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ABSTRACT

This thesis focuses on the exploration of released PZT thin films, from the fundamentals
that govern the magnitude of the piezoelectric response to applications. Quantitative measurement
of the effective longitudinal piezoelectric coefficient of partially released PZT thin films was
conducted to provide a better understanding of declamping from the substrate. Partially released
structures were employed in the development and optimization of piezoelectric micromachined
ultrasound transducers (PMUT) phased arrays tailored for neuromodulation applications. Further
steps in developing piezoelectric devices for neuromodulation applications involved investigating
the PZT PMUT with a fully released structure to offer feasibility in flexible and conformable
applications such as implantable ultrasound stimulation.

The investigation of partially released PZT thin films was realized using the double beam
laser interferometry technique to suppress the effect of substrate bending; such bending commonly
inflates the values inferred from single beam laser interferometry. The partially released structures
with 2 mol% Nb-doped Pb(Zrs:Tio43)O; thin film were fabricated using a two-step backside
etching process with ZnO serving as both a sacrificial layer and the silicon deep reactive ion etch
stop layer. This fabrication approach allowed the released boundary to be well-defined and
provided a laser path for backside probing. Significant improvement in the effective longitudinal
piezoelectric coefficient (d33 ) was observed in the partially released structure, with the released
structures exhibiting a 3-fold increase in d33 ; compared to clamped samples, reaching values of
420 + 8 pm/V in the 75% released structure. This enhancement is attributed to the change in stress
level, the reduction in mechanical constraints, and improved domain wall mobility in the released
structures. The results confirm that substrate declamping can substantially elevate the piezoelectric

performance of thin films, bringing them closer to that of bulk ceramics.
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Partially released PZT-based PMUT phased arrays on a silicon-on-insulator substrate were
designed and fabricated. Utilizing a 1.5 um thick 2 mol% Nb-doped Pb(Zro 52Ti0.45)O thin film, a
32-element PMUT phased array was optimized for neuromodulation. The array was designed using
k-Wave simulations to achieve a focal distance (F) of 20 mm and steering angles (6;) ranging from
-60° to 60°. The rigid PMUT phased array was tested in a water tank and driven with 14.6 V
unipolar pulses using appropriate time delays for beamforming and steering. The maximum peak-
to-peak acoustic pressure from the phased array with beamforming was found to be 0.44 MPa at
1.4 MHz, with axial and lateral resolutions of 9.2 and 1 mm, respectively. The achievable acoustic
intensity (Igpps = 1.29 W/ecm?) achieved at low driving voltages underscores the potential of rigid
PMUT arrays for low-intensity focused ultrasound stimulation.

Fully flexible PMUT arrays were also explored to enable conformality to curved and
complex surface structures such as the skull or brain membrane, aiming for potential implantable
applications. The transition to flexible PMUTs involved fabricating these devices on polyimide
substrates using a transfer and release method with a ZnO sacrificial layer. A critical aspect of this
design was the incorporation of an electroplated Ni metal rigid support layer to optimize the
operational resonance frequency, ensuring compatibility with the pitch required for effective
beamforming. A rectangular prototype PMUT was demonstrated using a capacitor stack of
Pt/PZT/Pt with a 1 pm thick 2 mol% Nb-doped Pb(Zry.5:Ti0.48)O3 thin film, deposited on a silicon
substrate and patterned via plasma etching with an electroplated Ni hard mask. However, the design
was prone to the high stress levels; the asymmetric structure led to stress concentrations and
resulted in damaged devices after release. Challenges encountered included cracking and electrode
delamination. To address the stress-related issues, the introduction of a compressive layer, such as

Si0,, is proposed to counterbalance the stress levels. Additionally, adjusting the electrode coverage
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from 60% to 100% should reduce stress concentration at the edges of the electrodes, thereby
mitigating the risk of cracking and peeling.

This thesis represents significant findings on the piezoelectric response of released PZT
structures and advancements in the design, fabrication, and application of PMUTs. The findings
provide insights into both rigid and flexible device configurations, highlighting the potential for
these technologies in developing next-generation implantable ultrasound stimulation devices. The
detailed exploration of material properties, device architectures, and fabrication techniques

contributes to a deeper understanding of the critical factors influencing PMUT performance.
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Chapter 1

Introduction

This chapter provides a review of piezoelectric materials and their properties as well as the

micromachining processes that are central to this thesis.

1.1 Piezoelectric Properties

Piezoelectric materials play a pivotal role in materials research, from the start of World
War 1 to the modern era of semiconductors and 5G technology. This thesis discusses
piezoelectricity: the ability to generate an electric charge in response to an applied mechanical
stress—and conversely, to undergo mechanical deformation when subjected to an electric field,
alongside an overview of dielectric and ferroelectric properties. The operational principles of
piezoelectric microelectromechanical systems (piezoMEMS) are discussed. PiezoMEMS are
creating new markets for miniaturized devices such as portable health monitors, microspeakers,

and adjustable optics, among others.

1.1.1 The History of Piezoelectricity

The direct piezoelectric effect was first discovered by Jacques and Pierre Curie in 1880 in
their work on single-crystal quartz. Upon the application of pressure, the crystal generated an
electric charge/voltage. Gabriel Lippmann postulated the converse piezoelectric effect in 1881,

using fundamentals of thermodynamics, which led to its experimental verification by the Curie
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brothers. Early research in piezoelectricity, notably during World War I, led to Paul Langevin’s
development of underwater ultrasonic transmission in the so-called Langevin-type. This 40 kHz
transducer, with a quartz crystal sandwiched between two metal plates, was hindered by quartz’s
low coupling factor, resulting in poor sensitivity and a narrow bandwidth [1]. Another early
piezoelectric material, Rochelle salt (NaKC4HsO4 4H,0), was developed in the United States by
Nicholson, Anderson, and Cady [2]. While Rochelle salt exhibited an impressive electromechanical
coupling factor, its water solubility and susceptibility to humidity degradation limited practical use.

Concurrently, during World War II, the perovskite ceramic barium titanate (BaTiO3;) was
discovered by scientists in the United States, Japan, and Russia [3]-[5]. The piezoelectric effect in
BaTiOs was serendipitously observed by R. B. Gary and S. Roberts in 1946 when randomly
oriented polycrystalline BaTiOs crystals were electrically poled [6],[7]. However, BaTiO;’s
operational temperature range was constrained by its low Curie temperature.

The pursuit of stabilized BaTiOs led to A-site substitutions with elements such as Pb and
Ca, culminating in the discovery of the Pb(Zr, Ti)Os solid solution system by E. Sawaguchi, G.
Shirane, and Y. Takagi [8],[9]. Subsequent efforts to measure the electromechanical coupling factor
around the morphotropic phase boundary by B. Jaffe, R. S. Roth, and S. Marzullo at the National
Bureau of Standards revealed Pb(Zr,T1)Os’s substantial electromechanical response at the 52:48
composition [10]-[13]. This composition is highlighted in the phase diagram of PZT shown in
Figure 1-1. A significant milestone for Pb(Zr,Ti)Os occurred at Clevite Corporation where H. Jaffe,
B. Jaffe, W. R. Cook, and D. Berlincourt developed modified Pb(Zr,Ti)O; solid solutions [14][19].
Their groundbreaking works contributed to the famous book “Piezoelectric Ceramics” [20]. To
date, bulk piezoelectric ceramics have proven vital for applications such as actuators, filters,
medical transducers, speakers, and more. At present, piezoelectric thin films are receiving
increasing focus for micromachined ultrasound transducers, microactuators, sensors, adjustable

optics, and energy harvesters, etc.
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Figure 1-1: PZT phase diagram adapted from B. Jaffe et al. (1971) [20].

1.1.2 The Fundamental Piezoelectric Equations

Dielectric materials are electrical insulators in which charge can be displaced upon
application of an electric field, creating net polarization from mechanisms such as electronic, ionic,
dipolar, and space charge polarizability. For linear dielectric materials, the polarization, denoted by

P;, induced by the application of an electric field Ej, can be described as [21]:

where y;; is the material’s dielectric susceptibility. Another crucial parameter to understand is the

electric flux, or dielectric displacement (D;), which can be represented as [21]:

Di = SOEi + Pi (12)

Here, ¢, represents the permittivity of free space (8 854 x 10 '*Fm'). The dielectric displacement,
D;, signifies the total electric flux density, including the contribution from both the free charges

and the polarization charges within the material.
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Substituting Equations (1.1) and (1.2), the dielectric displacement can be reformulated to

[21]:
Di = SOEi + XUE] = (806i]' +XU)E] = EUE} (13)

Thus, the dielectric permittivity tensor €;; encompasses both the intrinsic permittivity of free space
and the material’s response to the electric field, measured by the dielectric susceptibility.

The relative permittivity or dielectric constant of a material, &,, is often used to represent
the dielectric properties of materials. It is defined as the ratio of the material’s permittivity tensor

g;j to the permittivity of free space €, [21]:

g =4 (1.4)

€o
The dielectric loss tangent (tan §), describes the energy loss due to the finite electrical
resistivity in a capacitor. As the relative permittivity is a complex quantity (g, = &, — ig)’), the

loss tangent can be defined as [22]:

tan§ =i—r, (L.5)

where €, and €, are the real and imaginary components of the dielectric constant, respectively. The
loss tangent quantifies the phase lag between the external electric field and the polarization.

As mentioned previously, piezoelectric materials are a subclass of dielectric materials that
exhibit both electrical and mechanical responses to external stimuli, enabling the conversion
between electrical and mechanical energy. It is also important to understand the role of crystal
symmetry on the materials’ properties. Of the 32 crystal point groups, 21 are non-centrosymmetric,
allowing them to possess odd-rank tensor properties [22][24]. Among these 21 non-
centrosymmetric point groups, only one does not have the necessary symmetry to exhibit

piezoelectricity. Thus, the remaining 20 non-centrosymmetric point groups enable potentially
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piezoelectric materials. Of these point groups, 10 of them develop a unique polar axis where
spontaneous polarization is observed [22][24]. These materials exhibit pyroelectric properties,
where the polarization varies as a function of temperature. A subgroup of pyroelectric materials, in
which polarization can be reoriented between crystallographically-defined states with the
application of an external field, are then classified as possessing ferroelectric properties.

The direct piezoelectric effect describes the generation of an electric displacement (D;) or

field (E;) in response to applied mechanical stress (gjy) or strain (Sji), is given by [20], [22], [25]:

D; = djjojy (1.6)

D; = ey Sjk (1.7)

where d; j, and —e; j represent the piezoelectric coefficient charge and strain tensors, respectively.
Conversely, piezoelectric materials can generate mechanical stress or strain when subjected to an
electric field or displacement, a phenomenon known as the converse piezoelectric effect [20],
[22], [25]:
Sij = dijkEx (1.8)
0ij = —ejjkEy (1.9)
The piezoelectric constitutive equations provide a full expression of the piezoelectric relation

between electric and elastic variables as [20], [23]:

Sij = SF0 + dijiEy (1.10)
D; = dijq0i; + €/ (1.11)
0ij = ¢Sk — hij Dy (1.12)
E; = —hyaSi + BD; (1.13)

Sij = S0 + 95Dy (1.14)
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E; = —Giow + Bi;D; (1.15)
9ij = Sk — el (1.16)
Di = eilekl + SL'S;E] (117)

Here, d, e, g, and h are the piezoelectric coefficient tensors, ¢;jy; is the stiffness tensor, s;jy; is the
compliance tensor, &;;is the permittivity tensor, and ;; is the inverse dielectric susceptibility. These

piezoelectric coefficients are quantified as follows [20], [23]:

0D; dSii 1 1
dig =— =2 CN'ormV 1.18
_ Oy _ 9D; 2 -1
eijk = 3k __6SjkE (Cm“orVmNY) (1.19)
_ _OEi _ 0D; 2 -1 11
Jiji = 207k, = 25, (M C orNV m") (1.20)
d0ij OE;
Rijg = —2 = ——L mV'orNC' 1.21
e = G, = a5y ( ) (1.21)
out-of-plane strain out-of-plane stress
Charge (D,)
+ ++++++++++++ |
o—— ——  €lectrode
\V4 piezoelectric
o— electrode
neutral plane substrate

(a) - Actuators (b) - Sensors

Figure 1-2: A schematic showing the response of piezoelectric films for (a) actuators and (b)
sensors. Adapted from [23].
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For piezoelectric thin films, the substrate plays a significant role; the substrate acts as a
passive elastic layer that contributes to the overall strain of the structure. As illustrated in Figure 1-
2(a), most piezoelectric MEMS actuators operate in a 31-mode based on the converse piezoelectric
effect. The application of an electric field, E3, initiates an in-plane stress, o; and o05; together with
the presence of the substrate, this results in bending motion in the out-of-plane direction (S3). For
sensor applications, the application of external stress (g3) generates an electric displacement, D5,
at the electrode; the generated charge is usually amplified by bending.

The longitudinal piezoelectric coefficient, d53, and the transverse piezoelectric coefficient,
e31, are commonly used to characterize these scenarios. Studies by Lefki et al. [27] and Muralt et
al. [23] demonstrate the effective piezoelectric coefficients for longitudinal, d33.5 and transverse,
e31,7, applications, where the subscript f denotes the film under clamped conditions. These
expressions are derived under two assumptions; the in-plane stresses are equal, 0; = 0,, and the

out-of-plane stress is zero, a; = 0 [27].

0Dy _ 05

ds3 = dory = 9%, (1.22)
And under clamped conditions:
Si= SE o1+ SEo, + SE o3+ d3Es= 0 (1.23)
S,=SE o, + SE o+ SEo; + dy1E5= 0 (1.24)
S3 = SE (0, + 0y) + SE05 + d33E; (1.25)

where S; = §, = 0, 0; = o0, and o3 = 0. The effective longitudinal piezoelectric coefficient is

then [27]:



dypyp =2 = =dy - 28 g, >d (1.26)
33f T B, T CF 33 7 SE 4sE’ 33 33,f .

A similar method was utilized for the effective transverse piezoelectric coefficient [23]:

_ 60'1 _ 6D3
ez = PEsg ~ 35ip (1.27)
where the average in-plane strain is:
01—03 51+SZ—2d31E3
= 1.2
2 2(Sty +513) (1.28)
leading to the derived effective transverse piezoelectric coefficient [23]:
€315 = —Ed31E = €31 — %933: |e31f| > |esq| (1.29)
’ S11 +512 €33 ’

Piezoelectric materials are generally classified into lead-based and lead-free types. Lead-
based perovskite materials, particularly lead zirconate titanate (PZT), have historically dominated
in actuators, transducers, and sensors due to their superior dielectric and piezoelectric properties.
Despite their performance, concerns about lead toxicity have driven research into alternatives such
as potassium sodium niobate ((K,Na)NbO3, KNN) and aluminum nitride (AIN) [28][29].

Lead-free materials like KNN thin films have advanced significantly, yet they often face
stoichiometry issues due to the volatility of alkaline elements [30][32]. Bismuth ferrite (BiFeO3)
has been explored for its multiferroic properties but is hindered by high leakage currents at high
fields due to defect concentrations [33][36]. Wurtzite materials like aluminum nitride (AIN) and
zinc oxide (ZnO) are widely used in sensor and resonator applications. While ZnO and AIN boast

excellent piezoelectric charge coefficients (hs4 ) and high piezoelectric coupling coefficients, their

relatively low piezoelectric stress coefficients (e3q,) limit their effectiveness in transducers and
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actuators [25], [29], [37][39]. Nonetheless, scandium, Sc, doping in AIN has shown to improve
es1,5, enhancing its applicability in diverse fields [40][41].

Despite these innovations, PZT films remain unmatched in terms of piezoelectric stress
coefficients, benefiting from polarization rotation and domain wall motion contributions. This work
investigates the morphotropic phase boundary of Pb(Zrs:Ti045)O3, leveraging its potential for
piezoelectric microelectromechanical systems (piezoMEMS). Table 1-1 summarizes the

piezoelectric properties of selected materials.

Table 1-1: Properties of select thin film piezoelectric materials [40][54].

Property PZT ZnO  ScxAlixN AIN  (K,Na)NbOs BiFeO;
—es,(Cm) 12-16 1 3 1 2-56 29-35
—hs,(Cm~) 0.01 0.1 0.21 0.1 0.01 0.014 - 0.035
&r 1200 10 14 10 500 - 1000 100 -204
tany <0.05 0.01-0.1 <0.1 0.003 <0.07 <0.1

1.2 Lead Zirconate Titanate Thin Films

Pb(Zr,Ti)O; is one of the most extensively researched materials in the realm of
piezoelectric and ferroelectric systems. It has a perovskite-type unit cell that arises from the solid-
solution of lead zirconate (PbZrO;) and lead titanate (PbTiOs). While its high temperature
paraelectric phase is cubic and lacks spontaneous polarization, Pb(Zr,Ti)Os; undergoes a phase
transition upon cooling to lower symmetry phases—rhombohedral, tetragonal, orthorhombic, or
monoclinic. This transition is accompanied by the emergence of spontaneous polarization in most
cases due to the displacement of the B-site cations (zirconium or titanium) in the oxygen octahedra,

as shown in Figure 1-3 [55][57]. This displacement leads to an imbalance of charge within the unit
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cell, resulting in a non-zero net dipole moment. The collective orientation of these dipoles across
the crystal allows for poling of the material’s spontaneous polarization, which underlies the

versatile piezoelectric and ferroelectric functionalities of Pb(Zr,Ti)Os.

Cubic - paraelectric Cubic - paraelectric

Figure 1-3: Pb(Zr,Ti)O; unit cell in paraelectric phase (cubic) and ferroelectric phase (tetragonal).

The polarizability reaches its maximum at the boundary of two phases, known as the
morphotropic phase boundary (MPB) at a composition of Pb(Zro 52Ti0.45)O3. At the morphotropic
phase boundary, Pb(Zr,Ti)Os sits at the boundary between the tetragonal (6 directions for the
spontaneous polarization) and rhombohedral (8 directions for the spontaneous polarization) phases,
increasing the polarizability. Together with the low energy cost of making domain walls and
improved domain wall movement at the MPB, this creates high electromechanical coupling at this
composition. This phenomenon positions Pb(Zr,Ti)O; as currently unmatched for high-strain
piezoMEMS actuators [58]60[60].

The contribution to the piezoelectric response in Pb(Zr,Ti)Osis not solely from the intrinsic
contribution, (i.e., the field-induced displacement of atoms in the unit cell), but is also affected by
the extrinsic contributions, such as domain wall motion and phase boundary motion. Domains in
ferroelectric materials are regions with similar polarization directions. The plane separating two
regions with different polarization directions is called a domain wall. Domain wall formation

occurs in Pb(Zr,Ti)Os to minimize (i) the depolarizing field and (ii) the net mechanical strain
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created from the ferroelectric phase transition as illustrated in Figure 1-4. For the first mechanism,
as the material cools through the ferroelectric phase transition, the depolarizing field (E;) arises
from surface charges created by the spontaneous polarization, producing an internal electric field.
This complicates the formation of an entirely single domain, as it is energetically expensive. The
depolarizing field can be compensated by surrounding charges or minimized by splitting the
domain into oppositely oriented states, frequently forming a 180° ferroelectric domain wall. An
example of the second scenario can be given during the phase transition from a cubic to a tetragonal
perovskite. During this phase transition, regions of the material develop polarization along the
original a-axis, while other regions polarize along the original c-axis. The boundary between these
domains constitutes a domain wall, which serves to minimize the elastic energy arising from the
differences between the two states resulting in the nucleation of a ferroelastic 90° domain wall.

This ferroelastic domain wall balances both the internal mechanical strain and depolarizing field.

aT T
P CT cl
S
a | Cubic phase Cooling 90° wall formation Cr
\ . _—
C | (paraelectric)
al, a,l
++ + + + -+ -
a(? E(I
¢ € P
P
s
- - - - -+ - +

180° wall formation

Figure 1-4: Schematic showing 180° and 90° domain wall formation in the tetragonal perovskite
phase (adapted from [23]).

The allowed domain walls vary based on the difference in crystal structure of the
ferroelectric from the paraelectric phase. For example, in the rhombohedral phase, where the polar

axis is along the <111> direction of the cubic phase, this allows 71°, 109°, and 180° walls to form.
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As the polarization can be reoriented, the domain wall can also be moved by the external electric
field or stress. Note that both non-180° and 180° domain walls can be moved by an electric field;
however, only non-180° domain walls can be moved by a uniform stress as the two domains differ
in spontaneous strain.

Nucleation of domains and motion of domain walls is responsible for the characteristic
polarization-electric field hysteresis of ferroelectric materials [23]. At smaller electric fields,
domain wall motion is responsible for a significant portion of the extrinsic contribution to
piezoelectric properties [61-64].

One important characterization technique employed to study Pb(Zr,Ti)Os in this work is
the measurement of polarization as a function of the electric field. As shown in Figure 1-5(a), at
point A, a small field is applied to the material, and the polarization begins to increase linearly, as
described by equation 1.1; this behavior is typically observed in as-grown pristine films. As the
field increases, domains start to align in the favorable direction, and polarization/charge rapidly
increases up to point C. The increase from point C to D becomes linear again as the domains are

fully aligned, a state commonly referred to as saturation polarization, P,;.

Electric field
= F C
=
= = EN_ | B
-E [ E .
;é. « _ Z Field
p—
~
Strain
(a) (b)

Figure 1-5: Schematic showing polarization — electric field and strain — electric field hysteresis
loops and (b) the ideal strain hysteresis loop without ferroelastic domain motion (adapted from

[23]).
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As the electric field decreases, the polarization drops due to domain back-switching, and
at zero field, the residual polarization is termed the remanent polarization, P.. Subsequent
application of an opposing field brings the net polarization to zero; this field is known as the
coercive field, E.. Continuing to apply the field past —E, causes dipole moments to align in the
opposite direction, reaching the negative saturation polarization. As the electric field is reduced
again, polarization also decreases and completes a full cycle back to the positive direction, as
depicted in Figure 1-5(a).

The relation between strain and electric field is central to the piezoelectric effect. Three
principal mechanisms contribute to the strain in piezoelectric substances: (i) the intrinsic
piezoelectric effect, (ii) polarization switching, and (iii) domain wall motion. Figures 1-5(a)
provides a representation of strain under an applied electric field, in conjunction with the
polarization-electric field loop. A schematic for strain — electric field response is illustrated in
Figure 1-5(b); at point A, where the external field is absent, the strain is null. With an increasing
electric field, the strain first increases linearly, as prescribed by the converse piezoelectric effect,
reaching a maximum strain through the path from A to B to C. On decreasing the electric field back
to zero, the strain diminishes, and returns to point A Reversing the external field causes negative
strain from A to D as the polarization direction is antiparallel to the applied field. When the field
intensity is sufficient to reverse the polarization at point D, the strain increases towards the positive
regime, reaching point E. Subsequently, the strain increases in the negative field direction, peaking
at point F. As the field is removed, the strain decreases back to point A. The cycle is then completed
by a reversal in polarization at point A, which leads to a negative strain shift towards point G and
then ascends to point H and back to C.

It is important to acknowledge that strain measurements can be complex due to several
factors. The contributions from domain wall movement and the switching of ferroelastic domains

are as significant as the intrinsic piezoelectric contributions. The transition between polarization
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states is typically not as abrupt as the schematic suggests in Figure 1-5(b). Additionally, remanent
strain may lead to a non-zero strain at zero field, and domain wall motion contributes a nonlinear
aspect to the overall strain-electric field response even at sub-switching fields.

Several methods are used to enhance the piezoelectric and ferroelectric properties in PZT.
Doping Pb(Zr,Ti)Os with donor or acceptor elements is common; specifically, acceptor-doped
Pb(Zr,Ti)O3 known as hard PZT, results in more stable domain structure and a high coercive field.
Conversely, some Pb(Zr,Ti)O;is doped with niobium (Nb), a donor-type dopant. Such doping leads
to the creation of lead vacancies, thereby facilitating improved domain wall motion [65-68].
Despite Pb(Zr,Ti)Os thin films being considered mature materials in the piezoelectric-ferroelectric

domain, opportunities for further improvement and research exploration remain substantial.

1.3 Thesis Organization

This thesis focuses on the fundamentals of piezoelectric properties and their applications
in an ultrasound transducer for neuromodulation and neurostimulation. The first chapter provides
a brief introduction to piezoelectricity in lead zirconate titanate (PZT); the later chapters include:

e Chapter 2 - The Piezoelectric Micromachined Ultrasound Transducer: This
chapter provides the fundamental background on the principals of operation of a
PMUT and the design criteria for Pb(Zr,Ti)O3-based PMUT.

