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Abstract

Piezoelectric thick films (up to 10 wm thick) and piezoelectric micromachined ultrasonic transducer (pMUT) have been successfully demonstrated
at low temperatures of 650 °C using a composite thick film processing route. Submicron-sized PZT powder was dispersed into sol-gel solution to
form homogeneous slurry for spin-coating on silicon substrate. Issues associated with recipe of the slurry, deposition process and sintering of films
have been summarized with a view to optimizing the properties of the films and pMUTs. Typical microstructure, ferroelectric and piezoelectric
properties of the composite films are given. Thermal stability of bottom electrode, a key issue about device fabrication, has also been investigated.
The ultrasound-radiating performance of the pMUT element in response to a continuous alternating current driving voltage has been reported. The
generated sound pressure level is 116.8 dB at 76.3 kHz at a measuring distance of 12 mm. The pMUT is suitable for application of airborne object

recognition.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Piezoelectric thick film integrated on silicon substrate has
received considerable attention in recent years for potential
applications in Micro Electro Mechanical Systems (MEMS)
devices, such as sensors and actuators used in liquid, ultrasonic
transducer for high frequency medical imaging, and so on. Since
a few years, micromachined ultrasonic transducers (MUT) are
investigated for phased arrays in high frequency acoustic imag-
ing to overcome resolution and frequency limits of reticulated
bulk Pb(Zr,Tij_,)O3 (PZT) transducers applied today.l‘5 The
basic element consists of a micromachined diaphragm that is
driven by either capacitive (cMUT)? or piezoelectric actuation
(pMUT). Simulation result confirms that pMUTSs are potentially
suited for 10 MHz medical applications. For the Si substrate,
to obtain a 3 MHz transducer for imaging in water, the opti-
mal thickness would be 12 pm PZT on 18 pm Si.4 However,
it is a big challenge to prepare such a thick PZT films on sil-
icon wafer. In a previous work, we presented a pMUT made
of nanocomposites thick PZT film (up to 20 wm) on silicon.®
Although, in the nanocomposite thick film process,’ the use of
the nano-sized powder is of great benefit to the uniformity and
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density of the PZT film, too small a grain size would be detri-
mental for the ferroelectric properties of the film.® We have to
compromise between uniformity of the microstructure and the
piezoelectric performances of the thick film. Therefore, in this
article, the submicron-sized PZT powder was employed to pre-
pare the slurry for spin-coating thick PZT films; properties of
the composite thick films have been evaluated; and diaphragm
coated with thus made PZT thick films has been studied for
pMUT applications.

2. Preparation and characterization of PZT thick films
2.1. Microstructure and single layer thickness

The PZT slurry used for piezoelectric films deposition
was fabricated by dispersing submicron-sized (100-300nm)
PZT powder (APC 850) into PZT sol—gel precursor solution
(Zr/Ti=53/47). The experimental details are the same as those
of the nanocomposite thick film process described in our previ-
ous papers®™ except the size of the added PZT powder. It should
be noted that the infiltration of powder-free sol into the com-
posite film is increasingly important and efficient to increase
the composite film density with increasing size of the added
PZT powder. The commercial available PZT powder should be
presintered at 1200-1300 °C to improve its crystallinity before
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Fig. 1. Cross-section (fracture surface) and as-sintered surface images of the PZT films prepared using different slurry recipes. In micron scale, surfaces are smooth,
thicknesses are even and the microstructures are uniform. Thicknesses of the films are 10.0 wm (4023), 7.1 wm (3023) and 5.1 pm (3025), respectively. In sub-micron
scale, the added powder is surrounded by sol-gel derived nanograins. Micro-pores in the film and pinholes on the surface do not cause short circuit failure because

they do not penetrate through the films.

