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Abstract—The purpose of this study was to investigate bulk
acoustic resonator (FBAR) devices using ZnO-based film and back
cavity. A Mason equivalent circuit model was adopted to simulate the
impedance characteristics of FBAR devices. The influence of
piezoelectric material thickness, electrode thickness, and resonance
area on the impedance characteristics of FBAR devices was analyzed.
Structural parameters of the FBAR devices were designed, and bulk
silicon micromachining was applied to fabricate Al/ZnO/Al-based
FBAR devices with a back cavity. X-ray diffraction analysis shows
that ZnO piezoelectric films have a highly preferred c-axis orientation.
The frequency response of longitudinal wave FBAR devices has been
measured by an RF network analyzer, and the results indicate the
series resonant frequency and parallel resonant frequency of the
fabricated FBAR devices determined to be 1.546 GHz and 1.590 GHz,
respectively, which are close to the simulated results. According to the
measured results, the effective electromechanical coupling coefficient
and the quality factor have been calculated to be 6.83% and 350,
respectively. The findings of this study may serve as reference for the
development of FBAR devices.

Keywords—back cavity, bulk silicon micromachining, film bulk
acoustic resonator, ZnO piezoelectric film

I. INTRODUCTION

he wireless communication technology has developed
rapidly in recent years. Frequencies have increased from
500 MHz to 6 GHz, and the device circuitry has become
progressively miniaturized and integrated. As important
elements in RF circuits, filters have also had to shrink and
integrate. Common surface acoustic wave filters and dielectric
ceramic filters in common use no longer meet these
requirements. The appearance of thin film acoustic resonator
(FBAR) devices has led to their development [1-3]. Featuring
high-frequency support, high Q, greater power capacity, and
compatibility with CMOS-integrated circuit technology [4-5],
FBARs are important devices among next generation filters
[6-71.
Design and fabrication of FBAR devices have attracted the
attention of manufacturers as design and manufacturing
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technology for the FBAR devices needs additional research. In
this paper, we explore several facets of FBAR design. We have
simulated the impedance characteristics of FBAR devices using
the Mason equivalent circuit model and have analyzed the
influence of piezoelectric material thickness, electrode
thickness, and resonance area on those characteristics. We have
also established structural parameters of some FBAR devices
and fabricated Al/ZnO/Al-based FBAR devices with a back
cavity using bulk silicon micromachining. We then measured
and analyzed our devices.

Il. FBAR DEVICES

A. Working principle

Body longitudinal acoustic waves and body shear acoustic
waves can be excited in piezoelectric material. When acoustic
waves propagate along the c-axis direction in the piezoelectric
material, if the displacement direction of the acoustic wave
particle is parallel to the wave propagation direction, the
excited bulk acoustic waves are longitudinal. When the
displacement direction of the acoustic wave particle is
perpendicular to the wave propagation direction, the excited
bulk acoustic waves are shear [8]. Our FBAR device vibrates
along the thickness direction with vibration belonging to the
longitudinal wave mode [9]. Thus, we neglect the influence of
shear waves.

An ideal FBAR device is composed of a lower electrode, the
piezoelectric film, and an upper electrode, as shown in Fig. 1.
When an AC voltage signal V(f) is applied to the upper and
lower electrodes of the device, the piezoelectric material
between the two electrodes undergoes mechanical deformation
due to the inverse piezoelectric effect. With a changing electric
field, contraction and expansion of the piezoelectric film leads
to vibration. The vibration produces bulk acoustic waves
propagating along the thickness direction in the piezoelectric
material. When the bulk acoustic waves propagate to the
interface between either electrode and the air, they are reflected
back. The waves thus bounce back and forth in the piezoelectric
material forming oscillations. Thanks to the positive
piezoelectric effect of the piezoelectric film, the oscillating
acoustic waves produce a radio frequency signal. When the
propagation distance of bulk acoustic waves in the piezoelectric
film is equal to the half wavelength or an odd multiple of the
half wavelength, the standing wave oscillation forms and
produces resonance [10].

