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Abstract—We report on a new operation regime for capacitive micromachined ultrasonic transducers (cMUTs).
Traditionally, cMUTs are operated at a bias voltage lower
than the collapse voltage of their membranes. In the new
proposed operation regime, ﬁrst the cMUT is biased past
the collapse voltage. Second, the bias voltage applied to
the collapsed membrane is reduced without releasing the
membrane. Third, the cMUT is excited with an ac signal at the bias point, keeping the total applied voltage between the collapse and snapback voltages. In this operation
regime, the center of the membrane is always in contact
with the substrate. Our ﬁnite element methods (FEM) calculations reveal that a cMUT operating in this new regime,
between collapse and snapback voltages, possesses a cou2 ) higher than a cMUT operating in the
pling eﬃciency (kT
conventional regime below its collapse voltage. This paper
compares the simulation results of the coupling eﬃciencies of cMUTs operating in conventional and new operation
regimes.

I. Introduction
apacitive micromachined ultrasonic transducers
(cMUTs) were developed as an alternative to piezoelectric transducers [1]–[3]. The cMUTs compete with their
piezoelectric counterparts in terms of eﬃciency and bandwidth [3], [4]. The active part of a cMUT is a metal-coated
Si3 N4 membrane. A highly doped silicon substrate constitutes the bottom electrode. A dc bias voltage applied
between the top electrode and the bottom electrode pulls
the membrane toward the substrate due to electrostatic
attraction. If an ac voltage is applied to a biased membrane, harmonic membrane motion is obtained. The dc
bias voltage inﬂuences the ac vibration amplitude. As the
dc voltage is increased, a larger sinusoidal membrane motion and increase in transmitted power are obtained [5].
Therefore, it is beneﬁcial to operate the cMUT under dc
bias close to its collapse voltage. However, the sum of the
dc bias and the applied ac signal must be less than the
collapse voltage for conventional operation of the cMUT.
If a biased cMUT membrane is subject to an impinging ultrasonic pressure ﬁeld, the membrane motion generates ac detection currents. This current amplitude increases with increasing bias voltage. The bias voltage can
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be increased close to the collapse voltage of the membrane
to maximize the receive current. Again, it is required that
the sum of the bias voltage and the received ac signal is
less than the collapse voltage. Therefore, it is diﬃcult to
obtain high kT2 values with large ac signals in transmit and
reception of ultrasonic waves. The transducer’s electromechanical coupling eﬃciency (kT2 ) is a crucial parameter describing the power conversion eﬃciency of the device. This
parameter is, as mentioned, a function of the bias voltage
[3]. The electromechanical coupling eﬃciency kT2 increases
as the bias voltage increases. For instance, a coupling efﬁciency exceeding 0.5 requires a bias voltage larger than
90% of the collapse voltage, thus, limiting the maximum
applicable ac signal to 10% of the collapse voltage [6].
In this paper, a new regime of operation is proposed.
The membrane is ﬁrst biased at a voltage higher than the
collapse voltage, collapsing the membrane onto the substrate. Then, the bias is reduced to a voltage between the
collapse and snapback voltages. At this operating voltage,
the center of the membrane still contacts the substrate.
By adding an ac voltage, harmonic membrane motion is
obtained at a circular ring concentric to the center. Our
results indicate that the cMUT has a higher electromechanical coupling eﬃciency in this new regime of operation
than that in the conventional precollapse regime.

II. Finite Element Calculations
A typical cMUT features a circular silicon nitride
(Si3 N4 ) membrane [2]. The membrane is supported at its
edges. A vacuum gap is between the membrane and the
substrate. A thin insulation layer of Si3 N4 over the highly
doped silicon (Si) substrate prevents shorting the ground
electrode and the electrode on the bottom of the membrane at collapse.
Finite element methods (FEM) are used to analyze the
cMUT using a commercially available FEM package (ANSYS 5.7, ANSYS Inc., Canonsburg, PA) [7]. The FEM
model of a cMUT is shown schematically in Fig. 1. The
structure is circularly symmetric allowing the use of 2D modeling. Boundary conditions have been applied as
shown in Fig. 1. The structure is clamped at the symmetry axis in the x-direction to prevent horizontal membrane movement. Moreover, the substrate is supported at
the bottom since simulations show that the movement of
a 500-µm thick substrate is only 0.1% of the membrane
movement. The ground electrode is beneath the Si3 N4 in-
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Fig. 1. The cMUT simulation model.

