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Abstract: The pull-in and pull-out voltages are important characteristics of Capacitive
Micromachined Ultrasound Transducers (CMUTs), marking the transition between con-
ventional and collapse operation regimes. These voltages are commonly determined using
capacitance-voltage (C-V) sweeps. By modeling the operating conditions of an LCR meter
in COMSOL Multiphysics®, we demonstrate that the measured capacitance comprises both
static and dynamic capacitances, with the dynamic capacitance causing the appearance
of a peak in the effective C-V curve. Furthermore, Laser Doppler Vibrometer (LDV) mea-
surements and electromechanical simulations indicate the occurrence of collapse—snapback
phenomena during the C-V sweeps. This study, through advanced simulations and ex-
perimental analyses, demonstrates that the transient membrane behavior significantly
affects the apparent capacitance-voltage characteristics of electrostatically actuated Micro-
Electromechanical Systems (MEMS).

Keywords: capacitance—voltage characteristics; dynamic capacitance; electrostatic pull-in;
LCR meter; Laser Doppler Vibrometer; COMSOL Multiphysics simulations

1. Introduction

The pull-in (collapse) and pull-out (snapback) voltages are critical parameters that
delineate the operational modes of electrostatically actuated Micro-Electromechanical Sys-
tems (MEMS), such as RF MEMS switches [1] and Capacitive Micromachined Ultrasound
Transducers (CMUTs). Lower pull-in voltages are particularly desirable as they reduce the
energy required for efficient operation in both RF MEMS switches and CMUTs. In CMUTs
specifically, these voltages define the boundary between the conventional and collapse
operation regimes [2-5]. Previous research indicates that the collapse mode provides higher
acoustic output pressure, ranging from 25 to 50 kPa/V, compared to the conventional mode,
which typically ranges from 10 to 20 kPa/V [4,6,7]. However, the collapse mode is more
susceptible to dielectric charging, which can adversely affect their long-term reliability [8].
Accurately determining the voltage limits between the conventional and collapse operation
regimes is therefore crucial for optimizing performance and ensuring device operation in
the desired mode.

The pull-in phenomenon, resulting in the abrupt collapse of a suspended structure
onto a fixed bottom electrode, can be categorized into static and dynamic pull-in depending
on the actuation scheme. The static pull-in voltage is obtained by slowly increasing the
DC voltage such that the system can be assumed to be in static equilibrium at each point
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in time until collapse. This quasi-static or steady-state assumption becomes invalid when
transients caused by DC or AC loading cannot be ignored. For example, classical mechanics
demonstrates that the dynamic pull-in voltage of an undamped clamped-clamped beam
suddenly subjected to a voltage step is approximately 8% lower than the static pull-in
voltage [9]. In some resonant MEMS applications, where the device is deflected by a DC
voltage and actuated by an AC voltage around its natural resonance frequency to enhance
transducer sensitivity, pull-in occurs at even lower voltages [10]. Specifying the conditions
under which the pull-in voltage is determined is essential because the measured value is
sensitive to the measurement approach and test signal.

A common method to measure the pull-in and pull-out voltages is to perform a
capacitance-voltage sweep [5,11-13]. The pull-in voltage coincides with a sudden increase
in capacitance when the voltage is gradually increased, whereas the pull-out voltage
corresponds to a sharp decrease in capacitance when the voltage is gradually reduced
after the membrane has been pulled in. Such measurement is generally performed with
an impedance analyzer or LCR meter by applying a small AC voltage (30 mV-1 V) on
top of the DC voltage at a test frequency far away from the natural resonance frequency
of the device under test (DUT) [5]. Since the DC voltage is ramped up in small voltage
steps compared to the pull-in voltage, the measured pull-in voltage is close to the static
pull-in voltage.

Hysteresis is a common phenomenon in non-linear actuators that exhibit switching
of states [14]. When the voltage is reduced after collapse, the plate will only snap back
when the upward mechanical spring force exceeds both the stiction resisting motion and
the downward electrostatic force. The voltage at which the membrane snaps back is called
the pull-out voltage. Due to the complexity of modeling stiction, analytical solutions
for determining the pull-out voltage are not readily available. Instead, semi-analytical
and Finite Element Method (FEM) models can be employed to estimate this value, which
generally occurs at a voltage lower than the pull-in voltage [15-18].

This work demonstrates minimal hysteresis between pull-in and pull-out for CMUTs
exhibiting significant initial downward deflection and reveals that the capacitance-voltage
(C-V) measurements performed near the pull-in voltage can exhibit a sharp rise followed
by a sharp drop in the effective capacitance, as observed though not explained by Merbeler
et al. [5] and Dew et al. [13]. At first, we show that the peak in capacitance measured
with an LCR meter coincides with the collapse-snapback mode visualized with a Laser
Doppler Vibrometer (LDV). Secondly, we demonstrate that the C-V sweep depends on
the amplitude of the AC voltage but not on the frequency of the test signal when the
latter is kept away from the natural resonance frequency of the DUT. Thirdly, we model
the operating conditions of an LCR meter in COMSOL Multiphysics® and show that the
peak in the effective capacitance also appears in the simulations when the AC test signal is
superimposed on the DC pre-stress voltage. Finally, we provide evidence that the measured
capacitance can be decomposed into static and dynamic capacitances, and that the peak
in capacitance is due to the dynamic part. Our objective is to provide deeper insights into
the impact of collapse—snapback phenomena on the C-V characteristics of CMUTs through
advanced simulations and experimental investigations.

