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Traditional radio frequency filters cannot meet the demands of miniaturization, high
frequency operation, integration, and broadband capacity in new-generation
communication system owing to their larger volumes. A thin film bulk acoustic
resonator (FBAR) is therefore suggested as an optimum solution because of its small
volume and a good performance. In this study, the COMSOL multiphysics software was
used to build 2 D and 3 D finite element models to analyze the harmonic characteristics of
the FBAR. Based on the optimized structural parameters, the FBAR was fabricated with
series resonant frequency, parallel resonant frequency, and effective coupling coefficient
values of 3.705, and 3.82 GHz, and 7.4%, respectively. Compared with the simulated
FBAR results, the effective coupling coefficient of the fabricated FBAR declined by only
0.1%, almost achieving the desired performance.

Keywords: FBAR, effective electromechanical coupling coefficient, AIN thin film, apodization, spurious resonance

INTRODUCTION

With the rapid advances in cellular phones, satellite navigation, cloud services, and various other forms of
wireless data communication in recent times, filters have become essential to prevent interference
between various forms of communication. Such filters are required to have excellent power tolerance,
temperature stability, and chip integrability. Typically, several resonators are electrically connected in an
appropriate manner to achieve the desired filter characteristics (Hagelauer et al., 2018).

Traditional cavity or dielectric filters usually require a large portion of the space in the circuit
(Kirby et al., 2003; Voiculescu and Nordin, 2012; Zhang and Chen, 2013) and are usually the devices
with the largest height on a printed circuit board. This is not suitable for the design of microsized on-
chip integrated devices. The mechanical resonance frequency of a surface acoustic wave (SAW)
resonator is determined by the widths of and spacing between the interdigital electrodes (Mamishev
et al., 2004; Kimura et al., 2019). When the resonance frequency is higher than that of the 2G
communication band, the sizes of the interdigital electrodes are too small to achieve high process
accuracy, which in turn increases the ohmic loss of the device (Bhadauria et al., 2018). A thin film
bulk acoustic resonator (FBAR) is a device that is realized by the acoustic resonance of a piezoelectric
film in the thickness direction; the FBAR can easily achieve gigahertz or even higher frequency owing
to its structural advantages. At the same time, the device is made of silicon, which enables
compatibility with semiconductor technology and easy to realize device integration. In addition,
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for a given device, the FBAR filter has a higher quality factor and
lower loss (Warder and Link, 2015; Lee and Mortazawi, 2016;
ZHAO et al, 2019), which is the optimal solution for 5G
communications and operation in higher frequency bands
(Hara et al., 2018).

The core element of the FBAR is a piezoelectric material,
materials such as aluminum nitride (AIN), piezoelectric ceramics
(PZT), and zinc oxide (ZnO) are widely used to realize resonators
operating at high frequencies. (Schreiter et al., 2004; Huang et al.,
2005; Joseph et al., 2018). Among them, AIN has the following
advantages: low acoustic attenuation and stable chemical
properties; very high velocity and appropriate technology; a
fabrication process that is compatible with existing
complementary metal-oxide semiconductor (CMOS) processes
(Gong et al., 2018; Joseph et al., 2018).

In this study, a 3.7 GHz FBAR based on AIN was designed and
fabricated. Its topology consists of an AIN layer as the
piezoelectric layer, Mo as the material of the electrodes, a seed
layer and a protective layer using AIN, along with Si as the
substrate. This resonator is perfectly compatible with currently
available semiconductor technologies, which enables easy device
integration.

DESIGN AND FABRICATION OF FILM BULK
ACOUSTIC RESONATOR

The inverse piezoelectric effect of the piezoelectric material can
transform the electrical signals at the electrodes into mechanical
resonance. Conversely, mechanical resonance can also be
transformed into electric signals based on the positive
piezoelectric effect. This ability of a piezoelectric material is
the basis of FBAR operation to achieve conversion between
acoustics and electrical signals. The FBAR can achieve
resonance when an AC electrical signal is applied to the
electrodes. A time-varying electric field is generated within the
piezoelectric film along the thickness direction that motivates a
longitudinal acoustic wave in the film to propagate along the
direction of the electric field. The wave established in the
piezoelectric film is reflected back and forth at the interface
with a large reflection coefficient. Assuming that the acoustic

Film Bulk Acoustic Resonator

velocity of the piezoelectric material is v, the mechanical
resonance condition of the system can be written as follows:

b1
w,,z(n+1)~§ n=0,1,2... (1)

v
where v, 2d, and w are the velocity, thickness, and angular
frequency of the FBAR, respectively. For FBAR devices, we
usually consider the fundamental frequency.

