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Abstract—In this paper, we report on the characteriza-
tion of 1-D arrays of capacitive micromachined ultrasonic
transducers (cMUT). A 275- � 5600-�m 1-D CMUT array
element is experimentally characterized, and the results are
found to be in agreement with theoretical predictions. As a
receiver, the transducer has a 0.28-fm/

p
Hz displacement

sensitivity, and, as a transmitter, it produces 5 kPa/V of
output pressure at the transducer surface at 3 MHz with
a DC bias of 35 V. The transducer has more than 100%
fractional bandwidth around 3 MHz, which makes it suit-
able for ultrasound imaging. The radiation pattern of iso-
lated single elements, as well as those of array elements
are measured, and two major sources of acoustical cross
talk are identified. A weakly dispersive non-leaky interface
wave (Stoneley wave) is observed to be propagating at the
silicon substrate-fluid interface at a speed close to the speed
of sound in the fluid. This wave causes internal reflections,
spurious resonance, and radiation from the edges of the
silicon substrate. The large lateral component of the par-
ticle velocity generated by the membranes at the edge of
the cMUT array elements is found to be the source of this
interface wave. Lowest order Lamb waves in the silicon sub-
strate are also found to contribute to the cross talk between
elements. These waves are excited at the edges of individ-
ual vibrating membranes, where they are anchored to the
substrate, and result in a narrowing of the beam profile of
the array elements. Several methods, such as trench iso-
lation and wafer thinning, are proposed and implemented
to modify the acoustical cross coupling between array ele-
ments.

I. Introduction

CMUTs are an attractive alternative to conventional
piezoelectric transducers [1]. They offer the advan-

tage of increased bandwidth with comparable sensitivity
to piezoelectric transducers as well as ease of fabrication
and electronics integration [2]. The fabrication process
and theoretical modeling of single cMUT devices were re-
ported earlier [2]–[4]. Many applications, especially immer-
sion imaging applications, demand better understanding

Manuscript received April 27, 2000; accepted October 13, 2000.
This work was supported by grants from the U.S. Office of Naval
Research, Defense Advanced Research Projects Agency, National Sci-
ence Foundation, and a fellowship from the National University of
Singapore.
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and improvement of cMUTs both in terms of individual
device performance and array behavior. Cross coupling be-
tween elements is one of the most important factors affect-
ing the performance of an imaging array [5]. The level of
these disturbances can be quantified by radiation pattern
measurements, electrical measurements, and by detection
of structural displacements using optical probes [6].
The aim of this paper is to characterize the performance

of the 1-D cMUT arrays and identify and suggest solutions
to the acoustical cross talk problems. Several 1-D cMUT
arrays as well as test structures consisting of single iso-
lated elements have been fabricated for this purpose. In
this paper, the electrical equivalent circuit of a cMUT is
briefly explained for completeness. The results of transmit
and receive experiments are presented and compared with
theoretical calculations in detail. Radiation pattern and
optical probe measurements are performed to investigate
the sources of acoustical cross talk in these array struc-
tures. Lamb waves propagating in the silicon wafer and
Stoneley-type waves propagating at the fluid-silicon wafer
interface are observed, and good agreement is obtained
with theoretical predictions. The excitation mechanism of
these spurious modes is discussed, and several methods to
reduce cross coupling are suggested and implemented.

II. Electrical Equivalent Circuit

The electrical equivalent circuit model is the theoreti-
cal foundation for the design and optimization of cMUTs.
A cMUT cell consists of a metalized membrane (top elec-
trode) suspended above a heavily doped silicon substrate
(bottom electrode) as shown in Fig. 1. There are many
cells in a transducer element, and the elements are used to
make cMUT arrays. The operation of the cMUT can be
explained as follows. A DC voltage is placed between the
metalized membrane and the substrate. The membrane is
attracted toward the bulk, and stress within the membrane
resists the attraction. The membrane is set into vibration
to generate an ultrasonic wave by the application of an
AC voltage to the electrode. Reversely, an AC current is
induced in the electrode if an ultrasound wave impinges
on the membrane.
The small signal equivalent circuit of a cMUT is a two-

port network as shown in Fig. 2. This circuit was derived
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Fig. 1. The cross-section of a cMUT cell.

