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To improve the transmitting and receiving characteristics of piezoelectric
micromachined ultrasonic transducers (pMUTs), the thickness of the diaphragm material
SiN, of the pMUT was investigated by vibration analysis using the finite element method
(FEM). The vibration magnitudes increase 1.7-fold by changing the SiN, thickness from
1.0 to 0.5 um as determined by the FEM results. A pMUT with a new structure that has
a 0.5-um-thick SiN, layer was fabricated and evaluated. The vibration of the pMUT
was evaluated by a laser Doppler vibrometer (LDV), and the vibration magnitude of
the fabricated pMUT was threefold that of our previously reported pMUT. Ultrasonic
characteristics such as transmitted ultrasonic sound pressure and ultrasonic sensitivity are
also evaluated and compared with those of the previous pMUT. The fabricated pMUT
shows 11 times larger transmitted ultrasonic sound pressure and 5 times larger ultrasonic
sensitivity than those exhibited by the previous pMUT.

1. Introduction

Ultrasonic technologies are widely used for non-destructive evaluations, especially
in medical diagnostics systems.!"® Ultrasonic transducers used in medical applications
require integration of endoscopy with micro-scale two-dimensional (2D) ultrasonic
transducer arrays for high-resolution three-dimensional (3D) imaging. To fulfill this
requirement, micromachined ultrasonic transducers (MUTs) on Si substrates have
been studied by many groups. MUTs are much smaller than conventional ceramic
transducers and they are classified into two types. A capacitive MUT (cMUT) uses
electrostatic-driven surface micromachined membranes on Si substrates, and ¢cMUTs
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have been widely studied because of their ease of manufacturing by the batch process
and possibility of integrating signal processing circuitry.®® The other is a piezoelectric
MUT (pMUT), which is driven by piezoelectric materials such as lead zirconate titanate
(PZT) film.®» pMUTs have a lower operating voltage, higher transmission power, and
higher sensitivity than cMUTs. However, pMUTs using good quality piezoelectric thin
films are difficult to integrate with Si-LSI because it is impossible to fabricate epitaxial
piezoelectric thin films on a common insulating layer of SiO,.

We have proposed and fabricated'pMUT arrays using epitaxial PZT thin films on
epitaxial y-Al,O,/Si substrates to integrate with Si-LSI and improve the sensitivity
compared with those of polycrystalline PZT films, and have reported the pMUT’s
characteristics, such as transmitted sound pressure and sensitivity.”® However, we could
not obtain 3D images by using the pMUT because their evaluated characteristics are not
sufficient to transmit and receive ultrasonic waves by the same pMUT. Therefore, it is
necessary to increase the transmitting power and the sensitivity of the pMUT.

Figure 1 shows the structure of our proposed circular pMUT using epitaxial y-Al,O,
film as an insulating layer on a Si substrate. It consists of a PZT thin film sandwiched
between a top electrode SrRuO; (SRO) and a bottom electrode SRO/Pt, a diaphragm
material SiN,, and a wiring material Al-Si. The SiN, layer also plays the role of an
insulating layer between the Al-Si wiring and the SRO/Pt bottom electrode. The surface
of the pMUT is covered with a photoresist to protection against water. The diameter
of the pMUT is 100 um in consideration of the operating frequency for typical medical
applications of 1-5 MHz.®» The pMUT is a multilayer structure fabricated of the PZT,
electrodes, SiN,, and photoresist, hence its characteristics are affected not only by the
piezoelectric property of PZT but also by other structural properties, such as its hardness,
weight, diameter, and thickness. In particular, the thickness of the diaphragm material
SiN, greatly affects on the characteristics of the pMUT because SiN, is the hardest
material among the structural materials of the pMUT (material properties are described in §
2.1) however, it is easy to control the thickness. The SiN, layer thickness of the pMUT
in our previous work (ref. 9) is 1.0 um, which is not an optimal value. Therefore, we
expect to obtain better characteristics by optimizing it.
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Fig. 1. (Color online) (a) Schematic cross section and (b) image of our proposed pMUT.
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In this study, to improve the characteristics of the pMUT, the thickness of the
diaphragm material SiN, was investigated on the basis of vibration analysis by the finite
element method (FEM). As a result of the FEM analysis, an improved pMUT was
fabricated and evaluated. Characteristics of the pMUT, such as vibration magnitude,
transmitting ultrasonic power, and ultrasonic sensitivity, are compared with those of the
pMUT we previously reported.

