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Abstract—Capacitive micromachined ultrasonic trans-
ducer (cMUT) technology is a prime candidate for next
generation imaging systems. Medical and underwater imag-
ing and the nondestructive evaluation (NDE) societies have
expressed growing interest in cMUTs over the years. Ca-
pacitive micromachined ultrasonic transducer technology is
expected to make a strong impact on imaging technolo-
gies, especially volumetric imaging, and to appear in com-
mercial products in the near future. This paper focuses on
fabrication technologies for cMUTs and reviews and com-
pares variations in the production processes. We have de-
veloped two main approaches to the fabrication of cMUTs:
the sacrificial release process and the recently introduced
wafer-bonding method. This paper gives a thorough review
of the sacrificial release processes, and it describes the new
wafer-bonding method in detail. Process variations are com-
pared qualitatively and quantitatively whenever possible.
Through these comparisons, it was concluded that wafer-
bonded cMUT technology was superior in terms of process
control, yield, and uniformity. Because the number of steps
and consequent process time were reduced (from six-mask
process to four-mask process), turn-around time was im-
proved significantly.

I. Introduction

Capacitive micromachined ultrasonic transducers
(cMUTs) were introduced to the ultrasound commu-

nity about a decade ago. Initially, the interest in cMUTs
was for airborne applications such as nondestructive eval-
uation (NDE), mainly because at the time the cavity could
not be sealed. Once techniques were developed to seal their
cavity, cMUTs began to appear in immersion applications,
first in underwater imaging and later in medical imag-
ing. Consequently, research interest has increased for both
technology development and modeling. Early on, the Office
of Naval Research (ONR) approached cMUT technology
aggressively to build underwater ultrasound imaging cam-
eras. Recently, the medical imaging community has taken
the lead in commercialization of cMUT technology. This
paper focuses on the fabrication technology of cMUTs,
comparing variations in the fabrication techniques for out-
put, process control, and yield.

The first versions of capacitive ultrasonic transducers
were built using conventional machining tools [1]. A rough
metal surface was used as the back plate of the capacitor,
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and a metallized mylar membrane made up the top elec-
trode. Later versions of these capacitive ultrasonic trans-
ducers used micromachining instead of conventional ma-
chining to define the cavities on silicon [2], [3]. Although
micromachining allowed precise control over the gap size,
these devices did not fully use micromachining techniques:
metallized dielectric films (kapton, mylar, or polyester)
were used as the membrane material, which did not allow
vacuum sealing. Fully micromachined versions of capaci-
tive ultrasonic transducers were introduced in 1994 [4] and
were called capacitive micromachined ultrasonic transduc-
ers (later abbreviated as cMUT to clarify the distinction
between piezoelectrically and capacitively actuated trans-
ducers).

The first cMUTs were built using a sacrificial release
process that has become the standard cMUT fabrication
method. Numerous variations of the sacrificial release pro-
cess have been published, all based on the same basic prin-
ciple. The cavity underneath the membrane is created by
depositing or growing a sacrificial layer on the carrier sub-
strate. After the membrane deposition, the sacrificial layer
is removed with an etchant, specifically chosen to etch the
sacrificial layer material but not to etch the membrane
layer material. A number of sacrificial layer, membrane,
and substrate material combinations can be used to fab-
ricate cMUTs. Although the fabrication method remains
more or less the same, the combination of materials makes
a difference in the design, process control, and overall de-
vice yield.

Because the highest temperature in the process deter-
mines whether cMUTs can be processed on the same wafer
with the electronics, cMUT processes can be categorized
as low and high temperature processes. If the cMUTs
are built on the same silicon substrate with the CMOS
electronic circuitry, the highest temperature throughout
the process cannot exceed 400◦C. Such low-temperature
processes often are called CMOS compatible. All other
types are simply called high-temperature processes. The
advantages and disadvantages of each type will be dis-
cussed later. In Section II, we will briefly describe the high-
temperature sacrificial release process developed at Stan-
ford University. Low-pressure chemical vapor deposited
(LPCVD) silicon nitride (Si3N4) is the membrane, and
LPCVD poly-silicon is the sacrificial layer material in this
process. Potassium hydroxide (KOH), which has very good
selectivity between LPCVD silicon nitride and poly-silicon
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(> 400,000:1), removes the sacrificial layer. In Section III,
we will discuss variations of the sacrificial release processes,
and compare them qualitatively. In Section IV, we will give
our perspective on the two-dimensional array fabrication
and on electronic integration in general.

The wafer-bonding method is a new cMUT fabrication
technique, based on a different approach to cavity forma-
tion that uses a combination of bulk and surface microma-
chining techniques [5]. Section V will describe this recently
developed wafer-bonded cMUT process. By comparing the
basic number of steps used in the wafer-bonding method
to the number of steps in the sacrificial release method,
we will show that the wafer-bonding method simplifies
cMUT fabrication considerably, offering many advantages
over the sacrificial-release processes. Section VI will discuss
these advantages, together with possible process variations
to further improve acoustical output and reliability.

II. Sacrificial-Release Process

The sacrificial-release process begins with a conductive
silicon wafer. The silicon wafer is doped to achieve high
conduction at its surface, which is the back electrode in
cMUT operation. Silicon nitride is then deposited at 785◦C
with LPCVD. The composition of the gases is adjusted to
obtain a low-stress Si3N4 film [dichlorosilane (DCS) to am-
monia (NH3) ratio of 14:1]. Typically, the Si3N4 films de-
posited with such conditions have < 100 MPa tensile stress
and a refractive index of 2.4. This layer—also called the
etch-stop layer—must be sufficiently thick to protect the
silicon wafer from the etchant during the long, wet sacrifi-
cial layer etch. Because the capacitance of this layer comes
in series with the active gap capacitance, it should not be
arbitrarily thick. In principle, a few hundred Angstroms
of Si3N4 is sufficient; however, typically, over 1000 Å thick
etch-stop layer is used to avoid problems with possible pin
holes (common in thin Si3N4 layers).

Sacrificial-layer deposition and patterning is done in two
steps, so that the channels KOH uses to remove the sacrifi-
cial layer are thinner than the cavity thickness. In the first
step, a layer of LPCVD poly-silicon is deposited, and re-
gions of reduced channel height are defined by photolithog-
raphy. The subsequent dry etch removes all the poly-silicon
in the defined regions, but it stops at the Si3N4 layer un-
derneath [Fig. 1(a)]. Another thin layer of poly-silicon de-
position follows the first [Fig. 1(b)]. The thickness of the
second poly-silicon layer determines the thickness of the
channels; total poly-silicon thickness from the first and sec-
ond depositions determines the initial cavity height. Low
temperature depositions are preferred for better thickness
control.

Another photolithography and dry etch step follows
the second poly-silicon deposition, defining the cavity and
the membrane shape, together with the etch channels
[Fig. 1(c)]. In general, the membrane can be any shape,
but circles and hexagons are easier to model and are used
most often. Both the shape and the size of the membrane

Fig. 1. Sacrificial-release process with LPCVD Si3N4 membrane.
(a) Substrate doping, etch-stop layer deposition, first sacrificial layer
deposition and patterning. (b) Reduced etch channel height regions.
(c) Active area definition. (d) Membrane deposition. (e) Sacrificial
layer etch hole definition and Si3N4 etch. (f) Membrane release in
KOH. (g) Membrane sealing with more Si3N4 deposition. (h) Top
electrode deposition and patterning.

are critical cMUT design parameters that determine the
frequency response of the element.