sulation layer. The other electrode is positioned on the bottom surface of the membrane. Its radius (re ) is half that
of the membrane radius, since this has been found optimal
for cMUTs for maximum bandwidth [4]. The electrodes
are assumed to be inﬁnitesimally thick, which corresponds
to 0.2-µm thick electrodes in fabricated devices. This assumption is made since incorporating a thicker electrode
only changes the apparent stiﬀness, not the electrostatics
of the membrane. For modeling the membrane substrate
contact, FEM elements have been deﬁned on the contacting surfaces as described in the present paragraph.
The ANSYS standard element types, PLANE121,
which features charge and voltage variables and
PLANE82, which features displacement and force variables, were used for electrostatic and structural analyses,
respectively [7]. The collapse of the membrane onto the
substrate has been modeled by means of contact-target
pair elements (CONTA172 and TARGE169) [7]. These surface contact elements were used to detect contact between
the surfaces. The surface elements were deﬁned on the
bottom surface of the membrane and slightly above the
insulation layer. The oﬀset from the insulation layer was
0.05 µm in the analysis. This oﬀset was required to remesh
or remorph the mesh inside the gap when the structure is
collapsed.
The FEM was used to calculate the deformed membrane
shape for a given bias voltage applied to the membrane
electrode. The ground electrode on the substrate was assumed to be at zero potential. First, electrostatic analysis
[7] was performed to ﬁnd the electrostatic forces applied on
the membrane. Second, the membrane deformation due to
the electrostatic forces was calculated by using structural
analysis [7]. When the applied voltage was high, the electrostatic forces deformed the membrane to a great extent,
which meant that the electrostatic forces had to be recalculated for the deformed membrane shape. Therefore, the
above steps had to be iterated until the equilibrium membrane deﬂection was reached. The convergence criterion for
the simulation was based on the maximum structural displacement, which occurred on the center of the membrane,
because convergence determines when the membrane is in
its equilibrium position.
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When the bias voltage was higher than the collapse voltage, the center of the membrane, with a certain contact
radius, collapsed onto the substrate. If the bias voltage
was increased further, the contact radius of the collapsed
membrane increased. After collapse, calculation of the ﬁnal
membrane shape still required several iterations between
electrostatic and structural analyses. Since the maximum
displacement was limited by the contact surfaces, the convergence criterion was based on the electrostatic energy
after membrane collapse, instead of the maximum structural displacement. When the bias voltage was reduced to
a voltage above snapback, the contact radius decreased,
and the membrane stayed in contact with the substrate.
The contact prevailed until the bias voltage was decreased
below the snapback voltage. Therefore, after collapse was
reached, reducing the voltage to a reading between collapse
and snapback voltages kept the membrane in contact with
the substrate.
The emphasis of this paper is the calculation of the coupling eﬃciency (kT2 ) in this operation regime. Several authors have calculated the coupling eﬃciency of capacitive
transducers. This eﬃciency, kT2 , is the ratio of the mechanical energy delivered to the load to the stored total energy
in the transducer. Hunt calculated the coupling eﬃciency
for a parallel plate capacitor with a moving electrode [9].
Later, this analysis was extended for circular cMUT membranes by Fraser et al. [10]. They calculated kT2 for a cMUT
membrane using a derivation credited to Berlincourt [11]
that relies on the use of the ﬁxed (C S ) and free (C T ) capacitance of the transducer. The ﬁxed capacitance is the
capacitance of the transducer at a given dc bias,

