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ABSTRACT 

This paper reports lead zirconate tit
silicon electromechanical resonators wit
terminated, performances for RF appl
2.14 dB insertion loss is demonstrat
extensional, PZT-on-2-μm-silicon 15 M
22 dB return loss and maximum unload
QUL,max, of ~540 in air resulted for this r
performances with a QUL,max of 
demonstrated with a PZT fabricated 
device.  The competing effects of de
resistance and increased transducer c
increased transduction area are ad
analytical models and experimental resu
a  third order length extensional m
resonator with asymmetric input and 
were also designed to assess its potential
piezoelectric resonant transformer; a 2.1
demonstrated for a 14.7 MHz extensiona
 
INTRODUCTION 

Prior RF-MEMS resonator rese
promising device performances for RF
wide frequency range [1-7]. Their poten
references and narrow band RF filters s
promise while preserving the conto
advantages of MEMS, i.e. single-chip
integration.  In addition, integrated reso
transformers have been explored 
transformers for impedance matching in
[8] as well as voltage and power transfo
applications such as high frequency swit
supplies [9] [10].   

Resonators with low motional 
motivated by the desire for low loss an
devices.  Thin film piezoelectric mater
and aluminum nitride have demonstra
resistances due to the transducers’ high 
coupling.   PZT is an attractive choic
resonators and resonant transformers 
electromechanical coupling factors and
The high field PZT non-linearity also a
field tuning of the dielectric, elas
constants and coupling factors; en
frequency tuning which is an attractiv
systems.        

In the current article, we report 
extensional mode PZT on silicon 
excellent performance.  Low insertion
and high return losses (~22 dB) are rep
the lowest insertion and highest return 
termination reported for thin-film PZT 
the authors’ best knowledge, for thin-fi
piezoelectric resonators.   Analytically 
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RESONATOR DESIGN

Figure 1 illustrates the con
two-port devices under cons
resistances were derived first
force based on the electrode pa
modal stress profile.  The 
piezoelectricity were then used
piezoelectric current and 
resistances were determined.  
previously derived motional 
differences in the modal for
motional resistances derived f
and high order (Rm,n) extension
number, n, is odd, are  
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device width, and welec is the electrode w
Figure 2 represents the equivalent

the two port resonator device where Zr(
motional impedance, Zin(s) the im
transducer’s input capacitance at po
impedance of the output capacitance at p
complex variable equivalent to jω, 
frequency.  The transmission (ABCD) 
for this two port network 
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and the frequency dependent scatterin
subsequently realized via a two-port ne
(lookup table in [12]).  The forw
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where Zo is the characteristic impedan
evident from Equations (1a) and (1b) th
motional resistance is attained by eith
transducer width or using a higher order
however, trades with increased capacita
and output ports.  Increased capacitanc
impedances and larger shunt currents to 
(Node C) in Figure 2.  These comp
especially important since PZT has 
dielectric constant, εr (400-1000), whe
aluminum nitride (εr ~ 10), therefore, ch
transducer area have a larger effect o
capacitances.      

Figure 3 shows the insertion loss tr
evaluated at the device resonant freq
compared to a device with typical alumi
properties.  Note that the comparison is m
of piezoelectric material on 10 μm of 
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piezoelectric stress constant, e31 = 12
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in the figure [13].  The trends show 
device area) for a given quality factor. 

Figure 2: Two port equivalent circuit 
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input number should be greater than th
output area and electrode number.  T
bucking or voltage boosting occurs with
and output electrodes.   

An example piezoelectric resonan
depicted in Figure 1 (b)-(c).  For thi
harmonic, n = 3, of the length extension
consideration.  For a voltage boost c
input signal drives the port with the gr
electrodes and the output port is conne
load which can be varied.  With Ain =
Nin = 2 and Nout = 3, a 2x voltage boost i
particular design based on an impedan
The piezoelectric transformer has a reac
output is inherently capacitive.  T
consideration must be taken to assess
efficiency, voltage boost / buck, and pow
of these characteristics are load depen
theoretical analysis of these trades for 
PZT resonators can be found in [9]. 
 