The next step is the critical membrane deposition
[Fig. 1(d)]. Like the etch-stop layer, the membrane is com-
posed of low-stress Si3N4 deposited by LPCVD at 785◦C.
Because another layer of Si3N4 will be added during the
sealing step, the Si3N4 thickness at this time is not the
final membrane thickness.

Next, a lithography and dry etch step opens small holes
through the Si3N4 layer [Fig. 1(e)]. The etch holes are
located on the etch channels, so that when the wafer is
immersed in KOH solution, KOH etches its way to the
cavity through the channels and releases the membrane
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[Fig. 1(f)]. The poly-silicon etch rate of KOH is highly
dependent on temperature [6]. At room temperature, the
etch may take several days, depending on the membrane
size. This slow rate is due, in part, to the narrow and thin
etch channels, which limit the diffusion of KOH. During
the long KOH etch, the etch-stop layer protects the sili-
con wafer. Near boiling point, the wet release may be as
fast as several hours. However, because the etch selectivity
worsens at high temperatures, this fast release process is
not always preferred.

The next step in the process seals the holes with an-
other layer of LPCVD Si3N4 [Fig. 1(g)]. Because Si3N4 is
deposited at low pressure, the cavity is considered vacuum-
sealed for practical purposes. In immersion applications,
including medical imaging, the cavity must be sealed; oth-
erwise, fluid fills the cavity and hinders proper cMUT op-
eration. Squeeze film damping will load the membrane vi-
brations, making the transducer inefficient. For the same
reason (but with less effect), it also is undesirable to leave
air inside the cavity while sealing [7], [8].

The rest of the process establishes the electrical con-
nections from the bond pads to the top and bottom elec-
trodes. A lithography and etch step opens connections to
the ground plane through the Si3N4 layers. Subsequently,
aluminum is sputtered over the whole wafer and patterned
by lithography and wet etch [Fig. 1(h)]. Because it pro-
vides conformal coverage, sputtering is preferred for this
step. This final lithography and etch step defines the top
electrode coverage over the membrane. After depositing
the metal, it is best to anneal the wafer to establish good
ohmic contact to ground. However, annealing generates
high tensile stress in the aluminum electrode (∼500 MPa),
which alters both the static deflection under atmospheric
pressure and the mechanical resonance frequency of the
membranes. Because a sufficiently good ohmic contact still
may be obtained, it is possible to skip the annealing step.
Otherwise, high tensile stress must be accounted for in
designing the cMUT.

III. Variations and Issues of the

Sacrificial-Release Processes

A. Substrate Material and Back Electrode

Although its electronic properties are rarely used, sili-
con is the most popular substrate material for cMUT fab-
rication. The silicon substrate is, in essence, both a me-
chanical platform on which the membranes are built and
an electrical ground plane. In general, it may be replaced
by any other substrate material, provided that material
has a conductive surface. Quartz is an attractive alter-
native. Although quartz is an insulator, it can be coated
with a conductive layer of poly-silicon or metal to form
the ground plane. The choice of conductive layer depends
on the subsequent processing steps. For low temperature
processes, this layer can be any of the common metals. For
high temperature processes (similar to the one described

above), this layer must be either doped poly-silicon or a
metal with a high melting point, such as tungsten. Quartz
is a perfect insulator, and it is optically transparent. The
bottom electrode can be patterned to reduce parasitic ca-
pacitance, or it can be patterned in the form of fingers,
creating a diffraction grating with the membrane so that
optical sensing methods can be used [9]. The patterned
back electrode concept can be implemented on very high
resistive silicon wafers as well [10].

In variations in which the cMUT is integrated with the
electronics, the substrate material is silicon, and the back
electrode is either an n-well or aluminum, both of which are
patterned to reduce parasitic capacitance [11]–[13]. When
patterned, the surface topology of the back electrode is
transferred to the membrane. Although selectively doped
poly-silicon layers and n-wells in silicon wafers do not have
significant topology, the profile of the metal back elec-
trodes can be problematic, especially when the gap height
is comparable to or thinner than the thickness of the back
electrode metal.

B. Sacrificial Layer Deposition and Cavity Definition

The sacrificial poly-silicon has high compressive stress
(−400 to −500 MPa, depending on the thickness), which
poses a problem for releasing large membranes (>∼100 µm
in diameter for circular membranes). When high compres-
sive stress is released by the sacrificial layer etch, large
membranes tend to break. Rectangular membranes expe-
rience worse problems as the aspect ratio increases. De-
positing a buffer layer of LPCVD phospho-silicide-glass
(PSG, phosphorus doped low-temperature silicon dioxide)
between poly-silicon and Si3N4 is a partial solution. If the
sacrificial layer is deposited as a composite layer of poly-
silicon and PSG, it is possible to fabricate membranes as
large as 160 µm in diameter. The down side of this process
is the lack of uniformity in the PSG deposition.

C. Membrane Deposition and Wet Release

Ideally, the initial membrane deposition thickness would
be the final membrane thickness minus the amount added
during sealing. However, there is a constraint on the ini-
tial membrane thickness: it must be thicker than a criti-
cal value to avoid sticktion. The sticktion problem arises
during the drying process, after the removal of the sacrifi-
cial layer. As the water in the cavity evaporates, capillary
forces from surface tension pull the membrane toward the
substrate. If the membrane is not sufficiently stiff, these
forces may overcome the restoring force of the membrane
and stick the membrane to the substrate, a process that
generally is irreversible [14]–[17].

Sticktion is a common issue associated with all wet-
release processes, but there are ways of avoiding it: freeze
drying [18], supercritical drying [19], and dry release [20]–
[22]. In freeze drying, deionized (DI) water left in the cav-
ity after the wet release is replaced by another chemical,
which is subsequently frozen and sublimed at low pressure.
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Supercritical drying is a similar method in which the DI
water is replaced with liquid carbon dioxide. At the critical
temperature and pressure, carbon dioxide is in the super-
critical phase in which there is no liquid-vapor interface,
and therefore no capillary forces. If appropriate membrane
and sacrificial-layer materials are used, a dry-release pro-
cess is most convenient. Dry release works in the same
way as wet release, except that, instead of a wet chemical,
a plasma removes the sacrificial layer. For example, when
silicon dioxide is used as the membrane material, xenon
difluoride (XeF2) is commonly used to selectively etch sil-
icon.

There are a number of variations to consider when
choosing the sacrificial layer and the membrane material.
One example is to chose LPCVD silicon dioxide as the
sacrificial layer, and LPCVD deposited and doped poly-
silicon as the membrane material [11], [12], [23]. Liquid or
vapor hydrofluoric acid (HF), which has excellent selectiv-
ity between silicon dioxide and poly-silicon, can be used
to remove the sacrificial silicon dioxide layer. Because the
poly-silicon membrane is conductive, an insulation layer is
required between the membrane and the silicon back elec-
trode. Etch rate selectivity of HF between silicon dioxide
and Si3N4 is only ∼100 to 1. Hence, the thickness of the
insulation layer and the wet release of the membranes re-
quire careful design so as not to etch the insulation layer
completely. The high-stress levels of the LPCVD poly-
silicon also must either be eliminated with additional steps,
or taken into account in the design. The LPCVD Si3N4
also can be used as the membrane material, but it suf-
fers from poor etch selectivity and results in radially vary-
ing membrane thicknesses. In a similar variation, plasma-
enhanced chemical vapor deposition (PECVD) is used to
deposit the sacrificial silicon dioxide and Si3N4 layers [24].
The reported etch rate selectivity between PECVD sili-
con dioxide and Si3N4 is 200:1, which is not adequate for
membrane-to-membrane thickness uniformity. In general,
wet etching of the sacrificial layer requires very good etch
rate selectivity to avoid problems with etch uniformity.