2. Materials and Methods
2.1. Fabrication Methods

Figure 1 displays a SEM cross section (a), a schematic cross section (b), and a micro-
scope top view of the CMUTs fabricated by sacrificial release on 6-inch borosilicate glass

wafers (EAGLE XG®, Corning®, Corning, NY, USA). One particularity of the process flow
is that the bottom electrode (200 nm Ti-Au-Ti) is embedded in dielectric grooves (200 nm
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Top electrode

Top dielectric

Si3Ny) to reduce step coverage issues in the subsequent process steps [19]. The bottom
electrode is patterned with a so-called self-aligned lift-off method, which consists of dry
etching trenches in a dielectric with the aid of a photoresist that is kept as the lift-off layer for
the subsequent metal deposition, such that, after lift-off, the metal becomes self-aligned in
the dielectric grooves with a single lithography step. The bottom dielectric (100 nm SizNy),
the gap (100 nm), and the top dielectric (200 nm SizNy) should be as thin as possible to
improve the CMUT sensitivity, while avoiding dielectric breakdown during operation [20].
The effective gap, defined in Equation (10) as the effective distance between the top and
bottom electrodes, can be limited by selecting dielectrics with a high dielectric constant.
Silicon nitride (¢ = 7) is therefore preferred above silicon dioxide (¢ = 4) [21].

AlL,O

Si,N,

Ti-Au-Ti [

ALO,

CL 5.0kV 3.9mm x12.0k SE(UL) Glass

(b)

Figure 1. (a) SEM image and (b) schematic cross section of the fabricated CMUTs. Topographical
changes around the bottom electrode are significantly smaller compared to the steps caused by the
sacrificial layer and the top electrode thanks to the self-aligned lift-off process.

The sacrificial layer (100 nm Cr) and the top electrode (250 nm Ti-Au-Ti) are patterned
with a standard lift-off process. Then, the top electrode is covered with 500 nm PECVD
Si3Ny, and 3 pm diameter release holes are dry etched into the SizNy to access the Cr
sacrificial layer. Ultimately, the wafer is immersed in chromium etchant (Chromium
Etchant 1020, Transene, Danvers, MA, USA) for 3.5 h to etch away the Cr sacrificial layer.
Immediately after the wet release of the membranes, we rely on a CO;-based critical
point dryer (Automegasamdri-916B, Tousimis, Rockville, MD, USA) to prevent membrane
capillary stiction. The release holes are subsequently filled with 500 nm PECVD SizNy and
50 nm ALD Al,Os to seal the cavities. The additional Al,O3 prevents liquid ingress into
the sealed cavities by obstructing the Si3Ny stress lines that form at the edges of the release
holes during via filling. Finally, electrical contact pads are patterned by dry etching the
Aly,O3 and Si3Ny layers with Cl, /BCl; and SF4 /O, respectively.

In summary, the CMUTs are made of a 200 nm Ti-Au-Ti bottom electrode, a 100 nm
SizNy bottom dielectric, a 100 nm cavity, and a multilayered membrane consisting of 200 nm
SizNy, 250 nm Ti-Au-Ti, 1 um SizNy, and 50 nm Al,O3. The membrane diameter of the
CMUT presented in this work is 40 um.

2.2. Electrical Characterization Methods

Two methods were tested to measure the capacitance of the CMUT as a function
of the applied DC bias. The first method relies on an LCR meter (Agilent E4980 with
16048A test leads, Keysight, Santa Rosa, CA, USA) to determine capacitance via impedance
measurements. The C-V curve is obtained by superimposing the AC test signal, ranging
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from 0.5 V to 4 V, onto a DC bias swept from 0 V to 35 V in 1 V increments, ensuring
the combined AC + DC voltage remains within the 42 V peak limit of the Agilent E4980
LCR meter [22]. The capacitance of the DUT is extracted using either a series Cs-Rs or a
parallel Cp-Rp equivalent circuit [23]. These measurement modes are related through the
dissipation factor D [-] by the equations:

1
D = ZﬂfCSRS = m (1)
and
Co=Cy (1+D?) 2

where Cs [F] and Rs [()] are the equivalent series capacitance and resistance, C, [F] and
Ry [Q)] are the equivalent parallel capacitance and resistance, and f [Hz] is the test fre-
quency. Given that the dissipation factor of the CMUT in this study is less than 0.005 (See
Section 3.2), both equivalent circuits can be used interchangeably. Moreover, the measured
capacitance varies by less than 0.5% across test frequencies of 50 kHz, 100 kHz, and 1 MHz
(Supplementary Figure S1). This minimal frequency dependence highlights the negligible
impact of parasitic effects, enabling the DUT to be effectively modeled as an ideal capacitor.