being mixed with precursor solution to make slurry. This pro-
cedure is particularly important, especially when the composite
films have to be annealed at temperature lower than 650 °C.
Recipe of the slurry, including the concentration of xero-
gel solution and powder to solution mass ratio, is a key issue
in obtaining uniform, dense and crack-free thick films. There-
fore, in this paper, we particularly investigated the effect of the
recipe on the final properties of the films, including film thick-
ness, uniformity of the microstructure and the other physical
properties. To our convenience, the recipes of the slurry were
named after four numbers with regard to above mentioned two
important parameters. For example, 3025, the first two numbers
represents the concentration of the xerogel solution” in weight
percent, 30 wt%, and the last two numbers represents the mass
ratio of the added PZT powder to xerogel solution, namely two
to five. Based on the slurry recipe, we defined “solid phase con-
tent” (SPC), to describe the features of the slurry as follows:

(p+1)
(p+s)

where p is the weight of the added PZT powder, s the weight
of the precursor solution, and i is the weight of the inorganic

SPC(wt%) =

component, i.e., the PZT crystalline phase, derived from the pre-
cursor solution after annealing, which is 62 wt% of the xerogel.”
Thus, i =0.62cs, where c is the concentration of the xerogel
solution.

A batch of thick films was prepared by using slurry recipes
with specially designed SPC. Two concentrations of the xerogel
precursor solution (namely 30 and 40 wt%) and three ratios (2:3,
1:2 and 2:5) of the submicron-sized powder to precursor solution
were compared. Fig. 1 shows cross section and surface images of
three representative films taken by scanning electronic micro-
scope. For all the films, spin-coating steps of the slurry were
repeated nine times. A final annealing was carried out in fur-
nace at 650 °C for 30 min. The film thickness can reach 10 pm
within nine spin-coating steps with recipe 4023. It can be seen
from Fig. 1 that, within the investigated range (from the thick-
est film 4023 to thinnest film 3025), the recipes of the slurry
do not obviously affect the microstructure of the final film but
have strong influence on the film thickness. In nanometer scale,
typical microstructure of the film is that the added submicron-
sized powder is uniformly distributed in the matrix nanograins
derived from the sol-gel solution. Only the sol-gel grainis devel-
oped during the annealing and it is the developed sol-gel grains
that combine the added powder together. Whereas, the shape
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Fig. 2. Single coating thickness of the slurry derived thick composite films. Con-
centration of the xerogel solution and solid phase content have their respective
influence on the thickness.

and size of the added powder does not change after annealing,
this implies that neither grain growth nor sintering of the added
powder occurs at the annealing temperature as low as 650 °C.
Therefore, presintering the added powder at higher temperature
is a key procedure to ensure the overall piezoelectric proper-
ties of the composite films. In micrometer scale, the films are
uniform in spite of some distributed pores and pinholes, indi-
cating that instead of using nano-sized powder in the slurry,
mixing submicron-sized powder in the slurry can still obtain
relatively dense and crack-free thick films within a relatively
broad range of the slurry recipes. This flexibility much benefits
the preparation of the slurry and the adjustment of the single
layer thickness. Fig. 2 indicates that the single layer thickness
is related to concentration of the xerogel solution and the SPC.
Firstly, the thickness is mainly determined by the concentration
of xerogel solution. The higher the concentration is, the thicker
the single layer is. Secondly, while the concentration of the xero-
gel solution is fixed, the single layer thickness increases with
increasing SPC of the slurry. Within the investigation range, the
thickness versus SPC exhibits a near linear relation.

2.2. Characterization of film properties

The characterization results of the composite films, includ-
ing P—E hysteresis curves, effective piezoelectric coefficient and
leakage current density were summarized in Fig. 3. The P-E
hysteresis loops of the composite films were measured using
Precision Pro Ferroelectric Analyzer (Radiant Technology Inc.)
with high voltage interface at 1 kHz. It can be seen from Fig. 3(a)
that the average remanent polarization (Py—(—P;))/2 of the films
were 20.0, 18.8 and 15.0 wC/cm? for the recipe of 4023, 3023
and 3025, respectively, much higher than that (around 5 p.C/cm?)
of the films prepared with nanocomposite process.® This result
reveals that using the submicron-sized PZT powder is truly an
effective way to improve the remanent polarizations of the com-
posite films. This is reasonable because too small a grain size in
nanometer range does not allow the grain to split into domains.
That is why the nanocrystalline thick films exhibit lower rem-
anant polarization.
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Fig. 3. Typical performances of the composite films with different slurry recipes
finally annealed at 650 °C. (a) P-E hysteresis curves. (b) Effective longitudinal
piezoelectric coefficient versus DC bias. (c) Leakage current density vs. electric
field.