¢ Chapter 3 - Quantitative Measurement of ds;, for Partially Released PZT Thin
Films: A methodology is presented to precisely measure the longitudinal piezoelectric
coefficient in released piezoMEMS structures, including device design, fabrication,
and experimental results.

¢ Chapter 4 - 32 Elements PZT-Based Phased Array PMUT for Neuromodulation:
This chapter demonstrates the behavior of a PZT-based PMUT in a low-intensity
focused ultrasound transducer. The phased arrays were fabricated on a silicon-on-
insulator platform to operate in a beamforming/steering fashion, enhancing both the

spatial resolution and the area coverage.
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Chapter 5 - Flexible PMUT Phased Array for Neurostimulation: This chapter
illustrates further development of the PMUT phased array onto a flexible substrate and
discussed the feasibility of applying an implantable ultrasound stimulation system.

Chapter 6 — Conclusions and Future Work: This chapter emphasizes the findings

from the thesis and provides possible avenues for future work.
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Chapter 2

Piezoelectric Micromachined Ultrasound Transducers

The advent of microfabrication methods has revolutionized the traditional bulk ceramic ultrasound
transducers, paving the way for the development of miniaturized micromachined ultrasound
transducers (MUT). These advances bring several advantages, including reduced operational
voltages, flexibility in the resonant frequency of devices in a single wafer, and significant size
reduction. This chapter provides an overview of piezoelectric micromachined ultrasound

transducers, discussing their design, operational principles, and application in detail.

2.1 Conventional Ultrasound Transducers and Capacitive Micromachined Ultrasound
Transducers (CMUT)

Building upon the foundational principles outlined in Chapter 1, the direct and converse
piezoelectric effects serve both to generate and receive acoustic pressure waves in ultrasound
transducers. Conventional ultrasound transducer technology, primarily leveraging the thickness
mode of vibration, has found extensive application across various domains [1][4].

As the demand for small, portable, and high frequency ultrasound applications has grown,
micromachined ultrasound transducers (MUT) offer an approach to scaling size, additional design
flexibility, better impedance match with the media, and improved compatibility with
complementary metal-oxide semiconductor (CMOS) circuitry [5][15]. The transition to MUT
technology both leverages micromachining techniques for miniaturization and serves as also a
means to mitigate the difficulties encountered with conventional piezoelectric ultrasound, such as

complications in manufacturing thin matching layers and dicing small kerfs required for high-
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frequency ultrasound [16-19]. This chapter aims to briefly introduce the operational principles
underlying conventional bulk ultrasound transducers and CMUT. It will then explore the
fundamentals and fabrication methods for PMUTs, highlighting the development of device

structures and their integration into miniaturized devices.

2.1.1 Conventional Bulk Ceramic/Single Crystal Ultrasound Transducers

Ultrasound transducers are a well-established technology where piezoelectric ceramics or
piezoelectric single crystals typically undergo vibrational motion in thickness mode. The common
ceramic materials of choice are PZT ceramics, such as PZT-5H, due to their excellent
electromechanical coupling properties (ds; ~ 593 pC/N, k33 ~ 0.75) [18], [21], [22]. Alternatively,
single crystal relaxor-PT materials, such as Pb(Mgi3Nby;3)-PbTiO3; (PMN-PT) (d33 ~ 1500-2800
pC/N, k33 ~ 0.94) and Pb(Ini2Nbi2)-Pb(Mgi3Nba;3)-PbTiO; (PIN-PMN-PT) (d3; ~ 1500-2700
pC/N, k33 ~ 0.95), are also employed in ultrasound transducers due to their large piezoelectric
coefficients and high coupling coefficients [23][25]. However, it is notable that these relaxor-PT
materials possess low Curie or rhombohedral to tetragonal phase transition temperatures (T ~
130°C for PMN-PT, ~ 200°C for PIN-PMN-PT), which might limit their stability during operation
when subjected to heat [23],[27][29].

As these transducers operate in thickness mode, the resonant frequency, f, is determined

by the thickness [3]:
t =n P70/ Eq. 1
2f; '
where t is the thickness of the piezoelectric material, n is the harmonic number of the resonant

frequency, and cp;e,, 18 the sound velocity in the piezoelectric. The piezoelectric material oscillates

at specific frequencies upon excitation by electrical impulses, generating acoustic waves that
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propagate through the media. The efficiency of this process heavily relies on the piezoelectric

coefficients and electromechanical coefficient of the piezoceramics, as well as the matching and

backing layer.
(N0
[\\]/ Electrodes
Z] Zb
Front layer Piezoelectric Rear layer
(Matching layer + lens) ~ ¢lement (Backing)

Figure 2-1: Schematic of a conventional piezoelectric ceramic ultrasound transducer consisting of
matching layer, lens, piezoelectric element, electrode, and backing layer. The figure adapted from
[19].

The matching layer is an important element of the transducer because of the large mismatch

in acoustic impedance between most piezoelectric ceramics/single crystals (Z,, =~ 33 MRayl) and

the medium (Z; = 1.5 MRayl for water) [2]. The transmission coefficient (T') is defined by [19]:

_ 27,
T = /Zp'l‘Zl Eq.Z

Here, Z; and Z), are the acoustic impedances of the load (medium) and the piezoelectric material,
respectively. For instance, the transmission coefficient for a piezoelectric ceramic transducer in
water is only about 10%. To address this problem, one or more matching layers with an optimized

acoustic impedance is added to the front-end of the transducer. For a single matching layer, the
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thickness is a quarter wavelength, and the optimal acoustic impedance of the matching layer (Z,,,)
is [19][20]:
I = (2,2))"* Eq. 3
Another important element is the backing layer attached to the back of the transducer. The
backing layer is used to absorb acoustic waves at the backside of the transducer, damp unwanted
vibration, and prevent ringing as the piezoelectric layer generates acoustic waves in both directions
[1]-[4].
Generally, ultrasound transducers are used either as a single element, as shown in Figure
2-1, or as an array. An ultrasound transducer array consists of multiple elements arranged in 1D,
1.5D, or 2D configurations, allowing each element to be excited for electrical focusing and steering.
The array can be prepared as a piezocomposite, where pieces of piezoelectric ceramics, single
crystals, and polymers are fabricated into specific shapes [30]. For example, a 1-3 composite
consists of pillars of piezoelectric material embedded in a polymer matrix, while a 2-2 composite
consists of alternating planks of piezoelectric materials and polymer. Figure 2-2(a) demonstrates
the focusing of a linear phased array by controlling the time delay of individual excitation pulses
so that the acoustic pulses arrive at the focus point simultaneously [16]. Ideally, the linear phased
array is arranged with the pitch between each element being A/2 to minimize side/grating lobes
[16]. The time delay profile can also be adjusted to steer the beam at a desired angle, as shown in
the schematic in Figure 2-2(b). In Chapter 4, the concepts of focusing and steering will be discussed

and applied to PMUT phased arrays.
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Figure 2-2: Schematic for (a) electrical focusing and (b) steering of linear phased array.

Conventional transducers are widespread and diverse, showcasing the adaptability and
effectiveness of piezoelectric technology. Early applications, such as underwater sound systems
and sonar (sound navigation and ranging), are indispensable for underwater navigation and
detection [31]. In imaging applications, transducers enable detailed representations of internal body
structures, blood flow, and fetal development [23]. Furthermore, the emergence of wearable
devices allows for remote healthcare monitoring [32]. These advancements highlight the critical

role of conventional piezoelectric transducers.

2.1.2 Capacitive Micromachined Ultrasound Transducers (CMUT)

There are two types of MUT based on their operational principles: capacitive
micromachined ultrasound transducers (CMUT) and piezoelectric micromachined ultrasound
transducers (PMUT). In this section, a brief introduction of CMUT will be given. The operational
principle of a CMUT is based on the flexural vibration of membrane structure generated by field-
induced electrostatic attraction. CMUT were first reported by K. Suzuki et al., utilizing silicon IC

processes to fabricate a so-called “electrostatic ultrasonic transducer” [33]]. The membrane
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structure, depicted in Figure 2-3, features top and bottom electrodes separated by a vacuum gap
and an insulating layer. The membrane motion, driven by DC and AC voltages, is determined by
the oscillating electrostatic force. This simple membrane structure enables integration of CMUT
directly on CMOS as demonstrated in the development of a single-chip ultrasound imaging array
CMUT-on-CMOS [34][37]. Additionally, the literature reports a large bandwidth, up to 175%, and

an electromechanical coupling coefficient (k?) of up to 85% [38], [39].

Passivation layer

Top electrode ————— ]

Vacuum gap
Bottom

electrode

Silicon substrate

Figure 2-3: Schematic of capacitive micromachined ultrasound transduction (CMUT) [7].

The key parameter for CMUT operation is the collapse voltage or pull-in voltage, which
refers to the critical voltage at which the movable membrane of the CMUT collapses onto the
stationary electrode. CMUT operation can be divided into three modes: conventional mode [11],
collapse mode [40], and collapse and snap mode [41].

In the conventional mode, electrostatic transduction occurs as the top electrode (free
membrane) vibrates upon the application of external voltage without touching the underlying
electrode (backplate), as depicted in Figure 2-4(a). In collapse mode, the free membrane is DC
biased at the collapse voltage, causing the top electrode to remain in contact with the bottom
electrode throughout operation. Acoustic pressure is then generated by the application of an AC

field, as shown in Figure 2-4(b).
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(a) Conventional mode (b) Collapse mode

Aluminum electrode

I Aluminum electrode I

Figure 2-4: CMUT operating principle: (a) conventional and (b) collapse. Figure from reference
[40].

The final operation mode is collapse and snap mode. In this mode, the membrane is initially
driven by a DC voltage higher than the collapse voltage. The voltage is then reduced below the
collapse voltage but higher than the snapback voltage so that the membrane remains in contact with
the backplate, as illustrated in region 2 in Figure 2-5. Simultaneously, an AC voltage is applied to

generate the vibration motion.
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Figure 2-5: The simulation of the voltage-capacitance curve of CMUT operated in collapse and
snap back mode [41].
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As discussed above, CMUT operation involves us of high voltage to control the vibration
mode, with typical operating voltages reaching up to 100 V [42]. This implies challenges in high-
voltage CMOS and the integration in small-scale devices, particularly for wearable technology and
implantable devices where operating voltage is a crucial safety factor. This issue highlights the
potential of PMUTs, as their mechanism relies on electromechanical coupling through piezoelectric
properties, allowing them to operate at lower voltages compared to both bulk ceramic transducers

and CMUTs.

2.2 The Piezoelectric Micromachined Ultrasound Transducers

Piezoelectric micromachined ultrasound transducers or PMUTs are devices that integrate
the basic principle of piezoelectricity with advanced microfabrication techniques enabling the
miniaturization of ultrasound devices. Unlike their conventional counterparts, PMUTs operate
based on a flexural vibration mode. This offers an advantage, as the resonant frequency can be
tuned by adjusting device geometry such as device shape, lateral dimensions, diaphragm structure,
and boundary conditions [6][8].

The initial development of PMUT technology can be traced back to the pioneering work
on ZnO sensor devices fabricated using planar magnetron sputtering by Shiosaka et al. [43]. In
1983, building upon techniques from Shiosaki's publications, a released structure of a 5 pm ZnO
on a Si diaphragm for acoustic sensors was successfully demonstrated, achieving a sensitivity of
25 uV/ubar [44]. Following this, significant efforts were made to develop and establish the
fundamentals and application space of PMUT technology. Notable developments included the
demonstration of ferroelectric/piezoelectric PZT thin films for micromotors by Udayakumar et al.
in 1990 and the utilization of PZT-based PMUT arrays for in-water imaging by Bernstein et al. in

1997 [45], [46]. The exploration of materials continued with the introduction of AIN by Shelton et
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al. in 2009 [47]. From the significant improvements in piezoelectric responses demonstrated in
ALScN by Akiyama et al. [48], Wang et al. developed the first Al,ScN-based PMUT with an
enhanced electromechanical coupling coefficient (k?) of 36%, exceeding those available from AIN
PMUT [49]. Additionally, the piezoelectric polymer P(VDF-TrFE) was explored for PMUT

applications by Chao et al. [50].

2.2.1 Operational Principle and Resonant Frequency Design

PMUT structures consist of an active piezoelectric layer and a passive elastic layer, where
the diaphragm's vibration behavior is the result of the interaction between these two layers. The
diaphragm typically operates in the 31-mode, with the piezoelectric active layer sandwiched
between top and bottom electrodes. The applied electric field along the thickness direction (E3)
induces an in-plane strain (S ) causing the piezoelectric layer to alternately contract and expand in
the lateral dimension, as shown in Figures 2-6(a) and (b), respectively. This lateral contraction
occurs as the electric field direction is parallel to the polarization. In-plane expansion can also occur
if the domain reorientation is exploited, though that is rarely done [51]. Alternatively, the
diaphragm can also operate in 33-mode via the interdigitated (IDT) electrodes as demonstrated in
[52][55]. It is important to note that the neutral plane of the diaphragm must be positioned in the
passive layer for the piezoelectric effect to be optimized such that opposing voltages or strains are

not developed within the active layer [56].
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(a) (b)

contraction expansion

Figure 2-6: Illustration of bending induced from (a) contraction and (b) expansion of the
piezoelectric layer in simplified PMUT structure.

This dynamic bending from the converse piezoelectric effect is utilized in actuator/transmit
operations, as the oscillation from out-of-plane deflection generates acoustic pressure output.
Conversely, incoming acoustic waves can be sensed by the diaphragm as they induce vibration in
the structure; the direct piezoelectric effect generates electrical charges in the sensor/receive mode.
This dual functionality highlights the PMUT's capability to both transmit and receive acoustic
signals.

In their review papers, Qiu et al. [6], Jung et al. [7], and Roy et al. [8], provided
comprehensive summaries of various PMUT fabrication methods. A common structure among
these methods involves PMUTs micromachined on silicon-on-insulator (SOI) substrates, as
illustrated in Figure 2-7(a). In this configuration, the passive layer is predominantly the thickness
of the device silicon layer of the SOI substrate. The diaphragm can be fabricated using through-
silicon vias to release the bulk silicon substrate, as shown in Figure 2-7(b). The SOI layer supports
the sequential assembly of the active device stack, which includes a SiO, diffusion barrier, a Ti/Pt

bottom electrode, the active PZT piezoelectric layer, and a Ti/Pt top electrode.
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(b) _~ Pttop electrode

Released membrane

PZT (8 um)

Ti/Pt (Bottom elect.)

Air Hole

100 um

100 pm

Figure 2-7: (a) PMUT schematic, (b) — (c) cross-section and (d) — (¢) SEM images showing the
active area of the PMUT: top/bottom electrode and PZT thin film [57].

The passive elastic layer plays an important role as a mechanical amplifier, enhancing the
diaphragm's bending motion. This mode of vibration differs from the thickness mode employed in
conventional bulk transducers; the sound pressure results from bending in the out-of-plane
direction.

The diaphragm vibrational behavior for PMUTs can be characterized as: i) thin plate, ii)
membrane, and iii) mixed behavior. This classification can be justified using a nondimensional
kappa (k?) coefficient, which is determined by the residual stress and flexural rigidity of the

diaphragm, as suggested by Dangi etal.: [58]
T 2
,:2 _ le@ / . Eq. 3

where a is the radius of diaphragm and net structural pretension (7,) and flexural rigidity (D,) are

defined as: [59]

T, = Z oih; Eq. 4
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where E; is the Young’s modulus, v is Poisson’s ratio, h; is thickness and z; is the distance of each
layer from the neutral plane. This implies that for:

e Membrane behavior: When the diaphragm is large and thin, its response is primarily
influenced by the pretension or residual stress of the structure.

e Plate behavior: When the diaphragm is thick and small, its vibration motion is governed
by its flexural rigidity, where the Young’s modulus and Poisson’s ratio of each material
dominate the bending motion.

For circular membrane’s PMUT with clamped edge boundary conditions operating in the

plate regime, the resonant frequency can be denoted as: [59] [60]

o D,(E,v
2nfy =—- De(E,v) Eq. 6
a pit;

where D, is the flexural rigidity which is a function of Young’s modulus (E) and Poisson’s ratio
(v), p; and t; is the density and the thickness of each layer of the structure.

When the diaphragm becomes thinner, the residual stress () dominates the bending motion
instead of the flexural rigidity. Hence, the diaphragm resonant frequency in the membrane regime

is given as: [59]

o

piti

2.2.2 PMUT development

Residual stress is unavoidable in PMUTs, as stress can build up during thermal annealing,
especially for PZT which requires high temperature crystallization temperature (typically ~ 600°C
— 700°C). This residual stress initiates zero-bias membrane deflection and, in some cases, reduces

electromechanical coupling [[61]-[63]]. Additionally, the resonant frequency is directly influenced
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by residual stress, as reported by Muralt et al. [56], [64]. Sammoura et al. investigated the influence
of residual stress on circular 31-mode PMUTs using a Green’s function technique, finding that the
center displacement of PMUTs decreases with tensile stress and suggesting that zero-bias
deflection can be suppressed by adding an outer dummy electrode extending to the edge of the plate
[61]. Wang et al. constructed zero-static-bending PMUT using AIN thin films and reported
improved transmit sensitivity of 123 nm/V (an ~450% improvement over the reference PMUT)
[65].

One method to enhance the electromechanical coupling coefficient is to limit the electrode
coverage for the clamped boundary condition, to 60-70% of the diaphragm area [62], [66][68], .
Analytical calculations by Lu et al. reported that the optimized electrode coverage area is where
the sum of tangential and radial stress is zero for circular PMUT [69]. This ratio might not be true
for other boundary conditions, as shown by Sammoura et al., who demonstrated that the coupling
coefficient for simply supported boundary conditions is maximized at 100% electrode coverage
[70].

Muralt et al. fabricated partially clamped membranes by releasing the edges of the PMUT
structure, and k? was 5.3% [68]. Wang et al. also showed a similar trend in the enhancement of the
coupling coefficient for partially clamped structures, where PMUTSs with isolation trenches were
fabricated along with clamped membranes. In this work, it was reported that the average membrane
displacement for partially clamped structures showed a 61% improvement over clamped devices
[71]

To further improve the performance of PMUTs, three-dimensional structures were
employed. In curved structure PMUTs, the piezoelectric strain has a non-zero vertical element,
resulting in more vertical deformation of the structure. Hajati ef al. demonstrated 3D dome shaped

PMUTs, as shown in Figure 2-8(a), with a measured |e31_ f| ~ 23 C/m? where the 64-clement array

showed acoustic output pressures of 85 and 115 kPa/V for the first and second resonant modes [72].
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The curved AIN PMUT shown in Figure 2-8(b) was fabricated from 2 mm AIN thin film with a

radius of curvature of 1065 mm by Akhbari ef al. [73]. The deflection of the curved PMUT was
characterized using a Laser Doppler Vibrometer, showing a DC vertical displacement of 1.1 nm/V
away from resonance and 45 nm/V for the center displacement at resonance. Sammoura et al.
theoretically studied curved PMUTs using Love’s first approximation theory, showing that the
resonant frequency is a function of the curvature, thickness, and radius of the diaphragm, and that
the center displacement increases with the radius of curvature before reaching a maximum and

gradually decreasing [74].

(a) dome-shaped PMUT
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(b) curved PMUT

Figure 2-8: (a) Dome shaped PMUT show enhancement of the coupling coefficient (k) to 45%
[72]. (b) curved PMUT demonstrated vertical displacement of 45 nm/V [73].

As discussed earlier, partially releasing the diaphragm structure and lowering the stress in

the diaphragm leads to improvements in PMUT performance. An alternative approach was
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demonstrated by Liu et al. [75] in the fabrication of fully released PMUTs on a polyimide substrate,
supported by simulations for flexible PMUT arrays by Kim et al. [76]. In this work, PZT thin film
was prepared on a platinized silicon substrate using the sol-gel method with a ZnO sacrificial layer.
After the PZT bar was patterned and capped with Al,Os, polyimide was spin-coated onto the device
substrate. This was followed by wet etching of ZnO to release the structure from the silicon
substrate and transfer it to the deposited polyimide, resulting in a fully released device that operates
predominantly in a width extension rather than a flexural mode. The single element PMUT showed
an acoustic pressure output of 33 kPa at a resonant frequency (f;) of ~9.5 MHz for a 5 V peak
driving voltage. The apparent resonant frequency deviated from the analytical calculation, which
was believed to be due to the mass loading effect from the electrode and polyimide substrate,

potentially inducing a flexural mode in the system.
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Figure 2-9: Fully released PZT single transducer fabricated on polyimide substrate from [75].

2.2.3 PMUT Fabrication Methods

The micromachining of PMUTs can be categorized into three cases: i) bulk
micromachining, ii) surface micromachining, and iii) transfer and release. To provide an overview

of the processes, three examples of fabrication are illustrated in Figures 2-10, 2-11, and 2-12.
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e Bulk Micromachining:

Figure 2-10 shows the workflow for PMUTs fabricated through bulk silicon
micromachining, as presented by Cheng ef al. [77]. Here, a circular PZT-based PMUT structure
was prepared on an SOI substrate and released by deep reactive ion etching (DRIE). The front-side
process began with the deposition of a Nb-doped PZT thin film using the sol-gel method, followed
by patterning with inductively coupled plasma-reactive ion etching (ICP-RIE) and capping with a
Ti/Pt/Au top electrode. The device structure is shown in Figure 2-10(b). The bulk micromachining
of the silicon backside was then accomplished using the Bosch process with SFs and C4Fs to achieve
the release structure [78], [79]. Alternatively, anisotropic wet etching with common silicon etchants
such as ethylenediamine pyrocatechol (EDP) and KOH can also be used for bulk micromachining

of silicon for PMUT fabrication [80], [81].

(a) (b)
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Figure 2-10: Example fabrication flow for bulk silicon micromachining of PMUT on an SOI wafer
with a through-silicon trench fabricated by DRIE. PGA stands for Pin Grid Array, and BCB stands
for Bis(benzocyclobutene). [77]
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e Surface Micromachining:

The second approach is surface micromachining, as depicted in Figure 2-11. The AIN-
based PMUT was fabricated on a silicon substrate with a pre-patterned polysilicon sacrificial layer,
as demonstrated by Lu et al. [82] . The fabrication started with the deposition and patterning of
polysilicon, which later defined the released area of the AIN diaphragm. This was followed by the
deposition and chemomechanical polishing of a SiO, layer, then the deposition and etching of the
electrode and AIN thin film layers. Surface micromachining was achieved by isotropic silicon
etching using vapor phase XeF», forming the released structure. Finally, the etched hole and the
active device were sealed with Parylene-C. Another notable example of surface micromachining
with XeF, was demonstrated in the fabrication of a xylophone-bar type transducer using PZT thin
films by H. Kim et al. [83]. This work involved releasing a linear T-shaped transducer structure
from the silicon substrate. Alternatively, the Silicon-on-Nothing (SON) approach uses silicon
migration trenches to pre-fabricate the cavity, as demonstrated by D. Choong et a/. in the fabrication
of high fill-factor AIScN PMUT arrays on an 8-inch silicon substrate [84]. The cavity was formed
by i) plasma etching silicon substrate into trenches in the desired cavity area, ii) annealing in a
hydrogen atmosphere at high temperature (~ 1000°C) and lower pressure (~ 10~ Pa), and iii) silicon

trenches forming a cavity structure via surface-migrating of silicon [85].
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Figure 2-11: Example fabrication flow for surface micromachining of a PMUT with a polysilicon
sacrificial layer [82].

e Transfer and Release Method:

The third approach is the transfer and release method, in which the piezoelectric layer is
prepared on a sacrificial layer and transferred to the desired substrate later in the process. This
method offers flexibility to overcome process limitations, such as the high crystallization
temperature of lead zirconate titanate and enables the fabrication of fully released structures. Figure
2-12 shows the process flow and a rectangular PZT bar resonator reported by Liu ef al. [75]. In this
work, the PZT rectangular bar was deposited and patterned on a silicon substrate with ZnO and
ALO;s serving as sacrificial and insulator layers, respectively. Before polyimide deposition, a thick
Al,O3 layer was deposited as a protective layer to prevent PZT degradation during imidization.
Polyimide was then spin-coated and cured to form the desired substrate structure. Finally, ZnO was
wet-etched using acetic acid to release the transducer from the parent substrate to the flexible
polyimide substrate. Similar approaches have been adapted for other PMUT fabrication routes. For

example, Sun et al. transferred AIN-based PMUTs from silicon substrates by wet etching of SiO»
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via a PDMS stamp to PMMA substrates [86]; Jeong et al. transferred P(VDF-TrFE)-based PMUTs

initially prepared on glass carrier wafers to polyimide substrates [87]. It should be noted that it is
critical when surface micromachining is employed that the undercut process not damage the

piezoelectric layer or its electrodes.
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Figure 2-12: Example fabrication flow for transfer and release method. The PMUT was released
by wet etching of the ZnO sacrificial layer and transferred to a polyimide substrate. [75].