C S = C(V )VDC .
(1)
The free capacitance is deﬁned as



dQ(V ) 
d 
T
S 
C =
=
VC 
,
dV VDC
dV
VDC

(2)

and the coupling eﬃciency is given by
CS
.
(3)
CT
In this study, FEM was used to extract the ﬁxed capacitance of the ﬁnal deformed cMUT membrane shape at
given bias voltages in order to ﬁnd the voltage dependence
of the capacitance (1). The extraction was done with the
predeﬁned function CMATRIX of ANSYS. This function
calculated the capacitance using the surface charge distribution on the electrodes. Then, the variable capacitance
was calculated using (2).
The mechanical and electrical material properties used
in the FEM calculations are given in Table I. The only
material parameter required for the electrostatic analysis was the dielectric constant. Structural analysis used
Young’s modulus, density, and Poisson’s ratio. The calculations were performed on a circular membrane as shown
in Fig. 1. The membrane radius was 50 µm, while the gap
height and the membrane thickness was 1 µm. An insulator layer of 0.1 µm was assumed.
kT2 = 1 −
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TABLE I
Material Properties of the Materials Used in the
Simulations [8].
Si3 N4
Young’s Modulus (GPa)
Poisson’s Ratio
Density (kg/m3 )
Relative Permittivity

320
0.263
3270
5.7

Vacuum

Si

1

169
0.721
2332
11.8

Fig. 3. Simulated voltage-capacitance curve of a cMUT.

Fig. 2. Membrane shape for diﬀerent dc bias voltages. The conventional regime of operation is depicted in ‘1,’ and the new regime is
depicted in ‘2.’ The arrows indicate membrane motion.

III. Results
The calculated collapse and snapback voltages for the
simulated cMUT membrane were 140 V and 68 V, respectively. The calculated membrane shapes for biases in the
vicinity of snapback and collapse voltages are depicted in
Fig. 2. The arrows indicate the membrane motion.
The vertical axis of the graph shows the position of
the bottom surface of the cMUT membrane at each radial
distance from the center to the membrane rim. The gap
height extends from 0.1 µm, which is the position of the
top of the insulation layer, to 1.1 µm, which is the position
of the nondeformed membrane with no applied voltage.
An increase in the bias voltage results in more membrane
deformation. The dashed line in Fig. 2 shows the deformed
membrane shape when the applied bias voltage is close
to, but still lower than, the collapse voltage. The range
between the dashed line and zero displacement indicates
the range of motion of the membrane in the conventional
regime of operation ‘1.’
If the applied bias voltage is larger than the collapse
voltage, the membrane collapses, and the dash-dot line is
obtained. The membrane is in contact with the bottom
electrode up to around a radius of 20 µm. As the voltage is reduced, the deformed geometry changes to that of

2 ) curve of the model cMUT.
Fig. 4. Simulated coupling eﬃciency (kT

the dotted line in Fig. 2 just before snapback. The contact radius is 2 µm at this instant. The region between
the dash-dotted and dotted lines ‘2’ indicates the range of
displacement of the deformed membrane while in collapse.
The applied voltage can be between 68.2 and 140 V to
cause the deformed membrane to move in this new operational regime.
The C S (VDC ) relationship of the modeled cMUT is
shown in Fig. 3. The initial static capacitance of 0.020 pF
increases to 0.029 pF as the bias voltage is increased close
to the collapse voltage. The collapse of the membrane
causes an abrupt rise of the static capacitance to 0.22 pF.
Subsequently, lowering the bias voltage over the collapsed
membrane reduces the static capacitance to 0.07 pF prior
to membrane snapback. The static capacitance drops to
0.021 pF when the membrane snaps back.
The electromechanical coupling eﬃciency (kT2 ) can be
calculated using (3). The kT2 (VDC ) relationship of the
cMUT is given in Fig. 4. The dashed curve is obtained
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Fig. 5. Simulated average and maximum membrane displacement as
a function of applied voltage. The conventional region of operation
is depicted in ‘1,’ while the new region of operation is depicted in ‘2.’

