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ABSTRACT This paper addresses the assessment of the variability of CMUT arrays’ electro-mechanical and
acoustic performance, as related to the tolerance of the CMUT vertical dimensions due to the microfabrication
process. A 3-factors 3-levels factorial sensitivity analysis is carried out to compute the main effects and the
interaction effects of the moving plate thickness, the passivation layers thickness, and the sacrificial layer
thickness, on the CMUT resonance frequency, collapse voltage, and static capacitance, as well as on the
transmission and reception sensitivity amplitude and bandwidth and time delay in water-coupled condition.
The analysis is performed by means of FEM simulations of the CMUT static behavior and dynamic response,

and the findings are compared to experimental data.

INDEXTERMS CMUT, design of experiments, full factorial analysis, MEMS, microfabrication, reliability,

robustness.

I. INTRODUCTION

HE ADVANCEMENTS in the accuracy and reliability

of Silicon micromachining technology have enabled the
development of high-performing MEMS devices for a grow-
ing range of applications, with the appealing characteristic of
allowing the integration with CMOS-based circuits. Thanks
to a decade of rapid progress, Capacitive Micromachined
Ultrasonic Transducer (CMUT) technology has matured to
the point of leading several companies to commercialize
CMUTs for many applications in both medical imaging and
airborne ultrasound.

When large-scale production is reached, a significant chal-
lenge to be addressed is the reproducibility of the fabricated
device, which is highly dependent on the reliability of the
manufacturing process. The two main technologies employed
for the fabrication of CMUTs are sacrificial release and
wafer-bonding processes. The sacrificial release was the first
process used for the development of CMUT devices [1], [2],

and has since been used by many due to its good reliabil-
ity [31, [4], [5], [6], [7], [8]. Besides conventional bottom-
to-top fabrication approaches, also a “‘reverse” fabrication
process based on sacrificial release techniques has been pro-
posed [9], [10], [11], [12], building the device with a top-
to-bottom approach. These well-established technologies are
based on surface micromachining techniques that create the
cavity under the free-standing structure, i.e., the vibrating
plate, by means of selective etching of a sacrificial layer.
Typical wafer bonding methods are based on bulk micro-
machining and Silicon-on-Insulator (SOI) technologies [13],
[14], [15], [16], [17], [18], [19], [20], [21], and consist of
shaping the cavities on a Silicon wafer and then bonding
the SOI wafer to form the CMUT cells. Adhesion between
the bonded wafers is crucial for achieving a good yield [22].
In both CMUT fabrication approaches, the accuracy with
which the different layers of the electrostatic cells are realized
determines the uniformity of the transducer performance.
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In the case the vibrating plate is achieved by deposition, rather
than by bonding or release, its thickness has been reported
to be the main parameter affecting the CMUT resonance fre-
quency and the electrostatic behavior [16], [23], [24]. In other
cases, when the plate thickness tolerance is very small, the
homogeneity of the electro-mechanical response of the device
is mainly determined by the uniformity of the effective
gap, i.e., the multiple layers between the top and bottom
electrodes [18], [23], [25].

Up to now, the uniformity of the CMUT array perfor-
mance has always been evaluated in terms of standard devi-
ation of the biased transducer resonance frequency [26],
[27], [28], [29], and occasionally in terms of acoustic per-
formance variability (e.g., sensitivity bandwidth and cen-
ter frequency standard deviation) [12], [30], [31], [32].
Nevertheless, a quantitative evaluation of the effect of the
fabrication-related variability of the geometrical parameters
on the transducer performance variation has never been
performed.

Due to the high cost in terms of resources and time of per-
forming repeated experiments in microfabrication processes,
and thanks to the good reliability of several accurate mod-
els for the CMUT electro-mechanical and electro-acoustic
behavior investigation, it is possible to quantify the depen-
dence of the performance upon the process parameters by
means of designed simulations rather than experiments. This
also permits to exclude the effects of unpredictable phenom-
ena occurring throughout the experiment. For this purpose,
this work relies on a well-established Finite Element Method
(FEM)-based model for wide-aperture CMUT transducers
with a spatially periodic layout [33]. Finite element analy-
sis enables the assessment of the electro-acoustic response
of individual cells or elements of the transducer, which
would cause several measurement issues if approached by
experiments.

