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Abstract—Surface-micromachined capacitive ultrasonic transducers, which are suitable for operation in both air and water,
have been fabricated and tested. Amorphous silicon is used as a
sacrificial layer because of its good etching selectivity versus a
nitride membrane, and improved cell-size control is obtained by
lithographic definition of cavity walls. In addition, appropriate
feature designs based on two-dimensional (2-D) process simulations make it possible to achieve device cavity sealing with g-line
optical lithography. Transmission experiments in both water and
air are presented. A dynamic range in excess of 110 dB is observed
in air at 2.3 MHz. In water, a single pair of transducers is
able to operate from 2 to 15 MHz. When tuned, a 3.5-MHz
tone burst results in a received signal with better than 60-dB
signal-to-noise ratio (SNR). The transducer behavior agrees with
a theoretical understanding of transducer dynamics. The dynamic
ranges achieved in this paper are the best reported to date for
surface-micromachined capacitive ultrasonic transducers. [274]
Index Terms— Capacitive ultrasonic transducer, fabrication
process, sacrificial etching, surface micromachining, vacuum sealing.

I. INTRODUCTION

U

LTRASOUND is used in a wide variety of applications
which can be characterized as either sensing modalities
or actuating modalities. Examples of sensing applications
include medical imaging, nondestructive evaluation (NDE),
ranging, and gas-flow metering. As an actuating mechanism,
ultrasound is used in industrial cleaning, soldering, and medical therapy. For years, piezoelectric ceramics and engineering
cleverness have enabled a significant number of ultrasonic
devices and systems [9], but fruitful applications are restricted
by the piezoelectrics’ limitations. Piezoelectric transducers require strict geometric tolerances, which, in turn, limit possible
array configurations and electrical characteristics. Furthermore, piezoelectrics depole at relatively low temperatures. As
an alternative, capacitive ultrasonic transducers are some of
the promising candidates.
Micromachined ultrasonic transducers (MUT’s) provide advantages in size reduction and potential electronic integration.
The successful microfabrication of capacitive acoustic transducers consisting of a suspended membrane over a backplate
was reported within the last decade [8]. Capacitive ultrasonic
transducers have been reported in [1], [17], [19], [20], and [22],
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and, recently, capacitive-micromachined ultrasonic transducers
(cMUT’s) were reported in [5]–[7]. Further improvements in
[10], [12], [13], and [21] extend the performance and understanding of cMUT’s. In addition, concurrent development
efforts are reported with contoured backplate devices in [2]
and with BiCMOS electronics integration in [4]. Piezoelectricmicromachined ultrasonic transducers (pMUT’s) are found in
[3], [18], and [23].
In contrast to previous publications, this paper focuses on
the realization of designs based on the reported theoretical
understanding and, more specifically, the microfabrication
process. In order to achieve better sensitivity and dynamic
range, improvement has been made over previous work [12],
[13], where the device suffers from cell-sizing variation due
to timed oxide etching and from nitride membrane thickness
variation due to its relatively low selectivity against the
sacrificial thermal oxide layer. In this work, amorphous silicon
is used as a sacrificial layer rather than thermal oxide to give
better etching selectivity against the nitride membrane, and
better cell-size control is obtained by lithographic definition of
cavity walls instead of timed etching. In addition, appropriate
feature sizing based on computer simulation makes it possible
to achieve device cavity sealing with low-cost g-line optical
lithography instead of the submicron electron beam lithography [21]. Furthermore, the fully surface-micromachined fabrication process presented here provides an option to integrate
electronics into cMUT’s.
In this paper, a brief introduction to transducer electrical
equivalent circuit model is presented in Section II followed
by a discussion of the fabrication process in Section III.
In Section IV, experimental results are described. Section V
concludes the paper.
II. TRANSDUCER ELECTRICAL EQUIVALENT CIRCUIT MODEL
A cMUT consists of metalized membranes (top electrode)
suspended above heavily doped silicon bulk (bottom electrode). A schematic of one element of the device is shown
in Fig. 1, where is the diameter of the active membrane,
is the membrane thickness,
is the air-gap thickness,
is
is the side-wall spacing
the insulating layer thickness, and
dimension. A transducer consists of many such elements.
is applied between the two electrodes,
When a dc voltage
Coulomb forces attract them together. At the same time, the
residual stress within the membrane resists the attraction. If
, significant
the membrane is driven by an ac voltage
ultrasound generation results. Conversely, significant detection currents are generated when the membrane is biased
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Fig. 1. Schematic of one element of a cMUT.

Fig. 3. Transducer resonant frequency change with cell size.

