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Abstract—This paper presents the development of curved piezoelectric micromachined ultrasound transducers
(pPMUTSs) using a novel chip-scale glass-blowing method on suspended glass templates. This new approach allows for
controllable diaphragm curvature and high fill-factor arrays of varying sizes, making it possible to study the impact of the
curvature on the performance of the pMUTs. A finite element analysis (FEA) model was built to guide the design. 30%
Scandium doped Aluminum Nitride (Sc-AIN) was chosen for good piezoelectrical coefficient and biocompatibility. 100
nm platinum /750 nm Sc-AIN /100 nm gold films are sputtered on the curved glass membrane with diameters ranging
from 75 uym to 750 yum. pMUT with diameter of 150 um with 5.6 yum depth of curvature had resonance frequencies of 2.2
MHz along with center displacements up to 154 nm/V in air. Impedance measurements at resonance on the pMUTs
show an kﬁff of 1.31%. Optimal curvatures were found experimentally and matched the FEA model. Changes in mode

shapes were found when curvatures were deeper than optimal value.

Index Terms— Curved glass structures, Chip Scale Glassblowing, Aluminum Nitride, pMUT

. INTRODUCTION

Ultrasound has been extensively used and investigated in medical
applications such as medical imaging [1] and drug delivery [2]
because of advantages like noninvasiveness, good penetration, good
sensitivity, and ease of use. Prior to the development of pMUTs,
conventional transducers were made of piezoelectric ceramics like
lead zirconate titanate (PZT) [3]. These materials when operated in
thickness mode exhibit a large impedance mismatch between the
transducer surface and medium resulting in lower bandwidth unless
augmented with one or more matching layers. With the development
of MEMS technology, improvements in MUTs have been realized in
several aspects such as wide bandwidth without the addition of
matching layers [4], smaller cell size therefore higher operating
frequency and better resolution, easier fabrication of large arrays at
lower cost [5]. Despite lower electromechanical coupling coefficient,
the low-power consumption feature makes pMUTSs good candidates
for a variety of applications, including intrabody communication [6],
and fingerprint sensing [7].

To improve the maximum achievable electromechanical coupling
in pMUTs, researchers are exploring novel geometry and boundary
conditions. For example, Sammoura et al. have demonstrated a
bimorph pMUT with dual electrodes that can improve the acoustic
power per unit input voltage up to 400% [8]. pMUTs with suspended
flexural membrane has been fabricated and has been shown to exhibit
higher acoustic output than clamped pMUTs [9].

Recent studies suggest that curved pMUTs can generate high
pressure output even for the small size of the membrane by leveraging
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in-plane stress as well as stress gradient in the pMUTs, as compared
to planar pMUTs that use only stress-gradient in the stack for
achieving out of plane bending [4, 10]. To realize curved pMUTs,
fabrication methods used until now have mainly relied on isotropic
etching of sacrificial silicon oxide and sealing the cavities in vacuum
to realize templates for curved pMUTs [11, 12]. This process can
yield very thin passive layer or even passive-layer-free pMUTs, but it
inherently limits the design space in terms of pMUT diameters and
achievable radius of curvature. Here we present an innovative chip-
scale glass blowing process for realizing curved pMUTs without such
constraints. Using this method, we were able to fabricate curved
pMUTs with diameters varying from 75 um to 750 pm with curvature
depth ranging from 0.2 pm to76 um.

II. DESIGN AND FABRIACATION

A. Simulation and Design

A 2D axisymmetric FEA model was created in COMSOL
Multiphysics to study the effect of curvature. The material properties
of Sc-AIN were used from [13]. In the simulation, the thickness of Sc-
AIN was set as 750 nm and the thickness of glass was set as 2.75 um.
The radius of curvature was converted to a unitless value as ‘curvature
ratio’ which is equal to radius of curvature divided by the normal
radius of the cell. An eigenfrequency study was run first to estimate
the resonance frequency in air. Then, a stationary study was done to
estimate the static displacements. Finally, a Figure of merit (FOM)
equal to the product of the fundamental resonance frequency and
static displacement was calculated. This FOM can represent

Digital Object Identifier: 10.1109/LSEN.XXXX.XXXXXXX (inserted by IEEE).