In summary, various methods and materials have been explored for the fabrication of
PMUTs, each with its unique advantages and challenges. Given this context, the piezoelectric
material employed in this thesis for piezoelectric micromachined ultrasound transducers is a 2
mol% Nb doped Pb(Zro5:Ti045)O3 thin film, due to its superior piezoelectric response, especially

in the transverse piezoelectric coefficient es; . To maximize the piezoelectric response in PMUTS,

highly {001} oriented PZT thin films are preferred. In this work, a highly [111] oriented high-
temperature deposited Pt bottom electrode was used in Chapter 4, following the process presented
by Fox et al. (2015) [88]. Non-PZT seed layers such as PbTiO3, PbO, and LaNiO3; are commonly
used to promote textured PZT films [89], [92]. However, these seed layers have their own
drawbacks, which can affect the properties of PZT thin films. For instance, LaNiO; has a higher
resistivity than metal electrodes, especially platinum [93], [94], and excessive PbO can lower the

breakdown strength of PZT thin films [95]. Alternatively, the seed layer for {001} orientation,



42

employed in Chapter 4, can be prepared using commercial Mitsubishi E-1 solution with a

composition of 52/48 and 10 — 16 at. % excess Pb [96][98].

2.2.4 Applications of PMUT

As discussed earlier, PMUTSs can operate as transmitters, receivers, and transceivers. Brief
examples of PMUT applications based on these operational modes are shown in Figure 2-13 and

2-14. The transmit mode relies on the strain coefficient e3 r, as PMUT diaphragm deflection is
induced by S;. PZT thin films are the dominant candidate for this purpose, as they show a high
|e31, f| ~ 12 Cm™[103, 104]. Figure 2-13(a) demonstrates the acoustophoretic effect to manipulate

4 um silica beads across the generated acoustic pressure gradient using PZT-based PMUTs on an
SOI substrate [77]. It was shown that particles could be moved from one electrode to the
neighboring electrode by controlling the acoustic potential gradient by controlling the drive voltage
and/or tuning the resonant frequency. Ultimately, this approach should allow manipulation of
micro-scale objects such as particles, cells, proteins, and enzymes in microfluidic systems. Another
excellent example of a transmitting application is the piezoelectric MEMS speaker. Materials such
as ZnO, PZT, and AIN thin films have been explored for use as vibration diaphragms coupled with
acoustic cavities to create audible acoustic waves for applications such as hearing aids and earphone
devices [105-107]. A notable step of a piezoelectric MEMS speaker is an available commercially
from Usound, with a sound pressure level of 116 dB under a driving voltage of 15 V [108].

The receiver mode emphasizes the sensor characteristics of PMUTs, with the related
piezoelectric coefficient being the voltage coefficient hsq f. Figure 2-13(b) shows PZT PMUTs
used as piezoelectric ultrasonic energy harvesters (PUEH), demonstrating potential for integration
into self-powered implantable devices [105]. The concept was examined using bulk PZT

transducers as transmitters and PZT based PMUT arrays as receivers. Performance was reported in
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both in-water and in-vitro testing. In the in-vitro experiment, a bulk transducer transmitted acoustic
waves through 6 mm thick pork tissue, with the transmitted output power density of 1 mW/cm?
PMUT an output power of 85.2 nW at a 330 kHz driving frequency highlighting the potential of

PMUT integration into implantable biomedical devices for long-term operation.

(a) Particle manipulation (b) Energy harvesting

Figure 2-13: Examples of PMUT applications reported in the literature: (a) transmitter PMUT for
particle manipulation [77], (b) PMUT energy harvester for self-powered implantable biomedical
devices [105].

For the transceiver application PMUTs function as both actuators and sensors to transmit
and receive acoustic waves. Figure 2-14(a) illustrates a 3D ultrasonic rangefinder on a chip using
AIN MEMS transducers integrated with CMOS ASIC, with a 1-meter range in air [106]. The
transducer's structure is a unimorph, with two AIN layers acting as both the active piezoelectric and
passive elastic layers, separated by a Mo electrode. Beamforming and steering were used to track
objects from 45 mm to 1 m with an angular range of +45°. The time-of-flight was determined from
the echo signal, with a maximum range of 1 m and an echo returning after 5.8 ms. This demonstrates
the potential of AIN PMUTs for mobile device capabilities, providing efficient proximity sensing,
wake-on-approach features, and 3D motion gestures.

Figure 2-14(b) shows the integration of PZT-based PMUT arrays with 256 and 512 active
elements into intracardiac catheters for real-time 3D ultrasound imaging [107]. The connection
between PMUT and catheter was achieved by through-silicon interconnects using PMUT backside

connection and a separately prepared wire substrate. These two substrates were then wafer-bonded
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using a flip-chip bonder to accommodate large array of connections. The PMUT array was tested
in adult swine, and the prototype volume ultrasound scanner was advanced through the femoral
vein and right atrium, marking the first in-vivo ultrasound imaging using a PMUT array.

Figure 2-14(c) presents a monolithic ultrasound fingerprint sensor using an AIN PMUT
array connected to a CMOS wafer using wafer-bonded techniques [108]. Two types of PMUTs
were fabricated: circular and rectangular elements. The rectangular shape showed superior
performance due to the higher fill-factor, with 70.8 kPa output pressure compared to 41.9 kPa from
the circular-shaped PMUT. The fabricated array demonstrated an axial resolution of 127 pm, with
the ultrasound image from the epidermis and sub-epidermis layers, shown in Figure 2-14(c) insets,
matching the optical microscope picture of the fingerprint. Since the initial attempt at a fingerprint
sensor using PMUT by Lu et al. [109], many efforts in the literature [110][112], have led to the
commercialization of fingerprint sensors by Qualcomm as the in-display PMUT 3D sonic sensor
[113]. This marks the advent of PMUT from research to the worldwide market.

Figure 2-14(d) illustrates the B-mode imaging results for both in-vitro and in-vivo
applications using a 1D PMUT array. Savoia et al. demonstrated the fabrication and integration of
a PZT PMUT array for biomedical ultrasound imaging. The array featured a 64-element array
where each element comprised 184 circular PMUT cells. The transmitting and receiving
sensitivities were measured to be 31 kPa/V and 3.2 mV/kPa, respectively, with 5 V excitation. This
yields 85% bandwidth and a center frequency of 2.5 MHz. The PMUT array was integrated into an
ultrasound probe equipped with low-noise amplifiers (LNAs), the MAX14822 from Maxim

Integrated Products, and the ULA-OP 256 scanner for the ultrasound imaging tests.
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Figure 2-14: Examples of PMUT applications in transceiver: (a) in-air rangefinder [106]: (b)
intracardiac catheters [107]: (c) monolithic fingerprint sensor [108]: (d) biomedical ultrasound
imaging [114].
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Chapter 3

Quantitative Piezoelectric Measurements of Partially Released Pb(Zr, Ti)O3
Structures
This chapter is dedicated to the quantitative measurement of the longitudinal piezoelectric
coefficient in released structures of piezoelectric thin films. Leveraging the precision of
micromachining, the released structures were prepared with well-defined boundary conditions,
thereby overcoming the limitations previously reported in the literature. Utilizing a double beam

laser interferometer, the large signal longitudinal piezoelectric coefficient (d33 ¢) of a piezoelectric

membrane has been measured quantitatively for the first time.

3.1 Introduction

Piezoelectric materials are widely utilized in a variety of micro-electromechanical systems
(MEMS), including sensors, actuators, and transducers. Over time, piezoelectric thin films have
gained considerable interest due to their small size, low power consumption, and significant
displacement [1], [2]. Lead zirconate titanate (PZT) thin films are an excellent choice for
piezoelectric MEMS (piezoMEMS) applications, due to their superior piezoelectric response and
well-established processing techniques.

PZT exhibits a distorted perovskite structure, with its morphotropic phase boundary
showing the highest piezoelectric response due to the structural instability between tetragonal,
rhombohedral, and monoclinic symmetries. In general, there are two key factors that influence the
piezoelectric response: i) intrinsic contributions and ii) extrinsic contributions [3]. Extrinsic

contributions such as domain wall motion substantially impact the macroscopic piezoelectric
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response, contributing more than 50% of the piezoelectric coefficient in bulk PZT ceramics at room
temperature [4 - 5]. However, in thin films, the submicron grain size, higher defect concentration,
film orientation, and substrate clamping significantly reduce the piezoelectric coefficient [6 - 19].
To address the constraints inherent in clamped piezoelectric thin films on stiff substrates,
K. Lefki defined an effective longitudinal piezoelectric coefficient for clamped thin films, denoted

as dss3 s, as demonstrated in reference [20]:

053
dsz = ( ) Eq. 1

where ds3 is the longitudinal piezoelectric coefficient, S5 is the strain in the 3-direction, E5 is an
electric field in the 3-direction, and the subscript T denotes the constant stress condition. For a
clamped film, the strain in the 3-direction can be written as:

Sy = s15(Ty + T2) + s53T3 + d33Es Eq.2
where sF is the elastic compliance under a constant electric field, T; and T, are in-plane stress, and
T; is out-of-plane stress. In this scenario, the out-of-plane stress is assumed to be zero since the
surface of the sample is free (T3 = 0). Additionally, the in-plane strain is assumed to be zero, i.e.
(§1 = S, = 0), which is a reasonable starting point, although it is not completely correct due to the
ability to bend thick substrates [21 - 23]. According to the assumptions, equation 2 is modified to
yield:

S3 = —2d31573/(sf1 + s12) + d33E; Eq.3
By substituting equation 3 back to equation 1, the effective longitudinal piezoelectric coefficient

(d33) can be written as:

d33,f:d33 2d31 (57— E + E) Eq. 4
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where d33 and d3; are the free longitudinal and transverse piezoelectric coefficients. Since d5 and
sE; are positive, and (s5/sE + sE) < 1, d33 ¢ for a clamped film is smaller than d33 of the

unconstrained piezoelectric.

3.1.1 Longitudinal piezoelectric coefficient measurement by optical interferometry

A single-beam Michelson interferometer employs the principles of homodyne laser
interferometry, dividing a monochromatic light source into two beams: a reference beam and a
measurement beam. The measurement beam reflects off the surface of the top electrode; the change
in phase of the measurement beam generates an interference pattern that can be used to monitor the
displacement of the upper surface [24], [25]. That is, the intensity of the light changes due to a

phase difference A@ of the two light beams as [26]:

1 1 270 Eq. 4
I = E (Imax + Imin) + E (Imax - Imin)coS (ZHT) 1
The intensity change due to the thickness change is described as [26]:
1 1 2AL m
I = 2 (hnax + Imin) + 2 (Inax — Imin)cos (277:7 + E) Eq. 5

where I is the intensity of the light, I,;,,, and I,,;;, are the maximum and minimum light intensity,
AL is the change in height of the sample surface, and A is the wavelength of the laser. As the
operation point is normally selected at the most sensitive position (1t /2), equation 5 can be reduced
to

Ad
I' = (Imax — Imin) 20— Eq. 6

where the thickness change is

-2

Ad =
Zn(lmax - Imin)

Eq. 7
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The voltage signal at the photodetector (V,,;: (t)) is:
21
Vout (t) = Vpe + (T)VPPAL(t) Eq. 8

where Vj is the dc offset, and Vpp is the full-fringe displacement peak-to-peak voltage.
An inevitable drawback of utilizing a single-beam laser interferometer is that the
measurement beam only probes the top electrode. Consequently, substrate bending often

significantly inflates the apparent value of ds;;.

To counteract the bending contribution, double-beam laser interferometry was proposed
by Pan and Cross and later modified by Kholkin [29][27]. Unlike its single-beam counterpart, the
double-beam laser interferometer uses the modified Mach-Zehnder interferometer configuration.
In a double beam laser interferometer, the laser beam is divided into reference and measurement
beams. The measurement beam travels to the upper and lower surfaces of the sample. Thus, the
change in optical path length reflects the change in the sample thickness generated from an AC
voltage excitation, and the effect of substrate bending is suppressed. The measurement beam and
the reference beam combine and create the interference pattern monitored by the photodetector.
Again, the displacement can be calculated from equations 5 and 6. In this scenario, the bending

contribution is canceled by the optical path differences of the top and bottom measured beams.

3.1.2 Released piezoelectric thin films

As discussed earlier, substrate-induced clamping in thin films can substantially reduce the
piezoelectric coefficient. Consequently, release methods have been explored to study clamping-
free conditions in piezoelectric thin films. Buhlmann et al. reported enhanced domain wall mobility
and piezoelectric response through submicron-scale lateral patterning in a Pb(Zr40Ti0.60)O3 thin

film [30]. As the 200 nm epitaxial PZT film was patterned to 100 - 200 nm in lateral size,
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piezoelectric scanning force microscopy detected a notable increase in the piezoelectric coefficient.
Griggio et al. demonstrated that substrate clamping affects the extrinsic contributions to dielectric
and piezoelectric behavior; films released from their substrates exhibit greater domain wall motion
than clamped ones [31] This reduction in extrinsic contribution due to substrate clamping is directly
tied to the pinning of non-180° ferroelectric/ferroelastic domain walls.

Wallace et al. investigated the relationship between mechanical boundary constraints and
ferroelectric/ferroelastic domain wall motion in tetragonal PbZr 3Tio 703 with 1% Mn on the B site,
using synchrotron x-ray diffraction and varying the percentage of release between the piezoelectric
thin film and the Si substrate [32]. The 002/200 Bragg reflection peaks were investigated as a
function of the applied electric field to study domain reorientation. The results indicated that the
higher the degree of release, the greater the domain reorientation under DC fields. Thin films
released over 75% of the area demonstrated a level of 90° domain reorientation comparable to bulk
ceramics. These findings confirmed the significant role substrate clamping plays in controlling
extrinsic contributions to piezoelectricity and underscored the utility of released piezoelectric thin
films for piezoMEMS applications.

Liu et al. demonstrated an ~ 45 % improvement in the remanent polarization of fully
released PZT thin film on a 5 um thick polyimide substrate via the transfer method compared to
that of a similar composition PZT thin film prepared on a rigid substrate [33]. These findings
suggest that the piezoelectric coefficient could be significantly enhanced if films are properly
released. However, quantitative measurement of fully released piezoelectric thin film on a polymer
proved challenging due to the extreme flexibility of the sample, as demonstrated by Liu et al. [34].
In that report, a 1 mm thick PZT thin film with random orientation was prepared on a 10 mm thick
polyimide substrate. As shown in Figure 3-1, a double-beam laser interferometer was used to study
the longitudinal piezoelectric coefficient. While the effect of substrate bending was expected to be

suppressed, the large displacement amplitude produced by the asymmetrical test structure exceeded
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the fundamental limit of the interferometer. This resulted in an erroneous d3 s of over 9600 pm/V.
The main sources of error were identified as i) the asymmetrical structure of the test device, ii)
residual polyimide in the bottom electrode vias, and iii) the continuous PZT thin films. In addition,
finite element analysis was undertaken to examine the displacement profile of a sample with varied
hole diameters on the rigid supporter (polycarbonate). It was observed that the bending profile was
directly influenced by the diameters of the holes. The finite compliance of the rigid support is
speculated to induce the bending, as depicted in Figure 3-1(b). It is also suggested that the complex

bending profile could potentially be reduced if the film adhered properly to the carrier.

(a) (b)

800 pm
£
Polyimide =
400
(10 pm) o pm o
£
Tape 8
(5 pm) &
o
n
Support ~1150 pm ()
(1 mm)

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Distance from the center, r (mm)

Figure 3-1: Challenges in measurement of the piezoelectric coefficient of fully released PZT on a
polyimide substrate (a) device schematic and (b) finite element analysis of the displacement profile
as a function of the punched hole diameter, adapted from [34].

In this chapter, a test device was specifically designed to quantify the longitudinal
piezoelectric coefficient of a released PZT thin film. It was constructed with a released PZT film
on arigid Si substrate, with the release achieved through backside deep reactive ion etching (DRIE)
and patterned ZnO wet etching. The device stack consisted of ZnO/Al,O3/Pt/PZT/Pt layers, where

the ZnO functions as an etch stop layer during the backside etching process. Subsequently, the ZnO
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exposed during backside etching was removed through wet etching, and the degree of release was
regulated by controlling the area of the patterned ZnO. Additionally, the backside etched vias
provide a pathway for rear laser probing for double-beam measurements. To characterize the
displacement profile and piezoelectric response, both double-beam and single-beam laser

interferometry were utilized.

3.2 Experimental Method

3.2.1 The Device Design

Liu et al. showed that significant errors arose when a sample exhibited asymmetry, the
probing surface quality was uneven, and the PZT thin film vibrated globally [34]. To address device
asymmetry, the sample was designed to release the PZT thin film on a rigid substrate, creating an
accessible, precisely aligned bottom electrode via micromachining processes. The ZnO thin film
served as both the DRIE stop layer and the sacrificial layer as it was resistant to the fluorine plasma
[34]-[38]. Additionally, it was easily etched in weak acid solutions, such as acetic acid, nitric acid
or dilute hydrochloric acid. Importantly, Lee demonstrated that ZnO could be selectively etched
using an acetic buffer solution (composed of acetic acid and sodium acetate) without damaging the
Al>Os3 thin film [38]. To avoid global motion caused by a blanket layer of PZT, the PZT thin film
was patterned into a circular shape via inductive-coupled plasma-reactive ion etching (ICP-RIE).
Consequently, this test structure allowed the released area to be varied with well-defined
mechanical boundary conditions.

The test sample was designed to explore three different regimes while maintaining constant
values for the diameter of the top electrode (800 pwm), the patterned PZT (1400 um), and the DRIE

vias (400 um). These regimes where: 1) the diameter of the release area (patterned ZnO) is smaller



68

than that of the top electrode, ii) the diameter is equal to that of the top electrode, and iii) the
diameter is larger than that of the top electrode. By devising the test devices with well-defined
mechanical boundary conditions, it is expected that the displacement bending profiles across these
three different release states should be comparable [34]. However, due to the fragility of the
released structures, only those with ZnO diameters of either 400 pum or 600 pum survived the
process. These two types of devices are designated as 50% and 75% released samples, correlating

to the proportion of the electrode area covered (800 um).

(a) (b)

7Zn0 as a DRIE stopping layer ZnO0 as a release layer

‘ Si QP 0 QP ALO: N TPt ’ PZT

Figure 3-2: Schematic representation of the device for longitudinal piezoelectric coefficient
measurement via laser interferometry. (Left) The diagram depicts a patterned ZnO as the etch-stop
layer during backside etching. (Right) The ZnO is etched and acts as a defining parameter for the
release.

3.2.2 Device Fabrication

As shown in Figure 3-3(a), the fabrication process began with the preparation of a Si
substrate using a standard RCA cleaning process. A 4-inch Si substrate (Nova) was immersed in
an SC1 solution bath (5:1:1 ratio of H>O: NH3: H>O:) to remove organic contamination, followed

by a 30 second dip in a 1:50 ratio of 2 vol.% HF: DI water solution to eliminate the SiO; layer. The
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substrate was then rinsed with deionized water. Subsequently, the wafer was immersed in an SC2

solution bath (6:1:1 ratio of HO: HCI: H,0,), followed by another rinse with DI water [39].

(a) Silicon substrate (c) Bottom electrode

ay
(f) DRIE backside etching

(b) ZnO patterning (d) PZT deposition

(g) ZnO releasing

Lp

(c) Al,O, deposition (e) Top electrode

A

o

‘ i QP 0 QP ALO: N TP ‘PZT

Figure 3-3: Process flow of the device fabrication starting from (a) a clean silicon substrate, (b)
the patterning of sacrificial layer ZnO, (c) the blanket deposition of Al,Os insulator layer, (¢) — (¢)
the bottom electrode, PZT, and top electrode deposition and patterning, (f) backside DRIE via
etching, and (g) ZnO sacrificial layer release.

A 10 nm thin Al,O3 layer was then deposited on the Si substrate by atomic layer deposition
(Kurt J. Lesker ALD-150LE system) at 200°C using tetramethylammonium hydroxide (TMAH)
and H,O as precursors. This layer serves as the etch stop layer from silicon deep reactive ion etching
[40], [41].

Next, a 150 nm ZnO thin film was deposited by a custom-made plasma-enhanced atomic

layer deposition (PEALD) system at 200°C using diethylzinc (DEZ) as a precursor and N»O as the
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oxidant. More details on this deposition are given elsewhere [42], [43]. The ZnO film was
subsequently patterned through a wet etching process using an acetic buffer etchant (0.11 M acetic
acid and 0.78 M sodium acetate) at room temperature with an etch rate of 111 nm/minute. Here,
LORSA and SPR3012 photoresist served as soft masks. Initially, LORS5A was spun onto the blanket
ZnO thin film at 4000 rpm for 45 seconds and baked at 190 °C for 5 minutes. Then, SPR3012 was
spun at 4000 rpm for 45 seconds and baked at 90 °C for 1 minute. The photoresist was exposed
using a commercial maskless aligner (Heidelberg MLA150) at 200 mJ/cm? and developed in a
TMAH-based developer, Microposit CD26, for 1 minute. Prior to etching, oxygen plasma was used
to descum the residual photoresist with 200 sccm of O, 50 scecm of He, at a pressure of 550 mTorr,
and an RF power at 200 W for 3 minutes using a TePla M4L plasma asher. The prepared ZnO thin
film was etched into a circular shape in an acetic acid buffer bath for 1.5 minutes and rinsed with
deionized water as shown in Figure 3-3(b). The photoresist mask was removed by soaking the
sample in acetone, isopropanol and deionized water, followed by an oxygen plasma process with
the same recipe for 5 minutes. Finally, the patterned film was coated with a 200 nm layer of AL,O3
using thermal atomic layer deposition (ALD) similar to the previous deposition. Al,Os acted as a
diffusion barrier and an insulator layer for the PZT device.

The bottom electrode consisted of a 30 nm Ti adhesion layer and a 150 nm Pt layer; the
bottom electrodes were patterned by the lift-off process. A reentrant profile was achieved using a
LORS5A and SPR3012 photoresist mask. The photoresist was patterned using a maskless aligner at
200 mJ/cm? and developed in CD26 for 75 seconds. Prior to the deposition of the bottom electrode,
the developed photoresist was subjected to an oxygen plasma cleaning process in a Tepla M4L
asher to remove organic residues. The sample was then transferred into the vacuum chamber of a
DC magnetron sputter deposition system (Kurt J. Lesker CM18). The deposition process began
with a 30 nm layer of Ti at room temperature, with the pressure regulated at 2 mTorr and the DC

power set at 200 W. Without breaking the vacuum, a layer of Pt was deposited at room temperature;
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the pressure was maintained at 2.5 mTorr and the DC power set to 200 W. To strip off the
photoresist soft mask, the sample was immersed in a PRS3000 bath at 80°C for 1 hour, followed
by an oxygen plasma cleaning process to remove organic residues with 300 sccm of O, 50 sccm
of He, pressure at 500 mTorr, and 300 W for 5 minutes. The bottom electrode is depicted in Figure
3-3(d). After that, the prepared sample was annealed in air at 500°C for 1 hour, followed by rapid
thermal annealing at 700 °C for 1 minute in O to release any trapped hydrogen from the Al,O3 and

ZnO films as shown in Figure 3-4.

500 pm
L 1|

Figure 3-4: Optical microscope image and (b) SEM image showing evidence for blisters
originating from the buried AL,O; layer. Note that for this particular sample, blistering is observed
across the wafer, even over the ZnO region, as the sample had a blanket layer of 10 nm Al,O3 below
the patterned ZnO.