Fig. 2. Equivalent circuit of cMUT.

appropriately and subjected to ultrasonic waves. For a desired
electrical field applied across the top and bottom electrodes, a
higher dc bias voltage with thicker layers or a lower dc bias
voltage with thinner layers are needed. The former provides
easier control of the vertical dimension in micromachining and
higher membrane displacement. The latter provides better step
coverage in layer deposition and low-voltage operation.
The recently developed transducer electrical equivalent circuit model [20] as shown in Fig. 2 makes it possible to analyze
the tradeoffs and optimize the cMUT’s structure. In this
model, mechanical parameters, average membrane velocity
, and force applied to the membrane
are transformed
and voltage
by a
into electrical parameters current
transformer ratio , which is a function of the dc bias voltage
and various thickness and dielectric properties of the
layered materials. In the mechanical port, three impedances
are important, and all are a function of device area .
is the membrane mechanical impedance,
is the acoustic
is the lumped term accounting for all
load impedance, and
the losses in the transducer. In the electrical port, there is a
parasitic capacitance due to the capacitive nature of cMUT
or the
and the input impedance of the receiver electronics
of the transmitter signal .
source impedance
The model indicates that the variation of cell size and
membrane thickness will affect the transducer performance
[20]. As shown in Figs. 3 and 4, the transducer resonant
frequency with air-loading shifts about 3.5% from 2.29-MHz
nominal value when either the cell radius changes 2% from its
nominal value of 50 m or the membrane thickness varies 5%
from its nominal value of 1 m. So, it is critically important
to have a robust fabrication process, especially for airborne
transducers which operate in resonant mode and are made
from a plurality of membranes. For immersion transducers, the
above issue is relatively less important since the water loading
rather than the membrane’s mechanical impedance dominates

Fig. 4. Transducer resonant frequency change with membrane thickness.

the total impedance, and the transducers usually do not operate
in resonant mode.
III. FABRICATION
The fabrication scheme of the cMUT’s used to generate the
results herein reported is found in Fig. 5. It is fully surface
micromachined and compatible with standard CMOS fabrication processes. A 4-in n-type (100) silicon wafer is heavily
doped with 4-h phosphorus gas phase drive in at 1000 C to
achieve good conductivity at the wafer surface. Better than
1.5- / resistivity can be routinely achieved. A thin layer
of low-pressure chemical-vapor deposition (LPCVD) nitride
is then deposited at 800 C as an etch stop in the potassium
hydroxide and water (KOH) sacrificial etching to be performed
later. Amorphous silicon is subsequently deposited at 560 C
to form the sacrificial layer. Deposited amorphous silicon is
dry-etch patterned into hexagonally shaped islands to define
the active transducer regions.
A second layer of nitride is then deposited by LPCVD at
800 C to form a thin membrane. The silane and ammonia ratio
is controlled such that a residual stress of 60 MPa is obtained.
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Fig. 6. SEM top view of the cMUT.

Fig. 5. Major steps of cMUT fabrication.

Both the residual stress and membrane thickness affect the
resonant frequency and the voltage at which an electrostatic
pull-in phenomenon is observed. Vias are dry etched to allow
sacrificial etching in KOH at 75 C followed by vacuum sealing
with nitride or low-temperature oxide (LTO) deposition. The
dimension of the via has implications on the mechanism with
which the sealing is performed.
Finally, aluminum is sputtered and wet-etch patterned to
act as the top electrode. The same aluminum deposition also
defines bonding contacts to the bottom electrode through a
lithographically defined trench in silicon bulk. A scanning
electron microscope (SEM) image of the top view of the
transducer is shown in Fig. 6.
IV. DISCUSSION
As discussed in the previous section, the transducer geometry controls its performance characteristics. Both process
capability and device performance requirements put boundary
conditions on the device dimensions. In this paper, special
attention has been paid to the following feature sizes.
A. Cell Dimension
In order for consistent transducer performance over a wide
frequency range, cell size is desired to change proportionally with the wavelength at which ultrasound operates. For
example, at operating frequencies of 1–2 MHz in air and
5–10 MHz in water, the maximum cell dimension ranges
from 20 to 100 m. Since transducer impedance and resonant
frequency is a very strong function of the device cell size
[14], timed etching does not provide enough tolerance for
high-performance cMUT’s. Instead, lithographic definition can

