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Abstract—Capacitive micromachined ultrasonic trans-
ducers (cMUTs) were developed to meet the demands of
the ultrasonic industry. To achieve maximum efficiency, the
conventional operation of the cMUT requires a bias voltage
close to the collapse voltage. Total acoustic output pressure
is limited by the efficiency of the cMUT and the maximum-
allowed pulse voltage on the membrane. In this paper, we
propose the collapse-snapback operation of the cMUT: the
membrane is collapsed onto the substrate in the collaps-
ing cycle, and released in the snapback cycle. The collapse-
snapback operation overcomes the above-mentioned limita-
tions of the conventional operation. The collapse-snapback
operation utilizes a larger range of membrane deflection
profiles (both collapsed and released profiles) and generates
higher acoustic output pressures. The static finite element
calculations were performed to design cMUTs with specific
collapse and snapback voltages by changing the electrode
parameters (radius (re), position (de), and thickness (te)).
These designs were refined for optimum average displace-
ment per cycle. An electrode radius greater than 60% of
the membrane radius significantly improved the displace-
ment per volt. Moderately thick membranes (te ~ 0.2 pm)
were preferred, as thicker membranes reduced the displace-
ment per volt. Under proper bias conditions, the collapse-
snapback operation, designed for high-power transmission,
allowed the application of pulse voltages larger than the
difference of collapse and snapback voltages. Dynamic fi-
nite element calculations of an infinite cMUT array on
the substrate loaded with acoustic fluid medium were per-
formed to determine the dynamic response of the cMUT.
Commercially available FEM packages ANSYS and LS-
DYNA were used for static and dynamic calculations, re-
spectively. The cMUTs were fabricated for optimal per-
formance in the collapse-snapback operation. The transmit
experiments were performed on a 2-D cMUT array using
a calibrated hydrophone. Taking into account the atten-
uation and diffraction losses, the pressure on the cMUT
surface was extracted. The cMUT generated 0.47 MPa
(6 kPa/V) and 1.04 MPa (11 kPa/V) in the conventional
and collapse-snapback operations, respectively. Therefore,
collapse-snapback operation of the cMUTs was superior for
high-power transmission.

I. INTRODUCTION

CAPACITIVE micromachined ultrasonic transducers
(cMUTs) emerged as an alternative to piezoelectric
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transducers in ultrasonic applications [1]-[4]. ¢cMUTs of-
fered several advantages, such as wide bandwidth, high
sensitivity, and ease of fabrication [4]. Recently, cMUTs
overcame the difficulties in the realization of 2-D arrays
for real-time 3-D imaging [5]. Three-dimensional ultra-
sound imaging used a 2-D transducer array, which enabled
features such as electronic focusing and beam steering in
both azimuthal and elevational directions [6], [7]. These
features enabled uniform resolution in both azimuthal and
elevational directions in addition to accelerating the data
acquisition for real-time imaging. One major difficulty of
3-D ultrasound imaging using 2-D cMUTs was the ele-
ment size restriction due to the spatial sampling criterion
[5]. The spatial sampling criterion specifies that the max-
imum element width must be less than half the acoustic
wavelength at the operating frequency in order to prevent
grating lobes from appearing in the image. This criterion
applies to the directions in which beams are to be steered.
Since the 2-D arrays focus and steer beams in both az-
imuthal and elevational directions, the sampling criterion
applies to both dimensions of the array and critically lim-
its the element area, causing degradation in the acoustic
output power. The acoustic output power degradation be-
comes even more severe in high-frequency ultrasound. This
paper introduces the collapse-snapback operation regime
for the cMUTs as a way to boost the acoustic output pres-
sure, making the 2-D arrays’ performance satisfactory for
high-frequency 3-D ultrasound imaging.

Finite element methods (FEM) and analytical models
were developed to improve the performance of the cMUT
[8]-[18]. All of these analyses were focused on understand-
ing and optimizing the cMUT behavior in the conventional
operation regime, where the membrane and the substrate
do not touch each other. Recently, a new operation regime,
collapsed operation, was proposed for the cMUTs [19].
Based on static FEM calculations, the collapsed opera-
tion regime provided coupling efficiency (k2.) greater than
0.7 when the cMUT was initially collapsed by applying a
voltage higher than the collapse voltage and then biased
between collapse and snapback voltages [19]. Experimen-
tal characterization of cMUTSs operating in the collapsed
regime verified the FEM calculations [20].

Dynamic FEM calculations of a water-loaded single
cMUT cell provided important insight into the cMUT dy-
namics in this nonlinear operation [21]. The collapsed op-
eration had a center frequency of approximately twice the
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natural frequency of the conventional operation. A major
breakthrough toward low-voltage, high-frequency ¢cMUT
designs [21] was realized in the additional center-frequency
tunability of the cMUT by adjusting the bias voltage in the
collapsed state. Collapsed operation assumed that the ap-
plied voltage was larger than the snapback voltage to keep
the center of the membrane in contact with the substrate.
This operation was proposed to provide higher acoustic
output pressure per volt from small voltage excitations
(5% of the collapse voltage) up to moderately large volt-
age excitations (50% of the collapse voltage) limited by the
breakdown voltage [21]. However, neither conventional nor
collapsed operation regimes took full advantage of the in-
herent cMUT potential: the collapse-snapback operation
combines two distinct states of the membrane (in-collapse
and out-of-collapse) to unleash unprecedented acoustic
output pressures into the medium [21].

