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ABSTRACT

This work presents the design and simulation of a zinc oxide based thin film bulk acoustic resonator
(TFBAR) bandpass filter for 2.6 GHz band applications. Third and fifth-order filters in ladder topology

KEYWORDS
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are designed and compared. The third-order filter has an insertion loss of 1.62 dB and return loss of band
18.97 dB with a bandwidth of 80 MHz whereas the fifth-order filter has insertion loss, return loss,
and bandwidth of 2.85 dB, 25.28 dB, and 60 MHz, respectively. With a central frequency of 2.67 GHz,
the designed filter has applications in the 2.6 GHz (2500—2690 MHz) band, which has been
identified by the International Telecommunication Union as a global frequency band for mobile

broadband services.

1. INTRODUCTION

Most communication systems are now operating in the
1—5 GHz frequency range as the band below 1 GHz is
almost fully occupied [1]. Radio frequency (RF) filters
are one of the most important components of these sys-
tems. Although the surface acoustic wave filters have
been in use for a long time, they are limited to 2 GHz
operating frequency and have drawbacks like sub-micron
lithography, expensive non-silicon substrates such as
LiNbO; or LiTaO;, and poor power handling capabilities
[2]. Bulk acoustic wave (BAW) filters, on the other hand,
operate at higher frequencies, have low losses, small size,
and being bulk devices, have better power handling capa-
bilities. They can be fabricated through standard IC tech-
nology processes and can be directly integrated with RF
active circuits [3—5]. They can also be made tunable to
work at different frequency bands [6—11].

One of the variants of the BAW resonator is the thin film
bulk acoustic resonator (TFBAR). It consists of a thin-film
piezoelectric material sandwiched between two metal elec-
trodes as shown in Figure 1. When an alternating voltage
is applied to the two electrodes, the piezoelectric layer
expands and contracts giving rise to an acoustic wave.
This wave travels vertically through the bulk of the mate-
rial. A resonance condition occurs when the thickness of
the piezoelectric layer is an integer multiple of half of the
wavelength. The resonant frequency is given by

UN
=57
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(1)

where ¢ is the longitudinal acoustic velocity, N is an inte-
ger, and t is the thickness of the piezoelectric layer [12,13].
The TFBAR device has two resonance frequencies, series
resonance frequency (f;), when polarization is in phase
with the applied electric potential and a parallel resonance
(anti-resonance frequency) frequency (f,), when polariza-
tion is 180° out of phase with the applied electric potential
[5]. The difference between f; and f, determines the elec-
tromechanical coupling coefficient, Kesz, of the TFBAR, a
parameter that defines the bandwidth of the filter required
for a particular application [12]. The expression for KZ; is
as below [12]:

A bandpass response could be obtained by arranging
TFBARs with slightly shifted frequency response in a
ladder topology, lattice topology, or a combination of
both. The ladder topology is the most widely used design
for TFBAR filters as it has good power handling capabili-
ties and also fewer resonators are required to achieve the
desired filter performance [14]. Although the power
handling capabilities are better for lattice-type filters, the
numbers of resonators required are double than that for
ladder configuration and implementation is also difficult
[14].

The International Telecommunication Union has identi-
fied 2.6 GHz (2500—2690 MHz) as a global frequency
band for international mobile telecommunications [15].
This band is suitable for applications which need higher
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Figure 1: Schematic of TFBAR.

data rates from a large number of users like that in air-
ports, urban areas, and other highly visited areas [15].

The article is presented in two sections. The first part
presents the design and simulation of a TFBAR with zinc
oxide (ZnO) as the piezoelectric layer and aluminium
(Al) film as electrodes. In the second part, the modified
Butterworth Van Dyke (MBVD) equivalent circuit is
extracted from the simulation results and used in third-
and fifth-order filter design. These filters are simulated
in ladder topology using RF simulator. The filter parame-
ters are obtained and compared.

2. TFBAR DESIGN AND SIMULATION

Finite element analysis based micro-electro-mechanical
systems (MEMS) design tool Coventorware™ is used
for the design and simulation of the TFBAR. Silicon (Si)
is used as a substrate material. It has low cost, is easily
available, and is also mechanically robust which makes
its handling easy during processing [12]. A 10 wm thick
Si layer is supported by a 1 um insulating layer of silicon
oxide (SiO,) layer on both front and back side. A thin
zinc oxide is used as the piezoelectric film. It can be easily
deposited by RF sputtering and has a relatively high cou-
pling coefficient [12]. Aluminium (Al) film is used for
top and bottom electrodes. Al has lower density and less
mass loading than other metals like copper, silver, or
gold, etc. which leads to higher resonant frequencies in
TFBAR devices [1]. An air cavity is formed below the
bottom electrode to confine the acoustic wave. The
acoustic wave reflects between the top and bottom elec-
trodes and a resonant mode is obtained.

