm Ti/Pt has been sputtered and patterned using the first mask.

A (100)-dominant thin-film (250 nm) PZT has been grown using PLD on LaNiO3 as

a seed layer. The crystalline structure of the PZT thin-films was measured using a

Philips XPert X-ray diffractometer (XRD). A typical XRD pattern of the optimized

PZT thin-films grown on 4-inch Pt/Ti/SiO2/Si wafers, using large-scale PLD, is given

in Fig. 2.4. The films were prepared at 600 ◦C with an oxygen pressure of 0.1 mbar.

The θ–2θ scan clearly indicates the growth of PZT thin-films with (100)-preferred

orientation and no pyrochlore phase is observed. On top of PZT, 100 nm thick Pt has

been sputtered. Using the second mask, the top Pt layer has been patterned, followed

by patterning PZT using a wet etchant (the third mask). Around the devices, an area

has been opened by reactive ion etching (RIE) of the SiO2/Si/SiO2 layer stack (fourth

mask). Finally, using the fifth mask, the devices were released by isotropic etching of
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Figure 2.5: Measured transmission gain of resonators using 50 Ω termination (a) with

un-patterned bottom-electrode, (b) with patterned bottom-electrode.
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2. PZT-on-Silicon Length Extensional Mode Resonators

Table 2.1: Material constants used in the calculations.

Si<110> SiO2 Pt PZT

E [GPa] 168.9 70 137.9 95.2

ρ [Kg/m3] 2329 2200 21090 7500

ν 0.064 0.17 0.25 0.35

silicon, while the silicon device layer was protected by photoresist. In this fabrication

process, the bottom Pt layer was etched under the top Pt contact-pads to minimize

the parasitic capacitances. As seen in Fig. 2.1(a), PZT step-coverage has isolated the

top and bottom Pt layers to prevent the shortcut.

The resonators were characterized in an RF probe station using Ground-Signal-

Ground (GSG) probes. A Short-Open-Load-Thru (SOLT) calibration has been per-

formed using impedance standard substrates (ISSs). All the measurements have been

done by applying 0 dBm input power. The grounding resistances of all the measured

devices are Rg ≈ 5 Ω. The frequency response of the fabricated devices for different

DC-bias voltages are shown in Fig. 2.5. The DC-bias voltage has been applied both

at the input- and output-ports using Bias-T’s for all measurements. The frequency

response of the un-patterned and patterned bottom-electrode, is shown in Fig. 2.5(a)

and Fig. 2.5(b), respectively. It demonstrates clearly the effectiveness of bottom-

electrode patterning on enhancing the stopband rejection. Thus, by utilizing this

technique, the stopband rejection can be improved by more than 20 dB.

Table 2.2: The patterned bottom-electrode resonator’s performance at different DC-

bias voltages.

DC-bias[V] fres[MHz] Q-factor Cm[fF] Lm[mH] Rm[kΩ] e31[C/m2]a

0 82.9694 354 0.20 18.73 27.5 -1.420

5 82.9542 382 0.32 11.39 15.5 -1.821

10 82.9524 400 0.41 8.88 11.5 -2.062

15 82.9524 393 0.45 8.17 10.8 -2.150

20 82.9620 393 0.46 7.94 10.5 -2.181

25 82.9620 392 0.48 7.60 10.1 -2.229

a Other possible involved transductions, like capacitive, are neglected in these calcu-

lations.
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2.3. Fabrication

The motional impedance of the resonator at different DC-bias voltages considering

Rg as well as C0 has been extracted using Eq. (2.2), assuming that Rm >> Rs.

S21[dB] = −20 log
(

1 + (Rg +Rs)
2
C2

0ω
2
0

)
−20 log

(
1 +

Rg

Rs

)
− 20 log

(
1 +

Rm

2Rs

)
(2.2)

On the other hand, using the mechanical properties of a piezoelectric-transduced

resonator, the motional impedance of the fundamental length extensional mode can

be calculated as [53, 54, 47]

Rm =
π

4

ρeff
0.5Eeff

0.5

Q

ttotal

W

1

e31
2
. (2.3)

In Eq. (2.3), ttotal is the total device composite stack thickness (ttotal = tBOX + tSi

+ tSiO2
+ tPt,bottom + tPZT + tPt,top). The width of each input- and output-electrode

is We=4 µm with 2 µm spacing in between, illustrated in Fig. 2.1(a). The total width

of the resonator is W=10 µm. The values for the Young’s moduli (Ei), densities (ρi)

and Poisson’s ratios (νi) are listed in Table 2.1 [62].

By comparing the measured (Eq. (2.2)) and calculated (Eq. (2.3)) motional imped-

ances, the transverse piezoelectric coefficient (e31) of 250 nm-thick PZT have been

extracted at different DC-bias voltages and listed in Table 2.2. It is illustrated that

the absolute value of the e31 increased from 1.420 to 2.229 C/m2 with DC-bias voltage

in the range of 0-25 V. The variation of the e31 with the DC-bias voltage is associ-

ated with the piezoelectric domain re-orientation process. At low DC-bias voltages

(0-10 V), the main contribution to the e31 is due to the increase in the domain re-

versal with increasing DC-bias voltage. At higher DC-bias voltages (15-25 V), most

switchable domains have already been aligned along the direction of the DC-bias volt-

age, the e31 variation is smaller since it is determined mainly by the variations of the

dipoles[63].
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2. PZT-on-Silicon Length Extensional Mode Resonators

By applying the DC-bias voltage, the motional impedance is decreasing due to

the enhancement of the transverse piezoelectric coefficient. Therefore, as seen in

Fig. 2.5(b), by applying the DC-bias voltage, the passband gain of the resonator

increases. The motional capacitance (Cm) and inductance (Lm) have been extracted

and reported in Table 2.2.

At higher DC-bias voltages, the resonator’s efficiency increases, but the corre-

sponding increase in effective Young’s modulus will lead to a shift in resonance fre-

quency. As the PZT thin-film fabricated in this chapter is only 250 nm thick, the shift

in resonance frequency is considerably lower than the one in previous designs [53],

leading to a measured frequency shift of only 0.03%.

2.4 Conclusion

In conclusion, we demonstrated a feed-through cancellation method to improve the

stopband rejection of PZT-on-Si resonator based on bottom-electrode patterning only.

We have used a high-quality PLD-based PZT thin-film. Using the proposed technique,

the stopband rejection of the resonator has been improved by more than 20 dB.
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Chapter 3

Higher-Order Longitudinal

Mode PZT-on-Silicon

Resonators1

Higher-order longitudinal mode resonators are presented using 500 nm-thick pulsed-

laser deposited (PLD) lead zirconate titanate (PZT) on top of 3 µm silicon (PZT-

on-Silicon). Three sets of resonators, Set I, Set II and Set III, are presented with

1-, 11
2 - and 2 1

2 -wavelength, respectively. The resonators are presented at a reso-

nance frequency around 75 MHz with 44 µm wavelength. The 2-port resonators are

characterized using 50 Ω termination. The effect of bottom-electrode and ground-

patterning on feed-through cancellation have been studied. The bottom-electrode

patterning means splitting the input and output ground electrodes inside the device

underneath the PZT layer and ground patterning means splitting the ground outside

the device. Each three sets contain four different cases, 1. not bottom-electrode and

not ground patterned, 2. bottom-electrode patterned and not ground patterned, 3.

not bottom-electrode patterned and ground patterned, and 4. both bottom-electrode

and ground patterned. The bottom-electrode and ground patternings shows an ef-

fective approach for feed-through cancellation and increasing the stopband rejection.

A comprehensive finite-element analysis using fully-coupled electrical and mechanical

1This chapter has been submitted to

H. Yagubizade et al., “Higher-Order Longitudinal Mode PZT-on-Silicon Resonators: Bottom-

Electrode and Ground Patterning,” J. Micromechanics and Microengineering, 2013.
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3. Higher-Order Longitudinal Mode PZT-on-Silicon Resonators

domains as well as an analytical analysis have been performed to study and simulate

the transmissions of the resonators.

3.1 Introduction

High-frequency acoustic micro-electro-mechanical system (MEMS) or RF-MEMS res-

onators are showing promising performance for next generation of miniaturized and

integrated systems. Various applications such as radio frequency (RF) oscillators [14]

and filters [50, 51, 64], optomechanical systems [65], electrical transformers [66, 67, 68]

are shaping up using these systems. Lamb-wave RF-MEMS resonators have demon-

strated promising performance, such as high quality-factor (Q-factor) due to the re-

leased structures, higher phase velocity and smaller size compared to the traditional

acoustic resonators means SAW resonators. Lamb-wave resonators are still in the

perfectioning state and therefore there is a great demand for further understanding

of various issues such as reducing the anchor-loss [69], spurious modes suppression

using various designs and simulation techniques such as finite-element methods.