guarantee that transducers are reproducible. In the experiment, only the fluctuation of the third most significant digit
of resonant frequency is observed. This greatly reduces the
minimum bandwidth requirement of the cMUT’s to be paired
as transmitters and receivers in narrow-band applications.
Furthermore, when the lateral cell size is controllable, it
can be used to make up for process limitations of vertical
dimension and realize the desired performance characteristics
for the cMUT’s. Utilizing lithographic definition in transducer
cell sizing rather than timed etching is one of the significant
improvements in the paper.
B. Via Dimension
The dimension of the vias should be big enough for sacrificial etching and small enough for sealing, which is necessary
for immersion operation. When submicron electron beam
lithography is available for via definition, a thin layer of
nitride deposition seals the cavity successfully at several
hundred militorr vacuum [13]. The results are confirmed with
computer simulations in SPEEDIE [21] [a two-dimensional
(2-D) process simulator developed at Stanford University] as
shown in Fig. 7 for LTO deposition and Fig. 8 for nitride
deposition. Here, the sticking coefficient of depositing species
does not matter since the access hole is only 0.25 m in
diameter.
In order to reduce the process cost, g-line optical lithography
is preferred. In addition, larger vias will increase the speed of
sacrificial etching. SPEEDIE simulation indicates it is possible
to seal a cavity with several micron wide vias by depositing
low-sticking coefficient species. LTO is one of the candidates
which has a sticking coefficient more than two orders of
magnitude higher than nitride [22]. Fig. 9 is a SPEEDIE
simulation result verifying a sealed cavity with a 2- m via
by LTO deposition at 400 C. If the same via is sealed with
nitride, the entire cavity tends to be filled due to its much
lower sticking coefficient as shown in Fig. 10. This will greatly
degrade the dimension control discussed above. An SEM of
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Fig. 7. SPEEDIE simulation for LTO sealing of 0.25-m via.

Fig. 9. SPEEDIE simulation for LTO sealing of 2-m via.

Fig. 8. SPEEDIE simulation for nitride sealing of 0.25-m via.

Fig. 10. SPEEDIE simulation for nitride sealing of 2-m via.

LTO sealing of a 2- m via is found in Fig. 11. It is observed
that the LTO filling is limited to only a few microns.
C. Protection Nitride Thickness
The bottom protection nitride is required by the process
to act as a KOH etch stop, but it is undesired for optimal
transducer performance since it reduces the effective electric
field applied across the device, especially in an immersion
transducer which has a relatively smaller air gap. So, this
nitride layer should be thick enough to sustain the variation in
the following dry etching steps and thin enough not to cause
much decrease in the electric field applied to the device. As
a start, a very conservative value of 3000–5000 Å is used
depending on the air gap and membrane thickness.

[10], [12], [14], amorphous silicon is preferred due to its two
orders of magnitude higher etching selectivity against nitride
[23]. In terms of transducer efficiency, a thinner air gap is favorable, but this will pose a problem during membrane release
as well as by limiting the maximum membrane displacement.
The thickness ranges from 2000 Å to 1 m depending on
whether the transducer will be used in gases, or liquids, as a
receiver or transmitter.
Using amorphous silicon as a sacrificial layer for the nitride
membrane is another significant improvement in the paper
to give precise control of transducer resonant frequency and
impedance level. In addition, it allows larger membranes for
air applications where the resonant frequency of the membrane
can be reduced to hundreds of kilohertz.
E. Suspended Membrane Thickness

D. Sacrificial Layer Thickness
The amorphous silicon acts as a sacrificial layer in the
process. Compared to thermal oxide used in previous work

The suspended nitride membrane is metalized to form the
upper electrode. A low-stress nitride with 60-MPa tensile stress
[23] is used. Similar to the case of the sacrificial layer, the
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TABLE I
PARAMETERS OF CMUT’S FOR AIR AND IMMERSION EXPERIMENT

Fig. 11.

SEM of LTO sealing of 2-m via.

membrane should be as thin as possible for most efficient
operation, but it should be thick enough to avoid electrostatic
pull in and provide enough stress for successful releasing after
sacrificial etching. A typical value is 0.5–2 m including the
redeposition for vacuum sealing.

Fig. 12. Transducer impedance with air loading.