A 1 pum thick PZT thin film was deposited on the patterned bottom electrode using the sol-
gel technique. A 15 wt% PZT sol gel E1 solution, 2 mol% Nb doped PZT (52/48) with 14% excess
Pb, supplied by Mitsubishi Materials, was spin-coated onto the substrate at 2750 rpm for 45
seconds. The film was dried on a hotplate, initially set at 100°C for 1 minute, then the temperature
was increased to 300°C for an additional 4 minutes to pyrolyze the layer. Following this, the film
underwent crystallization at a temperature of 700°C for 1 minute in a rapid thermal annealer with
2 slpm O, flow [33], [44]. This process was repeated until the desired thickness was achieved. To

compensate for the Pb loss incurred during the process, a 2-methoxyethanol (2-MOE)-based PbO
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solution was spun onto the film at 6000 rpm for 45 seconds as a capping layer. It was then baked
at 100°C for 1 minute and 300°C for 2 minutes before undergoing a crystallization process by rapid
thermal annealing at 700°C for 1 minute in O [45]. Comparable films prepared on Pt-coated silicon
wafers had a relative permittivity of 1330 + 9.6, a dielectric loss tangent of 1.78 + 0.012 %, a
remanent polarization of (15.39, -16.55) pC/cm?, and a coercive field of (49.14, -36.24) kV/cm.

As can be observed in Figure 3-4, during PZT crystallization, some micron-sized domes
developed; these were attributed to an Al,O; blister effect [46][48]. This is commonly reported
when ALD Al,Os (with a thickness greater than 10 nm) is directly deposited onto a clean silicon
wafer and subsequently subjected to high-temperature heat treatment. It is notable that on another
sample, blisters were not observed after high temperature annealing in locations where ZnO is in
contact with silicon layer instead of Al,Ojs; this confirms that the blister originates from the
Al,0s3/Si0; interface. These blisters did not significantly degrade the structural integrity of the PZT
layer.

Before the deposition of the top electrode, the PZT thin film was evaluated using X-ray
diffraction (XRD, Malvern Panalytical Empyrean) and field-emission scanning electron
microscopy (Merlin, Zeiss FESEM). Figure 3-5(a) shows the XRD spectra of the prepared 1 mm
thick polycrystalline PZT thin films with additional peaks associated with the substrate. Figure 3-
5(b) reveals a surface that is pyrochlore-free, with a dense grain structure with an average lateral
grain size of 160 = 36 nm following the Heyn intercept method [49].

Subsequently, the PZT was patterned using a thick AZ4620 photoresist. The AZ4620 was
spun at 1500 rpm to achieve a target thickness of 12 pm and then baked at 90°C for 1 minute,
followed by 105°C for 3 minutes. Thereafter, the spun photoresist was left in the atmosphere for 1
hour before exposure to allow for re-hydration [49]. The photoresist was exposed at 800 mJ/cm?
using a maskless aligner and developed in a KOH-based, 1:4 AZ400k developer, for 4 minutes.

Prior to PZT etching, the sample underwent a descum process using a Tepla M4L oxygen asher.
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The PZT was then etched using inductively-coupled plasma reactive ion etching (ICP-RIE), in an
Ulvac NE550, with 20 sccm of Ar, 28 sccm of CF4, and 7 sccm of Cl, at 150 W bias power and
700 W ICP power, maintaining an etching pressure of 3.8 mTorr [44]. The etching process was
performed in alternating cycles of 30 seconds etching followed by 60 seconds rest to prevent
overheating of the photoresist mask. This produced an average etch rate of 70 nm per minute. Once
the PZT was patterned, the remaining photoresist was stripped by immersing the sample in
PRS3000 at 80 °C. This was followed by a subsequent cleaning using the oxygen plasma asher.
The process employed an O flow of 300 sccm and 50 sccm of He at 300 W, with the pressure

regulated at 550 mTorr for 5 minutes.
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Figure 3-5: The XRD pattern with substrate peaks labeled with an asterisk and corresponding
FESEM image from the 1 pm thick polycrystalline PZT thin film prepared by the chemical solution
deposition method.

Before deposition of the top electrode, a 50 nm insulating layer of Al,O3 was deposited and
patterned using wet etching in Microposit CD26. The blanket deposition of Al,Os was carried out
using ALD at 200°C. The photoresist used in this step was SPR1813, spun at 4000 rpm for 45
seconds and baked at 105°C for 1 minute. The pattern was created by exposing the photoresist via
a maskless aligner at 200 mJ/cm? and developing in Microposit CD26, followed by a descumming

clean in the Tepla M4L asher. Prior to the wet etching, the photoresist underwent a soft bake at
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110°C for 5 minutes to enhance adhesion. The Al,O3 was then etched by soaking in Microposit
CD26 for 20 minutes with constant hand stirring. After patterning the Al,Os, the photoresist was
removed by immersing the sample in a PRS3000 positive photoresist stripper and cleaned with an
oxygen plasma in the Tepla M4L.

To complete the PZT stack, the top electrode, comprising 3 nm of Ti and 100 nm of Pt,
was deposited using DC magnetron sputtering and patterned via the lift-off method. This was
followed by photolithography and lift-off using LOR5SA and SPR3012, employing a similar recipe
as for the bottom electrode deposition. The front-side process concluded with the spin coating of
Protek B3, a protective coating, to protect the front side from any further damage during the
subsequent micromachining of backside vias. Protek was spun at 2000 rpm for 60 seconds and
baked at 140°C for 3 minutes and 205°C for 2 minutes. Following this, thick photoresist AZ4620
was spun onto the back side of the wafer and patterned using a method similar to the one employed
during the PZT etching process. The wafer was then transferred to a silicon deep reactive ion
etching tool (DRIE) for backside via etching.

DRIE was performed using the Bosch process, with a high aspect ratio recipe using SFs
and C4F3 with the substrate temperature set to 3°C to create vias with a depth of 500 um. The etching
process stopped upon reaching the Al,03/ZnO layer on the front side as neither film creates volatile
products in SFs plasma etching [36], [37], [40], [41] Finally, the sample was cleaved into test
samples using the LatticeAX420 cleaving system.

The process to etch the sacrificial ZnO layer beneath the PZT began with soaking the
cleaved sample, with the photoresist and Protek B3 left intact, in a NaOH bath at 56°C for 4 minutes.
This step ensured the removal of any residual Al,Os. Subsequently, the buffered acetic acid solution
was employed to remove the sacrificial ZnO layer as depicted in Figure 3-6. The temperature of

the bath was maintained at 40°C to expedite the etching.
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(a) (b) (c)
Device before ZnO removal ZnO etching Device after ZnO removal
™ Acetic buffer solution

. pH =5.84
A temperature = 40 °C
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Figure 3-6: Method to release the underlying ZnO: (a) backside vias were achieved by DRIE, (b)

the sample was soaked in the selective etchant: 0.11 M CH3COOH and 0.78 M CH3COONa, at
40°C, and (c) the device schematic (upper) and optical microscope image of the device (lower).

It is noteworthy that etching ZnO through backside vias presents its own set of challenges.
The small size of the backside holes significantly hampers the mass transport between the etching
surface and the solution bath. Additionally, it was observed that the diaphragm of the majority of
devices sustained damage during the wet etching process as shown in Figure 3-7. The devices that
survived the process were then cleaned using acetone, isopropanol, and deionized water. This was
followed by an oxygen plasma clean on the front side to completely remove any residual material

from the Protek B3, preparing the devices for measurement.
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Figure 3-7: Optical microscope images showing broken diaphragms after the wet-etch{n release
of ZnO in a buffered acetic acid etchant.

To verify the gap created by the ZnO wet etching process, the sample was first cross-
sectioned using a focused-ion-beam (FIB) in the Thermo Scientific Scios™ 2 Dual Beam FIB-SEM
system. Subsequently, it was imaged with the Zeiss Gemini 500 field emission scanning electron
microscope to obtain high-resolution images of the etched regions. Following this, the surface
topography of the released diaphragm was examined. For this purpose, optical profilometry using
the Zygo NexView 3D system was employed, where white light interferometry characterized the
height profile of the diaphragm before and after wet etching. In parallel, to establish a baseline for
the electrical properties of the fabricated devices, measurements of capacitance and loss tangent
across a frequency range from 100 Hz to 1 MHz were conducted. A Hewlett Packard 4284A LCR
meter was used with 30 mVac excitation. To study the domain behavior, Rayleigh dielectric
measurements were also carried out at 1 kHz using the LCR meter. Finally, the electric-field
induced displacements were measured using an aixACCT double beam laser interferometer system
with a complementary single beam laser interferometer mode. This allowed separate

characterization of any field-induced bending of the diaphragm.
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3.2.3 Double Beam Laser Interferometer — AixACCT aixDBLI System

A commercial double-beam laser interferometer from AixACCT was employed in this

chapter to quantitatively measure the dss3 ¢ of partially released PZT structures. Multiple optical

elements are included in the system’s schematics, as shown in Figure 3-8. The stabilized 632.8 nm
He-Ne laser is installed on the rear panel, highlighted in green. The coherent laser beam passes
through an optical Faraday isolator, ensuring that no reflected beam reenters the laser source. Then
the beam travels from the rear to the front panel by reflecting off mirrors M0 and M1. In the front
panel, the coherent laser beam passes through the A/2 plate and mirror M2. At the A/2 plate, the
beam’s rotation determines the intensity that will be divided by the polarized beam splitter (PBS)
since the polarization in the y-direction is delayed by A/2. PBS1 splits the incoming laser beam into
reference (polarization out of plane) and measurement (polarization in plane) beams based on their
polarization components. The measurement beam path continues towards the sample’s upper
surface, passing through a A/4 plate (which delays the polarization by A/4), an electric shutter,
mirror M3, and is focused by lens L1 onto the sample surface. The beam then travels back along a
similar path where it is again rotated at the A/4 plate, resulting in out-of-plane polarization.
Consequently, the measurement beam is reflected by PBS1 and travels to the lower part, where it
is directed by PBS2 to probe the sample’s lower surface. After passing through another A/4 plate,
mirror M4, and lens L2, the beam is focused onto the sample surface before traveling back on the
same path with in-plane polarization, which is transmitted through PBS2 to beam splitter BS3.
Here, the beam is reflected into half of its original intensity, independent of polarization. On the
reference beam path, after being reflected by PBS1, the beam goes through a A/4 plate, is reflected
back by the piezoelectric mirror M7, and reenters the A/4 plate, yielding an in-plane polarized beam.
This beam is then transmitted through PBS1 to PBS2, reflected by mirrors M5 and M6, and finally

encounters BS3, where it interferes with the measurement beam. The interference observed at the
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photodetector results from the optical path difference (OPD) due to the displacement of the sample.

The change in interference fringes is defined by the equation:

Eq.

21
AQ =7-0PD

where AQ is the phase difference induced from optical path difference.
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Figure 3-8: Schematic of the optical beam path of the aixDBLI system, aixACCT system GmbH.
Reproduced from [26].
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Figure 3-9: Optical beam path of the aixDBLI system, aixACCT system GmbH in the single beam
configuration.

Additionally, the aixDBLI system is equipped with a single-beam laser interferometry
module, as shown in Figure 3-9. The system comprises a stabilized He-Ne laser source connected
to the SIOS SP120/2000 miniature plane-mirror interferometer. This configuration shares the front
optical components with the double beam set-up, as shown in Figure 3-9(a). The miniature
interferometer, featuring modified Michelson optics and a photodetector, sits on a movable base
fitted with a micrometer screw for alignment in the x and y directions. To operate in single-beam
mode, the movable mirror is lowered to block the laser beam from the double beam path, thereby
creating an optical path for the single beam mode, as illustrated by the solid red line in Figure 3-9.
In this configuration, the measurement beam from the miniature interferometer passes through the
adjustable lens tube and is reflected by the movable mirror, as displayed in Figure 3-9(b). The beam

then follows a path similar to that of the DBLI system, traveling to the M1 mirror and through the
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L1 lens to focus on the top surface of the sample. The reflected beam retraces this path, is refocused

by the adjustable lens tube, and returns to the auxiliary diaphragm on the sensor head.

3.3 Result and Discussion

The cross-section, prepared by focused ion milling, was employed to assess the wet etching
of ZnO through the DRIE vias. Notably, the diaphragm incurred damage during the milling
operation; the observed cracks initiated at the milling sites located at the boundary of the released
diaphragm and propagated towards the center, suggesting the presence of considerable residual
stress. Figures 3-10(a) and (b) display the PZT stack without the underlying ZnO (the clamped
region) and the etched ZnO region (the released area). As indicated in Figure 3-10(b), a distinct
modified region was observed between Al,O3 and ZnO, resulting in a residual layer of ZnO. This
observation is consistent with reports of inter-diffusion of ALOs; and ZnO at temperatures

consistent with those used during crystallization of Pb(Zr,T1)Os [51][53].

AlLO,
Void (removed ZnO)

500 nm 400 nm
I |

Figure 3-10: The cross-section SEM represents (a) the PZT region without ZnO underneath and
(b) with a void created by wet etching the ZnO from the vias created by the backside DRIE.

Optical profilometry was utilized to analyze the diaphragm profile and confirm the absence
of micro-cracks. The results revealed that i) the surviving diaphragms are crack-free, and ii) the

height in the released ZnO area was lower compared to the sample before ZnO release. This
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reduction is clearly illustrated in Figure 3-11(a), where the ZnO diameter matched the DRIE via
diameter; the height was approximately 150 nm before ZnO wet etching and was reduced to 110
nm. This implies that upon the release of ZnO, the flexural rigidity of the structure is reduced, along
with the partial release of in-plane stress, leading to zero-field bending. Figures 3-11(b) and (c)
depict the post-release diaphragms with larger ZnO diameters, where the change is more
pronounced, manifested as downward bending in the profile. It is important to note that ZnO
etching in this scenario is challenging due to three factors: i) mass transfer limitations resulting
from the small DRIE vias, ii) poor etchant accessibility through the etched voids as shown in Figure
3-10(b), and iii) downward bending of the diaphragm which might close the diaphragm gap. These
etching challenges result in the diaphragm profile shown in Figures 3-11(b) and (c) where, in Figure
3-11(b), the leftover ZnO forms a noticeably higher region at the perimeter of the ZnO, and in
Figure 3-11(c), where the ZnO diameter is significantly larger than the DRIE vias, the etchant
cannot reach further, leaving an under-etched diaphragm. Several diaphragms were also observed
to break at this step, limiting this study to released diaphragms with released regions of 50% (Figure
3-11(a)) or 75% (Figure 3-11(b)) of the top electrode area. Devices comparable to those depicted

in Figure 3-11(c) were excluded, due to the undefined etching area along the edge of diaphragm.
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Figure 3-11: Optical profilometry results illustrating the effect of ZnO etching on the PZT thin
film diaphragm for (a) 400 mm, (b) 600 mm, and 1200 mm diameter ZnO, with the height profile
measured across the center of the diaphragm labeled as the measured line.

Low-field measurements of dielectric permittivity were conducted to examine the
characteristics associated with the irreversible Rayleigh coefficient (o) and the reversible
coefficient (g;,jt). o arises from the contribution of irreversible domain wall motion, whereas
€init contains contributions from the intrinsic properties of the lattice and reversible motion of
domain walls. The dielectric Rayleigh measurement is governed by:

& = a:Eg + &t Eq.7
where €, is the relative dielectric coefficient and the E| is the applied electric field. The dielectric
permittivity as a function of frequency and AC field amplitude were measured at each fabrication
step. The ratio between the irreversible and the reversible Rayleigh coefficients (o /€;ni;) before
and after annealing, and after removal of the ZnO are compared in Figure 3-12. It was found that
the release process itself produced no significant difference in the o /g, ratio, presumably

because the domain state was unchanged, as the films were unpoled.
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Figure 3-12: Diclectric measurements of unpoled PZT films as the function of frequency and AC
field at 1 kHz for (a) — (b) before the DRIE process, (c¢) — (d) after the DRIE, and (e) — (f) after the

ZnO etching.

The large signal unipolar d3; ; was measured from the average slope of the displacement as a

function of unipolar field via interferometry. “Large signal” in this context refers to the fact that

the applied field exceeds the coercive field, which in this case the approximately two times the

coercive voltage (~ 10 V) unipolar triangular wave at 50 Hz with an average of 200 cycles was

applied to the sample [54]. Prior to measurement, the samples underwent poling at 10 V for 20

minutes in two different steps at room temperature, as illustrated in Figure 3-13; the solid lines and

dashed lines denote polarization and displacement, respectively. An increasing in maximum

displacement before pole and each poling cycle was observed, as shown in Figure 3-13.



84

Before poling
12 1—=== First poling

=== Second poling

Polarization [4C/cm?]

10
Applied Voltage [V]

Figure 3-13: DBLI measurement shows progressive increases in field-induced displacement on
room temperature poling. The solid lines correspond to the polarization and dashed lines represent
displacement.

To elucidate the effect of the release process on the piezoelectric response, samples with
400 pm (50% release) and 600 um (75% release) ZnO diameters were selected for comparison with
the clamped PZT sample with reported d3  being the average of 10 measurements on each sample.
The clamped PZT was prepared alongside the other sample but did not undergo backside etching.
Note that the sample with partially etched ZnO, as depicted in Figure 3-11(c), was excluded due to
the poorly-defined released edge, potentially complicating diaphragm motion. Figure 3-14 presents
the measurement results for induced polarization and displacement measured by double-beam
interferometry. The d3; value for clamped, 50% released sample, and 75% released sample, are
126 £ 12.8 pm/V, 410 = 5.9 pm/V, and 420 + 8.1 pm/V, respectively, following poling. Note that
to ensure the repeatability of the observed results, the d3;  represent an average of 10 different
measurements. These data for the clamped sample agree with reported data for clamped PZT thin

films [54]. The released PZT samples exhibited significant improvements over the clamped sample,

with a greater than 3-fold increase in longitudinal piezoelectric coefficients.
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Figure 3-14: The DBLI measurement of the (a) clamped PZT, (b) 50% released PZT, (¢) 75%
released PZT where the blue and orange lines represent the polarization and displacement,
respectively.

There are several factors which could, in principle, contribute to this increase, including i.
artifacts associated with bending of the thin diaphragms (which can be exacerbated by beam

misalignment in a double beam interferometer, and ii. an increase in d33 ¢ due to release from the

substrate (including the reduction in residual stress which controls the domain state). The flexural
rigidity (D) of the diaphragm is directly proportional to the cube of the material's thickness, as
defined by [55]:

Do Eh3
T 12(1 —v?)

Eq. 8

where E, h, v are Young’s modulus, thickness, and Poisson’s ratio, respectively. Releasing the
underlying layer decreases the PZT diaphragm's rigidity. Additionally, the removal of ZnO may
partially alleviate some of the tensile in-plane stress by increasing bending. Some zero-field
bending was observed through optical profilometry; this may account for the small increase in d33 ¢
for the 75% released relative to the 50% released sample. Moreover, removal of the mechanical
constraints from the substrate facilitates ferroelastic domain reorientation, as suggested by Wallace

et al., [32]. This, in turn, increases both the degree of poling and the extrinsic contributions to the

piezoelectric effect. In principle, this could allow d3; , values for Nb-doped PZT thin films to rival
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those of their bulk ceramic counterparts (typical large signal values for d35 of soft PZT ceramics

range from approximately 565 to 880 pC/N, depending on the composition) [56][61].
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Figure 3-15: Measurements in the (a) single beam and (b) double beam modes on the released PZT
thin films.

To assess the possibility of artifacts from field-induced bending as well as to compare to
the single surface measurement techniques, the single beam laser interferometry (SBLI) mode on
the DBLI system was utilized to capture the magnitude of diaphragm deflection during the
excitation. As previously reported by Liu et al. [34], the large deflection generated in the fully
released membrane on polymeric substrate coupled with finite laser beam misalignment in the
DBLI measurement, leading to an incorrect d33 » value. With the laser beam probing the center of
the top electrode, a 10 V unipolar triangular wave at 200 Hz was applied to the PZT, and the
deflection was measured; the result is shown in Figure 3-15(a), along with the double beam mode
shown in Figure 3-15(b). The displacement recorded in single beam mode indicated a maximum
displacement of 1.4 nm in the negative direction, suggesting a small downward bending of the
diaphragm. Conversely, the double beam mode recorded a positive displacement of approximately
2.5 nm. Both deflections are well inside the within the correctable range for the double beam laser
interferometer, where the bending effect is neutralized, and the actual thickness expansion is

correctly measured. Thus, these measurements of the large signal d3; ; value using double beam

laser interferometry are quantitative, for the first time.
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Accurate values for thin film piezoelectric coefficients are important to finite element
analysis of piezoelectric MEMS devices. In many cases, as the full set of coefficients is not known,
values for bulk piezoelectric ceramics are used as approximations. This study presents a means of

quantitatively measuring the large signal d33 ¢ of thin films which are not fully clamped, and hence

which are more germane to those used in bending devices.

34 Conclusions

A PZT device structure for effective longitudinal piezoelectric coefficient measurement
was proposed, involving a two-step backside releasing process using a ZnO sacrificial layer and

DRIE vias. With the designed geometry, the fabricated devices enabled quantitative d3; ¢

measurements of 1 um thick released PZT thin film by using double beam laser interferometry.

The clamped d3; ¢, established as the baseline for the investigation, was 126 + 13 pm/V. In
comparison, the d33  of the released sample with 50% and 75% of the area released relative to the

top electrode were 410 = 6 pm/V and 420 £+ 8 pm/V, respectively. Validation from the single beam
interferometry showed that the measured displacement was within the correctable range for the

double beam system, revealing the true d3;  of the partially released PZT thin film. The observed
improvement in the apparent d;  is attributed to the change in diaphragm stress level, the removal

of mechanical constraints from the substrate, and enhanced domain wall motion. The finding

regarding the d3; ¢ is beneficial for accurately simulating piezoMEMS devices, fulfilling the need
for precise piezoelectric coefficients. These results are the first quantitative measurement of d33 ¢

for unclamped thin films.
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Chapter 4

32 Element Piezoelectric Micromachined Ultrasound Transducer Phased
Array for Neuromodulation

This chapter discusses using partially released PZT thin films in a PMUT phased array for a
neuromodulation application. The film was fabricated into individual rectangular elements with an
electrode design with three parallel fingers. The phased array was composed of a 32 element
PMUT, driven to achieve maximum output and produce low-intensity focused ultrasound

stimulation (LIFUS).

4.1 Introduction

Low intensity transcranial focused ultrasound stimulation (tFUS) is a promising approach
in noninvasive neuromodulation treatment; its millimeter spatial resolution is smaller than
modalities such as transcranial magnetic, direct current, or alternating current stimulation [1] —[3].
Multifarious therapeutic applications of tFUS in animal models such as mice, rats, sheep, and
nonhuman primates have been reported over the past decade, most of which target fundamental
neuroscience studies [4] — [14]. This was followed by a recent surge in application of tFUS
neuromodulation in human subjects, largely for clinical neuroscience studies [15] —[24]. Moreover,
tFUS has already been associated with other extant imaging technologies, such as magnetic
resonance imaging (MRI) or brightness mode (B-mode) ultrasound imaging which promise further
improvement in the accuracy of neuromodulation in both basic and clinical neuroscience

applications [1], [7].
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Conventionally, tFUS experiments utilize single element ultrasound (US) transducers with
a relatively large diameter (tens of millimeters) and a fixed focal spot. A precise manipulator is
required to mechanically alter the focal spot to stimulate different brain regions, which is a major
shortcoming of conventional tFUS systems. However, this limitation can be overcome by
leveraging the electronic beam focusing and steering capabilities of optimally designed US phased
arrays. In particular, a US phased array enables electronically controllable stimulation over a large
tissue volume, i.e., large-scale stimulation.

As depicted in Figure 4-1, the acoustic beam profile of a single element US can be
distinguished into near field (Fresnel) and far field (Fraunhofer) zones [25]. In the region near the
transducer, the Fresnel zone, the acoustic profile may be complicated, and intensity can vary
significantly since the waves have not yet converged. The length of the near field zone can be

defined by:

F=D%,, Eq. |
where D is the transducer aperture and A is the wavelength of the sound wave. The focal point,
depicted in Figure 4-1 as the maximum acoustic intensity point, is the distance where the sound
waves converge, and the cross-section of the ultrasound beam becomes smallest. Farther away from

the focal point, the waves begin to diverge and spread out. In this area, the intensity generally

decreases with distance in a more predictable manner than in the near field.



