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Abstract—Capacitive micromachined ultrasonic transducers
(CMUTs) have great potential to compete with piezoelectric
transducers in high-power applications. As the output pres-
sures increase, nonlinearity of CMUT must be reconsidered
and optimization is required to reduce harmonic distortions.
In this paper, we describe a design approach in which uncol-
lapsed CMUT array elements are sized so as to operate at the
maximum radiation impedance and have gap heights such that
the generated electrostatic force can sustain a plate displace-
ment with full swing at the given drive amplitude. The pro-
posed design enables high output pressures and low harmonic
distortions at the output. An equivalent circuit model of the
array is used that accurately simulates the uncollapsed mode
of operation. The model facilities the design of CMUT pa-
rameters for high-pressure output, without the intensive need
for computationally involved FEM tools. The optimized design
requires a relatively thick plate compared with a conventional
CMUT plate. Thus, we used a silicon wafer as the CMUT
plate. The fabrication process involves an anodic bonding pro-
cess for bonding the silicon plate with the glass substrate. To
eliminate the bias voltage, which may cause charging prob-
lems, the CMUT array is driven with large continuous wave
signals at half of the resonant frequency. The fabricated arrays
are tested in an oil tank by applying a 125-V peak 5-cycle
burst sinusoidal signal at 1.44 MHz. The applied voltage is in-
creased until the plate is about to touch the bottom electrode
to get the maximum peak displacement. The observed pres-
sure is about 1.8 MPa with —28 dBc second harmonic at the
surface of the array.

I. INTRODUCTION

CAPACITIVE micromachined ultrasonic transducers
(CMUTS) are used to generate and detect ultrasound
[1], by utilizing a microfabricated suspended moving plate
for the transduction. Recent improvements in CMUT de-
signs [2]-[4] and operating methods [5], [6] and advances
in the fabrication methodology [7]-[9] demonstrate prom-
ising results which make the CMUT technology a strong
candidate for different ultrasound applications [10]—[15].
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High-intensity focused ultrasound (HIFU) is a high-
power applications in which sound waves are focused on
abnormal tissue and destroy it by delivering high energy
[16]. Recently, it has been demonstrated that CMUTs can
be used as HIFU transducers [17], [18]. CMUTSs can be
fabricated using silicon as a membrane material which has
high thermal conductivity and can eliminate the require-
ment of a cooling system [19]. The monolithic integra-
tion of imaging and HIFU CMUTSs has been realized and
tested [20]. Magnetic resonance (MR) compatible CMUTs
with different plate topologies have been fabricated, and
it has been shown that the output pressures can be in-
creased by using piston-shaped plates [21]. CMUTSs with
dual electrodes enable leveraged bending and increase the
total displacement of the plate in the transmit operation
[3], [22]. Using side electrodes, it is possible to move the
plate in a wider displacement range without collapsing;
however, the voltages required for bending the plate are
higher when compared with a CMUT with full electrode
coverage.

In this paper, we propose a methodology to design and
operate CMUTSs to generate single tone, high-amplitude
pressure waves with low harmonic content. We employ an
equivalent circuit that was developed in [23]. We excite
the CMUT at half of the resonance frequency of the plate
without a dc bias voltage to reduce the harmonic content
and the effect of the charge trapping within the thin di-
electric layer between the CMUT electrodes.

II. NONLINEAR EQUIVALENT CIRCUIT MODEL

The electrode coverage of a CMUT plays a major role
in both transmit and receive operations. Usually, CMUTs
are designed with half electrode coverage for the receive
mode to optimize the receive sensitivity [24]. However a
higher transmit sensitivity is possible with full electrode
coverage, because a larger electrode increases the total
electrical force acting on the plate. Therefore, we choose
to utilize a CMUT structure with full electrode coverage
to generate the maximum pressure for a given voltage.
Fig. 1 shows a representative cross section of a circular
CMUT cell.

