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ABSTRACT This study demonstrated the first air-coupled pMUT using sol-gel PZT thin film that could
deliver ultrasonic waves to mid-air. First, the deposition conditions for making PZT thin film with high
remanent polarization were determined. Then, air-coupled pMUTs with resonance frequencies close to
40 kHz were designed using the circular plate model. According to the design, pMUTs with radii measuring
600 um to 775 pm were fabricated to evaluate the acoustic output pressure. Among these, the pMUT with the
725 pm radius achieved a maximum sound pressure output of 4.42 Pa at 3 cm above when driven with 10 Vpp,
and the resonance frequency was 40.48 kHz. Finally, the output pressure of a phased array consisting of sol-
gel PZT-based pMUTs with a 725 um radius was calculated using the k-Wave toolbox. The output pressure
of the 11 X 11 pMUT array reached 365.62 Pa when focused at 3 cm above it. This result revealed that
the output pressure of the proposed pMUT array could fulfill the requirement for most mid-air ultrasound

applications.

INDEX TERMS  Sol-gel deposition, airborne piezoelectric micromachined ultrasonic transducers.

I. INTRODUCTION

VER the past 70 years, ultrasonic transducers have

been widely applied in industrial and biomedical appli-
cations, such as nondestructive evaluation [1], [2], medical
imaging [3], [4], and non-invasive treatments [5], [6]. Along
with the development of semiconductor fabrication and inte-
grated circuits, analog and digital circuits for multichannel
phase delay systems have become popular. Several state-of-
the-art mid-air ultrasonic applications were achieved using
hundreds of transducers, including ultrasonic haptic feed-
back [7], [8], acoustic particle manipulation [9], and gesture
recognition [10]. Acoustic signals decay rapidly in the air,
and the attenuation coefficient is proportional to the working
frequency. Hence, most mid-air ultrasonic applications use
frequencies between 20 kHz and 100 kHz. However, com-
mercial air-coupled ultrasonic transducers are usually bulky
and hard to be integrated into consumer electronics, thus

hindering further development of these mid-air ultrasonic
applications.

In recent decades, the development of micro-electro-
mechanical system technology has provided researchers
with an alternative method to fabricate ultrasound transduc-
ers [11]. Compared with traditional transducers, MUTs are
more capable of integrating air-coupled ultrasonic systems
into commercial electronic devices. Currently, two types
of MUTs, capacitive micromachined ultrasonic transducers
(cMUTs) and piezoelectric micromachined ultrasonic trans-
ducers (pMUTs) are being explored as replacements for
conventional piezoelectric ultrasonic transducers. The cMUT
is driven with electrostatic force and formed by suspending
a membrane coated with the top electrode above a substrate
with a bottom electrode. Hence, it requires a precise and
uniform micrometer scale gap between the top and bottom
electrodes to have satisfactory sensitivity [12]. However, the
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size of the diaphragm would need to increase to achieve
lower frequency for mid-air applications. Such an extreme
gap is very challenging to fabricate when the dimension
of the membrane increases. Besides, the cMUT requires a
high DC bias voltage to drag the membrane to increase the
transmitting/receiving efficiency, which might cause some
safety issues in consumer electronics. In contrast, pMUTs do
not require a bias voltage or a delicate gap. Hence, they are
considered a better candidate for implementing mid-air ultra-
sonic applications in consumer electronic devices. A pMUT
consists of a suspended membrane sandwiched between a
top electrode/piezoelectric material layer and a bottom elec-
trode/structural layer. When an AC voltage is applied to
the piezoelectric layer through the electrodes, the membrane
vibrates the medium and generates sound waves due to the
lateral strain induced by the piezoelectric effect. To date,
pMUTs with different piezoelectric materials and fabrication
methods have been used in various ultrasonic applications
in the air, such as mid-air haptics applications, long-range
detection, and acoustic hologram [8], [10], [13].