Whether LPCVD or PECVD is used in depositing the
Si3N4 membrane, the problem of stress in the membrane
remains. By changing the composition of the gasses in the
LPCVD reactor, it is possible to control the stress in the
Si3N4 film. The radio frequency (RF) frequency and the
power of PECVD reactors also can be tuned to reduce the
film stress. However, in both cases, the quality of the Si3N4
film will deteriorate. The selectivity of the wet etchant
drops greatly, and makes the sacrificial release impossible.
A compromise between stress and quality usually can be
achieved where the stress is low tensile or low compressive
and the quality is moderate. For PECVD deposited Si3N4
films, the sacrificial release process remains a problem due
to poor selectivity between Si3N4 and silicon dioxide or
poly-silicon. However, other films such as polymide [25],
[26] and chromium [9] have been successfully used as sac-
rificial layers in conjunction with low-stress PECVD Si3N4
membranes. Because polymide is spun-coated and etched
to final thickness, and chromium is deposited to the final

Fig. 2. Optical pictures of several cMUT elements with different
membrane shapes and sizes to show its relation to the active area
coverage. (a) The 24 µm diameter circular membranes has approx-
imately 50% active area coverage. (b) The 80 µm diameter circular
membranes has 72% active area coverage. (c) The 80 µm diame-
ter hexagonal membranes has 86% active area coverage. (d) Tented
membranes in which the etch holes are located on the post have over
90% active area coverage.

thickness, chromium is the better choice for gap thickness
control.

Numerous combinations of materials and processes can
be used to fabricate membranes. Although each has advan-
tages and disadvantages, the issues of uniformity, repeata-
bility, and controllability are common to all. Tradition-
ally, LPCVD has been the preferred deposition method for
uniformity [27], but there is not sufficient data on wafer-
to-wafer uniformity, process repeatability, and control to
make a strong statement about these issues.

D. Membrane Sealing and Thickness Control

The LPCVD Si3N4 has a very low sticking coefficient,
which means that a molecule will not stick to the wafer
surface immediately. Consequently, while sealing the etch
holes, some amount of Si3N4 will deposit into the cavity.
Because past experience shows that approximately one-
third of the initial cavity height will remain after the etch
holes are completely sealed [28], [29], narrow etch channels
are needed for more efficient sealing. By defining the cavity
and channel heights separately (in two steps), it is possi-
ble to reduce Si3N4 deposition into the cavity. Fig. 2(a) is
an optical picture that shows circular membranes and etch
channels (i) leading to the membranes from the etch holes
(ii). The reduced channel height can be as low as 0.04 µm,
which means quick sealing of the etch holes, minimal depo-
sition inside the cavity, elimination of the etch-back step to
finalize the membrane thickness, and consequently better
control of gap height and membrane thickness.
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The problem with Si3N4 sealing is that it requires long
etch channels, reduced channel height, or both. In each
case, the price of efficient sealing and good thickness con-
trol is loss of active area, which eventually translates into
loss of output pressure and receive sensitivity. For large
membranes, the fractional loss is not that significant. How-
ever, as the membrane size decreases for high-frequency
applications, the fractional active area loss becomes an
issue. Fig. 2 shows optical pictures of four membranes
where Fig. 2(a) has 24 µm, and Fig. 2(b), (c), and (d)
have 80 µm diameter membranes. In the case of the small
membrane, it is evident that half of the active area is lost.
For the 80 µm circular membrane, the active area coverage
is considerably better (72%). Using hexagonal membranes
as shown in Fig. 2(c), it is possible to reduce the size of
the etch channels and increase the active area coverage to
86%. It is also possible to remove the posts between the
hexagonal membranes to create tented membranes [shown
in Fig. 2(d)] with more than 90% active area coverage. A
previous version of this process used e-beam lithography to
open tiny holes through the Si3N4 membrane [30], instead
of using long etch channels defined by g-line lithography.
The reduction in cost obtained by using g-line lithography
comes at the expense of loss of active area.

The LPCVD deposited low temperature silicon diox-
ide (LTO) is an alternate solution to Si3N4 to seal the
etch holes [12], [23], [28]. Because LPCVD LTO has a
higher sticking coefficient than Si3N4, it is possible to seal
the etch holes without long etch channels, and the active
area coverage can be improved, even for small membranes.
There is one minor issue with LTO sealing. Because of its
high sticking coefficient, LTO is not capable of sealing very
small holes, so the etch hole size must be larger than 2 µm
in diameter; [28] and [29] provide details on LTO sealing.
The PECVD Si3N4 works in the same manner, sealing the
holes locally without the need for long channels [9], [24].

E. Top Electrode Definition and Coverage

The electrode coverage determines the electromechan-
ical transformer ratio and the parasitic capacitance, con-
sequently, both the efficiency with which the electrical en-
ergy is transformed into mechanical energy and the fre-
quency bandwidth. Past work on this subject has shown
that, with coverage greater than half-metallization of the
membrane radius, while there is not much improvement
in the electromechanical transformation ratio, the para-
sitic capacitance increases almost linearly with the elec-
trode area [31], [32]. However, if there are other dominant
parasitic capacitance sources, coverage area can be larger
without effecting the bandwidth.

Aluminum is the most common electrode material used
in cMUT fabrication, mostly for historical reasons. As
long as their mechanical properties are taken into account,
other metals are equally suitable. Chromium and gold have
been used successfully [9], [33], [34], and other possible al-
ternatives are tungsten and copper.

F. Embedding the Top Electrode and Passivation

One optional process variation is to embed the top elec-
trode inside the membrane, thereby reducing the dielectric
thickness below the top electrode. Ideally, it is best to have
no dielectric layer (other than vacuum) between the two
electrodes of the capacitor. This arrangement is not practi-
cal because it is likely to cause an electrical short between
the electrodes. By reducing the dielectric thickness under
the electrode as much as possible, without changing the
overall membrane thickness, the E-field share of the gap
and the capacitance increase, and the impedance match-
ing to the electronics improves. When aluminum is the
top electrode, the top membrane layer must be a material
deposited at low temperature (< 500◦C). LTO commonly
has been used for this purpose [27], [29], [35]; in this case,
the membrane becomes a compound membrane composed
of three layers (including the metal layer), and must be
modeled accordingly.

Other options are to use a suitable metal with high
melting point or doped poly-silicon rather than aluminum,
then bring the membrane to the right thickness with
LPCVD Si3N4, so that the membrane is a monolayer.
These are better options for process control, uniformity,
and modeling. When phosphorus-doped poly-silicon is
used as an embedded electrode, the diffusion time and
temperature are chosen to minimize the stress in the poly-
silicon film [36]–[38]. Because doped poly-silicon has lower
conductivity than aluminum, creating a monolayer mem-
brane of Si3N4 in this way requires compromise in series
resistance.

An optional final step in cMUT fabrication is passi-
vation of the top electrode. Because the top electrode is
the hot electrode, it is necessary to isolate it from the
surrounding medium in most cases. Embedding the elec-
trode inside the membrane, as described above, readily
solves this issue. One-dimensional medical imaging arrays
always are covered with a lens to focus the acoustic beam
in the elevation direction. Such lenses are insulating, and
isolate the top electrode from the outside. However, two-
dimensional arrays do not use a lens; applying a thinner
coating with minimal attenuation is the best solution for a
two-dimensional array. For example, parylene coating can
be as thin as a few micrometers and provide adequate con-
formal coverage. When the cMUT is covered with a pas-
sivation layer, the membrane becomes a compound struc-
ture. Although the coating usually is much softer than
the membrane material (smaller Young’s modulus), it also
might be thicker than the membrane and must be taken
into account in such cMUT designs.