Although a suspended circular plate is modeled by a
linear spring, CMUT operation is not linear because of the
nonlinear dependence of the electrical force on the plate
position. In this work, we use the nonlinear equivalent
circuit model shown in Fig. 2 [23], [25].
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Fig. 1. Representative cross section of a circular plate with radius a,
thickness #,, and gap height of #,. The top electrode is the high-con-
ductivity silicon wafer. ¢ is the thickness of the insulation layer beneath
the silicon wafer. The bottom electrode is a gold layer embedded in the
substrate.

A. Circuit Model Components

In the electrical part of the equivalent circuit, Cj is
the shunt input capacitance of the CMUT, 4. is the non-
linear component of the capacitive current, and i is the
motion-induced current that accounts for the movement
of the plate. The mechanical part of the circuit is on the
right-hand side. The electrical attraction force, fr, and the
force exerted by the atmospheric pressure, Fj, are repre-
sented by voltage sources. The mass and the compliance
of the plate are represented by an inductor, Ly,,, and a ca-
pacitance, Cgry,, respectively. The expressions for calculat-
ing the circuit parameters can be found in the Appendix.
The radiation impedance of the medium is modeled by
an impedance, Zgg, terminating the acoustic port of the
circuit. The parameter N represents the number of cells
in an array and provides scaling to the equivalent circuit.
The behavioral current and voltage sources in the circuit
require the instantaneous peak displacement of the plate,
zp, as a parameter; zp is calculated by a small subcircuit
depicted separately at the bottom of Fig. 2. The subcir-
cuit calculates the displacement by dividing the restoring
force of the plate, Fgry,, by the plate compliance.
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Fig. 2. Electrical circuit model of a capacitive micromachined ultrasonic
transducer (CMUT) array driven by voltage source V(t). The radiation
impedance, Zg, is modeled by an RLC circuit. N represents the number
of cells in the array.
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TABLE 1. PLATE MATERIAL PROPERTIES USED IN SIMULATIONS.

Young’s modulus of Si, Y 1.3ell
Density of Si, p 2330
Poisson ratio of Si, o 0.28

Permittivity of SiO,, €; 3.9
Density of water, p 1000 kg/m3
Speed of sound in water, ¢ 1500 m/s

B. Thick Plates

The expressions for calculating the force and compli-
ance relations assume a thin plate approximation [23],
[25]. Using this approximation, the first series resonance
frequency of the plate can be calculated precisely for 4,/a
< 0.1 [9]. If the plate is not thin, the accuracy of the
model degrades. Using finite element modeling (FEM)
simulation results for thick plates, a correction factor is
applied to Crpy,:

¢ 1.981
Ch = CRm[l.Olg + 5.005[;“1] J for t,./a < 0.8.

(1)

With this modification, the resonance frequency deter-
mined from the circuit model is in good agreement with
FEM simulation results. The model loses its accuracy for
frequencies close to the antiresonance frequency, because
a first-order LC circuit is inadequate to model high-order
modes of a CMUT plate [26]. Table I lists the material
properties used in the simulations.

In Fig. 3, we test the accuracy of the model in static
conditions for thick plates by comparing static deflections
obtained from FEM and SPICE simulations for different
bias voltages.
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Fig. 3. Comparison of the static deflections obtained from finite element
modeling (FEM) and the SPICE model for thick plates (a = 300 pm, t,
= 100 nm, = 200 nm).
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Fig. 4. RLC model for the radiation impedance of a capacitive microma-
chined ultrasonic transducer (CMUT) array.

C. Radiation Impedance

The radiation impedances of a CMUT cell and an ar-
ray of CMUTSs were calculated in [27] for conventional
mode of operation. The radiation impedance is a complex
quantity and a strong function of the ka product, where k
is the wavenumber. For an accurate simulation in SPICE,
the radiation impedance can be modeled by using an RLC
network (Fig. 4) as in [28]. The component values are
defined in terms of the plate radius, a, the velocity of the
sound in the medium, ¢, the density of the immersion
medium, p, cell-to-cell separation, d, and the number of
cells in the array, N. The component values for configura-
tions with different numbers of cells, as shown in Fig. 5,
are given in Table II.