When the total applied voltage exceeded the collapse
voltage, the collapse of the membrane resulted in large
membrane displacement. However, in order to restore the
collapsed membrane to its pre-collapsed state, the applied
voltage was decreased below the snapback voltage of the
device [19]. Snapback of the membrane resulted in a large
membrane displacement as well. Therefore, the collapse-
snapback cycle utilized the inherent membrane displace-
ment potential in collapse and snapback of the mem-
brane, which translated into high transmit power for the
cMUT. Collapse and snapback voltages are the static pa-
rameters, determining the membrane displacement change
in this nonlinear operation. However, an additional im-
portant parameter was demonstrated by the dynamic re-
sponse of the membrane to collapse or the already col-
lapsed membrane to snapback: the collapse and snapback
times determined the switching of the membrane state be-
tween in-collapse and out-of-collapse [22]. Therefore, dy-
namic FEM calculations of infinite-size cMUT were used
to determine the dynamic response of the cMUT [22]. The
static FEM calculations of net membrane displacement
combined with the dynamic FEM calculations of transi-
tion times between in-collapse and out-of-collapse mem-
brane states fully described the collapse-snapback opera-
tion. Finally, in order to evaluate the cMUT performance
in this operation, experimental characterization of a cMUT
was done via transmit experiments, performed on a 2-D
cMUT array using a calibrated hydrophone. Taking into
account the attenuation and diffraction losses, the pressure
on the cMUT surface was extracted. The cMUT generated
0.47 MPa (6 kPa/V) and 1.04 MPa (11 kPa/V) in the con-
ventional and collapse-snapback operations, respectively.
Therefore, collapse-snapback operation of the cMUTs was
shown again to be superior for high-power transmission.

This paper presents the cMUT design for the collapse-
snapback operation. Operating the cMUT in a collapse-
snapback cycle generates greater output pressures than
does the conventional operation, and solves the limited
acoustic power capability of 2-D ¢cMUT elements oper-
ated conventionally. Therefore, high-frequency ultrasound
imaging systems using 2-D cMUT arrays will deliver
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Fig. 1. The cMUT model, where t., re, and de are the thickness, the
radius, and the position of the metal electrode, respectively.

greater acoustic output pressures in the collapse-snapback
operation.

II. FINITE ELEMENT CALCULATIONS

Capacitive micromachined ultrasonic transducers are
fabricated using surface micromachining or wafer-bonding
technique [23]-[25]. Surface micromachined ultrasonic
transducers use silicon nitride (Si3N4) as both membrane
and insulation layer material [23]. Wafer-bonded ultra-
sonic transducers use silicon as membrane and silicon oxide
(Si02) as insulation layer material [25]. In this study, static
finite element calculations for the influence of electrode pa-
rameters on the collapse and snapback voltages assumed
silicon nitride in both membrane and insulation layer in
the model. However, since the experimental results were
measured using a wafer-bonded cMUT array, the static
and dynamic finite element calculations of this cMUT re-
quired modeling with silicon membrane and silicon oxide
(Si03) insulation layer.

To determine the influence of electrode parameters on
collapse and snapback voltages, a circular cMUT cell was
modeled, which featured a circular silicon nitride (SizNy)
membrane. A vacuum gap separated the substrate from
the membrane supported at its rim. A thin insulation layer
of SigNy over the highly doped silicon (Si) substrate pre-
vented short circuit in collapse.

The static finite element calculations of the cMUT were
performed using a commercially available FEM package
(ANSYS 5.7) [26]. The cMUT model is shown schemati-
cally in Fig. 1. The axisymmetric structure allowed the use
of 2D modeling. In the structural analysis, the symmetry
axis of the model was clamped in the x-direction, and the
substrate was supported at the bottom (Fig. 1). The in-
finitesimally thick ground electrode was located on the top
surface of the silicon substrate. The other electrode, made
of aluminum (Al), was an integral part of the membrane.
Electrode dimensions were defined as the radius (r.) and
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TABLE 1
PROPERTIES OF THE MATERIALS USED IN THE FINITE ELEMENT CALCULATIONS.

SigNy SiO9 Al Vacuum  Water
Young’s modulus (GPa) 320 169 75 67.6
Density (kg/m3) 3270 2332 2200 2700 1000
Poisson’s ratio 0.263 0.290 0.170 0.355
Relative permittivity 5.7 11.8 3.78 1
Velocity of sound (m/s) 1500

the thickness (t.). The electrode was circular and coaxial
with the membrane. The vertical distance (d.) between the
bottom of the SisNy membrane and the metal electrode
determined the electrode position. The SigN,; membrane
thickness and gap height were both 1 pum. The circular
cMUT had a 50-um radius for the active membrane. The
SisNy insulation layer was 0.1 pm. In order to model the
membrane substrate contact, FEM elements were defined
on the contacting surfaces as described in the following
paragraph.

ANSYS standard element type PLANE121, which fea-
tured charge and voltage variables, and PLANES82, which
featured displacement and force variables, were used for
electrostatic and structural analyses, respectively [26]. The
collapse of the membrane onto the substrate was modeled
by means of contact-target pair elements (CONTA172 and
TARGE169) [26]. These surface elements detected contact
between the surfaces and automatically applied the result-
ing contact forces. When contact occurred, the penetration
of the surfaces and the forces due to the contact were cal-
culated based on the material properties of SigNy4 used in
the contacting surfaces of the membrane and the insula-
tion layer. The surface elements were defined on both the
bottom surface of the membrane and slightly above the in-
sulation layer. The offset from the insulation layer, which
was included to re-mesh the gap when the structure was
collapsed, was 5% of the gap in the analysis.

FEM was used to calculate the deflected membrane pro-
file for applied bias voltage. The electrostatic-structural
coupled solver, ESSOLV of ANSYS, was used to iterate
automatically between the electrostatic and structural do-
mains until the convergence criterion (based on both the
electrostatic energy and the maximum structural displace-
ment in the model) was met [26]. Collapse and snapback
voltages were calculated with a relative error bound of 1%.
A membrane under greater than the collapse voltage, col-
lapsed: an already collapsed membrane, under smaller than
the snapback voltage, snapped back from the substrate.