Electrostatic [13], piezoelectric [70, 53, 54, 55, 56, 47, 58] and capacitive-piezo-

electric [71] are most exploited transduction techniques in Lamb-wave devices. The

capacitive transduction-based devices stands up for their excellent Q-factors but suf-

fer from high motional impedance. The piezoelectric devices show lower motional

impedance but suffers from lower Q-factor. Recently a combined technique means

capacitive-piezo devices show up as a candidate for Lamb-wave devices but still shows

higher insertion loss compared to the pure piezoelectric transduction.

The Q-factor of piezoelectric Lamb-wave resonators has been boosted by integrat-

ing them with single crystalline materials, e.g. single-crystalline silicon [53, 54] and

silicon carbide [55, 56], which store energy and deliver it back in each cycle with less

loss compared to the piezoelectric medium.

AlN, ZnO and recently PZT thin-films are the prevalent piezoelectric materials

utilized in the resonators. Of these, PZT has the highest electro-mechanical coupling-

factor. Also, the ferroelectric properties of PZT makes it more attractive for RF-

MEMS applications. On the other hand, PZT has a lower phase velocity, which makes

it difficult to achieve very-high resonance frequencies. However, higher composite

phase velocities can be obtained by PZT in combination with other materials having

higher phase velocities (e.g. silicon) [47]. Previously, PZT has been grown using

chemical solution deposition methods [58, 72] for RF-MEMS applications. In this
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3.2. Feed-Through Cancellation

chapter, a pulsed laser deposition (PLD) [48, 59] has been exploited to grow a high-

quality PZT thin-film with (100)-dominant orientation for RF-MEMS application.

PZT suffers from a high feed-through due to its high dielectric permittivity and, as a

consequence, drastically reduces the stopband rejection [48, 60, 61].

Recently, a new method has been presented called feed-through cancellation

method [48, 60, 61]. Feed-through cancellation is an irrefutable fact due to not perfect

grounding in nature caused by the presence of specific grounding resistances (non-zero

grounding) in input- and output-port. Particularly, these grounding resistances have

to be considered in the design of high-dielectric resonators, such as PZT. This tech-

nique is realized by pattering the bottom-electrode before growing the PZT layer on

top of that.

In this chapter, the feed-through cancellation technique has been studied in higher-

order longitudinal mode resonators in more detail. This technique has been inves-

tigated further by studying the effect of ground splitting technique between input-

and output-ports outside the device. Therefore, four different case studies have been

studied as: 1. not bottom-electrode and not ground patterned, 2. bottom-electrode

patterned and not ground patterned, 3. not bottom-electrode patterned and ground

patterned, and 4. both bottom-electrode and ground patterned. A comprehensive

finite-element analysis using COMSOL Multiphysics R© with fully-coupled electrical

and mechanical domains as well as an analytical analysis have been performed to

study and simulate the transmissions of the resonators.

3.2 Feed-Through Cancellation

PZT-transduced devices suffer from high feed-through due to their high dielectric

permittivity. In this section, we discuss this issue and its relation with grounding

resistance and how this issue can be solved using techniques called bottom-electrode

as well as ground patterning. In this chapter we study three sets of longitudinal de-

vices at around 75 MHz. The first set (Set I), consists of a full-wavelength containing

of a half-wavelength for input and a half-wavelength for output electrodes. This set

has a symmetrical configuration for input- and output-ports. The second and third

sets (Set II and Set III), have asymmetrical configurations. Set II consists of two

input and one output electrode and Set III consists of three input and two output

electrodes. The length of input and output electrodes as well as the spacing between

the electrodes are fixed to 40 µm and 4 µm in all the devices, respectively. Therefore
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3. Higher-Order Longitudinal Mode PZT-on-Silicon Resonators
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Figure 3.1: 2-port resonator models, including the static capacitance of the resonator,

C0, motional capacitance, Cm, inductance, Lm, and impedance, Rm, and the termi-

nation impedances, Rs. with configurations of (a) un-patterned bottom-electrode and

ground, (b) patterned bottom-electrode and un-patterned ground, (c) un-patterned

bottom-electrode and patterned ground, and (d) patterned bottom-electrode and

ground.

by increasing the length of the resonators and consequently the number of electrodes,

the resonance frequency of the devices are slightly decreasing due to the increase of

the number of the spacings and therefore the wavelength of the resonators. Each set

contains four different types of the configurations depicted in Fig. 3.1. The first device

(Type (a)) is with not-patterned bottom-electrode and not-patterned ground configu-

ration, Fig. 3.1(a). The second device (Type (b)) is with patterned bottom-electrode

and not-patterned ground configuration, Fig. 3.1(b). The third device (Type (c)) is

with not-patterned bottom-electrode and patterned ground configuration, Fig. 3.1(c).

The last device (Type (d)) is with patterned bottom-electrode and patterned ground

configuration, Fig. 3.1(d).

3.3 Fabrication

The devices were fabricated with five masks on a 3 µm silicon-on-insulator (SOI)

wafer with 0.5 µm buried oxide (BOX) layer, Fig. 3.2. The fabrication started with

oxidizing the silicon device layer for 680 nm. The thickness of this layer is chosen to
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3.4. Problem Formulation of Higher-Order Longitudinal Resonators

compensate the residual stresses of the composite structure. 10/100 nm Ti/Pt has

been sputtered and patterned using the first mask, Fig. 3.2(a). A (100)-dominant

thin-film (500 nm) PZT has been grown using PLD on LaNiO3 as a seed layer. The

crystalline structure of the PZT thin-films was measured using a Philips XPert X-ray

diffractometer (XRD). A typical XRD pattern of the optimized PZT thin-films grown

on 4-inch Pt/Ti/SiO2/Si wafers, using large-scale PLD, is given in Fig. 3.3. The

films were prepared at 600 ◦C with an oxygen pressure of 0.1 mbar. The θ–2θ scan

clearly indicates the growth of PZT thin-films with (100)-preferred orientation and

no pyrochlore phase is observed.

On top of PZT, 100 nm thick Pt has been sputtered, Fig. 3.2(b). Using the second

mask, the top Pt layer has been patterned, Fig. 3.2(c). After, the PZT was patterned

using a wet etchant (the third mask), Fig. 3.2(d). The device boundaries, the area

that defines the device and the anchors were patterned by reactive ion etching (RIE) of

the SiO2/Si/SiO2 layer stack (fourth mask), Fig. 3.2(e). Before releasing the devices,

the silicon device layer (side walls) were covered and protected using a planarized

photoresist (fifth mask), Fig. 3.2(f). Finally, the devices were released by isotropic

etching of silicon, while the silicon device layer was protected by photoresist. In this

fabrication process, the bottom Pt layer was etched under the top Pt contact-pads

to minimize the parasitic capacitances. As seen in Fig. 3.2, PZT step-coverage has

isolated the top and bottom Pt layers to prevent the shortcut.

3.4 Problem Formulation of Higher-Order Longitu-

dinal Resonators

In this section, first we present analytical formulas to study the motional impedance,

-capacitance and -inductance of the resonators. Using the analytical approach, the

piezoelectric coefficient is extracted. Later, using the extracted piezoelectric coeffi-

cient, a finite-element simulation is performed with a fully electro-mechanical coupled

approach using COMSOL Multiphysics R©. This approach gives the opportunity for

further designing and studying the resonators/filters and possibly to improve the

designs.
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(a)

(b)

(c)

(e)

(f)

(g)

(d)

SiO2 Pt PZT

Figure 3.2: The fabrication process flow of PZT-on-Silicon resonators.

3.4.1 Analytical Approach

For a higher-order resonator, the input and output electro-mechanical coupling coef-

ficients (η1 and η2) are defined as,

η1 = N1 (2e31we1) , η2 = N2 (2e31we2) , (3.1)

where N1 and N2 are the input and output coupling coefficients, we1 and we2 are

the width of each input- and output-electrodes, and e31 is the transverse piezoelectric

coefficient.

Using the mechanical properties of a piezoelectric-transduced resonator, it can

be shown that the equivalent motional impedance, -capacitance and -inductance of
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Figure 3.3: XRD pattern of PZT thin-film on Pt/Ti/SiO2/Si wafers.

longitudinal mode resonator with we = we1 = we2, can be calculated as [54, 47]

Rm =
π

2Γ

ρeff
0.5Eeff

0.5

Q

ttotal

we

1

e31
2
, (3.2)

Cm =
2Γ

π2

weL

ttotal

1

Eeff
e31

2, (3.3)

Lm =
1

2Γ

Lttotalρeff

we

1

e31
2
. (3.4)

where assuming n = N1 + N2, Γ = n for even n (symmetric resonator) and

Γ = (n2 − 1)/n for odd n (asymmetric resonator).