The accuracy of the network is demonstrated in Fig. 6
for N=1 and N = 7. Using the parameters in Table II,
the network can be used to accurately model the radiation
impedance of an array with 19 CMUT cells, as well.

D. Circuit Stmulations
The equivalent circuit in Fig. 2 is simulated with

LTSpice (Linear Technology, Milpitas, CA; http://www.
linear.com/designtools/software). Each circuit component

Fig. 5. Configuration of the capacitive micromachined ultrasonic trans-
ducer (CMUT) array for different number of cells.
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Fig. 6. Comparison of the normalized radiation resistance and reac-
tance of (top) a single capacitive micromachined ultrasonic transducer
(CMUT) cell and (bottom) a CMUT array of 7 cells with the RLC model
and actual values. (The normalization constant is Ta2pgc/N, d = 2a.)

in the model is defined parametrically in terms of the
CMUT geometry and the material properties. The per-
formance of the equivalent circuit is tested by simulating
an excitation of a 2-cycle 95-V peak sinusoidal burst at
half of the resonance frequency of a CMUT cell. The cen-
ter displacement of the plate is compared with the FEM
simulation results in Fig. 7. The details of FEM model can
be found in [3].

The surface pressure can be calculated by dividing the
force across the radiation impedance by the surface area
of the CMUT cell. Output power can be calculated by
taking average of the product of force and velocity over
the plate surface.

III. CMUT DESIGN

A. Ezcitation at Half of the Operating Frequency

Conventionally, transmitting CMUT's are operated with
a bias voltage, which may degrade the device performance

TABLE II. COMPONENT VALUES FOR THE RADIATION IMPEDANCE
MoDEL WITH DIFFERENT NUMBERS OF CELLS IN THE ARRAY.

N 1 7 19
Ri/R, 0.64 0.39 0.48
Li/R, 0.54 a/c 0.55 d/c 12 d/c
CiR, 0.2 afc 1.38 d/c 1.22 d/c
Ry/R, 0.90 0.02 1.4-6
Ly/R, 0.37 a/c 0.77 d/c 2.3 d/c
Ry/R, . 1.31 2.06
L3/R, — 0.07 d/c 0.05 d/c
C4R, — 0.32 d/c 0.40 d/c
Ry/R, — 1.04 1.12
Ly/R, - 0.28 d/c 0.29 d/c

R, = ma*pyc/N; py = density of the plate material.
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Fig. 7. A 2-cycle 95-V peak cosine burst at 1.3 MHz is applied to a ca-
pacitive micromachined ultrasonic transducer (CMUT) cell under water
loading. The effect of the atmospheric pressure (100 kPa) is taken into
account (a = 300 pm, 4, = 100 pm, ¢, = 100 nm, & = 200 nm).

by causing charge trapping in the insulation layer [5], [29]
and drifting of the resonance frequency of the plate [30].
For continuous wave applications, it is possible to use
an excitation voltage, V(t), at half of the operating fre-
quency without a dc bias to excite CMUTs [31], [32]:

V(t) = Vi cos[gt],

(2)
where V.. is the peak voltage and w is the operating
frequency. The force exerted on the plate, fi, will be pro-
portional to

2

Fr o VD) = V251 4+ cosfw)] (3)

As seen in (3), V2(¢) includes a dc term that will naturally
form a static force at the operating frequency.

B. Determination of CMUT Dimensions

We start by assuming that the peak drive voltage is
limited. The thickness of the insulation layer, #, is chosen
such that the insulation withstands the peak voltage dur-
ing the operation. For a maximum operating voltage of
100 V, the insulation layer is chosen as silicon dioxide!
with a thickness of 200 nm.