The second method relies on a Quasi-Static Capacitance Voltage (QSCV) measurement
performed with a parameter analyzer (Agilent 4156C, Keysight). The parameter analyzer
applies a voltage step AV [V] to the DUT and measures the transient charge current I(t)
[A] that flows in response to the sudden change in applied voltage [24]. Integrating this
current over a measurement time AT [s] that covers all the transient charge current yields
the amount of charge AQ [C] induced by the voltage step AV from which the capacitance
C [F] can be deduced:

c_ b0 _ [T i(t)dt .
AV AV
As for the LCR meter setup, the C-V curves are generated by measuring the capacitance
for a voltage step AV superimposed on a DC bias. The QSCV measurement parameters

performed on capacitances of the order of 1-10 pF are reported in Table 1.

Table 1. Quasi-static capacitance-voltage (QSCV) measurement settings.

DC Bias Current Range  Voltage Step  Integration Time
Qscv 0V-35V 10 pA AV =05V AT =1s

2.3. Electromechanical Characterization Methods

Purely optical methods, like white light interferometry, face limitations in capturing
the complete membrane profile due to the optically transparent silicon nitride membrane,
steep slopes, and step changes near the edges of the cavity. Therefore, we propose using
a dynamic electromechanical characterization method instead. The experimental setup
consists of a Laser Doppler Vibrometer (MSA-500, Polytec, Waldbronn, Germany) com-
bined with an arbitrary waveform generator (33500B, Keysight), a high-voltage amplifier
(WMA-300, Falco, Hilversum, The Netherlands), and an oscilloscope (TBS 2000B, Tektronix,
Beaverton, OR, USA). A timed acquisition on the LDV, which is synchronized with the
trigger of the waveform generator, monitors the relative displacement of the membrane
center while the voltage applied on the DUT is increased beyond pull-in. The initial mem-
brane deflection is then obtained by subtracting the maximum relative displacement of the
membrane center from the gap expected for a perfectly flat membrane. The latter corre-
sponds to the 100 nm sacrificial layer thickness and is measured with a stylus profilometer
(DektakXT, Bruker, Billerica, MA, USA) during fabrication.
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A Laser Doppler Vibrometer (MSA-500, Polytec), an arbitrary waveform generator
(33500B, Keysight), a DC power supply (E36232A, Keysight), a custom-made bias tee, and
an oscilloscope (TBS 2000B, Tektronix) are employed to measure the natural resonance
frequency of the CMUT as a function of the applied DC bias. The bias tee superimposes
the AC on the DC voltage on the CMUT side, while protecting the DC power supply and
AC generator from potential damage. The same setup is used to replicate the operating
conditions of the LCR meter when exciting the CMUT well below its natural resonance
frequency. Scans with a grid point spacing of 3.5 pm are acquired to visualize the membrane
motion under specific biasing conditions.

2.4. Analytical Methods

The resonance frequency f, [Hz] of a CMUT operating in conventional mode is gener-

1 Jkesr
fr N E meff (4)

where k, ff [N/m] is the effective spring constant, and m, ff [kg] is the effective mass of the

ally expressed as:

membrane. The effective spring constant is influenced by both the residual stress in the
membrane [25] and the externally applied DC voltage [26]. To better understand the natural
behavior of the system, the natural resonance frequency f, [Hz] of a circular clamped plate
without residual stress and DC voltage can be expressed as:

10.2158 | D
fO = oaR2 E (5)

where R [m], t [m], and p [kg/ m?3] are the radius, thickness, and density of the plate,
respectively [27]. For an isotropic monolayered circular plate, the flexural rigidity D [N-m]

is determined by:

p— __EE 6)

12 (1 — v?)

where E [Pa] and v [-] are the Young’s modulus and Poisson’s ratio of the plate, respectively.
For multilayered plates, the flexural rigidity must account for the neutral bending plane [28].
The application of a DC bias voltage Vpc [V] induces a spring softening effect. Assuming a
piston-like motion of the plate, this softening effect modifies the resonance frequency fpc
[Hz] as follows:
1—3x,
1—x,

foc = fo (7)

where x; [-] represents the normalized displacement of the plate relative to the effective
gap height [26]. This equation assumes that x,, approaches 1/3 as Vpc approaches the
pull-in voltage Vp; [V], so that:

26— (1= ) ®

At the pull-in voltage, the system loses the ability to maintain a stable resonant mode,
causing both the effective spring constant and resonance frequency to approach zero.
However, when the CMUT transitions from conventional to collapse mode, its resonant
behavior changes substantially due to the additional constraint from the collapsed region.
As a result, the resonance frequency jumps to a significantly higher value in the collapse
mode compared to the conventional mode [4].
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The pull-in voltage Vp; [V] is the critical voltage at which the downward electrostatic
force overcomes the upward mechanical restoring force opposing the movement of a
parallel-plate electrostatic actuator. It is analytically determined by:

