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ABSTRACT

A novel design for robust, air-coupled piezoelectric
micromachined ultrasonic transducers (PMUTs) is presented. The
design achieves a 10-fold reduction in the variation in fundamental
frequency created by across-wafer residual stress gradients in the
piezoelectric AIN layer. We realized this improvement by
designing a thick-layered PMUT diaphragm with an 8 pum thick
passive layer and a 375 um radius. Simultaneously, we maintained
the PMUT’s wide bandwidth, required to achieve sufficient axial
resolution in range measurement applications, by patterning
wedge-shaped ribs that reduce the diaphragm’s mass while
enhancing stiffness. Compared to a traditional flat plate design
with the same initial thickness, surface area, and center frequency,
the ribbed designs are predicted to have twice the bandwidth and
twice the sound pressure level — bandwidth product (SPL-BW).

INTRODUCTION

Despite the intensive study of micromachined ultrasonic
transducers (MUTs) during the last 20 years, most designs adhere
to clamped square and circular plates. The few attempts to modify
this convention had different goals than this work. References [1-
3] compared several configurations, targeted to achieve piston-like
movement of a capacitive MUT (CMUT), in order to increase the
output pressure and the device’s active areca. However,
piezoelectric actuated transducers require a curvature mode shape
in order to couple the electrical and the mechanical energy
efficiently. For example, a prior study of a circular flexurally-
suspended piezoelectric MUT (PMUT) [4] with a a piston-like
mode shape, reveals an increased linear operating range at the cost
of reducing the electromechanical coupling. Here, a reduced-
mass/enhanced-stiffness design is demonstrated to improve the
transducers’ robustness to residual stress, increase their output
pressure, and maintain a wide bandwidth.

Air coupled PMUT’s can be used for range finding and
gesture recognition applications [5-7]. Such applications require an
array of identical PMUTSs operating at a center frequency from 40-
400 kHz, a fractional bandwidth greater than 5%, and center
frequency variation between PMUTs within the same array that
does not exceed the fractional bandwidth [6].

A micromachined ultrasonic transducer’s dynamic response,
namely its center frequency (w) and bandwidth (dw), is mainly
determined by its mechanical resonance. In a constant-thickness
diaphragm, these two parameters are dependent variables. If the
diaphragm mechanics is modeled as a lumped second-order mass-
spring-damper (m, k, b) system, they can be expressed as

w=Jﬁ; (1

Aw = b/,
where the time-varying displacement of the diaphragm’s center is
its degree of freedom (DOF).

For a flat, constant-thickness plate, a reference design that we
denote as design 0, the mass my, stiffness ky and damping b, are a
functions of the plate surface area Ay and thickness t;:
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Therefore, the frequency w, and bandwidth Aw, are:
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where a denotes the diaphragm’s radius. Residual stress in the thin

film layers is known to result in variations in the effective stiffness
of the diaphragm, which in turn results in changes in the frequency
wq. A laminated diaphragm with a stressed AIN layer, will have a
center frequency wq,esthat is shifted relative to that of an
unstressed diaphragm, w,, [8]
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where ¢ is the average stress, D is the flexural rigidity, and 44, is a
constant defined by the vibration mode-shape of the diaphragm.
Because D « t3, (4) shows that the stress sensitivity of the center
frequency, S, o (a/ty)?. Therefore, when comparing PMUTs
with constant wg, the stress sensitivity scales inversely with
thickness t,. It is therefore possible to reduce the stress sensitivity
by increasing the thickness. However, (3) shows that this approach
has the undesirable effect of reducing the bandwidth Aw, by the
same factor.

In order to separate the two variables we suggest patterning
the diaphragm by selectively reducing its thickness. We denote the
novel configuration as design 1, so its parameters mass mq,
stiffness k; and damping b; are functions of the new total
diaphragm area A, and it maximum thickness t;:

m; < (1 —X)A:t,

by < A4

. 02 )
1 X A, 1-7)

where X represents the mass reduction relative to the mass of a
constant thickness plate with the same planar geometry, and Y
represents the stiffness reduction relative to that of a plate with the
same planar geometry.

Assuming that design 1 targets the same frequency as design 0,
w1 = Wy, the bandwidth can be adjusted by the mass reduction and

thickness:
1
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while the size of the new design is determined by both the change
in stiffness and mass:

Ao _AA-X) %
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As demonstrated by Equations (6-7), introducing X and Y adds two
new design variables that broaden the design space.