Let us assume that the target operating frequency is
3 MHz and we use an array configuration of 7 cells. In-
creasing the radiation resistance seen by the CMUT array
increases the power delivered to the medium [34]. There-
fore, at the operating frequency we wish to maximize the
radiation resistance, which is maximum at ka = 3.75 for

IThe theoretical dielectric strength of silicon dioxide is ~1000 V/
pm [33].
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Fig. 8. The center displacement of the plate for different ¢, values under
a continuous 100-V peak 1.5-MHz sinusoidal signal (a = 298.5 pm, t, =

130 pm, # = 100 nm).
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an array of 7 cells, as seen in Fig. 6. Hence, the plate
radius maximizing the radiation resistance at 3 MHz is
298 pm. The CMUT plate must resonate at the desired
operating frequency to maximize the displacement. Using
the circuit model, ¢, is found to be 130 pm.

To determine ¢, a 100-V peak continuous wave signal
at half of the resonance frequency (1.5 MHz) is applied
to the circuit model. {, is reduced until the center of the
oscillating plate is about to touch the substrate. As seen
in Fig. 8, at t, = 84 nm, the center peak displacement
of the plate reaches 80 nm. At this point, the resonance
frequency shifts because of the spring-softening effect [35].
To compensate for the spring softening, the thickness of
the plate is slightly increased and the last step is repeated.
After a few iterations, we find ¢, = 135 pm and ¢, =
80 nm.

For a target operating frequency and an available peak
voltage, the procedure for designing a high-power CMUT
is as follows:

1) Choose the minimum insulation layer thickness, &,
maintaining a safe operation for a chosen maximum
drive voltage.

2) Choose the plate radius, a, providing the maximum
radiation impedance at the operating frequency.

3) Find the plate thickness, ¢, required for a resonance
at the given operating frequency.

4) Choose a large gap, t,, and then reduce the gap step
by step until the plate is about to touch the sub-
strate in the positive force cycles.

5) If resonance frequency shifts, repeat the previous
two steps for a fine adjustment.

Table IIT lists the design parameters for continuous
3-MHz operation. As seen from the table, the CMUT op-
erating at the peak of the radiation impedance provides
the maximum pressure with a relatively low second har-
monic.
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TABLE III. DESIGN COMPARISONS AT 3 MHZz.

Surface 2nd

a tw tg Tpp pressure harmonic Power/area
() ha (bm)  (m)  (m)  (p-p, MPa) (dBc) (W/mm?)
20 0.25 1.18 280 331 1.42 —14.5 1.08
50 0.62 6.2 145 149 1.43 —6.7 1.14
100 1.25 16 144 186 1.66 —-8.1 1.6
298 3.75 135 80 111 2.55 —23 1.88
360 4.52 190 84 105 2.03 —25 1.5
= 200 nm; N = 7; 100 V,,.

TABLE IV. DESIGN PARAMETERS FOR 1, 5, 10, AND 15 MHz.
Operating frequency (MHz) 1 5 10 15
Plate radius, a (pm) 895 179 89.5 59.6
Plate thickness, &, (pm) 400 76 37 23
Gap height, #, (nm) 138 65 45 40
Surface pressure (MPa) 1.45 3 4.1 4.8

ka = 3.75; t; = 200 nm; N = 7; 100 V,,.

The available input voltage changes the results drasti-
cally. When the available voltage is increased to 200 V
(t; = 400 nm), the surface pressure reaches 3.5 MPa with
harmonics at —27 dBc for the optimum design.

The procedure is also applied to operating frequencies
of 1, 5, 10, and 15 MHz at 100 V maximum available volt-
age. CMUT dimensions for each design are given in Table
IV.