The relations between effective longitudinal piezoelectric
coefficients (d33) of the films and applied dc bias were measured
with a home-developed scanning modulated interferometer.'? A
12 V|, alternating current driving signal was applied on the film
during measurement. Fig. 3(b) shows the effective d33 of the film
at zero bias is around 75 pm/V, and the highest d33 values are
around 120 pm/V without considering the clamping effect of the
substrate. Note that the films were not poled before the measure-
ment, which implies that the saturated d33 will be higher if the
filmis well poled. Again, the piezoelectric performances of these
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films are quite good compared with those of the nanocomposite
films reported in our previous paper.® In that case, the d33 at 0
bias ranged from 20 to 30 pm/V, and the highest d33 at certain
bias was around 80 pm/V for films sintered at between 650 and
800 °C. The improved piezoelectric properties of the composite
film at lower annealing temperature are also attributed to the use
of the presintered powders in the slurry.

The data presented in Fig. 3(c) are dependence of leakage cur-
rent density on applied field of the films measured with Precision
Pro Ferroelectric Analyzer. The mean leakage current density of
the films is around 2 x 10~® A/cm? and the breakdown field is
higher than 500 kV/cm for all the investigated recipes. The data
also indicate that the driving field of 200kV/cm, i.e., 20 V/pm,
is definitely safe for the composite thick film. Besides, the mea-
sured relative permittivity of the films ranges from 600 to 1000
at 1 kHz, and the dielectric loss is less than 0.02 within the inves-
tigated slurry recipe range. These dielectric properties are also
quite acceptable for device application.

3. Buffer layer of bottom electrode

After the multiple coating steps, the PZT film together with
its underlayer structure has to be sintered at relatively higher
temperature. Pt/Ti/Si0,/Si is usually adopted as the substrate
of PZT films. Initially, we also used Ti as the buffer layer of
bottom electrode Pt. However, after pMUT fabrication, we found
that Pt/Ti bilayer cannot withstand a high sintering temperature.
Blister occurs within the bottom electrode when the sintering
temperature exceeds 700 °C. That is why we selected 650 °C
as the final annealing temperature of the pMUT. Fig. 4(a and

b) show the blisters within the Ti/Pt bottom electrode and a
pMUT element. The picture of the pMUT was taken through
the transparent SiOp and SizNy layers from the backside. In
fact, better piezoelectric properties can be obtained by increasing
the final annealing temperature.® Fig. 5 also gives evidence by
comparing the grain size on the surface of the composite films
final annealed at different temperature. Grains derived from the
sol-gel phase develop much better at 700 °C than at 650 °C.
As such, we tried to improve the heat resistance of the bottom
electrode by changing the buffer layer.

TEM observation of the electrode interface, which is not
shown here, reveals that the possible cause of the blisters can
be attributed to the diffusion of the Ti and oxygen into the Pt
layer and the formation of TiO; in the Pt grain boundaries during
high temperature annealing in oxidizing atmosphere. High com-
pressive stress within the TiO» layer results in the occurrence of
the blister. Therefore, we attempted incorporating a well reacted
TiO, layer instead of a pure metallic Ti layer as the adhesion
layer to avoid the formation of the blister.