This work follows the study presented in [34] and
investigates the impact of the microfabrication-related vari-
ability of the CMUT cells vertical dimensions on the electro-
mechanical and electro-acoustic performance of the finished
device, assessing the sensitivity of selected quantities to
the process-dependent uncertainty. The proposed sensitivity
analysis is carried out by referring to a reverse-fabricated
256-element CMUT linear array for medical imaging [35].
The variability of the considered output quantities computed
by the simulations is compared to the one experimentally
observed for the reference device.

Section II describes the approach proposed for the analysis
of the sensitivity of CMUT arrays to the design parameters
variation within a small range around the nominal design,
based on a three-levels factorial design of experiments.
Section III reports the results of the mechanical, electro-
mechanical, and electro-acoustic response variation caused
by the selected geometry-related factors variation. The main
findings of the proposed study are discussed in Section I'V.
Finally, the appendix reports the expressions for the compu-
tation of the examined quantities and their understanding.
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TABLE 1. Design parameters of the reference CMUT.

Nominal Mean Std.

Symbol value value Dev. Description
Lateral dimensions (um)
dy 50 0.5 LPCVD-SiN front plate
diameter
Dm 57.7 Cell pitch (center-to-center
distance)
d, 34 0.5 Aluminum electrode
diameter
Vertical dimensions (nm)
Lnem 2000 LPCVD-SiN front plate
thickness
teomp 360 359.2 1.6 PECVD- SiN
compensation nitride
Letop 300 306 4 Al top electrode thickness
by 10p 336 336.2 2 PECVD- SiN top
passivation layer thickness
t. 200 199 2 Sacrificial layer thickness
(cavity height)
by botiom 350 350.4 7.4 PECVD-SiN bottom
passivation layer thickness
Lo bottom 300 Al bottom electrode
thickness
t 4500 489.6 0.7 PECVD-SiN back
(tot) (1" layer) passivation layer thickness
Luom FRONT MEMBRANE
tmrup llllll COMPENSATION LAYER
wstop TOP ELECTRODE
ontop %o TOP PASSIVATION
1, | CAVITY
L, bottom BOTTOM PASSIVATION
t,, BOTTOM ELECTRODE
e,bottom
f, BACK PASSIVATION
de
d&
P

FIGURE 1. Cross section of the CMUT circular cell (not to scale).

Il. MATERIALS AND METHODS

A. THE REFERENCE CMUT ARRAY

The reference device is a 256-element reverse-fabricated
CMUT linear array, with an inter-element pitch of 0.2 mm
and an elevation of 5.0 mm, designed for medical imaging
applications. The cell, element, and array lateral dimensions
are representative of CMUT linear arrays designed for med-
ical imaging in the same frequency range. Each element is
composed of N = 344 circular cells uniformly arranged
by hexagonal tiling. Table 1 reports the nominal design
parameters for the CMUT cell of the considered device and
the mean and standard deviation of the vertical dimensions
as obtained from in-line inspection during fabrication. The
thickness data for dielectric layers are measured by inter-
ferometry on standard testing wafers in 5 predefined points.
The residual stress of the dielectric layers, deposited by
mixed-frequency plasma-enhanced chemical vapor deposi-
tion (PECVD), is very low (—40 MPa) [36], and the residual
stress of the front-plate nitride is <100 MPa. The thick-
ness data of the aluminum layers are measured with optical
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profilometry using dedicated features on process wafers.
5 predefined points were measured on the wafer. The listed
parameters are indicated in the cell cross-section shown in
Fig. 1.

B. A FACTORIAL APPROACH TO THE SENSITIVITY
ANALYSIS

To investigate the effect of the variation of design parameters
on given quantities, several techniques can be used. Fre-
quently, the sensitivity of the quantities of interest is assessed
by varying one input factor at a time within their possible
variation range identified. Though, this approach neglects the
possibility that the simultaneous variation of two or more
factors affects the observed output quantity differently than if
the factors were varying individually. It is therefore more ade-
quate to use a factorial approach to the design of experiments,
which considers multiple cases of combined variations of fac-
tors, since this method allows the assessment of interactions
between factors and a straightforward extraction of prediction
models for the response variability [37], [38], [39].