1949-307X © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. (Inserted by IEEE)


mailto:srinivas@northeastern.edu

|IEEE

Volume 2(3) (2017) EIUSISIES

Article #
s
a
@ —3 E
2 FOM-2150pm =
N FOM-2100pm c
g 6 FOM-275um | | 2 E
5 <o maximum 5
€4 ~ |= = -ds-2150um g
L = = -ds-@100um | |4 &
=2 — — -ds-B75m @
PR R s il PO a
E 0 e ‘ 1==== . 2
=
5 10 15 20 30 50 100 150 =
w
_ b
c 20( ) ' r e
= @150pm
3 16 2100um | |
5 12 275um |
c
S8
@
€ 4
B
Eo . I | | !
5 10 15 20 30 50 100 150

Ratio (radius of curvature/radius of pMUT)
Fig. 1. (a) Simulated static displacement and FOM of curved pMUTs;
(b) simulated first resonant of curved pMUTs. @ is the PMUT diameter.

volumetric velocity which is proportional to acoustic pressure [10, 11,
14]. The simulated results are plotted in Fig.1 and will serve as the
guidelines for designing curved pMUT.

As reported in [8], the performance of the curved pMUT increases
as the ratio of the radius of curvature to radius of the pMUT increases
reaching a maximum and thereafter decreases. This is because the
higher curvature enables the transducer to convert more-effectively
the in-plane strain into displacement but also increases the effective
stiffness of structure. Thus, by tuning the curvature of a curved pMUT,
we can increase the resonance frequency and displacement at the same
time. However, the optimal ratio given by the FOM method is lower
than the static displacement method, which means the device can
potentially have a higher volumetric displacement output in spite of
sacrificing the displacement sensitivity. The target ratio is between
the two optimal values. For example, for 150 um cells, the ratio
should be between 6 and 10, corresponding to the curvature depth of
4 pm to 7 pm.

B. Fabrication Process

The three-mask surface micromachining process flow is shown in
Fig. 2. A 500 pm thick silicon substrate was patterned with circles of
various diameters ranging from 75 pm — 750 um and etched to a depth
of 250 pum using silicon DRIE. A 100 pum thick borosilicate glass
(Schott Borofloat® 33) wafer was anodically bonded to the Si wafer
in vacuum (10 Torr) to form vacuum-sealed cylindrical cavities. The
bonded wafer was diced into chips and the glass layer was
subsequently thinned down to 25 pm in 49% HF. Thereafter, the chips
were placed on a ceramic heater. By controlling the temperature, time
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Fig. 2. Process flow of proposed pMUTs. (a)-(b) patterning and etching
the Si substrate, (c) anodic bonding glass and Si, (d) glass etching, (e)
glass blowing, (f) depositing Pt/Sc-AIN/Au, (g) patterning top electrode.

and thickness of glass, curved template surfaces of desired radius of
curvature can be formed. The resulting curvature was measured with
a profiler. The curved chips were etched again in HF to reduce the
glass thickness to less than 4 pm to achieve the desired thickness of
the passive template layer. Thereafter, 20 nm/100 nm Ti/Pt stack
followed by 750 nm 30% Sc-AlN films were RF sputter deposited at
a substrate temperature of 400 °C. Finally, 20 nm/100 nm thick Cr/Au
layers were deposited and patterned with the 2" mask by wet etching
to form the top electrode. In the final step, the bottom Pt electrode was
exposed by patterning and etching the Sc-AIN layer with the 3¢ mask
in an ICP-RIE tool.

C. Fabrication Results

An oblique view optical image of the fabricated device is also
shown in Fig. 2. On the 5 mm square chip, there are 15 single element
pMUTs with different diameters. Smaller circles are in the form of a
small array, while larger circles are single devices. Due to the
variations in the etched glass thickness from chip to chip, the depth of
the curvature will be different from chip to chip for identical glass
blowing conditions. For example, the 150 pm circles close to the edge
of the chip have a curvature depth of 6.6 um but only 1 um for those
at the center. For the smaller circles, the variation of curvature depth
is less significant. However, these also need higher temperatures to
reach the optimal curvature depth for the same glass thickness. The
quality of the Sc-AIN film was verified using X-ray diffraction (XRD).
Fig.3 shows the XRD scan and rocking curve obtained for the film
deposited on one of the devices. The rocking curve resulted in a Full-
Width Half-Maximum (FWHM) of 5.6°, which is much higher than
the film on the dummy Si substrate from the same deposition which
is around 2.8°. The reason for this was the poor roughness of the glass
substrate after a deep HF etching. XRD measurements indicate
mismatch in the crystalline orientation and are expected to degrade
the piezoelectric coefficient.
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Fig. 3. (a) XRD measurement of the device. (b) Rocking curve at (002).
(c) SEM image of the cross-section of the film. (d) Image of the 750 um
cell.

