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Dual-mode thin film bulk acoustic resonator (TFBAR) devices are fabricated with c-axis tilted AlN films. To fabricate dual-mode
TFBAR devices, the off-axis RF magnetron sputtering method for the growth of tilted piezoelectric AlN thin films is adopted. In
this report, the AlN thin films are deposited with tilting angles of 15∘ and 23∘.The frequency response of the TFBAR device with 23∘
tilted AlN thin film is measured to reveal its ability to provide dual-mode resonance. The sensitivities of the longitudinal and shear
modes to mass loading are calculated to be 2295Hz cm2/ng and 1363Hz cm2/ng with the mechanical quality factors of 480 and 287,
respectively. The sensitivities of the longitudinal and shear modes are calculated to be 0 and 15Hz cm2/𝜇g for liquid loading.

1. Introduction

Surface and bulk acoustic resonator devices are attracting
increasing attention owning to their use in various novel
sensors, including UV sensors, mass sensors, biosensors, and
others [1–3]. Surface acoustic resonators have been developed
and examined for potential sensor applications because they
are cheap and small. However, surface acoustic resonators
suffer from high insertion loss and poor power handling.
Therefore, thin film bulk acoustic resonator (TFBAR) devices
have been studied globally; they have a low insertion loss,
a high power handling capability, small size, and high
sensitivity [4–6].

Lakin classified FBAR devices into three types, which
were via-isolated resonators, air gap-isolated resonators, and
solidly mounted resonators [7]. The general purpose of these
structures is to form a free or clamped interface beneath the
resonance zone. This work develops a dual-mode TFBAR
device based on an adapted via-isolated resonator with
piezoelectric thin film whose c-axis is tilted.The back-etched
cavity is used as the sensing area.

Despite the use of various piezoelectric films in TFBAR
devices, including PZT, ZnO, andAlN thin films [8–12], most
of the many studies of piezoelectric thin films have focused
on PZT piezoelectric materials. However, the use of PZT is
limited for environmental reasons [13, 14]. Hence, ZnO and
AlN thin films have become themost promisingmaterials for
piezoelectric applications. This study concerns piezoelectric
thin films of AlN, whose high quality factor makes them
useful for elucidating the sensing properties of TFBAR for
liquids.

TFBAR has two major resonance modes longitudinal
and shear. The longitudinal mode is typically used when
TFBAR is utilized as a communication device at high
operating frequencies. For biosensor applications, the shear
mode TFBAR is preferred [15]. Three approaches have been
proposed to deposit tilted textured piezoelectric thin films.
The first is sputtering with the changing of the configuration
of the substrate.The second uses an additional blind between
the target and the substrate in the sputtering system. The
third involves the application of an additional electric field
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Figure 1: Schematic configuration of the off-axis deposition meth-
od.

Table 1: Deposition parameters of Ti and Pt thin films.

Target Ti (99.995%) Pt (99.995%)
Substrate-to-target distance (mm) 50 50
Base pressure (Torr) 1 × 10

−6

1 × 10
−6

Substrate temperature (∘C) R.T. R.T.
RF power (W) 75 175
Sputtering pressure (mTorr) 3 1
Ar (sccm) 10 10

during sputtering deposition [16–19]. However, the longi-
tudinal mode is greatly damped in these methods. This
study examines the c-axis-tilted AlN layer using the off-axis
method with controlled sputtering pressure. Favorable dual-
mode frequency responses were obtained. Many scholars
have studied liquid and biosensor applications, focusing on
shear-mode resonators [20–24]. In this study, amultifunction
TFBAR is simply fabricated for the use inmass and liquid sen-
sors; these dual-mode TFBAR provide quantitative results,
good sensitivity and a high quality factor.

2. Experimental Method

Since the performance of TFBAR depends on the storage
of acoustic energy in the resonance zone, this area must be
acoustically isolated. A via-isolated resonator is used in this
study. The wet etching of (100) oriented silicon wafers is
used forming a back-side cavity. Low-stress silicon nitride
was deposited by low-pressure chemical vapor deposition
(LPCVD) as the etchingmask for the integrated FBARdevice.
After the substrates were cleaned using a normal process, the
bottom electrodes, which comprised of platinum (Pt) with
an adhesive layer of titanium (Ti), were deposited by dual-
gun DC sputtering. AlN film has been found to be able to
be deposited on a Pt layer [25]. Table 1 provides in detail the
sputtering conditions for the preparation of Ti and Pt thin
films.

