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ABSTRACT
The objective of this work was to investigate changes in the acoustic characteristics of micromachined
transducers caused by acoustic cross-coupling between cells. We used hexagonal, polymer-based capacitive
micromachined ultrasonic transducers (polyCMUTs) consisting of 127 cells connected in parallel. The
distances between the cells were varied, while the cell dimensions and number of cells remained constant.
The resulting changes in characteristics were evaluated in terms of peak frequency fpk, fractional
bandwidth FBW , peak transmit sensitivity Spk and opening angle Φt. The study relies on results from an
analytic multicell model (MCM) which considers cross-coupling effects between cells through a mutual
acoustic impedance matrix. The results are compared with finite element (FE) analyses and measurements
on fabricated prototypes. The manufacturing processes used to produce the polyCMUT prototypes are
explained in detail. We found significant changes in all acoustic characteristics: as cell spacing increases,
fpk and Φt decrease, while Spk gradually rises to about twice the initial value. The FBW varies due to
the change in fpk, peaking at small to intermediate cell-to-cell distances. While both modeling approaches
cover the general effects, discrepancies in comparison to the measurements were identified. The FE model
provided better fits than the analytic MCM, albeit at significantly higher computational costs. The effects
on the acoustic characteristics were found strongest at lower frequencies and if many cells are in close
proximity to each other. Hence, rotational symmetric or square transducers operating at lower frequencies
are affected most. The results demonstrate that design approaches based on modeling single cells may lead
to significant deviations from design goals. Both, analytic and FE models are suitable tools to estimate the
effects of acoustic interactions and to predict the performance. This aids in meeting design requirements
of micromachined ultrasound transducers consisting of multiple radiators.

INDEX TERMS acoustic cross-coupling, polymer-based CMUTs, mutual acoustic impedance, analytic
multicell model, microfabrication process, 2-D transducer arrays, ultrasound tomography

I. INTRODUCTION

ULTRASOUND imaging systems require the generation
of well-defined acoustic fields to unfold their imaging

potential. The design of ultrasound transducers was therefore
optimized over decades to match the needs of a variety of
imaging setups and systems [1–4]. New imaging approaches
require transducer technologies to facilitate a large design
freedom, cost-effective production and excellent acoustic
performance. With the commonly used piezoelectric trans-
ducers, these requirements can be hard to achieve [5, 6].

Capacitive Micromachined Ultrasonic Transducer
(CMUTs) offer a larger design freedom, possibility

for high-volume production and superior ultrasound
performance [7–9]. This led to investigations in almost all
applications, where piezoelectric transducers are currently
being used [10]. In CMUTs, the ultrasound is generated by
the movement of thin membranes, driven by electrostatic
forces. These membranes are typically manufactured by
micromachining silicon layers, leveraging the advantages
from semiconductor manufacturing [11].

The working frequency range of a single circular CMUT
is defined by the thickness and diameter of the membrane. In
order to reach the diagnostic ultrasound frequency range (ca.
0.5 to 16 MHz), diameters smaller than 100 µm are typically
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required [12]. This results in low transmit sound pressures
due to the small active area. Hence, finalized transducers (or
also called elements in arrays) usually consist of multiple
CMUT cells connected in parallel. The macroscopic acoustic
field results from the superposition of the radiation behavior
of these cells.

If multiple sound radiators are driven in close proximity
at the same time, the performance of one of these radiators
might be affected by all the others [13]. In order to predict
the macroscopic acoustic field accurately, an understanding
of the acoustic interactions in terms of self- and mutual
impedances is required. Porter [14] developed an analytic
formalism to predict the acoustic interactions between flex-
ural disk radiators, giving an applicable theory for CMUTs.
The presented expressions depend only on the wave number
k, the radius a of the radiators and the distance d between
them.

A variety of studies were conducted to better understand
these acoustic effects and their impact on the design of
CMUT elements. Caronti et. al [15] conducted the first
comprehensive study of multiple CMUT cells via finite
element (FE) analyses. This study found that mutual acoustic
impedance effects are a major source of cross-coupling in
CMUTs if the cells are packed closely together (d << λ0,
here λ0 is the wavelength). This cross-coupling has an effect
on the macroscopic acoustic characteristics, leading to a
reduced bandwidth with increasing cell spacing [16]. Senlik
et. al [17] extended these findings using a combination of
FE analyses and analytic formulations. They predicted the
radiation resistance of an element when varying the cell-to-
cell distances. A maximum in radiation resistance and thus,
an optimum in acoustic transmission power was found at a
distance of 1.25 λ0. However, this would result in very large
cell diameters and oversized elements, leading to challenges
in fabrication and inept array designs.

An analytic model for predicting the acoustic field of a
CMUT element was presented by Oguz et. al [18]. Porters
exact equation [14] was approximated for a limited range
of cell radii (ka < 5.5) using a tenth order polynomial to
facilitate calculations. A very good fit between the analytic
model and FE analysis was achieved. Maadi et al. [19] ex-
tended this approach to cells with different cell radii, giving
a comprehensive modeling framework for multi-frequency
arrays.

More recently, Merrien et. al [20] presented a method
to model elements of linear arrays with a single two-
port network model. Their approach is based on reducing
the degree of freedom of a CMUT element, consisting of
multiple cell-columns, to a single piston transducer. This is
possible when considering the element’s aspect ratio [21]
and periodic radiation boundary conditions. The resulting
model enables very fast solving and quick design analysis,
but its applicability is limited to linear arrays and uniform
cell-to-cell spacing. For applicable designs, a methodology
is presented to meet the targeted center frequency.

The aforementioned studies showed strong effects on the
acoustic field depending on the number of cells, the cell
arrangement and the cell-to-cell distance. Hence, to accu-
rately meet specific transducer requirements, these effects
have to be considered in the CMUT element design process.
In previous work, we presented the analysis of hexagonal
elements consisting of 127 cells using a FE model [22]. A
good fit between measurement and model was achieved in
terms of acoustic performance. However, the large number
of design parameters and cells result in FE models with
many million degrees of freedom. This makes FE analysis
impractical.