F. Metal Thickness
Aluminum is used for the top electrode. A thick layer is
preferred to reduce the serial resistance of the transducer, but it
should not be so thick that its weight poses significant loading
to the transducer membrane (i.e., changing the mechanical
impedance of the membrane). A typical value is 2000 Å.
Aluminum sputtering is performed rather than evaporation for
better step coverage over varying topology on cMUT’s surface.
V. EXPERIMENTS
The experiments in this paper are performed with the help of
a custom electronic setup. Time domain data are captured with
an 8-b digitized oscilloscope, and frequency domain data are
captured with a network analyzer. Subsequently, the data are
transferred to a computer for display. In certain circumstances,
data sample averaging is performed to obtain better signal-tonoise ratio (SNR). The ac excitation signal is provided by
a pulse function generator with 50- output resistance. A
transconductance amplifier conditions the received signal.
There are two types of cMUT’s used in the experiments
as described in Table I. Type I is designed for air operation
where the transducer is not sealed and larger in cell size.
Type II is designed for immersion operation with smaller and
sealed cavities. For each type of cMUT, the size and dc bias
of the device can be varied for either impedance or power
purpose.
A. Air Transducer
Fig. 12 shows the impedance of an air cMUT Type I with
1-cm size and biased at 30-V dc voltage. The simulation

Fig. 13. Twenty-cycle burst transmission in air at 2.3 MHz.

results based on the electrical equivalent circuit model are
shown in solid line, and the actual measurements are shown in
dashed lines. The negative imaginary parts indicate capacitive
parasitics. Both the theoretical prediction and actual device
give a resonant frequency around 2.3 MHz. In addition,
the device has comparable real and imaginary impedance at
resonance. This makes it possible to tune out the negative
imaginary part with a serial inductor without severely degrading bandwidth. As shown in Fig. 13, this device is able to
detect the ultrasound transmitted in air with better than 30-dB
SNR after 16 sample averages. This result is obtained when a
20-cycle 1-mV ac tone burst at a 2.3-MHz resonant frequency
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Transducer impedance with water loading.

Fig. 15. Three-cycle burst transmission in water at 3.5 MHz.

is applied to the transmitter which has identical parameters
to the receiver. When ac excitation is increased to 10 V, a
dynamic range in excess of 110 dB is observed in air operation
after 64 sample averages. It is noticed that a nonzero loss
term is included in the model to obtain the theoretical results
shown in Fig. 12, indicating potential possibility for further
improvement of transducer dynamic range.
B. Immersion Transducer
In fact, the same device can be used for both air and
water transmission since the fabrication process is designed to
yield vacuum-sealed cavities, but a good air transducer is not
necessarily the best immersion transducer due to the different
loading effects of air and water.
Fig. 14 shows the impedance of an immersion cMUT
Type II with 0.25-cm size and biased at 30-V dc voltage.
The simulation results based on the electrical equivalent circuit
model are shown in solid line, and the actual measurements
are shown in dashed lines. It is noticed that the real part of the
immersion transducer impedance is significantly lower than
that of the air-loaded transducer in both simulation and actual
measurement. In future designs of immersion transducers, the
geometry of the device (gap thickness, membrane thickness,
and radius) and bias voltage of the device can be modified
to optimize the transducers for water operation, or more
specifically, to increase the absolute value of the real part
of the transducer impedance to the level comparable to the
electronics.
When the device is used as a receiver and tuned with a
serial inductor, better than 60-dB SNR is observed in water
transmission at 3.5 MHz, as shown in Fig. 15. In the figure,
electromagnetic feedthrough is followed by the acoustic signal
indicating a 5-mm physical separation. In this experiment,
the transmitter is 1 cm to increase the acoustic power. The
lower dynamic range compared to air operation is mainly due
to the higher imaginary-to-real impedance ratio. This leads
to an impedance mismatch with transmitting and receiving
electronics since the same electronic system is used for both
air and water operation.

Fig. 16. Immersion transmission at 5 MHz.

Wide-band transmission is possible if the cMUT’s operate
less efficiently, which is true for untuned and unoptimized
immersion transducers. Acoustic behavior is observed at 2–15
MHz as shown in Figs. 16–18, where five-cycle bursts are
transmitted at 5, 10, and 15 MHz, respectively. In this experiment, both the receiver and transmitter are 1 cm .
The dynamic ranges of both air and immersion cMUT’s
achieved in this paper are compared with previous results and
the idealized theoretical limits1 as shown in Table II. The air
transducer exhibits a 30-dB improvement and the immersion
transducer 12-dB improvement, and both have substantial
potential for further improvement.
VI. CONCLUSION
This paper presents a fully surface-micromachined fabrication scheme which enables the realization of designs
1 The theoretical limit of the dynamic range of cMUT’s is calculated from
the ratio of the maximum membrane displacement (pull-in limit) to the
equivalent membrane displacement of the thermal noise of the transducer.
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The experiments show cMUT’s are a feasible alternative to
piezoelectric transducers in many applications. Furthermore,
cMUT’s can operate at high temperature (they do not have a
Curie temperature), arrays can be fabricated at lower cost, and
the electrical impedance of a cMUT element can be designed
to optimize the noise performance of receiver electronics.
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