G. LPCVD versus PECVD

As described in detail in the previous subsections, the
main issues with the sacrificial-release processes include:
control over the mechanical properties of the membrane
material, control over the thicknesses, repeatability, and
limited design space [very large (> 160 µm in diameter)
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and thick membranes are impossible to realize, due to
residual stress of the films].

Whether it is a LPCVD or a PECVD reactor, control
over the mechanical properties of the membrane mate-
rial actually is equivalent to control over the deposition
conditions of the films (that is, how a particular piece of
equipment is maintained and calibrated). Because ther-
mal excitation of the molecules increases the likelihood of
making appropriate bonds, high-temperature processes, in
general, are better for the quality of the film. Therefore,
PECVD films have relatively more vacant bond sites, re-
sulting in a relatively more porous film than LPCVD films.
The quality of the film affects dielectric breakdown, dielec-
tric charging, mechanical fatigue, uniformity, and chemical
etch properties.

In general, LPCVD reactors are large tubes that can
take more than 100 wafers at a time; PECVD reactors
are much smaller in size and can handle only a handful of
wafers. The LPCVD reactors are slow in terms of deposi-
tion and operation; PECVD reactors are easy to operate
and have high-deposition rates. Deciding which technol-
ogy to use depends on volume, availability of resources,
and device specifications. Cost, the determining factor for
production, is best judged by the industry according to
these criteria. The LPCVD seems to be slightly favored
for volume production, but wafer-to-wafer uniformity, re-
peatability, and predictability remain issues of concern.

H. Process Temperature and Electronic Integration

In comparison to piezoelectric transducers, cMUTs have
low device capacitance, making them more vulnerable to
parasitic capacitance. In two-dimensional arrays, the ele-
ment size is limited by the Nyquist criterion and the de-
sired viewing angle. Consequently, the device capacitance
is so small that any cable connecting the cMUT to the
electronics is unacceptable. Parasitic capacitance is an is-
sue even in one-dimensional arrays, and is best handled
by bringing the receiving electronics as close to the array
as possible. Processing cMUTs on a CMOS or a BiCMOS
chip has received substantial interest. In this method, the
cMUT is processed directly on a CMOS (or BiCMOS) chip
monolithically integrated with the electronics, thus mini-
mizing the parasitics between the cMUT and the electron-
ics. Because the electronic circuitry puts a limit on the
highest temperature allowed, the highest temperature in
the process becomes an important parameter for this type
of integration.

There are three main approaches to the monolithic inte-
gration of the electronics with cMUTs: preprocessing, co-
processing, and postprocessing. In preprocessing, cMUTs
are fabricated on the silicon substrate before the electron-
ics. Because of the difficulty of carrying on an integrated
circuit process on a substrate with cMUTs, this approach
received no interest. Eccardt et al. [11] were the first to
integrate the electronics with cMUTs on the same chip
using the coprocessing method, by adding a few steps

to a standard BiCMOS process line. This approach pro-
vided a simple and cost-effective integration, but it was
limited to small integrated sensors because it did not al-
low any control over the gap, the membrane thickness, or
the residual stress of the membrane. The electronics and
the cMUTs also shared the same area, making this ap-
proach unsuitable for two-dimensional arrays. The third
monolithic integration method, postprocessing of cMUTs
on CMOS electronics using a low-temperature cMUT fab-
rication method, is the most viable monolithic solution.
Initially, the electronics were laid out by reserving areas for
cMUT fabrication [39]. The low-temperature process, de-
scribed in [25], followed the electronic integration, allowing
much better control over the dimensions. A newer version
of this process [40] did not reserve an area on the electronic
circuit layout, but instead fabricated the cMUTs directly
on top of the electronics by depositing a passivation layer
in between. Thus, the entire process was carried out on
the same wafer. This third solution is the best monolithic
approach for packing density, and it allows the fabrica-
tion of two-dimensional cMUT arrays integrated with the
transmit/receive electronics on the same wafer. However,
such a two-dimensional cMUT array (monolithically inte-
grated with the full transmit/receive electronics) has not
yet been reported. Up to date, the electronics underneath
the cMUT array have been limited to receive-only elec-
tronics [40], or to switches [41] for reconfigurable array
applications.

In general, monolithic integration of microelectrome-
chanical systems (MEMS) devices with the driving elec-
tronics has significant performance advantages due to re-
duced parasitics. However, because of the large number of
steps involved, monolithic processes are highly complex,
and therefore have low yield (a strong function of device
area and number of steps). The duration of the overall
process is fairly long, and the generic difficulties of mono-
lithic integration of electronics with MEMS remain the
same [42]–[44]. Unless the devices are very small (which
is not the case for most ultrasonic transducer arrays), the
cost of monolithic integration is not justified by the per-
formance improvement. Flip-chip bonding of MEMS de-
vices on electronics combines the performance advantages
of monolithic integration with the flexibility of hybrid inte-
gration in the design and fabrication of MEMS devices and
their electronics [45], [46]. Our approach to electronic inte-
gration is based on flip-chip bonding of cMUT arrays to the
electronics chips, in combination with electrical through-
wafer interconnects that bring the electrical connections
of cMUT elements to the back side of the silicon wafer.
The front side of the silicon wafer is populated with the
cMUT elements; the back side of the silicon wafer has the
corresponding signal and ground pads. The cMUT chip
is flip-chip bonded onto a physically matching electronics
array. The electrical through-wafer interconnect process is
capable of producing low-capacitance (∼0.05 pF) and low-
resistance (∼20 Ω) electrical connections from the back
side to the front side of the silicon wafer [47]. In this way,
the integration between the electronics and the transducer
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array is established efficiently and without any significant
parasitics. The flip-chip bonding integration allows us to
independently fabricate the cMUT arrays and the electron-
ics, gaining full flexibility in both processes. In addition,
because neither of the processes is as complex as mono-
lithic integration, the yield increases and the fabrication
turn-around time shortens significantly. These advantages
come at the expense of additional fabrication steps to gen-
erate the electrical through-wafer interconnects.

IV. Two-Dimensional Arrays and Electrical

Through-Wafer Interconnects

In two-dimensional array fabrication, before the actual
cMUTs are fabricated, electrical through-wafer intercon-
nects are preprocessed onto the silicon substrate. There are
three elements of through-wafer interconnects: the front
side pads on which the cMUT membranes are built, the
through-wafer vias filled with conductive material, and the
back-side pads used to connect to the electronics. The pro-
cess starts with etching 20:1 aspect ratio holes through
the silicon substrate, followed by thermal oxidation to iso-
late the silicon substrate from the vias and pads. Next,
LPCVD poly-silicon deposition and doping create a con-
ductive path through the via, and additional poly-silicon
depositions fill in the vias. Excess poly-silicon on the front
and back side surfaces is etched back, and the conductive
poly-silicon layers on the front and back are patterned in
the form of front and back side pads to create the elec-
trical through-wafer interconnect structure (Fig. 3). The
regular cMUT structures now can be processed on this
wafer. Fig. 4 shows an optical picture of an array element
from a 128×128 element two-dimensional array. This pro-
cess, developed at Stanford University, is capable of pro-
ducing high-density, high-yield, low parasitic capacitance
interconnects [35], [47]–[51].