SCATTERING PARAMETER 

The PZT on silicon resonators were
and 10 μm SOI wafers via a proces
reported in Ref. [11].  The fundamental
length extensional modes (n = 1, 3, 5, 9 
200, 600, 1000, 1800 and 2600μm, r
fabricated on 2, 4 and 10μm of silicon. 
196 μm and welec is 14 μm (Figure 1
(Figure 1(b)), the electrode lengths, Lelec

are 196 and 36 μm, respectively.  For al
width, wtot, is 40 μm.  The platinum (Pt
nm and the PZT is 0.5 μm.  Figure 1(c)
the example devices fabricated.   

The lowest loss responses of 
resonators are considered in the follow
terminated transmission (S21) and 
frequency responses (Figure 4) were 
superimposed 10 V DC-bias voltage
Two-port calibration based on short, 
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performed in Ref. [14], was done. The
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QUL = ω*τgd*|S11| / (1-|S11|2), was used 
frequency dependent unloaded quality fa
the measured group delay.  The ma
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minimum S21 insertion loss (I.L.), max
loss (R.L.), effective electromechanica
keff

2, and the extracted Rm,9 for the two
listed in Table I.  Insertion losses as lo
QUL,max as high as 2850 resulted for t
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RESULTS 
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l devices, the total 
t) thickness is 100 
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the n = 9 mode 
wing.  The 50 Ω 

reflection (S11) 
measured with a 

e using bias-tees.  
open, load, and 

he only calibration 
edding, as was 
e responses of the 
th different silicon 
edances associated 

in Figure 2 was 
ter measurements.  
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extracted via a Q-
.  The expression, 

to evaluate the 
factor, where τgd is 
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extracted and the 
ant frequency, fr, 
ximum S11 return 

al coupling factor, 
o device types are 
w as 2.14 dB and 
the 2 and 10 μm 

silicon devices, respectively.  A
a similarly low insertion loss
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factor of silicon.  However, thi
with lower keff

2 due to thicker d
loss is due to the lower keff

2,
0.38% for the PZT-on-10μm-si
the 2 μm silicon device.  Th
when comparing the 4 μm sil
return losses (> 20dB) also res
thick silicon devices.  Motional
were extracted for the PZT-on-

Figure 4: (a) 50 Ω terminat
coefficient, S21, of the 9th-mod
air with 10 V DC bias on both
S11, for the corresponding respo

Table 1: Summary of device
from the measurements pres
maximum unloaded quality fa
via a technique described in [1

A higher quality factor, with 
s, results with the 10 μm 
he high mechanical quality 
is increase in QUL,max trades 
device silicon.  A degraded 
, which is extracted to be 
ilicon device and 3.01% for 

his similar trend is evident 
icon device as well.  High 
sulted for the 2 and 10 μm 
l resistances as low as 11 Ω 
-2μm-silicon device.   

 
ted, forward transmission 
de resonator measured in 
h ports.  (b) Return losses, 
onses shown in (a). 

 
e performances extracted 
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The device power handling cha
assessed by sweeping the network a
power (-10 to +10 dBm with 8 V 
frequency responses at the various p
shown in Figure 5 for the 9th order re
with PZT on 2 μm silicon, a devic
described prior.  A minimal -1% QUL,m
proving a significant device power handl

The impact of increasing the transdu
addressed through experiments.  Device
PZT on 2, 4, and 10 μm silicon with v
these PZT device trends. The minimum
(50 Ω terminated) as function of mo
measured and are shown in Figure 6.  A
were taken with 10 V DC bias.  The 
factors for the respective device are 
figure.  The measurements reveal an
insertion loss with increased mode n

9≤n for all device thicknesses.  For 
devices, the improvement in Rm,n whe
n = 9 (Rm,9 = 23 Ω)  and n = 13 (Rm,13 = 1
by the increase in the device capacitanc
a slight improvement in insertion loss 

Figure 5: Frequency responses at vary
levels (8V DC bias) for n = 9, PZT-on-2
similar to that measured in Figure 4.  
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Figure 6: The measured minimum S21 
mode number, n, for the PZT on 2, 4 an
devices.  These results correspond to 
The devices’ corresponding unloaded 
QUL,max, are indicated. 