Reactive radio-frequency (RF) magnetron sputtering was
utilized to deposit c-axis-tilted AlN piezoelectric thin films.
The sputtering system was evacuated to a base pressure of
5 × 10

−7 Torr using a diffusion pump. The AlN piezoelectric
thin filmswere deposited using the suggested off-axismethod

Table 2: Deposition parameters of AlN thin films.

Target Al (99.995%)
Substrate-to-target distance (mm) 50
Base pressure (Torr) 5 × 10

−7

Substrate temperature (∘C) 300
RF power (W) 250
Sputtering pressure (mTorr) 5, 15
N2/N2 + Ar 46%

with a heated substrate [11]. Table 2 provides in detail the
sputtering conditions for the preparation of piezoelectric
AlN thin films with a tilted c-axis. Figure 1 also presents
the off-axis deposition method adopted herein. Following
the AlN thin films deposition, another Pt/Ti layer was
deposited on the designated area as the top electrode. After
the sandwich structure had been formed, the cavity of TFBAR
was formed by anisotropic wet etching using 30wt%KOH
solution to provide high surface smoothness and a high
degree of anisotropy [26], which was critical to the formation
of a hopper cavity with a smooth bottom for holding liquid
analytes. Figure 2 presents in detail the process by which the
dual-mode TFBAR device was fabricated.

The preferred orientation and crystal properties of the
AlN film were determined by X-ray diffraction (XRD) using
a SHIMADZU XRD-6000 with CuK𝛼 radiation. The cross
sectional images of the AlN films were obtained by scanning
electron microscopy (SEM) (Philips XL40 FESEM). The
HP8720 network analyzer and CASCADE probe station
(RHM-06/V+GSG 150) were used to measure the frequency
responses of dual-mode TFBAR devices. The performance of
the TFBAR devices in liquid sensing was performed using an
automatic titrator (877 Titrino Plus).

3. Results and Discussion

3.1. Structural and Morphological Properties of Dual-Mode
AlNThin Films. The ideal physical properties of piezoelectric
films for TFBAR applications are being a strongly orientated
c-axis and having a uniform surface morphology. The depo-
sition parameters were varied herein to optimize the dual-
mode piezoelectric characteristics of RF-sputtered AlN thin
films. In this investigation, off-axis distance and sputtering
pressurewere varied to determine the optimal growth param-
eters of the tilted piezoelectric thin film. In the first stage,
the off-axis distanceswere controlled. Since particles with low
kinetic energy reached the substrate, the competitive growth
of inclined sputtering particles flux revealed the distinctive
mechanism of crystal formation [27, 28]. The kinetic energy
of the particles was also affected by the mean free path
of the particles, which was determined by the atmospheric
pressure.Therefore, the sputtering pressurewas set to 5mTorr
and 15mTorr at 300∘C to study its effect on the crystalline
growth of AlN thin films. Heating improves the piezoelectric
properties of AlN thin films.

As presented in Figure 3, excellent (002) orientated crys-
tals can be obtained in samples at 15mTorr with off-axis
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Figure 2: The fabrication processes for the dual-mode TFBAR devices.
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Figure 3:The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited with
various off-axis distances.

distances of 25mm and 50mm. However, the experimental
results reveal that only the sample with an off-axis distance of
50mm had the c-axis-tilted structure, as shown in Figure 4.
The sample with an off-axis distance of 50mm and a larger c-
axis-tilted angle exhibited shear mode resonance.The kinetic

energy of the particles was related to the sputtering pressure.
To study the phenomenon of competitive growth of AlN thin
films, two sputtering pressures of 5mTorr and 15mTorr were
used.The XRD patterns in Figure 5 reveal that AlN thin films
thatwere deposited at 5mTorr yielded a sharp (002) peakwith
a small full width at half maximum (FWHM). Additionally,
as reveled by the cross sectional images in Figure 6, the
sample with an off-axis distance of 50mm under a sputtering
pressure of 5mTorr exhibited enhanced competitive growth
and had a larger c-axis-tilted angle of 23∘.