98

Z (Acoustic Intensity)

X (Axial Direction)

Y (Lateral Direction)

Ultras"““d
Transd“cer

Figure 4-1: The acoustic beam profile generated from a flat unfocused transducer, reproduced from
[26].

As mentioned above, to overcome the limitations of a single element US transducer, an
array of US transducers can be operated as a phased array by controlling the timing (phase) used to
drive each element to form constructive interference at the focal point. A linear phased array
consists of a number of transducers (V) with identical geometry and interelement spacing (d). To
achieve beam formation and acoustic wave steering from a multi-element phased array, the time

delay for each element (At,,) for the nt"* element can be calculated as: [27]

At, = (F/) (1 _ Jl + (nd/F)Z _ 2ndsin(05)/F> + ¢ Eq.2

where F is the focal distance, c is the speed of sound, n is the element number in the phased array,
0, is the steering angle, and ¢, is the time delay offset. It is important to note that the acoustic wave
formed by the phased array gives rise to side/grating lobes. This is crucial to neuromodulation

applications, as these lobes could damage off-target areas.
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To analyze the beam directivity profile, the directivity function H(6), as proposed by Von
Ramm [28], quantifies the peak pressure produced by the N element phased array at an angle 6
relative to the steering angle 6:

sin [ asin(e)/ﬂ] - sin [(nd (sin(@s) - Sin(B)//l) N]

o= masin(0)/. . Nsin[(nd$MO) ~ () yy)

Eq.3

This implies that directivity is dependent on the array geometry, where the side/grating lobes are
minimized by reducing the H (8). Increasing the interelement spacing (a larger d) can amplify the
side/grating lobes. The optimal d,,,,, for an N element phased array at steering angle 6 is defined
by: [28]

dmax = A/(1 + sinbg) - (N — 1) /N Eq. 4
This suggests that in a large array (< N) with a steering angle = 90°, the d,,, should be ’1/ o to

minimize side/grating lobes which are undesirable for neuromodulation applications.

In recent years, several US phased array transducers designed for tFUS have been reported
in the literature, especially diced ceramic transducers and capacitive micromachined ultrasound
transducers (CMUTSs). For example, a ring-shaped 32-element US phased array (CMUT) operating
at 80 Vpc with a 100 Vpc offset at 183 kHz yielded a maximum 52 kPa pressure and generated a
spatial-peak temporal-average acoustic intensity (/y) of ~ 554 mW/cm?. The CMUT successfully
stimulated motor cortical areas in freely moving mice [29]. A wearable 2D array device (CMUT)
integrated with a complementary metal-oxide semiconductor (CMOS) chip was developed [30]
which generated an acoustic pressure output of ~ 575 kPa while operating at 2 MHz with 60 Vpc.
A 26%26 2D phased array using 267 um thick PZT-5A piezoelectric ceramics as transducers was
fabricated on a CMOS chip; it delivered an acoustic pressure of 40 kPa at 5 V excitation at 8.4

MHz [31]. Moreover, a relatively thin bulk PZT transducer was presented in [32] where the 16-
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element array, with a 40 um thick PZT layer on a silicon insulator (SOI) wafer, achieved a peak
intensity up to 1.1 W/cm? with an input of 66 V.

Piezoelectric micromachined ultrasound transducers (PMUT) offer advantages in device
miniaturization, high bandwidth and sensitivity, and compatibility with the front-end electronic
integration [33]. However, the use of thin film PMUTs for tFUS applications has not yet been
reported. A design methodology for geometry optimization for large-scale US neuromodulation
has been proposed in [34]. The design method maximizes a figure of merit (FoM) that
simultaneously considers the total input power required to embed the array, the peak pressure
engendered at the focal spot, and the overall focal volume defined by the half power beam width.
In brief, the figure of merit (FoM) is defined as:

FoM = P/(WN-a-L-V) Eq. 4
where P is the spatial peak US pressure output (for the same voltage amplitude across each
element), a is the element width, L is the element length, and V is the half-power-beam-width focal
volume at the focal spot. It is worth mentioning that N, a, and L have been included in the FoM to
account for a constant total input power to the array as they are swept during the optimization. The
described design methodology balances among the input power, the generated pressure, and the
spatial resolution, thereby leading to an optimally performing phased array design. A 16-element
linear phased array transducer at 833.3 kHz was fabricated using bulk PZT, outputting 1.15 MPa
peak pressure within a beam having a lateral resolution of 1.6 mm at 12 mm focal distance with a
150 V,, excitation voltage [34].

In this chapter, a comparable design methodology for phased array transducers was applied
to PMUT with a 1.5 pm thick PZT thin film. It was specifically intended to be driven by relatively
lower voltages < 20 V, while generating an acoustic pressure comparable to that of bulk
Pb(Zr,Ti)O; arrays with a comparable input power consumption. An US PMUT array operating in

the bending mode was designed, fabricated, and characterized for the neuromodulation application.
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4.2 PMUT Array Design

Based on the design procedure presented in [34], the geometries including element length
(L) element pitch (d), element width (a), and the number of elements (N) of an US phased array
were optimized using k-Wave, an open-source MATLAB toolbox. Since the element thickness is
not considered in k-Wave, the optimization process for a bulk array in [34] is applicable for the 2D
geometry optimization of the PMUT array. The array was designed for a tFUS of a rat’s brain with
high FoM while having the least off target stimulation effects. For this design, the following
assumptions were made: 1) the array aperture (D) and element length (L) were limited by the
nominal dimensions of a rat’s head (Dyqx = Limax = 25 mm); 2) the focal distance (F) was set to
coincide with the depth between the standard depth of a rat’s brain (F;,,, = 25 mm) [35]; 3) the
excitation frequency (f) was set to ~ 1 MHz frequency US penetrating the scalp, skull, and brain
tissue [36]; 4) the maximum steering angle 6 .4, Was = 60°; 5) the minimum kerf of 96.5 pm
(M16, where A is the wavelength) was set as the grid resolution of the k-Wave simulations; 6) H(y)
< 0.7, where H(y) is an equivalent to the directivity function defined as the ratio of the peak output
pressure and occurred on a line parallel to the x-axis (which corresponds to different y values when
z = 0 in Figure 4-1) to the peak output pressure at the focal spot (which corresponds to a single
point in the whole xy plane) [34]. Since the US beam area is defined by half of the maximum power,

which corresponds to -0.7 of peak pressure, a threshold of 0.7 is reasonable for H(y).
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Figure 4-2: A linear transducer positioned in a 3D grid space defined in k-Wave. The xy and xz
planes are defined as sensors. The medium has properties like brain tissue.
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Figure 4-3: Optimization results for the phased array targeting F =20 mm and H(y) < 0.7 at 6,=
60°. (a) First iteration showing the normalized Figure of Merit (FoM) vs. L. (b) First iteration
showing the normalized FoM vs d and a. (¢) H(y) at different d (with the optimum a).
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Figure 4-2 shows the 3D k-Wave simulation setup with a 314 x314 x 64 grid space having
the properties of brain tissue. The spatial and temporal grid resolutions were set to 96.5 um (1/16
and 18.75 ns (determined by the time needed to travel the diagonal of the grid space). To eliminate
artifacts due to reflections from the grid boundaries, a perfect matching layer (PML) of 0.48 mm
thickness was added to the boundaries. The sound speed, mass density, and the attenuation
coefficients were set based on [37]. Each simulation took ~ 92 minutes on a regular desktop.

Figure 4-3 demonstrates the results acquired by implementing the optimization method
described in [34]. Setting the initial values of the interelement spacing, d = A/2 = 0.78 mm, and the
element width, a = d/2 = 0.385 mm, the element length was optimized for the maximum FoM. The
optimum value of L was found to be 8.3 mm, as shown in Figure 4-3(a). Next, d and a were
simultaneously swept to maximize the FoM with the optimum L. Figure 4-3(b) depicts a 3D plot
of normalized FoM as a function of d and a. The highest FoM was found at d = 1.37 mm with a=
1.27 mm. However, there was a trade-off between having a larger d and steering the beam with
smaller grating/side lobes (i.e., the focused beam at F = 20 mm could yield 8 4, = 60°). Figure
4-3(b) shows that a larger d (having a larger a) tends to maximize the FoM while Figure 4-3(c)
demonstrates that d should be limited by a threshold based on H(y). One should note that H(y) is
equivalent to the directivity function (which should be considered to either avoid off-target
stimulation or keep it under a particular threshold). It is worth mentioning that L, a, and d are the
independent sweeping parameters, whereas N and D are dependent on d with the relation of D =
N X% d—kerf. The optimization of N and D as dependent parameters has been discussed in detail
in [34]. By applying the iterative optimization procedure, the optimum array geometries were found
tobe L=83 mm,d=0.78 mm, a=0.68 mm, and N = 32.

Table 4-1 summarizes the optimum design parameters achieved by the iterative method as

well as the geometry of the fabricated array side by side. With the optimum array geometry, the
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beam steering capability (at F = 20 mm with 6 of -60° to 60°) of the array has been checked in

simulations as depicted in Figure 4-4.

Table 4-1: Optimized design parameters.

Parameters Optimized Fabricated
US Array US Array
Sonication Frequency, f (MHz) 1 1.4
Target Focal Distance, F' (mm) 20 20
Number of US Elements, N 32 32
US Array Aperture, D (mm) 24.9 ~25.3
US Element Length, L (mm) 8.3 ~8.3
US Element Width, a (um) 680 ~521
US Interelement Spacing, d (mm) 0.78 ~0.795
Steering Angle, 0, (deg) +60 +60
Kerf, kerf (um) 96.5 ~272
3 US Array =
£ 1 3
g 10] o
% 20| "B
o 25) 0 =
o 30 0 30 §
< Lateral (y) Distance (mm) Z

Figure 4-4: Simulated beam steering capability of the optimum array in Table 4-1.

Furthermore, an analytical method was used to design the active PMUT resonator area
defined by the silicon etch trench through the Si handle wafer. The fundamental frequency of a

clamped rectangular plate is given by: [38]
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1 1 Dy (E,v)
Zﬂfr= L—z+;)' W Eq2

where L and a are the length and width of the rectangular plate, D,. is the flexural rigidity, p; is the
density of the it" layer of a thin film stack, and t; is the thickness of the i*" layer. The thin film
stack consisted of the buried oxide (SiO;) layer, Si layer, thermally deposited SiO,, and the
piezoelectric stack: TiO,/Pt as a bottom electrode, PZT, and Ti/Pt as a top electrode. To achieve 1
MHz resonant frequency in water, a rectangular plate of 8000 um in length and 130 um in width
with a 2 um thick silicon layer were selected.

Then, the individual PMUT element was designed by combining two approaches. The PZT
bar dimension was based on the 8.3 x 0.78 mm dimension found from the design methodology
above, while the active piezoelectric area was defined by the trench dimension calculated
analytically to be ~ 8000 x 130 pm. Since the trench area is relatively smaller than the PZT bar,
three parallel trenches were fitted into the single element to maximize the output power. The

fabricated PMUT phased array and device schematic are depicted in Figure 4-5.

PMUT element

PMUT ﬁ;n "m-i -I“II ill .-iE
phased I ?
array T

PMUT cross-section

N

m Si = SiO, Ti mm Pt
mm PZT Au mm PCB

Figure 4-5: The schematic (Left) shows the overview of the phased array and (Right) illustrates a
single element of the PMUT with three parallel electrodes and backside trenches.
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4.3 PMUT Fabrication and Characterization

4.3.1 Fabrication

The microfabrication process flow used to fabricate the PMUT is illustrated in Figure 4-6;
it is similar to that previously reported [39]. Each individual element was patterned into a 8570 %
682 pm PZT resonator bar with three parallel released trenches of 130 um width with 60% top
electrode coverage [40] — [42]. The element pitch was 4/2 (780 um). The fabrication was based on

a silicon on insulator (SOI) wafer with a 2 um Si device thickness, 3 um buried oxide layer and

400 um handle thickness (Ultrasil Corp., CA, USA). The SOI wafer was coated with 560 nm SiO,

by wet thermal oxidation on both sides.

1Y

o

=

N si [l sOo, [ T P

| PZT Au Parylene [ PCB

Figure 4-6: Schematic process flow for PMUT fabrication, a) SOI substrate with 2 um of silicon
on the device side, b) bottom electrode deposition, ¢) PZT spin coating, d) top electrode deposition
and patterning, ¢) PZT patterning, f) contact pad deposition and patterning, g) back side silicon
trench etching, and h) PCB mounting, wire bonding, and waterproofing with a polymer coating.
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Highly {111} oriented Pt bottom electrodes were prepared as described by [43]. Prior to
the bottom electrode deposition, the sputter system (Kurt J. Lesker CMS18 system) was pre-
conditioned by depositing Ti for 20 minutes to reduce adventitious O, from the deposition chamber.
The process began with the deposition of 30 nm of Ti by DC sputtered at room temperature with
200 W DC power at 2 mTorr. After that, the samples were annealed by rapid thermal annealing
(RTA) with 10 slpm O, atmosphere at 700 °C for 15 minutes to form TiO,. The high temperature
Pt was DC sputter deposited in the same system at a substrate temperature set at 600°C stabilized
for 1 hour before deposition. Then, the deposition was performed with 200 W DC power at 2.5
mTorr.

Chemical solution deposition (CSD) with the sol-gel method was utilized to prepare Nb-
doped PZT thin films. The 2-methoxy ethanol (2-MOE) solution was first proposed by Budd e al.
in 1986 for PbTiOs thin films and later modified by Dey et al. in 1985. It was later adopted by Wolf
et al. at Pennsylvania State University [44-46].

Figure 4-7 outlines the process flow for 2MOE sol-gel solution for a 60 mL of a 0.4 M 2
mol.% Nb doped Pb(Zros:Ti043)TiO3 solution with 10% Pb excess for sol-gel deposition. The
preparation begins with adding 9.923 g of lead acetate trihydrate to 60 mL 2-MOE, mixing the
mixture in a rotary evaporator flask at 115°C under the constant flow of Ar, and refluxing for 1
hour, followed by distillation. The other precursors, 5.723 g of zirconium (IV) n-propoxide, 3.308
g of titanium (IV) isopropoxide and 0.153 g of Niobium (V) ethoxide, are mixed with 30 mL of 2-
MOE in an Erlenmeyer flask inside a glovebox, sealed, and mixed for 30 minutes. The mixture is
then combined with the dried lead precursor after the distillation, then refluxed under constant Ar
flow for 2 hours at 115°C. After that, the mixture was distilled to 47 mL and cooled to room
temperature. The final step is to add 13 mL of acetylacetone, a chelating agent, to the prepared

solution, followed by a reflux at room temperature for 30 minutes.
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Figure 4-7: The process flow of 2-MOE sol-gel solution for PZT spin coating.

Due to the volatilization of PbO during crystallization, an additional layer is applied
intermittently to compensate for the Pb-deficient pyrochlore/fluorite phase [47]. To prepare a 0.08
M PbO solution, a similar process to that shown in Figure 4-7 was used, but without the addition
of Zr and Ti precursors. The process starts by mixing 1.81 g of the Pb precursor, lead acetate
trihydrate, with 60 mL of 2-MOE in a rotary evaporator flask. The mixture is then stirred in the
rotary evaporator for 1 hour at 110°C with a constant Ar flow. Afterward, the distillation process
removes water from the lead precursor. The mixture is distilled until it transforms into a powder.
Next, 47 ml. of 2-MOE is added to the powder, and the mixture is stirred in the rotary evaporator
at 110°C for 1 hour to ensure thorough mixing. The final step is to cool the sol-gel solution to room
temperature, add 13 mL of acetylacetone as a chelating agent, and mix it at room temperature for

half an hour. Although it is common to use PbO to compensate for Pb deficiency in sol-gel PZT
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films, it is important to note that excess PbO content can lower breakdown strength associated the
lower electrical resistivity in the film with higher PbO content as studied by Zhu et al. [48].

The spin coating process began with the deposition of the seed layer. To maximize the
piezoelectric response, it is important to obtain a highly {001} oriented PZT thin film [49],[50].
Hence, 2 mol% Nb-doped PbZr44Ti05603 sol gel solution (Mitsubishi Materials Corp., Hyogo,
Japan) was employed as a seed layer. The seed layer solution was spun at 3500 rpm, pyrolyzed at
200°C for 2.5 minutes and crystallized in RTA at 700°C for 1 min in 2 slpm O, atmosphere,
following the work in [51], [52]. Then, a 2 mol% Nb doped PbTio5:Zr¢4803 was deposited using
0.4 Molar 2-MOE based solution by spin coating at 1500 rpm for 45 second, followed by pyrolysis
at 225°C and 400°C for 2 and 3 minutes, respectively [53]. The crystallization was done in a rapid
thermal annealer at 700°C for 1 min with 2 slpm of O,. The process was repeated until the desired
thickness of 1.5 um was achieved.

After that, the PZT thin film was characterized with a field-emission microscope (FESEM;
Carl Zeiss Microscopy LLC., White Plains, NY, USA) and x-ray diffraction (XRD; Malvern
Panalytical Ltd., Malvern, UK) as shown in Figure 4-8. The {001} and {002} peaks occur at 21.9°
and 44.6° of 20. These results confirmed that the PZT thin film was predominantly {001} oriented
perovskite with a slight amount of surface pyrochlore along the grain boundaries. Finally, a 2 nm
Ti adhesion layer and 100 nm of Pt were DC sputtered at room temperature using similar parameters

without breaking vacuum as the top electrode.
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Figure 4-8: (a) The FESEM image and (b) the XRD patterns of a 1.5 pm thick {001} PZT thin
film showing that well oriented PZT was achieved. The very fine white particles observed
predominantly near triple points in (a) are the pyrochlore/fluorite second phase.

The Pt top electrode and PZT blanket films were then patterned into individual elements
using an inductively coupled plasma — reactive ion etching (ICP-RIE) Ulvac NE-500 system
(Ulvac, Inc., Kanagawa, Japan). The top electrode was patterned using a 2 um thick SPR 955
photoresist, spin coated at 2000 rpm for 45 seconds, exposed in contact aligner Karl Suss MABA6
Contact Printer at 90 mJ/cm?, and developed in CD26 for 2 minutes. The etching process was
adapted from [54] and conducted in an ICP-RIE system in 30 sccm of Cl, and 40 sccm of Ar at 700
W ICP and 100 W RIE power. After etching, the photoresist was then removed by immersing the
sample into Baker PRS3000 photoresist remover at 80°C for 30 minutes, followed by 3 minutes in
an oxygen plasma. A Tepla M4L asher, with 200 sccm of O3, 50 sccm of He at 300 W RF power
with pressure regulated at 550 mTorr. For PZT etching, 13 um thick AZ4620 was spun at 4500
rpm for 45 second and soft baked at 90 °C and 105 °C for 1 and 3 minutes, respectively. Before
exposing the photoresist, the spun photoresist was rehydrated in air for an hour and exposed at 100
mJ/cm? for 8 cycles with 30 second delay times between each step. Then, the exposed photoresist

was developed in a 1:4 AZ400K developer for 4 minutes. The ICP-RIE was performed in an ICP-
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RIE system with 3.5 sccm of Cl,, 7 sccm of CF4, and 10 sccm of Ar with 600 W ICP and 150 W

RIE power. The finished sample was cleaned using a similar process in a photoresist remover and
an oxygen plasma, as mentioned earlier.

Figure 4-9(c) and (d) shows microscope images of individual elements after the top
electrode and PZT patterning, respectively. 500 nm of Au was deposited by DC sputtering at room
temperature with 200 W DC power at 5 mTorr. To pattern the Au pad, SPR3012 was spin coated
at a mask for wet etching, the photoresist was spin coated at 4000 rpm for 45 seconds and baked at
95 °C for 1 minute. Then, it was exposed at 70 mJ/cm? in a contact aligner and developed in CD
26 for 1 minute. The sample was soaked in an Au etchant (TFA type), with an estimated etch rate
~ 2.8 nm/minute at room temperature, (Transene Company, Inc., MA, USA) to pattern the blanket
Au into a contact pad for electrical connection. This is shown in Figure 4-9(e).

During fabrication, 400 um deep backside release trenches were produced by silicon deep
reactive ion etching (DRIE; SPTS Technologies Ltd., Ringland Way, Newport, UK). Before
silicon etching, the SiO, on the wafer backside was cleaned by wet etching in BOE 6:1 at room
temperature with the front side protected by SPR 1827 photoresist spin coated at 4000 rpm for 45
seconds and baked at 110°C for 5 minutes. The sample was then rinsed in acetone, isopropanol,
and deionized water followed by oxygen plasma to remove residues from the photoresist. To protect
the front side during DRIE, PMGI SF9 was spin coated at 2000 rpm for 45 seconds followed by a
bake at 180°C for 1 minute. Afterward, an Al,O; hard mask was deposited by atomic layer
deposition at 150°C using a Kurt J. Lesker ALD-150LE system. The hard mark patterning was
done using SPR 955 photoresist spin coated at 2000 rpm for 45 seconds, baked at 110 C for 1
minute, exposed in a contact aligner at 90 mJ/cm?, and developed in CD-26 for 2 minutes. The
sample was then patterned using an ICP-RIE system, Ulvac NE550, with 30 scem BCl; and 10

sccm of Cl, gas at 1000 W ICP and 75 W RIE power, as shown in Figure 4-10(a).
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8570 um

Figure 4-9: Schematics of the device with the dimensions shown in (a) cross section and (b) top
view. The element width is 514 um. Optical microscope images of device side pattern showed (c)
top electrode pattern and (d) PZT pattern after ICP-RIE, and (e¢) Au pad after wet etching.

The deep reactive ion etching (DRIE), SPTS LPX Deep Silicon Etch, was performed
immediately after the mask patterning using the Bosch process at 3°C. The BOX layer was used as
the stopping layer and the trench depth was confirmed by optical profilometry (NexviewTM NX2,
Zygo Corp., CT, USA) as shown Figure 4-10(c). Then, the sample was diced into an individual
array with 32 active elements. The arrays were glued to a printed circuited board (PCB) and
electrically connected via Au wire bonding. Following that, the PMUT was waterproofed using a
6 um thick parylene coating, with parylene C as a precursor, deposited by a PDS 2010 LABCOTER

system, for underwater measurement,



113

(a)

(b)

Figure 4-10: The backside etching: (a) a microscope of Al,O3 hard mask after patterned using ICP-
RIE, (b) the microscope image of backside etching by Si DRIE, (¢) the optical profilometry results
show the three parallel etch trenches with a trench depth of 404.3 pum.

4.3.2 PMUT Characterization

A custom printed circuit board (PCB) was designed with an on board dual-row 36 position
header connector. The ground plane of the thin film array was connected to the ground pads of the
PCB with conductive silver paint. Each of the 32 elements was wire-bonded to the excitation pad.
Notably, one additional element was shorted to the ground using silver paint and served as a ground
connection to the PCB board, as shown previously in Figure 4-4.

In Figure 4-11(a), the relative permittivity and dielectric loss as a function of frequency
from 100 Hz to 1 MHz was measured with a 30 mV ¢ excitation using a Hewlett Packard 4284A
LCR meter. The relative dielectric permittivity and loss tangent of PZT in the 32-element array was
1210 £ 12 and 1.9% + 0.09%; all elements were operational. A Radiant Multiferroic test analyzer
was used to analyze the polarization-electric field hysteresis loop (P—E), which is shown in Figure
4-11(b). The P-E loop shows a remanent polarization (P;) and coercive fields (E¢) of 14.7 and 46.8

kV/cm before the DRIE and 16.2 pC/cm*and -54.9 and 39.2 kV/cm after the DRIE.
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Figure 4-11: (a) The dielectric permittivity as a function of frequency showed a relative
permittivity of 1210 = 12 and dielectric loss of 1.9% = 0.09%, and (b) polarization-electric field
hysteresis of before DRIE (clamped) and after DRIE (released) showed P; and E. of 14.7 and 16.2
uC/cm?, and 46.8 and (—54.9, 39.2) kV/cm for clamped and released states, respectively.