The cMUTSs used in the experiments were hexagonal in
shape. However, they were modeled with square shapes in
the static and dynamic finite element calculations. There-
fore, the above-mentioned 2-D axisymmetric model was
modified for a square membrane modeled in 3-D. In the dy-
namic finite element calculations, the commercially avail-
able FEM package LS-DYNA was used, due to the avail-
ability of enhanced contact capabilities and an explicit
time domain solver [27]. The details of this finite element

analysis will be found in [22]. The physical dimensions of
the square cMUT, used in the finite element calculations
and the experiments, are given in Section III.

The structural and electrical material properties used
in the FEM calculations are presented in Table I. The
only material parameter required for the electrostatic anal-
ysis was the dielectric constant. The structural analysis
used Young’s modulus, density, and Poisson’s ratio. Since
the membrane was water-loaded, the dynamic FEM cal-
culations additionally used the density and velocity of the
acoustic medium.

III. RESULTS

Membrane deflection profiles of the cMUT about col-
lapse and snapback voltages are depicted in Fig. 2(a). The
infinitesimally thick electrode (t, = 0 ym) was positioned
on the top of the membrane (d. = 1 pum). The electrode
radius was half of the membrane radius (r, = r./R = 0.5).
The collapse and snapback voltages were 177 V and 140 V,
respectively. The range of the membrane deflection profile
[Fig. 2(a)] is well defined in the conventional (“1”) and
collapsed (“2”) operation regimes for applied voltages lim-
ited by the collapse and snapback voltages of the cMUT.
However, the profiles at the collapse and snapback voltages
were unstable; therefore, a slight voltage change above the
collapse or below the snapback voltage caused the mem-
brane to collapse, or the already collapsed membrane to
snapback, respectively. The range of the membrane profile
in the collapse-snapback operation (“3”) was greater than
the total range of the conventional and collapsed opera-
tion regimes combined. In the static analysis, there was no
additional voltage required for the cMUT in the conven-
tional (“1”) or collapsed (“2”) operation to switch to the
collapse-snapback (“3”) operation in the limit.

The average and maximum membrane displacements
(r, = 0.5, d. = 1 um) are depicted in Fig. 2(b). The net
average displacement between the collapse and snapback
voltages was 799 A (22 A/V) in the conventional (“1”) and
524 A (14 A/V) in the collapsed (“2”) operation regimes.
The collapse-snapback operation yielded 2873 A (70 A/V)
net average displacement. The displacement per volt of the
cMUT was almost twice as large in the collapse-snapback
operation as in the conventional and collapsed operations
summed together.

In the collapse-snapback operation, 70 A /V average dis-
placement was calculated when the voltages of in-collapse
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Fig. 2. Operation regimes of the cMUT (r, = 0.5, de = 1 pm). The conventional, collapsed, and collapse-snapback operations between
collapse and snapback voltages are denoted by “1,” “2,” and “3,” respectively. (a) The membrane deflection profile of the cMUT. The
dashed and the dash-dotted lines are just prior to collapse and after collapse, respectively. The dotted and the solid lines are just prior to
snapback and after snapback, respectively. (b) Membrane displacement of the cMUT. The solid and dashed lines represent the average and

maximum displacements, respectively.

and out-of-collapse were equal to collapse and snapback
voltages. If the operation was extended beyond these volt-
ages, each additional volt contributed 22 A/V and 14 A/V
in the conventional and collapsed regimes, respectively, re-
ducing the displacement per volt below 70 A/V. There-
fore, maximum displacement per volt of the cMUT was
achieved between collapse and snapback voltages. The
specified voltages set the limit on the total displacement
of the cMUT (2873 A) in one collapse-snapback cycle for
peak performance (70 A/V). Therefore, the cMUT should
be designed for specific collapse and snapback voltages
to match the target acoustic output pressure (total mem-
brane displacement in one cycle) of the ultrasonic applica-
tion. In general, the total membrane displacement and the
dynamic response of the cMUT in the collapse-snapback
cycle determine the total acoustic output pressure. The
static parameters of the cMUT (collapse and snapback
voltages, and total membrane displacement) were deter-
mined by static finite element calculations. These parame-
ters were optimized for above-mentioned criteria by adjust-
ing the electrode parameters (electrode radius, thickness,
and position).

The electrode parameters (re, de, te) determined the
average membrane displacement and the displacement
per volt of the cMUT in the collapse-snapback operation
[Figs. 3(a), (b), (c), and (d)]. The displacement per cycle
was defined as the difference between the average displace-
ments of just-collapsed and just-snapped-back membranes.
The displacement per volt of the cMUT was calculated as
the ratio of the displacement per cycle to the difference be-
tween collapse and snapback voltages. Collapse and snap-
back voltages were recalculated for different (r., de, t.)
combinations in Figs. 3(a), (b), (c), and (d). The displace-
ment per cycle, corresponding to d. = 0 yum and t, = 0 um,
increased linearly with the electrode radius from 3400 A
(r, = 0.2) to 4500 A (/, = 0.5). The displacement per
cycle leveled off to 4600 A at r/, = 0.6, and was unchanged
up to full electrode coverage [Fig. 3(a)]. The displacement

per cycle, corresponding to t. = 0.2 pum, had similar char-
acteristics. For t, = 0.8 pum, the displacement per cycle
increased linearly with the electrode radius from 3400 A
(r, = 0.2) to 5600 A (1, = 0.6), and was unchanged until
" = 0.7. Then it decreased to 5000 A at 7, = 0.8, and was
unchanged up to full electrode coverage [Fig. 3(a)].

The displacement per volt, corresponding to d. = 0 um
and t, = 0 pm, increased almost linearly from 18 A/V
(r, = 0.2) to 80 A/V (1, = 0.7), and was 82 A/V up to full
electrode coverage [Fig. 3(b)]. Larger electrode thickness
reduced the displacement per volt (78 A/V (t, = 0.2 um),
67 A/V (t. = 0.5 um), and 57 A/V (t, = 0.8 um) at full
electrode coverage).