IV. FABRICATION

For the fabrication of a high-power CMUT, we utilized
anodic wafer bonding technology. Anodic bonding is used
to bond a silicon wafer to a borosilicate wafer using proper
pressure, electric field, and temperature. We defined the
cavity of the CMUTs on the silicon side. The microfabri-
cation process on the silicon side starts with a 76.2-mm
(3-in), highly doped, double-side-polished silicon wafer.
The microfabrication process is shown in Fig. 9. High con-
ductivity of this wafer serves as one of the electrodes of
the CMUTs. The thickness of the silicon wafer determines
the thickness of the CMUT plate, which is 92 pm in this
case. First, a 450-nm insulation layer of silicon oxide is
thermally grown in a diffusion furnace. The silicon wafer
is kept in the furnace at 1050°C for one hour in the pres-
ence of adequate water vapor. Second, 100 nm of silicon
oxide is etched using a reactive ion etching (RIE) reactor
to create the cavities. As the final process on the silicon
side, the silicon oxide at the back side of the silicon wafer
is etched away using the RIE reactor.

Having completed the plate side, the substrate side is
fabricated on a 3.2-mm-thick 101.6-mm (4-in) borosilicate
wafer. The substrate wafer is chosen to be quite thick to
maintain a rigid substrate. Because the smoothness of the
borosilicate surface is critical for the success of the anodic
bonding, the substrate electrode is buried on the glass
wafer. An image reversal photoresist (AZ5214E, Clari-

ant Corp., Muttenz, Switzerland) is used for the lift-off
process. Before the evaporation of the gold electrode, the
glass is etched approximately by the thickness of gold to
be evaporated. As the substrate electrode, 15 nm of tita-
nium and 85 nm of gold are deposited by thermal evapo-
ration. The borosilicate and silicon wafers are cleaned at
120°C in piranha etch (1:3 HyO09:H,SO,) for 15 min be-
fore the bonding process. The prepared wafers are then
anodically bonded (Applied Microengineering Ltd., Ox-
fordshire, UK). The current passing during the bonding
process is limited to prevent dielectric breakdown, because
a bonding voltage up to 1000 V is utilized.

Because the borosilicate wafer is larger than the silicon
wafer, the substrate electrical contacts are made at the

]

Glass Wafer

(a)

(®

(b)

©

(@)
=3 Photoresist (AZ5214E)
EEE Silicon Dioxide
= Gold

Fig. 9. Fabrication steps: (a) conductive silicon wafer, (b) thermal oxi-
dation, (c) lithography and oxide etching for cavities, (e) borosilicate
glass wafer, (f) lithography and glass etching for bottom electrode, (g)
Ti/Au evaporation, (h) cleaning, and (i) anodic bonding and lead wire
connection.
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Fig. 10. A view of the capacitive micromachined ultrasonic transducer
(CMUT) array from the glass side.

exposed gold electrodes on the surface of the borosilicate
wafer. Electrical contacts are made using a silver conduc-
tive epoxy (Eccobond 83C, Emerson & Cumming Spe-
cialty Polymer, Billerica, MA). A microscope view of the
completed device is seen in Fig. 10.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The setup in Fig. 11 is used for characterizing the
transmit mode of operation of the fabricated CMUTs.

The tested CMUT element’s properties are given in Ta-
ble V. The element consists of 7 CMUT cells and the total
capacitance, including the paths, is measured as 103 pF.

Immersion experiments were done in a vegetable oil
tank. Signal generator output is amplified by using an
ENT 240L 40W class-A linear power amplifier (Elec-
tronic Navigation Industries, Rochester, NY). The am-
plifier has a fixed nominal gain of 50 dB. The amplified
5-cycle cosine burst signal at 1.44 MHz is applied to the
transducer element. An HGL-200 calibrated hydrophone
(Onda Corp., Sunnyvale, CA) is placed 1 cm away from
the transducer surface. The AH-2010 preamplifier (Onda
Corp.) is connected to the hydrophone with an Onda AR-
AMAF connector. The measured signal is first corrected
using hydrophone calibration data in frequency domain
and then corrected for the diffraction and attenuation
losses? to obtain the pressure generated on the radiation
resistance at the surface. This pressure is further modified
using the radiation impedance given in Fig. 6 to obtain
the total pressure on the surface of the transducer. The

2 Attenuation in sunflower oil, @ = 5.68¢~12 m~1.Hz!-8 [36].
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TABLE V. THE PARAMETERS OF THE TESTED
CAPACITIVE MICROMACHINED ULTRASONIC
TRANSDUCERS (CMUT) ON A GLASS WAFER.