The TiO; buffered layer was deposited onto thermal-oxidized
silicon wafer at 400 °C using RF magnetron sputtering. The
100 nm-thick TiO; layer is reactively sputtered from titanium
target at S00 W and 1.8 x 103 mbar with an O,/Ar ratio of 1:9.
Pt layer is then sputtered at 200 W and 1.8 x 10~ mbar in argon.
Fig. 4(c and d) show a film cross-section and a square pMUT
element with Pt/TiO; bottom electrode sintered at high temper-
ature. The result reveals that Pt/TiO, combination significantly
improves the heat resistance of the bottom electrode. By employ-
ing the Pt/TiO,/Si0,/Si substrate, the composite thick films can
be finally sintered up to 800 °C without the occurrence of the

Fig. 4. (a) A blister occurs within Pt/Ti bottom electrode due to high annealing temperature at 700 °C. (b) Backside view of a pMUT element shows blisters within
Pt/Ti bottom electrode after annealing at 700 °C. (c) Cross-section of a composite film on Pt/TiO, bottom electrode sintered at 800 °C. (d) Backside view of a pMUT
element with Pt/TiO; bottom electrode. No blister occurs after the final annealing of PZT composite film at 750 °C.
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Fig. 5. As-sintered surface of the composite PZT films. (a) 3025 annealed at 650 °C for 30 min. (b) 4023 annealed at 700 °C for 30 min.

blister, which provides us a way to ensure a higher reliability of
the device, or alternatively a possible way to improve the perfor-
mance of the pMUT by increasing the annealing temperature.

4. Performances of pMUT

The individual pMUT element consists of a micromachined
diaphragm embedded with a PZT film. The PZT film, sand-
wiched in between two electrode layers is poled in the thickness
direction and the transverse mode of d3; is utilized to gener-
ate or receive ultrasound. Fig. 6 shows the fabricated pMUT
arrays on a 4 in. wafer. The schematic structure and microfabri-
cation issues of the pMUT have been described in our previous
papers® in details. Therefore, we just report the performances
of the newly fabricated pMUT with the improved composite
films made of submicron-sized powder. The performances of a
1.5mm x 1.5 mm pMUT element fabricated with PZT compos-
ite film 3025 are summarized in Fig. 7.

The properties of the pMUT as an actuator or microposi-
tioner can be evaluated by quasistatic deflection in response to
an applied AC driving voltage at very low frequency. As such, a
500 Hz, 30 V},_p ac driving voltage superimposed on 20 V dc bias
was applied to the pMUT, while the defection response of the
pMUT diaphragm was measured with laser Doppler Vibrometer
(Polytec). The 20 V dc bias is applied instead of poling of the film
since the film was not poled before measurement. Fig. 7(a) shows

Fig. 6. PMUT arrays fabricated on a 4 in. silicon wafer.

aclear time dependence of the piezoelectric deflection responses
at the centre of the diaphragm. The displacement response is
180° out of phase with respect to the driving voltage due to the
positive dc bias. The peak to peak displacement amplitudes is
170 nm at 30 V,,_p, driving voltage, i.e., 5.7 nm/V, indicating the
piezoelectric property of film is not bad.

The properties of the pMUT as an ultrasound transmitter
can be evaluated by output sound pressure level (SPL) at reso-
nant frequency. The continuous ultrasound wave emitted by the
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Fig.7. Performances ofa 1.5 mm x 1.5 mm pMUT element fabricated with PZT
composite film 3025. Final annealing temperature is 650 °C. PZT layer is 5 pm-
thick. (a) Quasistatic deflection at the centre of the diaphragm in response to an
ac driving voltage at 500 Hz. (b) Frequency dependence of output sound pressure
level.
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pMUT is measured in air with Briiel and Kjer 2825 test sys-
tem, including a 7521 signal analyzer interface module, 3016
input module, and 2670 microphone. The highest frequency
of the system can reach 100kHz. Fig. 7(b) shows the mea-
sured results on frequency dependence of the SPL. The distance
between the transmitter and the microphone is 12 mm. The max-
imum SPL is 116.8 dB at 76.3 kHz. This SPL data is among the
best results obtained from pMUT. The developed pMUT can be
used as transducer for airborne object recognition and distance
measurement.