The electrical impedance characteristics of the FBAR are
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shown in Fig. 2. The devices have a series resonant frequency f;
and a parallel resonant frequency f,. When a given AC voltage
is applied, the series resonant frequency f; of the device is
obtained under the following conditions: the polarization vector
P and the electrical field E are in phase within the piezoelectric
film, the generated current is at maximum, and the electrical
impedance of the FBAR is at minimum. The parallel resonant
frequency f, is obtained when the polarization vector P and the
electrical field E are completely out of phase, the generated
current is at minimum, and the electrical impedance of the

FBAR is at maximum.
w2 piezoelectric layer. @ )

v |

lower electrode

Fig. 1 the structure diagram of an ideal FBAR

upper electrode
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Fig. 2 electrical impedance characteristics of an FBAR

B. The device parameters

In addition to f; and f,, the effective electromechanical
coupling coefficient and the quality factor Q are two important
parameters in evaluating the performance of the FBAR devices.
These parameters are defined according to the equations [11]

) (ﬂjzf —f. and 1)
K 2_|Z| p" s

eff 2 fp

_h|d4z,.) )
Q.= 2| df

f
The effective electromechanical coupling coefficient Kes
represents the conversion degree between the mechanical and
electrical energy in the device. The bandwidth of an FBAR
filter increases with increasing Kes. Keer> depends primarily on
the piezoelectric material with a secondary dependency on the
thickness of the upper and the lower electrode layers.

The quality factor Q indicates the bulk acoustic wave loss
in the FBAR and the insertion loss of the FBAR filter. The
in-band insertion loss decreases with increasing Q. Q depends
not only on the acoustic wave loss in the electrode and
piezoelectric materials but also on the degree of confinement of
the bulk acoustic waves within the sandwich structure. The loss
of bulk acoustic waves in the material and the degree of leakage
in the FBAR decreases with increasing Q. In actual production,
the Q value is enhanced primarily by the high-quality
manufacture and orientation of the piezoelectric film.
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C. Structure of the FBAR

According to transmission line theory, the incident wave is
reflected back when the load is infinite or zero. Thus, the
acoustic impedance of the upper and lower boundary in the
sandwich structure must be infinite or zero. Since the acoustic
impedance of the air is approximately zero, it serves as the
better acoustic limiting interface. Another acoustic limiting
interface is a Bragg reflection layer composed of 1/4
wavelength deposition layers with alternating high and low
acoustic impedances. The surface of the upper electrode in an
FBAR device is usually in contact with the air. However, the
lower surface of the FBAR device is usually in contact with a
substrate material such as silicon making it necessary to form a
better acoustic limited interface via the etching process.

MEMS micromachining etches away most of silicon on
the back of the device, forming a back cavity and creating the
interface between the air and the metal on the surface of the
lower electrode. With air at both electrodes, the generated
acoustic waves are confined in the sandwich structure. For
silicon substrates, the etching process typically uses wet
etching or Inductively Coupled Plasma. Either method removes
most of the substrate when forming the FBAR device, yielding
a device with poor mechanical strength. The devices are easily
broken during production, decreasing the yield. To address this
problem, low stress silicon nitride or silicon dioxide is
deposited as a support layer below the lower electrode to
improve mechanical rigidity at the expense of a reduced Q
value [12]. Fig. 3 shows an FBAR device with a back cavity.

piezoelectric film electrode

—ébsuat?\—

Fig. 3 an FBAR with back cavity

I11. DEVICE SIMULATION AND ANALYSIS

A. Mason equivalent circuit model
The general analytic expression for the impedance of the
piezoelectric layer in an FBAR device is derived from acoustic
theory and given in Formula 3[13].
1 Jtané  (z,+2,)c0s’ 6+ jsin26 ©)

Z=- 1-k; - -
joC, 0 (z,+17,)c0s26+j(z,z, +1)sin26

The above formula is properly mathematically processed. The
transformed formula is expressed as

(4)

