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Absboct-This paper introduces a new method for fabricating
Capacitive Micromachined Ultrasonic Transducers (CMUT)
that uses a wafer-bonding technique. The transducer membrane
and cavity are defined separately on a Silicon-On-Insulator
(Sol) wafer and on a prime quality silicon wafer, respectively.
Using silicon direct bonding in a vacnum environment, the two
wafers are bonded forming the transducer. Among the many
advantages this wafer-bonding technique, and probdbly Ihe
most important for low frequeucy transducer application%is the
ability to define relatively large membranes and large gaps
easily. The particular device reported in this paper is designed
to operate in the 10 kHz - 150 liHz range as a transminer only
for a sonar application. In this paper, we describe the new
fabrication process to build CMUTs, and present the first
experimental results obtained from this particular device that
demonstrate wide-band operation in the above mentioned
frequency range.

1. INTRODUCTION
CMUTs have been considered an attractive alternative to
conventional piezoelectric transducers in many areas of
application, because they provide certain advantages over
piezoelectric transducers [1,2]. Most of these advantages are
inherent to the way the devices are built and operated.
CMUTs are made of a plurality of thin membranes that are
suspended over a conductive silicon substrate with insulating
posts. The membrane is coated with metal on top to create a
parallel plate capacitor. By applying an AC signal between
the plates, the membranes can be put into vibration, and
generate ultrasound. The mechanical impedance of the thin
membranes is usually very small. In air-bome applications
this enables a better coupling into the medium. In immersion
applications the mechanical impedance of the membranes is
over-damped with the large acoustical impedance of the
medium enabling a widehand frequency of operation.
Traditionally, CMUTs are fabricated on silicon using
surface micromachining techniques, such as thin film
deposition, photolithography, and thin film etching [3].
Surface micromachining provides most of the advantages of
the IC manufacturing technology which has been developed
in the last 40 years. The transducers manufactured in this way
can be tailored into virtually any shape and number. This
allows the fabrication of a wide variety of transducers into
high density one dimensional and two dimensional arrays
relatively easily.
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Active research work on CMUTs has been reported in the
last decade. Recently, surface micro-machined CMUTs have
been successfully fabricated and tested in air and in water [461. These results demonstrate that optimized CMUTs can
perform comparably to piezoelectric transducers with fewer
limitations on their design.
Silicon based surface micro-machining has met with
success as a means to fabricate CMUTs. There are, however,
problems associated with this technology in relation to
CMUT fabrication. These problems mainly arise from the
thin film deposition and sacrificial membrane release steps
involved in the traditional fabrication process of the CMUTs.
The membranes cannot be made arbitrarily large because of
the stress issues of the thin films, and the sacrificial release
process [7]. The frequency characteristic and the performance
of CMUTs are solely determined by the geometrical
parameters of the membranes and the gap. Therefore, the
aforementioned limitation in the fabrication process limits the
application areas of the CMUTs, particularly into higher
ultrasound frequencies. In this paper, we introduce the waferbonding technique into the CMUT fabrication process, which
solves most of the short-comings of the traditional technique.
The details of the fabrication process are described in section
111. Using this new technique, we fabricated CMUTs that
operate in the 10 !=HZ- 150 kHz range. The experimental
results are reported in section V.
11. MOTIVATION

There are a several advantages associated with fabrication
of CMUTs by wafer-bonding as compared to the traditional
one:
A . Vacuum Cuvify Formation
In the traditional case, the vacuum cavity is formed as
follows. First, a sacrificial layer is deposited and patterned
into the shape of the gaps of the capacitors. Then, the
membrane is deposited over the sacrificial layer uniformly.
Later, small holes are etched through the membrane to get
access to the sacrificial layer. The sacrificial layer is
removed, and the membrane is released with a wet etch
process. The small etch holes are subsequently sealed under
vacuum to create the vacuum sealed gap. These steps are the
ones that introduce most of the limitations of this process.
Because of the high stresses involved with the thin film
depositions. It is very difficult and unpractical to deposit
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arbitrarily thick sacrilicial layers. It is also not possible to
release arbitrarily large membranes.
Forming a vacuum cavity with the wafer-bonding
technique solves these practical problems. The cavity and the
membrane are defined on separate wafers. l h e y are brought
togelher in vacuum, and bonded using direct silicon bonding.
The inew technique inakes the sacrificial layer formation, and
the complex via open and refill process steps of the
traditional mcthod obsolete. Therefore it does not have !he
limitations of the sacrificial release process enabling the
fabrication of very large membranes.