In Eq. (3.3), ttotal is the total device composite stack thickness (ttotal = tBOX +

tSi + tSiO2
+ tPt,bottom + tPZT + tPt,top). Q is the quality factor of the resonator.
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3. Higher-Order Longitudinal Mode PZT-on-Silicon Resonators

On the other hand, the motional impedance of the resonator at different DC-bias

voltages considering Rg as well as C0 has been extracted using Eq. (3.2), assuming

that Rm >> Rs.

S21[dB] = −20 log
(

1 + (Rg +Rs)
2
C0

2ω0
2
)

−20 log

(
1 +

Rg

Rs

)
− 20 log

(
1 +

Rm

2Rs

)
(3.5)

By comparing the measured (Eq. (3.2)) and calculated (Eq. (3.3)) motional impedances,

the transverse piezoelectric coefficient (e31) of the PZT layer can be extracted at res-

onance frequencies.

3.4.2 3D Finite-Element Eimulation

For finite-element simulation, COMSOL Multiphysics R© version 4.3a has been used.

For this simulation, Piezoelectric Devices (pzd) and Electrical Circuit (cir) physics are

fully coupled. Inside the pzd-physics, two domains have been considered for isotropic

and anisotropic layers means silicon oxide and silicon respectively. In this simulation,

the Pt layers are neglected. The fixed constraint boundary condition has been applied

at the end-side of the anchors. Isotropic loss factors are set at each domain based

on the measured Q-factor. The bottom-electrodes are selected as ground inside the

pzd-physics and top electrodes are selected as terminal 1 and 2 as input and output

ports to be connected to the cir-physics. In cir-physics, all the four case studies

depicted in Fig. 3.1 can be simulated at cir-physics. For both input and output sides

50 Ω termination resistances have been used. The actuation has been done using the

cir-physics. The fully coupled solver has been employed in the study. The output

voltage across the termination resistance is used to extract the S21-parameter of the

resonators.

3.5 Measurement Results and Discussion

The resonators were characterized in an RF probe station using Ground-Signal-

Ground (GSG) probes. A Short-Open-Load-Thru (SOLT) calibration has been per-

formed using a impedance standard substrate (ISS). The DC-bias voltage has been
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3.5. Measurement Results and Discussion

(a) (b)

Figure 3.4: Scanning electron micrograph (SEM) of a PZT-on-silicon resonator (one-

input and one-output electrode) with (a) un-patterned ground, and (b) patterned

ground, (Scale bar 50 µm).

applied both at the input- and output-ports using Bias-T’s for all measurements. All

the measurements have been done at 0 dBm input power.

3.5.1 Set I: One Input and One Output Electrode (Symmet-

rical Configuration)

The frequency response of Set I devices (Fig. 3.4) for different DC-bias voltages

are shown in Fig. 3.5. The sequences in Fig. 3.5 are based on Fig. 3.1. Thus,

Fig. 3.5(a) shows the frequency response of the un-patterned bottom-electrode and

ground, Fig. 3.5(b) shows the patterned bottom-elecrode and un-patterned ground,

Fig. 3.5(c) shows the un-patterned bottom-electrode and patterned ground, and

Fig. 3.5(d) shows the patterned bottom-electrode and ground. As seen in Fig. 3.5(a)

Table 3.1: Material constants used in the calculations.

Si<110> SiO2 Pt PZT

E [GPa] 168.9 70 137.9 95.2

ρ [Kg/m3] 2329 2200 21090 7500

ν 0.064 0.17 0.25 0.35
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Figure 3.5: Measured transmission of Set I resonators using 50 Ω termination with

(a) un-patterned bottom-electrode and ground, (b) patterned bottom-electrode and

un-patterned ground, (c) un-patterned bottom-electrode and patterned ground and

(d) patterned bottom-electrode and ground.
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Figure 3.6: Measured frequency response of Set I resonators with four different elec-

trode patternings (a) without DC-bias voltage and (b) DC-bias voltage of 3V

and (b), patterning the bottom-electrode improves the stopband rejection around

20 dB at DC-bias voltage of 0 V and around 10 dB at DC-bias voltage of 3 V. As

seen in Fig. 3.5(a) and (b) at DC-bias voltage of 0 V, the response turns from stop-

band response to passband response. As shown in Fig. 3.5(b) and (d), by patterning

the bottom-electrode the responses become very similar and therefore by patterning

the bottom-electrode, the most dominant feed-through signal has been canceled. By

comparing Fig. 3.5(c) and (a), the stopband rejection has been improved but is lower

than the stopband rejection of Type(b) and (d). If in the fabrication, patterning of

the bottom-electrode is not possible, therefore only patterning of the ground could

improve the response.

For further comparison, the transmission responses of four types of the devices with

wider frequency range are presented in Fig. 3.6(a) and (b) with DC-bias voltages of

0 V and 3 V, respectively.

For analyzing the responses, the analytical and the finite-element simulations de-

scribed previously, are implemented. The values for the Young’s moduli (Ei), densities

(ρi) and Poisson’s ratios (νi) are listed in Table 3.1 [62]. As a case study, the devices

of Type(a) and (b), at DC-bias voltage of 3 V are analyzed. The motional impedances

are calculated using Eq. (3.5) and by comparing with Eq. (3.2), the e31 has been ex-

tracted at different DC-bias voltages and listed in Table 3.2.
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Figure 3.7: (a) A schematic of Set I resonator with one-input and one-output elec-

trode, (b) simulated mode shape of the resonance, (c) experimental and finite element

simulation transmission of the resonators with patterned and un-patterned bottom

electrode, Type(a) and (b).

30



3.5. Measurement Results and Discussion

As seen, the absolute value of e31 increased from −1.99 to −7.00 C/m2 with DC-

bias voltage in the range of 0-3 V. The variation of the e31 with the DC-bias voltage

is associated with the piezoelectric domain re-orientation process. At low DC-bias

voltages (0-2 V), the main contribution to the e31 is due to the increase in the domain

reversal with increasing DC-bias voltage. At higher DC-bias voltages (above 2 V),

most switchable domains have already been aligned along the direction of the DC-bias

voltage, the e31 variation has become saturated and is smaller since it is determined

mainly by the variations of the dipoles [63].

By applying the DC-bias voltage, the motional impedance is decreasing due to the

enhancing of the e31. Therefore, as seen in Fig. 3.5, by applying the DC-bias voltage,

the passband gain of the resonator increases. The motional-capacitance (Cm) and

-inductance (Lm) have been extracted and reported in Table 3.2. Also by applying

the DC-bias voltages, the resonator’s efficiency increases, but as depicted in Table 3.2,

the resonance frequency is quite constant.

Table 3.2: The patterned bottom-electrode resonator’s performance at different DC-

bias voltages.

Set DC-bias fres Q-factor Cm Lm Rm e31

[V] [MHz] [fF] [mH] [Ω] [C/m2]

(I) 0 77.49 704 0.86 4.90 3390 -1.99

1 77.48 482 3.02 1.40 1410 -3.72

2 77.46 368 7.33 0.57 762 -5.80

3 77.48 322 10.75 0.39 597 -7.00

(II) 0 76.46 956 0.78 5.41 2754 -1.64

1 76.44 637 3.26 1.29 988 -3.35

2 76.43 449 9.72 0.43 471 -5.78

3 76.45 402 14.29 0.29 348 -7.01

(III) 0 74.69 830 1.19 3.82 2164 -1.48

1 74.66 574 4.07 1.11 908 -2.74

2 74.66 439 10.55 0.43 459 -4.41

3 74.65 373 17.94 0.25 318 -5.75
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(a) (b)

Figure 3.8: Scanning electron micrograph (SEM) of a PZT-on-silicon resonator (two-

input and one-output electrodes) with (a) un-patterned ground, and (b) patterned

ground, (Scale bar 50 µm).

Using the extracted e31 coefficient at DC-bias voltage of 3 V, the finite-element

simulation is performed for case studies of Type(a) and (b). For this simulation only

the main resonance peak has been fitted to experimental results by varying the silicon

thickness in the range of ±0.5 µm due to the silicon device layer thickness accuracy

of the wafer at different spots of the wafer. As seen in Fig. 3.7(c) there is a good

agreement between the experimental and simulation results. Fig. 3.7(c), shows the

finite-element simulation has good agreement on the spurious modes predictions. The

measured frequency responses shows some shifts in the resonance frequencies. The

finite-element simulation shows that the electrode-patterning is not the cause of the

resonance frequency shift and could be due to the silicon device layer thickness vari-

ation or some mechanical aspects due to the electrode patterning.