before the membrane collapse. The coupling eﬃciency kT2
increases monotonically to 1 as the bias voltage is increased
to collapse voltage. However, as is seen in Fig. 4, a kT2 in
excess of 0.35 is obtainable only when the bias voltage
exceeds 85% of the collapse voltage. If the bias voltage
is increased to the collapse voltage, kT2 abruptly changes
back to 0.35. Further increasing the bias voltage reduces
kT2 linearly with increased bias voltage. Decreasing the bias
voltage after collapsing the membrane increases kT2 up to
0.7 at a bias voltage 60% of the collapse voltage. Further
decreasing the bias voltage gradually decreases kT2 to 0.4
before snapback occurs. Here, the electromechanical coupling eﬃciency, kT2 , goes to one at the instant when the
state transition takes place and then reduces to 0.07 onto
the trace of the curve representing the conventional regime
of operation. Thus, a kT2 larger than 0.35 is achieved between collapse and snapback voltages with a peak value
around 0.7 at a bias voltage 60% of the collapse voltage.
Bias voltage versus average and maximum membrane
displacements are shown in Fig. 5. Maximum membrane
displacement refers to the displacement of the center of the
membrane. Average membrane displacement gives the displacement of an equivalent piston transducer. The average
displacement is obtained by averaging the displacement of
the FEM elements over the membrane surface. The conventional region of operation is depicted in ‘1,’ and the
new region of operation is depicted in ‘2.’ At 100 V dc
the average displacement is 0.4 µm in region ‘2’ compared
with 0.15 µm in region ‘1.’ The change in average displacement in region ‘2’ is 0.19 between dc voltages from 68 V to
140 V, while the change in average displacement in region
‘1’ is 0.11.
The voltage derivative of the average membrane displacement, shown in Fig. 6, gives the displacement per
volt curve, i.e., the output displacement (transmitter) capability of the transducer. A maximum displacement of
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Fig. 6. Average displacement per voltage, for a 1 V ac signal, for the
modeled cMUT indicating the sensitivity of the device. The conventional region of operation is depicted in ‘1,’ while the new region of
operation is depicted in ‘2.’

Fig. 7. Simulated membrane deﬂection proﬁle of a noncollapsed and
of a collapsed membrane using a 1 V ac signal.

50 Å/VAC , is obtained at 86 VDC . For VDC values between 78 V and 95 V the output displacement is larger
than 40 Å/V.
The details of the membrane displacement in the noncollapsed and collapsed modes of operation are shown in
Fig. 7. In the noncollapsed mode, a dc bias of 130 V and an
ac signal of 1 V cause the displacement proﬁle shown with
the dashed line. A peak displacement of 90 Å is obtained in
the center of the membrane. The displacement gradually
reduces to zero at membrane edge. In the new operation
regime, a dc bias of 86 V (kT2 = 0.75, cfr. Fig. 4.) and
an ac signal of 1 V cause the displacement proﬁle shown
with the solid line. The displacement is zero at the center
and at the membrane edge but has a peak displacement
of 95 Å, cfr. Fig. 5, at around half the membrane radius.
The excited mode can be seen as the ﬁrst-order mode of
the ring shape.
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IV. Discussion
Following is a discussion of the assumptions underlying
the simulation and their implications on obtained results.
In addition, we consider the relevance of the obtained simulation results with respect to device fabrication.
The traditional kT2 calculation for a PZT transducer is
performed in a quasi-static manner. Berlincourt calculated
kT2 for a piezo-transducer using the relation between the
applied electric ﬁeld and the induced electrical displacement ﬁeld. For a piezoelectric device, the permittivity of
a clamped and a free ceramic are diﬀerent. The diﬀerence
is due to energy stored in the device [11]. This same approach was used by Fraser to calculate the stored and the
available energy in a capacitive device. For a capacitive
device the charge—voltage relation is used instead of the
electric ﬁeld—electric displacement ﬁeld used for a piezoelectric ceramic. In a capacitive device the free and the
clamped capacitance of the device also diﬀer [10].
Consider a capacitive device where one part is free to
move. A dc source is connected to the device and as the
dc voltage is increased to a certain point, electrical energy
is stored in the device. Then, the moving part is clamped
and as the dc voltage is decreased to zero a certain amount
of energy is still stored in the device. The diﬀerence between these two amounts of energy in the device, regardless of their spatial distribution, is per deﬁnition the stored
energy in the device. This stored energy is therefore not
available to the source.
Then, the ratio of the energy available to the load divided by the total energy in the device is deﬁned as kT2 .
Therefore, as long as the capacitance of the device is calculated taking into account the device geometry, the used
kT2 calculation is valid both for parallel plates and for
membranes with curvature. The details of our kT2 calculation can be found in [12]. In the paper it is shown, using
FEM relying on Fraser’s calculations (using the ratio of
converted energy to stored energy), that kT2 of a circular cMUT asymptotically approaches unity as the dc bias
approaches collapse voltage. These calculations, based on
small relative changes in the applied E-ﬁeld, contain at
each step the displacement shape, thus implicitly taking
into account the energy distribution of the membrane.
Eq. (2) is derived for a capacitor the geometry of which
is known. It relies on knowing the V-Q (voltage-charge)
curve of the device. The only assumption made is that
of small relative changes in E-ﬁeld between the modeling
steps since the tangent of the V-Q curve is used. This
requirement was fulﬁlled in our simulations since we always
used less than 0.1% relative E-ﬁeld changes between the
modeling steps. Eq. (3) states the geometrical relationship
between the converted energy and the stored energy in
terms of free and static capacitance and does not contain
additional assumptions.
One of the assumptions implicitly present in this work
is that ac parameters, e.g., kT2 can be obtained from
dc parameters, such as voltage-capacitance and voltagedeﬂection relations. This assumption is supported by the