As an excitation layer, the piezoelectric material plays
a crucial role in pMUT technology. Polyvinylidene fluo-
ride (PVDF), aluminum nitride (AIN), and lead zirconate
titanate (PZT) are the three primary materials for pMUT.
Halbach et al. proposed a potentially transparent pMUT with
PVDF as the piezoelectric layer to achieve mid-air ultrasonic
haptic feedback [8]. However, the output acoustic pressure
was not enough to be felt by the human finger because
the piezoelectric coefficient of PVDF was not large enough.
Luo et al. presented a pMUT array for long-range detection in
the air using PZT deposited with physical vapor deposition
as the actuation layer [13]. The acoustic pressure per unit
volume was almost 25 times larger than the commercial
bulk-PZT transducer (Murata Manufacturing, MA40S4S).
Their results highlighted the possibility of replacing the con-
ventional air-coupled ultrasonic transducer with PZT-based
pMUT for miniature ultrasonic systems.

Currently, the sol-gel method, radio-frequency magnetron
sputtering (RF sputtering), and pulsed laser deposition (PLD)
are the most common methods for fabricating PZT thin films.
Both RF sputtering [14] and PLD [15] require expensive
equipment and operate under vacuum; in contrast, the sol-gel
process has less stringent requirements for the facility [16],
[17]. Therefore, the sol-gel method is more friendly for the
initial development and experimental verification stages of
designing pMUTs for novel mid-air ultrasonic applications.
Although some air-coupled pMUTs made by sol-gel PZT
thin film have been demonstrated, they were not designed
for mid-air applications, which required the transducers to
transmit or receive ultrasonic waves to or from the air medium
[18.19]. Besides, the resonance frequency of commercial
ultrasonic transducers for mid-air applications such as haptic
feedback, object detection, and particle manipulation was
usually between 20 and 100 kHz, which hasn’t been dis-
cussed in previous works. Hence, this study proposed an
air-coupled pMUT dedicated to mid-air ultrasonic applica-
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FIGURE 1. Fabrication process of the sol-gel-based PZT thin film.

tions with resonance frequency of 40kHz using a PZT layer
fabricated with the sol-gel process. To improve the piezo-
electric coefficients of PZT thin films, the deposition and
annealing processes for sol-gel PZT thin films were opti-
mized first. Next, a fabrication process was investigated to
build high throughput pMUTSs with resonance frequencies
around 40 kHz. Finally, the characterizations of the PZT thin
film and pMUT were performed, followed by a simulation
that evaluated the focused acoustic pressure generated by the
pMUT array.

The following section describes the deposition process of
the sol-gel PZT thin film, as well as the design, modeling, and
fabrication of air-coupled pMUTs. Section III discusses the
characterization results of the fabricated PZT thin films and
pMUTs and the simulation results to evaluate the output pres-
sure of a phased pMUT array. The final section concludes this
research and discusses the potential of using pMUTs actuated
by sol-gel PZT thin film for mid-air ultrasonic applications.

Il. METHOD
A. FABRICATION AND CHARACTERIZATION of the
SOL-GEL PZT THIN FILM
To demonstrate the sol-gel PZT-based pMUT, this study used
a commercial precursor to deposit a PZT thin film as the actu-
ation layer for the pMUT. According to previous research, the
thermal expansion coefficient of Pt is similar to that of PZT,
which prevents cracks during rapid thermal annealing [20].
Hence, 20 nm Ti and 250 nm Pt were deposited onto a
Si substrate by e-beam evaporation in this study, where Ti
served as the adhesion layer. Figure 1 presents the process
of depositing the PZT film using the sol-gel method. After
preparing the substrate, 1.5 ml metal alkoxide precursor (10%
PZT [110/52/48] E1, Mitsubishi Material, Japan) was put on
a 6-inch wafer. Then, the sol-gel solution was first spun at
1000 rpm for 10 s to uniformly distributed on the substrate,
followed by 3000 rpm for 30 s to reach the required thickness.
The sample was then dried and pyrolyzed at 300 °C for 5 min
to remove the organics in the precursor solution to convert the
deposited PZT film from amorphous to crystallized.