A 32 channel beamformer circuit (TX7332EVM, Texas Instruments, Dallas, TX, USA)
was used to drive the array, as described in [34]. The beamformer provided a maximum of 6 W
power, 200 Vpp pulses, and a delay range of 0-40 ps with 5 ns resolution. Figure 4-12 shows the
beam measurement setup in a water tank, including the beamformer circuit (with an interface), 3-
axis motorized translation stage with a resolution of 0.8 um and maximum range of 5 cm
(MTS50/M-Z8, Thorlabs, Newton, NJ) calibrated by an Onda HGL0085 hydrophone, (85 um
aperture, 0.25 — 40 MHz bandwidth, and pressure sensitivity of 48.2 nV/Pa at 1.4 MHz), with an
Onda AG-2010 preamplifier, and digital oscilloscope (for data digitization and acquisition). A
custom MATLAB code was used to coordinate all the equipment and automate the US beam
scanning process. It should be noted that for each measurement, a delay time of 1.5 seconds was

observed as a pause before and after data acquisition to ensure data reliability.
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Figure 4-12: Beam profile measurement setup. Array assembly on a custom PCB with dual-row
36 position header connected to the driver.

4.3.3 Phased Array Ultrasonic Measurements

The electrical impedance of the individual elements was first measured at various
frequencies ranging from 0.2 to 3.2 MHz, as shown in Figure 4-13(a). To find the optimum driving
frequency, the ratio of the output pressure and the input voltage was measured as a function of
frequency. Figure 4-13(b) shows the normalized output pressure over input voltage vs. frequency
for 5 different elements. The optimum driving frequency was 1.4 MHz; the discrepancy in acoustic
pressure output as a function of frequency for each element may originate from errors in positioning
the PMUT array on a custom PCB and the measurement holder. The deviation of resonant
frequency relative to the calculated value may result from the differences in dimension between the

calculation and fabricated device due to errors in micromachining such as lithography
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misalignment and/or over etching. Thus, 1.4 MHz was selected as the driving frequency for all
subsequent measurements.

Figure 4-14 shows the waveform generated from the beamformer circuit showing 1) the
synchronized pulse, the voltage across a PMUT element, and the voltage received from the
hydrophone. The voltage waveform received by the hydrophone equates to a spatial peak pressure
output of ~ 0.367 MPa (45.9 kPa/V). The corresponding beam (F = 20 mm and 6 = 0°) was
generated by the 32 elements of the phased array being driven with 10 cycles of unipolar 1.4 MHz
square pulses (8 V pulse amplitude) with the time delay for each element calculated from Equation

2. A smaller number of cycles was intentionally used for decoupling electrical interference.
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Figure 4-13: (a) Measured impedance of multiple elements. (b) Normalized output pressure over

input voltage vs. frequency showing 1.4 MHz as the optimum driving frequency for multiple
elements.
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Figure 4-14: A hydrophone voltage waveform received from a beam formed at F =20 mm (6, =
0°) representing 45.9 kPa/V pressure output.

To examine the acoustic beam profile generated by the PMUT phased array, the array was
actuated with a 14.6 V unipolar voltage and phased delays calculated for beamforming and steering
across different focal distances. In the first scenario, the focal distance for beamforming and
steering was set to the designed target of 20 mm. Figure 4-15(a), (c), and (e) present the 2D beam
profiles from the simulation and measurement results with s = 0°, 45°, and -45°, respectively. The
simulated and measured axial resolutions at 8, = 0°, 45°, -45° were 7.9, 9.9, 9.9 mm and 9.2, 10.3,
11.1 mm, respectively. For the lateral (p) resolution, the simulated results were 1.2, 1.3, 1.3 mm
while the measurement results were 1, 1.3, 1.4 mm at 6, = 0°, 45°, and -45°, respectively. The
measured beam profiles closely matched the simulated ones. With 14.6 V driving voltage, the
spatial peak pressure measured at 6, = 0°, 45°, and -45° were 0.44 MPa, 0.33 MPa, and 0.29 MPa,

respectively. Additionally, as expected, there was no significant off target high pressure spot.
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Figure 4-15: The 2D beam profiles of the phased array from simulations (left) and measurements
(right) focused and steered at 6= 0°,40°,—45" where (a), (¢), and (e) represent F =
(d), and (f) represent /' =30 mm.

20 mm and (b),

To further investigate the PMUT performance at a distance from the designed F, the focal

respectively.

distance was set to F = 30 mm. Figure. 4-15(b), (d), and (f) show the 2D beam profiles comparing
the simulated and measured results with the beam focused. The simulated and measured axial
(lateral) resolutions at s = 0°, 45°, -45° were 14.1, 17.4, 17.4 mm (1.3, 1.9, 1.9 mm) and 13.6, 24.3,
22 mm (1.6, 2.2, 2 mm), respectively. As the targeted focal distance increased, the maximum

acoustic pressure dropped to 0.37 MPa, 0.27 MPa, and 0.27 MPa at 6, = 0°, 45°, and -45°,
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Figure 4-16 (a) shows measured axial pressure profiles (y =z = 0) of the beams focused at
different focal distances (F). Figure 4-16(b) shows measured lateral (y) pressure profiles of the
beams as a function of the axial distance, where the peaks shown correspond to the maximum
pressure output at different /' from Figure 4-16(a). It is obvious that at F'= 30 mm, which exceeds
the Fq of 20 mm, the beam becomes comparatively wider (indicative of poor lateral resolution).
In this circumstance, a higher N (or larger array aperture, D) could be used to compensate for the
poor resolution. Figure 4-16(c) shows the measured pressure profiles parallel to the x axis (as
defined in Figure 4-2) of the beams focused at F' =20 mm and steered at 0° to 60°. Figure 4-16(d)
shows the measured lateral (y) pressure profiles of the beams focused at =20 mm and steered at
0° to 60°. The fabricated array was optimally driven at 1.4 MHz, whereas it was designed for 1
MHz; however, the phase performance was still good and showed no unwanted grating lobes for

the maximum steering angle of 60°.
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Figure 4-16: Measured 1D beam profiles focused and steered at different " and 6,. (a) Axial
pressure profiles at different F, (b) lateral (y) pressure profiles at different F, (c) pressure profiles
parallel to the x-axis at different 6;, and (d) lateral (y) pressure profiles at different 6;.
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Table 4-2 summarizes the simulated and measured 2D beam characteristics including the
axial and lateral resolution, maximum peak-to-peak pressure, and the corresponding Intensity
Spatial Peak Pulse Average (Ispp4) for the beams focused at /' = 20 and 30 mm and steered at 6, =
0°, 45°, -45°. Ispps was calculated using the pulse intensity integral of the spatial peak pressure
waveform as described in [9]. It should be noted that these results were obtained without the effect
of a skull. The effect of a rat’s skull on the US beam shape and pressure of a bulk array has already
been discussed in previous work [34]. Given that the output pressures from the PMUT
demonstrated in this work are high, it is anticipated that the PMUT array can also provide useful

neurostimulation through a rat skull.

Table 4-2: Summary of simulated and measured 2d beam profiles of the thin film array.

Sim./ . F 2] AXlal. Lateral Resolution Peak-to-Peak US  /SPPA
Medium S Resolution
Meas. (mm) (deg) (mm) (mm) Pressure (MPa)  (W/cm?)
Sim Brain 20 0 7.9 1.2 1 -
Meas. Water 20 0 9.2 1 0.44 1.29
Sim Brain 20 45 9.9 1.3 0.74 -
Meas.  Water 20 45 10.3 1.3 0.33 0.76
Sim Brain 20 -45 9.9 1.3 0.74 -
Meas.  Water 20 -45 11.1 1.4 0.29 0.55
Sim Brain 30 0 14.1 1.3 0.75 -
Meas.  Water 30 0 13.6 1.6 0.37 0.91
Sim Brain 30 45 17.4 1.9 0.54 -
Meas. Water 30 45 243 2.2 0.27 0.45
Sim Brain 30 -45 17.4 1.9 0.54 -
Meas.  Water 30 -45 22 2 0.27 0.46

*Simulated peak-to-peak US pressure values are normalized to that of =20 mm and 6,=0".

Table 4-3 summarizes the fabricated PMUT phased array in comparison with other
ultrasonic systems, including CMUT and bulk ceramics, as reported in the literature. With a focal

length of 20 mm and low excitation voltage, the PMUT array achieved a comparable acoustic
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output pressure of up to 0.44 MPa. This result underscores the feasibility of PMUT technology for

neuromodulation applications.

Table 4-3: Comparison of selected recent ultrasonic transducer studies and this work.

Reported H. Kim et al. T. Costa et al. C. Seok et al. S. Ilham et al. This work
parameters (2019) [29] (2021) [31] (2021) [30] (2021) [31]

Type Ring CMUT Bulk PZT CMUT Bulk PZT PMUT
Element 32 26 x 26 32 x32 16 32
f(MHz) 0.183 8.4 34 0.833 1.4
Focal Length 23 5 5 12 20
(mm)

Vin (Vpp) 90 5 60 150 14.6
Pressure

(MPa) 0.052 0.1 1.89 1.15 0.44

4.4 Conclusions

In this chapter, the design methodology of a US transducer array for neuromodulation was

applied to PMUT transducers, with a design goal of exceeding hundreds of kPa acoustic pressure

at operating voltages below 20 V. The linear 32-element phased array PMUT thin film with a 1.4

MHz bending-mode resonant frequency was designed and fabricated on SOI wafer with 1.5 pm

thick {100} oriented PZT as the piezoelectric layer and 2 um of silicon as the passive elastic layer.

With a commerecial driver board, the 32-element array was driven using calculated time delays for

beam focusing and steering at F'= 20 — 30 mm and 6; = 0° — 60°. The phased array demonstrated a

maximum peak-to-peak acoustic pressure output of 0.44 MPa, corresponding to an acoustic

intensity (Ispp4) of 1.29 W/cm?, achieved at 20 mm focal depth with 14.6 V unipolar square pulses

in an immersion test. This work presents a new route to achieve low voltage US transducers for

neuromodulation. Such PMUT US phased arrays can be integrated with a CMOS integrated circuit

to drive the transducers.
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Chapter 5

Process Development for Flexible Ultrasound Transducer Phased

Arrays

The previous chapter demonstrated the potential of PZT thin film PMUT phased arrays for
neuromodulation applications. To further explore the possibility of neurostimulation via
implantable ultrasound stimulation, the design and fabrication of a flexible PMUT phased array on
polyimide was explored in this chapter. However, the nature of PZT on a polymeric substrate
presents challenges, as the width extension mode limits the achievement of the A/2 pitch, which is
crucial for phased array operation. This chapter explores strategies to design and fabricate a flexible
PMUT, optimizing the resonance frequency and achieving an ideal pitch for 0.5 — 2.5 MHz phased

arrays suitable for neurostimulation applications.

5.1 Introduction

Conformal and flexible piezoelectric microelectromechanical systems (piezoMEMS) hold
promise for numerous applications, especially where placement of the device directly on the test
structure is required. In infrastructure health monitoring, conforming flexible ultrasound
transducers onto curved or complex inspection sites enhances the performance of non-destructive
evaluation (NDE) [1], [2]. Furthermore, flexible ultrasound transducers should be suitable for
wearable ultrasound devices for continuous, non-invasive healthcare monitors for blood pressure,

heart function, etc. [3-5].
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Flexible piezoMEMS devices can be fabricated using various methods. One established
approach involves the deposition of piezoelectric materials onto thin, flexible metal substrates, such
as stainless steel, copper, or nickel foils [6-9]. For instance, K. Makiko et al. demonstrated pulse-
echo measurements of a piezoelectric film prepared on stainless steel for infrastructure monitoring
[1]. Similarly, H. G. Yeo ef al. demonstrated a piezoelectric energy harvester bimorph structure
based on PZT thin films on Ni foils designed to extract power from low-frequency movement [9].
The inherent durability of metal foils makes them suitable for energy harvesting.

S. Sadeghpour et al. demonstrated an alternative approach with bendable piezoelectric
micromachined ultrasound transducers (PMUT) on silicon-on-insulator wafers [10]. The silicon
substrate was patterned into springs and wrapped around a 3D-printed cube to demonstrate
flexibility; they demonstrated 90° bends with a radius of 1 mm. Additionally, fully flexible
piezoelectric ultrasound transducers can be achieved by fabricating devices on polymeric substrates
using a transfer-release method. For example, Y. H. Do ef al. used a laser lift-off process to transfer
a PZT device from a sapphire substrate to an indium-tin-oxide (ITO) coated polyethylene
terephthalate (PET) substrate [11]. Y. Jeong et al. reported a fully flexible PMUT with the
piezoelectric polymer PV(DF-TrFE) prepared on a polyimide foil with a glass carrier substrate,
where the PV(DF-TrFE) and polyimide layers were released by delamination from the glass later
in the process [12].

Another interesting method is the transfer and release using an oxide sacrificial layer to
transfer piezoelectric layers to flexible substrates. Sun ef al. demonstrated the fabrication of AIN
on polymer substrates using wet etching of a SiO; sacrificial layer. Then the structure was picked
up using a polydimethylsiloxane (PDMS) stamp and transferred to a polyimide substrate on a
carrier wafer; the polyimide was released in the final step of the process [13]. Liu et al
demonstrated a transfer-release method for 1 um thick PZT films on polyimide substrates [14-16].

Initially, PZT films were deposited on silicon substrates with a ZnO sacrificial layer. After the PZT
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layer and electrode layers were patterned, polyimide was spin-coated onto the PZT, followed by
ZnO wet etching in acetic acid to transfer and release the PZT films to the polyimide. Liu reported
that the fully released PZT showed significant improvement in the remanent polarization after
release. This implied that there should also be an improvement in piezoelectric response from
substrate declamping and enhanced domain wall motion [14], [17], [18]. Notably, a single element
of a PZT transducer on 5 pm thick polyimide demonstrated ultrasonic output at 9.5 MHz, with a
pressure output of 33 kPa at 6 mm distance with 5 V peak unipolar excitation [15]. This highlights
the potential of flexible PMUT in transmit applications.

Fully released PMUT could advance catheter-based ultrasound imaging, intravascular
ultrasound (IVUS) and neuromodulation, etc. [19-23]. Especially, high acoustic output would be
beneficial for transmit-based applications such as neural therapy. There are efforts in the literature
to demonstrate the feasibility of flexible ultrasound platforms for neuromodulation. For example,
J. H. Lee et al. demonstrated the fabrication of a flexible piezoelectric transducer array using 55
pm thick bulk PZT fabricated on SOI and integrated on polydimethylsiloxane (PDMS) showing
Iyppa of 44 mW/cm? at 80 V for low-intensity focused ultrasound stimulation [24]. Additionally, V.
Pashaei reported the design and fabrication of a conformal ultrasound device for image-guided
neural therapy using 0.4 and 1.5 mm thick diced PZT integrated on a flexible PCB with a pressure
output of 20 — 80 kPa/V [25].

The challenge in neuromodulation techniques for non-invasive methods is the poor spatial
resolution as well as the penetration depth [26]. Developing a flexible implantable transducer
phased array offers minimal invasiveness as the device can be positioned on the brain surface
without penetrating the brain parenchyma. This method would mitigate the penetration depth as
well as offer good spatial resolution using beamforming and steering. To optimize any phased array
for beamforming/steering with nominal side/grating lobes, a small pitch (interelement distance of

each transducer) is required [27]. It is important to note that the fundamental frequency of a PZT
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thin film in width extension mode as shown in [15] is not compatible with the desired pitch (1/2)

as the resonant frequency for width extension is defined by:

fr = Vpzr /ZW Eq.

where Vp,r is the sound velocity in PZT and w is the width dimension. To counter this limitation,

a local stiffening layer can be introduced as a passive elastic layer to introduce mass loading as

suggested in [15], as well as alter the vibration mode to a flexural mode (which tends to vibrate at
the lower resonant frequency) [27], [28].

This chapter uses design and fabrication methods to address this problem. A fully released

PMUT on polyimide was designed to focus on tuning the transducer's resonant frequency using a

stiff support layer. This converts the PZT transducers from a width extension to a plate-like

bending behavior compatible with A/2 pitch for focusing/steering. These current design,

challenges, and limitations are explored, providing some insight into the critical factors influencing

the fabrication of flexible ultrasound transducer phased arrays.

5.2 Device Design and Fabrication Method

5.2.1 Array design

Conventional PMUT designs on silicon, as shown earlier in Chapter 4, operate in a bending
mode, where classical thin plate theory describes the resonant frequency and deflection motion
provided appropriate boundary conditions are utilized [27-29]. In this case, the resonant frequency
of the PMUT is governed by the device geometry and the flexural rigidity (D (E, v)). For example,

the resonant frequency of a rectangular PMUT prepared on a silicon-on-insulator substrate (SOI)
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with a backside released trench can be described as a rectangular plate with clamped edge boundary

conditions:

4 1 D(E,v)

2 =12 7 1+ + Eq.2
fr = 2(l4 712w? w4) pt &

where f; is the fundamental mode resonant frequency, [ and w are the length and width, p and ¢t
are the density and thickness of each layer, v is Poisson’s ratio, and E is Young’s modulus.

In contrast, as shown by Liu ef a/. [15] and Kim et al. [16], a fully released PZT transducer
on polyimide is expected to operate in the width extension mode as governed by Equation 1. It is
interesting to note that the resonant frequency of the fabricated transducer on polyimide deviated
from the prediction for the width extension mode, and it is anticipated that the mass loading effect
contributed to lowering the resonant frequency from 21.5 MHz from Equation 1 to the observed
resonant frequency of 9.5 MHz [15].

Bending mode Width extension mode

piezoelectric

A\ ®
A, V..
/ . Bending . Polyimide

Figure 5-1: Mode of vibration for PZT thin film on a rigid and polymeric flexible substrate.

In ultrasound for neurostimulation, a resonance frequency of 0.5 — 1 MHz is preferred to
reduce the attenuation of the sound wave, as it needs to travel through multiple layers of membrane,
sometimes including the skull, which has a high acoustic impedance [30]. Another essential
criterion for the thin film ultrasound transducer for neuromodulation is that it should be possible to

operate it as a phased array to allow for focusing. In the width extension mode shown in Fig. 5-1,
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the pitch between elements is larger than A/2, which could impede beamforming/steering
performance by emphasizing the side/grating lobe [31-33].

To mitigate this problem, the introduction of a stiff elastic layer is proposed in this study,
as shown in Figure 5-2. An elastic layer with high Young’s modulus increases both the mass and
the flexural rigidity (D). Because it also moves the neutral axis of the structure out of the PZT, the
structure operates in a bending mode governed by Equation 1. To implement the stiff supporting
layer into the device stack, Ni was chosen; it also served a dual purpose as a metal mask for
patterning of the PZT and local stiff elastic layer. It is proposed that the rectangular PZT PMUT,
with a device schematic shown in Figure 5-2, be prepared via the release and transfer method using
ZnO as a sacrificial layer following the methodology reported in [15]. In the initial attempts,

electroplating was used to deposit the nickel layer on top of the PZT capacitor stack.

Polyimide Al,O, M, Il PzT Il VM, Cr/Au Il Ni
Figure 5-2: The proposed device schematic shows (left) the linear array arrangement and (right)
the schematic for the cross section for PMUT on polyimide with a Ni rigid supporting layer. The
device stack consists of a polyimide substrate, Al,O; as a protective layer, Au as metal lines, Ni as

a stiff supporting layer, Ti/Pt as a first metal electrode (M,), PZT as a piezoelectric active layer,
and Ti/Pt as a second metal electrode (M,). ACF denotes anisotropic conductive film.

Plate theory was used to estimate the fundamental mode of vibration; however, there is not
an available analytical solution for the resonant frequency in the case of a device with free boundary
conditions for all edges. To navigate the device design, the equation for a device clamped on all

edges, Equation 2, was used as the lower bound. The upper bound was derived from Equation 1,
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modified by a factor of 1/2. This adjustment references the observed reduction in the resonant
frequency of a PZT bar transducer reported in [14]. The mass loading from the electrodes and
polyimide was identified as a contributing factor to the discrepancy. A model of simple harmonic
vibration was employed to calculate the reduced frequency factor, estimated to be approximately
1/1.4 when polyimide and Pt account for half of the total mass [14]. In this study, as a 2 pm Ni stiff
supporting layer is added to the structure previously reported in [14], the frequency factor is

adjusted to 1/2.

Table 5-1: Materials properties for resonant frequency calculation [16], [34-45].

Materials E |GPa] v p [kg/m’]
AlO3 182 0.24 3100

Ti 90 0.32 4480

Pt 179 0.38 21400
PZT 101 0.39 7750

Au 62 0.78 19300

Ni 205 0.27 8900
Polyimide 5.32 0.34 1082

To accommodate the target frequency for neurostimulation, the length (1) was kept constant
at 1000 um, and the width (w) was varied from 400, 200, to 100 um, as shown in Figure 5-3.
Calculations were based on Equation 1 and 2 and the materials properties from Table 5-1. Because
neither of the boundary conditions is correct, the actual resonance frequency of each device would
range between the given numbers. Each type of array was labeled using its upper estimated resonant

frequency as 2.5 MHz (Figure 5-3(a)), 5 MHz (Figure 5-3(b)), and 10 MHz (Figure 5-3(c)).
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Figure 5-3: The device geometry for each case: (1) width = 400 um, (2) 200 pm, and (3) 100 um
aiming for 2.5, 5, and 10 MHz when considering f.iz/2 as the upper bound resonant frequency.

5.2.2 Hard Mask Development

A key feature of this flexible transducer is the Ni supporting layer, which serves both as a
hard metal mask for PZT etching and as a structural support. Electroplated nickel has been
developed as a hard mask for PMN-PT, as reported by Jiang et al. [46], and was adapted for PZT
patterning by Welsh [47]. The process parameters in this work were adapted from Aaron Welsh's
PhD thesis, which reported the optimal compressive residual stress for the electroplated Ni [47].

To verify the process for electroplating of nickel hard mask and find the optimized etch
selectivity with PZT thin films, a 1 um PZT film was prepared by the sol-gel method as described
in Chapter 4, on a platinized silicon substrate. Before electroplating, a blanket conductive layer of
3 nm Cr and 100 nm Au was deposited on top of PZT thin films using DC magnetron sputtering at
room temperature with the DC power set to 200 W at 5 mTorr without breaking vacuum. To create
a photoresist mold for the Ni electroplating, a 7 um AZ4620 photoresist was spun on at 4000 rpm
and baked at 90°C for 1 minute and 105°C for 3 minutes. The photoresist was left at room

temperature for an hour to rehydrate. It was then exposed using a maskless aligner MLA150 at 800
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mJ/cm?, soaked in a 1:4 AZ400K developer for 3 minutes, and cleaned with oxygen plasma in a
Tepla M4L asher using O, (200 sccm), He (50 sccm), 550 mTorr pressure, and 200 W RF power.
Figure 5-4 shows a schematic of the pulse electroplating process. The nickel (II) sulfamate
electroplating bath had a pH of 4.2. The bath temperature was set to 50°C, and the solution was
stirred at 500 rpm. The prepared PZT sample with photoresist mold was electrically connected to
the anode using alligator clips and immersed in the nickel sulfamate solution bath. The pulse
electroplating process had a current density of 4 mA/cm? (profile shown in Figure 5-4 upper right).
After deposition, the sample was rinsed with deionized water, and the photoresist was removed
using a positive photoresist stripper (PRS3000), followed by acetone and isopropanol. A 1.2 um

layer of Ni was deposited at an estimated rate of approximately 80 nm per minute, as measured by

profilometry.
Nickel @ Cu1‘1rent
sulfamate
solution | I L Ion

N

40°C 4ms 6ms 4ms 6ms 4ms
pH=4.2 I

\Nickel Sample/ » Time

2) Ni electroplated in

1) Patterned photoresist as mold
) P ! photoresist mold

/.

B Ni Photoresist Cr/Au Ti/Pt B Si/SiO,

Pulse
electroplating

—

Figure 5-4: Ni electroplating schematic with the pulse profile shown a the upper left. Cr/Au was
used as the electrical seed layer.
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The sample with electroplated Ni was transferred to the ICP-RIE etching system (Ulvac
NES550) to perform Au and PZT dry etching; the tool’s chiller was set to 0°C. The Au conductive
layer was patterned with a process pressure of 5 mTorr, Clz at 40 sccm, the RF power at 1000 W,
and the bias power at 75 W, providing an etch rate of 1500 A per minute, optimized from [48].
After that, the 1 um PZT was etched with the following process: pressure at 3.8 mTorr, Ar (20
sccm), CF4 (28 scem), Cla (7 scem), and RF/bias power set to 700 W/150 W with an etch rate of
80 A per minute, adapted from [47], [49].

