678

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 45, NO. 3, MAY 1998

Surface Micromachined Capacitive

Ultrasonic Transducers

Igal Ladabaum, Student Member, IEEE, Xuecheng Jin, Student Member, IEEE,
Hyongsok T. Soh, Abdullah Atalar, Senior Member, IEEFE,
and Butrus T. Khuri-Yakub, Fellow, IEEE

Abstract—The current state of a novel technology, sur-
face microfabricated ultrasonic transducers, is reported.
Experiments demonstrating both air and water transmis-
sion are presented. Air-coupled longitudinal wave transmis-
sion through aluminum is demonstrated, implying a 110 dB
dynamic range for transducers at 2.3 MHz in air. Water
transmission experiments from 1 to 20 MHz are performed,
with a measured 60 dB SNR at 3 MHz. A theoretical model
is proposed that agrees well with observed transducer be-
havior. Most significantly, the model is used to demonstrate
that microfabricated ultrasonic transducers constitute an
attractive alternative to piezoelectric transducers in many
applications.

I. INTRODUCTION

LTRASOUND is used in a wide variety of applications
that can be characterized as either sensing modalities

or actuating modalities. Sensing applications include med-
ical imaging, nondestructive evaluation (NDE), ranging,
and flow metering. Practical uses of ultrasound as an ac-
tuating mechanism include industrial cleaning, soldering,
and therapeutic ultrasound (heating, lithotripsy, tissue ab-
lation, etc.). Current theoretical understanding indicates,
however, that many fruitful applications of ultrasound re-
main unrealized. Often a lack of adequate transducers
precludes theoretically interesting ultrasonic systems from
materializing. Thus, we find ourselves at a familiar point in
the scientific process; practical applications motivate tech-
nological progress; and the technological progress, if real-
ized, can serve to further refine theory. Specifically, air-
coupled ultrasonic inspections motivate the development
of air transducers [1]-[5] and the advantages of limited
diffraction beams motivate the realization of 2-dimensional
transducer matrices [6]-[8]. In this paper, we present mi-
cromachined ultrasonic transducers (MUTSs) and report
that they overcome many of the current transducer prob-
lems. MUTSs are shown to work in air with the largest
dynamic range reported to date, they are shown to work
in water, and simulations are used to demonstrate that
optimized immersion MUTs can perform comparably to
piezoelectric transducers with fewer practical limitations.
In order to harness the practical potential of ultrasound,
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waves must be efficiently launched at, or in, the subject of
interest. In all sensing applications and most actuating ap-
plications, the waves also need to be detected. Ultrasound
is usually introduced into and detected from the subject
via a coupling medium; it is rare for the vibrating element
of the transducer to be placed in direct contact with the
subject [9]. The coupling medium can be solid, such as the
quartz rods used in wafer temperature measurements [10],
[11]; it can be liquid, as in many NDE and medical applica-
tions, or it can be gaseous, as in air-coupled applications.
Ultrasonic excitation and detection also can occur on the
subject via laser light [12]-[14]. Currently, the vast major-
ity of ultrasonic transducers are fabricated using piezoelec-
tric crystals and composites. When performing ultrasonic
investigations directly on solids, piezoelectric transducers
are the best choice because the acoustic impedance of the
piezoelectric ceramic is of the same order of magnitude
as that of the solid. Laser based ultrasound also performs
well with solids. However, when the objective is to excite
and detect ultrasound in fluids (as is the case in most ap-
plications), piezoelectric transducers have drawbacks that
motivate our approach to transducer design.

Piezoelectric transducers are problematic in fluid-
coupled applications because of the impedance mismatch
between the piezoelectric and the fluid of interest. In air,
for example, the generation of ultrasound is challenging
because the acoustic impedance of air (400 kg/m?s) is
many orders of magnitude smaller than the impedance
of piezoelectric materials commonly used to excite ultra-
sonic vibrations (approximately 30 x 10° kg/m?s). The
large impedance mismatch implies that piezoelectric air
transducers are inherently inefficient. In order to improve
efficiency, a matching layer is usually placed in between
the piezoelectric and the air [9]. The matching layer solu-
tion is problematic for three reasons. First, the impedance
mismatch is so large that matching layer materials with
the necessary characteristic impedance are rarely avail-
able. Second, the improved energy coupling comes at the
expense of bandwidth. Third, high frequency transducers
require impractically thin matching layers. Attempts to
maximize the energy transfer from the piezoelectric ele-
ment to the air and vice versa have achieved moderate
success. However, the increased complexity of the more ef-
ficient devices reduces their reliability and increases their
cost.