The primary goal of this study was to explore acoustic
cross-coupling between cells and its practical implications
on the acoustic performance of transducers composed of
multiple radiators. Our approach is based on increasing
the cell-to-cell distances in an element, while keeping the
number of cells constant. This ensures a constant active area
(surfaces of the cell membranes). Changes in the acoustic
field are studied using two different modeling approaches
and measurements on fabricated prototypes. Differences are
discussed and recommendations are given to optimize ele-
ment designs for specific applications.

Increasing the cell-to-cell distances leads to larger ele-
ments, and consequently, to changes in the acoustic field
and a more focused beams. We evaluated the emitted sound
pressure in the far-field for all element sizes to mitigate
focusing effects on the frequency responses. Changes in
directivity are assessed by evaluating the acoustic field over
a large range of emission angles. This study was motivated
by optimizing the transmission performance of polymer-
based CMUTs (polyCMUTs) for 3-D ultrasound applica-
tions. Hence, the developed designs encompass rotational
symmetric elements, derived from the requirements of 3-D
ultrasound tomography [6, 22, 23].

This study is divided into three sections: In the first
section, the two modeling approaches are introduced. The
first encompasses an analytic multi-cell model (MCM), de-
rived from literature. The MCM uses the equivalent circuit
method, and is valid for arbitrary element shapes, number
of cells and cell positions within the element. A focus is
laid on predicting the acoustic far-field. The second model
encompasses a 3-D FE analysis of entire elements and full
coupling of the required physics.

In the second section, the design and production of
prototype transducers is presented. These prototypes were
fabricated using a novel process to manufacture CMUTs
using polymer layers instead of silicon [24]. These polymer
layers are deposited on silicon wafers to form the vibrating
membranes. The fabrication processes are presented in detail,
leading to functional polyCMUT prototypes for characteri-
zation.

In the third section, results from the models are compared
with measurements. The effects of the increase in cell-to-cell
distance with respect to the acoustic field are identified and
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tracked. Hypotheses on the change in acoustic characteristics
are formulated and design recommendations for specific
applications are given.

II. MODELING METHODS
Given the extensive design parameter space of polyCMUTs,
employing an analytic model allows for the rapid analysis
of design variations and parameter combinations. However,
the generation of ultrasound with CMUTs involves the vi-
bration of microscopic structures, different physics domains
and nonlinear deformations. This requires approximations,
which might lead to a limited prediction accuracy [15]. To
address this, we decided to additionally model the transduc-
ers using the FE method. A FE model facilitates precise
representations of the microscopic geometric features, and
permits the consideration of non-linear effects. This can
provide additional insights into the technology and allows
for validation of the analytic model though at significantly
higher computational costs.

This manuscript focuses on the description and evaluation
of the analytic model, described in the following sections. A
in-depth description of the implemented FE models can be
found in [22]. In a nutshell, the FE model was implemented
in COMSOL v6.1 (Comsol Inc, Stockholm, Sweden) and
incorporates full coupling of Structural Mechanics, Electro-
statics and Pressure Acoustics physics. This enables accurate
predictions of the acoustic fields. The polyCMUT elements
were modeled in 3-D, resulting in up to 1.2 million mesh
elements and more than 3 million degrees-of-freedom. The
models were solved using a computing cluster to facilitate
computation.

A. ACOUSTIC FIELD CHARACTERISTICS
Before introducing the analytic MCM, more explanations on
the referred transducer characteristics are given. Ultrasonic
transducers generate a specific acoustic field, defined by the
transducer technology, shape, embedding and utilized ampli-
fiers. The acoustic field can be displayed as diffraction field
pattern, giving the transmitted sound pressure depending on
the incident angle and frequency. This depiction of trans-
ducer performance enables the derivation of typical figures
of merit used to compare different designs and technologies.
Fig. 1 shows the modeled diffraction field pattern of an
exemplary piezoelectric piston transducer. This transducer
is based on a PZT fiber with 0.46 mm diameter and 0.6 mm
length. The performance is predicted using a 2-D piston
model and a circular aperture [25]. Detailed information on
this example can be found in [26, Ch. 6].

Four transducer characteristics will be used through-
out this manuscript for comparison and evaluation. These
encompass the peak frequency fpk, fractional bandwidth
FBW , opening angle Φt and peak transmit sensitivity Spk,
indicated in Fig. 1. FBW equals fpk/bw, where bw is the
frequency range within a -6 dB drop in sound pressure at 0◦

emission angle. Φt is obtained at 2 MHz and a signal drop

t

bw
fpk

Sound 
pressure
(dB)

Spk

FIGURE 1. Modeled diffraction field pattern of a piezoelectric piston
transducer in the far-field to obtain the acoustic characteristics fpk, bw,
Φt and Spk.

of -10 dB. These characteristics enable the comparison of
different designs with scalars within a constant measurement
distance and a given frequency range.

B. ANALYTIC MULTICELL MODEL
To analytically predict the diffraction field pattern of trans-
ducers consisting of multiple radiators, we used an equivalent
circuit model. This enables rapid solving, easy adjustments
(e.g. adding parasitics) and direct integration with read-
out circuits. The equivalent circuit model is illustrated in
Fig. 2. It can be divided into three steps or sections: First,
the electro-acoustic conversion of each cell is represented
through a transformer and a few lumped electrical com-
ponents. Second, the acoustic interactions between cells
are modeled with a radiation impedance matrix. Third, the
macroscopic acoustic field is predicted by summing the
emissions from all radiators.

The electro-acoustic conversion of each cell follows Ma-
son’s equivalent circuit model [27]. The electrical capaci-
tance of the transducer is modeled with C0, and the input
voltage is converted to a force by a transformer with ratio
n. The spring softening effect is considered via −C0/n

2

[28], transferred to the secondary side of the transformer. Zm

depicts the complex mechanical impedance of the membrane.
The derivation and calculation of C0 and n is well described
in literature [29–31], and is not subject of this work.