To verify this approach, we fabricated patterned PMUTs
using aluminum nitride (AIN) as the piezoelectric layer. We
patterned wedge-shaped ribs that reduce the diaphragm’s mass
while enhancing its stiffness, in order to realize a design that is
both robust to residual stress and has a wide bandwidth.
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DESIGN

We compare two flat PMUT designs (a thin design having a
total thickness of 2 pum [8] and a thick design having a total
thickness of 9 um) to five patterned designs. Each patterned design
has 8 radial ribs with 0, 5, 20, 35, and 45 degree rib angle, as
shown in Figure 1. The ribbed and the flat thick PMUTs have a
1 pm AIN layer and 8 um low-stress SiO, passive layer, while the
thin flat PMUTs are composed of two 1 um AIN layers. Each
design has a nominal center frequency of approximately 200 kHz.

Table 1: Diaphragm design table

| Total thickness Diameter
Ref [8] 2 um 400 pm
Flat 9 um 770 pm
Ribs 9 um 750 pm
Top Electrode
Backside
Tube
(a)

Figure 1: PMUT structure. (a) Reduced-mass/enhanced-stiffness
configuration formed by etching a pattern of stiffening ribs into an
AIN/SiO; unimorph diaphragm. The etched pattern removes mass
from the diaphragm’s center. (b) Zoom in on the rib structure.

The different PMUT configurations are spread across the wafer in
a few repeating die layouts, depicted in Figure 2. Each die layout
was duplicated at different positions on the wafer to allow
determination of the across-wafer wvariation in transducer
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Figure 2: PMUT die layout. (a) ‘Cross’ die comprised of 36
identical elements. Both flat and 5°ribs cross dice were fabricated
(b)’Test’ die comprised of 35 PMUTs of all different
configurations. Both dice were duplicated at different positions
on the wafer.
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The stress sensitivity of the center frequency and the

fractional bandwidth were simulated by finite element method
(FEM). Stress sensitivity is found using a nonlinear
eigenfrequency model at various residual stress levels. The center
frequency and the fractional bandwidth were solved by a three
dimensional axisymmetric piezo-acoustic model implemented in
COMSOL.
As shown in Figure 3, it is possible to reduce the effect of stress on
center frequency by increasing the thickness of the flat plate
PMUT; however, this approach has the undesirable effect of
reducing the bandwidth. The rib pattern, in contrast, reduces stress
sensitivity without significantly reducing the bandwidth. The FEM
indicates that the thick design reduces the sensitivity of the
resonance frequency to residual stress by a factor of 10 compared
to thin diaphragms with the same fundamental frequency. The
simulations also indicate that the ribbed designs are expected to
have twice the bandwidth and twice the sound pressure level —
bandwidth product (SPL-BW) in comparison to the thick PMUT
design.
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Figure 3: Stress sensitivity versus fractional bandwidth for
200 kHz PMUTs, found by FEM. The diamonds show five ribbed
PMUT designs, with rib angle varying from 0°-45°, that have
low stress sensitivity while also maintaining wide bandwidth.

FABRICATION

The process starts with a 150 mm silicon wafer with an 8§ um
silicon dioxide layer on top. Then, Mo (150 nm)/AIN (1 pm) layers
are deposited as the bottom electrode and active layer respectively.
Then an Al top electrode is deposited and patterned and the bottom
electrode via is opened by etching through the AIN. Next, the AIN,
the bottom electrode and the SiO, structural layer are patterned
using reactive-ion etching (RIE) into 3.5 pm deep ribs. Finally, the
wafer is thinned to 220 pm by grinding and the membrane is
released by etching the backside Si using deep reactive-ion etching
(DRIE).
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Figure 4: Fabrication process.



RESULTS

Wafer-level measurements of PMUT impedance versus
frequency were collected using a semi-automated probe station. A
representative frequency response is shown in Figure 5. The
impedance data were fit with a Butterworth Van Dyke (BVD)
model, allowing extraction of the motional impedance components
(R, Ly, Cy) and electrical impedance components (Rs, Cy) as well
as center frequency (2nf' = ) and quality factor (Q), Figure 5. All
the mean and standard deviation values reported are the robust
values, found using Huber's M-estimation in JMP® 11.0.
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Figure 5: A typical frequency response. From the fit of the real
part (left) the electric resistance and the mechanical serial
equivalent R-L-C, are found and transformed to the mechanical
domain into the acoustic damping, effective mass and the stiffness
of the diaphragm. From the imaginary part (right), the transducer
capacitance Cy is found.

