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ABSTRACT: Nonlinearities play a critical role in the dynamics of Laser

mechanical resonators, enhancing sensitivity and enabling signal  riezoelectric  (LOVsetup) -
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manipulate them for improved device performance. This study y layer
investigates the impact of fabrication-induced curvature on the
dynamics of zinc-oxide-based piezoelectric micromachined ultra-
sonic transducers (PMUTs). Our experiments reveal that these
devices exhibit hardening, softening, and mixed nonlinear
responses with varying initial static displacements. Notably,
PMUTs with an almost flat initial static displacement exhibit hardening nonlinearity, while those with a curved initial static
displacement show softening nonlinearity. An exotic mixed nonlinear response is observed for intermediate static displacement. We
attribute the observed nonlinear response to the interplay between static displacement induced quadratic nonlinearity and midplane-
stretching induced cubic nonlinearity. We provide a theoretical formulation for the dynamics of the devices, which explains the
experimental results and highlights the nonlinear responses and their dependence on the initial static displacement. Our findings
underscore the significance of nonlinearities in the dynamics of mechanical resonators and suggest ways to optimize the device
performance.
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B INTRODUCTION PMUT are operated in the linear response region. However,
with miniaturization and efficient actuation schemes, these
devices can easily achieve large vibrational amplitudes and
exhibit nonlinear responses. To exploit their potential in
various applications, it is essential to understand the nonlinear
response and its controllability.

Nonlinearity in mechanical structures has been exploited to
enhance device performance. Choi et al.”® have shown that
introducing nonlinearity through structural modification can
improve the frequency sensitivity of a magnetic sensor. Kacem
et al”® have demonstrated improved dynamic range by
operating in the nonlinear region. Samanta et al.”” have also
manipulated nonlinearities in ultrathin membranes to increase
the dynamic range. Enhanced dynamic range has implications
for improving subsingle-atom resolution in nanomechanical
mass spectrometry.”® Akhbari et al”’ have found that the
sensitivity of a curved PMUT structure is better than that of a

Microelectromechanical system (MEMS)-based devices have
been extensively studied and used in applications such as
inertial navigation,' digital light manipulation, radio frequency
(RF) communication,” biosensors,” and several types of
transducers. MEMS-based ultrasonic transducers are of
immense interest for their application in proximity sensing,”
gesture recognition,6 medical imaging,7 photoacoustics,8 and
data-oversound communication.” These transducers are
preferred over conventional bulk ultrasonic transducers due
to low power consumption,'’ low cost, and good acoustic
impedance matching.'” These transducers are generally of two
types: capacitive micromachined ultrasonic transducer
(CMUT)'""* and piezoelectric micromachined ultrasonic
transducer (PMUT)."” CMUT have several drawbacks which
limit their applications.'* These include a large bias voltage for
operation and an external circuit for capacitance measurement.
PMUT overcome these disadvantages and are used in many —
applications, including 2D PMUT array for intravascular Received: June 1, 2023
ultrasound,'® ultrasonic fingerprint sensor based on an array Revised:  November 24, 2023 ¢
of PMUT,'®"” water propagation in micropumps,'® sonog- Accepted: November 27, 2023
raphy,'’ air propagation in range finder,”””" gesture recog- Published: January 5, 2024
nition,”” mass sensors”> and for fluid density sensing using -
both static and dynamic modes.”* In all of these applications,

© 2024 American Chemical Society https://doi.org/10.1021/acsaelm.3c00735

v ACS PUbl ications 155 ACS Appl. Electron. Mater. 2024, 6, 155162


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nishta+Arora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Priyanka+Singh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Randhir+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rudra+Pratap"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akshay+Naik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.3c00735&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00735?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00735?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00735?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00735?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00735?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/6/1?ref=pdf
https://pubs.acs.org/toc/aaembp/6/1?ref=pdf
https://pubs.acs.org/toc/aaembp/6/1?ref=pdf
https://pubs.acs.org/toc/aaembp/6/1?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.3c00735?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