The effective coupling coefficient (Kezﬂ) (Stoeckel et al., 2018) is
an important parameter to analyze the performance of the FBAR;
Kéf characterizes the energy conversion efficiency of the
piezoelectric thin films under the influence of the adjacent
structures. The effective coupling coefficient of the FBAR is

given by:
2 [ fo =k
b = 4 < o > @

where f; and f, are the series resonant and parallel resonant
frequencies of the FBAR, respectively. The bandwidth of the
resonator depends on the coupling coefficient. Generally, for a
larger effective coupling coefficient, the bandwidth of the device
is wider.

Optimization Design of Film Bulk Acoustic

Resonator

In this study, the COMSOL multiphysics software was used to
build a 2D finite element model of the FBAR. A schematic of the
model is shown in Figure 1 along with material and electrical
boundary conditions. The material specifications of the FBAR is
listed in Table 1 (Lakin et al., 2001; Bhugra and Piazza, 2017;
Nguyen et al., 2019).

Figure 2 shows the influence of the FBAR structure size on
K. Obviously, as the AIN film thickness increases, K7 first
increases and then decreases, as shown in Figure 2A. Given a
limited range, it is useful to enhance the piezoelectric properties
of the piezoelectric layer. Figure 2B shows the influence of the
thickness ratio of the piezoelectric to electrode layers on K2,
where dn and dy, are thicknesses of the AIN piezoelectric layer
and Mo electrode layer, respectively. Kezﬁ is observed to increase
with dain/dyo and tends to be stable beyond a certain value. The

| Top electrode Mo

|Protective layer AIN]|

| Bottom electrode Mo

Seed layer AIN H-

Fixed constraint

FIGURE 1 | 2D model of the FBAR.

| Piezoelectric AIN

Air cavit

Si substrate

Perfect
matching
layer
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TABLE 1 | Simulation parameters for the film of the FBAR.

Film Bulk Acoustic Resonator

Parameter AIN Mo Si
Density (kg/m3) 3,260 10,200 2,181
Young’s modulus (GPa) 394 312 150
Poisson ratio 0.25 0.31 0.27
Acoustic loss factor, ns 25x 107 5x107* 6 x107°
Dielectric loss factor, ne 2x107° — -
41 149 099 0 0 O
149 41 099 0 0 O
. ) 099 099 3645 0 0 O
Elastic matrix (GPa) 0 0 0 125 0 O — —
0 O 0 0 1250
0 O 0 0 0 1305
0 0 0 0 -48 0
Coupling matrix (C/m2) 0 0 0 -48 0 0 — —
-0.58 -0.58 1.55 0 0 0
921 O 0
Dielectric constant matrix 0 921 0 — —
0 0 8.9
9.5 8.5
A B C 6.8
9.0 8.0
_ 75 6.6
883 3 g
Ny =70 5 6.4
8.0 M,
6.5
6.2
7.5 6-0
7.0 i A A i 5.5 i i A ' 6.0 A A i i
400 800 1200 1600 1 2 3 -+ 5 1000 2000 3000 4000 5000
Thickness of Piezoelectric Layer(nm) dan ! drio Area of Top Electrode(um?)
FIGURE 2| (A) Kgff of FBAR with varying thicknesses of the piezoelectric layer; (B) Ksﬁ of FBAR with varying thickness ratios of the piezoelectric to electrode layers;
(©) Kgﬁ of FBAR with varying areas of the top electrode.

performance of the FBAR can therefore be improved by
increasing dain/dyvo appropriately. Figure 2C shows the
influence of different top electrode areas on KZ.. The areas
considered here are 900, 1,600, 2,500, 3,600, and 4,900 um>.
The simulation results show that Kéf gradually increases and
finally tends to be stable beyond a certain value of the area of the
top electrode.

