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ABSTRACT: Representing a new approach to ultrasound generation and detection, study on piezoelectric
micromachined ultrasonic transducers (pMUTs) has been a growing research area in recent years. Intensive
research work has been directed on the deposition of lead zirconate titanate (PZT) films on silicon substrates
for their excellent piezoelectric coefficients and electromechanical coupling coefficients. However, the high
processing temperature required for PZT crystallization results in a low device yield and also makes it
difficult to integrate with control circuits. In this paper, a fabrication technology of pMUTs based on
piezoelectric P(VDF-TrFE) 70/30 copolymer films has been adopted, with the maximum processing
temperature not exceeding 140°C allowing for post-IC compatibility. The entire processing procedures are
simple and low cost, as compared with those of capacitive micromachined ultrasonic transducers (cMUTs)
and ceramic-based pMUTs. The applications of the fabricated pMUTs as airborne ultrasonic transducers and
transducer arrays have been demonstrated. Reasonably good device performances and high device yield have

been achieved.
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1. INTRODUCTION

Micromachined ultrasonic  transducers (MUTSs)
represent a promising approach to ultrasound detection and
generation. Unlike conventional transducers, diaphragm
type MUTs are nearly perfect unidirectional radiators that
require no backing materials and have no observable
acoustic coupling with the transducers® supporting
structure. They are tvpically much thinner than
conventional piezoelectric transducers for a given aperture
size. Therefore, MUTs offer advantages of improved
bandwidth, easy fabrication of large arrays with compact
designs, and integration with support electronics [1-5].
These advantages, inherent in MUT's enable revolutionary
advances in ultrasonic imaging and many other promising
applications, such as acoustic devices [6], low cost phase
arrays in  distance measurement and simple object
recognition [7].

A number of approaches based on integrated circuits
(ICs) manufacturing technology have been developed to
manufacture capacitive MUTs (¢cMUTs) [4, 5]. A ¢cMUT is
basically a parallel plate capacitor with a back plate fixed
while the other one is a flexing membrane. Due to its
virtually zero membrane mass, a ¢cMUT possesses high
coupling coefficient. However, high bias voltages are
required that may complicate the driving circuit design. In
addition, parasitic capacitance may be another problem due
to the relatively low capacitance of each cMUT element.

Combining the deposition technique of piezoelectric
film with MEMS technology further e¢nables the
construction of piezoclectric MUTs (pMUTs) [7-11]. A
pMUT uses a piezoelectric layer adhered to an inert
membrane and operating in flexural mode, exploiting the
piezoelectric d;; coefficient to drive it. Compared with
c¢cMUT, the electromechanical coupling in a flexural mode
pMUT is compromised by the presence of the inert
membrane. However, unlike ¢MUTs which inevitably
possess a very thin gap in the structure, pMUTs have a
much simpler and more robust structure. This is a
favorable feature from the viewpoints of processing and

reliability. pMUTs have been investigated for ultrasonic
reception as well as for transmitter applications in a
mumber of publications [6-11]. Most work has been
directed to the deposition of lead zirconate titanate (PZT)
films on silicon substrates for their excellent piczoelectric
coefficients and clectromechanical coupling coefficients
[12]. However, the high processing temperature required
for PZT crystallization results in high thermal stress in the
membrane structure and also makes it difficult to integrate
with electronic circuits on the same silicon chip. Poly-
vinylidenefluoride-trifluoroethylene (P(VDF-TrFE )
copolymer is another important electroactive material with
moderate piezoelectricity {ds»~20 pm/V) and considerable
clectrostrictivity once being subjected to electron
irradiations [13]. Its low processing temperature (<150 °C)
make it an ideal material candidate for IC-compatible
MEMS devices. Earlier work has been focused on sensing
applications, such as micromachined diaphragm-type
microphone with P(VDF-T1FE) coatings [14]. Recently,
new developments on electrostrictive P{VDF-TrFE) based
micro actuators have been reported [15]. High load
capacity and high displacement voltage ratio have been
demonstrated. However, the application of P(VDF-TrFE)
micro actuators as air-borne ultrasonic transmitters has not
been investigated sufficiently. In this paper, a fabrication
technology of pMUTs based on P(VDF-TrFE) copolymer
films has been developed. Air-borne pMUTs and pMUT
arrays based on the copolymer films have been
successfully fabricated with high device yield. Both the
transmitting and the sensing performances of the
transducers have been characterized in terms of output
sound pressure, directivity, sensitivity, ctc. Reasonably
good properties have been demonstrated.