b) Silicon ctch (on19 for deep cavil).).

c ) T l m m a l osidation for electrical isolation

B. Fi///acrov
One other limitation the sacrificial release process brings
is the need for etch channels to be able to vacuum seal the
gap. These channels have to be labyrinth-like shapes to
ensure the sealing which consumes a lot of real estate on the
silicon wafer. In the case of wafer bonding, the vacuum
cavities are formed during the bonding process, and therefore
etch holes and channels are no longer needed. The transducer
area can be solely dedicated to the active membranes.
C. Meiiibvme Ma"./
In the traditional CMUT fabrication, the membrane is
usually made of silicon nitride which is deposited using a
Liquid Phase Chemical Vapor Deposition (LPCVD). Two
gases are brought together inside a reactor at an elevated
temperature to create the silicon nitride layer on the silicon
wafer. The temperature of the reactor and the concentrations
of the gases determine the electrical and mechanical
properties of the silicon nitride, including the residual stress.
Because of the nature of the process, silicon nitride films
deposited in this way turn out with high residual stress. Even
ifthe deposition conditions are adjusted to achieve low stress,
the resulting membranes are limited in size for safe sacrificial
release process. Moreover, the resulting mechanical
properties ofthe silicon nitride membrane vary due to process
variations and are thus somewhat unpredictable.
In wafer-bonding the membrane is made from single
crystal silicon, which has better mechanical properties (fewer
internal defects, lower internal mechanical loss) than thinfilm deposited materials. Most important, the mechanical
properties are very well known and very well controlled.
Therefore, the single crystal silicon membrane improves the
reliability and predictability as well as the performance of the
device.
These advantages brought by the wafer-bonding technique
are more pronounced in the application of interest, where the
intended frequency of operation requires the fabrication of
CMUTs with very large membranes. In the following
sections we will describe the realization ofsuch a device.

111. FABRICATION PROCESS
Fabrication of CMUTs by the wafer-bonding technique is
a four-mask process as shown in Fig.1. The process starts
with a 4-inch N type <loo> silicon wafer. The wafer is
heavily doped with Antimony to achieve resistance in the
range of 0.008 lo 0.02 n-cm2. Depending on the required
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g) AI deposition and patterning.

h) LTO deposition and patteming.