This process was repeated two more times for rapid thermal
annealing. Finally, 60 s of rapid thermal annealing (RTA) was
applied to polarize the sol-gel thin film by converting the
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crystallization from pyrochlore to perovskite. The maximum
temperature of RTA was set at various points between 650 °C
and 700 °C to observe the results of remnant polarization
and surface cracks. The entire coating step was repeated
several times to reach the required thickness. As an electrical
actuation and receiving device, the piezoelectric layer of the
pMUT had to be sandwiched between the top and bottom
electrodes. The Pt deposited on the substrate before coating
the PZT thin film could also serve as the bottom electrode.
To expose the bottom electrode, part of the PZT thin film was
removed using a two-step wet-etch patterning process [21].
Firstly, the wafer was patterned using photolithography and
immersed in a buffered oxide etchant (the ratio of 40% NH4F
in water to 49% HF in water was 6:1) to react with the PZT
in the exposed region. Then, HCl was used to remove the
reactants of the previous step. Finally, the 100 nm Al top
electrode was patterned using RF sputtering and lift-off.

To evaluate the film thickness after each spin coating,
a sample with 27 PZT layers was prepared, and a wet etch-
ing was performed to expose the underlying Pt electrode.
Afterward, a profilometer (Alpha-Step) was used to mea-
sure the thickness. Besides, to observe the crystallization
of the PZT films under different annealing parameters, the
crystalline structures were examined using an X-ray diffrac-
tometer (XRD, Bruker D8 Discover). The performance of a
piezoelectric material is usually determined by the remnant
polarization value (P,) to indicate the amount of polarization
(charges per area) that remained in the material without an
electric field. Therefore, a ferroelectric tester (Precision LC
II) was used to record the polarization-electric field hysteresis
loops (P-E loop) and identify the value of remnant polariza-
tion.

The transverse piezoelectric coefficient (d31) of a pMUT’s
actuation layer is directly related to its driving and receiv-
ing efficiency. By standard notation, the indices 1, 2, and
3 correspond to the x, y, and z coordinate axes, respectively
(Figure 2). Therefore, d3; represented the lateral contraction
level of the film when a voltage is applied between the top
and bottom electrodes. As shown in Figure 2, the 700 um
wafer coated with sol-gel PZT thin film and electrodes was
diced to make a 20 mm x 3 mm cantilever to evaluate the
dz1 of the proposed piezoelectric thin film. According to
a previous study, the transverse piezoelectric coefficient d3;
can be calculated by

B R2Y sk + sE)

dyy =
31 3(1 — vy L2V

ey

where (§) is the tip displacement measured via laser Doppler
vibrometer (LDV); hy is the thickness of the substrate; Y
and Y, are Young’s modulus of the substrate and the piezo-
electric layer, respectively; vy and v, are Poisson’s ratio of
the substrate and piezoelectric layer; L is the length of the
top electrode; and V is the applied voltage [22]. The elastic
compliance coefficients sfl and sfz represent the induced
strain of the material corresponding to the electrical field, and
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B. DESIGN OF A SINGLE pMUT

After the deposition process of the sol-gel PZT thin film was
optimized, this study demonstrated the feasibility of using
this thin film to make a 40 kHz pMUT. As Figure 3 shows,
the proposed pMUT had a circular shape, and its dimension
was defined by the radius of the back cavity (R). To achieve
the best driving efficiency in the first vibration mode, the
radius of the actuation region (where the top and bottom
electrodes overlap) was set to 67% of the cavity’s radius,
based on previous research [14], [23]. The stack of the pMUT
consisted of the piezoelectric layer, electrode layers, and
elastic support layer. The deformation of the membrane along
the longitudinal axis generates an acoustic pressure due to the
transverse stress of the piezoelectric layer when an electric
field is applied. Aside from the actuation region, the thickness
of the piezoelectric layer also affects the efficiency of the
pMUT for a given radius. Hence, this study used the circular
plate model to find the radius of a 40 kHz pMUT and optimize
the thickness of its piezoelectric layer [24]. According to the
model, the pMUT stack has n layers, as shown in Figure 4. z,,
indicates the height from the bottom plane to the top of the ny;,
layer. h;, and p,, are the thickness and mass density of the ny;,
layer, respectively. Consequently, the resonance frequency of
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FIGURE 4. Circular plate model of the proposed pMUT.

the pMUT can be calculated by:

A2 D
f= anZ\/; 3)

N
Io="_ puhn €

N
D=3 ﬁ (@ =2 = Gt — 2] )
where R is the radius of the pMUT; A is the axisymmetric
vibration mode constant; Iy is the mass per unit area; and
D is the flexural rigidity. Young’s modulus of the material,
Poisson’s ratio of each layer, and the height of the neutral
axis are denoted as E,, v,, and zya, respectively.