After etching, cross-sectional images were acquired using a field-emission scanning
electron microscope (Zeiss Merlin FESEM) to inspect the side wall profile and to estimate the etch
selectivity. The sidewall angle of the etched features in the sol-gel PZT shown in Figure 5-5 is
approximately 70°. The etch ratio between Ni and PZT was 1:5, indicating that a 200 nm thick Ni
hard mask is required for etching 1 um of PZT.

In an attempt to remove the Ni hard mask, the etched sample was first soaked in Transene
Ni TFB etchant (nitric acid-based etchant) at 40°C. However, as noted by Aaron Welsh, Ni often
leaves residues on the etched features [47]. Thus, Cr and the Au layer, the electroplated seed layer,
also served as a sacrificial layer to ensure the film surface was residue-free. The Cr and Au were
removed by wet etching using Transene Au (iodine and potassium iodide-based etchant) etchant
TFA type at room temperature, followed by soaking in Ni TFB etchant, as Cr can be removed in
the Ni TFB etchant. Figure 5-5(c) shows the cross-section after the Cr/Au/Ni layers were removed

using this method.
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Side wall

angle~ 70°

PZT left over

Figure 5-5: SEM cross-section image depicting the PZT sidewall profile after removal of the Cr,
Au, and Ni layers. The plasma etching, performed using an electroplated Ni hard mask, results in
a sidewall profile of approximately 70°.

Electron beam (E-beam) evaporation was investigated as an alternative method to deposit
the Ni hard mask. A similar PZT test sample consisting of a 1.1 um PZT layer capped with 3 nm
Ti/100 nm Pt was employed to study dry etching using an E-beam Ni hard mask. The lift-off method
with LOR10B and SPR3012 resists was used to pattern the E-beam evaporated Ni thin films. First,
a 1 um LOR10B was spin-coated at 4000 rpm for 45 seconds, then baked at 180°C for 3 minutes.
Then SPR3012 was spun on at 4000 rpm for 45 seconds and baked at 95°C. The photoresist stack
was exposed at 200 mJ/cm? in the Heidelberg MLA150 Maskless Aligner. The develop step for
LOR10B/SPR3012 was done using a 1:1 ratio of DI water and concentrated Microposit developer.
The sample was first soaked for 80 seconds, rinsed with DI water, baked at 140°C for 1 minute,
and then further developed for 2 minutes to undercut the LOR10B, creating the reentrant profile.
This LOR10B and SPR3012 bilayer process yields a 1 pm lift-off reentrant profile. The metal stack
for the hard mask was composed of 3 nm Cr, 100 nm Au, and 250 nm Ni, with deposition rates set
to 2 A per second for Cr and Au and 1 A per second for the Ni, respectively. The metal lift off
process was done by immersing the prepared sample in a PRS3000 bath at 80°C for 1 hour,
followed by an oxygen plasma cleaning with 200 sccm of Oz, 50 sccm of He, with the pressure

regulated at 550 mTorr, and 300 W for 5 minutes.
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To demonstrate etch selectivity, the sample was etched in an ICP-RIE (Ulvac NE550), with
process conditions identical to those described in the previous section. Figures 5-6(a) and (b) show
the cross-section of the etched PZT capacitor, revealing an etch ratio of 1:6.8 between PZT and the
Ni mask and a sidewall angle of approximately 68°. Note that both evaporated and electroplated

Ni provide comparable etch selectivity and sidewall profiles.

® NuAwcr | | NAWCr Etch ratio = 1:6.8

T = Pt/Ti

Side wall

Figure 5-6: The SEM cross-section images showing the etched PZT profile using an evaporated
Ni hard mask; the sidewall angle is 68°, and the etch ratio of Ni to PZT is 1:6.8.

5.2.3 Device Fabrication

The device geometries for each array are illustrated in Figure 5-7. L-Edit, a layout editor
software, was used to design the photolithography masks. Three types of phased arrays were
designed as shown in Figure 5-3, where the length (a) is fixed at 1000 um and the width (b) varies
from 400, 200, to 100 pm. The arrays are labeled according to their upper calculated resonant
frequencies, based on width extension calculations, as 2.5, 5, and 10 MHz, respectively. The
devices are designed to connect to the phased array driving circuit via an anisotropic-conductive-
film (ACF) cable at an ACF pad. The pad is calculated to have a pitch of three lines per millimeter,

as depicted in the bottom-right of Figure 5-7.
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Figure 5-7: Images of array design for each type of device captured from Layout edit (L-edir)
consisting of the transducer array, the dimensions of the contact pads, and the ACF pad area for
electrical connection.

The fabrication process flow is outlined in Figure 5-8. The process began with a clean 1
pm SiO, / 550 pm Si substrate, followed by the deposition of 150 nm ZnO and 50 nm AL,Os using
a custom-built plasma-enhanced atomic layer deposition system with diethylzinc (DEZ) and
trimethylaluminum (TMA) as metal-organic precursors, with N>O and CO, as oxidants at 200°C
for ZnO and Al,O;3, respectively [50, 51]. The ZnO layer serves as the sacrificial layer, while ALO;
is a diffusion barrier. Then, Al,O3 was patterned for the ACF bonding pad area by plasma etching
using SPR955 as a photoresist mask; the ~2 um thick resist was spin-coated at 2500 rpm, baked at
105°C for 1 minute, exposed at 340 mJ/cm? in the MLA150, and developed in CD26 for 90 seconds.

The dry etching process, adapted from [52], was performed in an ICP-RIE tool, Ulvac NE550, with
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gas mixtures of BCl; (30 sccm) and Cl, (10 sccm), at 10 mTorr, with RF power at 1000 W and bias

power at 75 W (etch rate = 1500 A/min) as shown in Figure 5-9(a).

Clean substrate Si/SiO,

Q) (©6) PZT and M, etching

@ ™

Au deposition and

Sacrificial layer ZnO/Al,0; deposition lift-off
3)
M, electrode (Ti/Pt) deposition and lift-off
“ @®) Al,O5 and polyimide
deposition

PZT/M, electrode (Ti/Pt) deposition

(%) )
Transfer-Release process
via ZnO etching
Nickel electroplating deposition
Polyimide NN Ni Cr/Au M, M pzT
T avE ALO, 7n0 EEE sio, W s

Figure 5-8: Device fabrication schematic of the fully flexible PMUT phased array.

Then, the M; electrode (30 nm Ti/ 150 nm Pt), as shown in Figure 5-9(b), was deposited
using DC magnetron sputtering (CMS-18 Kurt J. Lesker) at room temperature. The Pt was
patterned by the lift-off method with LORSA and SPR3012. For this purpose, LOR5A was spin-
coated at 4000 rpm for 45 seconds, then baked at 180°C for 3 minutes. This was followed by
spinning SPR3012 at 4000 rpm for 45 seconds and baking at 95°C for 1 minute. The photoresist
was exposed at 200 mJ/cm? in the MLA150 and developed in CD26 for 75 seconds. The sample
was then placed in a sputtering chamber, where 30 nm Ti and 150 nm Pt were deposited by DC

sputtering at room temperature with 200 W DC power, 2.0 mTorr, and 360 seconds for Ti, and 200
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W, 2.5 mTorr, and 626 seconds for Pt. After deposition, the sample was immersed in a PRS3000
bath at 80°C and cleaned using an oxygen plasma, as previously mentioned in Section 5.2.1.

A blanket film of 1 um PZT was deposited by the sol-gel method using a commercial 2
mol% Nb-doped Pb(Zr 5:Ti045)O3 E1 solution with 14% excess Pb with a PbO capping, similar to
the process described in Chapter 3. In short, the PZT solution was spin-coated at 2750 rpm for 45
seconds, baked at 100°C for 1 minute and 300°C for 3 minutes, and then heat treated in a rapid
thermal annealer (RTA) at 700°C for 1 minute with 2 slpm of O, flow to crystallize the layer. This
process was repeated until 1 um thickness was reached. Finally, the PbO solution was spun on at
6000 rpm for 45 seconds, baked at 100°C for 1 minute and 300°C for 2 minutes, and then annealed
in the RTA at 700°C for 1 minute with 2 slpm of O,. The PZT was capped with a blanket film of 3
nm Ti/ 100 nm Pt M, electrode via DC magnetron sputtering, using similar conditions to the bottom
electrode but with adjusted deposition times: 36 seconds for Ti and 417 seconds for Pt.

To pattern the PZT and top electrode, a Ni layer was deposited using electroplating over a
3 nm Cr/ 100 nm Au intermediate layer, as described in Section 5.2.2. The effective current for
pulse electroplating was set to 4 mA/cm?, and with a deposition rate of 80 nm per minute, the Ni
layer reached a thickness of 2.4 um, as shown in Figure 5-9(d). The PZT, M», and Cr/Au layers
were then etched in the Ulvac NE550 system using a similar method to Section 5.2.2. The etched
device is shown in Figure 5-9(e). Electrical connection lines to the ACF bonding pad were achieved
by depositing 3 nm Cr/ 500 nm Au via DC sputtering and patterning using the lift-off method with
LOR10B and SPR3012. The photoresist lift-off patterning was done using the same method as for
the evaporated Ni hard mask with LOR10B and SPR3012. For metal lines deposition, Cr/Au, the
DC sputtering parameters were 200 W power. The chamber pressure was 5 mTorr, and the substrate
was unheated for both Cr and Au. The device with the Ct/Au layer is shown in Figure 5-9(f). The

post-release process concluded with a blanket deposition of 100 nm of PEALD Al,Os, using a
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method similar to the AlOs diffusion barrier layer mentioned earlier. The Al,Os layer served as a

protective layer during the polyimide curing process, as indicated [14].

(@) (b)

Sacrificial layer _250 ym Sacrificial layer

PZT/Sacrificial layer

ACF pad etched region

(etched ALO;) M] electrode 500 ym

PZT/M, electrode

Au/M,/PZT/M,/Sacrificial layer M, electrode

Sacrificial layer

PMUT
array
2 MHz

Transducer

M, electrode = 50 um

Ni/Au/M,/PZT _500ym_

Figure 5-9: Optical microscope images illustrating fabrication stages of flexible PMUT devices:
(a) Trenches etched for ACF bonding showcasing the sacrificial Al,O; layer; (b) Patterned M,
electrode revealing electrode placement; (c) Blanket PZT sol-gel deposited uniformly over the M;
electrode; (d) Patterned Ni hard mask used for etching, showing the defined areas for PZT
structuring; (e) Etched PZT bars with the residual Ni layer post-plasma etching; (f) Completed PZT
array stack with deposited and patterned Au metal lines, illustrating the final assembly for the 2
MHz PMUT array.

The dielectric permittivity as a function of frequency was measured using a Hewlett
Packard 4284 A LCR meter with 30 mV ac, across the three types of phased arrays before the release
process. As shown in Figure 5-10(a)-(c), the variations across the 32 elements with the permittivity
(loss) at 1 kHz were 1270 + 15.6 (2.0 + 0.003%), 1232 £ 6.4 (2.1 £ 0.007), and 1270 + 15.6 (2.1 +
0.007) for the 2.5, 5, and 10 MHz arrays, respectively. As shown in Figure 5-10(d), the polarization-
electric field loops show a remanent polarization (P;) and coercive field (E.) of (23.4, -15.9) uC/cm?
and (44.8, -58.9) kV/cm for the 2 MHz array, (23.4, -16.2) uC/cm?” and (50.8, -55.8) kV/cm for the

5 MHz array, and (24.2, -17.4) uC/cm? and (48.1, -57.8) kV/cm for the 10 MHz array.
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Figure 5-10: (a) — (c) Dielectric permittivity as a function of frequency and (d) polarization electric
field measurements for each type of array.

The transfer and release process begins with polyimide deposition, etching, and release
processes, originally developed by T. Liu [14] and modified by Victoria Vasquez, a PhD student at
the School of Electrical Engineering and Computer Science at Pennsylvania State University, for
this work. The polyimide source, MicroSystems PI-2611, was deposited using the spin coating
method (spinning at 1500 rpm for 45 seconds) and cured at 100°C for 5 minutes (ramp rate of 3°C
per minute), 250°C for 5 minutes (ramp rate of 1.3°C per minute), and 350°C (ramp rate of 1.2°C
per minute). The sample was then etched to separate each array for individual release using ALLO;

as a hard mask. The Al,O; was plasma etched using the same process outlined earlier in this section.
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Afterward, the polyimide was plasma etched with an O: (80 sccm) and CF4 (20 sccm) gas mixture.
The pressure was regulated at 100 mTorr, with a bias voltage of 200 V and RF power of 130 W.
This process resulted in a polyimide etch rate of 360 A per minute. Each array was then separated
using a dicing saw along the polyimide-etched lines as guides. The ZnO wet etching was achieved
by soaking each sample in a 10 vol.% acetic acid solution bath at a bath temperature of 45°C.
Experiments were conducted with the ZnO release process to explore the lateral etch rate and device
structure after release. The process took 34 hours to fully release the 16 x 13 mm PMUT array's
die from the silicon substrate, with an estimated lateral etch rate of 248 um per hour. Unfortunately,
the control sample encountered significant cracks in the PZT as well as peeling of the M, electrode
after the release process. Due to these complications, releasing the actual devices was halted at the
post-release stage. The challenges encountered during this experiment phase will be further

discussed in the subsequent section.

5.3 Current Device Fabrication Challenges

5.3.1 Pre-Release Processing

During the early stages of device fabrication, a thicker ZnO layer (200-250 nm) was used
to increase the lateral etch rate for the release process, compared to the 150 nm ZnO layer used in
Liu's work [15]. However, as shown in Figure 5-11(a), the PZT began to flake off during deposition.
This issue was consistently observed across three samples, where the PZT delaminated at different
spin-coating layers. EDS analysis was performed to identify the root cause. As seen in Figures 5-
11(b)—(e), SEM images of the area near the PZT peeling are shown along with the Al, Pb, and Zn
maps. These results indicate that the interface failure occurred between the ZnO and Al,Os layers.

The possible reasons for this failure are suggested to be: i) excessive carbon residues reducing the
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adhesion strength of the ZnO-Al,Os interface [52], [53], and ii) excessive residual stress from the
200 nm thick ZnO [54]-[60]. High carbon content in thick ZnO film would lead to poor adhesion
at the AL,Os interface when exposed to high temperatures during PZT pyrolysis and crystallization.
As noted in the device fabrication section, this pre-release problem was alleviated by reducing the
ZnO thickness to 150 nm.

Another critical problem was the compatibility of the process between Au wet etching and
the electroplated Ni layer. A 500 nm thick Au was used for the array of metal lines to lower the
electrical resistivity and hence minimize the circuit's RC time constant. A common method for
patterning Au is wet etching with commercial Transene Au Etchant Type TFA, which contains
iodine, potassium iodide, and water. Figure 5-11(f) demonstrated the electroplated nickel being
attacked by Au etchant [61]. During Au etching, the Ni layer, covered by SPR3012 photoresist,
was damaged by the etchant from the nickel sidewalls and through photoresist pinholes, forming
small circular patterns along the Ni bar edges. This issue was resolved by switching from wet
etching to lift-off using LOR10B/SPR3012. The re-entrant profile thickness suits the 500 nm Au

metal lines.

Peeled off area (h) Al Kal (C)
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Remaining Interface
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Figure 5-11: Post-release problems: (a) PZT flaking off during PZT deposition, (b) — (e) the EDS
results from the flaked off area confirmed that the failed interface was ZnO — Al,Os, (f) the bubbles
from polyimide deposition appear along the peeled edges, and (g) damage of the electroplated Ni
bar during the Au wet etching process.
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5.3.2 Post-Release Processing

A sample was fabricated for a release experiment where the device was diced into an
individual array and then immersed into the acetic bath with parameters similar to the actual release
process: 10% acetic acid, bath temperature of 45°C bath with constant agitation from a stir bar. The
test sample had a similar structure to the actual device, except that it had only 1.5 pm of
electroplated Ni as the stiff support layer.

After the release process, the array exhibited apparent curling, as depicted in Figure 5-
12(b), primarily due to the compressive stress induced by 500 nm thick Au M2 metal lines covering
most of the released structure. However, the active area did not show as much bending, potentially
because it contained stiffer components such as PZT and Pt. The optical image in Figure 5-12(c)
revealed significant damage to the PMUT stack post-release, including prominent cracks along the
edges of the PZT bars and widespread peeling of the M; electrode. These cracks were primarily
located along the edges of the PZT bars not covered by the M; electrode. A series of

characterization methods was subsequently employed to address these issues.
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Figure 5-12: Post-release problems observed from a control sample: (a) Schematic of the test
sample, (b) images of the PMUT array after the release process, and (c) optical images showing
cracks in the PZT bar and peeling of the M, electrode.

The optical microscope image in Figure 5-13(a) illustrates the area of interest for SEM and

EDS analysis. In Figure 5-13(b), an area where the M; electrode peeled off is shown; it is clear that
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the PZT layer is damaged at the triple points, where a high concentration of PbO would be expected.
This suggests that the following events occurred in this region:

1) the M, electrode was under significant tensile stress, which led to its detachment once
the stress exceeded the adhesion strength between the PZT and the M; electrode,

ii) exposed PZT was etched by the 10% acetic acid solution as it was soaked for several
hours during the release process at 40°C.

In contrast, Figure 5-13(c) displays a region where the PZT was covered by ZnO and Al,O;
during the etch step. Furthermore, the EDS spectra from this region show strong peaks of Al and
Zn, indicating that Al,O3; and ZnO survived the release process. This image implies that the PZT is

protected by the ZnO and Al,Os3 layers.

(c)

Al,O, on PZT in the region not covered
by M1 electrode

Figure 5-13: (a) Microscope images of a device with cracked PZT and a peeled M, layer, (b) the
corresponding SEM from the PZT area underneath the peeled M, layer, and (c) SEM image of the
area with PZT covered by ZnO and AlOs.

To test the hypothesis, EDS analysis from the area highlighted in Figure 5-13(a) is
presented in Figure 5-14. The electron image showing the area of interest and the emission spectra
are illustrated in Figures 5-14(a) and (b). The selected intensity maps for Pt, Al, Zn, Pb, Ti, and O
are displayed in Figures 5-14(c) through (h), respectively. These maps reveal that the area
previously occupied by the M1 electrode shows an exposed PZT surface, whereas areas devoid of
PZT correspond to the M2 electrode. Notably, Zn and Al signals were detected across most regions

except in areas where the M1 electrode had detached.
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Figure 5-14: SEM-EDS results from the crack region: (a) the electron image of the investigated
site, (b) the emission spectra, and the intensity map of (¢) — Pt Mai, (d) — Al Kai, (€) — Zn Lai, () —
Pb M1, (g) — Ti Kqi, and (h) — O K.

Subsequently, optical profilometry (Zygo Nexview 3D optical surface profiler) was
utilized to understand the height profile of the PMUT element and the cracked region. Imaging
was conducted with M at the top of the structure. Figure 5-15(a) represents the PZT region without
cracks and with M; still intact, and Figure 5-15(b) shows the cracked PZT region with M, peeled
off. The height profile was obtained for each case. Figure 5-15(a) represents the undamaged area,
showing curvature in both in-plane directions. The concave curvature suggests the PZT device was

under comparatively higher tensile stress than the thick Ni and Au layers. Figure 5-15(b) illustrates
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a height profile of the region shown in Figure 5-14(a), where the PZT is cracked near the M; edge,
with part of the PZT layer detached, revealing the M, electrode. The outer step height remains at
approximately 1 um, suggesting that the Al,O3 and ZnO layers, as confirmed by EDS results, did
not peel off during the process, thereby protecting the underlying PZT layer during the release
process. The central well in the height profile, with a step height of approximately 250 nm,
corresponds to the area where M; peeled off, which also removed the Al,O3 and ZnO layers. This

leads to a modest amount (~20 nm) of etching of the PZT, as shown in Figure 5-13(b).
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Figure 5-15: Optical profilometry results for two scenarios: (a) an undamaged area and (b) a
damaged area depicted in Figure 5-14(a). The three parts of each section include a: (i) a color-coded
height map showing the surface profile across the element, (ii) the height profile along the line
drawn in the height map, and (iii) a schematic representation of the multilayer structure in each
scenario.

It is important to note that a test structure without the Ni layer was examined using an
identical release process; it revealed no cracks along the PZT edges or M delamination. This,
alongside EDS results that identified surface locations where cracks and delamination occurred,

and optical profilometry data revealing local curvature in the device region, suggests that these
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failure events likely stemmed from stress concentrations induced by M, electrode, Cr/Au, and
electroplated Ni. The Ni will be denoted as the “underlying metal layer” for further discussion.

Figure 5-16 summarizes the current challenges in fabricating flexible phased arrays on
polyimide substrates. As the device structure was initially deposited and patterned on a rigid
substrate, the residual stress was determined based on the processing parameters utilized. For
example, PZT thin films prepared by the sol-gel method are reported to be under tensile stress
(~100 MPa) [62]-[64], and Pt electrodes initially exhibit compressive stress ranging from -100 to -
300 MPa, which can transform into tensile stress of around 500 - 1000 MPa following annealing
[65]. This residual stress was later relaxed after being released from the constrained silicon
substrate to a flexible polyimide substrate, causing the bending illustrated in Figure 5-16(b). Such
residual stresses are critical in the process development of micromachined devices, as they can
result in significant mechanical failures, including delamination and cracking [55]-[60] For
example, Coleman et al. investigated the effect of stresses on PZT thin films prepared on Ni foil
via by applying the stress via the radius of curvature (ROC) method where the compressive strains
above -0.3% induce delamination between the layers, while the tensile strains larger than 0.5%
cause cracks in PZT thin films [64].

Based on the observations and characterization discussed in this section, the flaws in the
device design can be attributed to two primary factors: i) excessive residual stress from the
underlying metal, and ii) the partial coverage of the M1 electrode, with the PZT area covering only
60%. These design flaws likely cause significant stress concentration, contributing to the failure
events depicted in Figure 5-16. The current hypotheses regarding these events are:

1. The comparatively large tensile stress from the Ni layer causes stress concentrations at

the edges of the M; electrode in the PZT layer, leading to cracks in the brittle PZT
layer. A possible scenario is that cracks initiate from the edges of the M, electrode when

the device is still partially released, and M, has not yet delaminated.
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2. The delamination of the M; layer occurs after the device is fully released due to the
tensile stress exerted by the underlying layer. The partial coverage of the M, electrode,
emphasized by the large tensile stress, exceeds the adhesion strength between the M
and PZT, causing the M; layer to delaminate from the PZT interface [66]. Additionally,
this also was supported by direct observation during the optical microscope session
where the curled device (Figure 5-12(b)) was flattened for the experiment, and the left-
most M; electrode (Figure 5-12(c)) was delaminated from the PZT region on

performing the flattening.

(a) Before release (b) After release

" _ _

(c) Failure event

Event (1)

. g

Stretched

Stretched

Metal layer

N sioy/si zn0 [ ALo, I m/m, I pzr [0 Ni Cr/Au Polyimide

Figure 5-16: The schematic of the current design and the observed challenges: (a) Device before
release, constrained to the silicon substrate. (b) Device bending upon release. (c) Event (1) shows
stress concentration at the edges of the M electrode, initiating cracks in the PZT region outside the
electrode coverage area. This is followed by Event (2), where tensile stress from the underlying
layer exceeds the interface strength of M, causing M; to delaminate from the PZT.

To address this issue, it is recommended that the root cause be mitigated by reducing the

stress level in electroplated nickel. The process parameters for electroplating nickel, such as bath
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temperature, current density, and pH level, strongly influence the prepared film's residual stress
[67]. By optimizing these parameters, it is possible to reduce the residual stress. Alternatively, an
additional stress-balancing layer can be introduced. SiO; deposited by RF magnetron sputtering is
a promising candidate since its intrinsic stress can be fine-tuned by adjusting the process
parameters. Furthermore, it can be patterned to form local stress-balancing layers at the transducer
sites. Nathan Bishop, a graduate student at the STM research group at Pennsylvania State
University, has optimized the process parameters for compressive SiO,, as shown in Table 5-2. In
addition, the M1 electrode can also be redesigned to cover 100% of the PZT bar; this should

eliminate the stress concentration point leading to the cracks in PZT observed in the off-M; area.

Table 5-2: Process parameter for compressive SiO, by RF magnetron sputter by Nathan Bishop.