B silicon
[0 Thermal sio,
I recvD siO,
[ Metal Electrode
Sputtered ZnO
[ Microwave ZnO
1. SOl wafer

2. 1um thermal SiO,

sputtering
3. 1pm PECVD SiO,

(®)

(©)

4. Patterning and etching of
bottom SiO, by RIE

5. Bottom electrode Ti/Pt
(20/150nm) by sputtering

6. ZnO seed layer (100nm) by

(2)

7.Zn0 growth by microwave
(700nm)

8. Top electrode Ti/Pt (20/150nm)
by sputtering

9. DRIE etching of handle layer Si
(400pum)

anp

I si [ sio, M ZnOo
I Metal Contacts (Ti/Pt)

Etch through
hole

Axisymmetric Axis :

Diameter (2a,)

(d)

Figure 1. (a) Cross-section view of the fabrication process flow for ZnO PMUTs. (b) Optical image of arrays of PMUT devices with varying
diameters. (c) Single device with diaphragm diameter of 500 pm and top electrode partially covering the device. (d) Schematic shows the
constituent layers of ZnO PMUT fabricated on SOI wafers with different possible configurations. Below is zoomed in view of PMUT bulging

upward with initial static displacement w,,.

planar configuration. By taking advantage of the tunability of
nonlinearity, it is possible to enhance device sensitivity and
other performance metrics. Understanding and controlling
nonlinearity are crucial for achieving optimal performance
from PMUTs.

Several factors, such as fabrication process,30 material
nonlinearity,”’ large amplitude vibration,”” and damping
environment®>*” can introduce nonlinearity in MEMS devices.
The microfabrication process for PMUTs leads to several
imperfections due to stress gradients in the film stack of the
structure. These stress gradients can lead to curvature in these
devices. Amabili’* has studied the effect of curvature on the
nonlinear response of shallow shells with rectangular base
subjected to harmonic excitation. Capacitive actuation of
beams, membranes, and CMUT has been studied to
demonstrate tuning of nonlinearity with applied DC
bias.>”>3¢ However, studies similar to those with PMUT
have not been explored. PMUT require efficient actuation with
a high-quality oriented piezo material to achieve large
vibrational amplitudes. Using a microwave-assisted techni-
que,”” we can grow highly oriented ZnO as the device layer for
our PMUT arrays. The resulting PMUT arrays have large
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amplitudes and exhibit nonlinear responses, providing an
opportunity for an in-depth analysis of their behavior.

In this work, we investigate the effect of the initial static
displacement in the form of initial curvature of the circular
PMUT membrane on its nonlinear dynamic response. The
predominant contribution to this initial static displacement is
due to the fabrication-induced stress gradients. In some cases,
this static displacement can also be modified by annealing the
device. We observe hardening, softening, and mixed nonlinear
responses in different devices with varying initial static
displacement. The nonlinear response observed experimentally
is a function of each device’s initial static displacement.
Further, we provide a theoretical model to understand and
validate the experimentally observed effect of initial static
displacement on the dynamics of these devices. The rich
nonlinear response opens up avenues for designing frequency-
selective filters and nonlinear signal processing for tele-
communication. Furthermore, by designing the curvature of
these devices, we could potentially nullify the effect of
quadratic and cubic nonlinearities and improve the overall
dynamic range of the device.

https://doi.org/10.1021/acsaelm.3c00735
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B EXPERIMENTAL SECTION