To model acoustic interactions between the cells, we
followed the formalism presented by Oguz et. al [18]. The
cells are acoustically connected by the complex impedance
matrix Za. This matrix depends on the number of cells, the
cell radius a, the center-to-center distance d between the
cells and the frequency. The acoustic pressure field is finally
calculated using the Rayleigh integral. In summary, the
equivalent circuit model relies on the following assumptions
and defined boundary conditions:
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FIGURE 2. ECM of a polyCMUT element. Each cell is modeled as
individual resonator. Za acoustically couples all cells considering self-
and mutual radiation impedance.

• The transducer is assumed to be a linear system,
meaning that it’s response is proportional to the input
signal.

• The model is only valid for the lowest-order vibration
mode of the membranes.

• The membranes are modeled as laminates with multiple
non-zero layers.

• The membranes are assumed to be clamped radiators
to obtain their mechanical impedance Zm.

• All material properties are assumed to be isotropic and
uniform.

• All cells are excited in parallel without phase shifts
between the cells.

• All cells in the element are of equal diameter.
• The cells are located on an infinite rigid plane baffle.
• For estimating the directivity, each element is assumed

to be a clamped edge piston radiator with a uniform
surface.

• The diffraction field pattern is calculated at a fixed
radial distance in the far-field.

More detailed explanations on these assumptions and how
the model was derived are given in the following sections.
The model is solved at discrete frequencies using MATLAB
v9.12 (Mathworks, MA, USA). This programming envi-
ronment enables fast adaptations, efficient computation and
direct access to powerful post processing capabilities.

C. SINGLE CELL MODEL
Each polyCMUT cell is modeled with the aforementioned
four lumped electrical components. Since the membrane
consists of multiple layers, calculating the mechanical
impedance Zm requires equivalent laminate parameters. To
obtain these, we followed the procedure described in [32].
The flexural rigidity Dl of a laminate is given in (1),
where E(m) is the Young’s modulus, and ν(m) the in-plane
Poisson’s ratio of the m-th layer. h̄(m) is the distance from
the top of the respective layer to the neutral axis.

Dl =
1

3

M∑
m=1

E(m)

1− ν(m)2
(h̄(m)3 − h̄(m− 1)3) (1)

For circular membranes with no residual stress, Zm can
be obtained according to (2) [29]. There, ω is the angular
frequency, J1 the first-kind Bessel function of first order and
I1 the modified Bessel function of first order, respectively.
ρl and tl are the density and thickness of the laminate.

Zm(ω) =
jωρltlK(ω)

K(ω)− 4J1(kma) · I1(kma)
(2)

with

K(ω) = kma[J0(kma) · I1(kma)
+J1(kma) · I0(kma)]

(3)

The wave number km of the laminate is given in (4). It
is calculated from the equivalent parameters of the laminate
and varies with frequency.

km(ω) = 4

√
ω2ρltl
Dl

(4)

D. ACOUSTIC COUPLING
This section briefly introduces the formalism used to con-
sider the acoustic coupling between the cells and the medium
in order to obtain the coupling matrix Za. More theory and
detailed explanations can be found in [14] and [18]. For a
given pair of cells in an element, the total acoustic impedance
of one cell can be expressed as

Z1(ω) = Z11(ω) +
v2(ω)

v1(ω)
Z12(ω), (5)

where Z11 is the self radiation impedance, v1 and v2 the
rms velocity of each cell membrane, and Z12 is the mutual
acoustic impedance between the radiators. Greenspan [33]
gave the following analytic expression to calculate Z11 of a
clamped circular radiator:

F1(y) = (20− y2)J1(y)− 7yJ0(y)− 3y

F2(y) = (y2 − 20)H1(y) + 7yH0(y)− 2y2/3π

Z11(ω) = ρcS(1− 192/y5) · [F1(y) + jF2(y)].

(6)

In this expression, y = 2ka, where k = ω/c is the acoustic
wave number and a the radius of the cell. ρ and c are the
density and speed-of-sound of the medium, and S is the
surface area of the cell. H0 and H1 are Struve functions of
first and second order, respectively.

Oguz et. al [18] approximated Z12 with the expression
given in (7), where d12 is the center-to-center distance of
the cells. A(ka) is a function fitted to the exact solution
using a tenth order polynomial and is valid for ka < 5.5.

Z12(ω) ≃ ρcS ·A(ka)
sin(kd12) + j cos(kd12)

kd12
(7)
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FIGURE 3. Example of the effective mutual radiation power of two cells
with radii of 40 µm over a given frequency and cell-to-cell distance range.

Z12 is a complex impedance and describes how the radia-
tion of the two cells depend on the frequency, cell diameter
and the center-to-center distance. From this impedance, the
effective mutual radiation power P12 can be calculated,
assuming a unity force excitation:

P12(ω) = ℜ( 1

Z12(ω)
). (8)

An example how P12 changes with frequency and cell-to-
cell distance is given in Fig. 3. In this example, a is 40 µm
and the frequency ranges from 0.4 to 12 MHz, resulting in
the shown values for ka. The distances between the cells
were varied from 2a to 8a. The results suggests that the
effective output power added from mutual impedance effects
increases with the cell-to-cell distance for frequencies up
to 0.4 ka. The maximum can be found at low frequencies
and very large cell-to-cell distances. For higher frequencies,
intermediate distances result in a larger power. Interesting are
the ranges where P12 becomes negative. This would reduce
the effective acoustic emission and should be avoided in a
design.

The formalism presented for two cells can be extended
to an arbitrary number of cells. This results in the acoustic
coupling matrix

Za(ω) =


Z11(ω) Z21(ω) · · · ZN1(ω)
Z12(ω) Z22(ω) · · · ZN2(ω)

...
...

. . .
...