To achieve a filter pass band, series and shunt TFBARs
are arranged in a ladder formation. The shunt resonator
has impedance versus frequency response which should
be less than the series resonator. Because the resonators
are to be fabricated on the same wafer, the thickness of
the piezoelectric layer is fixed. Increasing the top elec-
trode layer thickness, known as mass loading, is a practi-
cal process for altering the resonant frequency of the
shunt resonator and producing the pass band when the

Table 1: Dimensions of different layers.

Resonator part Material  Thickness (um) Area (pum?)

Top electrode (series/shunt) Aluminium film 0.20/0.25 200 x 200
Piezoelectric layer Zinc oxide 1.0 350 x 350
Bottom electrode Aluminium film  0.20 400 x 400

impedance of series resonators is low and impedance of
the shunt resonator is high [16]. In the present design,
the top electrode has a thickness of 0.20 wm for series
resonator. To obtain an impedance response which is
downshifted in frequency, the top electrode thickness is
increased by 0.05 wm to 0.25 wm. The physical dimen-
sions of different layers are mentioned in Table 1.
Figure 2 shows a proposed process flow and the designed
structure is shown in Figure 3.

Figure 4 shows the impedance versus frequency response
of the series and shunt resonators; the effect of mass
loading is evident in the graph whereby increasing thick-
ness of the top electrode by 25%, the frequency is

Si0, layer is used on the substrate
on frontand back of Si substrate

|

Bottom SiO, layer is patterned

H

(b)

Bulk Si is removed to form the
@ \ air cavity

Bottom electrode is then formed
(d) of Al film

AR

Figure 2: Proposed process flow.

§

ZnO is used as PZE layer

Al filmtop electrodeis then
formed on PZE layer
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k

Figure 3: Designed TFBAR structure.
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Figure 4: Impedance versus frequency response of the series and
shunt resonators.

downshifted by around 2%. This downshifting of fre-
quency is targeted to be around 1.5%—2% [12].

The DC analysis of the structure was done using Mem-
Mech solver with a 1 V DC potential applied to the top
electrode. This analysis is done to compute the displace-
ment of the piezo layer, charge, and static capacitance at
the electrodes. The DC response yields a maximum dis-
placement of 3.6 nm in the z direction for a voltage of 1
V as shown in Figure 5. A total charge of 4.19 pC is accu-
mulated on each of the top and bottom piezo surfaces
and the stack capacitance of the structure is 4.19 pF.

A modal analysis is then carried out to estimate the series
and parallel breathing modes. The breathing modes
occur when the top and bottom surfaces of the piezoelec-
tric layer move in longitudinally opposite directions. The
series resonance frequency is obtained with closed circuit
conditions, i.e. where both electrodes are grounded and
the resonance effect is derived from the structural effects
only [17]. This is also known as mechanical resonance.
The parallel resonant frequency is the frequency of the

Displacem=nt Mag: 0.0E+00 8.1E-04 18E-03 2.7E-03 3 BE-03

Figure 5: Displacement along z direction with a 1V DC.
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Table 2: Summary of the TFBAR parameters

Resonator f, (GHz) f, (GHz) Qs Q, K%
Series 2.607 2.710 188.1 194.9 9.02%
Shunt 2.552 2.652 2014 195.4 8.94%

device when it is driven under constant charge condi-
tions. To compute the parallel resonance frequency, the
modal analysis of the structure is done with an open cir-
cuit condition where bottom electrode is grounded and
the top electrode is left floating [17]. In addition, har-
monic analysis is done to obtain the electrical impedance
response and the quality factor (Q). Similar analysis is
carried out for the shunt resonator also.

3. FILTER DESIGN AND SIMULATION

For the series resonator, the series resonance frequncy f;
is 2.607 GHz and the parallel resonance frequncy f, is
2.710 GHz. Q factor at series resonance frequency Q
and the Q factor at parallel resonance frequency Q, are
188.1 and 194.9, respectively. For the shunt resonator
the series and parallel resonance frequencies f; and f, are
2.552 and 2.652 GHz, respectively. The Q factors at these
frequencies, Q, and Q,, are 201.4 and 195.4, respectively.
Table 2 summarizes these values along with the KZ%; of
the series and shunt resonators.