1) Choice of factors and levels

Every geometric parameter involved in the outline of
the cell structure contributes to determining the CMUT
mechanical and acoustic response. However, not all
parameters are characterized by the same uncertainty
in the manufacturing of the device. In particular, during
the microfabrication process, the lateral dimensions are
better controllable than the vertical dimensions. For this
reason, the uncertainty on the thickness of the plate and
of the layers composing the effective gap has a greater
impact on the uniformity of the device performance
[40]. In this work, the sensitivity analysis was per-
formed considering three levels of the following three
factors: the moving plate thickness, sum of the thick-
nesses of the LPCVD SiN layer and the PECVD SiN
compensation layer, #, = finem + fcomp, the total thick-
ness of the PECVD SiN passivation layers between the
electrodes, 1, = t, 10p + tp.bonom, and the sacrificial
layer thickness (corresponding to the cavity height), 7.
The factors selection was conducted by considering
independently the layers making up the effective gap
(involved in the electro-mechanical transduction) and
the mechanical part of the plate. Furthermore, the
passivation layers and the sacrificial layer were also
considered separately, since their thickness results from
different steps of the fabrication process. In this way,
the impact assessment of the accuracy of different
deposition and etching steps can be more straightfor-
ward. The full factorial approach corresponds to 33 =
27 possible combinations of the design parameters.

For what concerns the choice of the variation range for
the design parameters, a number of technical aspects
related to the thin film deposition has to be consid-
ered. The deposition chamber conditioning, the ther-
mal contact between the wafer and chuck, and the
designed tolerances of the flow meters and temper-
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TABLE 2. Input factors levels used in the simulations.

Factor Minimum Nominal Maximum +A
t,, (nm) 2124 2360 2596 236
1, (nm) 617.4 686 754.6  68.6
f (nm) 180 200 220  20.0
Coded -1 0 1

[4

t (coded)
[—]

0 1 -1
t, (coded)

tp (coded)

FIGURE 2. The design parameters space. According to the
proposed 33 full factorial approach, each combination of the
factor levels (here represented by the coded values -1, 0, +1) is
a point in the design space. The grey box represents the
measured variation of the factors, which is a subdomain of the
parameters space considered in the simulations.

ature control system will affect the deposition rate,
and therefore the final thickness. A reasonable max-
imum value of +10% variation around the nominal
value was considered for each of the chosen factors.
Table 2 summarizes the factors and levels of the per-
formed tolerance analysis. Concerning the experimen-
tally observed unevenness of the vertical dimensions,
by assuming a normal distribution of the uncertainty,
the bilateral variation range of each factor can be con-
sidered spanning across six times the standard devi-
ation, centered at the mean value of each measured
parameter (see Table 1). As can be noticed, the variation
ranges of the factors considered in the simulations are
greater than those observed in the fabricated devices.
In this way, it is expected that the measured variation of
the performance indicators is smaller than that obtained
by the simulations. Fig. 2 shows the combinations of
the factors, as obtained following the 33 full factorial
design, in form of points located in the design parame-
ters space. Inscribed in the cube outlined by the vertex
values of the factors, the measured variation range of
the factors can be seen.
2) Choice of response variables

The quantities typically used to describe the electro-
mechanical and electro-acoustic performance of a
CMUT array are the unbiased and biased trans-
ducer air-coupled resonance frequency, and the
water-coupled transmission (TX) and reception (RX)
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TABLE 3. Selected performance indicators.
Symbol Quantity

Electromechanical response variables

V. Collapse (pull-in) voltage

Cy CMUT cell static capacitance

i Biased transducer resonance frequency

Electroacoustic response variables

|G Transmission sensitivity amplitude

Tix Transmission sensitivity time delay

BW5T Transmission sensitivity —3dB bandwidth

|Gl Receive sensitivity amplitude

Tix Receive sensitivity time delay

BW3R Receive sensitivity —3dB bandwidth
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sensitivity gain and fractional bandwidth. The uneven-
ness of the resonance frequency across the cells of
the array elements is an important indicator of the
transducer quality since it is closely related to the
sensitivity center frequency. Nevertheless, several other
quantities offer insight into the transducer properties,
providing guidance about the device biasing, driving,
and read-out interfacing.