A 3D finite element model was established to analyze the
effects of the apodization electrode on the spurious resonance of
the FBAR are shown in Figure 3. The material and structural
details of this model are the same as those of the 2D model.

The Smith chart is most often used to evaluate the impedance
matching and designs of matched networks. Herein, the Smith
plot also depicts the unwanted resonances or spurious modes by
smaller loops. The influence of different electrode shapes on the
spurious resonance of the FBAR was analyzed when the structural
parameters were constant, as shown in Figure 4. Compared with
rectangular electrodes, the triangular, apodized quadrilateral,
circular, and apodized pentagonal electrodes significantly
weaken the spurious resonances. This is because the apodized
electrodes increases the propagation distance of the transverse
Lamb wave to reduce the probability of forming spurious
resonance formation by changing the direction of reflection of

FIGURE 3 | 3D finite element model of the FBAR.

the transverse Lamb wave. The effects of the apodized pentagonal
electrode on spurious resonance suppression was maximal in the
simulated structures.

Table 2 shows the structural optimization parameters of the
FBAR. The thickness of the Mo layer of the top electrode is
130 nm and that of the piezoelectric AIN layer is 540 nm. The
lattice orientation of the bottom Mo electrode directly affects
the quality of the sputtered AIN piezoelectric film. To ensure that
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(D) circle; (E) apodized pentagon.

FIGURE 4 | Spurious resonances seen in the impedance Smith chart for different shapes of the top electrode: (A) triangle; (B) rectangle; (C) apodized quadrilateral;

TABLE 2 | Structural optimization parameters of the FBAR.

Structures Material Thickness Length Width Shape Area
Protective layer AIN 120 nm 180 pm - -
Top electrode Mo 130 nm — Apodized pentagon 3,600 pm?
Piezoelectric layer AIN 540 nm 200 um 180 ym — —
Bottom electrode Mo 180 nm 175 um 180 um — —
Seed layer AIN 50 nm 250 um 180 ym — —
air cavity — 1pm 100 pm 180 um — —
substrate Si 10 uym 250 um 180 ym — -
the bottom Mo electrode has good sputtered quality, its thickness
o —— Impedance is selected as 180 nm. The protective and seed layers are 120 and
60 :" “'"‘-.‘ """ Phase 180 50 nm thick, respectively. The shape of the top electrode of the
: FBAR is an apodized pentagon whose area is 3,600 um>.
~ : 40 The frequency response of the optimized FBAR is shown in
% 40 : 8 Figure 5. The impedance and phase are observed to vary with
N : éﬁ frequency, and only small spurious resonances are seen near the
% ; 0 kot parallel resonance point. f; and f, are 3.71 and 3.82 GHz,
220 ' = respectively, and Kj; is 7.5% based on Eq. 2, which agrees
Q : 40 & with the desired performance characteristics.
' -
ol 4, ‘ Experimental Fabrication
_______ e Sernadi 1780 A prototype FBAR was fabricated using the optimized structural
. . ! parameters. The fabrication process starts with etching the
3.6 3.7 3.8 3.9 4.0 . s e
resonator cavity on a silicon substrate. Thermally oxidized
Frequnency(GHz) silicon dioxide (SiO,) can protect the substrate when the
FIGURE 5 | Ampitude and phase of Z plotted for the optimized FBAR, sacrificial layer is released. Polysilicon is then deposited using
PECVD to fill the resonant cavity, next, the seed layer (50 nm)
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RIE etched Si-substrate
2 Thermal oxidation SiO,
LPCVD deposned polysilicon

6. Sputter piezoelectric layer 8. Sputter protective layer
7. Sputter top electrode 9. Deposit pad layer

p 4w % [CJAN [Mo
ENsi  [EPrad
I SiO, [EPolysilicon

4 Sputter seed layer
Sputter bottom electrode

10. Etch release window
11. Release air cavity

FIGURE 6 | Schematic of the fabrication process of FBAR.

and bottom electrode (180 nm) are sputtered. The former is used
to induce the lattice arrangement of the upper film, and the latter
is etched to form electrode patterns by ICP-RIE. The piezoelectric
layer and top electrode are constructed by sputtering AIN
(540 nm) and Mo (130 nm), respectively. The piezoelectric
layer should meet the requirements of the c-axis orientation
and have high uniformity. Then, the protective layer (120 nm)
is sputtered, and the pad layer is deposited by a lift-off process.
Finally, the release holes are etched using ICP-RIE, and are
distributed around the resonator transducer to release gas into
the resonator cavity. Figure 6 shows the fabrication process for a
single FBAR.