The MBVD equivalent circuits of both the resonators are
extracted from these simulated results. The MBVD model
was proposed in 1999 by Ruby et al. to improve the fitting
accuracy between measured results and the BVD model
[18]. The MBVD model, shown in Figure 6, consists of a
first branch where L,, and C,, represent the acoustic
(motional) behaviour of the resonator and R,, represents
the mechanical losses. In the second parallel branch, Cj is
the electrostatic capacitance and Ry is the electrical resis-
tance. R, is a series resistance that represents the losses
due to electrodes. The expressions for these components
are mentioned in Table 3, where & is the permittivity of
free space and ¢, is the relative permittivity of the piezo-
electric material. Q; and Q, are the series and parallel
Q factors, respectively. f; and f, are the series and parallel

C. R, L,
A

%

e
C R

Figure 6: MBVD equivalent model of the TFBAR.
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Table 3: Expressions for MBVD equivalent circuit [16]

7\2

Co= 0t (4) Cn= G {(%) — 1}
— 1 _ 27luf
L= Con (27,2 Rn= Q
_ 1 _ Rl
Ro= 2Cof, Qp ST W

Table 4: Values for MBVD equivalent circuit

Component C, (PF) Ly, (nH) G, (pF) R, (0hms) R, (ohms) R (ohms)

Series resonator 3.8 1215  0.306 1.021 0.082 0.14
Shunt resonator 3.8 12.80 0.303 1.019 0.080 0.14

resonance frequencies, respectively. R is the square
resistance of the electrodes, A is the electrode area, L and
W are the length and width of the top electrode [16]. The
values obtained for the components of the MBVD model
are tabulated in Table 4.

Figure 7 shows the schematic diagram of a third- and a
fifth-order filter. “1” represents the series resonator and
“2” represents the shunt resonator. The size of the
designed third-order and fifth-order filters are 1.0 mm X
1.20 mm and 1.50 mm x 1.80 mm, respectively. RF sim-
ulator is used to design and simulate the two filter config-
urations using the extracted values of MBVD model.

The return loss and insertion loss of the designed filters
are shown in Figures 8 and 9. The third-order filter has
an insertion loss of 1.62 dB and return loss of 18.97 dB
with a bandwidth of 80 MHz whereas the fifth-order
filter has an insertion loss of 2.85 dB, return loss of
25.28 dB, and a bandwidth of 60 MHz. These filter
parameters are summarized in Table 5.

The insertion loss of the designed filters is high and it is
expected to increase after fabrication. In [19], a 4 x 4

] ]
| S |
(a)
1 1 1
L | I | —
(b)

Figure 7: (a) Third-order filter and (b) fifth-order filter.
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Figure 8: Response of third-order filter.
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Figure 9: Response of fifth-order filter.

filter is designed with insertion loss of 3 dB which
increases to around 5 dB after fabrication. This insertion
loss is attributed to the fact that the anti-resonance fre-
quency of the shunt resonator is not equal to the reso-
nance frequency of the series resonator [19]. The
minimum insertion loss of shunt resonator does not
occur at the same frequency as the maximum value of
the insertion loss for the series TFBAR. Therefore, signal
power leaks through the shunt TFBAR, increasing the
insertion loss. The anti-resonance frequency of the shunt
resonator can be made equal to the resonance frequency
of the series resonator by tuning the thickness of the
shunt resonator [19]. Another way to decrease the inser-
tion loss is by increasing the figure of merit (FOM) of
the TFBAR, since insertion loss is inversely proportional

Table 5: Summary of filter characteristics

Parameter Third-order Fifth-order
Bandwidth 80 MHz 60 MHz
Insertion loss 1.62 dB 2.85dB
Return loss 18.97 dB 25.28 dB
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Table 6: Comparison of insertion loss and return loss

Reference Frequency band Insertion loss Return loss
Present work 2.6 GHz band 1.62 dB 18.97 dB
Present work 2.6 GHz band 2.85dB 25.28 dB
[20] 245 GHz Within -3 dB* <15 dB”
-10 dB# <7 dB#
[21] 2010—2025 MHz 2 dB# 14 dB#
[22] 2 GHz 1.50 dB# 7—40 dB#
(third-order) (third-order)
2.36 dB# 11—-30 dB#
(fifth-order) (fifth-order)
[23] 1.92—1.98 GHz 3.55 dB# 8.77 dB#
[24] 2.14 GHz 2.2 dB (min)* 16.1 dB (max)*
2.9 dB (min)# 12.7 dB (max)#

* simulated, # measured.

to the FOM for a resonator [12]. FOM for a TFBAR is
the product of the coupling coefficient, KZ;, and the Q
[12]. Since there is a design limitation on adjusting Kz,
therefore if Q is improved then the insertion loss could
be reduced. Table 6 shows a comparison of the insertion
loss and return loss of the designed filter with other
reported work near the 2.6 GHz band.

4. CONCLUSION

TFBAR resonators have been designed for 2.6 GHz band
frequency filter application. It is observed that as the fil-
ter order is increased from three to five, the bandwidth is
reduced. The insertion losses of both the filters are high.
The high insertion loss of the designed filter could be
reduced by adjusting the thickness/structure of the shunt
resonator or by increasing the FOM of the TFBAR. The
fifth-order filter has a better performance in terms of the
return loss by around 6 dB but the insertion loss gets
degraded by around 1 dB. The designed filter could be
used for RF filter applications in the 2.6 GHz band, spe-
cifically if insertion loss can further be reduced.
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