The displacement per cycle, corresponding to de = 1 pm
and t, = 0 pm, was within 6% of 2750 A for the /. between
0.2 and 1.0 [Fig. 3(c)]. Larger electrode thickness increased
the displacement per cycle (2750 A (t, = 0.2 um), 2950 A
(te = 0.5 um), and 3100 A (¢, = 0.8 um) at full electrode
coverage).

The displacement per volt, corresponding to de = 1 pm
and t. = 0 pm, increased almost linearly from 22 A/V
(r, = 0.2) to 90 A/V (r, = 0.7), and was about 100 A/V
up to full electrode coverage [Fig. 3(d)]. Larger electrode
thickness reduced the displacement per volt (87 A/V (t. =
0.2 um), 80 A/V (t, = 0.5 ym), and 64 A/V (t, = 0.8 um)
at full electrode coverage).

Collapse and snapback voltages were calculated as a
function of electrode radius for electrode positions d. =
0 pm [Fig. 4(a) and (b)] and d. = 1 pm [Figs. 4(c) and(d)].
Collapse voltage increased from 122 V at r, = 1 to 140 V
at v, = 0.5 for t, = 0 pm and d. = 0 pm [Fig. 4(a)].
Further reduction of r., to 0.2 increased collapse voltage to
264 V. Collapse voltages for t, = 0 pm and t, = 0.2 pm
were close to each other. However, larger electrode thick-
ness increased the collapse voltage of the cMUT with full
electrode coverage by approximately 20 V for each addi-
tional 0.3-pm electrode thickness. Electrode thickness was
less effective with reduced electrode radius.
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Fig. 3. Displacement per cycle and displacement per volt as a function of electrode radius. The solid, dashed, dotted, and dash-dotted lines
represent electrode thicknesses of 0, 0.2, 0.5, and 0.8 pm, respectively. (a) Displacement per cycle-electrode radius curve of the cMUT,
de = 0 pm. (b) Displacement per volt-electrode radius curve of the cMUT, de = 0 pm. (c) Displacement per cycle-electrode radius curve of
the cMUT, de = 1 pm. (d) Displacement per volt-electrode radius curve of the cMUT, de = 1 pm.

Snapback voltage (t. = 0 pm and d. = 0 pm) was 66 V
for r, greater than 0.6 [Fig. 4(b)]. Reducing 7, to 0.2 in-
creased the snapback voltage to 84 V. Larger electrode
thickness reduced the snapback voltage for 7, = 0.2 (81 V
(te = 0.2 pm), 77V (te = 0.5 pm), 73 V (t. = 0.8 um)),
but increased the snapback voltage for full electrode cov-
erage (67 V (te = 0.2 pm), 73 V (t. = 0.5 pm), 83 V
(te = 0.8 pum)).

Collapse and snapback voltages (d. = 1 pm) changed
with the electrode radius as depicted in Figs. 4(c) and
(d), respectively. The electrode radius influenced the col-
lapse voltage in a similar way for both d, = 0 pm and
d. = 1 pm. However, the snapback voltage for d. =1 ym
was consistently larger for thicker electrodes, regardless
of the electrode radius. In the snapback-electrode radius
curve, the minimum snapback voltage shifted to a smaller
electrode radius for larger electrode thickness.

Collapse and snapback voltages (t, = 0 pum) increased
linearly from 140 V and 70 V to 180 V and 140 V, re-
spectively, when the electrode position was swept from
de = 0 pym to d. = 1 pm [Figs. 5(a) and (b)]. Large
electrode thickness (t. = 0.8 pm) moved the peak col-
lapse voltage to d. = 0.7 um, whereas the linear relation
was still dominant for the snapback voltage. Both collapse

TABLE II
PHYSICAL DIMENSIONS OF THE 2-D ¢cMUT.

Side length (L) (pum) 32
Membrane thickness (T) (pum) 1.06
Gap thickness (G) (um) 0.22
Insulating layer thickness (I) (um)  0.30

Cell periodicity (C) (um) 38
Substrate (S) (um) 500

and snapback voltages increased for larger electrode thick-
ness.

The physical dimensions of the square cMUT are given
in Table II. The infinitesimally thick electrode (¢, = 0 pm)
was at electrode position d. = 0 pm, extending over the
entire membrane. The 3-D static finite element results are
given in Figs. 6(a) and (b). The calculated collapse and
snapback voltages for the cMUT membrane were 130 V
and 110 V, respectively. The voltage-capacitance relation-
ship of the cMUT cell is shown in Fig. 6(a). The initial
static capacitance of 41.5 fF increased to 47 fF as the bias
voltage was increased and came close to the collapse volt-
age. The collapse of the membrane caused an abrupt in-
crease in the static capacitance to 55 fF. Subsequently,
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Fig. 4. Collapse and snapback voltages as a function of electrode radius. The solid, dashed, dotted, and dash-dotted lines represent electrode
thicknesses of 0, 0.2, 0.5, and 0.8 pm, respectively. (a) Collapse voltage of the cMUT, de = 0 pum. (b) Snapback voltage of the cMUT,
de = 0 pm. (c) Collapse voltage of the cMUT, de = 1 pm. (d) Snapback voltage of the cMUT, de = 1 pm.
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Fig. 5. Collapse and snapback voltages as a function of electrode position. The solid, dashed, dotted, and dash-dotted lines represent electrode
thicknesses of 0, 0.2, 0.5, and 0.8 um, respectively. (a) Collapse voltage of the cMUT, r/, = 0.5. (b) Snapback voltage of the cMUT, r, = 0.5.
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Fig. 6. 3-D static finite element results for a 2-D square cMUT cell. (a) Bias voltage-capacitance curve of the cMUT cell. (b) Bias voltage-

average membrane displacement curve of the cMUT cell.

lowering the bias voltage over the collapsed membrane re-
duced the static capacitance to 53 fF prior to membrane
snapback. The static capacitance changed to 44 fF when
the membrane snapped back. The voltage-average dis-
placement relationship of the cMUT is given in Fig. 6(b).
The average membrane displacement increased from 200 A
at 110 V to 400 A at a bias voltage close to the collapse
voltage (130 V). The collapse of the membrane increased
the average displacement to 650 A. The average displace-
ment decreased to 600 A prior to membrane snapback.
The average displacement was 200 A for the snapped-back
membrane at 110 V.

