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Abstract —  Ferroelectric thin film bulk acoustic wave
resonators (FBARs) have been of growing interest due to their
electric field dependent properties. Resonators based on the
ferroelectric barium strontium titanate (Ba,Sr(_TiO3;, BST) are
intrinsically switchable, namely they have resonances that switch
on with the application of a dc bias voltage. In this paper, the
large signal performance and nonlinear behavior of BST FBARs
are investigated. Measurement results show as the dc bias voltage
increases, the nonlinear behavior due to high RF input power
decreases. For better understanding, measurement results of BST
FBARs are fitted to a nonlinear modified Butterworth-Van Dyke
(MBVD) model with respect to dc bias voltage and RF input
power.

Index Terms — Ferroelectric devices, film bulk acoustic
resonators, nonlinear systems.

1. INTRODUCTION

Ferroelectric thin films have an electric field dependent
permittivity as well as an electric field induced piezoelectric
effect. In the absence of an external electric field,
ferroelectrics have a relative permittivity in the several
hundreds and a piezoelectric coefficient near zero. With the
introduction of an electric field from the application of a dc
bias voltage, an electrostriction based piezoelectric effect
emerges. As the electric field increases, the permittivity
decreases and the piezoelectric coefficient increases. These
properties have led to a rapidly growing interest in the use of
ferroelectric based devices such as varactors [1]-[3] and more
recently, FBARs [4]-[6], for tunable and switchable circuits.

Accurate and comprehensive models are necessary to design
ferroelectric thin film based circuits. Physics [7], [8] and
equivalent circuit based models [9] that demonstrate the dc
bias voltage dependent behavior of ferroelectric resonators
have been developed. However, as the number of applications
for ferroelectric based devices grows, their RF power
dependent behavior needs to be characterized and modeled.
The nonlinear behavior of ferroelectric varactors [10] and
piezoelectric FBARs [11], [12] have been characterized and
modeled by various research groups. Nonetheless, the large
signal and nonlinear behavior of ferroelectric FBARs have yet
to be investigated and modeled.

In this paper, the large signal performance of ferroelectric
resonators based on barium strontium titanate (Bag sSrysTi0s,
BST) is presented. The measurement results of the resonators
at different dc bias voltages and RF input power levels are
provided and their effect on the quality factors and

electromechanical coupling is discussed. Based on the
measurement results, a nonlinear modified Butterworth-Van
Dyke (MBVD) model that is a function of dc bias voltage and
RF input power is developed for better understanding of the
large signal performance of ferroelectric FBARs.

II. DEVICE FABRICATION

The BST FBAR presented here is fabricated using pre-
platinized high resistivity silicon wafers consisting of SiO,,
TiO, and Pt layers with thicknesses of 500, 40, and 150 nm,
respectively [13]. The platinum layer is patterned using
photolithography and etched with aqua regia (1:3, HCI:HNO;,
heated to 50 °C). BST is deposited on the patterned substrate
using pulsed laser deposition (PLD) as described in [4]. A 100
nm layer of platinum is deposited on the BST layer using e-
beam evaporation and liftoff to serve as the top electrode.
Layers of Al/Au (500/500 nm) are also deposited using e-
beam evaporation to form the probe pads for testing the
device. The last processing step is to etch the silicon substrate
from beneath the device using DRIE to create a membrane.
Fig. 1 shows the fabricated resonator that is discussed in the
following section. It has an area of 650 pm’.

Fig. 1.
paper.

Micrograph of the 650 um* BST resonator discussed in this

III. MEASUREMENT RESULTS

The BST film bulk acoustic wave resonator (FBAR) is
measured using one port ground-signal-ground (GSG) co-
planar waveguide (CPW) probe pads. Measurements are
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acquired using 150 um pitch GSG probes and an Agilent
E8364B network analyzer. The network analyzer is calibrated
using short, open, and load standards from a calibration
substrate, setting the reference plane at the GSG probe tips.
Measurements are taken at frequencies of 100 MHz to 3 GHz
and at bias voltages of 0 to 25 V as the power available from
the source is swept from -18 to 8 dBm. The input impedance
of the resonator is plotted in Fig. 2 at bias voltages of 5 and 25
V and power levels of -8, 0, and 8 dBm. Measurement results
show that at both 5 and 25 V dc bias, the input impedance of
both resonators begins to deviate from the small signal values
when the power level is above 0 dBm.