The pads and the vias described in the process flow
have metal-insulator-semiconductor (MIS) junction rela-
tion with the silicon substrate. In variations of this process,
the MIS relation is replaced with a PN junction relation, in
order to reverse-bias the PN junction, create a large deple-
tion region, and reduce the parasitic capacitance to negli-
gible levels [47]. However, silicon wafer foundries are now
capable of producing very high resistivity (> 20,000 Ω·cm)
float zone wafers. When such high-resistivity wafers are
used, the depletion width achieved with reverse-biased
MIS junctions is sufficient to obtain very low-parasitic
capacitance; electrical through-wafer interconnects in PN
junction relation with the silicon substrate are no longer
necessary.

The through-wafer via process consists of standard ox-
idation, LPCVD poly-silicon depositions, and dry etch
steps. The through-wafer vias and the front and back-side
pads all can be defined using only five masks. Thus, the
electrical through-wafer interconnect process is a simple
and well-developed process, and when combined with flip-

Fig. 3. Schematic of a two-dimensional array element showing the
front side, populated with membranes, the backside pad for flip-chip
bonding, and the conductive through-wafer via.

chip bonding, provides efficient and low-parasitic integra-
tion of the transducer arrays with the electronics. The first
examples of such an integration have been reported in [52]
with volumetric imaging results soon to be published.

V. CMUT Fabrication with Wafer-Bonding

Method

Wafer-bonding, considered as a bulk process, is widely
used in micromachining, and it is older than surface micro-
machining techniques. There are three basic wafer-bonding
techniques: anodic bonding, fusion bonding, and adhesive
bonding. Although the physics behind each of these tech-
niques is different, the purpose and outcome are the same:
the permanent bonding of two similar or two different sub-
strates.

Silicon fusion bonding has earned a stable position in
today’s technology, and it is now used for various ap-
plications: bond-and-etchback silicon-on-insulator (SOI)
wafers, SMART-CUTTM SOI wafers (SOITEC, Bernin,
France) [53], power devices, and many silicon microstruc-
tures such as pressure sensors and accelerometers [54]–[56].
Silicon fusion bonding is a direct bond between two sili-
con surfaces that takes place at high temperatures, form-
ing strong covalent bonds between the silicon wafers. The
bond is hermetic, and exceptionally stable both mechani-
cally and electrically [55]. Measurements and observations
indicate that the yield strength of the bond is close to the
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Fig. 4. An optical picture of a two-dimensional array element from
the top. The small circle is the through-wafer via that connects the
front-side pad to the back-side pad.

yield strength of single-crystal silicon [54]. This level of
stability is crucial for extreme applications such as high-
pressure and high-temperature sensing environments. The
bond is equally stable, even when one of the wafers is ther-
mally oxidized.

Today, there are successful commercial MEMS products
based on surface micromachining. Integrated accelerome-
ters [57], pressure sensors [58], and microphones [59] are
examples for miniature sensors. Grating light valves [60]
and digital micromirror devices [61] are examples of large
actuator arrays that have digital control over the path of
the light. Analog control over the path and intensity of
light with very good reliability (analog control requires
very tight reliability specifications) also has been demon-
strated recently by Silicon Light Machines [62]. When com-
pared to these examples, because of the relatively larger
size of the transducer arrays in most cases, and very high
electric field strengths involved in cMUT operation, there
are tighter constraints on the yield and uniformity of the
cMUT processes. In addition, the sensitivity and the fre-
quency response of cMUTs are determined by the physi-
cal dimensions and material properties. Therefore, precise
process control is crucial for cMUT fabrication. Silicon fu-
sion bonding has been shown to have important advan-
tages over surface micromachining techniques in making
pressure sensors [55]. Along with stability, wafer-bonding
allows easier fabrication of complex structures (e.g., mem-
branes) from single crystal silicon, a material that has been
extensively studied as a mechanical material and is very
well characterized [63]. Its mechanical and electrical prop-
erties are consistent on a wafer, from wafer to wafer, and
over time—important characteristics that are more dif-
ficult to achieve with surface micromachining. Although
surface micromachining has been very successful for fab-
ricating cMUTs (and many MEMS products), a cMUT
process line may further benefit from the advantages of
silicon fusion bonding.

The fabrication of cMUTs using the wafer-bonding
technique begins with two wafers: a prime quality silicon
wafer and a SOI wafer. In its simplest form, the wafer-
bonded cMUT process can be summarized as follows: the
cavity is defined on the prime wafer and fusion-bonded to
the active side of the SOI wafer. The handle portion and
the buried oxide layer of the SOI wafer are later removed,
leaving a silicon membrane stretched over the cavities. The
following sections describe this fabrication process in de-
tail and discuss advantages, issues of concern, and possible
variations.

A. Cavity Definition

The membrane size and the gap height are delineated in
the cavity definition step. The prime quality silicon wafer is
thermally oxidized to a predetermined thickness, followed
by a photolithography step to define the cavity shape. The
thermally grown silicon dioxide layer is etched with hy-
drofluoric acid solution (or dry etched) through the pho-
toresist pattern all the way to the silicon, as shown in
Fig. 5(a). After the photoresist is removed, another layer
of silicon dioxide is thermally grown [Fig. 5(b)]. Because
the membrane is silicon, which is not an insulator, the
second oxidation isolates the conductive silicon substrate
from the top electrode to avoid shorting.

B. Membrane Formation

Following the second oxidation, the SOI wafer and
the prime wafer (after being RCA-cleaned and surface-
activated) are brought together in vacuum, as shown
in Fig. 5(c). As soon as the two wafers come in
close contact, short-range van der Waals forces at-
tract the two wafers and weak hydrogen bonds develop
between them. The wafers are immediately annealed/
oxidized at 1100◦C to form strong covalent bonds.

After bonding and annealing, the handle of the SOI
wafer (including the buried oxide layer) is removed to re-
lease the membranes [Fig. 5(d)], either by wet etching or
dry etching. Wet etching of silicon, a well-known process,
can be done with a solution of either KOH or tetra-methyl-
ammonium-hydroxide (TMAH). It is critical to ensure that
the silicon dioxide layer on the back of the prime wafer
holds off the wet etchant during this step. A better method
is to grind/polish the handle portion of the SOI wafer down
to ∼50 µm before the wet etch step, which relaxes the con-
straint on the thickness of the silicon dioxide layer on the
back of the prime wafer. Because both KOH and TMAH
have very slow etch rates for silicon dioxide, once the sili-
con etch is complete, the wet etch process will practically
stop at the buried oxide (BOX) layer. The BOX layer then
can be removed with hydrofluoric acid, which stops at the
silicon membrane. If the handle wafer is dry etched with
deep reactive ion etching (DRIE), the BOX layer serves as
the etch-stop layer. Using recently developed DRIE equip-
ment, this etch step may be 25 times faster than wet etch,
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Fig. 5. Wafer-bonding technique for fabricating cMUTs. (a) First
thermal oxidation step and cavity definition with photolithography
and etch. (b) Second thermal oxidation to create the insulation layer.
(c) Silicon direct bonding of the patterned prime wafer to the unpat-
terned SOI wafer. (d) Removal of the handle and the BOX layer of
the SOI wafer to release the membranes. (e) Ground contact defini-
tion, top electrode deposition, and patterning. (f) Element definition
by photolithography and silicon etch.

eliminating concerns about the serial nature (one wafer at
a time) of the DRIE process.

C. Electrical Connections and Element Definition

The remaining steps of the wafer-bonded cMUT pro-
cess are very similar to the surface micromachined cMUT
process, with the exception of element definition. Open-
ings through the silicon and silicon dioxide layers are de-
fined with photolithography and dry etch steps to access
the bottom silicon layer and make the ground connection.
The top electrode is sputtered then patterned by another
photolithography and wet etch step [Fig. 5(e)]. Because
there is no surface topology in the wafer-bonded cMUTs
at this step to cause discontinuity, the top electrode can
also be evaporated.