Z1N (ω) Z2N (ω) · · · ZNN (ω)

 , (9)

where N is the total number of cells in the array. Za

is by definition a square matrix whose size increases with
the number of cells. For elements with hundreds of cells,
this leads to very large matrices. However, the dimensions
can be significantly reduced when considering the acoustical
reciprocity theorem (Zij = Zji). Moreover, if all radiators
are identical, the self radiation impedance is the same,
leading to a symmetric matrix.

E. ACOUSTIC FIELD CALCULATION
Before estimating the macroscopic acoustic field, the model
from Fig. 2 needs to be solved. The acoustic force acting on
the surrounding medium is given with

F (ω) = Z(ω) · v(ω), (10)

where Z is the acoustic impedance and v the rms velocity
[34]. Since all lumped acoustic circuit components are
connected in series, Z results in:

Z(ω) = (
jn2

ωC0
+ Zm(ω))


1 0 · · · 0
0 1 · · · 0
...

...
. . .

...
0 0 · · · 1

+ Za(ω). (11)

The velocity of each cell can then be calculated using (12),
which requires the inversion of Z. The input voltage U(ω)
is transformed to an acoustic force by the ratio n.

vi(ω) = Z(ω)−1 · n

U(ω)
(12)

From the velocity of each cell, the generated macroscopic
far-field pressure can be calculated by the Rayleigh integral

p(r,Φ, ω) = j
ρckS

2π
·D(Φ, ω) ·

N∑
i=1

vi(ω) ·
e−jkri

ri
, (13)

where ri is the radial distance of the i-th cell to the
observation point [18]. D gives the directivity of a clamped
piston radiator [14] with

D(Φ, ω) = 48
J3(ka sin(Φ))

ka sin(Φ)3
. (14)

The approximation of the diffraction field with (13) en-
ables a very fast estimation of the acoustic far-field. How-
ever, some errors are introduced since the actual acoustic
aperture is not a closed surface but consists of multiple small
radiators driven in parallel.

III. PROTOTYPE TRANSDUCERS
For the purpose of this study, we developed several polyC-
MUT prototypes. This allows for validating the developed
models and to get quantitative data on mutual acoustic
impedance effects when the cell-to-cell distances increase.
This section presents the design, fabrication, integration and
testing of the realized prototypes.

A. DESIGN
Using polymer layers to fabricate CMUTs is a novel and
interesting approach since it addresses several disadvantages
of silicon-based CMUTs. Some advantages of polyCMUTs
are reduced fabrication costs, rapid prototyping capability
and the possibility to fabricate fully-flexible transducer ar-
rays [35]. Moreover, the microfabrication process of polymer
layers omits the need for toxic solvents and allows for lower
pull-in voltages due to the reduced stiffness of the laminate
[24]. At the University of British Columbia (UBC), we
developed a process to reliably fabricate polyCMUTs [24].
The basic structure of a polyCMUT cell is shown in the
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TABLE 1. Layer definition and thicknesses of the prototype elements.

Layer Material Thickness
Bottom electrode Ti/Au 5/50 nm
Insulation Ti/SiO2 5/60 nm
First polymer SU-8 540 nm
Top electrode Ti/Au 5/50 nm
Second polymer SU-8 2400 nm
Passivation Parylene-C 4000 nm
Membrane thickness Laminate 6995 nm

TABLE 2. Material parameters used for the analytic MCM and FE analyses.

Material ρ E ν ϵr

Au 19300 kg/m3 70 GPa 0.44 3.2
SiO2 2200 kg/m3 70 GPa 0.17 4.2
SU-8 1218 kg/m3 5.9 GPa 0.33 3.2
Parylene-C 1249 kg/m3 2.8 GPa 0.40 -

cross section in Fig. 5. The membrane consists of several
polymer layers, while the deposited metal layers enable the
application of an electric field.

For this study, we chose a circular cell design due to the
available experience in terms of reliable fabrication at UBC
and to achieve isotropic emission characteristics [36, Ch. 7].
The peak frequency of a single cell was aimed at around
2 MHz. The cavity radius was set to 40 µm. This results in
the layer thicknesses given in Table 1. We chose an element
design with 127 cells to ensure sufficient output pressure,
while keeping the overall dimensions of the element small.
This results in larger Φt.

The cells in the element are arranged in a honeycomb
pattern to ensure a constant cell-to-cell distance. Four de-
signs with the following distances were chosen: 88 µm,
132 µm, 176 µm and 220 µm. The first distance is the feasible
minimum for the technology, given the chosen cell diameter
of 80 µm. The other three distances are multiples of half the
first, covering a kd range of 0.7 to 1.9 at 2 MHz.

The resulting shape of the elements is hexagonal, giving a
quasi-isotropic acoustic field in azimuth and elevation. The
resulting cell arrangement for the 88 µm and the 220 µm
element are shown in Fig. 4. The increased cell-to-cell
distance results in a significantly larger outer dimension of
the element. The number of cells was kept constant. The
material parameters used for the models are given in Table 2.

B. FABRICATION
We fabricated the polyCMUTs used in this study via a pro-
cess based on the work of Gerardo et. al [24] and Welsch et.
al [37]. However, there were several changes to account for
recent improvements of the polyCMUT fabrication process.
The microfabrication flow only uses two distinct processes
to create the seven layers needed: thin-film metal deposition,
patterning and liftoff as well as polymer patterning and
development. All processes are additive, meaning that no
silicon-based material etching takes place. This removes the

need for highly concentrated and highly toxic chemicals.
Fig. 5 gives an overview of the fabrication process and the
involved process steps.