theoretical work cited in [9]–[11]. The reason why dc parameters can be used to derive ac parameters is that a
small signal approximation can be used since the incremental dc steps are small. Another artiﬁcial feature in
the FEM model of the cMUT is the oﬀset. This feature
does not change the overall response of the cMUT, but
it increases the equivalent insulation thickness and thus
changes the snapback voltage.
Another assumption is that inﬁnitesimally thick electrodes should not alter the results signiﬁcantly as long as
the electrostatic solution is fairly constant with electrode
thickness. An increased electrode thickness will in practice
only change the apparent stiﬀness of the membrane.
There are several interesting features present in Fig. 2
to 7. In Fig. 2, the membrane can deform and thus emit
sound, even if it is collapsed. In the conventional regime,
‘1,’ the volumetric change (11%) is approximately half of
that in the new regime, ‘2’ (19%). Considerable volume
displacement can be achieved in this operation.
In Fig. 2, the simulated structure with a 0.1-µm insulation layer and 0.05-µm oﬀset in the 1-µm gap corresponds
to a structure with a 0.38-µm insulation layer and a 0.95µm gap with no oﬀset. This is due to the permittivity of
the insulation layer, 5.7, compared with 1.0 for the vacuous
gap.
Fig. 3 indicates how the device can be operated. It is
seen that in the conventional regime of operation, the capacitance change with applied voltage is small compared
with operation in the new regime. In the new regime, both
the static capacitance (ordinate) and the variation in the
static capacitance (slope of the static capacitance curve)
increase. Increase in the variation of the static capacitance
is larger than the increase in the static capacitance thus
increasing kT2 compared with operation in the conventional
regime between 68 V and 130 V bias. Most important is
that the ratio of dynamic to static capacitance, averaged
over bias voltages 68 V and 140 V, increases from 0.32 to
0.97. This translates directly into sensitivity of the cMUT
operating as a receiver.
The parasitic capacitance is the fraction of the device
capacitance that cannot be modulated by membrane vibration of a cMUT. The main contribution to the parasitic capacitance in the classical regime of operation stems
from the edges of the membranes that move less than the
center of the membrane. In region ‘1,’ the parasitic capacitance is generally less than 10% of the total capacitance
of the membrane [13]. Moreover, kT2 is reduced since the
parasitic capacitance is increased in this region [13]. In
regime ‘2,’ the main contribution to the parasitic capacitance is probably from the contact region. The parasitic
capacitance should therefore increase with increased bias
voltage. Furthermore, this insight implies that it might be
useful to use a partial metallization where the center of
the membrane is not metallized.
In Fig. 4, it is seen that with a bias voltage smaller than
the collapse voltage, it is possible to obtain high kT2 values. This makes it possible to use large ac signals without
risk of collapse. Small changes in bias voltage only slightly
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change the kT2 value thus making the output power more
predictable. When VDC is 75 to 105 V, kT2 is 0.6 to 0.75.
Also, in order to obtain kT2 values above those obtained
in region ‘2,’ the ac signal is limited to 5% of the collapse
voltage. Moreover, the average kT2 value for a large ac signal (100 ± 30 V) is 0.3 in region ‘1’ and 0.6 in regime ‘2.’
This constitutes an increase of 100%, which is advantageous, both when the cMUT is used as a receiver and as a
transmitter.
We do not have an expression for large amplitude ac
signals. Fig. 4 should, however, be indicative of the device
performance with large amplitude ac signals. The reason
is that (2) is valid for any known capacitor geometry and
relies only on the V-Q curve of the device and on the assumption of small relative changes in E-ﬁeld between the
modeling steps. This requirement was fulﬁlled in our simulations since we always used less than 0.1% relative E-ﬁeld
changes between the modeling steps.