The elements are defined by etching isolating trenches,
as shown in Fig. 5(f). Because the active silicon layer is not
a good insulator, it must be etched all the way to the oxide
layer to electrically isolate the elements. The trenches are
defined with photolithography, and then dry etched into
the silicon.

VI. Discussion on the Wafer-Bonded

cMUT Process

The wafer-bonded cMUT process (as evident from the
above description) substantially reduces the complexity of
cMUT fabrication. The number of essential masks is re-
duced from six to four, and the five deposition steps are
replaced by two oxidation steps. Consequently, processing
time is reduced substantially. The wafer-bonding technique
also adds many design flexibilities that improve device ef-
ficiency. Because the cavity and the membrane are defined
on separate wafers, it is possible to optimize both of them
at the same time. There are no wet-release processes to
limit the size of the membranes that can be fabricated,
virtually eliminating any limit on the low frequency end.
All of these advantages come with expensive SOI wafers
(≈$250 per 100 mm wafer), the cost of which is still a small
fraction of the total process cost of a wafer [64]. Then, the
reduced number of steps and complexity justify the use of
expensive SOI wafers in cMUT fabrication. The following
sections describe examples that show the capabilities of the
wafer-bonding technique, some of which are not possible
with the sacrificial release process.

A. Cavity Definition, Cavity Height Control,
and Uniformity

Thermal oxidation, a well-understood, well-character-
ized, and well-controlled process used extensively in very
large scale integrated (VLSI) circuits processes, determines
the cavity depth. The thickness of the thermally grown
silicon dioxide is precise, as is the on-wafer and wafer-
to-wafer thickness uniformity. Such accuracy allows excel-
lent control over the cavity height and the insulation layer
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thickness. In dry thermal oxidation, typical on-wafer and
wafer-to-wafer thickness uniformities are better than 1%,
for which uniformity is defined as the ratio of the standard
deviation to the mean of the thickness measurements. On
average, the on-wafer uniformity is 0.64% (measured over
20 100-mm wafers in five separate runs), and the wafer-
to-wafer uniformity is 0.81% (measured over a total of 46
100-mm wafers in 11 runs). For wet oxidation, the on-wafer
uniformity is 1.07% (measured over 18 wafers in four sep-
arate runs), and wafer-to-wafer uniformity is 0.53% (mea-
sured over a total of 30 wafers in five runs). Moreover,
the thickness control (defined as the ratio of the differ-
ence between measured and target thickness to the target
thickness) is measured as low as 0.6%.

B. Wafer-Bonding, Membrane Thickness Control,
and Uniformity

The direct bonding of the prime wafer (on which the
cavity is defined) and the SOI wafer is the most critical
step. Both wafers must be ultra-clean, free from particles,
and ultra-smooth. The number of bonds—and therefore
the strength of the bond—depends on the smoothness (in-
verse of surface roughness) of the wafers. It is estimated
that the root mean square micro-roughness must be less
than ∼5 Å [53] for wafer-bonding to occur—an objective
readily achieved by prime quality silicon and SOI wafers.
As quoted by [54], the yield strength of bonded wafers is
close to that of single crystal silicon, which assures the
quality of the bond. The quality of the wafer bonding
also depends on surface flatness. Both surface roughness
and flatness define the surface profile. Roughness refers to
microscopic variations (high spatial frequency variations);
flatness refers to macroscopic (low spatial frequency) vari-
ations. Because of the elasticity of the wafer, the require-
ment for surface flatness is looser than the requirement for
smoothness. Nonuniformity in the macroscopic flatness of
the wafers results in macroscopic gaps between the two
wafers. Under the right conditions, the wafers go through
elastic deformation to make conformal contact, and even-
tually bond.

Because the membranes are made from the active sili-
con layer of the SOI wafer, the membrane thickness and
thickness uniformity are determined by the SOI wafer. For
SMART-CUTTM thin SOI wafers (< 1.5 µm active silicon
thickness), the thickness variation is less than 10 nm for
100-mm wafers. In addition, the membrane is single crys-
tal silicon, which has well-known mechanical and electrical
properties with no residual stress. Consequently, the con-
trol over the membrane thickness and its mechanical prop-
erties, as well as the on-wafer and wafer-to-wafer thick-
ness uniformity, is excellent in comparison to any of the
deposited membranes. Fig. 6(a) shows the resonance fre-
quency at a fixed bias voltage and Fig. 6(b) shows ca-
pacitance variation over 76 elements in a one-dimensional
array measured at 12 V. The array elements are 585 µm by
4.7 mm in size. Each element consists of 288 square mem-
branes, which are 84 µm on the side. The membrane thick-

Fig. 6. The variation in the (a) resonance frequency and (b) capaci-
tance of a one-dimensional array over 76 elements.

ness is 1 µm, the gap height is 1 µm before atmospheric
deflection, and the insulation layer thickness is 0.15 µm.
The uniformity of the resonance frequency over 76 ele-
ments is 0.65%, including the variations in the mechani-
cal resonance frequency, the parasitic capacitance, and the
electromechanical transformation ratio at the bias voltage.
The uniformity of the device capacitance over 76 elements
is 2.6%, which, in effect, includes all the geometrical vari-
ations and the parasitic capacitance variation of the test
setup (which is actually the dominant factor). This unifor-
mity is approximately twice as good as previously reported
results for surface micromachined cMUTs [27]. In contrast
to surface micromachined cMUTs, the uniformity of wafer-
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(a)

(b)

Fig. 7. Electrical model of a silicon membrane with (a) full top elec-
trode coverage and (b) partial top electrode coverage.

bonded cMUTs is readily achieved without extra effort; [5]
offers more data on process control issues.

C. Effect of the Resistivity of the Silicon Membrane

In all cMUT fabrication processes (with the exception
of the wafer-bonding method), the membrane is either an
insulating material, such as Si3N4, or a conductive ma-
terial, such as doped poly-silicon. The electrical proper-
ties of the membrane material have a significant impact
on the cMUT’s operation. The electrical equivalent of the
membrane (not the electromechanical model) is shown in
Fig. 7(a). When the membrane is insulating—Rmem is infi-
nite and the membrane is a capacitor (Cmem) in series with
the active gap capacitance (Cgap)—the applied alternat-
ing current (AC) voltage is divided among the membrane,
the gap, and the insulating layer. Keeping a minimum in-
sulation layer and embedding the top electrode inside the
membrane as described in Section III-F, minimize the loss.
However, an insulating membrane allows the patterning of
the top electrode to optimize the trade-off between par-
asitic capacitance and transduction efficiency [31]. When
the membrane is conductive—the membrane reduces to a
small resistor in series with the active gap capacitance—
there is no voltage drop across the membrane. However,
unless the membrane is selectively made conductive, the
top electrode cannot be patterned.