The maximum displacement d at the center of a clamped
circular plate can be estimated by:

3R*nVinQ
d=_"T"m% 6
64rxD (6)
n =4y (y? — Desi 2, )

where Vj, is the voltage applied to the pMUT; Q is the
quality factor; n is the electromechanical transformer ratio
coefficient; z;, is the distance from the neutral axis to the
middle of the piezoelectric layer; e3 f is the intrinsic effective
piezoelectric coefficient; and y is the ratio of the radius
between the top electrode to the cavity. Based on previous
research, this study used 2 um as the predefined thickness
of the piezoelectric layer and found the radius using Equa-
tions (3)-(5) [24]. Since Vi, O, 7, R, and e3 s are constants,
the relationship between the thickness of the piezoelectric
layer and the maximum displacement at the center can be
found using Equations (6)-(7).

C. FABRICATION AND CHARACTERIZATION OF A
SINGLE pMUT AND A pMUT ARRAY

The process flow of fabricating pMUT with sol-gel PZT
thin film as the piezoelectric layer is shown in Figure 5.
First, a commercial SOI (silicon-on-insulator) wafer, with
700 pm of bulk silicon, a device layer thickness of 5 um,
and a buried SiO; layer of 1 um, was polished down to
350 pwm from the back. Next, a 20 nm Ti adhesion layer and a
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FIGURE 5. Seven-step process flow for fabricating the proposed
pMUT using sol-gel PZT as the actuation layer.

250 nm Pt bottom electrode layer were deposited by e-beam
evaporation. Then, the PZT film was fabricated by sol-gel
deposition as mentioned in Section II-A, followed by a two-
step wet-etch process to expose the bottom electrode. Next, a
100 nm Al top electrode layer was formed by RF sputtering
and patterned using a lift-off process. To etch the cavities
on the back, a 500 nm Al mask layer was patterned on the
bottom of the wafer using sputtering and lift-off. Afterward,
inductively coupled plasma etching (ICP) was used to release
the diaphragm from the back side. The deep etching was
stopped at the silicon dioxide layer of the SOI. To investigate
the feasibility of making a pMUT array with the proposed
method, this study established a simulation platform based
on k-Wave to evaluate the acoustic pressure of the array.
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FIGURE 6. Step height of the 27 layers of PZT thin film.
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FIGURE 7. XRD results of PZT thin films subjected to different RTA
conditions.

In this work, the dimension of the cavity of the pMUT
was observed with a 3D laser microscope and a scanning
electron microscope (SEM). Besides, the thickness of each
layer was observed with SEM at the cross-section cut by a
focused ion beam (FIB). Moreover, the resonance frequencies
of the pMUTs with different radii under various voltages were
measured by the impedance analyzer and the laser Doppler
vibrometer (LDV). Furthermore, the acoustic pressure of
the pMUT was measured by placing a standard microphone
(B&K 4954A) above it.

lll. RESULT AND DISCUSSION

A. CHARACTERIZATION of SOL-GEL PZT THIN FILM

As Figure 6 presents, the height of the 27 PZT layers was
13783 A, with an average thickness of 51.05 nm, which was
close to the manufacturer’s specification of 47 nm per layer.
Figure 7 illustrates the XRD analysis of the PZT samples
with different combinations of annealing temperatures and
gradients. For the unannealed sample, a pyrochlore peak was
found at 26 of 29°. For the annealed PZT thin films, distinct
perovskite phases were observed at 26 of 22° and 32°, accom-
panied by a significant reduction of the pyrochlore phase.
Hence, after annealing, the pyrochlore phase of all the PZT
thin films was transformed into the perovskite phase. Figure 8
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FIGURE 9. Calculated resonance frequency versus the radius of
pMUT actuated by a 2 um sol-gel PZT thin film.

presents the remnant polarization results of the sol-gel PZT
thin films. The figure clearly shows that the hysteresis loops
for the PZT thin film annealed at 650 °C with a temperature
gradient of 10 °C/s exhibited significantly higher remnant
polarization value (27 uC/ cm?) than those annealed at other
temperatures. Therefore, these annealing parameters were
selected for fabricating the cantilevers and pMUTSs mentioned
in Section II-A and II-C, respectively.