3.5.2 Set II: Two-Input and One-Output Electrodes (Asym-

metrical Configuration)

The frequency response of Set II devices (Fig. 3.8) for different DC-bias voltages are

shown in Fig. 3.9. The Fig. 3.9 sequences follow as the Fig. 3.1 order. Fig. 3.1(a) shows

a very small stopband response at 0 DC-bias voltage. By comparing Fig. 3.9(a) and

(b), the pattering of the bottom-electrode improves the stopband rejection by more
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Figure 3.9: Measured transmission of Set II resonators using 50 Ω termination with

(a) un-patterned bottom-electrode and ground, (b) patterned bottom-electrode and

un-patterned ground, (c) un-patterned bottom-electrode and patterned ground, (d)

patterned bottom-electrode and ground.
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Figure 3.10: Measured frequency response of Set II resonators with four different

electrode patternings (a) without DC-bias voltage and (b) DC-bias voltage of 3V

than 20 dB and 10 dB at DC-bias voltage of 0 V and 3 V, respectively. Fig. 3.9(b)

and (d), show a slightly different response. As seen in Fig. 3.9(c), same as the Set

I devices, patterning the ground can improve the performance. The extracted data

for Type (b) of Set II devices are listed in Table 3.2. The motional impedances at all

DC-bias voltages are improved compared to the Set I devices with quite close range of

e31. There is a slight improvement in the Q-factors. The main reason is the increasing

Γ value from 2 for Set I to 8
3 for Set II and therefore reducing the motional impedance.

As Set II devices contain 1 1
2 -wavelength with the total length of 128 µm, therefore the

captured wavelength is λ2=85.33 µm. This wavelength is bigger than the wavelength

of Set I devices with the wavelength (total length) of λ1=84 µm. Therefore as seen, the

resonance frequencies of Set II devices are lower than the Set I devices. This is due to

the one extra spacing at Set II devices compared to the Set I devices. Wider frequency

range of Set II devices are presented in Fig. 3.10. As seen, the resonators responses

are similar to the Set I. devices, Fig. 3.6. The effect of the bottom-electrode and

ground patternings are clearly depicted in Fig. 3.9, which follows the Set I responses,

Fig. 3.6.

The finite-element simulation results are presented in Fig. 3.11. As seen, by match-

ing the main resonance peak position of the resonators by varying the silicon thickness,

the simulation can predict the resonance path and the main spurious modes very well.

In this simulation the grounding resistances at input and output sides have been set
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Figure 3.11: (a) A schematic of Set II resonator with one-input and one-output elec-

trode, (b) simulated mode shape of the resonance, (c) experimental and finite element

simulation transmission of the resonators with patterned and un-patterned bottom

electrode, Type (a) and (b).
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3. Higher-Order Longitudinal Mode PZT-on-Silicon Resonators

differently (input grounding resistance is half of the output one) as they are asym-

metrical as well. It should be mentioned that the chosen damping (and therefore the

Q-factor) is constant at all the simulated frequencies which is in reality is different

and each spurious mode has a different Q-factor and maybe this is the reason to see

a difference between the strength of the simulated spurious modes and the measured

results. As seen in this simulation, the middle anchor is quite straight compared to

the side anchors. This is due to not having the overhanging area [50] (half of the spac-

ing) in the devices. Maybe by adding an optimum overhang area [73] the Q-factor of

the devices may increase. This issue has been seen in the Set I simulation as well,

Fig. 3.11(b).

3.5.3 Set III: Three-Input and Two-Output Electrodes (Asym-

metrical Configuration)

This set of the devices contains three-input and two-output electrodes with four spac-

ing in between. Set III devices (Fig. 3.12) have total length of 216 µm which captures

2 1
2 -wavelength with the wavelength of λ3= 86.4 µm. As λ3 > λ2 > λ1, therefore as

shown in Fig. 3.13, the resonance frequencies of Set III devices are lower than both

Set II and Set I resonance frequencies. Set I, Set II and Set III have one, two and four

spacings, respectively. Therefore, by comparing the resonator responses it is clear

that the resonance frequency difference between Set III and Set II are more than the

difference between Set II and Set I resonance frequencies which is due to the number

of spacing difference between the sets.

Fig. 3.13(a), shows decreasing the insertion loss with invariant rejection floor with

increasing DC-bias. The frequency response is improving by patterning the bottom-

electrode and the ground, Fig. 3.13(b), (c) and (d). As seen in Fig. 3.13(b) and (d),

the responses are similar. Comparing the response of Fig. 3.13(a) and (c), by pattern-

ing the ground the rejection floor is improved around 10 dB. The frequency response

trends due to the patternings are similar to the previous sets. The extracted data for

Type(b) of Set III devices are listed in Table 3.2. As seen, these devices show lower e31

coefficient compared with Set I and Set II devices. The motional impedances are im-

proved. This set shows better Q-factor than Set I and lower than Set II devices. The

wider frequency range of the responses are presented in Fig. 3.14. The finite-element

simulation results of Type(a) and (b) of Set III devices are presented in Fig. 3.15.

As seen, the simulation can predict the behavior very good including the position of
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(a) (b)

Figure 3.12: Scanning electron micrograph (SEM) of a PZT-on-silicon resonator

(three-input and two-output electrodes) with (a) un-patterned ground, and (b) pat-

terned ground, (Scale bar 50 µm).

spurious modes. Regarding to the anchors, the middle anchor stands straight and

anchors in the end -sides are deflecting most due to the overhanging issue which is

described previously. This issue can be solved in future designs by considering the

overhanging area which can improve the Q-factor.

3.6 Conclusions

In this chapter three sets of devices of higher-order mode resonators with PZT-on-

Silicon transduction method were presented. The three sets are with 1-, 1 1
2 - and

2 1
2 -wavelength around 75 MHz. Each set contains devices with and without bottom-

electrode and ground patternigs which in total twelve different devices were charac-

terized. The resonators shows low insertion loss using 50 Ω termination. The ground

patterning concept was presented for the first time which shows quite considerable ef-

fect on increasing the rejection floor with respect to the un-patterned bottom-electrode

devices. This gives an opportunity when the patterning of bottom-electrode is not

possible due to fabrication limitations. The effect of bottom-electrode and ground pat-

terning are showing a coherent behavior on all the sets. A 3D fully-coupled (electro-

mechanical) finite-element simulation is presented for the bottom-electrode pattern-
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Figure 3.13: Measured transmission of Set III resonators using 50 Ω termination with

(a) un-patterned bottom-electrode and ground, (b) patterned bottom-electrode and

un-patterned ground, (c) un-patterned bottom-electrode and patterned ground, (d)

patterned bottom-electrode and ground.
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Figure 3.14: Measured frequency response of Set III resonators with four different

electrode patternings (a) without DC-bias voltage and (b) DC-bias voltage of 3V

ing cases of all the sets. Finite-element simulation shows a good agreement with the

measurement results including an acceptable prediction for the spurious modes. The

finite-element simulation approach can be used for future designs.
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Figure 3.15: (a) A schematic of Set I resonator with one-input and one-output elec-

trode, (b) simulated mode shape of the resonance, (c) experimental and finite element

simulation transmission of the resonators with patterned and un-patterned bottom

electrode, Type (a) and (b).
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Chapter 4

A Mechanically Coupled

Contour Mode Bandpass

Filter

In this chapter, a bandpass filter using two mechanically coupled contour mode res-

onators is presented. The filter is presented at a resonance frequency of around

380 MHz. The filter consists of two mechanically-coupled resonators with the same

designed wave-length. The filter is fabricated using 500 nm-thick pulsed-laser de-

posited (PLD) lead zirconate titanate (PZT) on top of 3 µm silicon (PZT-on-Silicon).

The bottom-electrode-pattering technique has been applied for the resonators. The

filter is characterized using a four-port measurement with 50 Ω termination. Using

this technique, the filter insertion loss improved around 6 dB as well as the notches

of the filter.

4.1 Introduction

Mechanically- and/or electrically-coupling methods are most common ways for cou-

pling several single resonators to get a bandpass filter performance. For Lamb-wave

RF-MEMS filters, these techniques are still under development and so far several

methods have been presented [52, 51, 50, 64]. In this work, differentially actuated

and read-out methods have been used for two mechanically coupled resonators. A
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Figure 4.1: A schematic of a mechanically coupled contour-mode resonators with

differentially actuation and readout.

schematic of the resonators are shown in Fig. 4.1. As seen, there are two input signal

with 180◦ phase difference. To obtain the highest performance, this phase difference

is needed for the actuation due to the waveform and the electrodes locations. Both

output signals of each resonator are terminated separately and the output signal is

obtained using the subtraction technique. The equivalent circuit of the filter is shown

in Fig. 4.2.