In the case of water-coupled ultrasound, the impedance
mismatch is not as severe (approximately 30 x 10° kg/m?s
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for piezoceramics versus 1 x 10° kg/m?s for water), but
nevertheless leads to system limitations. Matching layers
are still necessary, and both the ceramic and the match-
ing layers need to be manufactured to tight mechanical
tolerances. Thus, theoretically interesting designs, such as
complex arrays, are limited to realizable configurations.

Piezoelectric transducers have some drawbacks in ad-
dition to the impedance mismatch problem. Because a
piezoelectric’s frequency range of operation is determined
by its geometry, the size and frequency requirements of
certain systems may not converge to a realizable config-
uration. Furthermore, the device’s geometry defines its
electrical impedance, so that sensitive receiving electron-
ics may be forced to operate with loads that worsen their
noise performance. Two-dimensional transducer matrices
present particular problems because the element size re-
quired results in an electrical element impedance that does
not match conventional driving and receiving electronics.
Attempts to match this impedance better, such as through
the use of multilayer piezoelectrics, lead to significant
cross-coupling [7]. In addition, piezoelectrics are limited
to strain levels of approximately 10~%, which translates
to a surface displacement limit of approximately 0.5 pym
in the low MHz range. Such amplitudes may not be suf-
ficient in certain gas applications. The more widely avail-
able piezoelectric ceramics depole at relatively low temper-
atures (approximately 80°C), which prevents them from
being used in high temperature environments, while spe-
cialized ceramics that depole at higher temperatures have
lower coupling constants and are very costly.

Although piezoelectric ceramics and engineering clever-
ness have generated a significant number of ultrasonic de-
vices and systems, many modern applications would ben-
efit from transducers based on a different principle of ac-
tuation and detection. Capacitive MUTSs overcome many
of piezoelectric transducers’ drawbacks.

II. PrEVIOUS WORK

Analyses of capacitive acoustic transducers have existed
for many decades [15], [16]. The use of capacitive transduc-
ers for airborne ultrasonics dates back to the 1950s [17],
[18], and the first immersion version appeared in 1979 [19].
The use of air-coupled ultrasound in the context of NDE is
also not new [1], [20], [21]. Recently, a report has been pub-
lished describing air-coupled longitudinal wave excitation
in metals at frequencies below 1 MHz [22].

The application of micromachining techniques to fabri-
cate acoustic transducers consisting of suspended mem-
branes over a backplate was reported within the last
decade [23]. Recently, papers have been published describ-
ing various designs and models of capacitive ultrasonic
air transducers [24]-[27]. However, the papers generally
omit models that are adequate for the design of optimized
transducers, and a robust explanation of the operation
of the devices is usually lacking. More rigorous modeling
of grooved backplate electrostatic transducers has been
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Fig. 1. Schematic of one element of a MUT.

Fig. 2. SEM of a portion of a MUT.

published [28], but the transducers it describes are lim-
ited to 500 KHz operation. A capacitive ultrasonic trans-
ducer made with more advanced fabrication technology
was invented in 1993 [29]-[31]. The capabilities, fabrica-
tion procedures, and modeling of the device have been im-
proved [32]-[36] and have spurred concurrent development
efforts [37]. The present state of such transducer devel-
opment, including a more thorough theoretical treatment
than in previous publications, is the subject of this paper.

III. DEVICE DESCRIPTION

A MUT consists of metalized silicon nitride membranes
suspended above heavily doped silicon bulk. A schematic
of one element of the device is shown in Fig. 1. A trans-
ducer consists of many such elements, as shown in the
scanning electron microscope (SEM) image of Fig. 2. When
a voltage is placed between the metalized membrane and
the bulk, coulomb forces attract the membrane toward the
bulk and stress within the membrane resists the attraction.
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If the membrane is driven by an alternating voltage, sig-
nificant ultrasound generation results. Conversely, if the
membrane is biased appropriately and subjected to ultra-
sonic waves, significant detection currents are generated.
Micromachining is the chosen vehicle for device fabrication
because the membrane’s dimensions (microns) and resid-
ual stress (hundreds of MPas) can be precisely controlled.
Silicon and silicon nitride have excellent mechanical prop-
erties, and can be readily patterned using the wide reper-
toire of procedures invented by the semiconductor indus-
try.