Fig. 2. Electrical equivalent circuit of a cMUT.

by Mason [7] and further developed for cMUTs [2]. In
this equivalent circuit, Zw corresponds to the mechanical
impedance of water, Zmem is the mechanical impedance
of the membrane, and Zloss accounts for the total loss.
The ideal transformer in the circuit transforms velocity, a
mechanical quantity, into electrical current, and Cp repre-
sents the parasitic capacitance. The value of Zloss can be
obtained experimentally by measuring the electrical input
impedance of the cMUT in vacuum conditions, assuming
that structural loss is a purely real term and not a function
of the ambient pressure.
For an immersion transducer, the mechanical impedance

of the water is much higher than the mechanical impedance
of the membrane, which can then be ignored in the equiv-
alent circuit. Thus, the resonant behavior that dominates
the operation of piezoelectric transducers does not exist in
immersion cMUTs. This inherently implies a broadband
operation.

III. Single Transducer Element

Characterization

Both an isolated single cMUT element and an element
in a 1-D cMUT array, each with 1280 cells connected in
parallel, were characterized by measuring their electrical
input impedance, bandwidth, open circuit receive sensitiv-
ity, output pressure, output SNR, and radiation pattern.
The physical parameters of the cMUT element are listed
in Table I. The active area is 59% of the total 275- × 5600-

TABLE I
Physical Parameters of the cMUT.

r Cell radius 15 µm
tn Membrane thickness 0.3 µm
ta Air-gap thickness 0.15 µm
tb Insulating layer thickness 0.15 µm
N Number of cells in the element 1280

µm element area. A dummy neighbor cMUT is located at
5 mm away from the isolated single cMUT element for
cross talk testing purpose. Fig. 3 shows the top views of
two 64-element 1-D cMUT arrays (a), one isolated single
cMUT element with a dummy neighbor (b), and the zoom-
in view of the cMUT element with 8× 160 cells connected
in parallel (c).
The experimental setups used for receive and transmit

mode characterization are identical to the one described
in [8], and the devices were manufactured using the fabri-
cation process explained in [9].

A. Isolated Single Element

The electrical input impedance of an immersion trans-
ducer has no resonance as expected from an RC circuit.
This is seen in Fig. 4, where the measured and calculated
electrical impedance components are plotted. The value of
the parasitic capacitance (Cp) is calculated as 37.9 pF for
this device. This parasitic capacitance is 1.7 times larger
than the device capacitance (C0), which is 22.3 pF. Using
the calculated Cp value, a good match is obtained between
the measured and simulated electrical input impedance at
a DC bias of 20 V as shown in Fig. 4. With this type of
input impedance, the center frequency and bandwidth of
the transducer are determined by the termination at the
electrical port.
The same transducer was used for transmit and receive

characterization in a tank filled with vegetable oil. In the
receive experiment, a commercial piezoelectric transducer
(Panametrics V109) was used as the transmitter. The pres-
sure output of the piezoelectric transmitter was measured
using a calibrated hydrophone at a distance of 7.5 cm. The
cMUT was placed at the same location as the hydrophone.
The output of the cMUT was amplified with a preampli-
fier with a 32-dB mid-band gain and a 3-dB bandwidth of
3.5 MHz centered at 2.5 MHz.
The measured impulse response and corresponding fre-

quency spectrum obtained from the single isolated cMUT
are shown in Fig. 5. This frequency response is lim-
ited by the transmitter and amplifier responses, and not
the transducer’s response. The measured output SNR is
45 dB/Pa/Hz at 3 MHz. The output noise floor of the
transducer-amplifier system is measured with no input ap-
plied to the transducer. The noise floor measured at the
output of the amplifier sets the limit for the minimum
detectable signal for the overall system. This measured
output noise floor is translated into pressure values at the
input of the transducer to calculate the SNR and the min-
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Fig. 3. Device-top views. a) Two 64-element, 1-D cMUT arrays, b) one isolated single cMUT element with a dummy neighbor, and c) zoom-in
view of cMUT element with 8 x 160 cells connected in parallel.