1
1 1

+
jZotanf+2Z, jZ,tanf+Z,

-— Loy ~jZ, csc20+
jwCy

where C, is the static capacitance; @is the phase displacement;
kZ is the electromechanical coupling coefficient; and z, and z,
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are the normalized acoustic impedances at the upper and lower
surfaces of the piezoelectric material, respectively. (Regarding
the normalized acoustic impedances, z=2/Z, and z,=Z,/Z,,
where Z, is the characteristic acoustic impedance of the
piezoelectric materials and Z; and Z, are the acoustic
impedances at the upper and lower surfaces of the piezoelectric
material,  respectively.)  Additionally,  n°=26/k%@CoZ,
represents the transformer in AC circuits. The usual symbols
represent the inductance and the impedance. Therefore,
Formula 4 can be represented with a Mason equivalent circuit
for the piezoelectric material as shown in Fig. 4, with
Z&=jZptan@ and Z.=jZpcsc26. For an ideal FBAR device,
Z=2,=0.

Fig. 4 the Mason equivalent circuit of the piezoelectric layer

In the circuit, Co=¢",A2d and 6 =wdlv, where A
represents the effective area of FBAR, &, represents the
clamped dielectric constant, 2d represents the thickness of the
piezoelectric layer, and v, represents the longitudinal wave
velocity. From these values along with the characteristic
acoustic impedance Z, and the acoustic impedances Z; and Z,
we obtain the Mason equivalent circuit of the corresponding
piezoelectric layer.

In an FBAR device with a composite structure, the bulk
acoustic waves propagate not only along the c-axis in the
piezoelectric layer but also in the ordinary acoustic layer, the
upper and lower electrode layers, the Bragg reflection layer,
and the supporting layer. Therefore, electromagnetic
transmission line theory can be adopted to express the
transmission of acoustic waves in the ordinary acoustic layer.
The transformer in Figure 4 represents the conversion between

air piezoelectric layer
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mechanical energy and electrical energy. Therefore, the Mason
equivalent circuit of the ordinary acoustic layer assumes the
form shown in Figure 5, where Z; and Z, represent the acoustic
impedances, Z;, represents the input impedance, and Z_
represents the load acoustic impedance.

Zt

Fig. 5 the Mason equivalent circuit of the ordinary acoustic layer

The expression for Z;, obtained from Figure 5 is
(Z.+Z1)Z,
Z +Z,+Z,
Z(Z,+Z)+Z7+2Z,Z,

- Z,+2,+2,

2} +22,7,

Z,+Z,

ZO
+Z
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Z,=Z;+
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L

Z,

Z,+Z,

Zf
and from transmission line theory, the expression for Z;, is
_7 Z +jZ,tan(kd)

°Z,+ jz, tan(kd)
Where Z, is the characteristic acoustic impedance, k is the
acoustic transmission constant, and d is the thickness of the

acoustic layer. Comparing Formulas (5) and formula (6), we
obtain the formulas (7) and (8)

(6)
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Applying trigonometric transformations to Formulas (7) and
(8), we obtain

Z, = jz, tan(%) 9)
z, = L (10)
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Fig. 6 the Mason equivalent circuit of the FBAR

Fig. 6 shows the Mason equivalent circuit diagram of an
FBAR device where f; and f, are the series resonant frequency
and the parallel resonant frequency of the FBAR devices,
respectively; f, represents either the series resonant frequency

or the parallel resonant frequency; and £Z,, is the impedance

phase in radians. The upper and lower electrode, piezoelectric,
and supporting layers are cascaded together to obtain the
Mason equivalent circuits. We can analyze different cascading
forms depending on the requirements in actual simulation.

B. FBAR simulation

We used the ADS (Advanced Design System) software
from Agilent for our tests [14]. Fig. 7 shows the ADS
simulation scheme. The fabricated FBAR has an upper Al
electrode layer, a ZnO piezoelectric layer, and an Al lower
electrode layer. All layers are 0.1xm thick.