Fig. 2. The Smith chart showing the input impedance of the BST
FBAR at bias voltages of 5 and 25 V and power levels of -8, 0, and 8
dBm.

The quality factor (Q) and effective electromechanical
coupling coefficient (Kf o) are important figures of merit for
FBARSs and are calculated using (1) and (2), respectively. The
O is calculated from the change in the phase of the input
impedance with respect to frequency. The Kf,eﬂ. is calculated
using the series (f;) and parallel (f,) resonance frequencies,
which are defined as the frequency at which the input
reactance is zero and the input resistance is minimal and
maximal, respectively. These quantities are extracted from the
measurement results taken at the conditions discussed above

and are shown in Fig. 3.
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Fig. 3 shows that as the dc bias voltage increases, Kf o and
Q increases. Furthermore, as the RF input power is increased
beyond 0 dBm, these two quantities begin to notably deviate
from their small signal values. From the measurement results it

is observed that ferroelectric FBARs at lower bias voltages
exhibit more nonlinearity.
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Fig. 3. K,z_gﬂ and Q of the BST FBAR as a function of RF input

power at applied dc bias voltages of 5, 10, 15, 20 and 25 V.

IV. FERROELECTRIC NONLINEARITY MODELING

A nonlinear modified Butterworth-Van Dyke (MBVD)
model, shown in Fig. 4, has been developed to represent the
behavior observed in the large signal measurement results of
BST FBARs. The nonlinear MBVD model consists of the
seven lumped elements defined in Fig. 4 where the values of
L,, and C,, determine f;, the values of L,,, C,,, and C, determine
/» and the rest of the elements represent undesired parasitics.

o Vest=Vpc+Vrr

Lm(Vesr, In)
Ro(VBST, lE) g
Cm(Vast)
Co(VBST) "i‘ Rm(VBST, |M)

Co: electrical capacitance L,: motional inductance
Ro: dielectric loss Cnn: motional capacitance
Ls: parasitic inductance Rm: motional resistance
Rs: parasitic resistance

Fig. 4. A Nonlinear MBVD model used to represent the large
signal behavior of ferroelectric thin film FBARs.

The procedure for generating the nonlinear MBVD model is
as follows. First, the voltage dependent small signal equivalent
circuit model parameters are extracted from the measurement
results at the various dc bias voltages and fitted to a
polynomial such that the value of each element is a function of
the voltage across the device (V3sr), similar to the procedure in
[9]. Subsequently, additional current dependent nonlinear
parameters (), [r) are incorporated into R, L,, and R,.
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Lastly, the nonlinear model is imported into a microwave
circuit simulator and analyzed using large signal S-parameters
at different power levels and compared to measurement
results.

Fig. 5 shows the good agreement between the model and the
measurement results. As the RF power applied to the device
increases, the size of the impedance-circle on the Smith Chart
decreases. This behavior reflects the decrease in the effective
electromechanical coupling coefficient and/or quality factor of
the resonator. This nonlinear model can be used to better
understand the effect of high power on ferroelectric based
transmit filter and frequency tunable/switchable oscillator
designs.

Fig. 5. Comparison between the measurement (solid line) and
nonlinear MBVD model (dotted line) results at a bias voltage of 5 V
and power levels of 0, 4, and 8 dBm.

VII. CONCLUSION

The large signal performance of BST thin film FBAR is
presented. Measurement results show the quality factor and
effective electromechanical coupling decreases as the RF input
power increases. A nonlinear MBVD model is presented and
compared to measurement results, showing good agreement.
Future work includes verifying the major contributions of the
nonlinear behavior in ferroelectric FBARs and improving the
agreement between the nonlinear MBVD model and
measurement results.
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