Fig. 4. Electrical input impedance of 1-D cMUT array element. Fig. 5. Impulse and frequency responses of single device cMUT.
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Fig. 6. Open circuit sensitivity of 1-D cMUT element.

imum detectable pressure for the overall system. The min-
imum detectable pressure of the system is 7.8 mPa/

√
Hz,

corresponding to a displacement of 0.28 fm/
√

Hz.
The measured and simulated open circuit receive sen-

sitivity (OCRS) figures are shown in Fig. 6 for DC
bias voltages of 20 and 35 V. The measured OCRS is
−227 dB re. 1 V/µPa at 3 MHz for a DC bias voltage
of 35 V. The equivalent circuit model does not model the
effects of the lateral coupling of acoustical energy, which
will be addressed in the following sections of this paper.
Because of these effects, the difference between simulations
and the measurements can be as large as 7 dB at some fre-
quencies. However, for most frequencies the measurements
are within 3 dB of the simulation results.
The pressure produced by the cMUT in transmit was

measured using a calibrated hydrophone. The pressure
at the cMUT surface is calculated by taking the diffrac-
tion loss into account. The measured and simulated out-
put pressure figures at the transducer surface are shown
in Fig. 7. The wide bandwidth of the cMUT is clearly ob-
served from the flat pressure response from 1 to 5 MHz.
In the simulations, the medium is modeled as a load with
complex impedance. The cMUT produces 5 kPa/V of out-
put pressure on its surface at 3 MHz, corresponding to
1.8 Å/V displacement at a DC bias of 35 V.
A dynamic range for the transducer is defined as the

ratio of the pressure output at the face of the transducer
to the minimum detectable pressure. The cMUT used in
this work achieved a total dynamic range of 120 dB/Hz
for 1 V of input voltage at a 3-MHz frequency and a DC
bias of 35 V. The measured and simulated dynamic ranges
are shown in Fig. 8. The equivalent circuit model is com-
bined with the complete SPICE model of the amplifier,
and the complete system is simulated in HSPICE to ob-
tain the theoretical SNR value. This SNR value is used to
calculate the theoretical dynamic range. The model used
for SNR simulations does not include the lateral coupling

Fig. 7. Output pressure produced by the cMUT on its surface.

Fig. 8. Dynamic range of the transmit-receive system.

effect as explained previously. These effects are the ma-
jor culprit for the differences between the simulations and
the experiments. However, the experimental results have
the same trend with the simulations, and the agreement is
within 3 dB for most frequencies.
The radiation pattern of a cMUT element was measured

using an experimental setup similar to single device char-
acterization, except that the transmitter was allowed to
rotate around its vertical axis. The receiver cMUT is fixed
at a distance of 9.4 cm away from the transmitter. The
transmitted signal is recorded as a function of the rotation
angle when the transmitter is excited by a 100-ns square
pulse with a peak voltage of 10 V.
Fig. 9 shows the time domain angular response of a sin-

gle device indicating three major spurious pulses as white
lines with angle-dependent time delays arriving after the
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Fig. 9. Time domain angular response of the single device cMUT.

main pulse. Please note that there is a dummy element on
the same substrate, with unconnected floating electrical
terminals, which is located 5 mm away from the trans-
mitting element. The Stoneley-type interface waves travel
along the fluid-silicon substrate interface after the excita-
tion of the transmitting cMUT element. One of the spu-
rious pulses results from the excitation of the dummy ele-
ment by the interface wave. The other two spurious pulses
are due to the reflection of the interface waves and their
mode conversion at the two edges of the silicon substrate,
which are 6 and 10 mm away from the active element. In
the same figure, one can also observe pulses arriving be-
fore the main pulse, especially for angles greater than 20◦.
These indicate that there is a spurious mode in the wafer
with a group velocity around 4500 m/s. This corresponds
to the A0 mode Lamb wave in 0.5-mm thick silicon plate
in the 1- to 3-MHz range. The frequency domain angular
response was obtained by taking the Fourier transform of
the time domain angular response as shown in Fig. 10.
The significant features of the frequency domain angular
response of a single device cMUT are the dispersion curve
of the A0 mode leaky Lamb wave, which has a critical an-
gle of 38◦ at 1 MHz and converges to around 20◦ at higher
frequencies. The effect of the S0 mode Lamb wave is seen
at higher frequencies at an angle of 12◦. The periodic rip-
ples, especially below 3.5 MHz, are due to the spurious
echoes from the edges and the excitation of the dummy
element. The observed spurious effects from the Stoneley-
type waves and Lamb waves will be further discussed in
detail in the cross talk analysis sections.

B. Array Transducer Element

As compared with isolated single cMUT element device,
cross coupling effects are more observable for 1-D array
cMUT elements.

Fig. 10. Frequency domain angular response of the single device
cMUT.

Fig. 11. Impulse and frequency responses of the 1-D cMUT array
element.