Ill. CHARACTERIZATION AND DISCUSSION

A. Characterization of smaller pMUTS

All elements were measured under a periodic chirp signal to find
the resonance frequencies and corresponding modes using a Laser
Doppler Vibrometer (LDV). Thereafter, each pMUT was excited by
a sine signal at its resonant frequency to obtain the displacement. As

Page 2 of 4



|IEEE x. S IEEE C |
SINEE] Letters|youme 2(3) (2017 N\ Sensors Counci
2150pm 2100um 275um
(G . H 20, . H 25 L
E [ ISimulation N [ ISimulation 3 ___ Simulation
5 * Measurement FS * Measurement Z a0 * Measurement
= 15| £
oy @ @
I e 215
gl < s "
EEIRS g1 5 |
2 e o R @10 - L
82| Y &8 "1 5 ’
E N o 5[ - . v 2 5" .t
[ £ | s I I
i [ e [ -
0 0 0 .
0 50 100 150 [ 50 100 150 0 50 100 150 200
(®) 80 30
5150 -y = =
E " * Measurement - E ™ * Measurement - E n * Measurement -
£ |=——Simulation-2.75um glass =R 2 |~ Simulation-2.75um glass| 5 £25 =——Simulation-2.75um glass H
b Simulation-Bound E ¢ 60 Simulation-Bound 1_E= |} Simulation-Bound 1 _ E
9 100 138 ¢ T g B8
H N8 E NS E N &
- s =5
o 5p fa 252 25210 25
S £ Q20 EQ £
8 e a8
g |&.., 5} g - o E 5 o
© 0 +b 0 S0 ] 0
0 50 100 150 0 50 100 150 200
(c)
400 300 = B 200,
* Measurement - " ¢ Measurement - « Measurement -
s *  |—sSimulation-2.75um glass 5 5250 — Simulation-2.75um glass S | — Simulation-2.75um glass H
< 300 s Simulation-Bound E= . Simulation-Bound £ Z 150 Simulation-Bound 1. E
i ° 8 Eopp " TEE T8
£ - iEf r 188 F NS
N EEN - EEN 22
z gl s HIi00 53
= EoE Eo= Eo
g z5 g z§ E 50 z3
2 ie ie a S :
[
0 k'l 13 [ 0 0 - o . )
0 50 100 150 0 50 100 150 0 50 100 150 200

Curvature ratio
Fig. 4. (a) Resonance frequencies of all cells as a function of curvature to radius ratio for 150 um, 100 ym, and 75 ym radius devices. (b) Center
displacement of all cells as a function of the curvature to radius ratio. (c) FOM of all cells as a function of curvature to radius ratio

smaller pMUTs with diameters of 75 um, 100 um, and 150 pm were
available in larger numbers, these were used for obtaining statistically
better averaged performance metrics to study the trends. The
measured results of smaller diameter pMUT are plotted in Fig. 4 along
with the simulation results. The green band in Fig. 4(a) consists of the
lower and upper bounds calculated when the glass thickness was 0.5
um and 4 pm. Most data from the measurement falls inside this band;
however, for smaller curvature to radius ratios, the measured
resonance frequency is lower than the simulated results. Devices with
higher curvature to radius ratio are closer to the upper bound because
devices with thicker glass were less curved at the same temperature.
In Fig. 4(b) and 4(c), the measured center displacements and FOM are
plotted against the curvature to radius ratio of the pMUTs,
respectively. Once again, the upper bound is simulated with 0.5 um
thick glass and the lower bound is with 4 pm thick glass; the blue
curve is simulated with 2.75 um thick glass. The measurement data
shows the same trend as the simulation. An optimal ratio exists for a
given diameter and this optimum will shift by the thickness of passive
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layer. For 150 pum pMUTs with optimal curvatures, most
displacement amplitudes are between 60 nm/V and 100 nm/V; the
largest displacement is 154 nm/V when the curvature depth is 5.6 um
and ratio is 9. Some pMUTs with less displacement have a higher
FOM indicating that the output can potentially be improved by
sacrificing the displacement sensitivity.