To identify the transverse piezoelectric coefficient d3i,
a 2 um sol-gel PZT thin film annealed at 650 °C with a
temperature gradient of 10 °C/s was deposited on a 20 mm x
3 mm cantilever as shown in Figure 2. The maximum dis-
placement of the cantilever’s tip was 418 nm, measured by the
LDV when driving with a 100 V,,;, sinusoidal signal. The fre-
quency of the driving signal was 100 Hz, significantly lower
than the cantilever’s resonance frequency. The sfl of the
silicon was set to 13.8 pm?/N and sfz to 17.1 pm?/N based
on previous research [25]. Per Equation (1), the transverse
piezoelectric coefficient d3| of the fabricated PZT thin film
was -33.9 pC/N which was close to what previous studies had
reported (-5 to -59.9 pC/N) [25], [26], [27].
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TABLE 1. Material properties of each layer for pMUT modeling.

Si0,  Si PZT Al Pt
Young’s modulus E (GPa) 79 170 61.5 70 168

Poisson’s ratio v 0.17 028 039 035 038
Density p (kg/m?) 2200 2329 7500 2700 21450

B. MODELING OF THE pMUT

Figure 9 displays the simulated resonance frequencies cor-
responding to different radii of pMUTsS that used the 2 um
sol-gel PZT thin film. The material properties for each layer
are shown in Table 1. Considering the Ti layer was only
20 nm, the bottom electrode layer was reduced to 250 nm
of Pt. The simulation results indicated that a pMUT with a
radius of 694 um would have a resonant frequency of 40 kHz.
Therefore, this study fabricated the pMUTs with radii ranging
from 550 um to 775 pwm. In addition, the relationship between
the maximum displacement in the center of the pMUT and
the PZT thickness was calculated using Equations (6)-(7),
as shown in Figure 10. It was observed that the maximum
displacement in the center of the pMUT increased with the
PZT thickness until the latter exceeded 3.5 wm. Hence, this
study also fabricated a pMUT with a 1 um PZT layer to verify
the simulation results.

C. CHARACTERIZATION OF SOL-GEL PZT-BASED
AIR-COUPLED pMUT

Figure 11 shows the front and back of the pMUT chip,
which demonstrates good fabrication. Since the size of the
cavity, etching depth, and thickness of each layer all affect
the resonant frequency of the pMUT, this study inspected
the dimension of the cavity and etching profile using the
3D laser microscope and SEM, respectively. Figure 12 dis-
plays the results from the 3D laser microscope, revealing
that the measured radii were close to the designs. Figure 13
shows the SEM image from the back side of the pMUT. The
smoothness of the surface indicated that the SiO, stopped
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FIGURE 11. Photo of (a) the front of the pMUTs and (b) the cavities
on the back.
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FIGURE 12. Three-dimensional laser image of the back of the
pMUTs whose radii ranged from 550 um to 775 um after the
etching process of the silicon.

the ICP etching successfully. Figure 14 displays the SEM
image of the cross-sections of the pMUT (cut by FIB). The
thickness of each layer was close to the intended deposited
thickness, except for the bottom electrode. The expansion
of the bottom electrode was due to the leakage of the oxy-
gen molecular when the PZT thin film was annealed. The
leaked oxygen molecule oxidized the titanium and caused
an increase in thickness. Figure 15 illustrates the measured
resonance frequencies of 48 pMUTs with radii varying from
550 pum to 775pum using the impedance analyzer. The results
showed that the measured and simulated resonance frequen-
cies were similar. Besides, the proposed pMUT with a radius
of 625um had an effective electromechanical coupling factor
(keff) of 0.18, which was better than that of previous sim-
ilar research [19]. Figure 16 presents the measured results
using the frequency sweep mode of LDV, which indicates the
bandwidth of a 725 um radius pMUT was 1.9 kHz with a
resonance frequency of 34.94 kHz.