First, a four-inch silicon wafer coated with 500 nm thermal
oxide was used as a substrate. To create the pattern for
the bottom electrode, the wafer is coated with nLOF 2020
(Merck Performance Materials GmbH, Germany) via a spin
coating process at 3000 rpm for 30 s. The resist is soft-
baked at 110◦C for 1 min with no ramp. It is then exposed
via a 350 nm laser at a dose of 110 mJ/cm2 in a maskless
lithography system (MLA 150, Heidelberg Instruments, Ger-
many). After exposure, the resist is hard-baked for 1 min at
110◦C. After cooldown, the pattern is developed in AZ 300
MIF (Merck Performance Materials GmbH, Germany), a low
concentration Tetramethylammonium Hydroxide (TMAH)
based developer, for 70 s and quenched in deionised (DI)
water. In the next step, the patterned wafer is transferred
into an electron beam physical vapor deposition machine
(AJA UHV Hybrid Evaporator System, A JA International,
MA, USA) where 5 nm Titanium (Ti) and 50 nm Gold (Au)
are deposited. The Ti layer acts as an adhesion layer, avoid-
ing delamination of the bottom electrode from the Silicon
Dioxide (SiO2) substrate. After deposition, the photoresist is
removed through an Acetone bath and the wafer is cleaned
with DI water and dehydrated on a hotplate.

This process is repeated with a deposition of 5 nm Tita-
nium and 60 nm of SiO2 using the aforementioned electron
beam deposition machine. The Ti again acts as an adhesion
promoter while the SiO2 is intended as an electric insulation
layer. This avoids short circuits due to the low breakdown
voltage of the thin SU-8 layer should the membrane collapse.
Because this is an additive process, the insulation layer
is slightly thicker with its outlines overlapping the bottom
electrodes by 5 µm to aid further spin coatings and improve
adhesion.

In the next process step, the sacrificial layer is patterned
via a two-layer liftoff process. LOR 3A (Kayaku Advanced
Materials, MA, USA) is spin coated at 3000 rpm for 30 s
and hard-baked at 180◦C. After cooldown, the wafer is
then coated with Microposit S1813 (Shipley Company, MA,
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FIGURE 4. Hexagonal element designs with the smallest (left) and largest
(right) cell-to-cell distance used in this study.
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FIGURE 5. Overview of the used polyCMUT fabrication processes for a
single cell (from [37]): a) Silicon wafer with insulation and deposited
bottom electrode; b) Deposition of insulation layer; c) Deposition of
sacrificial layer; d) Added base layer; e) Patterned first membrane layer; f)
Deposition of top electrode; g) Patterned second membrane layer; h)
Etching of the cavity and membrane release; i) Sealing and conformal
coating.

USA) to create a masking layer. This is necessary due to the
photo insensitivity of LOR 3A. The resist is soft-baked at
110◦C and exposed in the MLA 150 at 285 mJ/cm2. After
exposure, the layer is developed for 60 s in AZ 300 MIF.
The S1813 is then washed away in an Acetone bath.

The next layer, called the SU-8 base layer, is needed to
even-out the topology of the fabricated layers (see [37]).
Because the following first membrane layer should be as
thin as possible, the areas between the sacrificial layer
structures need to be filled with slightly higher or at least
the same height as all previous layers stacked on top
(roughly 320 nm). To aid adhesion and structural stability,
the layer is fabricated from SU-8 2000.5 (Kayaku Advanced
Materials, MA, USA). If spin coated at high enough speeds
(>4000 rpm) a layer thickness of less than 500 nm can be

reached. After spin coating, the resist is soft-baked at 95◦C
for 3 min, exposed for 8 s in a physical mask aligner (NxQ
4006, Neutronix Quintel, CA, USA), post-exposure baked
for 1 min at 95◦C and developed in SU-8 Developer (Kayaku
Advanced Materials, MA, USA) for 1 min. Following is a
5 min hard-bake at 150◦C. This process is repeated for the
first membrane layer. After another deposition of 5 nm Ti
and 50 nm Au as the top electrode via the aforementioned
process, the second membrane layer is patterned. The same
process is used as for the subsequent SU-8 layers, with the
only difference being a post-exposure bake time of 2 min
and a development time of 1.5 min with the resist being
SU-8 2002 (Kayaku Advanced Materials, MA, USA). All
resulting layer thicknesses are listed in Tab. 1.

When all layers have been patterned, the wafer is diced
with a dicing saw (Disco DAD3204, Disco Corporation,
Japan) and the resulting chips are placed in AZ 300 MIF
to etch the LOR sacrificial layer. When all residues of LOR
have been removed, the chips are placed in 2-Propanol (IPA)
to displace the etchant. The chips are then placed in a
critical point dryer (Autosamdri-815B, Tousimis, MD, USA)
in order to obtain released membranes. A microscope image
of a fabricated transducer is shown in Fig. 6a).

C. INTEGRATION AND TESTING
After releasing the membranes, the samples are mounted on
custom printed circuit boards (PCBs) and electrically con-
nected with conductive adhesive (EpoTek EJ2189-LV, Epoxy
Technology, MA, USA). The entire PCB is then covered with
a 4 µm layer of Parylene-C (SCS Labcoater 2, Speciality
Coating Systems, IN, USA). The low-pressure conformal
coating process also seals the membrane cavities by filling
the existing vertical etch holes. An additional protection
and insulation layer for the electrical bonds was foreseen
with UV-curable adhesive (OG-116, Epoxy Technology, MA,
USA).

The PCBs were finally integrated in a cylindrical housing
and sealed with adhesive (BondIt B-45, Reltek, CA, USA)
to avoid water leakage. A finalized prototype is shown in
Fig. 6c). The entire fabrication process can be completed
in one week, entirely in our local clean room. This high-
lights the potential for rapid prototyping of the polyCMUT
technology.