To elucidate the relationship between the angle of tilt
of the c-axis angle and the dual-mode resonance frequency
responses (𝑓

𝐿
and 𝑓

𝑆
) of TFBAR, two TFBAR devices were

fabricated with the AlN c-axis tilted at 15∘ and 23∘. Figure 7
plots the frequency responses of two TFBAR devices. The
TFBAR with the 15∘-tilted AlN layer exhibited only a single
resonant mode. The TFBAR device with the 23∘-tilted AlN
layer exhibited shear and longitudinal resonant modes at
1.17 GHz and 2.07GHz, respectively. These results reveal that
not only a tilted piezoelectric layer but also a sufficiently tilted
layer in the TFBAR devices can be excited to generate shear
mode resonance.Therefore, an off-axis distance of 50mmand
a sputtering pressure of 5mTorr are required to produce a
highly textured and sufficiently tilted AlN piezoelectric layer
for dual-mode TFBAR [29].

3.2. Sensitivity of Dual-Mode TFBAR for Mass Loading.
Because titanium (Ti) has an inherently low density, it is
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Figure 4: The cross sectional SEM images of AlN thin films deposited at 15mTorr with off-axis distances of (a) 25 and (b) 50mm from the
center of substrate holder.

Pt (111)

AIN (002)

2𝜃 (deg)

In
te

ns
ity

 (a
.u

.) FWHM = 0.292∘

FWHM = 0.414∘

20 30 40 50 60

5mTorr

15mTorr

Figure 5: The 𝜃-2𝜃 X-ray scans of the AlN thin films deposited at
5mTorr and 15mTorr with off-axis distance of 50mm.

Figure 6: The cross sectional SEM images of AlN thin films
deposited at 5mTorr with an off-axis distance of 50mm.

suitable for analyzing the sensitivity of TFBAR to a tiny
mass. A Ti thin film was utilized herein as the mass loading
material that adhered to the resonant zone that was exposed
on the back cavity of the TFBAR device. Figure 8 displays
a deposition rate of 0.46 nm/s for sputtering the Ti mass
loading. The thicknesses of the Ti layers were confirmed

using the FESEM cross sectional images. Figures 9(a) and
9(b) plot the frequency responses of the longitudinal resonant
mode (𝑓

𝐿
) and shear resonant mode (𝑓

𝑆
) of the dual-

mode TFBAR device with and without Ti mass loading,
respectively. The variation of the central frequency under the
Ti mass loading as the thickness of the mass increased to
4.6 nm was significant. In this study, the sensitivity of each
mode of the TFBAR device to mass loading was estimated
using the Sauerbrey equation [30],

𝑆
𝑚
= lim
𝛿𝑚→0

(
𝛿𝑓

𝑓
)(
1

𝛿𝑚
) . (1)

The sensitivity of the longitudinal mode, calculated from
(1), was 2295Hz cm2/ng, as presented in Figure 10(a). The
calculated sensitivity of the shear mode was 1363Hz cm2/ng,
as shown in Figure 10(b). These results reveal that the 𝑆

𝑚
of

the longitudinal mode was 1.7 times that of the shear mode.
Clearly, the longitudinal mode of the dual-mode TFBAR
device is preferable for mass sensing applications.

3.3. Sensitivity of Dual-Mode TFBAR in Liquid Environments.
Agold (Au) layer was initially deposited onto the sensing area
of TFBAR as the binding layer for the use in biochemical
sensor. To improve the adhesion between the Au layer and
the Si

3
N
4
layer, a chromium (Cr) layer was deposited by DC

sputtering before the Au layer was deposited by the same
method. Additionally, the surface of the Au layer was treated
with oxygen plasma to enhance the hydrophilic properties
of the Au layer and thereby promote migration of the liquid
drop.