Certain qualitative observations about MUT design are
worth noting. If the energy associated with a transducer’s
surface motion when unloaded is low compared to the en-
ergy associated with the surface motion when loaded by
the medium of interest (e.g., air, water), the transducer
then will have a broad bandwidth. Thus, when operation
is intended in lower density media, the surface of motion
should be associated with a light structure. The structure
can be made resonant to further enhance energy trans-
fer at the expense of some bandwidth. Our thin resonant
membrane fits these criteria. Also important to the electro-
mechanical coupling of a transducer is the fact that large
coulombic forces are realized when an electrical potential
is applied across a small gap. Thus, a thin metalized mem-
brane separated from a conducting backplate by a small
gap is a critical feature of our design. Because detection
entails measuring the fractional change of the MUT capac-
itance when ultrasonic waves impinge on it, a small gap
is also desirable in order to maximize detection sensitiv-
ity. Furthermore, to avoid both electrical breakdown and
the mechanical effects of backside air loading, the trans-
ducer cavity can be evacuated. It is important to realize
that optimization of transducer design need not be lim-
ited to a single solution; a transducer can be optimized
for emission, and a different transducer can be optimized
for reception. For example, a sensitive receiver would be
made with a thin gap, which would limit its power output
as an emitter. Thus a thin gap receiver and a thicker gap
emitter could each be optimized in a final system.

IV. MUT FABRICATION

MUTs are fabricated by using techniques pioneered by
the integrated circuits industry. A fabrication scheme of
the MUTSs used to generate some of the results reported
herein' is found in Fig. 3.

A p-type (100) 4 in. silicon wafer is cleaned, and a 1 pm
oxide layer is grown with a wet oxidation process. A 3500 A
layer of LPCVD nitride is then deposited. The residual
stress of the nitride can be varied by changing the pro-
portion of silane to ammonia during the deposition pro-
cess. The residual stress used is approximately 80 MPa. A
pattern of etchant holes is then transferred to the wafer
with an electron beam lithography process. The nitride is

LOther fabrication schemes are currently being reduced to practice
and are the subject of upcoming conference proceedings [36].
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Clean p-type Si wafer

Oxide growth

Nitride deposition

E-beam lithography

Nitride and oxide etch

Metalization

Fig. 3. Major steps of MUT fabrication.

plasma etched, and the sacrificial oxide is removed with
HF. Note that the etchant holes define the elements’ ge-
ometry,? as is shown in Fig. 4. A second 2500 A layer of
LPCVD nitride is then deposited on the released mem-
branes, vacuum sealing the etchant holes. The holes are
patterned with an electron beam so that their small size
allows for adequate sealing of the cavity. A chrome adhe-
sion layer and a 500 A film of gold are evaporated onto the
wafer.

The wafer is then diced, and the MUTs are mounted
on a circuit board with epoxy. A gold wire bond connects
the top electrode to the circuit board. In an older process,
conductive epoxy was used to make contact to the bulk
of the silicon (the lower electrode). Currently, a wire bond
also connects the lower electrode to the circuit board.

V. THEORY
In both the analysis and design of MUTsSs, it is impor-
tant to differentiate between a MUT as a receiver and a

2Some devices were fabricated with hexagonally close packed mem-
branes, whereas some results were obtained with circular membranes.
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Fig. 4. Time lapse of sacrificial etch.

MUT as an emitter. The purpose of a receiving MUT is
to detect the small ultrasonic signals that result after in-
sonification of a sample. Thus, a linearized small signal
analysis is appropriate. In contrast, the aim of an emitting
MUT is to launch ultrasonic waves of sufficient magnitude
to enable applications of interest. Hence, the displacement
of the emitting MUT’s membrane can be large, and a more
involved nonlinear analysis is necessary to quantitatively
predict a collapse voltage and an electromechanical cou-
pling factor. In this section, we present a first order anal-
ysis of an emitting MUT. We then present a small signal
model that yields a quantitative description of a receiv-
ing MUT.