2. FABRICATION OF pMUT ARRAY

Figure 1 schematically shows the structure of an
individual element in the p-MUT arrays with P{VDF-TrFE)
thin film. The fabrication process of the transducers is



briefly described with reference to Figure 1. (1) A 1.8 pm
thick thermal silicon dioxide, which is used as a structural
layer of the diaphragm, was first grown on a double side
polished silicon wafer; (2) A silicon nitride layer with
thickness of 200 nm was then deposited by LPCVD on
both sides of the wafer. The Si:N, layer is serving as the
etching mask during the backside silicon KOH etching, and
also can compensate the compressive stress in 810, layer.;
(3) Backside dry etching of SisN, and Si0; by RIE using
SFs+Ar gas to open the etching window; (4) Backside
silicon diaphragm anisotropic wet etching by KOH until
the remained thickness of silicon is about 50 um; (5) Cr/Au
layers, 50nm/150nm thick, were sputtered and patterned as
bottom ¢lectrode by using lift-off techmque. (6) Thin
P(VDF-TrFE) layers with required thickness, usually
within the range of 2 to 5 uwm, were deposited by spin-
coating a single layer of P(VDF-TrFE) copolymer solution
{formed by dissolving 10~15 wt% of copolymer pellets in
methyl-ethyl-ketone (MEK)). The as-coated samples were
then subjected to an anncaling process at 140 °C for 2
hours to enhance the crystallinity. (7) P(VDF-TrFE)
patterning was achieved by dry etching using O, plasma to
open the contacting hole for the bottom electrode. (8)
Corona poling was then carried out at a de voltage of -10
kV for 5 minutes. The sample was placed on a grounded
metal holder and the corona tip was suspended 3 cm above
the sample surface. (9) Cr (50nm)/ Au (150nm) layers were
sputtered and patterned on the front side as top electrode
by wusing wet etching. In this step, a modified
photolithography process was employed. The pre-baking of
photoresist was set at a lower temperature (80 °C) in order
to avoid depolarization of P(VDF-TTFE) copolymer film.
After Aw/Cr etching, the residual photoresist was removed
by diluted KOH. (10) The back side silicon was etched off
by KOH or low temperature reactive ion etching to obtain
the required thickness, usually within the range of 0 to 10
pm depending on the required resonance frequency of the
transducer.
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Figure 1 Basic structure of one pMUT element.

Based on the above described micromachining process,
we have successfully fabricated diaphragm type pMUTs
and pMUT arrays on 4-inch silicon wafers. By using
Corona poling technique, the entire P(VDF-TrFE) film on
one silicon substrate can be uniformly poled at the same
time, eliminating the need of de poling of every single
device element and avoiding breakdown failure which
frequently occurs during dc poling process. Therefore, very
high throughput and high device yield have been achieved.
Figure 2{a) shows the front view of various types of pMUT
arrays with 6 elements and 18 clements on one silicon
wafer. Each square is actually an individual transducer.
After wafer dicing, the individual silicon dies were then
glued and wire-bonded to standard dual-inline packages
{DIP), as shown in Figure 2(b).

)
Figure 2 Piezoelectric ultrasonic transmitter arrays on
a 4-inch silicon wafer. (a) array layout; (b) 18-clement
array bonded in a 24-lead DIP.

3. CHRACTERIZATION AND DISCUSSION
3.1 SEM observation

Figures 3(a), (b), {¢) show typical SEM mcrographs
of a fabnicated pMUT element and the detailed multilayer
structure of the membrane. As shown in Figure3{c), the
thicknesses of P(VDF-TrFE) layer and the inert membrane
{S1;N,/S10,) are measured as 5 um and 2 pm, respectively.
The AwCr layer is about 200 nm. The silicon was almost
completely etched off, and the Si;N, layer is too thin to be
observed in this magnification.




Figure 3 SEM micrographs of a single pMUT element.
(a) a pMUT silicon die; (b) a fractured membrane structure;
and (c) detailed cross-zectional image of the membrane.

The multilayer structure observed through SEM
clearly shows that the actual thickness of each layer is in
well accordance with the design paramefers, suggesting
that the entire fabrication process is quite reliable.

3.2 Vibration measurement

An ac voltage iz applied across the piezoelectric film
to zet the membrane into vibration. The vibration profile of
the transducer element was measured by using a modified
gcanning Mach-Zehnder interferometer [16] specially
designed for high resolution characterization of MEMS
devices. Figure 4 shows a typical 3-dimensional
electromechanical response of a square membrane

(1.27x1.27 mm) at its resonance frequency (101.4 kHz).

The ac driving voltage was 0.1 V.. The deflection per volt
at the center of the membrane was measured as about 70
nm/V.
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Figure 4 Deflection of a p-MUT element in response
to an ac driving voltage measured by a scanning homodyne
Mach-Zehnder interferometer.