The impulse response of a 1-D array element and its
frequency spectrum are shown in Fig. 11. It is observed
that the array element has a longer ring down time than
the single device (Fig. 5). In addition, effects of cross cou-
pling is observed around 1.8 and 3.4 MHz in the frequency
domain response.
When the time domain impulse response is displayed

as a function of angle, the effect of cross coupling is more
evident. As shown in Fig. 12, the time domain angular
response of the array element shows additional acoustic
radiation from each of the neighboring elements. These
additional cycles resulting from the neighboring elements
are 24 dB below the main pulse and show up as a dis-
persive curve in the frequency spectrum shown in Fig. 13.
Also, the interface waves reflected from the neighbors of
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Fig. 12. Time domain angular response of the array element cMUT.

Fig. 13. Frequency domain angular response of the array element
cMUT.

the transmitting element result in a resonance at a fre-
quency of around 1.8 MHz, where the periodicity is twice
the pitch of the array elements (400 µm). This strong res-
onance around 1.8 MHz is seen as a narrow non-dispersive
horizontal line in Fig. 13.

IV. Acoustical Cross Coupling Analysis

To find ways to reduce the undesired effects of acoustical
cross talk, the sources of the problems have to be identi-
fied. Preliminary results on this research were published
elsewhere [10]. The basic physical structure of an immer-
sion cMUT is a solid silicon plate with fluid on both sides
or with fluid on one side and a solid integrated circuit sil-

Fig. 14. Radiation pattern of cMUT array element with simulation
overlays.

icon plate bonded on the other side. These boundary con-
ditions associated with cMUTs provide the environment
for the excitation and propagation of the various spuri-
ous modes such as Lamb waves, Stoneley wave, etc. In the
following, each of these major cross coupling sources is dis-
cussed, and the results of their identification and reduction
efforts are reported.

A. Lamb Wave Cross Coupling

Lamb waves refer to the elastic modes of propagation
in a solid plate with free boundaries. The displacement
of Lamb waves has components both in the direction of
wave propagation and in the direction perpendicular to
the plane of the plate. Lamb waves are classified into
two categories; each has zero, first, second, and higher
order modes. Symmetric Lamb waves have the displace-
ment symmetrical with respect to the center plane of the
plate, but anti-symmetric Lamb waves have the displace-
ment anti-symmetrical with respect to the center plane of
the plate [11]. When the Lamb wave propagates in the
fluid-loaded silicon substrate, it will suffer leakage into the
fluid at a radiation angle dictated by Snell’s law. Because
of the dispersive nature of the Lamb waves, the radiation
pattern of the micromachined immersion transducer array
will be a strong function of the plate thickness and fre-
quency of operation.
One can calculate the critical angles of Lamb wave

modes of this plate in a given fluid using well-known tech-
niques and compare with the experimental radiation pat-
tern [11]–[13]. Fig. 14 shows the calculated variation of
A0 and S0 mode Lamb wave critical angles as a function
of frequency [14] superimposed on the measured radiation
pattern. The calculation is done only for the A0 and S0
mode Lamb waves because only these two modes propa-
gate in the given frequency range. The simulation results
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Fig. 15. Radiation pattern of cMUT for different substrate thickness
with operating frequency of 4 MHz.

are in agreement with the measurements. Also note the
dominance of the A0 mode in the radiation pattern as com-
pared with the S0 mode, especially at lower frequencies.
This is due to the fact that the A0 mode particle velocity
vector is mostly out of the plane; hence, this mode radiates
efficiently into the fluid medium. In contrast, the S0 mode
particle velocity is mostly in plane, especially at lower fre-
quencies, resulting in much smaller radiation. These wave
modes are excited by the stresses applied on the silicon
surface at the edges where the cMUT membranes are an-
chored to the surface. This excitation scheme also favors
the A0 mode as discussed elsewhere [15].

One can take advantage of the dispersion characteristic
of the Lamb waves to modify the radiation pattern of the
cMUT. For example, we move the critical angle of the A0
mode outside the acceptance angle of interest by decreas-
ing the thickness of the silicon wafer. An experiment com-
pares the radiation patterns of cMUTs with plate thickness
of 480 and 180 µm as shown in Fig. 15. The A0 mode Lamb
wave radiation angle has now moved from 22◦ to 35◦.