As mentioned in Section II-C, we also prepared some
pMUTs with a sol-gel PZT layer that was 1 um thick to
compare the acoustic output pressure. As Figure 17 presents
the acoustic pressures measured by a microphone at 3 cm
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FIGURE 13. Microstructure SEM images of a cavity on the back of
the 550 um pMUT.
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FIGURE 14. Cross-sectional image of a pMUT with a PZT layer
estimated to be 2 um.
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FIGURE 15. Comparison of measured resonant frequency and
simulation result of the 2 um PZT pMUTs with various radii and
a 10 Vpp driving voltage.

above the pMUTs with radii of 700 um, 725 um, and
750 pm. During the measurement, the pMUTs were driven by
a 10 Vpp, 150 cycles sinusoidal burst signal at their resonance
frequencies. The pMUTs with 2 um PZT exhibited a sound
pressure at least 2.4 times greater than those with 1 um PZT,
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FIGURE 17. Amplitudes and efficiencies of the output acoustic
pressures for the pMUTs with 1 um versus 2 um PZT thin film
when driven with 10 Vpp, 150 sinusoidal burst cycles at their
resonance frequencies.

FIGURE 18. The 725 um pMUT was driven by the 50 Vpp burst
signal with 150 cycles sine waves.

consistent with the simulated results shown in Figure 10.
Additionally, the driving voltage was increased to 50 Vpp,
and the maximum acoustic pressure was 4.42 Pa from the
pMUT with a radius of 725 um, as shown in Figure 18.
The driving and received signals were on the top and bot-
tom of the screen, respectively. Figure 19 shows that as the
driving voltage increased, the output efficiency of the pMUT
(whether the radius was 700 um or 725 pum) decreased and
the resonant frequency increased. As Figure 20 displays, the
peak-to-peak displacement in the center of the pMUT was
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driving voltages (Vpp), measured with a standard microphone
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FIGURE 21. Simulated acoustic pressure distribution of the focal
plane (3 cm above the array) of an 11 x 11 pMUT array. The radius
of the pMUT was 725 um, and the element pitch was 1700 xm.

4.07 um when the input signal was 10 Vp,, at its resonance
frequency, which was close to the thickness of the stack.
Hence, this phenomenon could be attributed to the nonlinear
spring hardening effect when the membrane deflection is
close to its thickness [13], [28].Finally, the pMUT’s maxi-
mum output acoustic pressure (4.42 Pa) was used to evaluate
the output of a pMUT array with sol-gel PZT as the actuation
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layer. As mentioned in Section II-C, the pMUT array was
simulated using the k-Wave toolbox. An 11x11 array of
725 pm pMUTs was placed in an 18.45 mm x 18.45 mm
region. The focal point was set to 3 cm above the array’s
center. The simulated distribution of sound pressure at the
height of the focal point is shown in Figure 21. The pressure at
the focal point was 365.624 Pa, which exceeded the minimum
required pressure (338 Pa) for ultrasonic haptic feedback [7].
Since ultrasound haptic feedback is commonly considered
the most demanding mid-air ultrasound application in terms
of the required acoustic pressure, this study confirmed the
feasibility of using the sol-gel method to prepare PZT-based
pMUTs for more mid-air applications.

IV. CONCLUSION

The existing air-coupled ultrasonic transducers are bulky
and require expensive equipment to deposit PZT thin films.
This research provides a solution by demonstrating a novel
method of producing air-coupled pMUTs that uses sol-gel
PZT with good reliability and low facility demand. First, the
deposition process of the PZT thin film using the sol-gel
method was optimized. The d3; of the proposed PZT thin
film was —33.9 pC/N. Next, the dimension of the pMUTs
was determined using a circular plate model. Eventually, the
fabricated pMUTSs were measured and found to be consistent
with the simulation. Among them, the pMUT with a radius
of 725 pum had a maximum output pressure of 4.42 Pa at
3 cm above it when driven by a 50 Vpp sinusoidal wave at
40.48 kHz. To further investigate the output pressure of the
pMUT array, a k-Wave model was built with 11 x 11 725 um
pMUTs inside an 18.45 mm x 18.45 mm area. When focus-
ing the acoustic waves at 3 cm above the virtual pMUT array,
the simulated output acoustic pressure reached 365.624 Pa.
This result meets the criteria of generating tactile sensation
using ultrasonic waves. Hence, the proposed method could
also apply to other mid-air ultrasonic applications with lower
requirements on acoustic pressures, such as object detection
and particle manipulation. In conclusion, this work demon-
strated the first air-coupled pMUTSs using sol-gel PZT and
revealed its potential for mid-air ultrasound applications.
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