The center frequency of a total 694 devices of different
configurations is analyzed. For both flat and 5 ribs configurations,
the histograms, Figure 6, show the center frequency distribution of
all such devices. The variation in frequency for the ribbed
configuration is half of that of the flat configuration.
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Figure 6: Center frequency histogram for (a) flat and (b) 5°ribs
configurations measured at all points across the wafer. R is the
robust standard deviation divided by the robust mean.

Results for all configurations were analyzed using the test
dice and are shown in Figure 7. While the measured center
frequency is higher the simulation’s prediction, the differences
between the configurations match well with the FEM results.

The simulations also indicated that the ribbed design’s
bandwidth would be twice that of the flat design. However, the
wafer-level measurements indicate little difference in bandwidth
for the flat and ribbed designs and both designs have a much
higher Q than anticipated. This is due to the fact that the tube
beneath each PMUT is not open to the air and is instead closed by
the wafer chuck in probe-station measurements.
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Figure 7: simulated (solid) and measured (hatched) (a) center
frequency and (b) fractional bandwidth measured with a closed
backside tube. (Simulated with an open backside tube)

Across-Die and Across-Wafer Matching of Center Frequency

A key performance metric is the variation of the PMUT center
frequency from the average center frequency across each die and
across each wafer. This variation is attributed to differences in
PMUT geometry (diameter and film thickness) and residual stress.
A wafer map of the mean and standard deviation of center
frequency for the two cross dice (Fig. 2a) is shown in Figure 8.

The frequency variation of each design relative to the average
frequency measured across the wafer (Af / f) is summarized in
Table 2. While previous work [6] showed an across wafer variation
of about 70%, the maximum variation measured in this work is
only 8.1%, and the average variation of each design is 2.4%-4.9%.
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Figure 8: (a-b) Dice’s robust mean center frequency and (c-d)
robust standard deviation normalized by the mean center
frequency, for flat and 5°ribs configuration. X and Y indicate the
dice center position, relative to the mask center.



Table 2: Deviation of center frequency relative to wafer average.

Config. | Minimum Maximum  Average N
0 3.1% 5.8% 4.2% 3

5 2.9% 4.8% 3.8% 4
2r 3.3% 4.7% 4.1% 3
35 2.8% 6.2% 4.0% 3
45 0.6% 12% 2.4% 35
Flat 1.3% 8.1% 4.9% 35

The across-die variation of center frequency was analyzed for
cross shaped arrays, each containing 36 PMUTSs, as shown in
Figure 2a. From Figure 9 it is clear that the die layout influences
the frequency variation. PMUTSs on the edge of the cross array are
etched faster, have bigger radius and therefore lower frequency.
This variation can be eliminated in future layouts by patterning
dummy PMUTSs around the array in order to maintain similar
boundary conditions in the final DRIE step.
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Figure 9: Center frequency deviation as a percentage of the die’s
mean frequency vs. distance of the PMUT from the center of the
die. Different colors represent different dice. The solid line
indicates the mean value at each location.

The across die variation robust statistics are shown in
Table 3. We are achieving low and robust variation, as the
results are consistent across the wafer, improving the future

manufacturing yield.

Table 3: Deviation of center frequency relative to die average

Config. | Minimum Maximum Average N
5 0.7% 3.2% 1.6% 5
Flat 1.2% 2.8% 1.8% 6

AIN Material Properties

The PMUT system can be modeled using a lumped parameter
model [5]. Using the fitted model, the piezoelectric coefficient ez,
of the AIN and its dielectric constant €14 can be extracted, Table 4,
assuming a known geometry, density, Young modulus and Poisson
ratio of all the layers.

Table 4: AIN material properties

| Literature [9] This work
€11 9.5 8.45
e3q -0.58 -0.55
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CONCLUSIONS

We present a variable thickness diaphragm design that
simultaneously improves several performance metrics. Six
different configurations were compared, with center frequencies
ranging between 190 kHz to 209 kHz. The across wafer variation
in the center frequency of the ribbed designs is 4%, and their
across die variation is 1.6%, 10 times better than previously
fabricated flat thin configurations. Future work includes acoustic
measurements of the pressure output as well as the frequency
response in completely open backside conditions to verify the
predicted bandwidth improvement of the rib design.
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