To assess the general functionality of the fabricated de-
vices, we measured the electrical input impedance with
an impedance analyzer (HP 4294A, Keysight, CA, USA).
A comparison between four samples with different cell-
to-cell distances and the by the MCM predicted electrical
impedance is shown in Fig. 6b). The MCM predicts the res-
onance frequency in air at 3.6 MHz, while the measurements
reside slightly higher. An offset in impedance is present,
arising from a higher parasitic capacitance than anticipated
(approx. 8 pF). Since material damping is currently not
considered in the MCM, a sharper peak in phase angle is
present. The mean electromechanical coupling factor k2t was
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found to be 0.13. It was calculated according to 15, where
CLF is the low-frequency capacitance, and CHF is the high-
frequency capacitance of the transducers [38].

k2t = 1− CHF

CLF
(15)

For acoustic characterization, we measured the diffraction
field pattern within a 120-degree circular segment at a radial
distance of 4 cm. We used a relatively low DC bias of 40 V
to prevent shorts caused by the limited breakdown voltage
of SU-8 (approx. 112 V/µm). The transmitted ultrasound
was captured using a needle hydrophone (Onda HNC-0400,
Onda, CA, USA), installed on an automated XYZ-stage
within a water tank as depicted in Fig. 6d). To assess
the broadband characteristics, the transducers were excited
with a linear chirp signal with frequencies ranging from
0.5 to 7 MHz. Subsequently, the recorded ultrasound signal
underwent normalization and bandpass filtering to yield the
transmit sensitivity in Pascal per Volt.

When testing the produced samples, we faced challenges
in reliability and variations in performance. We excluded
samples which significantly deviated from the predictions
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FIGURE 6. PolyCMUT transducers. (a) Image of a fabricated element with
176 µm cell-to-cell distance. (b) Comparison of the electrical input
impedance between four measurements and predictions by the MCM at
40 V DC bias. (c) Assembled prototype with all four designs on one chip.
(d) Hydrophone measurement setup to characterize the acoustic field.

to rule out effects arising from fabrication (e.g. only partial
release of the membranes). Those samples used for testing
showed a stable and repeatable performance over the testing
period (1-2 months).

IV. RESULTS
In this section, we compare the results from the analytic
MCM and the FE model with measurements performed on
the fabricated prototypes. But first, we want to give a com-
parison in terms of computation between the two models.
Table 3 lists the computational effort and environments used
for solving. Almost five times more increments were studied
with the analytic MCM in only a fraction of the time. This
highlights the potential of the analytic approach to study a
broad range of parameters.

A direct comparison of the diffraction field pattern be-
tween results from the analytic MCM, the FE analysis and
one exemplary measurement is shown in Fig. 7a) and b). The
results for the smallest (88 µm) and the largest (220 µm) are
depicted. The analytic MCM predicts the general pattern in
terms of directivity, sound pressure and frequency range well.
Interesting are the predicted and measured pressure fluctua-
tions below 2 MHz for the 88 µm samples. These fluctuations
likely arise from dispersive Rayleigh-Bloch waves, forming
additional resonances within these wavelengths [39].

The axial transmit sensitivity of all four investigated cell-
to-cell distances are shown in Fig. 7c). Both, the analytic
MCM and the FE model predict a significant change in reso-
nance behavior with increasing cell distances. While the gen-
eral behavior is well predicted with the analytic MCM, the
results from the FE model match the measurements better.
As the distance between cells increases, the resonance peak
becomes more pronounced. Similar effects were observed
by Boulme et. al [21], stating a direct decrease in bandwidth
when increasing the cell-to-cell distance. Based on the shown
results, the following effects can be hypothesized:

• fpk shifts to lower frequencies with increasing cell-to-
cell distances.

• The FBW changes as expected with fpk, but decreases
with increasing cell-to-cell distances.

• Spk rises with increasing cell-to-cell distances.

In order to get a better overview of the impact of these
effects, the changes in acoustic characteristics with increas-
ing cell-to-cell distances are shown in Fig. 8. The results

TABLE 3. Comparison between the analytic MCM and the FE model in

terms of computational costs. The ”Dist.” column gives the number of

different cell-to-cell distances that were examined using the models.

Model Dist. Station Resources Time
Analytic
MCM

64 Local
computer

12 cores (4.1 GHz),
32 GB RAM

0 h, 3 min
and 37 s

FE
Model

13 Computing
cluster

64 cores, 84 GB
average memory

25 h, 35 min
and 13 s
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from the analytic MCM, which takes advantage of its low
computational costs, are represented by a continuous curve.
The results of 13 distinct FE analyses and the measurements
at the four investigated distances are shown with the markers.
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FIGURE 7. Comparing the results from the analytic MCM, the FE analysis
and exemplary measurements on the produced prototypes. (a) Diffraction
field pattern at a cell-to-cell distance of 88 µm and (b), a cell-to-cell
distance of 220 µm, both at 4 cm radial distance. (c) Transmitted sound
pressure over frequency in water at Φ = 0◦ and 4 cm axial distance for all
four investigated cell-to-cell distances.

The hypothesized changes in acoustic characteristics are
better depicted in these graphs. fpk decreases with increasing
cell-to-cell distances from initially above 5 MHz down to
2 MHz. The latter value matches the predicted resonance
peak of a single cell. Spk substantially increases, though
the measured rise is not as substantial as predicted with the
models. The reduction in Φt is attributed to the larger area
of the element, narrowing down the transmitted beam.

Interesting are the changes in FBW . In general, a varia-
tion can be expected since the fractional bandwidth depends
on fpk. However, the analytic MCM predicts a defined
maximum at a pitch of 147 µm, with a substantial decrease
afterwards. Based on the more sparse data from the FE
simulations, this maximum is shifted towards larger distances
at around 165 µm. The measured characteristics follow this
trend, but with less prominent variations. Important to notice
is that the frequency range was limited to a maximum of
7 MHz, motivated by the requirements from 3-D ultrasound
tomography and to limit the size of the FE models. This
ensures comparability of all generated results but leads
to lower FBW values in case fpk is close to the upper
frequency limit. A quantitative comparison of the acoustic
characteristics at the four investigated cell-to-cell distances
is given in Table 4.
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FIGURE 8. Changes in acoustic characteristics when varying the
cell-to-cell distances in the shown rage. The cells have a diameter of
80 µm. The results from FE simulations and four measurements are
shown with the markers. The dashed line arises from the analytic MCM
and was computed based on 64 simulations with equidistant increments.
The FBW was calculated up to a maximum frequency of 7 MHz.
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TABLE 4. Comparison of acoustic characteristics between the analytic

MCM, the FE analyses and measurement for the four investigated cell-to-

cell distances.