8kt

Ver =\ 37e A

where ¢( [F/m] is the vacuum permittivity, ¢, ff [m] is the effective gap between the movable
top electrode and the fixed bottom electrode, A [m?] is the overlapping area between the
electrodes, and k [N/m] is the spring constant of the top plate [14]. The effective gap is

defined as:

(ttop,ins + tbot,ins) (10)

tepr = tgap +

€ins
where tg;, [m] is the cavity height; t;y,ins [m] and tpot s [m] are the top and bottom
insulator thicknesses, respectively; and ¢;,, [-] is the dielectric constant. The spring constant
for a circular plate with a fixed circumference can be expressed as [29]:
1927 D
k= Rz (11)

It is important to note that Equation (9) assumes a piston-like motion of the top plate,
neglecting the parabolic displacement of a suspended structure with fixed edges. Conse-
quently, this equation tends to overestimate the pull-in voltage compared to numerical
methods that account for non-uniform gaps. For a circular CMUT, a more accurate approxi-
mation of the pull-in voltage is obtained by multiplying Equation (9) by a factor of 0.7 [30].
This correction factor allows for an accurate prediction of the pull-in voltage, provided that
the membrane does not suffer from significant initial deflection.

2.5. Simulation Methods

The design parameters modeling the CMUT in COMSOL Multiphysics® version 6.1
are schematized in Figure 2 and detailed in Tables 2 and 3. The model consists of a 2D
axisymmetric clamped SizN4 membrane embedding a gold top electrode, a moving mesh
for the vacuum gap, and a fixed Si3Ny bottom dielectric with an infinitesimally thin bottom
electrode. The top electrode, 3 um smaller in radius than the membrane, is grounded, while
the bottom electrode is subjected to an applied voltage. The electrostatic force acting on the
membrane is automatically implemented through the Multiphysics interface, which couples
the Solid Mechanics node with the Electrostatics node. This force pulls the membrane
towards the substrate when a voltage difference is applied between the electrodes. A
contact pair with an automatic penalty factor and contact pair offset of 1 nm is introduced
to allow the membrane to collapse onto the bottom dielectric while avoiding convergence
problems with the deforming mesh [31].

Upward or downward initial membrane deflection can arise from various factors,
including the inherent curvature of underlying layers, a pressure gradient acting across the
membrane, and residual stress resulting from the fabrication process [32]. In this study, the
membrane is deposited on a flat substrate (Figure 1a) and experiences a pressure gradient
of approximately 1 atm when exposed to ambient air, as the vacuum cavity is sealed with
Si3Ny4 and Al,O3 at 0.01 atm. COMSOL simulations indicate that this pressure gradient,
exerting a downward force on the membrane’s top surface, causes a center deflection
of only —5 nm (See Section 3.1). Consequently, the substantial downward deflection of
—80 nm, observed experimentally in this work, is primarily attributed to residual stress.
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Si;N, membrane
Au top electrode
Si;N, top insulator %
3N, top insulator 7 .
v/
Vacuum gap Z
Si;N, bottom insulator 7
%
Figure 2. Schematic of the 2D axisymmetric CMUT model implemented in COMSOL.
Table 2. Design parameters for COMSOL simulations.
Geometrical Parameter Variable Unit Value
Membrane radius R um 20
Membrane thickness tmem nm 1050
Top electrode thickness trop,elec nm 250
Top insulator thickness ttop,ins nm 200
Sacrificial layer thickness teap nm 100
Bottom insulator thickness thot ins nm 100
Table 3. Material parameters for COMSOL simulations.
Material Parameter Variable Unit Siz Ny Au
Young’s modulus E GPa 210 70
Poisson’s ratio v - 0.23 0.44
Density 0 kg/m?3 3000 19,300
Dielectric constant € - 7 -

The experimentally measured deflection profile can be implemented in COMSOL as a
prescribed displacement to back-calculate the residual stress and evaluate its impact on
the pull-in voltage and resonance frequency. The center deflection wy [m] is determined by
subtracting the maximum displacement range of the membrane center from the sacrificial
layer thickness, which is 100 nm in this study (see Section 2.3). The prescribed displacement
in the vertical direction w [m] is then expressed as a function of the radial position r [m],

as follows: )
w(r) = wy <1 - (%) ) (12)

This is based on the assumption that the deflection is primarily influenced by biaxial
residual stress [33].

Figure 3 summarizes the studies implemented in COMSOL to simulate the pull-in
voltage Vpy [V], the resonance frequency fpc [Hz], and the capacitance C [F] of the CMUT
experiencing substantial initial downward deflection. A custom LiveLink for MATLAB®
R2020a script automates the sequential execution of these studies and facilitates the export
of relevant data. The stress distribution oy (r,z) [N/m?], obtained from the stationary study
with the prescribed displacement defined by Equation (12), is used as initial stress for
subsequent studies. The pull-in voltage is identified as the maximum voltage before the
membrane collapses onto the bottom dielectric. The membrane deflection wpc(r) for DC
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voltages below pull-in is readily obtained with a stationary study. However, near pull-in, a
time-dependent study with a gradual voltage increase is necessary to avoid convergence
issues that arise from a steeper increase in membrane displacement. This ramp voltage
Viamp(t) [V] is defined as:

Viamp(t) = Vo + (Vpc — Vo) sin(27f t) (13)

where Vj [V] is a start voltage below the pull-in voltage, Vpc [V] is the target DC voltage
above pull-in, and f = 5 kHz is the ramp frequency. The membrane deflection at a specific
DC voltage is then used as the initial condition for an eigenfrequency study or for a time-
dependent study in which an AC voltage is superimposed on the DC voltage, such that the
total time-dependent voltage V() [V] is determined by:

V(t) = Vpec + Vuc Sin(27'(f t) (14)

where f [Hz] is the frequency of the AC voltage with amplitude V¢ [V].