A. First-order Analysis

Several approximations simplify the analysis and serve
to highlight the most significant aspects of MUT behavior.
We assume that the membrane’s restoring force is a linear
function of its displacement. We neglect all electrical fring-
ing fields and membrane curvature when considering the
electrical forces on the membrane. Furthermore, we take
all conductors and contacts to be perfect. We then assume
that the MUT operates in a vacuum, which is equivalent to
neglecting any loading of the membrane®. Thus, we obtain
a lumped electro-mechanical model consisting of a linear
spring, a mass, and a parallel plate capacitor, as shown in
Fig. 5.

The mass is actuated by the resultant of the capacitor
and spring forces.

Fcapacitor + Fspring = Fmass

3The lack of dissipative elements implies that a resonant condition
would result in infinite displacement; nonetheless, dissipative loads
are neglected for clarity.
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Fig. 5. First order lumped electro-mechanical model of a MUT ele-
ment.

The force exerted by the capacitor is found by differenti-
ating the potential energy of the capacitor with respect to
the position of the mass (principle of virtual work):

d (1 5\ 1.,0d €S
- (o)== [ (75)

eSV?2
" 2(dg — 2)2 .

Fcapacitor =

where V' is the voltage across the capacitor, C' is capac-
itance, € is the electric permittivity, .S is the area of the
capacitor plates, x is displacement in the direction shown
in Fig. 5 and dj is the separation of the capacitor plates at
rest. The spring exerts a force that is linearly proportional
to displacement

Fspring = —kx
where k is the spring constant. Substituting for the force
terms and noting all time dependence explicitly gives:
d?x(t)
dt?

- 2[;“: [‘_/%)]Q + ka(t) = 0. (2)

Equation (2) is a nonlinear differential equation of sec-
ond order, and its solution is not trivial. In order to extract
the significant qualitative behavior of the system, we con-
sider the case where V(t) = Vpe, which implies no time
dependence and leads to:

2
_BVbe _ . (3)
2(d0 — JJ)Q

Equation (3) can be rearranged into a third degree poly-
nomial in z whose solution has two regions of interest.
For small Vpe, the solution consists of three real roots,
of which only one is a physical solution (the other roots
correspond to an unphysical z > dy and to an unstable
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Fig. 6. Sketch of MUT hysteresis.

point). As Vp¢ is increased, there is a point at which the
electrostatic force overwhelms the spring’s restoring force,
and the membrane collapses. This inflection point is found
when there is a double real root such that x > dy. The
collapse point occurs when:

8kd}
27¢eS
do

Lcollapse = 3 .

V:sollapse =

In order to prevent the capacitor from shorting after
collapse, we imagine a thin insulating layer of thickness
dinsulator On one of the electrodes (the metalized mem-
brane’s nitride, in a real MUT). Note that we have ne-
glected the effect of such an insulating layer until this
point. It is possible to account for the insulator in (2)
and (3), but it is conceptually more clear to assume that
dinsulator and €ingulator can be neglected until collapse. Af-
ter the membrane has collapsed, it will not snap back until
the voltage is reduced below Voiapse t0

2
V. — 2kdinsulator(d0 — dinsulator)
snap-back — .

Einsulatord

A sketch of such hysteretic behavior is found in Fig. 6. We
conclude from such analysis that membrane collapse is a
possibility, and we report in the results section that such
collapse is observed.

In addition to membrane collapse, electrostatic spring
softening also is observed experimentally. Such softening
arises from the fact that, as the capacitor plate displaces in
the +x direction, a spring force is generated in the —x di-
rection. However, displacement in the 4+ direction under
constant Vpe also causes an increase in the electrostatic
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force in the +z direction. This increase in electrostatic
force can be interpreted as a spring softening. A more
mathematical explanation begins by linearizing (2) with
a Taylor expansion about the point z(t) = 0:

mdgx(t) B [eSVl%C eSV3a

e 20 7 x(t)] + kx(t) = 0.

(4)

Collecting terms yields an equation in a familiar form

G LU S
which we rewrite as
LD 4 knatt) = %f’c (6)
where
ksott = k — %.

Thus, we expect to see a drop in the resonance frequency
of the system as Vp¢ is increased. Such a frequency shift
is observed, and reported in the results section.

Even though much is left to decipher about the com-
plex nonlinear behavior of a MUT under large displace-
ment conditions, small signal operation about a bias point
yields fruitful practical and theoretical results. If in (1) we
assume that the membrane displacement x is small com-
pared to the gap spacing dy, then:

eSV?
F itor X ——— ox V2.
capacito ng

If we let V= Vpe + Vi then
Fcapacitor X V[z)C +2VpcVae + Vazc'

If we choose Vpe > V. then the time varying forcing
function

Fac X QVDcvac.