Here, we use zinc oxide-based MEMS ultrasonic transducers
(PMUTSs). These devices with circular diaphragm are fabricated on
silicon on insulator (SOI) using micromachining techniques.*® The
simplified fabrication process flow for ZnO PMUTs is shown in
Figure la. The SOI chip, with a ZnO layer on top, is etched from the
bottom side to obtain a diaphragm of different diameters. The top
electrode partially covers (66%) this diaphragm. This coverage is ideal
for exciting the first axisymmetric vibrational mode using a single
electrode.”” Further details of the device fabrication are discussed in
the Supporting Information (Section S1). The optical image of a 6 X
6 cm? chip with several devices on it is shown in Figure 1b. Each chip
has devices of four different diameters: 500, 1000, 2000, and 3000 ym
with a common bottom electrode. Figure 1c shows the top view of a
single PMUT device. Figure 1d shows a simplified schematic of the
fabricated PMUT with a flat and curved configuration. The deposition
of multiple thin films during fabrication process leads to a stress
gradient in the film stack. The variability in diaphragm’s static
displacement is due to this stress. Here, we study the effect of this
static displacement (quantified by w,,,,) on the dynamic response of
the device.

The static displacement of PMUTs is measured by using an optical
profilometer (TalySurf CCI). Figure 2a shows the 3D topography of
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Figure 2. 3D topography of the (a) flat device (D1) and (b) curved
device (D2). (c) Cross-sectional schematic and measurement setup
for ZnO PMUT. A voltage signal is applied between the electrodes to
actuate the device. (d) Electromechanical response of the S00-um
diameter PMUT, to a periodic chirp signal (V,. = 2 V). Inset shows
the mode shapes of the first two out-of-plane modes.

device D1. The dark blue region corresponds to the reflection in the
optical profilometer observed from the bottom metal electrode. The
ZnO layer on top of this bottom electrode is transparent at the
wavelengths used in the optical profilometer. The light blue region in
Figure 2a is from the diaphragm region containing the top electrode.
The 2D profile of the same device measured along the device
diameter is shown in the Supporting Information (Figure S1). D1 is
almost flat with a step height of around ~1 ym. This step height
corresponds to the thickness of 800 nm ZnO and 170 nm of top metal
electrode. Figure 2b shows the 3D topography of another PMUT
(device D2). The diaphragm of this device has an initial static
displacement arising from fabrication nonidealities. The 2D profile
along the diameter of the PMUT is shown in the Supporting
Information (Figure S2). We have used the 2D profile to calculate the
initial static displacement at the center of the diaphragm (w,,,,). This
static displacement of the diaphragm has been corrected for the
additional thickness due to ZnO and top metal layer. For device D1,
Wia IS calculated to be nominally zero, while for device D2, it is
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estimated to be 1.02 ym (0.20% of diameter). Details of profilometer
measurements on other devices are given in the Supporting
Information.

B RESULTS AND DISCUSSION

We have characterized the dynamic response of multiple ZnO
diaphragms with 500 pm diameter in air and at room
temperature. The dynamic response to the piezoelectric
actuation is measured using Micro Scanning Laser Vibrometer
(model: Polytec MSV 500). A simplified measurement
schematic is shown in Figure 2c. The voltage signal generated
by the internal signal generator of the laser doppler vibrometer
(LDV) is applied between the top and the bottom electrode to
excite the out-of-plane motion of the diaphragm. A periodic
chirp input signal with a uniform energy distribution from DC
to 2 MHz is used to excite the PMUT. This enables us to
identify the resonant frequencies and the corresponding modal
shapes of the flexural modes. Figure 2d shows the response of
the device measured using the LDV. The quality factor of our
devices for the fundamental mode is typically in the range 30—
40 (see Section S3 for more details). All subsequent
measurements in this work have been performed on the
fundamental mode of the device.

To study the frequency response, a sinusoidal voltage (V,.)
is applied to the electrodes, and the actuation frequency is
swept around the resonant frequency of the first mode. Figure
3a shows the experimentally observed response of device D1.
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Figure 3. (a) Experimental frequency response of the fundamental
mode with increasing AC drive of (a) flat PMUT (D1) diaphragm,
showing hardening nonlinearity and (b) curved PMUT (D2)
diaphragm with initial static displacement, depicting softening
nonlinearity. (c, d) Simulated frequency response with increasing
AC drive obtained from the theoretical model for devices D1 and D2,
respectively.