Since the frequency drift was caused by the extra Au/Cr
layer, as shown in Figure 11, the TFBAR device had to be
calibrated before the follow-up test. Figures 12(a) and 12(b)
plot the frequency responses of the dual-mode TFBARdevice
in a liquid environment (DIwater).The longitudinal resonant
mode (𝑓

𝐿
) almost disappeared as the liquid was dropped into

the cavity of the device, whereas the shear resonantmode (𝑓
𝑆
)

remained.
Since longitudinal resonance vanished in a liquid envi-

ronment, the longitudinal frequency drift could not be used
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Figure 7: Frequency responses of TFBAR devices with (a) 15∘-tilted
and (b) 23∘-tilted AlN layers.
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Figure 8: The deposition rate of Ti layer as mass loading.
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Figure 9: Frequency responses of the dual-mode TFBAR device
under Ti mass loading. (a) Longitudinal resonant mode (𝑓

𝐿

) and (b)
shear resonant mode (𝑓
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).

to evaluate theTFBARperformance.The coupling coefficient,
𝑘
𝑡

2, taken from the work of Bjurström et al. and Wei et al.
[31, 32], is expressed in terms of 𝑓

𝑝
and 𝑓

𝑆
as

𝑘
𝑡

2

=
𝜑

tan𝜑
=
[𝜋/2] [𝑓

𝑠
/𝑓
𝑝
]

tan [[𝜋/2] [𝑓
𝑠
/𝑓
𝑝

]]

≈ [
𝜋

2
]

2

[
𝑓
𝑝
− 𝑓
𝑠

𝑓
𝑝

] ,

(2)

where 𝑓
𝑆
is the frequency at which the magnitude of the

admittance is a maximal and 𝑓
𝑝
is the frequency at which the
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Figure 10: Sensitivities of TFBAR device with various mass loading.
(a) Longitudinal and (b) shear resonant mode.

magnitude of the admittance is minimal.The electromechan-
ical coupling factors (𝑘

𝐿

2 for the longitudinal mode and 𝑘
𝑆

2

for the shear mode) in air are 0.6% and 2.1%, respectively.
The mechanical quality factors (𝑄

𝐿
for the longitudinal

mode and 𝑄
𝑆
for the shear mode) are the important param-

eters of dual-mode TFBAR devices in liquid environments.
The mechanical quality factors (𝑄

𝐿
and 𝑄

𝑆
) were defined in

terms of the full width at half maximum (FWHM) of the
resistance curve at resonance frequency 𝑓

𝑟
[32] as follows:

𝑄 =



𝑓
𝑟

FWHM

𝑓
𝑟

. (3)

Themechanical quality factors decrease as the bandwidth
increases. The FWHM of resonance frequency is defined
by using the analytical software (SoftPlot 7.0, demonstration
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Figure 11: Frequency responses of dual-mode TFBAR devices with
and without Au/Cr layers.
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Figure 12: Frequency responses of TFBAR device. (a) In air
environment and (b) in liquid environment.
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Figure 13: Frequency response of shear mode. (a) In air environ-
ment and (b) in liquid environment.

Table 3: Thin film bulk acoustic wave properties of 23∘-tilted AlN
thin films.

Mechanical quality factor Electromechanical
coupling coefficient (%)

𝑄
𝐿

(air)
𝑄
𝐿

(liquid)
𝑄
𝑠

(air)
𝑄
𝑠

(liquid) 𝑘
𝐿

2

𝑘
𝑆

2

480 0 287 185 0.6% 2.1%

edition). As shown in Figure 13, 𝑄
𝑆
is reduced from 287 to

185. However, the satisfactory response in the shear mode
is maintained. Table 3 presents the thin film bulk acoustic
wave properties of the 23∘-tilted AlN layer. Additionally, a
sensitivity of 15Hz cm2/𝜇g, calculated from (1), is obtained in
the shear mode. Therefore, the shear mode of the dual-mode
FBAR device can be exploited in liquid sensing applications.

4. Conclusion

This paper presents a dual-mode TFBAR device that is based
on c-axis-tilted AlN thin films. The frequency responses

indicate that this device exhibits longitudinal and shear
mode resonances.Theperformance of the dual-modeTFBAR
under both mass loading and liquid loading is thoroughly
investigated.The experimental and analytical results indicate
that the longitudinal mode of TFBAR has a wide frequency
variation with mass loading, indicating that the longitudinal
mode is suitable for mass-sensor applications. The shear
mode of TFBAR can be exploited in liquid sensor applica-
tions.
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