A photograph of the fabricated wafer of the FBAR is shown in
Figure 7A. The scanning electron microscope (SEM) image of the
cross-section of a single FBAR is shown in Figure 7B. The film
quality of each structural layer is observed to meet the

Film Bulk Acoustic Resonator

requirements, and the sacrificial material in the resonator
cavity is completely released.

A microwave probe platform was used to test the fabricated
FBAR. Figure 8 shows the performance curve of FBAR. The f;
and f, values of the FABR are 3.705 and 3.82 GHz, respectively.
There is no obvious spurious resonance near the resonance point,
indicating that the general index requirements of the FBAR
are met.

COMPARISON AND DISCUSSION

A performance comparison between the experimental and
simulated FBARs is shown in Table 3. The results of the
microwave probe test show that small drifts are observed for
the series and parallel resonant frequencies of the FBAR. The Kéff
of the test data is 0.1% lower than the simulated results, thus
almost achieving the desired performance.

Figure 9 shows the frequency response comparison between
the simulated and test data of the FBAR. Compared with the
simulation results, there were some small defects near the series
resonance point in the test data. However, the simulated results
were consistent with the trends of the test data. The main causes
of the discrepancies are as follows:

1) The electrode may be oxidized during the fabtrication of the
FBAR, thereby increasing its resistivity.

2) During the patterned etching of the electrode, the amount of
etching may be too high and may cause defects.

3) Electromagnetic interference during the performance test of
the FBAR may cause the observed discrepancies.

The improvement schemes for the above defects may be
considered as follows:

1) Optimizing the thin-film sputtering process of the FBAR to
prevent oxidation of the electrode during the fabrication
process.

FIGURE 7 | Photographs of the fabricated FBAR: (A) wafer; (B) cross section as seen under a SEM.

Piezoelectric AIN

Air cavity
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3.5 3.6 3.7 38 39 4.0 4.1 42
Frequency(GHz)

FIGURE 8 | Test results of the fabricated FBAR: (A) Transmission coefficient S21; (B) Input admittance Y11.

Y11(dB)

0 i A A A i i
3.5 3.6 3.7 38 39 4.0 4.1 42
Frequency(GHz)

TABLE 3 | Performance comparison between experimental and simulated results
of the FBAR.

Performance fs(GHz) f,(GH2) K2,(%)
Simulation 3.71 3.8263 7.5
Experiment 3.705 3.820 7.4
60k 480
a N
= 40 = &
N —— Impedance of on
= the test 40 =
“ob — - —Impedance of o
. . I
S 20 the simulation =
8 Phase of the test] 4 A
— - — Phase of the
\ simulation
0 .
_______ 0 80
3.6 3.7 3.8 3.9 4.0
Frequency(GHz)
FIGURE 9 | Comparison of the test data and simulated data.

2) To reduce or even eliminate the electrode etching defects, the
electrode etching process of FBAR may be optimized to
improve the accuracy of electrode patterning.

3) The test process may be calibrated and corrected for errors to
achieve de-embedding to overcome the influence of the
external environment during the measurement process.

CONCLUSION

In this study, an FBAR was designed and fabricated. Based on 2D
and 3D models, the effects of various factors on the performance

of FBAR were studied, including the piezoelectric layer thickness,
electrode layer thickness, and top electrode area. Using
apodization technology, the spurious resonance in the
frequency response curve of the FBAR is effectively
suppressed. Based on the designed process flow, the FBAR was
fabricated, and the SEM image of its cross section exhibited
sufficient molded effect. Compared with the simulated results of
the FBAR, the frequency response curve was roughly consistent
with the trend of the test data, almost achieving the desired
performance. Thus, a single FBAR was fabricated with a Kezﬂ of
7.4%, f; of 3.705 GHz, and f, of 3.82 GHz.
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