For example, analyzing the mechanical resonance fre-
quency in zero-bias condition provides a deeper under-
standing of the individual role of the geometrical
design parameters in the cell resonance. Furthermore,
when in biased condition, the uniformity of the col-
lapse voltage has great importance: when the CMUT
array is operated in the so-called pre-collapse region,
in which the vibrating plates are biased very close
to the collapse voltage, the unevenness of the pull-
in voltages determined by the cell-to-cell variations
may cause some membranes to collapse prematurely.
Consequently, to prevent the collapse, the bias voltage
is usually restricted to a “‘safe operating zone” below
80% of the nominal collapse voltage [41]. Improving
the uniformity by increasing the microfabrication pro-
cess reliability would allow increasing the bias volt-
age closer to the pull-in voltage (hence improving the
electro-mechanical coupling factor of the transducer)
with lesser risk of unexpected collapse. This improve-
ment also benefits devices operated in collapse-mode,
which are reported to be even more sensitive to the
effects of process-related variations [42]. It is worth
noting that, for devices fabricated by the traditional
sacrificial-release process, the individual cell collapse
voltage and its uniformity across the element can be
affected also by the cell location with respect to the
element layout, due to the eventual reduced stiffness
of the outer edges [43]. In the reverse process, this
additional source of variation does not intervene, since
the plates are all made from the same nitride layer that
covers the entire wafer.

Furthermore, the variation of the static capacitance is
also of interest. The capacitance affects the read-out
circuit sensitivity and dynamic performance [44];

therefore, reducing the capacitance deviation from the
nominal value positively impacts the read-out elec-
tronics performance. Since it is found that the geom-
etry variations influence the CMUT static capacitance
more than bias-induced diaphragm pre-stress [45], this
parameter was added to the computed figures of merit.
Considering the acoustic performance of the CMUT,
the sensitivity of the transmission and reception trans-
fer functions is analyzed in terms of gain and phase,
in addition to bandwidth, to investigate the impact
of process-related variations also on the amplitude
as well as on the time delay of the transmitted or
received signal. Due to the reciprocity of the transmit
sensitivity and the short-circuit current receive sensi-
tivity, the effects of the design parameters tolerance on
both transfer functions are equivalent. For this reason,
we considered the open-circuit voltage receive sensi-
tivity, representative of the condition of transducers
coupled to medium-high input impedance front-end
electronics, such as the most common general purpose
voltage amplifiers.

Table 3 reports the full list of the response variables
analyzed to assess the electro-mechanical performance
and the water-coupled acoustic performance of the
reference CMUT array.

Although some of the chosen quantities can be
extracted from electrical impedance measurements
[46], or experimentally measured, several of these
require quite complex experimental set-ups, often
affected by uncertainty difficult to quantify and sen-
sitive to parasitics. Others are difficult to evaluate
separately for each element of the transducer (e.g., the
acoustic performance parameters), and are therefore
better investigated by means of computer simulations.

C. FEM-BASED SIMULATIONS

The computation of the selected performance indicators was
done by FEM simulations by means of the 2D axisymmetric
model for the simulation of a circular CMUT cell described
in [33]. The 2D axisymmetric model of one single cell with
replication boundary conditions coupled to a half pitch-wide
fluid waveguide represents an unbounded array of circular
cells radiating plane waves in the acoustic medium. The
unbounded transducer model intrinsically neglects the edge
effects on the array element performance; nevertheless, it pro-
vides a good representation of the element behavior due to its
large aperture with respect to the pressure wavelength [47].
The parametric variation of the factors was controlled by an
automatic MATLAB (eThe MathWorks, Inc.) routine calling
the FEM software and providing the input file with the model
parameters defined according to the designed combinations.

lll. SENSITIVITY ANALYSIS RESULTS

A. MECHANICAL PERFORMANCE SENSITIVITY

The dependence of the first mode mechanical resonance fre-
quency on the three input factors variation is summarized in
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FIGURE 3. fy data plotted against the three input factors, tm, tp,
and tc. The black dots represent the scattered data computed
by the simulations. The red star marks the response computed
in correspondence of the nominal set of input parameters. The
blue lines connect the average values of the response,
computed for each level of the factors.

the scatter plot shown in Fig. 3. The mechanical resonance
frequency is computed by performing the finite element
modal analysis of the mechanical model of the transducer in
zero-bias condition. As can be seen in Fig. 3, the f;, varies
linearly with the #,, and #,, parameters, and is unaffected
by the t. variation. This behavior is in agreement with the
analytical expression for the resonant frequency of a circular
plate with fixed rim [48] commonly used for the fast com-
putation of the first flexural mode resonance frequency of
circular CMUT cells. Due to the linearity of the response,
no interaction effects between the factors can be found.