2 | Term1
= | Num=1
Z=50 Ohm

fan! | S-PARAMETERS

Para
SP1
Start=2 6 GHz
Stop=3.6 GHz
Step=1 MHz

Fig. 7 the ADS simulation of an actual FBAR

The simulation results of the impedance characteristics are
shown in Fig. 8. The thick line represents the amplitude
frequency characteristic of the FBAR, and the fine line
represents the phase frequency characteristic. The figure shows
that the theoretical values of the series and parallel resonant
frequencies of the FBAR device are 1.579GHz and 1.592GHz,
respectively.

m2
freq=1.592GHz
dB(Z(1,1))=66.959
Peak

m1
freq=1.579GHz
dB(Z(1,1))=-1.494
Valley

m2

phase(Z(1,1))
dB(Z(1,1))

— ™7 — T T
14 15 16 1.7 18
freq, GHz

Fig. 8 impedance characteristic of a fabricated FBAR
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C. Analysis of FBAR performance

1) Influence of the piezoelectric material thickness on the
impedance characteristics of an FBAR

The impedance characteristic curves of the FBAR with
ZnO thicknesses of 0.7um, 1um, 1.3um and 1.6.m are shown in
Figure 9. The upper Al electrode layer thickness, lower Al
electrode layer thickness and resonance area are 0.1um, 1um,
200umx200um, respectively. The resonant frequency of the
FBAR gradually decreases with the increase of the ZnO layer
thickness.

80— 1.3 um

1.6 um 1 pn

60—

0.7 um
7

40—

dB(Z(1,1))

20—

T T
18
freq, GHz

Fig.9 impedance of FBARs with ZnO of different thicknesses

2) Influence of the upper electrode thickness on the impedance
characteristics of an FBAR

The impedance characteristic curves of an FBAR with
upper Al electrode thicknesses of 0.1um, 0.13um, 0.16xm and
0.19um are shown in Figure 10. The ZnO layer thickness, lower
Al electrode layer thickness, and resonance area are 1um, 1um,
and 200pumx200um, respectively. Fig.10 shows that the
resonant frequency of the FBAR decreases as the thickness of
the upper Al electrode increases. The propagation path of the
bulk acoustic waves increases with the increase of the electrode
thickness, resulting in a decrease in the resonant frequency.

8O-
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N, €T ’
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_-?FF“{\:T—I&?E#\\ |III
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freq, GHz
Fig. 10 impedance of FBARs with electrodes of different thicknesses

3) Influence of the resonant area on the impedance
characteristics of an FBAR

Fig. 11 shows the impedance characteristic curves of
FBAR devices with resonance areas of 200umx200um,
300umx300um and 400umx400um. The thicknesses of the
upper Al electrode, ZnO piezoelectric layer, and lower Al
electrode layers are all 0.1zm. From Fig. 11, one sees that the
resonant frequency is independent of the resonance area. As the
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resonance area increases, the impedance of the non-resonance
region decreases.

300 geme *300 gem
0= 200 gt *200 tim

dB(2)
F
|
|
=

1.0 1.1.12 13 IAIISIIB I?IIEIIQI‘)D
freq, GHz
Fig. 11 impedance of FBARs with different resonance areas

The structure of the filter can be optimized using these
FBAR performance characteristics.

D. Optimal design of FBAR structure

According to the simulation analysis, the series and
parallel resonance frequencies of the FBAR are related to the
thickness of the piezoelectric material and electrodes. The ADS
software determined the optimal thickness of the piezoelectric
material, enabling calculation of the required series and parallel
resonant frequencies of the FBAR.

The resonant frequency of our fabricated FBAR device is
about 1.5GHz using a ZnO piezoelectric layer thickness of 2um
and upper and lower Al electrode thicknesses of 0.1um and
1um, respectively. We left the electrode thickness unchanged
and optimized other parameters by changing the thickness of
the ZnO piezoelectric layer. Fig. 12 shows the impedance
characteristic of an optimized FBAR device. The thickness of
ZnO piezoelectric layer after optimization was 1.171xm with a
series resonance frequency of 1.5 GHz. The thickness of the
upper Al electrode layer, ZnO piezoelectric layer and lower Al
electrode layer in the final design of the FBAR device are
0.1xm, 1um and 1um, respectively.