All the parameters of both resonators are designed to be same. Therefore the

equivalent circuit parameters (Rm, Lm and Cm) are the same in the model. The

resonators are coupled with a mechanical coupler which is presented as a coupling

capacitance (Cc) in the equivalent circuit [52]. The length and width of the coupler will

determine the loading-mass and -spring of the coupler in the equivalent circuit [51].

By choosing the length of the coupler to be equal to the quarter wavelength of the

resonators will minimize the loading mass of the coupler. The width of the coupler

then will define the stiffness of the coupling spring. Therefore the band width of the

filter can be tuned by the coupler width.

4.2 Fabrication And Characterization

Fabrication of the devices are mainly based on the process presented in the previous

chapters. Each resonator consists of a 500 nm pulsed-laser deposited (PLD) lead zir-

conate titanate (PZT) thin-fillm on top of a 3 µm silicon (PZT-on-Si).The PZT and

42



4.2. Fabrication And Characterization

Pt layers are etched on top the coupler. The coupler size is determined in the dry

etching step. By boosting the resonance frequencies of the resonators, the quarter

wavelength as an optimal (easiest) designing approach for the coupler. However, at

high frequencies, this is a big fabrication challenge. Therefore, the size of the coupler

in this work is bigger than the quarter wavelength of the resonators. Therefore, the

coupler here will have a mass-loading effect on the resonances.

The SEM image of the fabricated device is presented in Fig. 4.3. As seen, port 1

and port 2 are two input electrodes and port 3 and port 4 are the outputs. The size

of each resonator is 30×80 µm2. The coupler size is 14×21 µm2. To cancel the feed-

through signal of each resonator, the bottom-electrode patterning method has been

utilized for both resonators [74, 60]. The device is characterized in an RF probe sta-

tion using GSGSG probes and a 4-port Agilent N5244A network analyzer. A 4-port

SOLT calibration has been performed using Agilent Electronic Calibration Module

up to the probes. All the measurements have been done by applying 0 dBm input

power.

The measured transmission of the filter is shown in Fig. 4.4 from 200 MHz up to

1 GHz using 4 V DC-bias voltage. The designed resonance frequency of the filter is

highlighted. As seen, the filter shows a dominant designed peak in a long frequency

range. The rejection floor is around −27 dB and the insertion loss is about −16 dB.

The short range of the filter response and its phase change are presented in Fig. 4.5(a)

and (b). The filter contains two notches at both side of the filter response. For com-

Vin2

Rs Vout2

LmRm Cm

Vout

LmRm Cm Rs
Cc

Cp Cp

Vout1

Vin1

Rs

LmRm Cm LmRm Cm Rs
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Cp Cp

180

0

Figure 4.2: Equivalent circuit of the filter with differential readout and actuated

resonators.
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Figure 4.3: Scanning electron micrograph (SEM) of a mechanically coupled PZT-on-

silicon filter at 380 MHz.

parison, the transmission of each path (S31 and S42) while the loaded other terminals

are presented in Fig. 4.6 on top of the differential filter response (Sdc21). The differen-

tial filter response shows 6 dB improvement compared to each path filter. The notch

in both sides of the resonance peak shows a considerable improvement as well. Using

this technique, the rejection floor of the differential filter does not change. The reason

for this is both paths are actuated with 180◦ phase difference and the feed-through

signals have the same phase difference. By subtracting the output signals of the paths,

the feed-throughs of each path are added and therefore the rejection stays the same.
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Figure 4.4: Measured transmission of the filter from 200 MHz up to 1 GHz with 50 Ω

termination.

The measured filter response at different DC-bias voltages 0-4 V with 1 V increments

is presented in Fig. 4.7. In Fig. 4.6, the single path responses are presented while

the other terminals were loaded. The response of the single paths while the other

terminals are open is presented in Fig. 4.8. As seen the two-pole response of the filter

is more visible.

4.3 Conclusion

In conclusion, the differentially actuated and readout method is an approach to be

able to improve the filter insertion loss by around 6 dB as well as the notch of the

filter. The rejection floor of the filter is not getting improved compared to the single

path filters.
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Figure 4.5: (a) Measured transmission of the filter, (b) The measured phase change

of the resonators.
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Chapter 5

A 4th-Order Bandpass Filter

Based on Differential

Readout1

A new 4th-order band-pass filter (BPF) method based on the subtraction of two

2nd-order contour-mode Lamb-wave resonators is presented. Two case studies have

been presented at around 380 MHz and 700 MHz. Each case study consists of two

resonators which have slightly different resonance frequencies around 380 MHz and

700 MHz. Each resonator consists of a 500 nm pulsed-laser deposited (PLD) lead zir-

conate titanate (PZT) thin-film on top of a 3 µm silicon (PZT-on-Si). The resonators

are actuated in-phase and their outputs are subtracted. Utilizing this technique, the

feed-through signals are eliminated, while the outputs of the resonators are added up

constructively, due to the phase difference between the two output signals. The BPF

is presented using 50 Ω termination. This technique provides further opportunities for

MEMS filter design in addition to existing methods, i.e. mechanical and/or electrical

coupling. It also resolves the design issue associated with high feed-through, when

1This chapter has been published in:

H. Yagubizade et al., “A 4th-order band-pass filter using differential readout of two in-phase actuated

contour-mode resonators,” Appl. Phys. Lett. 103 173517, 2013.

and accepted in

H. Yagubizade et al., “A UHF 4th-order bandpass filter based on contour-mode PZT-on-Silicon

resonators,” IEEE Micro Electro Mechanical Systems, (MEMS), 2014.
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Figure 5.1: (a) Equivalent circuit of 4th-order filter with differential readout of two

in-phase actuated resonators, including the motional capacitances, Cm1, Cm2 , induc-

tances, Lm1, Lm2, impedances, Rm1, Rm2, feed-through capacitances, Cp1, Cp2, and

termination impedance, Rs. (b) Simplified model of the resonators for frequencies

outside the passband of the resonator.

exploiting piezoelectric materials with high-dielectric constant like PZT.

5.1 Introduction

RF-MEMS filters are providing new opportunities for the next generation of wireless

communication systems enabling low power consumption and high level of integra-

tion. FBAR [12] is most successful among available RF-MEMS filters and is already

commercialized. The current demand requires the integrability of filters at different

resonance frequencies compacted in the same die fabricated in a single process. The

center frequency of FBAR resonators is determined by the thickness of the piezo-

electric layer [12, 75]. As a consequence, realizing FBAR resonators in the same

substrate with different resonance frequencies is a difficult task. Lamb-wave MEMS

resonators, where resonance frequency is set by lateral dimensions rather than the

vertical dimension, have been proposed to overcome this issue [47, 14]. Lamb-wave

resonators are released from the substrate and therefore have a higher quality fac-

tor, which is crucial in synthesizing narrow-band channel select filters required in RF

front-ends [64, 69, 52]. Lamb-wave filters are still in the research stage and differ-
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ent filter configurations, such as mechanically- and/or electrically-coupling [51, 64]

methods, are under development.

AlN [12, 69, 64], ZnO [54, 14], lithium niobate [76, 77] and recently PZT [74, 58,

60, 61, 53] thin-films are the prevalent piezoelectric materials utilized in Lamb-wave

resonators. Of these, PZT has the highest electromechanical coupling-factor [47].

Because of this, devices with PZT can be made several times smaller without incur-

ring extra insertion losses. The main advantage is the reduction in area consumed

by the resonator for the same motional impedance, which is a key factor in lowering

the cost and form-factor of wireless devices. On the other hand, PZT suffers from

high feed-through (i.e. higher parasitic capacitance), due to its high dielectric permit-

tivity and, as a consequence, drastically reduces the stopband rejection [74, 60, 61].

This fact limits the applicability of PZT application for high frequencies. Recently, a

method was presented to cancel the feed-through signal in 2-port PZT-based single

resonators below 100 MHz [74]. The presented method has improved the stopband

rejection by more than 20 dB utilizing a bottom-electrode patterning technique. Nev-

ertheless, to widen the applicability of PZT-based resonators to higher frequencies

further mitigation of the undesired feed-through signals is imperative.

In this chapter, we propose an RF-MEMS filter design approach, which is not

based on the traditional methods such as mechanical and/or electrical couplings.

Simultaneously, this method is effective for improving the stopband rejection by can-

celing the feed-through signal, which is more crucial in high-dielectric materials such

as PZT especially at frequencies above 100 MHz.