3.3 Transmitting and sensing performances

The output sound pressure of the fabricated transducer
arrays in response to a continuous ac driving voltage has
been measured in air with a Brilel & Kjar test system,
including Type 2690 signal condifioning amplifier and a
4138-A-015 microphone, which has a wide bandwidth of
over 100 kHz. When an ac driving voltage of 8.5 vV, was
applied to the 18-element pMUT array, the output sound
pressure reaches its maximum at its resonance frequency of
165.6 kHz. The highest sound pressure value at a distance
of 30 mm is around 4 Pa. This value is comparable to that

of a dc biased PZT thick film pMUT with similar aperture
size reported by Wang et al. [17]. Considering the
dielectric constant of P(VDF-TYFE) copolymer iz 100
times lower than that of PZT, the copolymer based pMUTs
have a much larger impedance, thus much lower power
consumption when driving under a given ac voltage. This
suggests that, although the electromechanical coupling
coefficient of P(VDF-TYFE) is lower than that of PZT, the
ultragound irradiating performance of our copolymer based
pMUTs can be even better than that of PZT based pMUTs
in term of energy efficiency. Thiz may be owing to the
high-quality, sufficiently poled copolymer films and the
very light membrane structure of copolymer pMUTs.

On the other hand, a 6-element array has been
packaged into a microphone-like metal housing for
directional ultrasound sensing applications. To characterize
the sensitivity, the sensor array was subjected to an
ultrazound (165.6 kHz) field of 3.6 Pa generated by a
ceramic fransducer and calibrated by a Briiel & Kjar test
gystem. The unamplified output voltage amplitude
measured directly by HP 54645A oscilloscope (1 M, 13
pF) was 6.937 mV. As the impedance of the sensor array
was measured az 8.3 kQ at resonance (by using HP 4194
impedance analyzer) and the input impedance of the
oscilloscope iz 73.93 kQ at 165.6 kHz, we can actually
calculate the open-circuit output voltage as 7.716 mV.
Therefore, the open-circuit sensitivity of the sensor array is
2.14mV/Pa, or -53.4 dB re 1 V/Pa at 165.6 kHz.
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Figure 5 Measured directivity patterns of pMUT

arrays with different number of elements at resonance
frequency of 165.6 kHz. (a) 6-element array; (b) 18-
element array.



3.4 Directivity patterns

The directivity of the ultrasonic array is what we most
concern about in beam forming and beam steering
applications. A characterization system has been setup to
measure the directivity of the pMUT array. The array was
held in a holder for stable support and rotated by a rod
attached to the holder. All the elements was electrically
connected in parallel and excited simultaneously by an ac
voltage source. The Briiel & Kjar 4138-A-015 microphone
was placed in symmetrical axis perpendicular to the plane
of the array to detect the output ultrasound. The distance
between the sensor and the array was 30 mm (> 10
wavelength). Figure 5 (a) and (b) shows the measured
directivity patterns of a 6-element array and an 18-element
array respectively. It can be clearly seen from the figure
that, with the number of elements increasing, both the
output sound pressure and the directivity of the pMUT
arrays have been improved. The measured sharp main lobe
in Figure 5 (b) indicates that the 18-element p-MUT array
can be used for ultrasound beam focusing and steering
applications. However, the side lobes at 60 and 120 are
larger than theoretically estimated. This is because the
actual resonance frequency of the array runs higher than
the design value (120 kHz) so that the inter-element
spacing were designed a bit too large with respect to the
wavelength of ultrasound at 165.6 kHz. The asymmetric
nature of side lobes is due to the slight scattering of the
resonance frequencies of different transducer elements.
The cause of the problem may be the non-uniformity of the
membrane thickness through the entire array. More
advanced membrane thickness control schemes are
required to further improve the performances of the
transducer arrays.

4. CONCLUSION

PMUTs and pMUT arrays based on piczoelectric
P(VDF-TrFE) 70/30 copolymer thin films have been
fabricated and demonstrated in the frequency range of 100
kHz to 170 kHz for air-borme ultrasound applications. The
fabrication process enables high throughput and high
device yield. Both the transmitting and the sensing
performances of the pMUTs have been characterized.
Reasonably high output sound pressure and sensitivity
have been achieved. The directivity patterns of the
ultrasound transmission by the pMUT array suggest that
high performance pMUT arrays fabricated using the
present process are promising for various new applications,
such as miniaturized devices and systems for in-air
distance detection and 3-dimensional object recogmition.

5. ACKNOWLEDGEMENT

Financial support from the Innovation & Technology
Fund (ITF GHS/066/04) and the Research Grants Council
(CERG PolyU 5147/02E) are acknowledged.