The static finite element calculations were presented
above for the cMUT used in the experiments. A ¢cMUT
membrane subject to voltages greater than the collapse
voltage will collapse [19]. A collapsed membrane will snap
back if the applied voltage is less than the snapback volt-
age [19]. However, the time that it takes for the mem-
brane to collapse (tcorrapsg), and the time for a collapsed
membrane to snap back (tsnappack) will determine the
dynamic response of the cMUT [22]. Therefore, dynamic
finite element calculations were used to determine the dy-
namic response of the cMUT [22]. The average membrane
displacement of the cMUT in the collapse-snapback regime
is depicted in Fig. 7(a). Initially, the membrane was biased
by applying 50 V (60 V below snapback voltage) under at-
mospheric pressure. The average membrane displacement
was —67 A. At t = 1 us, the voltage was changed to 140 V
(10 V above collapse voltage). The time response of aver-
age membrane displacement crossed the static membrane
displacement value of —820 A at t = 1.120 us. The collapse
time (tcorrapse) was 120 ns. The net membrane displace-
ment was 757 A. At t = 2 us, the voltage was changed back
to 50 V. The time response of average membrane displace-
ment crossed the static membrane displacement value of
—67 A at t = 2.110 us. The snapback time (tsnaPBACK)
was 110 ns.

Average acoustic output pressure of the collapse-
snapback operation (50-140 V) is depicted in Fig. 7(b).
Acoustic output pressure was averaged over the plane
60 pm away from the cMUT surface. Collapse and snap-

TABLE III
PHYSICAL PARAMETERS OF THE 2-D ¢MUT USED IN EXPERIMENTS.

Length of the transducer, pm 1180
Width of the transducer, pm 280
Number of cells per element 4 X 52
Cell shape factor Hexagon
Cell radius, pm 16
Electrode radius, pm 8
Electrode thickness, pm 0.3
Membrane thickness, pm 1.06
Gap thickness, pm 0.22

Insulating layer thickness, pm 0.3

Silicon substrate thickness, pm 500
Collapse voltage, V 130
Snapback voltage, V' 110

back cycles of generated —1.05 MPa and 1.55 MPa peak
acoustic output pressures, respectively. The peak acoustic
output pressure magnitude generated in the collapse cycle
was 70% of that generated in the snapback cycle.

The physical parameters of the cMUT used in the ex-
periments are listed in Table III. The active area of the
c¢cMUT was 64% of the total 1180-um x 280-pm transducer
area, which consisted of four 2-D cMUT array elements
connected together.

Transmit experiments were performed by measuring the
pressure produced by the cMUT, using a calibrated hy-
drophone in the far field. The details of the experimental
setup can be found in [9]. The measured voltage signal
by the hydrophone was processed in the frequency domain
with the hydrophone calibration, the attenuation, and the
diffraction spectrums, and inverse Fourier was used to de-
termine the pressure at the cMUT surface as a function of
time.

Average acoustic pressures on the cMUT surface are de-
picted in Figs. 8(a)—(d). The cMUT was biased at 50 V,
and was excited by a +70 V pulse for tp = 1 us in the
conventional operation [Fig. 8(a)]. In the rising edge of
the pulse, peak-to-peak pressure of 0.18 MPa was gen-
erated whereas the falling edge of the pulse produced
0.35 MPa peak-to-peak pressure. The pulse was increased
to +80 V in the conventional operation [Fig. 8(b)]. In the
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Fig. 8. Experimental results: Average membrane pressure. Bias voltage is 50 V. Vp is applied for tp = 1 us. (a) Vp = 70 V, conventional
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rising edge of the pulse, peak-to-peak pressure of 0.21 MPa
was generated whereas the falling edge of the pulse pro-
duced 0.47 MPa peak-to-peak pressure. The pulse was
increased to +90 V for the collapse-snapback operation
[Fig. 8(c)]. In the collapsing cycle, peak-to-peak pressure
of 0.23 MPa was generated whereas the snapback cycle
produced 1.04 MPa peak-to-peak pressure. The pulse was
further increased to +100 V in the collapse-snapback oper-
ation [Fig. 8(d)]. In the collapsing cycle, peak-to-peak pres-
sure of 0.27 MPa was generated whereas the snapback cy-
cle produced 1.06 MPa peak-to-peak pressure. Therefore,
increasing the pulse in the collapse-snapback operation did
not significantly influence the peak-to-peak pressure. How-
ever, transition from the conventional to collapse-snapback
operation increased the peak-to-peak pressure of the snap-
back cycle from 0.47 MPa (+80 V pulse) to 1.04 MPa
(490 V pulse).

Average acoustic output pressures of the snapback cycle
[Figs. 8(a)—(d)] were windowed from 10 us to 11 us and
the frequency spectra of these pressures were calculated
(Fig. 9). Regardless of the pulse amplitude, the center fre-
quency of 4.2 MHz (4.1-4.3 MHz) with 95% (93-98%) frac-
tional bandwidth was achieved for both conventional and
collapse-snapback operations. Peak pressures of —12.6 dB
(re. 1 MPa, +70 V pulse) and —9.8 dB (re. 1 MPa, +80 V
pulse) in the conventional operation increased to —2.6 dB
(re. 1 MPa, 490 V pulse) and —2.2 dB (re. 1 MPa, +100 V
pulse) in the collapse-snapback operation.