Distance Modality fpk

(MHz)
FBW (%)
(-6 dB)

Spk

(Pa/V)
Φt (◦)
(-10 dB)

An. MCM 7.0 80 59 89
88 µm FEA 5.5 76 57 72

Meas. 5.1 64 64 54

An. MCM 2.4 230 92 54
132 µm FEA 3.1 153 75 49

Meas. 3.1 134 71 46

An. MCM 2.2 83 141 40
176 µm FEA 2.3 161 110 36

Meas. 2.7 112 78 37

An. MCM 2.2 48 193 32
220 µm FEA 2.1 75 158 30

Meas. 2.3 78 122 31

V. DISCUSSION
We found significant changes of the acoustic field when
increasing the cell-to-cell distances of polyCMUT elements.
The investigated elements consist of 127 cells in an hexag-
onal arrangement, with a cell diameter of 80 µm. The cell-
to-cell distance varied from 88 to 220 µm. The effects were
studied with both, an analytic MCM and FE model. The
predicted effects are then compared with measurements.
A key finding is that the peak frequency in water for a
single cell varies significantly from the peak frequency when
multiple cells are in close proximity. For the investigated
designs, the modeled and measured fpk exceeds 5.1 MHz,
while that of a single cells is at around 2 MHz. This
difference decreases with increased cell spacing. Similar
effects were reported in literature, where a shift in center
frequency and a reduction in bandwidth was predicted when
increasing the cell-to-cell distance in an element (see [40],
[16] and [20]).

Along with the changes in fpk, Φt also decreases while
Spk gradually increases. The results also suggest that there
is an optimal pitch to maximize FBW for the investigated
design within the used frequency range. The analytic MCM
predicts this spot at 1.7 times the diameter of the cells,
while the FE analyses suggest slightly larger distances.
However, this optimal pitch is not fully representative since
the frequency range was limited to 7 MHz to keep the FE
simulations feasible. Hence, the results are only valid for
the investigated cell design, cell arrangement and frequency
range.

The optimal pitch arises predominately from the shift in
fpk towards lower frequencies. Parameter studies using the
analytic MCM showed that this pitch depends on the utilized
frequency range and coupling medium. Two examples are
illustrated in Fig. 9a), where the upper frequency limit
is increased from 7 MHz to 12 MHz, and the acoustic
medium is changed from water to IPA. Shifting the upper

frequency limit prevents a cut-off in bandwidth, while IPA
exhibits a lower acoustic impedance (0.92 MRayl compared
to 1.5 MRayl of water). In both cases, the maximum in
FBW shifts towards smaller cell-to-cell distances, indicat-
ing that the cells need to be densely packed to achieve
a large bandwidth. The predicted FBW exceeding 300%
seems implausible and is unlikely to be observed in a real-
life design.

The increase in cell-to-cell distances causes a substantial
enlargement of the elements, which impacts the acous-
tic field. Hence, it is important to ascertain whether the
findings may result, at least partially, from varying the
total radiation surface. To investigate this, we conducted
simulations utilizing the analytic MCM, wherein the cell-
to-cell distances increased while the outer dimensions of
the elements remained constant. This leads to a gradual
reduction in cells and consequently the active area. The
results of this simulation study are shown in Fig. 9b). Φt

was neglected since the outer dimensions of the elements
remained constant. The progression of fpk and FBW is
relatively similar to the results from Fig. 8. This suggests that
mutual acoustic impedance effects are the primary cause of
the presented findings. The step-wise decrease in Spk results
from the reduction in active area. Within a constant number
of cells, however, a gradual increase can be observed.

The results from this additional study demonstrate that the
radiated sound pressure per transducer area decreases as the
distances between the cells increase. In case of ultrasound
application where the surface area is limited, increasing the
cell spacing might not be a prudent option. A careful review
of the cell geometry is then required to still reach the aimed
acoustic characteristics. The design rules given by Merrien
et. al [20] give a guideline for linear arrays in this regard.

When space and beam focusing is not a limiting factor,
a trade-off between peak sensitivity and bandwidth can be
achieved for different cell-to-cell distances. Focused ultra-
sound (FUS) applications come into mind since the utilized
transducers are typically driven with low-bandwidth tone
bursts and require strong focusing [41]. Choosing larger cell-
to-cell distances could increase the peak pressure, leading to
more efficient FUS transducers.

The effects of acoustic cross-coupling on the acoustic
field appear to be strongest for larger wavelengths and if
many cells are in close proximity. The examples shown in
Fig. 9c) illustrate the effects to-be-expected. The analytic
MCM was used to predict the generated sound pressure
at 4 cm distance for a single cell with 40 µm radius. In
addition, two honeycomb elements, one with 7 and the
other with 19 cells are shown. Both elements exhibit a
cell-to-cell distance of 88 µm. For the 7-cell element, the
sound pressure scales up, and only a small shift in fpk
occurs. The 19-cell element exhibits higher pressures at
higher frequencies, with a shift in fpk and an additional peak.
Hence, mutual acoustic impedance effects become stronger
with an increasing number of cells.
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FIGURE 9. Investigating the effects of mutual acoustic impedance with
the analytic MCM on different design aspects and parameters. (a)
Changes in FBW when increasing the frequency range of the MCM from
7 MHz to 12 MHz and when replacing water with IPA. (b) Effects when
keeping the element size constant: The upper graphs show three
exemplary elements with increasing pitches and varying number of cells
(limited by the constant element size). The lower graphs give the changes
in acoustic characteristics and the number of cells for the respective
elements. (c) Modeled transmit sound pressures in water at 4 cm axial
distance for a single cell and two honeycomb elements consisting of 7
and 19 cells in close proximity. The grey dots show the arrangements of
the cells.