B. Characterization of larger pMUTs

Large single cell elements had a curvature that was much deeper than
their optimum as these were glass blown on the same chips as the
smaller ones. Six 275 um diameter pMUTs with curvature ratio from
9.8 to 3.3 were tested. Fig.5 shows the average velocity of the scanned
area and the mode shapes. In general, the modes are closer to each
other than in a flat pMUT. Particularly, the (1,1) mode shifts closer to
the (0,1) mode and eventually becomes the first mode detected by the
LDV (Fig.5(e)). The (0,1) mode is not detectable either with LDV or
the impedance analyzer. As shown in Fig.6, two types of (0,2) modes
are observed and are called (0,2)a and (0,2)b here. (0,2)a has a
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Fig. 5. (a-f) LDV measurements and FEM results of 275 um cells of ratio=9.8, 8.7, 7.3, 5.6, 4.4, 3.3 respectively.
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Fig. 6. Measured mode shapes.

stronger center deflection; however, for (0,2)b, the ring vibrates more
intensely than the center. Fig. 7 shows the impedance measurement
of the device in Fig.5(e). In Fig.7, the (0,2)b mode has the strongest
resonance and a higher k2 ¢ Of 1.49%.The results are also compared
with FEA simulation in Fig. 5. It is found that the higher order
resonances are barely affected by the curvature and mostly depend on
the thickness of glass. But the first resonance is dependent on both
parameters. By tuning the two parameters, the model can fit the
measurement with minimum error. As discussed before, the pMUTs
with deeper curvatures have a thinner glass and a higher coupling

coefficient.
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Fig. 7. Impedance measurements of the device in Fig. 5(e)
corresponding modes are also identified in parenthesis.

LDV measurements were also performed on the device shown in
Fig. 5(f) in oil under the same procedure to find the frequency
response under load. Both Q factor and resonance frequency lowered
due to the oil load. Interestingly, the (0,1) mode that was not
measurable in air, appeared in the oil measurements. The bandwidth
also improved significantly; all modes achieved a bandwidth larger
than 4% and the (0,1) and (0,9) modes have a bandwidth over 10%.
The stem chart in Fig. 8 shows the center displacement of the pMUT
driven at (0,1) to (0,9) modes with 1 V sinusoidal signal. Although,
having a lower displacement, the average velocity of the higher order
modes of the pMUT outperform the first mode. Preliminary impulse
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Fig. 8. LDV measurement of device in Fig. 5(e) under oil
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responses obtained from the fabricated pMUTs revealed that the
transducers could receive a wide range of frequencies (2.4 MHz to 4.7
MHz at -6 dB) and could likely improve image quality and resolution.

IV. CONCLUSION

In this work, curved pMUTs of different sizes and curvature depths
were designed using a FEA model. The pMUTs with variouscurvature
to radius ratio were fabricated using a novel glass-blowing technique.
The fabricated devices were tested with LDV, and impedance
analyzer and the results were compared with the simulation to study
the role of curvature. The same trend was found in both the
measurements and the simulations. An optimal curvature was
obtained by using the Figure of Merit (FOM). The resonance
frequency and displacement sensitivity of curved pMUTs were found
to improve simultaneously as compared to flat pMUTs. Devices with
different curvatures were tested in air and oil. It was found that, when
the curvature is deep, mode shapes changed in air but not in oil. The
higher order resonances showed improved performance for devices
with deeper curvatures. Oil test was performed with selected devices
and the bandwidth of all modes were seen to improve. Although,
having a lower displacement, the average velocity of the higher order
modes of the pMUT outperform the first mode. Finally, curvature
reproducibility of the devices in future will be improved by placing
same sized devices on a given chip, so that the glass blowing process
results in identical curvatures across all devices. Furthermore, by
polishing the glass prior to final thinning, we expect to realize a much
smoother templating surface, which will allow for the deposition of
better Sc-AIN films. These modifications are expected to further
improve the performance of curved pMUTs.
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