RF power RF Substrate O, to Ar Process pressure Temperature Expected
[W] bias [W] ratio [mTorr] p deposition rate
200 W 25W 10 5 Room 0.69 A/second
temperature
54 Conclusions

This chapter explored the design and fabrication of a flexible PMUT on polyimide
substrates. The focus was optimizing the resonance frequency and achieving the desired
interelement pitch for phased array operations suitable for neurostimulation applications. Key
developments included using electroplated nickel as a hard mask and structural support, ensuring
precision in the patterning process while maintaining the flexibility of the device. A stiff support
layer could significantly influence the vibrational mode, transitioning from width extension to a
flexural mode compatible with the A/2 pitch necessary for effective beamforming and steering.

However, significant challenges were encountered in pre- and post-release structures, such

as failed ZnO/ALO; interfaces, poor etching compatibility, stress-induced delamination, and
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electrode peeling. Critically, all released samples were damaged during the release process,
highlighting the need for further optimization to achieve the desired PMUT structure, especially to
mitigate the residual stress and improve the overall mechanical robustness of the device. In
principle, flexible PMUT arrays could offer high acoustic output and precise beam steering, which
are crucial for applications like neuromodulation. This chapter highlighted the critical factors
influencing the device fabrication of flexible ultrasound transducers and paved the way for further

innovations in the field of flexible piezoMEMS technology.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis explores the piezoelectric response of released PZT thin films and their
implementation in micromachined ultrasound transducers (PMUT) for neurostimulation
applications.

Using double beam laser interferometry, the improvement in the piezoelectric response of
a 1 um thick, 2 mol% Nb-doped Pb(Zr4sTi052)O3 thin film was investigated in partially released
and clamped structures. The released structure was fabricated using a two-step backside etching
process with ZnO as a DRIE stop layer and later as a sacrificial layer. ZnO was pre-patterned into
a circular shape before the PZT stack deposition and patterning and was wet etched through the
silicon backside vias. The the large signal effective longitudinal piezoelectric coefficient (d33 ¢) of
the clamped PZT film was 126 + 13 pm/V. In comparison, partially released PZT samples with
50% and 75% released area ratios showed a threefold improvement over the clamped sample, with
d33 svalues of 410 £ 6 pm/V and 420 + 8 pm/V, respectively. Validation using single-beam laser
interferometry confirmed that the deflection amplitude was within the correctable range of DBLI.
The observed enhancement is attributed to:

1) Changes in stress levels in the released structure,

i) Removal of mechanical constraints from substrate clamping,

1ii) Enhanced domain wall movement.
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This finding demonstrates that substrate declamping can bring the film's piezoelectric
response closer to that of bulk ceramics of the same composition. It marks the first quantitative
measurement of d*33, for unclamped piezoelectric thin films.

The released structure was used to fabricate a PMUT phased array for neurostimulation
applications. The phased array design was optimized using k-Wave simulation to operate at a focal
distance (F) of 20 mm and a steering range (6,) of -60° to 60°. Using the classical theory of plates
for a rectangular bar with clamped edges, the PZT bar with 8.3 % 0.78 mm dimensions was designed
with three active piezoelectric areas defined by the trench dimensions calculated to be ~8000 x 130
um. The 32-element PZT bar was arranged as a linear phased array for focusing and steering. The
elements were driven by unipolar square pulses as a function of frequency, with a maximum
acoustic pressure at 1.4 MHz. At the optimum frequency, in-water beamforming targeting at F =
20 and 30 mm from the transducer achieved a maximum peak-to-peak acoustic pressure of 0.44
MPa at a 14.6 V unipolar square pulse, corresponding to a Ispps of 1.29 W/cm? This work
represents the first optimization and fabrication of thin film PMUT for ultrasound neuromodulation
applications.

Further steps toward neuromodulation explored the potential of fully flexible ultrasound
transducer phased arrays for implantable ultrasound stimulation. A 2 mol% Nb-doped
Pb(Zro 52 Ti0.48)O3 thin film was selected as the active piezoelectric layer, combined with a transfer
and release method to achieve a flexible PZT PMUT on a polyimide substrate. The key design
feature in this PMUT is the introduction of a stiff metal support layer to couple the bending mode
to the width extension mode of the PZT bar, to lower the resonant frequency and accommodate the
interelement pitch for beamforming needed for neurostimulation applications. The device
dimensions and fabrication process flow involved using a blanket ZnO thin film as the sacrificial
layer and 8 um polyimide as the flexible substrate. An electroplated Ni hard mask was used to

pattern a 1 um PZT thin film and left on top as a metal contact and stiff elastic layer. The release
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process involved wet etching of ZnO using an acetic acid solution at 45°C. However, the transferred
device exhibited cracks along the edges of the PZT rectangular bars, and several M; electrodes
peeled off. The cracks were confirmed to be in the PZT layer, propagating along the edges where
the M1 electrode did not cover the PZT. This suggests that the asymmetric structure from electrode
coverage creates stress concentration regions, initiating cracks due to high residual stress in the
stack. The residual stress from Ni might also contribute to the M, electrode delamination, as the

stress level could exceed the adhesion strength of M;. Proposed solutions to address this problem

include:
1) introducing a compressive layer, such as SiO», to counterbalance the stress levels
in the structure,
i) adjusting the 60% electrode coverage of M to 100% to reduce stress concentration

problems.
Overall, this thesis highlights improvements in the piezoelectric response and the
feasibility of PMUT technology for neurostimulation applications, providing a foundation for

further development in flexible and implantable ultrasound devices.

6.2 Future Work

e Improve the released piezoMEMS structure for quantitative measurement of
piezoelectric coefficient.

To extend the sample sets for the piezoelectric measurements, the samples shown in Figure

6-1 were prepared in a manner that was similar to those in Chapter 3, with the top electrode

designed to be smaller than the DRIE hole to reduce the bending from the area where the top

electrode overlapped with the silicon substrate.
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Figure 6-1(a) shows that 150 nm of ZnO was deposited using PEALD and patterned into a
circular shape with diameters of 400, 600, 800, 1000, 1200, and 1400 um on top of the clean silicon
substrate. Then, 10 nm of ZnO and 200 nm of Al,O3; were subsequently deposited as an insulator
layer and diffusion barrier. The bottom electrode layer consisting of 30 nm of Ti and 100 nm of Pt
was deposited using DC magnetron sputtering and patterned via the lift-off method, as
demonstrated in Figure 6-1(b). Then, PZT deposition and patterning were performed using the sol-
gel method and ICP-RIE, as described in Chapter 3, into a circular shape as shown in Figure 6-1(c).
The backside etching was done via DRIE using the Bosch process with the substrate temperature
regulated at 3°C. A backside-etched sample with a ZnO diameter (400 um) smaller than the DRIE
vias (800 pum) is shown in Figure 6-1(d). The device schematic, Figure 6-1(e), illustrates the
diameter for each layer where the top electrode, PZT, and DRIE vias diameters are fixed, and ZnO
diameters are varied to extend the release area. With careful wet etching of the ZnO sacrificial
layer, this set of devices should provide insight into the released effect on the piezoelectric

coefficient through DBLI measurement.

(b) (e)

ZnQ —

Bottom electrode

BN PZT Ti/Pt HE ALO,
W ZnO W Si

Figure 6-1: Devices fabrication flow showing (a) patterned ZnO sacrificial layer, (b) bottom
electrode, (¢) circular-shaped PZT and top electrode, (d) DRIE vias, and (e) the device schematic.
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The current device exhibits several flaws that limit the released area to 50% and 75%,
including:

1) the hinge at the edges of the released structure, which can introduce complex bending
after release,

2) a thick top electrode and a continuous bottom electrode that can induce some
mechanical clamping of the piezoelectric layer [1], [2],

3) a top electrode overlapping with the substrate, which could introduce an undesirable
bending motion (addressed above) [3],

4) a zero-field diaphragm bending which can slow the etching of ZnO by limiting mass
transfer through a smaller released gap,

5) a thick Al,O3 underneath the released PZT structure can induce an unbalanced stress
in the released structure.

Thus, a redesigned structure is proposed to address these issues, as Figure 6-2 illustrates.
The fabrication process begins with the deposition and patterning of 150 nm ZnO using PEALD
and wet etching to define the released area. This is followed by a blanket deposition of 150 nm

SiO; via RF magnetron sputtering.

(a) (d)

Zn0O and SiO, as an insulator

(b) PZT stack with
B . ZnO as a DRIE stop layer

(e)

Planarize the stack by CMP
(c)

ZnO as a release layer
HfO, as a diffusion barrier

O si @ Si0, L 200 Ly HIO, (- Tirkt @ PZT

Figure 6-2: The fabrication flow for released piezoMEMS for double beam laser interferometry
with ZnO as a release definition layer.
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The SiO; layer could then planarized using chemical mechanical polishing [4], [5].
Subsequently, a thin layer of approximately 50—80 nm HfO, could be deposited to serve as an
additional diffusion barrier and insulation layer between the PZT and the silicon substrate,
complementing the thin ZnO and SiO; layers. The bottom electrode, consisting of 30 nm Ti and
100 nm Pt, would be deposited by DC sputtering and patterned into a circular shape using lift-off
method with the diameter designed to be smaller than the through silicon vias. A 1 pm thick, 2
mol% Nb-doped Pb(Zro4sTi052)O3 layer would then be deposited by the sol-gel method and
patterned by ICP-RIE, as previously detailed in this thesis. A circular top electrode, comprising a
thinner Pt, such as 50 nm in thickness with a diameter matching the bottom electrode, would be
deposited and patterned similarly. Following the top electrode deposition, the sample would be
annealed at 500°C in an RTA for 15 minutes, which would minimize the clamping effect from the
electrode.

The backside process should follow the procedures outlined in Chapter 3. Protek B3 should
be applied to protect the front-side of the wafer. Subsequently, HfO, and SiO, on the substrate
backside should be etched using buffered oxide etchant (BOE), and a lithography process with
AZ4620 could be used for of the through-silicon vias. Bulk silicon backside etching will continue
until the vias reach the ZnO. This process will be monitored using optical profilometry and optical
microscopy.

Finally, the ZnO should be wet etched to release the structure. It is interesting to note that
one challenge for the wet etching of ZnO is the diaphragm bending at zero-field; this might be fixed
by a removable compressive layer to stress balance the film during the wet etching of ZnO. This
layer could be a combination of 500 nm electroplated Ni with a 100 nm Au seed layer. Following

the ZnO etching, Ni and Au can be removed by wet etching using Transene Nickel and Au etchant.
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With these adjustments to the design, the device is expected to exhibit reduced mechanical
clamping, specifically from thinner top electrodes and patterned bottom electrodes, and minimize
bending motion, as the active part does not cover the substrate area. The planarized membrane with
a thinner insulator layer should allow for a symmetrically released membrane. Additionally, a
surface metrology technique such as optical profilometry to reveal overall diaphragm deflection
motion, together with the DBLI technique to reveal the corresponding piezoelectric response, will
further enhance the analysis. Ultimately, this will enable the precise quantification of the

longitudinal piezoelectric coefficient with a larger release area as well as expand the d3; ¢ database,

facilitating piezoMEMS simulations, to include other important piezoelectric materials such as

Zn0O, AIN, and AIScN.

e Improve the released process with non-buffer ZnO wet etching.

Lateral etching through backside etching vias presents significant challenges due to issues
with mass transport and local pH variations. An acetic buffered solution was explored to reduce the
etch rate and maintain consistency throughout the process, the original process development was
done for the purpose of high precision patterning of ZnO thin film transistors [6], [7]. However,
this method may not be suitable for etching larger features such as the ZnO release area as the etch
rate is slow. Therefore, exploring new types of etchants for ZnO could facilitate the release process,
especially when using HfO; and SiO; as diffusion barriers and insulators [8]-[10]. The goal would
be to achieve enhanced selectivity.

Wet etching of ZnO has been extensively investigated using various concentrations of acid
solutions such as hydrochloric acid (HCI), nitric acid (HNOs;), sulfuric acid (H»SOs), and
phosphoric acid (H3POs) [11]-[13]. These acid solutions offer high etch rates (< 100 nm/minute),
with the etch selectivity being controllable by varying concentration and pH levels. With HfO, and

Si0; as the barrier layer, higher concentrations can be explored to achieve a faster release process.
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Ferric chloride (FeCls) also exhibits a fast wet etch rate for ZnO; however, the resulting insoluble
reaction by-product (Fe(OH)3) must be addressed, particularly in processes where lateral etching is
required [13], [14] Ammonium chloride (NH4CI) presents an interesting alternative for lateral etch
rates. As Lee et al. demonstrated, by adding NH4OH to the solution, the lateral etch rate increased
by ten times due to the controlled undercut facilitated by the NH; by-product [6].

By investigating these alternative etchants, it may be possible to enhance the selectivity
and rate of the etching process, thereby improving the overall quality and precision of ZnO thin

film patterning for various applications.

e Vertical grain size contribution to piezoelectric response study

As the released structure and wet etching process are optimized, the released structure can
be applied to explore more piezoelectric response in piezoelectric thin films. Grain size is a known
factor that constrains the piezoelectric response in thin films. However, with the released structure
exhibiting improved piezoelectric response close to bulk ceramics, it is intriguing to revisit this
concept, especially from the perspective of columnar grain size. In bulk ceramics, Randall et al.
studied the relation between the volumetric grain size and the piezoelectric response in PZT bulk
ceramics, showing that the piezoelectric coefficient (ds3) is drastically reduced below 0.8 um
grain size, as shown in Figure 6-3 [15]. Notably, that the lateral grain size in thin films is generally
in the sub-micron range, and the vertical grain size is governed by the film thickness, as shown in
Figure 6-3(c). Since the piezoelectric response in bulk ceramics improves with increasing grain
size, it is hypothesized that the piezoelectric response in thin films will also be enhanced as a

function of columnar grain size. Therefore, by measuring d3;3 r using the proposed device

schematic, we can measure film thickness in released thin films, gaining insights into the

contribution of columnar grain size to the piezoelectric coefficient.
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Piezoelectric Coefficient (pC/N)

o 0.5 1 1.5 2 2.5 3 35 4
Grain Size (um)

Figure 6-3: (a) The relation between grain size and piezoelectric coefficient in bulk ceramics [15],

(b) the grain structure in bulk ceramics [16], and (c) lateral and through thickness grain sizes of
columnar thin films [17].

To investigate this limitation in columnar grain size, the released structure proposed earlier
can be employed to prepare the released piezoelectric structure with three different thicknesses: 0.5
um, 1.5 pm, and 2.5 pum, as illustrated in Figure 6-3. By optimizing the lateral grain size for each
sample, these thickness variations can help distinguish the effects of columnar grain size on the
piezoelectric response in released thin films and compare with the piezoelectric response limited

under 1 um grain size observed in bulk ceramics.
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0.5 um thickness 1.5 um thickness 2.5 pum thickness

O si @ Si L 700 Ly HO, (- Tiree @ PZT

Figure 6-4: The device schematics of released structure with different thicknesses.

e  Multilayer PMUT using PZT/AIN structure

To enhance the performance of PMUTs for transceiver applications, a multilayer structure
combining PZT and AIN is proposed. PZT-based PMUTs excel in transmit performance but often
exhibit comparatively poor receive sensitivity. This reduced sensitivity is attributed to a small
voltage coefficient, which is inversely proportional to the large dielectric permittivity for PZT (e,
~ 1200) as shown in Table 1-1. Specifically, PZT thin films have a voltage coefficient (43, )
approximately ten times lower than that of AIN (43,7~ 0.01) for PZT compared to (/3;,~ 0.1 for
AIN). By incorporating a multilayer structure with both PZT and AIN, it is anticipated that the
PMUT performance can be improved by using PZT for transmit and AIN for receive, leveraging
the complementary properties of the two materials. A multilayer PMUT fabrication could be
prepared using the transfer method similar to Chapter 5 [18],[19].

In the interest of maximizing the piezoelectric response, {001} oriented PZT and AIN thin
film stack should be investigated. The {001} oriented PZT film could be achieved for the first layer
using a {111} oriented Pt bottom electrode, as demonstrated in Chapter 4. To grow (001) AIN on
top of the PZT layer, it is essential to find a suitable substrate metal to serve as both a common
electrode and template for the AIN. Pt has been reported to induce (001) AIN due to a small lattice

mismatch between the (002) plane of AIN and the (111) of FCC Pt. Therefore, (111) Pt deposited
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on a {001} oriented PZT layer could serve as a common electrode and seed layer for (002) AIN
[20].

This section presents preliminary work on the optimization of c-axis oriented AIN for a
multilayer transducer PMUT, following prior reports of AIN sputtering [20]-[26]. The AIN
deposition was optimized using a pulsed DC reactive magnetron sputter system, Kurt J. Lesker
CMSI18 system, and the target-to-substrate distance was fixed at 5.5 inches. The substrate
temperature dependence on was studied for temperatures ranging from 250 °C, 350°C, and 450°C.
Other deposition parameters remained fixed: the chamber pressure was 3.3 mTorr, and the reactive
gas ratio was 1:1 Ar:N,. The power supply was operated at 300 W. Film crystallinity was studied
via XRD, as shown in Figure 6-5(a). Films deposited at 250 °C did not show a (002) peak, implying
that the film was amorphous. However, the diffraction peak intensity (002) increased as the
substrate temperature increased; the sample prepared at 450°C had the highest intensity as high
thermal energy-assisted crystallization and improved the surface diffusion of atoms during

deposition. Thus, a 450°C deposition temperature was selected for further investigation.
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Figure 6-5: XRD patterns for AIN deposition via pulsed DC deposition; effects of a) substrate
temperature and b) the N»: Ar ratio. The wurtzite AIN, w-(002) and w -(004), (111) Pt, and (004)
Si peaks are labeled, while the other peaks are attributed to the substrate, as shown in the bottom
line of each graph.
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The second parameter to be studied was the gas mixture. Ar, an inert gas, and N», a reactive
gas, were involved in the deposition. N, improved film crystallinity while Ar maintained the sputter
rate. Due to heavier Ar atomic mass, higher kinetic energy during a collision with the Al target
produced a higher sputter rate [20], [25][27]. N> varied from 50% to 80% when the deposition
temperature was 450°C, the chamber pressure was 3.3 mTorr, and the power was 300 W. A higher
N, percentage was expected to improve film crystallinity and lower the concentration of N
vacancies. Figure 6-5(b) shows a strong (002) wurtzite structure AIN in the XRD patterns for all
deposition conditions.

The electrical and piezoelectric properties of the thin film were characterized. Figure 6-
6(a) shows the dielectric permittivity and loss tangent measured at 10 kHz with 100 mVac
excitation. The dielectric permittivity and loss tangent show a decreasing trend as the N, content in
the case phase increases. The measured loss tangent was mostly below 1%, except for the sample
deposited at 50% N, showing ~ 1%. This increase in loss tangent might result from a higher defect
content associated with a relatively low N» content and energetic bombardment [28][31]. The films'
transverse piezoelectric coefficient (e3;,) was measured and converted to the voltage coefficient
hs1 s as shown in Figure 6-6(b) and (c), with the corresponding deposition rate. It was apparent that
the film prepared at 60% N, had a relatively high 43, (0.09 + 0.015 C/m?), which is in good
agreement with the reported value in the literature (~ -0.1 C/m?) [32]-[34]. The AIN prepared with
60% N> to Ar could be used to fabricate a multilayer transducer in the future. However, a significant
process for optimizing the deposition condition to achieve a good quality c-axis-oriented AIN on

top of PZT is still needed.
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Figure 6-6: The properties of prepared AIN thin films: (a) The relative permittivity, (b) transverse
piezoelectric coefficient (e3;y), (c) the voltage coefficient (%3;7) with deposition as a function of N»
content.

To illustrate an approach to a multilayer PMUT, a PZT/AIN bar design is proposed, as
depicted in Figure 6-7, which outlines the multilayer transducer design and process flow. This
process follows the transfer and release method using ZnO, as detailed in Chapter 5. Most
deposition and patterning steps can be adapted from the processes developed in Chapter 5.

The fabrication process begins with the deposition of ZnO as a sacrificial layer and Al,O3
as a diffusion barrier and insulator onto the silicon substrate. The first, Ti/Pt, electrode (M;) is
deposited and patterned via sputter deposition and lift-off. Next, the PZT layer is deposited via sol-
gel method and patterned using plasma etching, with width and length dimensions similar to the
M1 electrode for 100% electrode coverage structure. This is followed by the deposition of the
common electrode denoted as M, electrode, M», Ti/Pt, which is also deposited and patterned using
sputter deposition and lift-off technique.

Subsequently, AIN is deposited on top of the stack via pulsed DC sputtering as discussed
earlier. A Ni hard mask was utilized; the hard mask was deposited by an evaporator and pattern via
lift-off similar to Section 5.2.2 in Chapter 5. To pattern AIN, the process developed by the
Nanofabrication Staff at Pennsylvania State University was adapted for this work. Inductively
coupled plasma reactive ion etching (ICP-RIE system), Ulvac NE550, was used to pattern the film
with the process parameter be: a gas mixture of 30 sccm of BCl; and 5 sccm of Clp, 175 W bias

power, and 1200 W ICP power, maintaining an etching pressure of 4 mTorr with the etch rate of
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20 A/s. The deposition of the third electrode, Cr/Au, (M3) will be deposited by sputter deposition

and patterned using a lift-off process. Then, the Al,O; protective layer should be deposited, using
ALD, before the deposition and polyimide. Following this, the deposition of the polyimide layer
can be done by the spin coating method.

After fabrication, the transmit and receive sensitivity should be tested with a calibrated
hydrophone to characterize transducer performance and examine the generated acoustic pressure
and voltage. Then, pitch and catch experiments could be performed to reveal the imaging capability.

The presence of bending motion in unclamped films and the lateral extension on polymeric
should be investigated directly. The vibration characteristic of this multilayer piezoelectric
structure could be studied via a high-frequency laser Doppler vibrometer (LDV). This could
provide a better understanding of the resonant frequency for PMUTs for a free plate boundary on

a flexible substrate.
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Figure 6-7: Process flow for co-fabrication of AIN/PZT transducers on a polyimide substrate via
a transfer process: a) M deposition and patterning on a ZnO/Al,Os3 sacrificial/protection layer on
a Si substrate, b)-c) PZT and M, deposition and patterning, d)-e¢) AIN and M3 electrode deposition

and patterning, f) Al>O3 and polyimide deposition, and g) transfer process via wet etching of the
ZnO sacrificial layer.

e Alternative transfer and release method.

The transfer and release method has been widely used to fabricate free-standing

piezoelectric and ferroelectric devices. Various sacrificial layers, such as BaO, Sr3Al2Oe,
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Si02, Si, and carbon paste, have been utilized to create different device configurations
through wet etching, dry etching, or annealing to remove the sacrificial layer [35][40]. To
expedite and simplify the current release method using ZnO wet etching, a transfer and
release process employing vapor phase etching of silicon in XeF2, similar to surface
micromachined silicon, is combined with the transfer and release process.

As illustrated in Figure 6-8, the process begins with the preparation of a stack of
PZT thin-film capacitors on a SiO2/Si substrate, as discussed throughout the dissertation.
Next, the desired released substrate, such as a polymeric or electroplated metal substrate,
is deposited. The release process starts with the deposition and patterning of a hard mask,
such as SiO2, which serves as an etching mask for patterning the released substrate (in the
case of a polymer) and later for etching the silicon substrate via XeF2 etching [41][43].
Then, the isotropic silicon etching with XeFz is utilized to remove the underlying silicon
substrate to release and transfer the active devices from a rigid silicon substrate to the
desired released substrate.

Alternative released substrates can also be explored to facilitate device handling
after release and optimize the post-release substrate curling. For example, a thick polyimide
layer can be deposited on top of the active element to offer minimal mechanical clamping
due to its low Young’s modulus. It will also serve as an insulator layer. Following this, a
rigid layer, such as electroplated metals and its seed layer, can be deposited to serve as a
stress balance layer as well as a stiff supporting layer for the released device.

In conclusion, this proposed fabrication process should facilitate the release process

by switching the release mechanism to vapor phase etching of silicon and offer the
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flexibility to optimize device rigidity without introducing mechanical constraints from the

rigid substrate.

XrF, XrF,

mask I

released substrate
|

Transfer and
- - Release Released PMUT on a

BN PZT Ti/Pt I SiO, BN Si Released substrate

Figure 6-8: The schematic illustrates the transfer and release of a PZT thin film device from a
silicon substrate to the desired substrate via silicon surface micromachining using XeF,.
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