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a coupled mode system with fourth-order transfer function.
The stress-free low acoustic loss substrate layer in this
structure provides for structural integrity and high Q
resonance modes which in turn enables filters with narrow
bandwidth.

ABSTRACT
A 1.8GHz thin-film piezoelectric-on-substrate (TPoS)
filter with insertion loss of less than 4dB and bandwidth of
18MHz (50Ω termination) is presented in this paper. Such
filters are alternatives to conventional ladder-type filters
working in the frequency range of up to a few GHz. A
monolithic TPoS filter is a coupled mode system based on a
single composite resonant structure, with a thin piezoelectric
layer deposited on a high acoustic velocity, low loss substrate
layer. An interdigitated top electrode structure is used that
eliminates the spurious modes and provides a mechanism for
adjusting the bandwidth.
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1. INTRODUCTION

(a) Schematic view

Thin film bulk acoustic resonators (FBARs) are widely
used in modern communication systems [1, 2]. To achieve
the desired passband width and out-of-band rejection,
multiple FBARs are usually electrically connected to build a
ladder-type filter, resulting a filter size in the order of
1×1mm2[2]. Alternatively, acoustically coupled resonator
filters [3, 4] have been investigated to offer an integrated
solution with better out-of-band rejection by eliminating the
large feedthrough capacitor intrinsic in the ladder-type
filters.

(b) in-phase mode

(c)180° out-of-phase mode

Figure 1. The schematic view and the resonance mode
shapes of a thickness-mode TPoS filter.
Such a filter can be modeled by the equivalent circuit
shown in Fig. 2 [6]. The circuit consists of two resonant
branches (Rm, Lm, Cm) coupled by an inductor Lc. A capacitor
Cf is added to account for the feedthrough between the two
ports. An investigation of the equivalent circuit reveals that
the high IL of a TPoS filter mainly originates from three
factors: high series resistance (Rm), large shunt capacitance
(Cp) and small shunt resistance (Rp). The series resistance Rm
mainly comes from the mechanical damping transformed to
the electrical domain and is directly related to both the
mechanical
damping
factor
and
the
effective
electromechanical coupling factor of the structure. The
transmission line resistance also contributes to the value of
Rm. The value of Cp is mostly determined by the static
capacitance of the electroded regions. And the shunt
resistance represents loss from the leakage current and

In this work, we report on the development of the
thin-film piezoelectric-on-substrate (TPoS) filters, which are
micromachined version of the conventional monolithic
crystal filters. In previous work [5], the reported insertion
loss (IL) of TPoS filters was more than 10dB in the GHz
regime, much higher than the commercial FBAR filters in the
same frequency range. To fully explore the potential of the
TPoS design, we analyze the various loss mechanisms in a
TPoS filter and report on our improved design and
fabrication techniques. A TPoS filter with 3.6dB IL at
1.82GHz is demonstrated, proving its competence in
communication applications. It is also shown that by
designing the layout of the electrodes, bandwidth adjustment
is possible for such a filter. From the analysis of the
measurements, various factors influencing the IL are
investigated, and the proposed optimizations demonstrate
TPoS
filters’
competence
in
high-performance
communication systems.

2. OPERATION PRINCIPLE AND DESIGN
The basic structure of a TPoS filter is shown in Fig. 1(a).
The resonant structure consists of a thin piezoelectric film on
a low loss substrate layer, such as Si or diamond. Two
electroded regions are acoustically coupled in the bulk of this
composite structure. The two resonant regions can vibrate
in-phase (Fig. 1(b)) or 180° out-of-phase (Fig. 1(c)), creating
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Figure 2. The equivalent circuit of a TPoS filter.
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dielectric loss from the material. Thus the improvement of
the IL can be realized by improving the quality of the
piezoelectric layer, by eliminating the leakage current, by
choosing a piezoelectric material of low dielectric damping,
and by cancelling the shunt capacitance.

to the resonant structure. A SiO2 mask layer is deposited and
patterned on the backside of the wafer for future etching. A
bottom electrode and ground plane metal of Ti/Au of
30/100nm thickness, a 30nm-thick SiO2 insulating layer, and
a ZnO layer of about 1.2µm thickness are deposited
subsequently. The ZnO and the SiO2 layers are then etched to
open contact for the ground plane. A top electrode of
100nm-thick Al is defined on top of the ZnO layer. A thick
Ag layer of 4µm thickness is deposited and patterned on the
signal line and ground plane to minimize transmission line
resistance. Finally, the Si handle layer is etched from the
backside using the predefined oxide mask, and the buried
oxide layer is removed subsequently. The temperature of the
process does not exceed 300°C and the process is compatible
with the standard CMOS process. The SEM image of a filter
is shown in Fig. 4(f).

Both the device structure and the fabrication process are
designed to address these issues. High-resistivity Si is chosen
as the substrate layer, with an additional SiO2 passivation
layer, to reduce transmission loss. A thin SiO2 layer is
deposited between the bottom electrode and the piezoelectric
layer. This oxide layer serves as insulation and eliminates the
leakage from the top to the bottom electrode. A thick Ag
layer of a few microns is added to the transmission line,
taking advantage of its high conductivity to reduce the
electrical loss.
From our prior work, it was observed that a simple
design such as the one in Fig. 1(a) results in excitation of
numerous spurious modes which makes the technique
ineffective. By implementing an interdigitated (IDT) pattern
for the top electrodes, the spurious modes are significantly
suppressed. Using IDT top electrodes promotes
concentration of acoustic energy in the two specific in-phase
and out-of-phase thickness modes and reduces the coupling
coefficient for other spurious modes. In Fig. 3, frequency
responses of two filters with the simple design and the IDT
design are compared. Each sharp peak in the frequency plot
of Fig. 3 (a) corresponds to an excited unwanted mode.
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Figure 3. Typical frequency response of filters with (a) two
simple rectangular electrodes and (b) IDT electrodes.