B. ELECTRO-MECHANICAL PERFORMANCE SENSITIVITY
Fig. 4 displays the scatter plot of the electro-mechanical per-
formance indicators, computed by FEM simulations, at the
points of the design parameter space defined by the 33
approach and shown in Fig. 2. The average responses at each
level of the factors are connected by the superimposed blue
lines, to assess the linearity of the response variation. Where
available, the measured response variability is represented
by a grey area spanning from the minimum and maximum
measured value of the output, and from the minimum and
maximum value of the input factors, computed as the nominal
value =+ 30.

Concerning the collapse voltage V., the value computed
for the nominal set of the input parameters, marked by the
red star in Fig. 4(a), is V.., = 209.5 V. From the simulations,
the V. varies between a minimum of 156.5 V and a maximum
of 273 V (i.e., between —25.3% and +30.3% of its nominal
value) in response to a £10% variation of the considered
factors. It can be noticed, in Fig. 4(a), that the V, variation
is highly linear with respect to all three factors, since the
line connecting the averages is a straight line that crosses
V... Further, the response is equally affected by the plate
thickness and the cavity height: this result is coherent with
the analytical model for the collapse voltage [49], according
to which the V., depends equally on ¢, and ¢, following

3/2 3/ . o . .
at,/” and t;'” relation, which is a slow varying function,
therefore the V, is highly linear in a small range of variation of
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FIGURE 4. (a) V¢, (b) fr, and (c) Cy data plotted against the three
input factors, tm, tp, and tc. The black dots represent the
scattered data computed by the simulations. The red star marks
the response computed in correspondence of the nominal set
of input parameters. The blue lines connect the average values
of the response, computed for each level of the factors. The
grey areas in (a) and (b) cover the surface defined by the
variation range of the factors measured on one of the
processed CMUT wafers, on the x-axis, and by the minimum
and maximum value of the response measured in the CMUT
characterization, on the y-axis. The measured response refers
(a) to N = 9 elements of the array, and (b) to all N =
256 elements of the array biased at Vpc = 130 V.

the thicknesses. The measured collapse voltages are slightly
higher than the nominal value obtained by the simulations,
and their variability is comprised in a very small range.

The first mode resonance frequency f;, shown in Fig. 4(b),
is the result of a finite element modal analysis of the
prestressed CMUT, corresponding to the electrical anti-
resonance frequency of the transducer input impedance. The
f+ is computed by biasing the transducer at Vpc = 0.7V, , =
147 V, smaller than the lowest V.. found, to simulate a typical
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FIGURE 5. (a) The fr, and (b) the Cy measured by biasing the
256 elements of the reference CMUT array at Vpc = 130 V.

biasing condition in pre-collapse operation without trigger-
ing the collapse of the plates with varied thicknesses. The
resonance frequency value computed for the nominal set
of the design parameters is f, , = 13.42 MHz, and varies
between 9.55 MHz and 15.22 MHz when the factors vary
within a £10% range. The variation of f, is nonlinear due
to the nonlinearity of the electrostatic force with respect to
the distance between the electrodes and of the plate displace-
ment with the radial position. This nonlinearity determines
a non-negligible interaction effect between the factors. The
measured f, of the 256 elements of one CMUT array biased
at Vpc = 130V, is reported in Fig. 5. As can be noticed, two
poorly-performing elements showed a resonance frequency
value very far from the nominal value and from the other
measured f,. The variation of the measured f, is compared to
the simulations in Fig. 4(b): the dashed lines enclose all the
measured data between the maximum and minimum value,
which are observed in correspondence of the two outliers
of Fig. 5. Since the elements that showed an unexpectedly
different f, are only two, in order to make a fair assessment
of the f, variability, Fig. 4(b) also reports the maximum and
minimum values of f, measured for the other 254 elements
of the array, represented by the dotted lines. In this case,
the darker gray area representing the f, variation is very
narrow, confirming the robustness of the fabrication process.
The measured value is generally higher than the simulated
nominal value f; , due to the lower bias voltage applied.