Plate radius, a 280 pm
Center-to-center distance, d 620 pm
Plate thickness, t, 92 pm
Insulation layer thickness, t Si0s, 350 nm
Gap height, 7, 110 nm

latter modification is exact for the fundamental compo-
nent at 2.88 MHz, but it does not include the effect of
CMUT mechanical circuit effects, particularly the effect of
plate mass, on harmonics. Therefore, the actual harmonic
amplitudes in the surface pressure differ from our estima-
tion. Because the signal has low harmonic content (second
harmonic < —25 dBc), the contribution of harmonics are
insignificant. The measured surface pressures for the ap-
plied peak voltages are given in Fig. 12.

For a peak voltage of 125 V, 1.8 MPa peak-to-peak
pressure with —28 dBc second harmonic is measured at
the transducer surface (Fig. 13). Because the load imped-
ance of the CMUT is directly connected to the power
amplifier, this voltage is measured as the maximum appli-
cable voltage. The SPICE model predicts 1.87 MPa peak-
to-peak surface pressure for the same peak voltage and the
pressure can be increased up to 2.5 MPa with a maximum
peak voltage of 145 V. On the other hand, 1 MPa with
—32 dBc second harmonic is measured for a peak volt-
age of 100 V. The normalized frequency spectrum of the
surface pressure for the applied peak voltages is shown in
Fig. 14.

VI. CONCLUSIONS

The behavior of a fluid-loaded CMUT array can be
simulated within seconds by creating the proposed circuit
model in a SPICE simulator. Furthermore, the circuit can
be used as a CMUT front-end IC test bench to optimize
the IC’s performance before fabrication.
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Fig. 12. Measured surface pressures for different peak voltages. The drive

voltage is 1.44 MHz. The fundamental component of the pressure signal
is 2.88 MHz.

Higher radiation impedance improves the transducer’s
performance. For the given voltage and for the given total
transducer area, the CMUT cell radius should be chosen
to maximize the radiation resistance at the operating fre-
quency to get higher power. This requirement results in a
large cell size. To maintain the resonance frequency, the
thickness of the plate must be increased. An optimized
CMUT cell has a rather thick plate compared with a con-
ventional cell size.

The plate moves symmetrically in both directions
around a stable deflection point. At the optimum opera-
tion, the center of the plate makes a full swing, almost
touching the substrate, making the peak-to-peak swing
considerably greater than the gap height.
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Fig. 13. A 5-cycle 125-V peak cosine burst at 1.44 MHz is applied to the
capacitive micromachined ultrasonic transducer (CMUT) element. The
calculated surface pressure is compared with the pressure obtained from
the SPICE model.
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Fig. 14. Normalized frequency spectrum of the surface pressure for dif-
ferent peak voltages.

VII. APPENDIX

In this section, the expressions [23] for calculating the
parameters of the equivalent circuit shown in Fig. 2 are
given.

The electrical attraction force, fg:

COVQ(t) tge _
4xP(t) tge - mP(t)

fr®) = /5

where Cy = g9 6*/tye, tye = ty + /€ is the equivalent
gap height, and ¢; is the relative permittivity of the plate
material.

The force, F}, exerted by the atmospheric pressure, Py:

J5
F, = gpowa% (5)

Inductance representing the mass of the plate:
LRm = ptmﬂ'GQ' (6)
Capacitance representing the compliance of the plate:

(1—0%)a”
167Yt3

m

CR,m =18 ) (7)

where o and Y|, are the Poisson’s ratio and Young’s modu-
lus of the plate material, respectively. The nonlinear equa-
tions for the current sources in the model are

vy tanh (22 ) )

i. =0y di 260 - (8)

lge
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