Geometry & material parameters

!

Stationary study
with prescribed displacement

Initial stress o (r, z)

\ 4

v

Stationary study
with [0} (7”, Z) and VDC

Deflection Wpe (T') for VDC < Vp1

<

‘ Pull-in voltage Vp,

Pre-stressed time-dependent
study with oy (7, z) and V,4my, (©)

A 4

Deflection WDc(T) for VDC > VPI

Deflection wp (1)

/\

Pre-stressed time-dependent study

Pre-stressed eigenfrequency study

with V(t) = VDC + VAC Sln(ZT[f t)

v

v

Resonance frequency fp¢

Displacement w(r, t), charge Q(t),
current I(t), capacitance C(t)

Figure 3. Flowchart of the studies implemented in COMSOL.

We propose two approaches to compute the capacitance from simulations. The first
method mimics the operation principle of an LCR meter by simulating an impedance
measurement. When a sinusoidal test voltage is applied to a DUT, its complex impedance
Z [Ohm] is determined by:

V. .
Z — ﬂe}e

Irms

(15)
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where V,;s [V] and Is [A] are the RMS voltage and current, respectively, and 6 [rad] is
the phase difference between the voltage and the current. The capacitance C [F] of an ideal
capacitor is expressed as:

1 1 1

C=oX T X, anfim(2)

(16)

where X, = Im(Z) = 1/(wC) = 1/(2nfC) [Q1] is the reactance of the capacitor, and f
[Hz] is the frequency of the AC test voltage. Substituting Equation (15) into (16) yields the
following expression for the capacitance:

Irms
€= 27tf Vis sin(6) (17)
The RMS voltage is computed after subtracting the DC component from the applied
voltage in Equation (14). The current, I(¢) [A], from which I, is derived, is obtained by
taking the time derivative of the charge Q(¢) [C], as this quantity is not directly provided
by the electrostatics model in COMSOL, while 6 [rad] is calculated as the phase difference
between the zero crossings of the current and voltage after subtracting the DC voltage offset.
The second method evaluates the capacitance based on a small-signal model and
geometrical changes of the membrane. The measured capacitance C [F] can be decomposed
into static and dynamic components, as follows:

dQ dQ dt A(Cstar V') dt ACstqr dt
C=w T @ av gt av - GtV =gy = Gt Capn - (18)
The static capacitance Csiy [F] is calculated from the static membrane profile for a
specific DC bias as:
Relec 2
) TTEQ
Cont = [[—50 g4 = / __ Ty 19
stat £jtgf+w / t€f+w(r)7' r ( )

where tefr [m] is the effective gap between the bottom and top electrodes; w [m] the
vertical displacement component, which is a function of the radial position r [m] along the
membrane; and R, [m] the radius of the overlapping electrodes. The dynamic capacitance
Cayn [F] accounts for the transient membrane displacement generated by the AC load and

is determined by:
dCstut dt

dt dv
The measured capacitance for various DC and AC voltages is then computed as the

Cdyn =V (20)

sum of the static capacitance and the root mean square of the dynamic capacitance:
C= Cstut + RMS{Cdyn} (21)

3. Results and Discussion
3.1. Validation of the COMSOL Model

Table 4 summarizes the resonance frequency and pull-in voltage for the analytical
model based on Equations (5)—(11), various COMSOL simulations, and experimental
characterizations using an LDV and an LCR meter. A relative error of 1% between the
analytical and numerical simulations validates the COMSOL model for a CMUT with full
top-electrode coverage and no initial deflection.
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To better replicate the actual design of the fabricated CMUT (Figure 1a), the COMSOL
model is refined with a top electrode that is 3 pum shorter than the membrane radius. The
resonance frequency with full top-electrode coverage is approximately 2% lower than with
85% coverage, due to the higher density of Au compared to Si3zNy. Similarly, the pull-in
voltage with full top-electrode coverage is slightly lower than with partial coverage, as it is
inversely proportional to the square root of the overlapping area between the electrodes.
However, the difference is limited to 2%, since the electrostatic force is about three times
smaller near the membrane edge compared to the center.

Table 4. Resonance frequency and pull-in voltage for the analytical model, various COMSOL
simulations, and experimental characterizations with an LDV and LCR meter.