2. Experimental Procedure

2.1 Vibration analysis

ANSYS was used for FEM analysis, and Fig. 2 shows the analysis model, which
consists of a 100-um-clamped circular diaphragm part. In the analysis model, the
10-nm-thick y-Al,O; layer and SRO bottom electrode layer are neglected to simplify
the model. These layers are too thin to affect the simulation results. Table 1 shows the
material parameters, such as Young’s modulus, Poisson’s ratio, and density, of each
layers used in the analysis model.(%'® In addition, the PZT layer requires piezoelectric
constant parameters, which are shown in Table 2.09 In the model, a polyimide layer is
used instead of the photoresist layer because the polyimide and the photoresist are both
polymer materials and have a similar Young’s modulus, Poisson’s ratio, and density.

To investigate the vibration of the pMUT, two types of analyses were conducted:
modal analysis and frequency analysis. PMUTs operate as resonant devices, because
the sensitivity and transmitting power of the pMUT at the resonance frequency are much
larger than those at other frequencies. Modal analysis is effective to analyze a structure’s
resonance frequencies and resonant mode shapes determined by many perspectives, such
as the shape, boundary condition, Young’s modulus, and density. Frequency analysis
was used to analyze the vibration magnitude of the pMUT by applying a 4 V,; sine wave
at the resonance frequency. An improved pMUT structure was fabricated and evaluated
by FEM analysis.
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Fig. 2. (Color online) (a) Analysis model of diaphragm of pMUT for FEM and (b) materials and
sizes of model.
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Table 1
Material properties for FEM analysis (1).

Young’s modulus Poisson’s ratio

Material Density (kg/m?
y (kg/m?) (GPa) ©)
P10 21500 171 0.39
SROUD 6500 190 0.3
SiN(2 3100 285 0.2
Polyimide(® 1420 2.6 0.34
Table 2
Material properties for FEM analysis (2).
Material Elastic modules Piezoelectric Dielectric ~ Density tans
(x 10" N/m?) constant (C/m?) constant (—)  (kg/m?)
¢ = cjo=711.32, en=14.1,
PZT(H 2= I ey =—13.1, 854 7700  0.03

i3 =03 =0.73, c3=1.15,

044:0.3, 0552666=0-26 €5 = 10.5

2.2 Fabrication

The pMUT, which has a 100-pm-diameter circular diaphragm, was fabricated by
the following process. First, the epitaxial y-Al,O; thin film was grown on a 4-inch
Si(111) substrate by molecular beam epitaxy.('’> Then, a (111)-oriented SRO/Pt stacked
bottom electrode was deposited by RF-magnetron sputtering on the y-Al,O; layer.
Piezoelectric PZT (Zr/Ti ratio of 52/48) thin films were deposited by a conventional
sol-gel method, and crystallized at 650 °C for 90 s by rapid thermal annealing (RTA)
in oxygen atmosphere. A SRO top electrode layer was sputtered on the PZT layer, and
the top SRO layer, PZT layer, and bottom SRO/Pt layer were patterned by conventional
lithography technique and inductivity coupled plasma reactive ion etching. A SiN,
film was formed by plasma-enhanced chemical vapor deposition as an insulating layer
between the Al-Si wiring and bottom Pt electrode. To encapsulate the Al-Si wiring
and to form the diaphragm, a photoresist layer was then applied, except at the etching
holes, for the formation of diaphragm and bonding pads. Following resist coating, the
wafer was diced into 5 X 5 mm? chips by a stealth laser dicing system. Then, Si below
the diaphragm area was etched by XeF, gas from the top side of the chips. A spherical
cavity of 100 um diameter was formed below the insulator/PZT/metal stacked structure
after this etching process.