CMUT elements intended for linear arrays typically fea-
ture a rectangular shape with only a few columns of cells
and a larger number of rows [16, 20]. Hence, acoustic
cross-coupling is lower in lateral direction than in eleva-
tion direction. This differs for transducer array designs,
where symmetric acoustic fields are required, such as 2-
D matrix arrays [42] or sparse arrays for 3-D ultrasound
tomography [6]. In the latter case, state-of-the art full wave
inversion reconstruction algorithms require transducers with
frequency components below 1 MHz [5]. Hence, acoustic
cross-coupling effects between cells have to be considered
in the design process to meet the required acoustic fields.

Since the analytic definition of the mutual acoustic
impedance in (7) depends only on the radius of the cells
and their distances, the presented results are also valid for
other transducer technologies such as piezoelectric MUTs,
if multiple radiators are driven in parallel. Though for this
case, the definition of the cell would need to be adapted to
match the respective technology.

Though both models capture the general effects, a signifi-
cant mismatch remains with the measurements, especially in
terms of Spk and FBW . The analytic MCM overestimates
the peaking in sound pressure, evident in the predictions
for the 220 µm design. The peak at around 2.5 MHz
in the 132 µm predictions (see Fig. 7c)) arises from the
increase in mutual radiation resistance, which seems to be
less prominent in real life. The FE model aligns more closely
with the measurements, though an overestimation of the
sound pressure for larger pitches (176 µm and 220 µm) can
be observed. However, the difference in absolute pressure
might also arise from performance variations of the produced
samples. A larger measurement series is required to gather
more data in this respect in order to obtain the mean
performance.

Prominent changes in the acoustic fields were observed
in the measured samples, emphasizing the need for accu-
rate simulations of entire elements. Despite the mismatch
between the analytic MCM and measurements, the low
computational costs and the capability to directly predict
the acoustic far-field make it a valuable tool in the design
process. The model can be applied to get fast design ideas
and to identify suitable parameter combinations and their
expected impact on the acoustic performance. However,
when interpreting the results, it is important to be aware
of its limitations (overestimation in sound pressure, Spk and
FBW ). Once a suitable design is found, a FE simulation
should be performed with this parameter set and the results
compared with measurements. The rapid production cycles
of polyCMUTs offer an ideal environment for design val-
idations, enabling the fast identification of differences and
iterative improvements.

In future work, we want to improve both models to better
fit the measurements. For the FE model, an adjustment of
the mechanical boundary conditions, e.g. by removing fixed
boundaries, and including realistic damping properties for
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the polymeric materials could improve predictions. For the
analytic MCM, the lumped components modeling a single-
cell can be refined to better cover the behavior. An interesting
approach in this respect was presented by Savoia et. al [43].
In this work, results from FE simulations were incorporated
in an equivalent circuit model to more realistically represent
the vibration behavior of CMUTs. Further aspects to improve
the model predictions are to consider damping effects as
well as the limited conductivity of thin metal layers and
parasitic capacitances. In the latter case, a phase delay
between the cells can be introduced by adding a distributed
capacitor-resistor network to the equivalent circuit model.
This will affect the acoustic cross-coupling between cells
and consequently, the macroscopic acoustic field.

VI. CONCLUSION
In this work, we investigated changes in ultrasound charac-
teristics of transducers consisting of multiple radiators when
varying the cell-to-cell spacing. As a practical example we
studied hexagonal, polymer-based CMUT elements using
analytic and finite element models. In addition, we fabricated
several prototypes for evaluation and comparison, giving
detailed explanations on novel fabrication processes.

We found a strong dependence of acoustic characteristics
on the cell spacing. The primary cause of this dependence
was found to be mutual acoustic impedance effects between
the cells. For densely packed, rotational symmetric elements,
the peak frequency is shifted significantly to higher fre-
quencies, compared to the performance of a single cell.
With increasing cell spacing, the element’s peak frequency
converges towards that of a single cell. In addition, a gradual
increase in peak sensitivity occurs. The fractional bandwidth
of the element is affected as well, with an analytically
predicted maximum at approx. 1.7 times the cell diameter for
the investigated designs within a defined frequency range.

The results of this work show that effects introduced by
acoustic cross-coupling between cells need to be considered
to match transducer design goals accurately. This is of
special importance for element designs where a dense 3-D
arrangement of cell are required. For applications which aim
for a large bandwidth, a small to intermediate cell spacing
should be foreseen. Applications which require a high output
pressure in a limited frequency range, a larger cell spacing
may lead to a better performance. Future work will focus on
exploring these effects in more detail. Our goal is to derive
design rules to achieve optimal performance of polyCMUTs
in terms of bandwidth and sensitivity. This encompasses
different element shapes, cell arrangements and frequency
ranges.
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“Rayleigh–bloch waves in CMUT arrays,” IEEE
Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control, vol. 61, no. 12, pp. 2139–2148,
2014.

[40] O. Oralkan, S. T. Hansen, B. Bayram, G. G. Yarali-
oglu, A. S. Ergun, and B. T. Khuri-Yakub, “High-
frequency CMUT arrays for high-resolution medical
imaging,” in 2004 IEEE International Ultrasonics
Symposium (IUS), 2004.

[41] Z. Izadifar, Z. Izadifar, D. Chapman, and P. Babyn,
“An introduction to high intensity focused ultrasound:
Systematic review on principles, devices, and clinical
applications,” Journal of Clinical Medicine, vol. 9,
no. 2, p. 460, 2020.

[42] O. Oralkan et al., “Volumetric ultrasound imaging
using 2-D CMUT arrays,” IEEE Transactions on
Ultrasonics, Ferroelectrics, and Frequency Control,
vol. 50, no. 11, pp. 1581–1594, 2003.

[43] A. S. Savoia, G. Scaglione, and B. Haider, “Combined
use of finite element and equivalent circuit model-
ing for system-level simulation of integrated capac-
itive micromachined ultrasonic transducers (CMUT),”
in 2020 IEEE International Ultrasonics Symposium
(IUS), 2020.

MARTIN ANGERER (Member, IEEE) received
the B.Eng. degree in Mechatronics from the Mu-
nich University of Applied Sciences, Germany, in
2012, the M.Sc. degree in Medical Engineering
Science from the University of Lübeck, Germany,
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