Resonance Frequency =~ Resonance Frequency

atDC=0V[MHzl  atDC=175V[MHz] Tull-In Voltage [V]

Analytical model 10.33 10.18 56.38
CQMSOL without initial deflection 10.19 10.04 55.68
with full top-electrode coverage

Relative error 1% 1% 1%
COMSOL without initial deflection

with 85% top-electrode coverage 1043 10.30 57.12
COMSOL with initial deflection

with 85% top-electrode coverage 10-46 8.70 19.60
Experimental characterization 10.33 9.15 19
Relative error 1% 5% 3%

LDV measurements in Figure 4a, which are corrected for an initial deflection of —80 nm
and track the relative displacement of the membrane center, show that the maximum
displacement of the membrane center saturates at —100 nm when the DC voltage exceeds

the pull-in and pull-out voltages (19 V), as the membrane center remains in contact with
the substrate in this voltage range.

Voltage [V]

Displacement [nm]

. [
_ 5 A
= 0.8 13 l'\
2 h{ = - DC=97V IF\
g ha= pC=135V |
S 0.6 Iy b - _ |
A I == DC=155V | i
A Iyl &+ —— DC=175V |
: S 0.4 I —- DC=25V -
: . e é H
i [ .
| £ :
! S 0.21 \
§ 4 \
: e : . 0.0 : ; y ,wr’ . Sea
0 2.5 5 10 125 15 175 20 8 9 10 11 15 16 17
Time [us] Frequency [MHz] Frequency [MHz]
(a) (b)

Figure 4. (a) LDV measurements of the relative displacement of the membrane center, corrected
for an initial center deflection of —80 nm, as the voltage is ramped up and down between 0 V and
a maximum DC value. (b) Resonance frequency measurements performed in air with an LDV for
various DC voltages and a fixed AC amplitude of 50 mV.
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The natural resonance frequency of a CMUT is the frequency at which the membrane
experiences the greatest deformation due to an external excitation. The resonance frequency
of a CMUT is thus obtained by identifying the frequency at which the average membrane
displacement versus frequency peaks, as illustrated in Figure 4b for an AC amplitude of
50 mV and various DC voltages. The distorted and asymmetric frequency response for
a DC voltage of 17.5 V, compared to lower DC voltages, illustrates the effect of the non-
linear electrostatic force [34]. The maximum DC voltage for which a symmetric frequency
response can be obtained (17.5 V), while reducing the amplitude of the AC excitation signal
(25 mV), occurs shortly before pull-in. When the CMUT transitions from conventional to
collapse mode (25 V), the resonance frequency increases drastically, as the central portion
of the membrane comes into contact with the substrate, effectively shortening the vibrating
portion of the membrane [4].

Figure 5b depicts the spring softening effect. The apparent spring constant or effective
stiffness of the membrane is lowered by the increased non-linear electrostatic force [35],
leading to a decrease in the resonance frequency from 10.33 MHz at DC =0 V to 9.15 MHz
at DC =17.5 V. The displacement—voltage curve and spring softening effect in Figure 5a,b,
respectively, demonstrate good agreement between the experimental data (symbols) and
the simulations (dashed line) for an initial deflection of —80 nm. A maximum relative error
of 5% near the pull-in voltage validates the COMSOL model for a CMUT with significant
initial deflection. While the initial deflection has minimal effect on the resonance frequency
(1%), it significantly reduces the pull-in voltage by 185%, compared to a pressure gradient
of 1 atm, which only reduces the pull-in voltage by 3%.
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Figure 5. (a) Displacement—voltage curves, demonstrating close agreement between LDV measure-
ments in air (symbols) and simulations for an initial center deflection of —80 nm (dashed line), while
a pressure gradient of 1 atm acting on a flat membrane (dash—dotted line) causes a deflection of
only —5 nm. (b) Spring softening effect simulated in COMSOL for various initial conditions (lines)
compared to the resonance frequency measured in air with an LDV (symbols).

3.2. C-V Curve and Mode Shapes: Experimental Results from LCR Meter and LDV

Experimental C-V measurements are performed using an LCR meter with a test
frequency between 50 kHz and 1 MHz, which is well below the natural resonance frequency
of the CMUT (10 MHz) to minimize dynamic effects that could distort the C-V curve. As
shown in Figure 6a, the C-V curve exhibits minimal hysteresis when the DC voltage is
ramped between 0 and +35 V. Furthermore, the C-V curve reveals a transition region
(zone 2) where the capacitance decreases as the voltage increases, while a sharp increase
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in capacitance is generally expected during the transition from the parabolic conventional
region (zone 1) to the linear collapse region (zone 3).

In Section 2.2, we mentioned that the CMUT can be approximated as an ideal capacitor
because the dissipation factor is very small. However, real-world capacitors exhibit a
non-zero dissipation factor, representing the ratio of energy dissipated as heat to the energy
stored in the capacitor. Figure 6b shows that the dissipation factor in the transition region
(zone 2) is significantly higher than in the other two regions.