After XeF, etching, chips were glued onto the printed circuit board and wirebonded
to the package, as shown in Fig. 3. Bonding wires were covered with epoxy to enable
immersion in water during measurement.

2.3 Evaluation
The mechanical resonances and vibration magnitudes of the pMUT were characterized
and visualized using a scanning laser Doppler vibrometer (LDV) (MSA-500, Polytec)
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Fig. 3. (Color online) Photograph of pMUT chips packaged on printed circuit board.

in air. Ultrasonic characteristics were measured using an acoustic intensity measurement
system (AIMS).(9 Figure 4(a) is a schematic of the ultrasonic transmitting measurement
system. A function generator was used for applying voltage to the pMUT, and the
generated ultrasonic waves were received by a hydrophone placed about 1.0 cm
opposite the pMUT. Using the hydrophone, it is possible to evaluate the sound pressure
of ultrasonic waves underwater. The received signals were observed using a digital
oscilloscope (DSO1022A, Agilent) through an amplifier (40 dB). An ultrasonic
receiving experimental system is shown in Fig. 4(b). Ultrasonic waves generated by a
conventional ceramic ultrasonic transducer were received by the pMUT, and the output
signals of the pMUT were measured by the oscilloscope through the 40-dB amplifier.
Ultrasonic sensitivities of the pMUT were calculated from the generated ultrasonic sound
pressure and the output signal.

3. Results and Discussion

3.1 FEM results

Figure 5 shows the analysis results of resonant mode shapes and resonance
frequencies from the Ist to 4th mode resonance of the pMUT. The pMUT has many
resonant mode shapes, and the 1st resonant mode is expected to radiate ultrasonics very
effectively into the surrounding medium. The other resonant modes could not radiate
sound effectively, because one region of the diaphragm pushes the medium up while the
other region pulls the medium down. Therefore, only the vibration magnitude of the 1st
resonant mode was investigated in this study. A 4 ¥V sine wave, which has Ist resonance
frequency, was applied between the top electrode and the bottom electrode of the pMUT.
Vibration magnitudes of the pMUT for various thicknesses of the SiN, layer are shown in
Fig. 6. The resonance frequencies of the pMUT are a few MHz for any SiN, thickness,
which are the target frequency in medical applications. The 1st resonance frequency, f,
of a simple clamped circular diaphragm is calculated by the following equation,®
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Fig. 4. (Color online) Schematic of ultrasonic characterization system: (a) transmitting
experiment and (b) receiving system.

(© (d)

Fig. 5. (Color online) Resonant mode shapes and resonance frequency of pMUT from FEM
analysis (SiN, 0.5 pm): (a) 1st mode, 1.18 MHz; (b) 2nd mode, 2.47 MHz; (c) 3rd mode, 4.01

MHz; and (d) 4th mode, 4.59 MHz.
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where ¢ is the diaphragm thickness, a is the diaphragm radius, £ is the Young’s modulus
of the diaphragm, and p is the density of the diaphragm. According to eq. (1), the
resonance frequency is proportional to the diaphragm thickness #, which concurs well
with the FEM results. The vibration magnitude of the present pMUT becomes larger
than that of the previous pMUT on decreasing the thickness of the SiN, layer. The SiN,
layer should at least be 0.5 um thick to achieve good insulation between the Al-Si wiring
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Fig. 6 (left). (Color online) FEM results of vibration magnitude and resonance frequency of
pMUT for various SiN, thicknesses.

Fig. 7 (right). (Color online) Frequency spectrum of center of pMUT measured by scanning LDV.

and the Pt bottom electrode, so the optimal SiN thickness was determined to be 0.5 pm.
By changing the SiN, thickness from 1.0 to 0.5 pm, the vibration magnitude becomes 1.7
times larger.

3.2 LDV measurement

Figure 7 shows the frequency spectrum at the center of the pMUT measured by the
scanning LDV. The pMUT was excited by applying a 4 V,, periodic sine wave on the
electrodes. Five resonant modes appeared between 1 and 10 MHz, and the resonant
mode shapes are shown in Fig. 8. Each shape is the same as in the FEM results.
However, the resonance frequencies are higher than the results shown in Fig. 5. This
suggests that the cavity of the fabricated pMUT is smaller than the designed size of 100
um. According to eq. (1), the smaller the diaphragm radius «, the higher is the resonance
frequency.