5.2 Concept And Simulation

The idea is conceptually presented in Fig. 5.1. The resonators are actuated inde-

pendently in-phase and the output of the resonators are subtracted. The resonance

frequency of resonators 1 and 2 (fres1 and fres2) are slightly different. At the cen-

ter frequency (fc) in between fres1 and fres2, the output phase of the resonators (ϕ1

and ϕ2) are approximately ϕ1=-ϕ2 and for frequencies outside the passband of the

filter, ϕ1 and ϕ2 are approximately equal (ϕ1=ϕ2). Therefore, for frequencies in be-

tween fres1 and fres2, the signals will add up and outside this frequency range they

will cancel. This concept has two interesting implications. Firstly, it generates a

4th-order filter out of uncoupled 2nd-order resonators and secondly, the feed-through

signal throughout the frequency range will be canceled. The transfer function of each
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Figure 5.2: Complex plane representation of two in-phase actuated resonators and

subtracted outcome at center frequency (fc).

resonator can be expressed as

Hi(s) =
Vout, i

Vin
=

Rs

Lm, i
× s

s2 + ω-3dB, i × s+ ω2
res, i

, i = 1, 2 (5.1)

where ω-3dB, i and ωres, i are respectively the bandwidth (2Rs +Rm, i) /Lm.i and

the resonance frequency 1/
√
Lm, iCm, i of the ith path. Lm can be derived for contour-

mode resonators as

Lm =
1

4N
× D × ttot × ρeff

we
× 1

e31
2
. (5.2)

where N is the number of fingers on the input-/output-port. D is the depth of

the resonator and ttot the resonator total thickness. ρeff is the effective density and

we is the electrode width.

Assuming Lm, 1 = Lm, 2 = Lm and Rm, 1 = Rm, 2 = Rm, the total transfer function

of the filter after subtraction can be expressed as
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H(s) =
Vout1 − Vout2

Vin

=
Rs

Lm
× 2ωc ×∆ωres × s(

s2 + ω-3dB × s+ ω2
res, 1

)
×
(
s2 + ω-3dB × s+ ω2

res, 2

) (5.3)

where ωc = (ωres, 1 + ωres, 2) /2. Assuming A0 = Rs/ (2Rs +Rm) and ω = ωc+δω,

allows Eq. 5.1 to be simplified for δω << ωc, resulting in

Hi(jω) ∼=
A0

1 + j
ω-3dB/2

× (δω ±∆ωres/2)
, i = 1, 2 (5.4)

Using Eq. 5.4, the amplitude and the phase of the total output of the filter at ωc

are shown in Fig. 5.2. As seen, by increasing ∆ωres, ϕ increases and the output vectors

of each resonator are adding up more constructively. However, at the same time, the

magnitude of each resonator decreases. Therefore, there must be an optimum ∆ωres

to maximize the total output of the filter at ωc (Amid.) and hence reducing the ripple

of the filter. It can be shown that the optimum ∆ωres equal the bandwidth of each

resonator (∆ωres = ω-3dB, i), which leads to an optimum value of Amid. = A0 and

∆ϕ = π/4. If ∆ωres > ω-3dB, i, the filter response will contain a certain ripple which

increases with increasing ∆ωres. If ∆ωres < ω-3dB, i, the filter response will have zero

ripple but the insertion loss of the filter will increase.

Taking for calculation a filter with a center frequency of fc = 380 MHz, two

resonators at resonance frequencies of fres1 =378 MHz and fres2 =382 MHz and band-

width of 4 MHz, where Lm of the resonators are designed to be around 13 µH. The

resulting transfer function of the individual resonators and the output of the 4th-order

filter are presented in Fig. 5.3. As seen, ω-3dB, i = ∆ωres leads to an optimum con-

dition of Amid. = A0 (zero ripple) and ∆ϕ = π/2 (ϕi = ±π/4). On the other hand,

outside the passband, the amplitude and the phase of the two paths will get closer

and therefore by subtraction of their outputs, the rejection floor will improve consid-

erably. Nonetheless, in practice, the rejection floor is limited by inherent mismatches

(due to fabrication) between the parasitic feed-throughs of the individual resonators.

This is illustrated in Fig. 5.1(b).

The proposed technique is realized using two contour-mode resonators, shown in

Fig. 5.4(a), with slightly different resonance frequencies approximately at 380 MHz.
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To cancel the feed-through signal of each resonator, the bottom-electrode patterning

method [74] has been utilized for both resonators. Each resonator consists of 4 fingers

with 2 fingers for the input- and output-port. The wavelength of each resonator is

around 16 µm with around 200 nm variation between the wavelength of the resonators

to provide for the slight resonance frequency difference between the resonators. Each

finger has around 8 µm width with 2 µm spacing in between. The resonators consist of

a composite stack of (bottom to top) SiO2/Si/SiO2/Ti-Pt/PZT/Pt. The fabrication

process is similar to the earlier presented work by Yagubizade et al. [74] A 500 nm

PLD-based PZT thin-film is utilized on top of an around 3 µm silicon layer using a

highly resistive silicon-on-insulator (SOI) wafer with 0.5 µm buried oxide (BOX) layer.

5.3 Characterization

The resonators were characterized in an RF probe station using GSGSG probes and

a 4-port Agilent N5244A network analyzer. A 4-port SOLT calibration has been

performed using Agilent Electronic Calibration Module up to the probes. All the

measurements have been done by applying 0 dBm input power. The frequency re-

sponse of each fabricated resonator (S21 and S43) and the differential readout of the

filter (Sdc21) at DC-bias voltage of 4 V are shown in Fig. 5.5(a). The phase change

of each resonator is presented in Fig. 5.5(b). The phase of the resonators at fc are

ϕ1 = 62.84◦ and ϕ2 = −59.16◦. As can be seen, the resonance frequency of the res-

onators are at fres1 = 382.9 and fres2 = 379 MHz with ω-3dB, 1 ≈ ω-3dB, 2 ≈ 1.8 MHz.

The transmission of the filter (Sdc21) at different DC-bias voltages, 0-4 V, with 1 V

increments are presented in Fig. 5.6. The motional impedance of the resonators at

different DC-bias voltages, considering the grounding resistance (Rg) as well as static

capacitance (C0), has been extracted using Eq. 5.2, assuming that Rm >> Rs.

S21[dB] = −20 log
(

1 + (Rg +Rs)
2
C2

0ω
2
0

)
−20 log

(
1 +

Rg

Rs

)
− 20 log

(
1 +

Rm

2Rs

)
(5.5)

On the other hand, using the mechanical properties of a piezoelectric-transduced

resonator, the motional impedance of contour-mode resonators can be calculated as
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Figure 5.4: Scanning electron micrograph (SEM) of a 4th-order differential readout
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Rm =
π

4N
× ρeff

0.5 × Eeff
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Q
× ttot

we
× 1

e31
2
. (5.6)
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Figure 5.5: (a) The measured transmission of the resonators (S21 and S43) and filter

(Sdc21) with 50 Ω termination, (b) The measured phase change of the resonators.
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Table 5.1: The resonator performance at DC-bias voltages of 0 and 4 V.

DC-bias fres1 Rm1 Cm1 Lm1 ω-3dB, 1 e31, 1 fres2 Rm2 Cm2 Lm2 ω-3dB, 2 e31, 2

[V] [MHz] [Ω] [fF] [µH] [MHz] [C/m2] [MHz] [Ω] [fF] [µH] [MHz] [C/m2]

0 381.7 6410 0.31 574 1.25 -0.61 378.2 6270 0.32 552 1.35 -0.62

4 382.9 542 3.63 47.6 1.8 -2.1 379 631 3.13 56.3 1.8 -1.95

By comparing the measured (Eq. (5.5)) and calculated (Eq. (5.6)) motional

impedances, the transverse piezoelectric coefficient (e31) of PZT thin-film has been

extracted at different DC-bias voltages and listed in Table 5.1. It is illustrated that

the absolute value of the e31 is increased from around 0.62 to 2 C/m2 with DC-bias

voltage of 0 up to 4 V. The variation of the e31 with the DC-bias voltage is associated

with the piezoelectric domain re-orientation process. By applying the DC-bias volt-

age, the motional impedance is decreasing due to the improvement of the transverse

piezoelectric coefficient. The bandwidth of the resonators is increasing which leads to

reduction of the ripple. The motional capacitance Cm and inductance Lm have been
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Figure 5.6: Measured transmission gain of the filter at different DC-bias voltages from

0-4 V with 1 V increments.
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Figure 5.7: Scanning electron micrograph (SEM) of a 4th-order differential readout

of in-phase actuated contour-mode PZT-on-silicon filter at 700 MHz.

extracted and reported in Table 5.1. There is also a frequency shift of each resonator

of around 1 MHz.