Thus, reasonable experiments can be performed and in-
terpreted even though a full understanding of an emitting
MUT’s behavior requires further analysis.

B. Small Signal Model

In order to facilitate the design of systems enabled by
MUTs, the goal of the theory is to arrive at an equiva-
lent circuit model of the transducer. The equivalent cir-
cuit should be a two port network, where the electrical
domain (voltage and current) is represented at one port,
and the mechanical domain (force and velocity) is repre-
sented at the other port. The equivalent circuit is valid un-
der small signal conditions for a receiving MUT, and even
for an emitting MUT, as long as the membrane displace-
ment is not near the collapse point and the bias voltage
does not cause significant spring softening. The approach,
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as first suggested by Mason [15], is to find the mechanical
impedance of the membrane in vacuum and then to in-
sert it in a transformer equivalent circuit. Because the first
membranes we fabricated were circular, and also to facil-
itate analytical treatment, we consider the circular mem-
brane solution. We hypothesize that hexagonal membrane
behavior is approximated well by circular membrane be-
havior. We use Mason’s derivation with some corrections,
and preserve his notation as much as possible.

C. Mechanical Impedance of a Membrane in Vacuum

We consider a circular membrane of radius a operating
in vacuum. The membrane has a Young’s modulus of Yj
and a Poisson’s ratio of . In addition, the membrane is
in tension 7" in units of N/m?2. The differential equation
governing the normal displacement x(r) of the membrane
can be written as [15], [38]:

(Yo+T)} _, B 9 o Px(r)
712(170_2)V x(r) = L TVZz(r) — P —lip a2 —0(7)

where [; is the membrane thickness, and P is the external
uniform pressure applied to the membrane. The equation
is derived from an energy formulation, and the critical as-
sumption is that the tension generated by a displacement
x is small compared to the tension 7. Assuming a har-
monic excitation at an angular frequency w, (7) is known
to have a solution of the form:

x(r) = AJo(k‘lT) =+ BJ()(]CQ’I“) + CKo(k‘lT)
+ DKo(kor) — P/(w?ply) (8)

where A, B,C, and D are arbitrary constants, Jy() is the
zeroth order Bessel function of the first kind, and Ky() is
the zeroth order Bessel function of the second kind. We
immediately deduce that C' = 0 and D = 0 because the
Bessel function of the second kind is infinite at » = 0,
which is not physical. If we use (8) to substitute for x(r)
in (7), we find that k; and ko must satisfy the characteristic
equations:

Yo+T)F 4 T, 2
— ki + —ki—w"=0 9
1)t )
Yo +D)E .y, To o
— ks + —k; —w*=0. 1
12(1—02)2—’_02 wi=0 (10)
Following Mason’s notation, we define
Yy + T)i? T
c= (o + )iy and d=—. (11)
12(1 — 02) p

The quadratic formula then gives the solutions:

v tdew? —d _; [ Vd? + 4cw? +d
e —— 2 = —_— .
2c 2c (12)

k1=
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Fig. 7. Calculated displacement as a function of frequency for a 25 p
membrane excited by uniform pressure.

In order to determine the constants A and B, two
boundary conditions are necessary. Physically reasonable
boundary conditions at r = a are that x = 0, which im-
plies that the membrane undergoes no displacement at its
periphery, and (d/dr)z = 0, which implies that the mem-
brane is perfectly flat (i.e., does not bend) at it’s periph-
ery. Both conditions amount to stating that the membrane
is perfectly bonded to an infinitely rigid substrate. Using
these conditions, we determine the constants A and B and
find the displacement of the membrane as:

P
x(r) = o
kgjo(kﬂ”)(]l(kga) -+ lig(kgr)Jl(kla)
ngo(kla)Jl (k‘ga) + k‘1J1 (kla)Jo(kga)

—-1].

(13)

Fig. 7 is a calculated plot of the displacement of a typi-
cal membrane as a function of frequency under a uniform
pressure excitation®. For the simulation, values used were
a=25x107% 10, =06x107%, P =1, Yy = 3.2 x 101,
o = 0263, T = 280 x 10°, and p = 3270 (all in MKS
units).