The vibration magnitude at the 1st mode resonance frequency of the fabricated
pMUT and the previous pMUT measured by the LDV is shown in Fig. 9. This result
reveals that the vibration magnitude of the fabricated pMUT became about threefold that
of the previous pMUT by changing the thickness of the SiN, from 1.0 to 0.5 um. From
the FEM analysis, a 1.7 times larger vibration magnitude was expected by changing the
SiN, thickness, however, the LDV measurement results show a significantly better value.
In addition, the absolute values of the vibration magnitude differ significantly between
the analysis results and experimental results: 373 nm in the FEM analysis and 1.64 nm in
the LDV measurement. These differences occur because of differences in measurement
conditions and material properties. In the FEM analysis, the vibration of the pMUT was
a steady state response at the resonance frequency because the 1st resonance frequency
was only contained in the applied voltage. On the other hand, the sweep frequency
from 1 to 10 MHz was used as the applied voltage in LDV measurments; therefore, the
vibration was not a steady state response. In addition, the surrounding atmosphere is
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(d)

Fig. 8. (Color online) Resonance mode shapes and resonance frequencies of the pMUT measured
by LDV: (a) 1st mode, 1.69 MHz; (b) 2nd mode, 3.20 MHz; (c) 3rd mode, 4.84 MHz; and (d) 4th
mode, 5.66 MHz.
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Fig. 9. (Color online) SiN, thickness dependence of vibration magnitude.

different between the FEM analysis and the LDV measurements: a vacuum in the FEM
analysis and air in the LDV measurements. Consequently, the vibration magnitude of the
pMUT in the LDV measurements is smaller than that in the FEM analysis. In addition,
differences in the materials used for the FEM analysis and the LDV measurements are
also reasons for these differing results.

3.3 Ultrasonic transmitting and receiving experiments
A transmitted ultrasonic waveform generated by the fabricated pMUT was
successfully observed by the hydrophone, which is shown in Fig. 10. The applied
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voltage to the pMUT was a 10 ¥V, 2 MHz, 5 cycle sine burst wave. From the waveform
and the ultrasonic sensitivity of the hydrophone, the sound pressure of the transmitted
ultrasonic wave 1.0 cm from the pMUT was calculated and compared with the results
of a previous study,® as shown in Fig. 11. From Fig. 11, it is seen that by changing the
SiN, thickness from 1.0 to 0.5 um, the transmitted ultrasonic sound pressure increased
approximately 11-fold.

Figure 12 shows received signal vs ultrasonic sound pressure characteristics of the
fabricated pMUT and the previous pMUT. The ultrasonic sensitivities of the new and
previous pMUTs were 19.8 and 3.83 pV/kPa, respectively. This result shows that the
ultrasonic sensitivity of the new pMUT was about fivefold that of the previous pMUT.
From these results, it is seen that the ultrasonic transmitting and receiving characteristics
of the pMUT were improved by changing the structure according to the FEM analysis.
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Fig. 10 (left). (Color online) Received ultrasonic waveform by hydrophone transmitted from

pMUT.

Fig. 11 (right). (Color online) Ultrasonic sound pressure transmitted by new and previous pMUTs.
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Fig. 12. (Color online) Received signal to ultrasonic sound pressure characteristics of fabricated
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4. Conclusions

In this work, to improve the characteristics of the pMUT, the structure of the pMUT
was investigated using FEM analysis. From the results of the FEM analysis using
ANSYS, the vibration magnitude increased 1.7-fold by changing the SiN, thickness from
1.0 to 0.5 pm. According to this result, a new pMUT with a 0.5-um-thick SiN, layer was
fabricated and evaluated. The new pMUT shows a 3 times larger vibration magnitude,
11 times larger transmitted ultrasonic sound pressure, and 5 times larger ultrasonic
sensitivity than those of the previous pMUT. This pMUT can be applied to miniature 2D
pMUT arrays for 3D ultrasonic imaging.
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