For the second case study, a filter exploiting this technique has been implemented

with a center frequency of 700 MHz, illustrated in Fig. 5.7. The BPF is presented using

50 Ω termination with bandwidth of approximately 28.6 MHz and 30 dB stopband

rejection. All measurements have been done by applying 0 dBm input power. The

frequency response of each fabricated resonator (S21 and S43) and the differential

readout of filter (Sdc21) at DC-bias voltage of 0 V are shown in Fig. 5.8(a). The phase

change of the resonators are presented in Fig. 5.8(b). The phase of the resonator with
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(Sdc21) with 50 termination at DC-bias of 0V, (b) The measured phase change of
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higher resonance frequency is around ϕ1=120◦ and the lower one is ϕ2=−120◦. The

transmission of filter (Sdc21) at different DC-bias voltages, 0-4 V, with 1 V increments

are presented in Fig. 5.9.

5.4 Conclusion

In conclusion, we demonstrated a new 4th-order band-pass filter (BPF) method using

the subtraction of two in-phase actuated 2nd-order contour-mode Lamb-wave res-

onators with slightly different resonance frequencies around 380 MHz and 700 MHz.

Utilizing this technique, the output of the resonators are added up constructively as

the phase of the resonators are ϕ1 = −ϕ2, while the feed-through signals are elimi-

nated. This technique is a powerful approach for RF-MEMS filter design as well as

resolving design issues associated with feed-through at high frequencies for materials

with high-dielectric constant such as PZT.
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Chapter 6

Conclusions

6.1 Summary and Conclusion

In chapter 1, an introduction and overview of the available RF-MEMS technol-

ogy was given. Two possible transductions, i.e. capacitive and piezoelectric, were

described. Some challenges of RF-MEMS filters and the motivation of this research

towards Lamb wave resonators were given. It was described that achieving a high per-

formance multi-band RF-MEMS filter bank in a single fabrication run on the same

chip with a reasonable size is a must for next generation wireless communication

systems and Lamb wave filters are a suitable candidate to fulfill this demand.

In chapter 2, a feed-through cancellation method was proposed. The idea was

realized using a length extensional mode resonator. A 250 nm-thick (100)-dominant

oriented PZT thin-film deposited on top of 3 µm silicon using pulsed laser deposition

(PLD) was employed. The resonator was presented with the length of 40 µm (half-

wavelength), which corresponds to a resonance frequency of about 83 MHz. Using

the proposed technique, the stopband rejection of the resonator was improved by

more than 20 dB. As both input and output ports of RF-MEMS resonators and filter

are integrated very close and they are suffering from parasitic capacitive certainly at

high frequencies. Therefore, using the proposed technique to de-couple the parasitic

capacitances is very important to be able to boost the resonance frequency of RF-

MEMS resonators and still keep the rejection floor at lower level.

In chapter 3, the feed-through cancellation method was applied for higher-order

longitudinal mode resonators which have higher parasitic capacitances due to the
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larger areas. Three sets of devices with 1-, 1 1
2 - and 2 1

2 -wavelength was presented

at resonance frequency around 75 MHz with 44 µm wavelength using 500 nm-thick

pulsed-laser deposited (PLD) lead zirconate titanate (PZT) on top of 3 µm silicon.

Furthermore, the grounding electrodes were separated outside the device to reduce the

feed-through signal. A 3D finite element simulation was presented using a fully electro-

mechanically coupled models. Finite-element simulation shows a good agreement with

the measurement results including an acceptable prediction for the spurious modes.

The finite-element simulation approach can be used for future exact designs. The

effect of bottom-electrode and ground patternings are showing a coherent behavior

on all the sets and providing the opportunity to use a larger size RF-MEMS devices

to reduce their motional impedance and therefore their insertion loss.

In chapter 4, a bandpass filter using two mechanically coupled contour mode

resonators was presented at a resonance frequency of around 380 MHz. The filter was

formed of two mechanically-coupled resonators with the same designed wavelength.

One resonator was used to actuate the whole coupled structure and the other one

was used to pick up the signal. The filter was actuated using two differential input

signals and on the other side, the output signal was also picked up using a differential

readout. The filter was fabricated using 500 nm-thick pulsed-laser deposited (PLD)

lead zirconate titanate (PZT) on top of 3 µm silicon. The bottom-electrode-pattering

technique was applied for the resonators. The filter is characterized using a four-port

measurement with 50 Ω termination. Using this technique, the filter insertion loss

improved around 6 dB as well as the notches of the filter. However, the outside feed-

through signals trough air and substrate were not eliminated as both actuation and

readout were done using a differential technique. Therefore, the filter was showing a

low stopband rejection.

In chapter 5, a new 4th-order band-pass filter (BPF) method based on differen-

tial readout of two in-phase actuated contour-mode Lamb-wave resonators was pre-

sented. Two different filters at two different resonance frequencies around 380 MHz

and 700 MHz were presented. Each case study was formed of two separate (un-

coupled) resonators which had slightly different resonance frequencies. The case study

one was presented around 380 MHz and the second case study was presented around

700 MHz. A 500 nm pulsed-laser deposited (PLD) lead zirconate titanate (PZT) thin-

film on top of a 3 µm silicon was used for both filters. The resonators were actuated

in-phase and their outputs were subtracted. Utilizing this technique, the feed-through

signals were eliminated, while the outputs of the resonators were added up construc-
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tively, due to the phase difference between the two output signals. This technique

showed a considerable improvement in the performance of RF-MEMS filters com-

pared to the existing Lamb wave filters. Conventional electromechanical filters are

using mechanical and/or electrical coupling, however, this new technique is based on

the phase change of two un-coupled resonators below and above their resonances.

This technique resolves the design issue associated with high feed-through at high

frequencies as well as exploiting piezoelectric materials with high-dielectric constant

like PZT.

6.2 Original Contributions

• A feed-through cancellation method to de-couple the intrinsic parasitic capaci-

tances of 2-port RF-MEMS resonators and filters.

• A fully electro-mechanically coupled simulation of 2-port RF-MEMS resonators

for transmission and spurious mode analysis.

• Boosting the resonance frequency of PZT-based bandpass filters exploiting two

mechanically coupled Lamb wave resonators and filters.

• Introducing a 4th order bandpass RF-MEMS filter using a differential readout

of two un-coupled Lamb wave resonators at the UHF-band and improving the

rejection floor by eliminating the feed-through signals.
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Samenvatting

Draadloze communicatie systemen omvatten tegenwoordig tal van standaarden waar

voor bijna elke standaard een andere frequentieband is toegewezen. Met de toename

in draadloze apparatuur dreigt het radio spectrum overvol te raken, wat lijdt tot een

groeiende vraag naar slimme, “cognitieve” radio apparatuur, welke ongebruikte delen

van het spectrum kunnen detecteren en benutten. Dit vertaalt zich naar de wens voor

een radio systeem met een groot frequentiebereik, van ongeveer 50 MHz tot 5 GHz.

Een belangrijke eis hiervoor is het realiseren van een programmeerbare RF pre-filter

bank, bestaande uit meerdere RF filters van verschillende frequenties.

Een RF filter bank vereist vergaande miniaturizatie omdat de huidige filters (bi-

jvoorbeeld surface acoustic wave of film-bulk akoestische resonatoren) groot zijn en

moeilijk te integreren in grote aantallen op verschillende frequenties. Ondanks een

decennium aan onderzoek in dit onderwerp, zijn gentegreerde hoge-kwaliteits band-

pass filter banken nog steeds niet gerealiseerd. Daarom gebruiken de hedendaagse

draadloze systemen meestal individuele filters buiten de chip, in plaats van volledig

gentegreerde bandpass filters.

Piezoelektrisch vibrerende componenten zijn geevolueerd tot een nieuwe klasse

van apparaten zoals surface acoustic wave (SAW) en bulk acoustic wave (BAW) res-

onatoren en filters met hoge werkingsfrequenties. Nieuwe micro-fabricagetechnieken

zoals ontwikkeld voor de IC industrie hebben massafabricage van deze apparaten

met kleinere afmetingen en lagere kosten mogelijk gemaakt. Deze apparaten con-

sumeren echter nog steeds het overgrote deel van het circuitoppervlak en ze kunnen

niet makkelijk gefabriceerd worden op hetzelfde substraat. Bij SAW filters penetr-

eren de mechanische trillingen het piezoelektrische substraat, waardoor de afmetingen

groot moeten blijven om de motionele impedantie laag te houden.

BAW filters (bijv. FBAR) daarentegen gebruiken dunne-film piezoelektrische ma-

terialen, maar hun resonantiefrequentie is afhankelijk van de laagdikte. Hierdoor is het
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rendabel maken van een BAW filter bank een grote uitdaging. Lamb-golf piezoelek-

trische RF-MEMS resonatoren en filters zijn erg interessant geworden omdat hun

resonantiefrequentie afhangt van de laterale afmetingen van de elektrodes en omdat

ze van het substraat gescheiden zijn, waardoor ze een hoge Q-factor krijgen. Hierdoor

zijn Lamb-golf filters de beste kandidaat om SAW en BAW filters te vervangen.