The transition from the conventional to the collapse-
snapback operation was investigated by unipolar [Figs.
10(a) and (b)] and bipolar [Figs. 10(c) and (d)] pulse exci-
tations. The bias voltage was set to 70 V, and a unipolar
pulse amplitude (tp = 1 us) was swept from 20 V to 80 V
[Fig. 10(a)]. The above-mentioned peak-to-peak pressure
of the snapback cycle was measured for the unipolar pulse
amplitude. The peak-to-peak pressure increased linearly
from 0.05 MPa at Vp =20 V to 0.35 MPa at Vp = 60 V.
When the pulse amplitude was changed between 60 V and
70 V, the rate of change of the peak-to-peak pressure in-
creased significantly due to the collapse-snapback opera-
tion. The peak-to-peak pressure increased to 0.75 MPa at
Vp = 70 V. Further increase of the pulse amplitude to 80 V
did not change the peak-to-peak pressure (0.76 MPa). The
peak-to-peak pressure per volt changed between 3 kPa/V
(Vp =20V) and 6 kPa/V (Vp = 60 V) in the conventional
operation [Fig. 10(b)]. The collapse-snapback operation in-
creased the peak-to-peak pressure per volt to 11 kPa/V at
Vp = 70 V. Increasing the pulse amplitude to 80 V re-
duced the peak-to-peak pressure per volt to 9.5 kPa/V.
Therefore, the highest pressure per volt was achieved with
Vp =70 V at 70 V bias voltage. The transition from the
conventional to the collapse-snapback operation happened
at Vp = 60 V, which corresponded to 130 V (high) and
70 V (low) total applied voltages.

The bias voltage was then changed to 105 V, and a bipo-
lar pulse (tp = 1 us) was applied [Fig. 10(c)]. The bipo-
lar pulse amplitude was swept from 10 V (+5 V, —5 V)
to 90 V (+45 V, —45 V). The peak-to-peak pressure in-
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Fig. 9. Experimental results: Frequency spectrum of average mem-
brane pressure. The solid and dashed lines represent pulse ampli-
tudes of 70 V and 80 V in the conventional operation, respectively.
The dotted and the dash-dotted lines represent pulse amplitudes of
90 V and 100 V in the collapse-snapback operation, respectively.
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creased linearly from 0.05 MPa at Vp = 10V to 0.24 MPa
at Vp = 40 V. When the pulse amplitude was changed
between 40 V and 65 V, the collapse-snapback operation
significantly increased the rate of change of the peak-to-
peak pressure. The peak-to-peak pressure increased up to
0.7 MPa at Vp = 65 V. Further increase of the pulse am-
plitude to 90 V mildly increased the peak-to-peak pressure
to 0.8 MPa. The peak-to-peak pressure per volt changed
between 5 kPa/V (Vp =10 V) and 6 kPa/V (Vp =40 V)
in the conventional operation [Fig. 10(d)]. The collapse-
snapback operation increased the peak-to-peak pressure
per volt up to 11 kPa/V at Vp = 65 V. Increasing the pulse
amplitude to 90 V reduced the peak-to-peak pressure per
volt to 9 kPa/V. Therefore, the highest pressure per volt
was achieved with Vp = 65 V at 105 V bias voltage. The
transition from the conventional to the collapse-snapback
operation happened at Vp = 40 V, which corresponded to
125 V (high) and 85 V (low) total applied voltages.

Finally, the unipolar pulse (tp = 1 ps) with con-
stant amplitude (Vp = 100 V) was applied as the bias
voltage was swept from 20 V to 50 V [Fig. 10(e)]. The
peak-to-peak pressure increased linearly from 0.25 MPa
at Veras = 20 V to 0.42 MPa at Vgras = 35 V. When
the bias voltage was changed between 35 V and 47 V,
the collapse-snapback operation significantly increased the
rate of change of the peak-to-peak pressure. The peak-to-
peak pressure increased up to 0.9 MPa at Vgrag =47 V.
Further increase of the bias voltage (50 V) did not change
the peak-to-peak pressure (0.9 MPa). The peak-to-peak
pressure per volt changed between 2.5 kPa/V (Vpras =
20 V) and 4.2 kPa/V (Vpras = 35 V) in the conven-
tional operation [Fig. 10(f)]. The collapse-snapback oper-
ation increased the peak-to-peak pressure per volt up to
9 kPa/V at Vpras = 47 V. The transition from the con-
ventional to the collapse-snapback operation happened at
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Fig. 10. Experimental results: Conventional and collapse-snapback operations, tp = 1 us. (a) Peak-to-peak pressure vs. unipolar pulse
amplitude curve of the cMUT, Vp = 70 V. (b) Peak-to-peak pressure per volt vs. unipolar pulse amplitude curve of the cMUT, Vpc = 70 V.
(c) Peak-to-peak pressure vs. bipolar pulse amplitude curve of the cMUT, Vpe = 105 V. (d) Peak-to-peak pressure per volt vs. bipolar pulse
amplitude curve of the cMUT, Vpc = 105 V. (e) Peak-to-peak pressure vs. bias voltage curve of the cMUT, Vp = 100 V. (f) Peak-to-peak
pressure per volt vs. bias voltage curve of the cMUT, Vp = 100 V.



336

Viras = 35 V, which corresponded to 135 V (high) and
35V (low) total applied voltages.