 
aracteristics were 
analyzer’s source 
DC bias).  The 

power levels are 
sonator fabricated 
e similar to that 
ax change resulted 
ling. 
ucer area was also 
es fabricated with 
varying n confirm 
m insertion losses 
ode number were 
All measurements 
associated quality 
indicated in the 

n improvement in 
number, valid for 
the 10 μm silicon 
en comparing the 
13 Ω) is countered 
es; therefore, only 
resulted (3.70 dB 

versus 3.65 dB).   For the 
degradation in the insertion 
transduction area for n > 9.  T
slight increase in Rm,n (Rm,9 = 
due to a reduced quality factor
capacitances.  Similarly, the 2 
improved insertion losses when
n = 13 modes due to both the 
increased capacitances.   

It is clear that there is an
considering the devices’ insert
devices fabricated and their ass
n = 9 mode resonators result
insertion loss for the PZT on 2
Similarly when comparing th
devices, the lowest insertion 
with the n = 13 mode resonator
with the analysis and the trends
 
PIEZOELECTRIC TRA
MEASUREMENTS 

The PZT on 2 μm silico
characteristics were evaluated
fabricated and shown in Figur
with a 70 mV peak to peak vo
piezoelectric resonator at the
Figure 1 (b) at its resonant 
voltage transformation charac
connecting the output port to
1 MΩ. Both the input and outp
9 V using bias T’s.  Figur
performance of this particular 
peak signal resulted at the ou
This corresponds to a ~2.1 vol
device, thus, demonstrating it
capabilities.   This compares w
voltage boost for the n = 3 m
piezoelectric transformer analy
note that the resistive load v
voltage gain and efficiency. 
 

 
ying input power
2μm-Si resonator

16.2

as a function of 
nd 10 μm silicon 
a 10V DC bias.

d quality factors,

Figure 7: The measured 
transformer voltage gain for
extensional mode resonator.  T

4 μm silicon devices, a 
loss results with larger 

his is attributed to both the 
30 Ω versus Rm,13 = 34 Ω), 
r, and the increased device 
μm devices did not exhibit 

n considering the n = 9 and 
reduced quality factor and 

n optimal device area when 
tion losses.  For the current 
sociated quality factors, the 
ted with the minimum in 
2 and 4 μm device silicon.  

he PZT on 10 μm silicon 
loss performance resulted 

r.  This qualitatively agrees 
s shown in Figure 3.     

ANSFORMER 

on resonator’s transformer 
d.  For the n = 3 device 
re 1 (c), a 14.7 MHz signal 
oltage was used to drive the 
e input port illustrated in 

frequency.  The AC:AC 
cteristics were assessed by 
o a high resistive load of 
put ports were DC biased at 
re 7 reveals the AC:AC 
device.  A 150 mV peak to 

utput port of the resonator.  
ltage gain of this particular 
s piezoelectric transformer 

well with the as predicted 2x 
mode resonator in the prior 

ysis but it is important to 
value directly impacts the 

piezoelectric resonant 
r the n = 3, 14.7 MHz 

The resistive load is 1 MΩ.

711



CONCLUSIONS 
This article shows PZT-on-silicon resonators 

exhibiting low, 50 Ω terminated insertion losses, high 
return losses, low motional resistances and large power 
handling.  High performance PZT resonators fabricated 
on 2, 4 and 10 μm of silicon were compared.  
Specifically, insertion losses as low as 2.14 dB were 
demonstrated with a high return loss of 22 dB for the 
n = 9 resonator with 2 μm device silicon.  For this mode 
the trade between keff

2 and quality factor with thicker 
device silicon were measured.  The insertion losses for the 
fundamental and higher order extensional modes were 
also compared and show the trade between lower 
motional resistances and the increased capacitances 
associated with the larger transduction areas.  Future work 
involves optimizing the device performance with respect 
to Q and insertion loss while demonstrating high 
performances at high frequencies.   

In addition, the piezoelectric transformer properties 
were initially characterized yielding a 2.1 voltage boost 
under a 1 MΩ load.  Future work will address the 
piezoelectric transformer characteristics under a variety of 
resistive loads. The load dependence of the transformer 
efficiency, power delivery and voltage gain will also be 
characterized. 
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