Lamb-golf piezoelektrische RF-MEMS resonatoren hebben veelbelovende eigen-

schappen getoond, zoals lage ingangsimpedantie en hoge Q-factor. Hun Q-factor is

vergroot door ze te integreren met eenkristallijne materialen als eenkristal silicium

of siliciumkarbide, welke in elke cyclus energie opslaan en afgeven met minder ver-

lies dan een piezoelektrisch medium. Lamb-golf resonatoren zijn ook erg interessant

voor zeer gevoelige sensoren vanwege hun hoge Q-factor. Lamb-golf resonatoren zijn

nog in de optimalisatiefase, dus er is grote vraag naar betere oplossingen voor het

verminderen van ankerverlies, onechte modi onderdrukking door ontwerpvariaties, en

simulatietechnieken zoals eindige elementen methoden.

AlN, ZnO en recentelijk PZT dunne films zijn de meestgebruikte piezoelektrische

materialen in de resonatoren. PZT heeft hiervan de hoogste elektromechanische kop-

pelingsfactor wat een groot voordeel is voor het verminderen van de filterafmetingen

en het laag houden van de ingangsimpedantie. PZT heeft echter een lagere fasesnel-

heid, wat het moeilijk maakt om erg hoge resonantiefrequenties te bereiken. Hogere

netto fasesnelheden kunnen in PZT bereikt worden in combinatie met andere mate-

rialen met hogere fasesnelheden (bijvoorbeeld silicium).

PZT heeft last van een hoge feed-through vanwege zijn hoge dielektrische permit-

tiviteit, waardoor de stopband verzwakking sterk afneemt. In dit proefschrift intro-

duceren wij een methode voor het opheffen van deze feed-through, bij aanwezigheid

van imperfecte aarding aan de input en output kanalen welke in praktische situaties

onontkoombaar is door de weerstanden naar aarde. Deze aardingsweerstanden zijn

specifiek meegenomen in de ontwerpen. Met de voorgestelde methode is de stopband

verzwakking van de resonator met meer dan 20 dB verbeterd.

Twee verschillende bandpass filter configuraties (mechanisch gekoppeld en differen-

tile uitlezing) worden in dit proefschrift beschreven. Het mechanisch gekoppelde filter

bestaat uit twee mechanisch gekoppelde resonatoren met dezelfde bepaalde golflengte.

Een resonator wordt gebruikt om de gekoppelde structuur te actueren en de andere

wordt gebruikt om het signaal op te nemen. Het mechanisch gekoppelde filter wordt

geactueerd met twee differentile ingangssignalen en uitgelezen met twee differentile

uitgangssignalen.
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Omdat zowel de actuatie als de uitlezing met een differentile techniek uitgevoerd

zijn, worden de feed-through signalen door lucht en substraat niet volledig tegenge-

gaan. Hierdoor toont het filter een lage stopband verzwakking. Om dit probleem

te verhelpen wordt een nieuw concept voor bandpass filters voorgesteld in dit proef-

schrift, genaamd differentile uitlezings-filter. Twee verschillende filters met twee ver-

schillende resonantiefrequenties rond de 370 MHz en 700 MHz worden gepresenteerd.

Deze techniek biedt een aanzienlijke verbetering in prestaties van RF-MEMS filters

vergeleken met de bestaande Lamb-golf filters. Gebruikelijke elektromechanische fil-

ters maken gebruik van mechanische en/of elektrische koppeling, terwijl de nieuwe

techniek gebaseerd is op de faseverandering van twee ongekoppelde resonatoren onder

en boven hun resonantie. Deze techniek biedt een oplossing voor het ontwerpprob-

leem van hoge feed-through bij hoge frequenties, en maakt daarnaast gebruik van

piezoelectrische materialen met hoge dielectrische constantes, zoals PZT.
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Abstract

Nowadays, wireless communication systems cover numerous standards where almost

for each one, a different frequency band has been allocated. By increasing the num-

ber of wireless devices, the radio spectrum is quickly becoming overcrowded, ask-

ing for smart “cognitive radio” devices, which detect and exploit unused spectrum.

This means that a radio system which can cover a wide frequency range from about

50 MHz to 5 GHz is desirable. A key roadblock in this respect is the realization of pro-

grammable RF pre-filter bank which contains several RF filters operating at different

frequency bands. An RF filter bank requires miniaturization as the current filters (i.e.

surface acoustic wave and film-bulk acoustic resonators) are big and it is not easy to

integrate several of them together at different frequency bands. Up till now, it was

not possible to build integrated high-performance bandpass filter bank despite more

than a decade of research on this topic. For this reason, nowadays, most wireless

systems utilize individual off-chip filters rather than fully integrated bandpass filters.

This increases the size and the cost. Therefore, considerable research is going on for

launching a technology, that enables implementation of all the required frequency-

selective components on a single substrate that eventually will be integrated into the

electronic circuit.

Piezoelectric vibrating components have evolved into new classes of devices such

as surface acoustic wave (SAW) and bulk acoustic wave (BAW) resonators and filters

with high operational frequencies. Novel micro-fabrication techniques developed for

IC industry created opportunities for batch fabrication of these devices in smaller

size at lower cost. However, they still consume far more area than the rest of the

electronic circuit and can not be easily fabricated on the same substrate. SAW fil-

ters are bulky devices and the mechanical waves are penetrating to the piezoelectric

substrate. Therefore, the size of SAW filters are big to keep the motional impedance

low. On the other hand, BAW filters (e.g. FBAR) use thin-film piezoelectric materi-
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als, but their resonance frequencies are thickness dependent. Therefore, fabricating a

BAW filter bank is not cost effective and is a big challenge. Lamb-wave piezoelectric

RF-MEMS resonators and filters became a very interesting topic as their resonance

frequency depends on the lateral dimensions of the electrodes and they are released

from substrate, providing a high Q-factor performance. Therefore, Lamb wave filters

are the best candidate for replacing of SAW and BAW filters.

Lamb-wave piezoelectric RF-MEMS resonators have demonstrated promising per-

formance, such as low motional impedance and high Q-factor. Their Q-factor has been

boosted by integrating them with single crystalline materials, e.g. single-crystalline

silicon and silicon carbide, which store energy and deliver it back in each cycle with less

loss compared to the piezoelectric medium. Also Lamb-wave resonators are of great

interest for highly sensitive sensors due to their high Q-factor. Lamb-wave resonators

are still in the perfectioning state and therefore there is a great demand for fur-

ther understanding of various issues such as reducing the anchor-loss, spurious mode

suppression using various designs and simulation techniques such as finite-element

methods.

AlN, ZnO and recently PZT thin-films are the prevalent piezoelectric materials

utilized in the resonators. Of these, PZT has the highest electromechanical coupling-

factor which is a big opportunity to reduce the size of the filters and keep the motional

impedance low. However, PZT has a lower phase velocity, which makes it difficult

to achieve very-high resonance frequencies. Higher composite phase velocities can be

obtained by PZT in combination with other materials having higher phase veloci-

ties (e.g. silicon). PZT suffers from a high feed-through due to its high dielectric

permittivity which, as a consequence, drastically reduces the stopband rejection. In

this thesis, to overcome this problem, we propose a feed-through cancellation method

in the presence of specific grounding resistances (non-zero grounding) at the input-

and output-sides, which always exist and prevent perfect grounding. Particularly,

these grounding resistances have been considered in the designs. Using the proposed

technique, the stopband rejection of the resonator is improved by more than 20 dB.

Two different bandpass filter configurations (i.e. mechanically coupled and differ-

entially readout) are presented in this thesis. The mechanically-coupled filter consists

of two mechanically-coupled resonators with identical designed wave-length. One res-

onator is used to actuate the whole coupled structure and the other one is used to pick

up the signal. The mechanically-coupled filter is actuated using two differential input

signals and on the other side, the output signal is also picked up using a differential
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readout. As both actuation and readout are done using a differential technique, the

feed-through signals trough air and substrate are not eliminated. Therefore, the filter

shows a low stopband rejection. To overcome this problem, a new concept of bandpass

filter is proposed in this thesis called, differential readout filter. Two different filters

at two different resonance frequencies around 380 MHz and 700 MHz are presented.

This technique showed a considerable improvement in the performance of RF-MEMS

filters compared to the existing Lamb wave filters. Conventional electromechanical

filters are using mechanical and/or electrical couplings, however, this new technique

is based on the phase change of twp un-coupled resonators below and above their res-

onances. This technique resolves the design issue associated with high feed-through

at high frequencies as well as exploiting piezoelectric materials with high-dielectric

constant like PZT.
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