IV. DisScuUssION

In the static finite element calculations, a circular
cMUT cell was modeled to investigate the influence of
electrode parameters (r., de, t.) on collapse and snapback
voltages (Fig. 1). Thick silicon substrate (~500 ym), used
in actual transducers, had insignificant effect on the mem-
brane deflections toward the insulation layer. Therefore,
the substrate was modeled with a 1-pm-thick layer fixed on
the bottom surface, reducing the computational cost of the
analysis. The computational cost usually increased propor-
tional to the model size (the number of elements used in
the model). The average mesh size used in the model was
0.25 pm, which was optimal for accurate calculation of
electrostatic and contact forces with a moderate computa-
tional cost. The nonlinear contact analysis required defin-
ing the surfaces that would contact each other. The con-
tact surfaces were defined both on the bottom surface of
the membrane and slightly above the insulation layer. The
offset from the insulation layer was included to re-mesh the
gap when the structure was collapsed. Re-meshing the gap
was essential in the electrostatic analysis to determine the
electrostatic forces accurately. However, the offset (5% of
the gap) limited the maximum peak membrane displace-
ment to 95% of the gap in collapse [Fig. 2(a)]. Therefore,
electrostatic forces, which were inversely proportional to
the square of the effective separation between the elec-
trodes, were reduced by the offset. The snapback voltage
was approximately 5—10% larger in the finite element cal-
culations with the offset than without the offset. The col-
lapse voltage was not affected by the offset, but was slightly
dependent on the silicon nitride post, which was 1 ym thick
in the x-direction. The collapse voltages were 5—8% smaller
in this model than in models with thicker posts.

Atmospheric pressure and residual stress in the mem-
brane were not included in the static analysis. Influence
of air pressure on the membrane can be included later
by adjusting the net gap, taking into account the at-
mospheric deflection. However, the atmospheric deflection
should be only a small fraction of the gap, to avoid large
induced membrane stresses resulting in a stiffer response.
Wafer-bonded cMUT membranes have very low residual
stress [25]. Surface micromachined ¢cMUTSs have consid-
erable residual stress in the silicon nitride membrane [4].
However, the residual stress was neglected to better ob-
serve the influence of electrode parameters on the collapse
and snapback voltages of the cMUT.

The collapse-snapback operation of the ¢cMUT pre-
sented interesting results. Membrane displacements of con-
ventional, collapsed, and collapse-snapback operations are
compared in Fig. 2(b). The collapse and snapback of the
membrane clearly contributed significant average displace-
ment, which was not possible in conventional and collapsed
operations. This paper focused on utilizing the large mem-
brane displacement in actual practice.
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The displacement per volt vs. electrode radius rela-
tionship suggested using electrodes with ., > 0.6 and
de ~ 0.2 um for better performance [Figs. 3(b) and (d)].
Displacement per cycle was larger for the electrode posi-
tion d. = 0 pm than for d. = 1 pm [Figs. 3(a) and (c)].
Displacement per cycle for thicker membranes was larger
despite the reduction of displacement per volt because col-
lapse and snapback voltages were farther apart for thicker
membranes.

The collapse and snapback voltages were calculated for
electrode parameters such as radius, thickness and posi-
tion [Figs. 4(a)—(d) and 5(a)—(b)]. These results can be
used to design a cMUT with specific collapse and snap-
back voltages by modifying the electrode parameters. The
performance of the cMUT (displacement per cycle) can be
evaluated using Figs. 3(a)—(d).

Static and dynamic finite element calculations were
used in the design of the cMUT given in Table IT [Figs. 6(a)
and (b) and 7(a) and (b)]. The insulation layer was 0.3 ym
thick for reliable collapse-snapback operation. The collapse
and snapback voltages were 130 V and 110 V, respectively
[Fig. 6(a)]. Inclusion of the atmospheric pressure slightly
reduced the collapse voltage (125 V) and did not change
the snapback voltage (110 V) for this design. The average
membrane displacement at 140 V was 0.07 pm in the static
calculations [Fig. 6(b)] and 0.08 pm in the dynamic cal-
culations [Fig. 7(a)]. This difference was due to the offset
(5% of the gap) in the static model. The dynamic finite
element calculations accurately determined the membrane
displacement in collapse [Fig. 7(a)]. The snapback voltage
was approximately 100 V with no offset in the model.

Displacement per cycle was calculated as 450 A in
the static FEM between collapse and snapback voltages
[Fig. 6(b)]. In the dynamic FEM, the collapse and snap-
back times were calculated as 120 ns and 110 ns between
50 V and 140 V, respectively [Fig. 7(a)]. Therefore, the
cMUT made full swing if the frequency of the pulse was
lower than 4 MHz. One-MPa and 1.5-MPa acoustic pres-
sures were generated on the cMUT surface in the collapse
and snapback cycles, respectively [Fig. 7(b)]. The dynamic
response of the cMUT was sufficient for collapse-snapback
operation at a center frequency of 4 MHz. In the dynamic
finite element calculations, an infinite cMUT array com-
posed of identical cMUT cells was modeled, and accurately
predicted the performance of a sufficiently large array [22].

An important contribution of this paper was the exper-
imental results of the cMUT in collapse-snapback opera-
tion. The physical parameters of the 2-D cMUT array ele-
ment used in the experiments are given in Table III. Since
the cMUT was fabricated by the wafer-bonding technique,
the silicon membrane was highly conductive, causing the
applied voltage on the electrode to appear on the bottom
of the entire membrane [25]. This assumption used in both
static and dynamic finite element calculations was verified
by the measurements performed on the cMUT.

The conventional and collapse-snapback operations are
compared in Figs. 8(a)—(d). Conventional operation of the
cMUT, biased at 50 V, produced 0.35 MPa and 0.47 MPa
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in the falling edge of the pulse for +70 V and +80 V
unipolar pulse excitations, respectively [Figs. 8(a) and (b)].
However, the collapse-snapback operation of the cMUT
produced 1.04 MPa and 1.06 MPa in the falling edge of
the pulse for +90 V and +100 V pulse excitations, respec-
tively [Figs. 8(c) and (d)]. Therefore, the collapse-snapback
operation increased the total acoustic output pressure as
predicted earlier by the static FEM results.