3. FABRICATION AND MEASUREMENTS

TPoS filters are fabricated on an SOI wafer with a high
resistivity (>4000Ω⋅cm) Si device layer of about 2.5µm
thickness, as illustrated in Fig. 4. A 1µm-thick SiO2
passivation layer is deposited on the device layer. This layer
is patterned at the filter area to minimize mechanical loading

(f) SEM image of the final device

Figure 4. The abbreviated process flow of the TPoS filter.
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TPoS filters are measured in an Agilent E8364B
network analyzer with GSG type probes and 50Ω
termination. The |S21| and |S11| plots of a filter are shown in
Fig. 5, where the resonance peak of the second thickness
mode is at 1.82GHz and is in good agreement with the
prediction from Mason’s model [7, 8]. The filter has an IL of
3.6dB and a bandwidth of 18MHz. This performance is
comparable to commercial ladder-type FBAR filters, such as
those used in GPS applications [1]. The top electrodes have
an IDT structure with 10 pairs of 10µm-wide fingers
separated by 3µm. The bottom electrode is 100µm wide,
making the active filter area as small as 100µm×260µm,
significantly more compact than ladder-type FBAR filters.

(a) 9 fingers, BW=4MHz

(b) 11 fingers, BW=9MHz

(c) 13 fingers, BW=15MHz

(d) 15 fingers, BW=25MHz

Figure 6. Bandwidth tuning measurement of TPoS filters
with different finger numbers
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Figure 7. Equivalent circuit simulation fitted to the
measurement.
Table 1. Element values of the equivalent circuit.
16
500
Rm (Ω)
Rp (Ω)
Lc (nH)
5
0.946
Lm (µH)
Cm (fF)
8
Cf (fF)
70
Cp (pF)
0.7

(b)|S11|

Figure 5. The measured |S21| and |S11| plots of a TPoS filter
(with 50Ω termination).
Bandwidth variation is observed in the IDT structures.
An array of filters with similar area of about 120µm×260µm
but with different number of fingers are measured, as shown
in Fig. 6. It is seen that by increasing the number of fingers
(reducing the finger pitch) the frequency spacing between the
two coupled modes (BW) is increased. The bandwidth varies
from about 4MHz to 25MHz with the total finger number
increasing from 9 to 15.

In the series branch, the IL is mainly influenced by the
series resistance Rm. The quality factor of the series resonant
branch is given by
Qm =

1
Rm

Lm
= 680
Cm

(1)

implying moderate mechanical damping in the composite
structure. Lower IL can be achieved by reducing Rm,
realizable by improving the quality of the piezoelectric layer,
which both reduces mechanical damping itself and improves
the piezoelectric coupling.

4. ANALYSIS AND DISCUSSIONS

Equivalent circuit model is fitted to the measured results,
as shown in Fig. 7. The circuit element values are listed in
Table 1, from which the material properties and the
possibility for further improvement are investigated.

In the shunt branch, the IL is mainly influenced by the
signal loss through the shunt capacitor Cp and the dissipation
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Fig. 9, comparable to the state-of-the-art ladder-type filters
in this frequency range.

in the shunt resistor Rp. It is seen from the circuit that
although the leakage current is eliminated by the introduction
of the insulation layer, the shunt resistance Rp is still only
500Ω, implying a large dielectric loss. The relationship
between the IL and the shunt resistance Rp is calculated and
plotted in Fig. 8 (a). It is seen that the IL can be reduced by
increasing the shunt resistance, with IL=2.6dB when Rp=+∞.
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The plot also shows that the IL remains almost constant
when Rp>1500Ω. In terms of the material’s dielectric loss
constant (tanδ), approximated by
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at 1.82GHz, Rp=500Ω and 1500Ω correspond to loss tangent
of 0.25 and 0.08, respectively. Thus if materials with similar
piezoelectric coupling factor but smaller tanδ, such as AlN, is
used, the IL of the filter can be further improved.
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Figure 9. Frequency response of an optimized filter.

5. CONCLUSIONS
We have demonstrated a monolithic thin-film
piezoelectric-on-substrate filter with 3.6dB insertion loss and
18MHz bandwidth at 1.8GHz. Such a filter is more compact
than commercial ladder-type piezoelectric filters of
comparable performance. Analysis of the filter shows that in
an optimized situation, IL<2dB can be achieved, making this
technology a competitive candidate for modern
communication applications.

The relationship between the IL and the shunt
capacitance values for different Rp is plotted in Fig. 8 (b). The
simulation shows that by reducing the value of Cp, IL can be
improved, with the lowest IL when the shunt branch is an
open circuit (Cp=0, Rp=+∞). The fully cancellation of Cp can
be realized by the implementation of a shunt inductor, which
consists of a parallel resonant circuit at the desired frequency.
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Figure 8. The relationship between IL and (a) the shunt
resistance Rp, (b) the shunt capacitance Cp.
Assuming the film quality is optimized, for Qm=1000
and tanδ=0.01, IL of 1.9dB can be achieved, as shown in
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