Because we have assumed uniform pressure P, the force
on the membrane is simply PS, where S is the area of the
membrane. The velocity of the membrane isv(r) = jwa(r),
and we take ¥ as the lumped velocity parameter where:

7 = (1/ma?) /Oa /0% v(r)rdfdr
jP

wply (14)

2(k%+k§)J1(k1a)J1(k2a) 1

. {ak1k2(k2Jo(k1a)J1(k2a) + k1 J1(k1a)Jo(kea))

Mechanical impedance is defined as the ratio of pressure
to velocity. Hence, the mechanical impedance of the mem-

4Fig. 7 illustrates the mechanical resonance of the membrane. The
displacement in this particular example is too large to be valid for
the small signal equivalent circuit derived in the next section.
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ltalﬁk‘g (kQJQ (lﬁa)Jl (kga) + ltkl Jl (kla)Jo(kza))

= jwpl

aklkg(ngO(kla)Jl(kQa) + lil(kla)Jo(kQa)) - Z(k% + k%)Jl(kla)Jl(kQa) '

(15)
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brane, Z,,, can be written as: (see equation 15).% Figs. 8, 9,
and 10 show calculated values of this impedance as a func-
tion of each critical parameter. In each figure, all param-
eters except the one of interest are held constant. The sig-
nificance of Figs. 8, 9, and 10 is that they demonstrate how
a MUT membrane’s impedance can be tailored to be in-
significant compared to the medium’s acoustic impedance,
which is the necessary condition for efficient power trans-
fer.

D. FElectrostatically Excited Membrane
and Its Equivalent Circuit

The membrane of thickness [; is coated with a thin layer
of conducting material on the top side, and the bottom
electrode is separated from the membrane by a distance
lo. The electrical capacitance can be written as:

€0eS
eoly + €elo(t)

O(t) = (16)

where € is the dielectric constant of the membrane mate-
rial, and S is the area of the membrane. If a DC voltage
Vbe is applied between the top electrode and the bot-

tom, the electrostatic attraction force on the membrane is
given by:

d 1 2 60625‘/%0
Fp=——(20VE, ) =22 bc_ (17)

dx \ 2 2(egly + €lg)?

5The choice of lumped parameters for distributed systems can be

subtle. A lumped mechanical impedance in series with a lumped
radiation impedance must adequately describe the power delivered
to the medium. Because our analysis is predicated on a small signal
approximation, we do not introduce a rigorous solution here, but it
should nonetheless be pointed out that rigorous lumped parameters
for apodized transducers can be obtained.
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Let the total voltage across the capacitor be V. = Vpo +
Vae sin(wt), where Vp is the bias voltage and V,. < Vpe
is the small signal AC voltage. Then, the current flowing
through the device is:

Because this is a small signal analysis, we also can as-
sume that the capacitor can be described by C(t) =
Co+ Cycsin(wt + @) where Cy. < Cy. We can then rewrite
(18) as:

d d
1= Coavac(t) + VDC_Oac(t)' (19)

dt
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Fig. 11. Partial electrical equivalent circuit of MUT.
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Fig. 12. Electrical equivalent circuit of MUT.
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If we differentiate (16) we obtain:

d €0€2S d

—Coc(t) = —————=—1,(t 20
dt (?) (eols + €lay)? dt ®) (20)
where l,, is the DC value of the gap spacing. The deriva-
tive of the air gap thickness is equal to membrane velocity

(d/dt)l, = v, which leads to:

4
dt

VDc€0€ZS _

I = _VDCC0E »
Co (eols + €lgy)? Y

Vac(t) - (21)

Equation (21) is significant because it transforms velocity,
a mechanical quantity, into electrical current. Thus, we can
define a transformer ratio:

VD060 62 S

= 22
(eolt + €lay)? (22)

and write the current as sum of electrical and mechanical
components
d _
I =C—Vu(t) — nu. (23)
dt
It is important to note that n can be controlled by varying
the applied bias voltage or by changing the membrane and
air gap thickness. Using (23) we can draw the partial small
signal equivalent circuit shown in Fig. 11.

In order to complete the equivalent circuit, a relation-
ship between force and velocity at the mechanical port
is necessary. By definition, an equivalent load impedance
constitutes such a relationship. By inspection, and using
the mechanical impedance of (15), the equivalent circuit
of Fig. 12 is obtained. The impedance elements are placed
in series in order to maintain consistency with definitions.
For example, the load impedance of vacuum is zero, so it
must be placed in series with the membrane impedance
because a parallel combination would imply a total load
of zero.