Fig. 4(c) shows the static capacitance Cp of one element
of the CMUT array, computed by biasing the transducer at
Vbc = 147 V. The nominal value of Cy is Cp, = 11.64 pF,
obtained by considering that the N, = 344 cells of the
element are electrically connected in parallel. The simulated
values of Cy range between 10.19 pF and 14.54 pF, and
the capacitance is mainly affected by the sacrificial layer
thickness t.. The Cp variation is nonlinear with the three
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FIGURE 6. Bar chart reporting the main effects and the
interaction effects for the electromechanical response
quantities of interest, computed according to the 33 full
factorial design of simulations.

factors, which therefore interact with each other. A direct
comparison between the simulated and measured variability
of the Cy cannot be performed because the measured values
of the capacitance, shown in Fig. 5(b), are strongly influenced
by the parasitic capacitance due to the metal routing, both on
the die and on the measurement PCB, which is not uniform
between the elements.

Fig. 6 presents a summary of the main effects and
interaction effects [37] computed for the considered electro-
mechanical performance indicators, providing a direct
comparison between the impact of the factors and their inter-
actions on the different output quantities. The expressions
for the main effects and interaction effects computation and
their understanding are given in the Appendix. The main
effects ME,;, ME,, ME_, are the coefficients representing
the response location shift caused by the impact of #,, #,, t.,
respectively. The interaction effects IE;, IEyc, IE,., are the
coefficients accounting for the nonlinearity of the response
variation caused by the interaction between the factors.
As can be seen, the V. is equally affected by the 7,, and the 7,
and its variation is very linear, hence the interaction between
the factors is negligible. The increase of the factors always
determines an increase of the collapse voltage, because all
ME:s are positive. The resonance frequency unevenness is
mainly due to the variations of the 7, and the variation
of f, cannot be considered linear when the variation of the
factors is £10% of the nominal design value. Finally, the Cy
uniformity is mainly determined by the tolerance on the 7.
As expected, the Cp decreases when the thickness of the plate
and of the effective gap increases.

C. ACOUSTIC PERFORMANCE SENSITIVITY
The sensitivity of the acoustic performance to the process-
related parameters tolerance was investigated by simulating
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FIGURE 7. (a) The normalized Transmission Sensitivity Gy , and
(b) the normalized Reception Sensitivity Grx,n, computed for
the nominal set of design parameters, each reporting the low
and high —3dB frequencies (in blue) and the center frequency
(in black).

the CMUT in water-coupled condition and performing a pre-
stressed linear harmonic analysis.

The complex transmission sensitivity transfer function,
Gy, was computed according to

G = P;/V ey

in which P; is the average output pressure evaluated in the
fluid at a distance of 250 um from the radiating surface, and
V is the input voltage provided to excite the transducer.

The complex reception sensitivity transfer function, Gy,
was computed according to

Gy =V, /Py @)

in which V. is the received voltage measured across the inner
faces of the metal electrodes, and P is a 1 MPa pressure
signal applied on the transducer’s front-face in form of a
load boundary condition, to simulate the effect of a pressure
wave originated in the propagation fluid and impinging on the
CMUT front surface. In receive mode, it is assumed that the
transducer is operated in open circuit condition, as to repre-
sent the connection to a high-impedance read-out system.
The transmission sensitivity and the reception sensitivity
computed for the nominal design of the considered CMUT
device, G n and Gy, p, are used to obtain the nominal center
frequency of both transfer functions, £.1 and fR, by

FIR = (PR 4 1R 2 3)

which are used to compute the sensitivity amplitude at
the nominal frequency, |G (2f.))l, |G (j27f ), for all
the designs considered by combining the input factors.
Figure 7(a) and Fig. 7(b) show the normalized G , and
G .n, respectively, and report the nominal center frequencies
fT and fR.

The sensitivity phase at the nominal center frequency
is used to compute the time delay of the transmitted and
received signal with respect to the nominal case, as defined
by

T = [< Guan(2nf D)~ < Gu(2ufD)/2rfD) (4
and

™R = [< Gpn(2nfR)— < Gu(2nfO1/2rfR)  (5)
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FIGURE 8. (a) |G, (b) 77, and (c) BW] data plotted against the
three input factors, tm, tp, and tc. The black dots represent the
scattered data computed by the simulations. The red star marks
the response computed in correspondence of the nominal set
of input parameters. The blue lines connect the average values
of the response, computed for each level of the factors.