At low actuation voltages, the diaphragm’s response is linear
and at higher voltages it exhibits a hardening nonlinear
response due to the midplane stretching. Similar measure-
ments were performed on device D2, which had an initial static
displacement of ~1 gm (0.20% of diameter). Figure 3b shows
the experimental frequency response curve with an increasing
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actuation drive (V, ). We observe a linear response at lower
actuation drive and softening nonlinear response on increasing
the actuation voltage. This shows that the effect of quadratic
nonlinearity is more than the cubic nonlinearity, which leads to
negative Duffing constant. Since the devices are nominally
similar except for the initial static displacement, the measure-
ments allude to the effect of the initial curvature on the
nonlinearities observed.

To explain the observed experimental response, we
developed a theoretical model that provides insights into the
underlying physics of the system. Since the silicon and ZnO
layers are thicker than the other layers and are likely to play a
significant role in the system’s dynamics, we have considered
only these two layers in our model (see Supporting
Information Section S4). By assuming large displacement
amplitude (that is, incorporating the in-plane forces), imposing
the condition of axial symmetry,*”*' and assuming the initial
static displacement in the system, we obtain the following
equation of motion for PMUT**:

D D 0 0*
— Viw(r) + = Vi (r) + ca—wl(r, t) + p—w(r, t)
ay ay t ot

N

4
)

2
/‘“or ow(r, t) N 261410(r) ow(r) i
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-

az(Wo(”) + wy(r, 1) " 1 02(“’0(") + w(r, 1)
or’ r or’
=F
(1)
where w(r,t) = wy(r) + wy(rt) is the total displacement of the
device, wy(r) represents the initial static displacement and
w,(r, t) represent the dynamic part of the vibrations.
The solution of eq 1 can be sought in terms of the linear
superposition of normal vibration modes:

wi(r, 1) = ) up (D, () @)

where u,,,(t) is the coordinate factor and w,,,(r) is the mode
shape factor. The mode shape factor can be written as

Y1) = T (@) — ]"(amn)fn(amnf)
" " In<amn) (3)
Here, a,, is determined by solving the transcendental
equation am]’}:(l{(::;) I’}:(l((lf’“;) = 0, where J, and I, are

Bessel functions of the second and first kind, respectively.

Using this and further simplifications (see Supporting
Information Section S4), we obtain the equation of motion
of the PMUT as

i+ 28w +u+ b2u2 + b3u3 =F (4)

We assume that the initial static displacement is axisym-
metric with the condition that the static displacement should
be zero at the circumference, i.e, at r = a5, w = 0. At the center
of the diaphragm, the static displacement is assumed to be
maximum, i.e., at r = 0, w = w,,, and the equation of the curve
is given by

2
wy = w|l — [L] + k(L]ln(L]
4o a9 a9

(s)
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Where k represents the steepness of the curve. The value of k is
obtained by fitting the experimentally measured curvature of
each device.

Using the known experimental parameters, eq 4 can be used
to model the dynamic response of ZnO PMUTs (see
Supporting Information for further details). In this equation,
the quadratic and cubic terms represent the strain nonlinearity
due to initial static displacement and geometric nonlinearity
due to midplane stretching of the diaphragm, respectively.
Furthermore, the incorporation of higher-order nonlinear
terms is not required as the maximum displacement of
PMUTs is comparable to the total thickness of membrane.
This is unlike previous reports describing the dynamic
response of atomically thin membranes,"** wherein displace-
ment is much larger than the thickness of the device. A
comparison of displacements and device dimension of PMUT
and atomically thin membranes demonstrating tuning of
nonlinearity is provided in supplementary Section S6. The
solution of eq 4 is obtained numerically in MATLAB by using
the ODE Solver ODE4S.