Because Lamb wave propagation carries the coupled en-
ergy from other elements through the silicon bulk, reducing
the effective bulk depth of the propagation path helps to
reduce the cross coupling. This is verified by etching a 55-
µm wide and 200-µm deep trench into the silicon substrate
between neighboring elements (400 µm pitch) by deep re-
active ion etching [16] as shown in Fig. 16. Comparing
the angular frequency response of cMUTs with and with-
out trench isolation as shown in Fig. 13 and Fig. 17, we
conclude that deep trench isolation results in a significant
improvement in cross coupling caused by Lamb waves. It
is seen that the cross coupling caused by A0 and S0 mode
Lamb waves is greatly suppressed, especially in the 2- to
4.5-MHz range.

Fig. 16. Deep trench isolation between cMUT array elements.

Fig. 17. Frequency domain radiation pattern with trench isolation.

B. Stoneley Wave Cross Coupling

At the plane interface between an ideal fluid and an elas-
tic solid, two kinds of surface waves can propagate [17].
One is the so-called leaky Rayleigh wave; the other is a
particular case of a Stoneley wave. A Stoneley-type wave
can also propagate at the plane interface formed between a
semi-infinite fluid and the top or bottom surface of a solid
plate with finite thickness. With the required conditions
of continuity at the interface, it is found that the Stoneley
wave is composed of evanescent plane wave components in
all of the media involved [18]. All of these waves have the
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Fig. 18. Calculated Stoneley wave phase velocity.

same projection of their wave vector on the interface, and,
thus, their combination gives the Stoneley wave. This un-
damped, nearly non-dispersive propagating Stoneley wave
along the solid-liquid interface can cause significant cross
coupling. In practice, the cMUT arrays will be bonded ei-
ther to another wafer carrying signal processing electronics
as discussed in [16], which will result in an air backing, or
they will be bonded to a solid substrate. In either case,
Stoneley waves can travel along the front surface of the
cMUT arrays. Assuming that the air-backed cMUT can
be modeled as an infinite fluid/silicon plate/vacuum struc-
ture, one can calculate the phase velocity dispersion curve
and the acoustic field distributions of the Stoneley wave.
In Fig. 18, the variation of the Stoneley wave phase veloc-
ity is plotted as a function of frequency for a 500-µm thick
silicon plate loaded with oil on one surface. The speed of
sound in the oil is taken as 1480 m/s, and the density
is 980 kg/m3. As expected, the phase velocity is nearly
non-dispersive after 1 MHz, where it reaches a value of
1470 m/s. Further information on the Stoneley wave char-
acteristics can be obtained by plotting the field distribu-
tions. The magnitude of the lateral (Ux) and vertical (Uz)
displacement field components at the frequency of 4 MHz
is plotted as a function of depth in Fig. 19, which shows
the evanescent nature of the wave components both in sil-
icon and the fluid. Even at this frequency, the displace-
ment field in the silicon plate decays rapidly, indicating
that the wave cannot sense the difference between a finite
thickness plate or a half space. This is also reflected in the
non-dispersive behavior at higher frequencies in Fig. 18.
Also note that the lateral component of the particle ve-
locity in the fluid is scaled down by 20 times to fit all
of the components in the same curve. Hence, most of the
energy of the Stoneley wave is carried in the fluid at the
vicinity of the surface. This leads one to conclude that the
large lateral fluid displacement induced at the edge of the
vibrating cMUT membrane and the displacement on the
silicon surface caused by the anchoring edges match the

Fig. 19. Calculated Stoneley wave displacement field distribution at
4 MHz. Ux and Uxf are the lateral components in silicon and fluid, re-
spectively. Uz denotes the normal particle displacement component,
which is continuous at the interface.

mode shape of the Stoneley wave and act as an efficient
source for this wave mode.
The direct propagation of the Stoneley wave and its

reflection and mode conversion at the edge of the silicon
substrate contribute to the cross talk between elements.
The direct and reflected Stoneley waves set any mem-
brane along its path into motion. These membranes will
radiate energy into the fluid, which is detected as cross
coupling between elements. Radiation from the mode-
converted Lamb waves will also contribute to the cross
talk between elements.
An optical displacement probe was used to measure the

displacement of the surface of the silicon wafer at 1.4 and
2.4 mm away from an isolated 1-D array element excited
by a 10-ns square pulse with a peak voltage of 10 V. Fig. 20
shows that the measured signals at these two points are es-
sentially the same, except for a time delay of 0.7 µs, which
corresponds to a non-dispersive phase velocity of 1470 m/s.
The displacement at the first point is propagated using the
phase velocity dispersion curve of the Stoneley wave, and
the result is in excellent agreement with the measured dis-
placement at the second point [19]. This is consistent with
the fact that the acoustic pulse has frequency components
in the 1- to 9-MHz range.
In the frequency domain angular response of the cMUT