When loaded by air, the bandwidth of the transducer is
dominated by the mechanical impedance of the membrane.
As shown in the results section, the typical 3 dB bandwidth
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Fig. 13. Electrical equivalent circuit of MUT when Z,, < Z,.

of an air-loaded transducer is 5% of the center frequency.
The bandwidth can be further increased at the cost of
efficiency.

In contrast to an air-loaded transducer, an immersion
MUT has its bandwidth determined by the transformer
ratio. In most configurations of a MUT element, the me-
chanical impedance of the immersion medium, Z,, is much
greater than the membrane impedance, Z,,. In this case
the equivalent circuit of the MUT simplifies to that shown
in Fig. 13, where the equivalent resistance is given by:

(eoly + €ly)*

Ry = Z,5/n? = Z,~————2_ 24
2q /n VD206(2)64S ( )
The Q factor of the MUT is thus given by:
Zq(eol 1.)3
Q= Ry = 2l T )y g < 7,
Vic€oe (25)

It is clear that, for wide band operation, I; and [, should
be chosen as small as possible, and the DC bias voltage
Vbe should be kept as high as possible. The bias voltage,
however, is limited by the collapse voltage (discussed in
the first order analysis). Thus, there exists a lower bound
on the quality factor. The determination of this lower
bound entails more involved nonlinear analysis, and it is
the subject of current research. Nonetheless, a conserva-
tive assumption is that a configuration with parameters
Iy = 03 pm, [, = 0.2 pum, and Vpe = 80 V does not
collapse. Such a configuration has a Q, according to (25),
of 23.

The electrical equivalent circuit allows analysis and op-
timization of the MUT structure. Furthermore, circuits
can be designed to tune a particular transducer. As is
shown in the results section, the model agrees well with
experimental observations. Nevertheless, the model does
not take into account several factors. There is no term to
represent the mechanical impedance of the cavity behind
the membrane, nor of the supporting structure, which can
present significant real and imaginary loads. Also absent
are terms for the parasitic electrical elements present in
any real device. The careful derivation of such terms, as
well as the investigation of the nonlinear nature of the de-
vice when operated at large displacements, are topics of
current research.
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VI. RESULTS

The present results, which include air-coupled through-
transmission of aluminum, constitute a significant im-
provement over previously reported results [32]-[35]. The
transmission results herein presented are generated with a
simple experimental setup. A function generator and volt-
age source excite the emitter, and a custom transconduc-
tance amplifier with approximately 40 dB of gain detects
the signal at the receiver. When appropriate, a series in-
ductor is used to tune the transducer to match the elec-
tronics’ impedance. The signal is digitized by an 8 bit dig-
itizing oscilloscope, and it is transferred to a computer for
display. The impedance curves herein reported are taken
with an HP 8752A network analyzer connected to the bi-
ased transducer with a bias-T. The theoretical curves are
generated by a computer program that incorporates the
theory developed in this paper.

In preliminary transmission experiments with no alu-
minum slab present, transducer membranes were observed
to transmit at a low frequency of 1.8 MHz (100 micron
membrane) to a high frequency of 12 MHz (12 micron
membrane). Fig. 14 shows the ultrasound detected after
passing through air, then into a 1.9 mm slab of aluminum
(longitudinal mode), then air. The excitation was at the
2.3 MHz resonance frequency of the transducer, and con-
sisted of a 20 cycle tone burst of 16 V riding on a bias
of 30 V. The received signal was averaged 16 times, and
presents a 30 dB signal-to-noise ratio. The emitter had
dimensions of 1 cm?, the receiver was 0.25 cm?, and the
transducers were placed 1 cm apart. Because the aluminum
slab causes 70 dB of signal loss, 0.8 cm of air cause 5 dB
of loss, and electrical impedance mismatch between the
transducer and the receiving electronics cause an addi-
tional 5 dB of loss, the transducer dynamic range is ap-
proximately 110 dBS. The dynamic range of 110 dB was
further verified by removing the aluminum and reducing
the excitation voltage of the emitter until it was barely de-
tectable at the receiver, which occurred at 0.2 mV. Thus,
assuming a linear variation of power with excitation volt-
age, the range from 0.2 mV to 16 V represents 98 dB of
dynamic range. The 5 dB electrical impedance mismatch
and a loss of 6 dB from 1 cm of air contribute to a to-
tal dynamic range of 109 dB; 16 V is taken as the upper
limit of excitation power because it was the highest voltage
used in the experiments and it is the approximate limit of
a linearized analysis. It is possible that the transducers’
dynamic range actually exceeds 110 dB.