5. Conclusion

Thick piezoelectric film pMUT has been demonstrated by
combining silicon micromachining and the composite thick PZT
film deposition technology. Preparing the slurry with submicron-
sized PZT powder is an effective way to improve the remanent
polarizations thus the piezoelectric coefficient of the compos-
ite film at the expense of the film density. The leakage current
density and breakdown field of the film, however, are quite
acceptable for MEMS device application in spite of relatively
higher porosity of the film in comparison with nanocomposite
film. The success of the fabrication of the pMUT mainly owes
to the thick, crack-free and homogeneous composite thick film.
Using a well reacted TiO, layer instead of a pure metallic Ti
layer as the adhesion layer of the bottom electrode is an effective
way to avoid the formation of the blister. The developed pMUT
array has potential applications in ultrasound beam forming and
beam steering, either at low ultrasonic frequency in air or high
frequency in liquid medium or human body.

Z. Wang et al. / Journal of the European Ceramic Society 27 (2007) 3759-3764

References

. Bernstein, J. J., Finberg, S. L., Houston, K., Niles, L. C., Chen, H. D.,

Cross, L. E. et al., Micromachined high frequency ferroelectric sonar trans-
ducers. IEEE Trans. Ultrason. Ferroelectr. Freq. Contr., 1997, 44(5), 960—
969.

. Percin, G., Atalar, A., Degertekin, F. L. and Khuri-Yakub, B. T., Microma-

chined two-dimensional array piezoelectrically actuated transducers. Appl.
Phys. Lett., 1998, 72, 1397-1399.

. Oralkan, O., Ergun, A. S., Johnson, J. A., Karaman, M., Demirci, U.,

Kaviani, K. et al., Capacitive micromachined ultrasonic transducers: next-
generation arrays for acoustic imaging? IEEE Trans. Ultrason. Ferroelectr.
Freq. Control, 2002, 49(11), 1596-1610.

. Muralt, P., Ledermann, N., Baborowski, J. and Setter, N., Piezoelectric

micromachined ultrasonic transducers based on PZT thin films. IEEE Trans.
Ultrason. Ferroelect. Freq. Contr., 2005, 52(12), 2276-2288.

. Akasheh, F., Myers, T., Fraser, J. D., Bose, S. and Bandyopadhyay, A.,

Development of piezoelectric micromachined ultrasonic transducers. Sens.
Actuators A, 2004, 111(2-3), 275-287.

. Wang, Z., Zhu, W., Zhu, H., Miao, J., Chao, C., Zhao, C. et al., Fabrication

and characterization of piezoelectric micromachined ultrasonic transducers
with thick composite PZT film. IEEE Trans. Ultrason. Ferroelect. Freq.
Contr, 2005, 52(12), 2289-2297.

. Zhu, W., Wang, Z., Zhao, C., Tan, O. and Hng, H., Low temperature sintering

of piezoelectric thick films derived from a novel sol-gel route. Jpn. J. Appl.
Phys., 2002, 41(11B), 6969-6975.

. Wang, Z., Zhu, W., Zhao, C. and Tan, O. K., Dense PZT thick films

derived from sol-gel based nanocomposite process. Mater. Sci. Eng., 2003,
B99(1-3), 56-62.

. Zhao, C., Wang, Z.,Zhu, W., Yao, X. and Liu, W., PZT thick films fabrication

using a sol-gel based 0-3 composite processing. Int. J. Mod. Phys. B, 2002,
16(1 and 2), 242-248.

. Chao, C., Wang, Z. and Zhu, W., Scanning homodyne interferometer

for Characterization of piezoelectric films and MEMS devices. Rev. Sci.
Instrum., 2005, 76(6) [art. no. 063906].



	Piezoelectric thick films and their application in MEMS
	Introduction
	Preparation and characterization of PZT thick films
	Microstructure and single layer thickness
	Characterization of film properties

	Buffer layer of bottom electrode
	Performances of pMUT
	Conclusion
	References