In the wafer-bonding method, the membrane is com-
posed of single crystal silicon, which is really a semicon-
ductor. Unless heavily doped, it is neither an insulator
nor a conductor. Electrically, it corresponds to the case
in which Rmem is comparable to the impedance of Cmem

at the frequencies of interest, and the composite effect of

Rmem and Cmem must be calculated. In the simple case of
a square membrane with a 24 µm side length (where for
simplicity, the posts are not included and the top electrode
is assumed to cover the whole membrane), the resistance
of the membrane is:

Rmem =
ρt

A
, (1)

where ρ is the resistivity, t is the thickness, and A is
the area of the membrane. The capacitance of the mem-
brane is:

Cmem =
Aε0εr

t
, (2)

where ε0 = 8.854 × 10−12 F/m is the permittivity of free
space and εr = 11.7 is the relative dielectric constant of
silicon. The critical frequency fc, at which Rmem is equal
to the impedance of Cmem, is:

fc =
1

2πρε0εr
, (3)

where the resistivity of the silicon membrane, ρ, is the
determining parameter. For high-resistivity silicon mem-
branes (∼2000 Ω·cm), the critical frequency occurs at
76.8 MHz. For typical cMUT applications, the silicon
membrane should be considered as a conductor (i.e., drop
Cmem from the electrical model). In usual cMUT designs,
because the gap capacitance is smaller than the membrane
capacitance and much smaller than the insulation layer ca-
pacitance, it becomes the dominant capacitance. Thus, the
time constant resulting from the series combination of the
membrane (Rmem) and the gap capacitance (Cgap) is even
higher than we had calculated for the membrane. For the
membrane parameters listed above, the frequency at which
the resistance of the membrane is equal to the impedance
of the gap capacitance is ∼135 MHz. Below this frequency,
the membrane resistance is negligible compared to the re-
actance of the gap. The membrane behaves like a conduc-
tor at the frequencies of interest, which puts it in the class
of conductive membranes. Although the top electrode is
deposited on top of the membrane, it effectively appears
to be on the bottom of the membrane.

When the top electrode is patterned, however, the elec-
trical behavior of the membrane becomes more complex,
and the model must include the lateral resistance of the
membrane (RS), shown in Fig. 7(b). Because the mem-
brane is thin, the path from the top electrode to the pe-
riphery of the membrane is a high-resistance path; at some
distance away from the center, the resistance, RS , dom-
inates the gap capacitance. The electrode is effectively
larger than the actual metal pattern by a percentage that
is a function of both the resistivity and the frequency of
the membrane. In the above example of patterned top elec-
trode, shown in Fig. 8(a), the active membrane is 20 µm
on the side that includes the supporting posts. The electri-
cal behavior of the membrane is quantified by solving the
problem numerically, using an electromagnetic field solver.
For the above example and for several other scenarios, the
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(a)

(b)

Fig. 8. (a) The schematic cross section of a square membrane, 20 µm
on the side, supported with a post width of 2 µm on all sides. (b) EM
simulation results for various scenarios of membrane resistivity and
electrode location. The membrane thickness is 1 µm, the gap height is
0.2 µm, and the silicon dioxide insulation layer thickness is 0.15 µm.

results of the simulations carried out with the EM simu-
lator of Sonnet Software Inc. (Syracuse, NY) are shown
in Fig. 8(b). When the membrane is highly conductive,
the top electrode appears at the bottom of the membrane
and covers it fully, resulting in the highest capacitance.
When the membrane is insulating, the capacitance of the
membrane is strictly defined by the electrode pattern, re-
sulting in the lowest capacitance. When the membrane is
resistive (as in our case), the capacitance versus frequency
curve shows a transition between the two extremes, from a
conductive membrane at low frequencies to an insulating
membrane at high frequencies [solid line in Fig. 8(b)].

Measurements verify the above-mentioned behavior.
Fig. 9 compares the measured capacitance of a unit cell
to simulation results, for which the unit cell is a hexagon
with an inscribed diameter of 24 µm and a post width of
2 µm. For the two simulation cases, the membrane thick-
ness is 1 µm, gap height is 0.2 µm, the insulation thickness
is 0.3 µm, and the resistivity of the silicon membrane is
2000 Ω·cm and 20,000 Ω·cm. All three plots share two dis-
tinctive features that agree very well: the increase in the
capacitance at low frequencies, and the asymptotic behav-

Fig. 9. Capacitance of a hexagonal membrane with 20 µm inscribed
diameter and 2 µm post width, comparing the EM simulation results
to measurement results. The membrane thickness is 1 µm, the gap
height is 0.2 µm, the silicon dioxide insulator thickness is 0.3 µm,
and the silicon membrane resistivity is 2000 Ω·cm.

ior at high frequencies. When compared to the simulation
results, measurements indicate that the resistivity of the
membrane is greater than 2000 Ω·cm, probably closer to
20,000 Ω·cm.

In conclusion, when the membrane is silicon, its elec-
tronic properties affect its behavior and complicate the
analysis and design of cMUTs. The simulation and mea-
surement results show that there is a frequency range at
which the top electrode is effectively at the bottom of the
membrane and patterned—the ideal case for cMUT op-
eration. One remaining issue is the lack of accurate con-
trol over the resistivity of the silicon membrane. At low
frequencies (around and less than 1 MHz), control is not
an issue because the membrane behaves conductively even
with highly resistive silicon. Nor is the resistivity of silicon
an issue at high frequencies (around and above 5 MHz), as
shown by simulations and measurements. However, for the
frequency range between low and high ends, extra care is
required in choosing the starting materials and in design-
ing the cMUTs.

D. Dielectric Breakdown and Charging

In wafer-bonded cMUTs, the membrane and the sub-
strate are separated by a layer of thermally grown silicon
dioxide, which isolates the top electrode from the bottom
electrode electrically. Both the thickness of the post that
supports the membranes and the thickness of the insu-
lation layer in the cavity must accommodate the highest
voltage of operation. The nominal value for the intrinsic
dielectric breakdown of silicon dioxide is 1200 V/µm, with
a variation of ±200 V/µm. The breakdown voltage of sil-
icon dioxide normally depends on area as well (because
of the weak point concentration) and can be as low as
600 V/µm. Because of major defects such as pinholes in
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Fig. 10. I-V curve of 0.15 µm thick thermally grown silicon dioxide
showing the dielectric breakdown. The measurement is done over
four devices with different areas.

the growth process, there is also extrinsic breakdown at
very low electric fields (100–200 V/µm). The quality of
the silicon dioxide film, which depends largely on growth
conditions and contamination levels, is measured by the
narrowness of breakdown field distribution over a large
area. Fig. 10 shows the results of breakdown voltage mea-
surements over varying areas for thermally grown silicon
dioxide. The measurement is done on the elements of a
one-dimensional array, whose dimensions are given in Sec-
tion VI-B. Measurement over four elements equals a mea-
surement over an area of 2.34 mm by 4.68 mm. In this
experiment, all membranes are collapsed, so that only the
breakdown voltage of the 0.15 µm thick insulation layer is
measured. The I-V plot shows that the breakdown occurs
consistently at 130 V, which corresponds to a breakdown
field of 870 V/µm.

Silicon dioxide has a slightly higher breakdown field
than Si3N4. Because it is thermally grown, silicon diox-
ide usually has fewer defects to cause extrinsic breakdown,
and fewer weak points to widen the breakdown field distri-
bution. In that sense, silicon dioxide is a better insulator.
However, dielectric charging remains a major issue for sil-
icon dioxide. The silicon dioxide surface easily traps slow
charges, which do not respond to the AC signals used in
cMUT operation, and therefore do not contribute to the
capacitance. However, these charges may drift the direct
current (DC) operating point in time. The cross-sectional
view of a membrane, shown in Fig. 8, can be divided into
two regions: the post region where the silicon dioxide layer
has silicon interface on both sides, and the cavity where
the silicon dioxide has silicon on one side and a vacuum
on the other. Because the charges trapped in the postre-
gion do not apply any force on the membrane, they do
not affect the operating point. In the cavity, however, the
charges trapped in the insulation layer alter both the elec-
tric field in the gap and the static force on the mem-
brane, thus changing the operating point. The effect of

charge-trapping can be minimized by patterning the insu-
lation layer in the cavity (easily possible with the wafer-
bonding technique) to minimize the silicon dioxide area,
while keeping silicon dioxide posts in certain locations to
avoid shorting. The silicon dioxide in the cavity can be
patterned in various shapes and sizes. To verify the con-
cept, we used nine silicon dioxide posts, 0.3 µm thick and
3 µm in size, which covered only 1.2% of the total cavity
area. The effect of charging is determined by measuring the
capacitance-voltage (C-V) curve of the cMUT over several
voltage sweep cycles; the shift in the C-V curve is com-
pared to the control case, in which the insulation layer in
the cavity is not patterned. In the control case, a voltage
shift of ∼35 V was observed in the C-V curve after several
biasing and pulsing cycles; for the device with insulation
posts there was no shift in the C-V curve [65].