From Fig. 5 that does not carry the small-signal approximation present in Fig. 6, we get average membrane
displacement even though the maximum displacement is
bounded with the contacting surfaces. The maximum displacement curve is clamped at 0.95 µm, while the average
displacement curve changes from 0.25 to 0.45 µm, which
is to be compared with 0.05 to 0.15 µm for region ‘1.’ This
translates into a four times larger output power, which
is of beneﬁt when the cMUT operates as a transmitter.
Fig. 6 shows the beneﬁts of operating the device in the
new regime compared with operating it in the conventional regime. In another paper, we will describe collapsesnapback cycle operation obtained by moving between ‘1’
and ‘2.’
In Fig. 6, it is seen that a larger displacement (50 Å/V)
and increased output power (∼displacement2 ) is obtained
while operating in the new proposed regime, as compared
with the conventional regime (10 Å/V at the same bias
voltage). In Figs. 5 and 6 a high kT2 also corresponds to
a large displacement of the moving membrane. The local
maximum of this small-signal curve indicates a preferable
point of operation providing large displacement with no
risk of snapback. This point of operation gives a displacement corresponding to that obtained by operating at a
bias voltage that is larger than 95% of the collapse voltage. By applying 1 V ac and 86 V dc, one gets 50 Å average displacement, while in the conventional regime, by
applying 1 V ac and 130 V dc, one gets 30 Å average displacement. In Figs. 5 and 6 we get increased sensitivity
(displacement/V ac) as increased total peak pressure by
using the new regime in comparison with using the conventional regime.
In Fig. 7, operating the cMUT in the new regime alters
the mode shape of the membrane from the ﬁrst mode of
the circle to the ﬁrst mode of a ring membrane. This might
imply an increase in the fundamental resonance frequency
since the center of the membrane is collapsed onto the
substrate, making the vibrating structure smaller.
Finally, it is not yet clear how the bandwidth (BW) will
change as the cMUT is operated in the new regime. In
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principle, the fractional BW is proportional to kT2 [3], [4].
Since Fig. 4 shows increasing kT2 with decreasing bias in the
new regime of operation, it is plausible that the fractional
BW increases. Fig. 2 shows larger vibrating structures with
decreasing bias, implicating lower resonance frequency. Although the resonance frequency decreases with decreased
bias, it is still larger than the resonance frequency obtained
in the conventional region. This implies that operating the
cMUT in the new regime could increase the bandwidth of
the cMUT. This is currently a topic of investigation.
For piezoelectric transducers, the transducer properties,
such as bandwidth and sensitivity, are dictated by the
quasi-static kT2 . This should, by implication, be the case
cMUT transducers, too since, the equivalent circuits used
to describe both these device classes are identical. Caronti
et al. [14], on the other hand, calculates the kT2 , at resonance, using dynamic modeling. It is, however, not clear
how this kT2 value is related to the bandwidth of the modeled device.
In summary, the obtained simulation results indicate
that operating the cMUT in the new regime both in transmit and receive mode could be beneﬁcial. The results also
indicate that an increase in sensitivity, peak output pressure, and in total acoustic energy transmitted could be
obtained by operating the transducer in the new regime
compared with operating in the conventional regime.

V. Conclusions
High coupling eﬃciency (kT2 ) traditionally requires the
bias of a cMUT to be close to the collapse voltage of
its membrane. However, a collapsed membrane has been
shown to feature a high coupling eﬃciency (kT2 ) between
collapse and snapback voltages. Membrane displacement
curves suggest that higher acoustic pressures could be generated in this mode compared with operation in the classic
regime. A new operation regime for a collapsed membrane
may thus be beneﬁcial in the design of future generation
cMUTs.
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