An LDV is used to record the CMUT vibration modes at a test frequency of 50 kHz,
with an AC amplitude of 2 V and DC voltages of 10 V, 19 V, and 30 V, each corresponding
to one of the three distinct regions of the C-V curve. Relative membrane displacements,
extracted from vibration modes at key time steps highlighted in Figure 7a, reveal that the
membrane center can move freely for DC voltages in zone 1 (Figure 7b), while its movement
becomes increasingly restricted for higher voltages. In zone 2 (Figure 7c), the membrane
center can still collapse and snap back, whereas it clearly remains in stiction for voltages in
zone 3 (Figure 7d). Animations of the conventional, collapse—snapback, and deep-collapse
modes, from which the relative displacements in Figure 7 have been extracted, can be
visualized in the Supplementary Animations S2, S3, and 54.

0.19 0.005
== DC=0to35V == DC=0to35V
\ - DC=35to0V - DC=35t00V
0181 # —e DC-0to-35V r 0.004 1 f —— DC-0t0-35V
Iy = pc-ss000v g o ﬂ| =+ DC=-35t00V
) fly - 4 5 0.003 |
Q. \{ o Ly I-
5 017 ‘\k : g 1}1‘
o & & .
8 i £ 0.002 A .
£ 0.161 E W A
8 ) £ 0001 -
A LN Sy
0.151 0. e
® O ® ® O ® O ® ® 6
0.14 : - ! : .

-10

0 10 20 10 0 10 20

30 -30 -20 30
DC Voltage [V] DC Voltage [V]
(a) (b)

Figure 6. (a) Capacitance and (b) dissipation factor measured with an LCR meter (f = 100 kHz,
AC = 0.5 V) when sweeping the DC voltage upward and downward for both polarities.

The increased dissipation factor combined with the observed vibration modes sup-
ports the conclusion that the collapse-snapback phenomena in zone 2 are associated with
significant energy loss.

The C-V and I-V curves displayed in Figure 8 reveal a linear relationship between the
measured capacitance and RMS current, while also showing that the width and height of
the peak are influenced by the amplitude of the AC test signal. Supplementary Figure S1
further demonstrates their independence from the test frequency (50 kHz-1 MHz), which
is far below the CMUT’s natural resonance frequency. It is worth noting that we obtained
similar C-V curves with the QSCV method. The similarity in the C-V curves for both
characterization methods can be attributed to the fact that both the LCR meter and the
parameter analyzer calculate capacitance based on current measurements.
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Figure 7. (a) AC voltage applied to a 40-um diameter CMUT to replicate the operating conditions
of an LCR meter with a test frequency of 50 kHz. (b,c) Vibration mode and relative membrane
displacement acquired with an LDV in the (b) conventional (DC = 10 V), (c) collapse-snapback
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Figure 8. (a) Capacitance-voltage and (b) current-voltage curves measured with an LCR meter for a
test frequency of 100 kHz and various AC amplitudes. Both plots exhibit a peak around the pull-in
voltage (19 V).

3.3. C-V Curve: Simulation Results

Pre-stressed time-dependent studies in COMSOL show that the peak in capacitance
observed with the LCR meter near the pull-in voltage (Figure 8a) does not appear in the
simulations when the DC voltage is ramped up with quasi-static loading (Figure 9b). The
membrane center displacement (dashed line in Figure 9a) saturates when the ramp voltage
(solid line in Figure 9a) surpasses the pull-in and pull-out voltages (19 V), as previously
observed with the LDV (Figure 4b). However, the contact time for the LDV measurements
is much shorter than for the simulations because the frequency of the applied sine wave
is 50 kHz for the experiments and only 5 kHz for the simulations. The displacement of
an offset point at half the membrane radius (dash—dotted line in Figure 9a) continues to
increase beyond pull-in because the membrane edges are further pushed down by the
increased electrostatic force. This effect is at the origin of the linear capacitance increase
observed at higher voltages in Figure 9b.
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Figure 9. COMSOL simulations when the voltage is gradually ramped around pull-in and pull-out.
(a) Displacement of the membrane center point (dashed line) and an offset point at half the membrane
radius (dash—dotted line) for an initial center deflection of —80 nm and a ramp voltage varying
between 0 and 30 V (solid line). (b) Capacitance—voltage curves for various initial deflections.
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The simulated C-V curves in Figure 9b show negligible hysteresis between pull-in and
pull-out for an initial deflection of —80 nm, which is consistent with the experimentally
measured C-V curves in Figure 6a. The contact radius after pull-in is larger than before
pull-out because the contacting edges of the membrane are gradually released as the voltage
is reduced, until the membrane snaps back completely. However, Table 5 shows that the
difference in contact radius after pull-in and before pull-out decreases with larger initial
deflection. As a result, the hysteresis between pull-in and pull-out becomes minimal.

Table 5. Simulation of the contact radius after pull-in and before pull-out for various initial deflections.