E. Fill Factor and Parasitic Capacitance

In contrast to sacrificial-release processes, the wafer-
bonding method has no wet-release step. Because of the
absence of stress in the silicon membrane, together with
the absence of a wet-release process, the wafer-bonding
method has the unique capability to fabricate large mem-
branes with a sealed cavity. The frequency range of cMUTs
is thereby extended to 10 kHz on the low frequency side
[66]. Wafer-bonded cMUTs have a distinctive advantage
on the higher side of the frequency range as well: because
they do not require etch holes and channels, the active
area can be used very efficiently by leaving only 2 µ (or
less) of post region between membranes.

The active area use, also called the fill factor, has sig-
nificant implications on cMUT performance. It directly
scales the output pressure and receive sensitivity, affects
the acoustical load seen by the transducer (low fill factor
implies narrower bandwidth), and determines the acousti-
cal reflection coefficient of the cMUT on receive. The para-
sitic capacitance of a cMUT refers to the capacitance that
does not contribute to the acoustical output. Although
parasitic capacitance usually is not a problem on trans-
mit, it adversely affects the signal-to-noise ratio on receive.
Increasing the fill factor, by definition, reduces the para-
sitic capacitance while increasing the active capacitance.
In summary, the fill factor has a threefold effect on over-
all device efficiency: increased output pressure and receive
sensitivity because of area gain, and increased signal-to-
noise ratio because of reduced parasitic capacitance.

Wafer-bonded cMUTs have other features that con-
tribute to the fill factor, including the ability to fabri-
cate high-aspect ratio rectangular membranes. Rectangu-
lar membranes increase both the fill factor and the aver-
age displacement over the membrane, compared to circular
or hexagonal membranes. Recent work [67] revealed that
rectangular membranes are superior to square membranes
in both transmit efficiency and receive sensitivity by 46%
and 43%, respectively. Using the wafer-bonded cMUT pro-
cess, the membrane also can be fabricated with a mass in
the middle for more piston-like movement, which creates
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Fig. 11. Cross-sectional view of a cMUT membrane with a silicon
mass at the center of the membrane.

higher average displacement over the membrane and less
parasitic capacitance. The mass at the center of the mem-
brane in this process also is made of single crystal silicon
and is self-aligned to the cavity (Fig. 11).

VII. Conclusions

Capacitive micromachined ultrasonic transducers have
been an attractive alternative to piezoelectric transduc-
ers for some time, showing performance benefits such as
impedance match in air and low-pressure applications,
wide frequency bandwidth in immersion applications [27],
and higher coupling efficiency [68]. A major handicap for
cMUTs has been the low output pressure capability of
cMUTs in their normal mode of operation in immersion
applications. Substantial research has been conducted to
increase output pressure capability by operating cMUTs in
different modes, has produced very promising results [69],
[70]. The cMUTs also offer significant technological ben-
efits. By using micromachining techniques, derived from
integrated circuit technologies, cMUTs benefit from batch
fabrication capability and scalability, the two factors that
drove down the cost of integrated circuit fabrication. The
most important technological benefit of cMUT technology
is the electronic integration possibilities it offers, mono-
lithic integration and integration with flip-chip bonding.
Between the two, flip-chip bonding best combines perfor-
mance with flexibility and yield.

In this paper, we also reviewed and qualitatively com-
pared the two main cMUT fabrication techniques: the
more traditional sacrificial-release processes and the wafer-
bonding technique. The sacrificial-release processes, based
on the method of depositing a sacrificial layer and remov-
ing it after the membrane deposition (described in Sec-
tion I), vary with the materials and deposition techniques
used. In comparing materials, tools, and methods used to
fabricate cMUTs, we found the sacrificial processes to be
more or less equal, with no definite winner. Because both
the material science and semiconductor tools industries are
evolving rapidly, new materials, tools, and methods may
change today’s conclusions. However, we can draw con-
clusions about fundamental principles. The recently intro-

duced, wafer-bonded cMUT process uses a totally different
fabrication approach from the sacrificial-release processes.
Wafer-bonding simplifies the process, reduces the num-
ber of steps and the turn-around time, eliminates prob-
lems with membrane release processes, high stress, and
porous films, and increases the yield, uniformity, and pro-
cess control. Because of design and manufacturing flexi-
bility, wafer-bonded cMUT technology is open to further
improvement, and presents a clear, simple, reliable tech-
nology for cMUT fabrication.
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[70] B. Bayram, Ö. Oralkan, A. S. Ergun, E. Hægström, G. G. Yarali-
oglu, and B. T. Khuri-Yakub, “Capacitive micromachined ul-
trasonic transducer design for high power transmission,” IEEE
Trans. Ultrason., Ferroelect., Freq. Contr., vol. 52, no. 2, pp.
326–339, 2005.

Arif Sanlı Ergun (S’96–M’99) was born
in Ankara, Turkey, in 1969. He received his
B.Sc., M.Sc., and Ph.D. degrees in 1991, 1994,
and 1999, respectively, all in electrical and
electronics engineering, from Bilkent Univer-
sity, Ankara, Turkey.

He was a research assistant in Bilkent Uni-
versity between 1991 and 1999. He is now an
engineering research associate at E. L. Ginz-
ton Laboratory, Stanford University, Stan-
ford, CA. His research interests are microwave
electronics, ultrasonics, MEMS, and specifi-

cally CMUTs. He is a member of the IEEE and the Electron Devices
Society.

Yongli Huang received the B.S. and M.S.
degrees in physics from Fudan University,
Shanghai, China, in 1987 and 1990, respec-
tively, and the M.S. degree in electrical engi-
neering from University of Hawaii at Manoa
in 1996. He is currently working toward the
Ph.D. degree in electrical engineering at Stan-
ford University, Stanford, CA.

He worked as a research associate in the
Department of Material Science and Engi-
neering at University of Electronic Science
and Technology of China, Chengdu, Sichuan,

China, from 1990 to 1992. He joined SiTek, Inc., a subsidiary of BEI
Electronics, Inc., Campbell, CA, in 1997 as a member of the tech-
nical staff and was promoted to a principal engineer in 1999. His
research interests include MEMS technology, micromachined ultra-
sonic devices, inertial sensors, and optical devices.

Xuefeng Zhuang received the B.S. de-
gree from Louisiana State University, Baton
Rouge, LA, in 2002, and the M.S. degree from
Stanford University, Stanford, CA, in 2004,
both in electrical engineering. He is currently
pursuing a Ph.D. degree in electrical engineer-
ing at Stanford University, Stanford, CA. His
research interests include the design, fabrica-
tion, and packaging of capacitive microma-
chined ultrasonic transducer arrays and their
integration with medical imaging systems.
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