Fig. 1 : Major steps of CMUT fabrication using waferbonding technique.
electrode separation of the cMUT, one of two different
processes forms shallow or deep cavities before waferbonding (Fig. I .a or 1 .b). When the separation distance is less
than Zpm, one can use a thermal oxide layer to form the
cavity. A layer of thermal oxide is grown and patterned using
conventional photolithography.
When the separation is larger than 2pm, a thin layer of
thermal oxide is grown to protect the clean wafer surface.
This oxide layer is then patterned by the cavity mask and
used as the hard mask for silicon etching. The cavity is
formed by silicon etching in KOH. After this, the oxide mask
layer is removed by BOE.
After !he cavity definition and photoresist removal,
another thermal oxide layer of 4000A is grown as an isolation
layer for the CMUT (Fig. 1.c). The wafer with cavities is then
bonded with the SO1 wafer under vacuum as shown in Fig.
I(d). The wafer-bonding is done with a Karl Suss bonder at
I X I O . ~ mbar vacuum. at 150°C. The bonded wafers are
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annealed at I I O O T for two houra. The wafers are ground and
etched hack to Ihc box (oxidc layer) o f the SO1 wafer to form
tlie membrane. The active silicon layer on the SO1 wafer now
constitutes the inemhranes o l the CMUT transducer.
Therefore, the thickness of tlie active silicon layer becomes
the membrane thickness.
To gain acccss to the ground layer on the carrier silicon
wafer an opening in tlie membrane silicon and insulating
silicon dioxide layers is etchcd. Subsequently, a 3300 A film
o f aluminum (AI) is sputtered and patterned to cstablish the
connections to the top and bottom electrodes. A thin layer
(4000 A) of L P C V D Low-Temperature-Oxide (LTO) i s
deposited as a passivation layer. Finally, the LTO layer is
patterned and etched to open pads for wire bonds.
I V . D E V I C E DESIGN A N D F A B R I C A T I O N
A s briefly mentioned earlier, the principle of operation of
C M U T s in transmit relies on the electrostatic attraction force
between opposite charges. When a D C voltage i s applied to
the electrodes o f the membrme, the membrane deflects
towards the substrate which i s tlie ground electrode. The
electrostatic attraction force i s balanced by the restoring force
o f the mechanical spring formed b y the membrane. The
amount of deflection can he calculated if the mechanical
spring constant o f the membrane i s known. N o w ; one can
imagine vibrating the membrane by adding a small A C signal
on top of the D C signal. A vibrating membrane then couples
mechanical energy into the surrounding medium. The details
o f CMUT operation can he found in [1,3,4]. The measure o f
the efficiency o f the C M U T i s the electromechanical coupling
efficiency which shows how efficient the electrical energy i s
converted into mechanical energy. It turns out that, as shown
in [8], the electromechanical coupling efficiency increases
w i t h increasing D C bias voltage. However, the bias voltage
w i t h which we can operate CMUTs has an upper bound.
Increasing the DC voltage increases the electrostatic
attraction force, and stretches the membrane further towards
the substrate. Getting closer to the substrate increases the
attraction force on the membrane further, because it is
inversely proportional to the separation between the two
plates. The attraction force i s balanced by the spring force of
the membrane which is linear with deflection. Therefore,
there comes a point while increasing the bias voltage where
the restoring force o f the mechanical spring cannot balance
the electrostatic attraction force. This voltage is'called the
collapse voltage beyond which the membrane sticks to the
substrate with the electrostatic attraction force, and does not
vibrate. That is, the CMUT is not usable beyond the collapse
voltage, and the D C operating voltage has to he kept below
but close to this voltage. One important aspect of the C M U T
design is to keep this voltage low to enable low-voltage
operation.
The mechanical spring constant of the membrane together
w i t h i t s mass determines the dynamic behavior of the
membrane, and the frequency characteristics. Therefore,
CMUT design starts with the design o f the geometrical
parameters o f the membrane. Specifically, the size and the
thickness of the membrane are optimized for best

pcrformaiice. The cavity beneath the membrane i s vacuum
scaled. Therefore, tlie menibane deflects under ambient
pressure. The design of the gap has two considerations. The
gap should be wide enough such that when deflected under
ambient pressure, the membranes do not touch the substrate.
I t shouldn't bc too wide as well to assure low voltage
operation. To ensure these, tlie static deflection o f the
membranes under ambient pressure, and the corresponding
collapse voltage are calculated and optimized using finite
element analysis.
For this particular application, square shaped membranes
are used to inaximize the area efficiency. The membrane
thickness i s determined by the thickness o f the active silicon
layer o f thc SO1 wafer, which i s 4.5 jnn. The size o f the
membranes is determined to be around 650-700 pm. To
obtain several data points. the devices are fabricated using a
variety o f Inembrane sizes, particularly 600 Nm, 650 tun, 700
p m and 750 Nm membranes. The static deflection for these
membranes under one atmospheric pressure is calculated
using finite element analysis. The simulation results together
with the measurements are discussed in the next section, and
sliowii in Table I
The final device is circular with a diameter of 5.5 cm. I t i s
divided into four quadrants each with a different membrane
size. The quadrants have their own individual electrical
connection, a i d are tested separately. A n optical picture o f a
device i s shown in Fig. 3.
V. D E V I C E CHARACTERIZATION

A. Mechanical Characterization
In order to fabricate CMUTs with desired characteristics, one
needs to control the separation between the two electrodes of
the device very accurately. In the silicon wafer-bonding
process, single crystal silicon i s used as membrane material
of the CMUT. Therefore, the membrane profile under
atmospheric pressure can be predicted. The membrane
deflection i s simulated by ANSYS using the material
parameters o f single crystal silicon for the membrane. After
the fabrication process, the static membrane deflections are
measured using a white light interferometer by WYCO. A
sample picture obtained from such a measurement i s shown
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Fig. 2: An optical picture of a finished device.