1) Sensitivity of the transmission transfer function
The amplitude, time delay, and —3dB bandwidth
of the Gy computed by FEM simulations of the
CMUT in water-coupled condition are reported in
Fig. 8(a), 8(b), and 8(c), respectively.

As shown in Fig. 8(a), the amplitude of the transmission
transfer function, |G|, is significantly more sensitive
to the variation of the .. This strong influence of the
t. parameter is related to the great dependence of the
electro-mechanical coupling efficiency on the distance
across the electrodes. Coherently with the expectations,
the increase of the 7, produces a steep decrease of
the sensitivity amplitude due to the lower efficiency
of the transduction from the electrical to the mechan-
ical domain resulting from the electrodes separation.
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FIGURE 9. Bar chart reporting the main effects and the
interaction effects for the quantities of interest of the

electroacoustic response in transmit-mode, computed
according to the 33 full factorial design of simulations.
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For the |G|, the t,, is the less influential factor. The
variation of the three input factors of an equal per-
centage amount of +10% results in a variation of the
|G| of about £8% of its nominal value |Gyln =
14.85 dB(kPa/V).

The transmit-mode time delay t1 shown in Fig. 8(b)
ranges from a minimum of —7.07 ns to a maximum
of +6.50 ns, thus the transmission of the same pulse
occurs in a time window of AtT = 13.57 ns. The
considered equal percentage variation of the three input
factors determines a greater impact of the #,,,. Generally,
the increase of all thicknesses determines an increase of
the delay, since the effects are all of positive sign.
Finally, the -3 dB bandwidth of the Gy, BW}, is shown
in Fig. 8(c). The most influential parameter is the f,,,
whose main effect is one order of magnitude higher
than the others and is negative, i.e., the BW; strongly
decreases by the increasing the #,,. This behavior fol-
lows the increase of the lower cut-off frequency pro-
duced by the higher flexural stiffness of thicker plates.
It can be noticed that the bandwidth variation is not
only nonlinear, but also non monotone with respect to
the variation of #, and f.. This makes it impossible to
represent the variation using a first-order polynomial
model with interactions.

Fig. 9 reports a synthetic overview of the main
effects and the interaction effects computed for the
transmit-mode parameters of interest.

Sensitivity of the reception transfer function

Fig. 10 shows the simulation results of the amplitude,
time delay, and —3dB bandwidth of the G,, obtained
in open circuit receive-mode.

In Fig. 10(a) it can be seen that, contrarily to the |G|,
the most influent factor on the receive sensitivity ampli-
tude |G| is the moving plate thickness t,,. The depen-
dence of the |G,,| upon all three factors is negative,
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FIGURE 10. (a) |G|, (b) =R, and (c) BW:';‘ data plotted against the
three input factors, tm, tp, and tc. The black dots represent the
scattered data computed by the simulations. The red star marks
the response computed in correspondence of the nominal set
of input parameters. The blue lines connect the average values
of the response, computed for each level of the factors.

thus, any increase of the considered thicknesses deter-
mines a reduction of the receive sensitivity amplitude
computed at the nominal center frequency. The increase
of t,, and #, corresponds to an increase of the vibrat-
ing plate thickness, thus to an increase of its flexural
rigidity. The increment of the plate stiffness raises the
collapse voltage, lowers consequently the normalized
bias (because the applied voltage is kept constant), and
therefore lessens the sensitivity. The reduction of the
sensitivity amplitude produced by the increase of . is,
also in this case, linked to the separation of the elec-
trodes, that lowers the electro-mechanical conversion
efficiency. The interaction effects are negligible with
respect to the main effects, because the |G, | variation
has good linearity across the considered variation range
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FIGURE 11. Bar chart reporting the main effects and the
interaction effects for the quantities of interest of the
electroacoustic response in receive-mode, computed according
to the 32 full factorial design of simulations.

of the factors. The receive sensitivity amplitude value
obtained for the nominal design at the nominal center
frequency is |Gy |n = 83.28 dB(V/kPa).