The results of the numerical model for device D1 (b, =
0.0032 and b = 0.0150) and D2 (b, = 0.2273 and b, = 0.0219)
are shown in Figure 3c,d, respectively. The numerical
simulations closely align with the experimentally observed
nonlinear response of the two devices. The effect of initial
static displacement is to introduce quadratic nonlinearity. The
model predicts that for small initial static displacement the
cubic nonlinearity due to midplane stretching is the dominant
nonlinear effect. As the initial static displacement increases, the
effect of quadratic nonlinearity on the dynamical response
becomes dominant, and the device exhibits softening non-
linearity.

To further probe the effect of initial static displacement on
the nonlinear response and understand the complete device
dynamics, we have performed measurements on device D2 at
actuation voltages higher than 2.3 V. At these higher actuation
voltages, we observe both softening and hardening nonlinearity
with bifurcation during the forward frequency sweep (Figure
4a). Similar responses, but with different frequency jump
points, are also observed in the reverse frequency sweep as
shown in Supporting Information Section S3. The backbone
curve tracking the peak resonant displacement and correspond-
ing peak frequency normalized with linear resonant frequency
for device D2 is shown in Figure 4b. This clearly depicts a
mixed nonlinear response, demonstrating initial softening
followed by hardening nonlinearity. In device D2, multiple
frequency jumps during forward and reverse sweeps are due to
the interplay of both quadratic and cubic nonlinearity.

The simulated mixed nonlinear response at a high actuation
voltage for device D2 is shown in Figure 4c. To estimate the
initial static displacement required to observe mixed nonlinear
response, we simulate the response for different PMUT radii.
The static displacement required for observation of mixed
nonlinear response increases on increasing the radius of
PMUT (see Supporting Information Figure S7 for details). In
device D1, which has a very small initial static displacement,
the contribution from quadratic nonlinearity is very small and
the dynamic response exhibits only hardening nonlinearity.

Additionally, to confirm the observation of a transition of
nonlinearity with initial static displacement, we study the
dynamic response of another device (D3) before and after
annealing. This device has an initial static displacement of w,,,,
of 0.55 um (0.11% of the diameter) due to fabrication-induced

https://doi.org/10.1021/acsaelm.3c00735
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Figure 4. (a) Experimental and (c) theoretical dynamic responses of
device D2 with increasing actuation drive. (b) Experimental backbone
curve tracking peak displacements of device 2 showing mixed
nonlinear response.

stresses. The PMUT device stack comprises different layers
having a varying coefficient of thermal expansion. Annealing
these devices can lead to uneven film stresses and affect the
overall diaphragm stiffness and resonant frequency. Since the
device is clamped at the edges, it also leads to a significant
change in the static displacement of the device. Figure Sa
shows the measured 2D profile of the PMUT (device D3)
before (green curve) and after (orange curve) annealing. The
device was annealed in an oxygen environment in an electrical
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Figure 5. (a) Initial static displacement of the device (D3) before
(green) and after (orange) annealing. Annealing leads to an increase
in the static displacement of the diaphragm due to a change in the
membrane stress. (b) Experimental frequency response curve of the
fundamental mode before annealing, demonstrating hardening
nonlinearity with increasing actuation drive. (c) Experimental
frequency response of the fundamental mode of the same device
after annealing shows softening nonlinearity.
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heating furnace at 800 °C for 3 h. The PMUT diaphragm
shows a clear transition from an almost flat (static displace-
ment ~0.55 um (0.11% of diameter)) to a curved membrane
structure with a significantly greater initial static displacement
of 2.23 ym (0.45% of diameter).