array element as shown in Fig. 13, the major effects of
the cross coupling are the horizontal and diagonal traces.
These traces can be verified by theoretical simulation of
Stoneley wave propagation at the solid-liquid interface
with phase velocity of 1470 m/s and geometrical considera-
tions. In the cMUT array radiation pattern measurement,
the transmitter array element pitch, D, is 400 µm, and
the fixed receiver is at a distance of 9 cm. The cross cou-
pling traces that start at 2 MHz, around 60◦, and form an
arc to reach 3.4 MHz, around 0◦, are due to the geomet-
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Fig. 20. Optical displacement signals caused by Stoneley wave.

ric effects. When the transmitter is rotated at an angle
of θ, the additional travel distance between neighboring
elements is either D + Dsin(θ) or D − Dsin(θ) for rota-
tion away or toward the receiver. So the excitation of one
element will cause delayed transmission from neighboring
elements by Stoneley wave cross coupling. The frequency
domain representation of this periodic distance change is
either V/D(1+sin(θ)) or V/D(1−sin(θ)) as shown in the
frequency domain angular response plots along with their
second harmonics.
The frequency domain cross coupling patterns are

shown as overlays in Fig. 14, which agree very well with the
radiation pattern measurements superimposed upon. The
disagreement at higher frequencies can be due to the fact
that the structure at the silicon surface begins to affect
the Stoneley wave velocity, because the fields get concen-
trated predominantly at the fluid-transducer surface inter-
face at higher frequencies. This fine structure is obviously
not taken into account in the calculations.
The effect of traveling Stoneley waves on the impulse

response is verified by electrically changing the acoustic
properties of the cMUT membrane. When a DC bias that
exceeds the collapse voltage is applied to neighboring ele-
ments, their membrane motion is significantly suppressed.
Thus, the delayed transmissions from the neighboring el-
ements are prevented. Comparing the radiation pattern
in Fig. 13 (with normal DC bias for neighboring elements)
and that in Fig. 21 (with high DC bias for neighboring el-
ements), it is evident that the effect of the Stoneley wave
cross coupling on the impulse response is significantly re-
duced.
To reduce Stoneley wave cross coupling between neigh-

boring elements, the boundary conditions of the cMUT
surface can be modified to prevent efficient Stoneley wave
excitation and propagation. The excitation can be reduced
by decreasing the slope of the vertical displacement at the
edge of the cMUT. Alternately, a lossy medium can be
placed between neighboring elements or altering the ori-

Fig. 21. Radiation pattern with higher DC bias for neighboring ele-
ments.

Fig. 22. Radiation pattern with silicon-soft, epoxy-liquid edges.

entation of neighboring elements. In addition, a lossy ma-
terial can by placed at the edges of cMUT device to prevent
Stoneley wave mode conversion and transmission along the
edges. Fig. 22 shows the angular impulse responses of the
same isolated single cMUT element with a dummy neigh-
bor with silicon-soft, epoxy-liquid edge, where UV curable
epoxy was applied to the original wafer edge and partially
cured on the surface, leaving soft epoxy inside uncured.
Compared with the normal silicon-liquid edge impulse re-
sponse as shown in Fig. 12, it is clear that the two cross
coupling traces from the device edges are reduced signifi-
cantly because of the absorption of the Stoneley waves by
the lossy epoxy.
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V. Conclusion

A 1-D cMUT array element is experimentally charac-
terized, and the results are found to be in agreement with
theoretical predictions. As a receiver, the transducer has a
0.28 fm/

√
Hz displacement sensitivity, and, as a transmit-

ter, it produces 5 kPa/V of output pressure at the trans-
ducer surface at 3 MHz. The transducer also has more than
100% fractional bandwidth around 3 MHz, which makes it
suitable for ultrasound imaging.
The radiation pattern and crosstalk measurements on

the array devices indicate that A0 mode Lamb wave in the
substrate and Stoneley wave at the solid-liquid interface
are important cross coupling sources. Several solutions to
reduce the cross coupling have been suggested and tested.
Further quantitative analysis has also been conducted, and
it will be the subject of another paper.
The results reported herein indicate that cMUT arrays

are an attractive alternative to piezoelectric array trans-
ducers in immersion ultrasonic imaging applications.
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