mi m2
freq=1.500GHz freq=1.516GHz
dB{Z(1,1)}=-1B.104 dB(Z(1,1)}=64 416
oplller=412 opther=412
alley Peak

m2

dB(Z(1,1))

1
14 1‘( L A R
Freq,GHz

Fig. 12 the optimized impedance characteristic of an FBAR

IV. FABRICATION OF FBAR DEVICES

Fig. 13 shows the manufacturing process for FBAR
devices.
a) The silicon wafer is cleaned and dried.
b) An approximately 5000A silicon nitride thin film is grown
on the front side of silicon wafer by Plasma enhanced chemical
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vapor deposition, with the silicon nitride subsequently annealed
to relieve the residual stress.

¢) A layer of aluminum is grown on both sides of the silicon
wafer using ion beam sputtering, with the positive aluminum
layer forming the lower electrode, and the opposite layer used
as the masking layer for dry etching.

d) Standard lithography is applied to etch the aluminum to form
the lower electrode on the front side of the silicon wafer. The
double side alignment process is used to define the etching
window for Inductively Coupled Plasma on the back side of the
silicon wafer, with concentrated phosphoric acid used to etch
away the aluminum film in the window area.

e) The zinc oxide film is deposited on the lower electrode by
magnetron sputtering, followed by photolithography.

f) The lift-off process is used to form the upper electrode on the
zinc oxide piezoelectric material.

g) The front side of the wafer is protected while Inductively
Coupled Plasma etching removes the needed large amount of
silicon and silicon nitride from the back until the structure is
completely released as the final FBAR device.

a b
= —
c d
P L
s
e f

Fig. 13 the manufacturing process of an FBAR

Aluminum and zinc oxide are used for the electrodes and
piezoelectric layer, respectively. The use of Inductively
Coupled Plasma etching for the back of the device solves the
silicon fragility problem. The front and back of an FBAR with a
circular electrode is shown in Fig. 14. The small circle in the
Fig. 14a is the upper electrode of the FBAR, and the big circle
is the lower electrode of the FBAR, The zinc oxide film is
sandwiched between them.

(a) The front of an FBAR
Fig. 14 a fabricated FBAR device

(b) The back of an FBAR

V. RESULTS AND ANALYSIS

The ZnO piezoelectric film in the FBAR devices vibrates
along the thickness direction to form resonance, ZnO
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piezoelectric to be oriented along the c-axis. Fig. 15 shows the
X-ray Diffraction curve of ZnO film. When 26=34.6°, there is
an obvious diffraction peak in the film indicating that ZnO
piezoelectric films produced by sputtering have a high
preference for orientation along the c-axis direction.

intensity

1

35 40
2Theta Degree

0
25

30

F

g. 15 X-ray diffraction curves of ZnO film

The electrode of our FBAR was welded to the PCB board,
and we used an Agilent E5071C RF network analyzer for
measurement. The S22 test diagram of the amplitude frequency
characteristic is shown in Fig. 16. The resonance characteristics
of our fabricated FBAR device are obvious.

522 [dB}

F
Strt L4 B LT stoo 17 5% 0

Frequency 1GHz)

Fig. 16 the S22 measurement results of an FBAR device

The fabricated devices have two resonant frequencies: the
series resonant frequency of 1.546 GHz and the parallel
resonant frequency of 1.590 GHz, which are similar to the
previous theoretical simulation results of 1.579 GHz and 1.592
GHz. According to Formulas (1) and (2) and the experimental
data, Ke® and Q for our fabricated FBAR devices were
calculated to be 6.83% and 350, respectively.

VI.

We analyzed the influence of the thickness of the ZnO thin
film, the thickness of the electrodes, and the effective resonance
area of the FBAR device on the impedance characteristics of
the device. We also developed a suitable fabrication process for
an FBAR device with a back cavity and used an Agilent
E5071C RF network analyzer to measure a fabricated FBAR.
The series and parallel resonant frequencies were both similar
to the theoretical results obtained with software simulation. The
good K and Q values of the fabricated FBAR devices were

CONCLUSION
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expected. The RF filters and duplexers based on the FBAR
devices will be used widely in wireless mobile communication
systems.
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