Initial Center Deflection 0 nm —40 nm —80 nm
Contact radius after pull-in 0.86 um 0.56 um 0.30 um
Contact radius before pull-out 0.31 um 0.20 um 0.09 um
Difference in contact radius 0.55 um 0.36 um 0.21 um

The next study consists of mimicking the operating conditions of the LCR meter by
superimposing an AC voltage on a DC pre-stress voltage. The initial membrane position is
obtained by ramping up the DC bias, as shown in Figure 9a, and evaluating the membrane
deflection at the maximum voltage, which occurs at 50 ps. Subsequently, the membrane
is excited with a 5 kHz AC test signal around its initial position. The capacitance is
then calculated for a specific combination of AC and DC voltages based on impedance
measurements, as presented in Equation (17). The simulated C-V and I-V curves, shown in
Figure 10, reveal a peak in capacitance when the AC voltage is combined with a DC pre-
stress voltage near the pull-in voltage, suggesting that the transient membrane displacement
and additional current flow generated by the AC load cannot be ignored. The width and
height of the peak depend on the AC amplitudes, as observed experimentally in Figure 8a.
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Figure 10. (a) Simulated capacitance-voltage curves and (b) current-voltage curves for an initial
deflection of —80 nm, a test frequency of 5 kHz, and various AC amplitudes.

The peak in RMS current and capacitance observed in Figure 10 can be explained by
examining the time-dependent behavior of the membrane center displacement, current,
and capacitance, as shown in Figure 11. When a 5 kHz AC voltage is superimposed on a DC
voltage such that the total DC + AC voltage becomes closer to the pull-in voltage (19 V), the
displacement becomes increasingly asymmetric due to the highly non-linear electrostatic
force. For voltages oscillating around the pull-in voltage, we can see that collapse—snapback
phenomena distort the current, while sinusoidal behavior is recovered when the membrane
center remains in stiction for higher DC + AC voltages. Although the relationship between
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N
a1

instantaneous capacitance and current is non-linear, a linear relationship exists between
capacitance and the RMS current when measured under conditions of constant frequency,
constant RMS voltage, and a relatively stable phase difference, as predicted by Equation (17).
The higher the AC signal, the larger the DC range over which the membrane collapses
and snaps back, hence the larger the DC range over which the current becomes distorted
and a peak in capacitance is observed. However, the higher the AC signal, the smaller the
peak in current or capacitance because the membrane center point remains in stiction for a
longer time.
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Figure 11. Simulated membrane center displacement, current, and capacitance as a function of time
for a 5 kHz AC test signal with an amplitude of 2 V superimposed on various DC voltages.
When comparing quasi-static C-V simulations for an initial deflection of —80 nm in
Figure 9b (solid line) with Figure 10a, we notice a greater increase in capacitance for devices
subjected to an AC signal. The origin of this sharper increase can be demonstrated by
decomposing the measured capacitance into static and dynamic parts, as introduced in
Equations (19)—(21). Figure 12 clearly shows that the dynamic capacitance (dash—dotted
line), which accounts for the transient membrane displacement, is responsible for the peak
in the measured capacitance (solid line).
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Figure 12. (a) Simulated C-V curve for an initial deflection of —80 nm, a test frequency of 5 kHz,
and an AC amplitude of 1 V with the decomposition of the effective C-V curve (solid line) into static
(dashed line) and (b) dynamic (dash—dotted line) capacitances.
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4. Conclusions

Through the development of advanced simulation and experimental methods, we
proved that dynamic effects, such as collapse—snapback phenomena in CMUT, can signifi-
cantly affect the effective capacitance—voltage curves of electrostatically actuated MEMS.
First, using Laser Doppler Vibrometer measurements, we demonstrated that the C-V curve
of a CMUT can be divided into three distinct operation regimes: conventional mode,
collapse-snapback, and deep collapse. Next, we noticed that the peak in capacitance
observed with the LCR meter near the pull-in voltage only appears in the COMSOL
Multiphysics® simulations when an AC signal is superimposed on a DC pre-stress, indicat-
ing that the transient membrane displacement and additional current flow induced by the
AC load cannot be ignored. Additionally, we showed that collapse-snapback phenomena
near the pull-in voltage alter the current waveform, leading to an apparent drop in the effec-
tive capacitance. Finally, we decomposed the measured capacitance into static and dynamic
components, attributing the peak observed in the C-V curve to the dynamic component.

The COMSOL Multiphysics® model provides a solid foundation for future studies
on capacitive devices. In the realm of CMUT, we suggest extending the model with an
acoustic domain to evaluate the transmit and receive sensitivity under various biasing
conditions and environmental settings, such as in-water operation. Moreover, we propose
investigating the impact of dielectric charging because this inherent reliability problem
in capacitive devices can significantly affect capacitance-voltage measurements, hystere-
sis, and device performance. Finally, a comparison between the conventional, collapse—
snapback, and deep-collapse modes in terms of electromechanical coupling efficiency,
acoustic transmit-receive sensitivity, and reliability would provide valuable insights for
enhancing the long-term performance of CMUTs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mi16020160/s1, Figure S1: C-V curves measured with an LCR meter
for an AC amplitude of 1 V and test frequencies of 50 kHz, 100 kHz, and 1 MHz; Animation S2:
LDV measurement in conventional mode (DC = 10 V); Animation S3: LDV measurement in collapse-
snapback mode (DC = 19 V); Animation 54: LDV measurement in deep collapse mode (DC = 30 V).
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