The frequency spectra of the average membrane pres-
sures generated by conventional (+70 V and +80 V) and
collapse-snapback (+90 V and +100 V) operations are de-
picted in Fig. 9. The capacity of the collapse-snapback
operation to produce superior output pressure is clearly
seen during the transition between the operation regimes.
The center frequency (4.2 MHz) and the fractional band-
width (95%) did not change significantly between the con-
ventional and collapse-snapback operation regimes. There-
fore, the collapse-snapback operation offered the advan-
tage of higher output pressure without degradation in the
fractional bandwidth or shift in the center frequency. In
the collapse-snapback operation, the change of pulse am-
plitude from +90 V to +100 V did not significantly im-
prove the total acoustic output pressure. Thus, the design
of cMUTs with specific collapse and snapback voltages to
achieve the intended displacement per cycle was essential
for the collapse-snapback operation, and made the static
FEM-based optimization an integral part of the design
process.

The transition between conventional and collapse-
snapback operations is depicted in Figs. 10(a)—(f). The
limited acoustic output pressure of the conventional op-
eration (0.4 MPa) was almost doubled in the collapse-
snapback operation (0.76 MPa) [Fig. 10(a)]. The transition
occurred at Vp = 60 V for Vgras = 70 V. The collapse-
snapback operation increased the peak-to-peak pressure
per volt to 11 kPa/V at Vp = 70 V and Vpras = 70 V
[Fig. 10(b)]. Similar results were achieved by bipolar pulse
excitation.

Sweeping the bias voltage with +100 V unipolar pulse,
the maximum peak-to-peak pressure of 0.9 MPa was
achieved for a bias voltage of 50 V. This pressure was pre-
viously measured as 1.06 MPa [Fig. 8(d)]. Therefore, mis-
alignment of the hydrophone and the cMUT surfaces was a
possible cause of the 15% discrepancy. Another cause was
the center-frequency variation at around 4 MHz. In this
measurement, the hydrophone calibration data at 4 MHz
were used to determine the pressure from the measured
voltage signal. However, the center frequency was as large
as 4.3 MHz in some cases (Fig. 9).

An important difference between the experimental and
simulation results was observed: the step response of the
c¢MUT generated one-sided pressure [Fig. 7(b)] in the sim-
ulations and two-sided pressure [Figs. 8(c) and (d)] in the
experiments. The symmetry between the cells in the infi-
nite transducer was a central assumption in the dynamic
FEM calculations, and resulted in an overdamped dynamic
response. However, the cMUT used in the experiment had
a finite size (1180 pm Xx 280 pm). Therefore, the strictly
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enforced symmetry condition of the calculations was only
weakly present, resulting in less damped response. Finite
element calculations of a finite-size cMUT array (n X n
cells, n ~ 5) is required for a better understanding of this
difference. This modeling is currently under development.

Dynamic FEM calculations predicted higher acoustic
output pressure in both the falling (1.5 MPa) and the ris-
ing (—1 MPa) edge of the pulse in the collapse-snapback
operation [Fig. 7(b)]. However, in the experiments, the
collapse-snapback operation did not significantly increase
the acoustic pressure achieved in the collapsing cycle
(0.18 MPa (+70V), 0.21 MPa (+80 V), 0.23 MPa (+90 V),
and 0.27 MPa (4100 V)). This odd behavior, not predicted
by the calculations, was due to the above-mentioned fi-
nite size of the transducer. The weakly present symmetry
among the cMUT cells caused double-sided pressure re-
sponse. The symmetry also varied with the relative posi-
tions of the cells (close to the edge or close to the center),
and caused nonuniform acoustic loading. The loading dif-
ference on the cMUT cells, depending on their relative
position on the transducer area, introduced phase delay
between the cells in the center and the cells at the edge.
Out-of-phase response of the cMUT cells, combined with
the double-sided pressure response, cancelled significant
acoustic output pressure. The phase difference was more
dominant in the rising than in the falling edge of the pulse.
The dynamics were influenced primarily by the restoring
force of the membrane for the falling edge of the pulse.
However, both the electrostatic and the membrane restor-
ing forces were present in the rising edge of the pulse. The
strong dependence of electrostatic force on the electrode
displacements introduced more phase delay in the rising
edge of the pulse. The nature of the phase delay and its
overall effect in the acoustic pressure may become clearer
with a finite element analysis of a finite-size transducer in
the future.

V. CONCLUSIONS

We presented the collapse-snapback operation of the
cMUT for high-power transmission. The collapse-snapback
operation utilizes a larger range of membrane deflection
profiles (both collapsed and released membrane profiles)
and generates higher acoustic output pressures than the
conventional operation. The static finite element calcula-
tions were performed to design cMUTs with specific col-
lapse and snapback voltages by changing the electrode pa-
rameters (radius (r.), position (d.), and thickness (t.)).
These designs were refined for optimum average displace-
ment per cycle. An electrode radius greater than 60% of
the membrane radius significantly improved the displace-
ment per volt. Moderately thick membranes (¢, ~ 0.2 pm)
were preferred, as thicker membranes reduced the displace-
ment per volt. Dynamic finite element calculations of an
infinite cMUT array on the substrate loaded with acoustic
fluid medium were performed to determine the dynamic
response of the cMUT. The transmit experiments were
performed on the 2-D cMUT array using a calibrated hy-
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drophone. Taking into account attenuation and diffraction
losses, the pressure on the cMUT surface was extracted.
The cMUT generated 0.47 MPa (6 kPa/V) and 1.04 MPa
(11 kPa/V) in the conventional and collapse-snapback op-
erations, respectively. Therefore, collapse-snapback opera-
tion of the cMUTSs was superior for high-power transmis-
sion.
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