Fig. 4: Experimental setup used for measuring the electrical
input impedance of the CMUT.
.t<:

of the acoustical Dower couded into the air. This Darticular
device has a coliapse voltage of 150 V, and a iesonance
frequency of 288 kliz, which are very close to those
predicted by ANSYS.
C, Ulrrusonic Chnracrerizurion

Two parameters are of prime importance for
characterizing the operation of ultrasonic transducers. Thesc
are frequency band of operation and transduction capability.
For this application, the latter is seen as peak acoustic
pressure in transmit. In order to characterize the operation of
the CMUT under test, pulse-echo measurements were
conducted in air and in vegetable oil. These tests provide us
with the frequency band shape of the transducer. In addition,
pitch catch experiments are performed in oil using a needle
hydrophone as a receiver. This test provides us the output
pressure capability of the CMUT. For these tests, the CMUT
under test is biased in the same way as shown in Fig. 4. In the
pulse echo measurements, the network analyzer is replaced
with a signal generator and an oscilloscope. The signal
generator generates an electrical pulse that launches an
acoustic signal i n the propagation medium. The echo is
received by the same transducer which generates a voltage
that is read by the oscilloscope. Fig. 6 shows the result of the
pulse-echo
experiment
performed
in
air.
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Fig. 5 Electrical input impedance of the CMUT as measured
by the vector network analyzer.
8.2

2325

-81-~~~.
5.1

...

~~

6136

~

:

Y Y

Ill'
. ~~~~i~~

0

~.-:

6172
6208
Time tmsl

6244

The transducer is excited with a 200 unipolar pulse. The
receivcd echo signal lias a iiarrow band response around 218
kl-lz as expected i n an air-borne measurement. The frequency
of the echo signal is very close to the resonance frequency
iiieasured by the network analyzer. The reason for the sliglitly
lower frequency of operation observed in the pulse-echo
measurement is because of the band shaping of the frequency
dependent acoustical loss i n air. The same pulse-echo
experiment is repeated in oil. Although these devices are
coated with a thin layer of LTO to protect the hot electrodes
from the environment, it was not fully successful. Therefore,
this experiment is performed in oil instead of water. In this
experiment, the acoustical impedance of the medium
dominates the mechanical impedance of the CMUT
transducer creating an over-damped system. The received
echo signal shown in Fig. 7 indicates a broadband frequency
response. The Fourier spectrum of the received pulse is
calculated and plotted in Fig. 8.

. 1 , 5 i . L L
0.06
0.08
0.1

0.12
0.14
Tlme (ms)

0.16

200

300

400

500

600

Fig. 8: The uncorrccted spectrum (red) and the spectrum
corrected for attenuation and diffraction (blue) of tlic pulse in
Fig. I .

Fig. 6: The result of the pulse echo experiment in air,
showing a narrow frequency band operation.
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The resulting frequency response is corrected for tlie
diffraction [9,IO] and attenuation losses iii the medium,
which is also shown in Fig. 8 (blue). The results show that tlie
CMUT transducer indeed has a wide frequency 3-dB
bandwidth that extends froin O
I kl-lr to over IS0 K l l z .
VI. CONCLUSION
This paper presents the first fabrication of low-frequency
CMUTs using the wafer-bonding technique. The wafer
bonding technique eliminates the limitations of the traditional
surface micromachining techniques, and allows us to build
CMUTs with relatively large membranes. In return, this
technique enables the fabrication of CMUTs that operate in
the low ultrasound frequencies. For the scope of this work,
the transducers are specifically designed to operate in the 10
kHz - 150 kHz range for sonar applications. We have shown
that CMUTs that are fabricated using this new technique
indeed operate in this frequency range. The operation of these
devices is demonstrated with pulse-echo experiments in air
and in immersion, and with calibrated hydrophones. In
conclusion, wafer bonding technique provides a solution to
the limitations of the traditional surface micromachining
techniques in low frequency applications. This new technique
involves fewer process steps, which reduces the process
turnaround time and potentially increases the yield.
Therefore, it is also a strong alternative to surface
micromachining in higher frequency applications as well,
such as medical and underwater imaging in the MHz range.

0.18

Fig. I : Impulse Response of the CMUT transducer.
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