References:

[1] I.J. Bemnstein, S.L. Finberg, K. Houston, L.C. Niles,
H.D. Chen, L.E. Cross, KK Li, K. Udayakumar,
“Micromachined high frequency ferroelectric sonar

transducers”, IEEE Trans. Ultrason. Ferroelectr. Freq.

Contr. 44 (5), 960-69 (1997).

B. Xu, L.E. Cross, I.]. Bernstein, “Ferroelectric and
antiferroelectric  films for microelectromechanical
systems applications”, Thin Sofid Films, 377-378,
712-18 (2000).

F. Akasheh, T. Myers, I1.D. Fraser, S. Bose, A.
Bandyopadhyay, “Development of piezoelectric

micromachined  ultrasomic  transducers”,  Sens.

Actuators A, 111, 275-87 (2004).

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

Demirci, K. Kaviani, T.H. Lee, and B.T. Khuri-Yakub,

“Capacitive Micromachined Ultrasonic Transducers:

Next-generation Arrays for Acoustic Imaging?”, IEFE

Trans. Ultrason. Ferroelectr. Freq. Control, 49 (11),

1596-610 (2002).

P.C. Eccardt, K. Neiderer, “Micromachined ultrasonic

transducers with improved coupling factors from a

CMOS compatible process™, Ulirasonics, 38, 774-80

(2000).

S8.C. Ko, Y.C. Kim, 8.8. Lee, S.H. Choi and S.R. Kim,

“Micromachined piezoelectric membrane acoustic

device”, Sens. Actuators A, 103, 130-34 (2004).

K. Yamashida, H. Katata, M. Okuyama, H. Miyoshi,

G. Kato, 8. Aovagi and Y. Suzuki, “Armrayed

ultrasomnic microsensors with high directivity for in-air

use using PZT thin film on silicon diaphragms™, Sers.

Actuators A, 97-98, 302-07 (2002).

K. Yamashida, L. Chansomphou, H. Murakami, M.

Okuyama, “Ultrasonic micro array Sensors using

piczoclectric thin films and resonant frequency

tuning”, Sens. Actuators A, 114 (2-3),147-53 (2004).

[9] 1. Baborowski, N. Ledermann, P. Muralt,
“Piezoelectric micromachined transducers (PMUT's)
based on PZT thin films™, 2002 IEEE Ulirasonics
Symposium, New York (2002) pp. 1051-54.

[10] J. Baborowski, P. Muralt, N. Ledermann, S. Petit
grand, A. Bosseboeuf, N. Setter, P. Gaucher, “PZT
coated membrane structures for micromachined
ultrasonic transducers™, Proceeding of the 13th IEFE

(4]

(6]

(7]

(8]

International  Symposium  on  Applications  of
Ferroelectrics, , Nara, Japan (2002) pp. 483-86.
[11] G. Percin, B.T. Khuri-Yakub, “Piezoelectrically

actuated flextensional micromachined ultrasonic
transducers. 1. Theory™, IEEE Trans Ultrason.
Ferroelect. Freq. Contr. 49 (5), (2002) 573-584.

[12] D.A. Barrow, T.E. Petroff, R.P. Tandon, and M. Sayer,
“Characterization of Thick Lead Zirconate Titanate
Films Fabricated Using a New So0l-Gel Based
Process”, J. Appl. Phys., 81(2), 876-81 (1997).

[13] QM. Zhang, V. Bharti X. Zhao, “Giant
electrostriction and relaxor ferroelectric behavior in
electron-irradiated P(VDF-TTFE) copolymer™, Science,
280, 2101-04 (1998).

[14] R. Schellin, G. HeB, R. KreOman, and P. WaBmuth,

“Corona-poled piezoelectric polymer layers of
P{VDF-TrFE) for micromachined silicon
microphones”, J. Micromech. Microeng. 5, 106-08
(1995).

[15] TB. Xu, Z.Y. Cheng, QM. Zhang, “High-
performance micromachined unimorph actuators

based on electrostrictive P(VDF-TrFE) copolymer™,
Appl. Phys. Lett. 80, 1082-84 (2002).

[16] C. Chao, Z.H. Wang, W.G. Zhu, O.K. Tan, “Scanning
homodyne interferometer for characterization of
piezoclectric films and MEMS devices”, Kev. Sci
Instrum., 76, 063906 (2005).

[17] ZH. Wang, W.G. Zhu, O.K. Tan, and C. Chao,
“Ultrasound radiating performances of piezoelectric
micromachined ultrasonic transmitter”™, Appl. Phys.
Lert. 86, 033508 (2005).