The change in diaphragm stress due to annealing increases
the fundamental vibrational mode’s resonant frequency from
64.2 to 169.1 kHz. A similar tuning in resonant frequency due
to change in strain has been reported in doubly clamped
membranes,** beams, and PMUTs.*>* The resonant mode at
169.1 kHz is confirmed to be fundamental mode by mapping
the mode shape (Figure S3). The dynamic response of D3
before (b, = 0.1006 and b; = 0.0180) and after annealing is
shown in Figure Sb,c, respectively. Before annealing, the static
displacement was small and the cubic nonlinearity played a
dominant role leading to the experimentally observed harden-
ing nonlinear response. After annealing, the large static
displacement gives rise to quadratic nonlinearities. For the
measured displacements, effect of this quadratic nonlinearity
dominates the effects of cubic nonlinearity and a softening
nonlinear response is observed. The experimental results are
consistent with the prediction of numerical simulations
illustrated in Figure 6a,b, performed using device parameters
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Figure 6. (a) Numerical simulation of device (D3) with increasing
actuation voltage showing (a) hardening nonlinearity before annealing
with a static displacement of 0.55 um (0.11% of diameter) and (b)
softening nonlinearity after annealing with a static displacement of
223 um (0.45% of diameter).

employing ODE 485. Unlike the dynamic response of device
D2, where mixed nonlinearity was observed, we only observe
softening nonlinearity in device D3 (b, = 0.1592 and b; =
0.0050) after annealing. We believe this is the result of the
large deformation observed in device D3 after annealing. The
larger deformation in D3, compared to that in D2, gives rise to
a larger contribution to quadratic nonlinearity, leading to
softening nonlinearities even at higher actuation drives. In this
case, the device exhibits primarily softening behavior because
the influence of quadratic nonlinearity outweighs that of cubic
nonlinearity, with the ratio of the quadratic and cubic
nonlinearity being ~31. The higher actuation voltages were
close to the device damage threshold and thus were not viable.

The results presented above clearly illustrate the effect of the
initial static displacement of the device on its dynamics. To
highlight this, Figure 7a shows the numerically simulated
frequency response at constant voltage (V,. = 6 V) for three
different static displacements. For small static displacement
(0.55 um (0.11% of diameter)), the effect of deformation on
the dynamics is small and the device shows the hardening
behavior. For the intermediate range of static displacement
between 0.85 um (0.17% of diameter) and 1.2 um (0.24% of
diameter), a mixed nonlinear response is observed, indicating
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Figure 7. (a) Simulated response of device showing hardening, mixed,
and softening nonlinearity for different initial static displacements. (b)
Variation of the ratio of coefficients of quadratic and cubic
nonlinearity with the static displacement of the PMUT.

contributions from both deformation and midplane stretching.
For a large static displacement of 1.5 ym (0.30% of diameter)
and above, only softening nonlinear response is observed. The
transition from hardening nonlinearity to mixed nonlinearity
and then to softening nonlinearity depends on the device
parameters. Thus, changing the static displacement can
significantly alter the dynamic response of the device. Figure
7b shows the ratio of the theoretically extracted quadratic to
cubic nonlinearity coeflicients with the initial static displace-
ment of the PMUT. Here, the ratio increases with the static
displacement. This leads to a change in the dynamic response
of the PMUT from hardening to mixed and ultimately to
softening nonlinearity. It is important to note that DC voltage,
if applied, can also alter the dynamics of the devices. The
results of static analysis and corresponding experimental data
due to applied DC voltage are included in Section S7. The
results indicate only a slight tuning of the resonance frequency
and a small change in the bifurcation point in nonlinear
response.

B CONCLUSIONS

In conclusion, we demonstrate the effect of the initial curvature
of ZnO PMUTs on their dynamic response. We find that the
ZnO PMUTSs with nominally flat diaphragms show hardening
nonlinearity when actuated with sufficiently large voltages. For
the intermediate range of the static displacement, devices
exhibit the mixed nonlinear behavior, and for a large static
displacement, devices exhibit only softening behavior. We
describe a theoretical model to understand the response of
these devices and verify the experimental results through
numerical simulations. The results indicate that the static
displacement can be used to tune the quadratic and effective
nonlinearity of the device, thus altering its mechanical
response. A careful future study on the effect of temperature
on the diaphragm stress gradient leading to a change in the
device’s static displacement could enable the engineering of
nonlinearities in PMUTs.
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