For what concerns the time delay of the receive sen-
sitivity, R, Fig. 10(b) shows that #,, is by far the most
effective parameter. The impact of the other two factors
is negligible if compared to the effect of #,,,. The results
obtained for the tR are very similar to those already
observed for the 7T,

The considered variation of the design parame-
ters affects the receive sensitivity —3dB bandwidth,
as shown in Fig. 10(c). The parameter that determines
the greater variation of BW‘;, from the nominal value
BW3R, = 8.285 MHz, in response to an equal per-
centage variation of the input factors, is #,,. As already
discussed for the transmission sensitivity case, the
bandwidth reduction is caused by the increase of the
plate stiffness that narrows the spread of the transfer
function resonance peak. On the contrary, the cavity
height #, has the smallest impact on the bandwidth.
Figure 11 reports the main effects and the interaction
effects computed for the receive-mode response.

IV. CONCLUSION

This paper proposed the assessment of the variability of
the electro-mechanical and acoustic properties of CMUT
arrays in response to the variation of the vertical geometrical
design parameters within a given tolerance range, related
to the uncontrollable uncertainty of the microfabrication
process. The robustness of electro-mechanical and acoustic
parameters of interest for the evaluation of the CMUT array
performance was assessed by approaching the sensitivity
computation by means of a design of experiments-based
extreme value analysis.

The finite element analysis of the electro-mechanical and
acoustic behavior of the device was compared to the experi-
mental data obtained by the characterization of a 256-element
reverse fabricated CMUT array for medical imaging. The
design parameters tolerance of the considered fabrication
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process was measured during in-line inspection of one of the
processed wafers.

Concerning the electro-mechanical parameters, it was
found that the unevenness of the resonance frequency of the
biased transducer is mainly ruled by the tolerance of the trans-
ducer’s vibrating plate thickness, whereas the static capac-
itance is mainly affected by the thickness of the sacrificial
layer. For what concerns the acoustic behavior of the CMUT
array, it can be concluded that the sensitivity in transmission
operation depends in the first place on the cavity height, and
the sensitivity in reception operation is affected by all the
three considered factors in a non-negligible way. Finally, the
time delay and sensitivity bandwidth in both transmit and
receive modes are primarily influenced by the uncertainty of
the plate thickness.

This analysis provides insight into the impact of process-
related tolerances on the final performance of CMUT arrays,
giving directions in the investment of resources to improve
any step of the microfabrication.

APPENDIX

Let us consider a n* design of experiments, in which k input

factors are divided into n levels, i.e. the i- th factor x; with i =
.k spreads from its minimum value, x , to its maximum

Value x , by assuming n settings coded accordmg to the
relation
x,l/+xiL
22 (A1)
X; =
I,C )CI-U*X[-L
2
(hence, x;, = —1 when x; = xiL and x;, = +1

when x; = xU)
The computation of the main effects and interaction effects
is performed as follows [37].

The main effect of x; on the performance y, ME,,, is

Vel = VoL
ME, = ——*~ (A2)
' 2

in whichy v and y Yyl are the average values of the considered
performance computed in correspondence of the extreme
values of the i-th factor settings xl. and x,. , respectively. The
main effect coefficient provides a quantitative measure of the
impact of x; on y, because it represents the location shift of
the average response produced by the variation of the factor
between the extremes of the interval considered. The factor
generating the highest change in the response, i.e. having the
highest main effect, is the most influential one. Comparing
the main effects of the k factors on the performance y allows
ranking the input parameters according to their impact on
the considered output quantity, thus distinguishing the most
influential from the negligible ones.

Sometimes, the response change observed varying the fac-
tor x; is not the same at all the settings of the factor x;, and
vice versa. This means that there is an interaction between the
two factors. The computation of the interaction coefficients is
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a way to quantify interactions between the input parameters
impacting on the performance.
The interaction effect between the factors x;, xj, with i, j =

L,..

.y k and i 75], IEx,-xj, is

(ap + 3t ) = (g + 70
2

L Ex,-x]- = (A3)

and quantifies to what extent the setting of one factor impacts
on the performance variation generated by the change of the
other factor. In other words, it is a measure of the nonlinearity
introduced in the dependence of the performance upon one
factor because of its interrelation with another factor.
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