The transducers used for the aluminum experiment
were unsealed. However, a vacuum sealed pair of transduc-
ers is able to operate in both water and air. Water trans-

6The acoustic properties of aluminum are taken from [9] and are
used in the well-known formula for the power transmission coefficient
(see for example [39]) to predict the 70 dB of mismatch loss. It should
be noted that a 1.9 mm slab of aluminum is far from its thickness
mode resonance, thus giving a large loss factor. Experiments per-
formed since the original submission of the manuscript with 1.6 mm
of steel also verify 110 dB of dynamic range. Details of steel results
will be presented in future publications.
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Fig. 14. Air coupled aluminum through-transmission at 2.3 MHz.
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Fig. 15. Water transmission at 3 MHz.

mission is shown in Fig. 15 for transducers placed 0.5 cm
apart. When the noise floor of the receiver was measured,
it was found to be 60 dB below the peak received sig-
nal (the receiving MUT’s capacitance was tuned out with
a series inductor). Interesting features of Fig. 15 are the
acoustic echoes, which indicate that the receiver’s acous-
tic impedance is not perfectly matched to water. Such a
mismatch implies a loss in efficiency, and it is due to un-
optimized electrical tuning and physical construction. A
MUT is comprised of thousands of active elements joined
by supporting structure. The inactive supporting struc-
ture is responsible for reduced efficiency, so its surface area
should be minimized in future designs. When the devices
are operated untuned, they exhibit a fractional bandwidth
in excess of 100%. The same pair of transducers was used
to observe transmission from 1 to 20 MHz, but the signal
was almost at the noise level at the high frequencies. The
design of the devices used for water transmission was not
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Fig. 16. Real part of impedance under vacuum: experiment and the-
ory.

optimized. It is anticipated that future generations of de-
vices, based on the analysis herein reported, will approach
the dynamic range of piezoelectric devices [34].

The transmission experiments show that practical ap-
plications of MUTs are feasible. In fact, the aluminum re-
sults show that air-coupled ultrasound is likely to play
an increasingly important role in nondestructive testing.
The water transmission results show that the significant
advantages of microfabrication (on chip electronics, cost,
repeatability) may soon find their way into the ultrasonic
transducer industry.

The more significant result from an academic point of
view, however, is that the theoretical model of the device
agrees well with experimental observation. Fig. 16 shows
good agreement between the measured and simulated val-
ues of the real electrical impedance of the receiving trans-
ducer used in the aluminum experiment. The small dis-
crepancy can be attributed to the approximations in the
model, the most significant of which is that the hexag-
onal membranes can be treated as circular membranes.
The parameters used in the program agree with the ex-
pected parameters of the fabrication process (I; = 0.6 um,
lo = 0.75 pm, T = 170 MPa, a = 48 pum). In order to fit
the theory to the experiment, a load of 3000 Ohms was
placed on the acoustic port of the circuit model. This load
represents all acoustic losses in vacuum. When this loss
load is also used in an air impedance experiment, excel-
lent agreement exists with theory” (see Fig. 17).

Confirmation of behavior predicted by the first order
analysis was also obtained. Fig. 18 shows a decrease in
resonant frequency with increasing voltage. This change
in frequency is due to an effective softening of the spring,
as has been explained.

Figs. 19 and 20 demonstrate the hysteretic collapse be-

7A change in the tension parameter was made to reflect the in-
creased stiffness of an air-backed membrane versus a vacuum backed
membrane.
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Fig. 17. Impedance in air: experiment and theory.
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Fig. 18. Evidence of spring softening: change in resonant frequency
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havior predicted in Fig. 6. As the bias voltage is increased,
the baseline of the imaginary impedance shifts, implying
the reduction of gap spacing. When the voltage is increased
beyond 40 V, the characteristic signature of resonance dis-
appears, and no further change is observed. The membrane
does not snap back until the voltage is reduced well below
the collapse voltage®.

Because our theoretical understanding is verified by ex-
periment, we are basing future transducer designs on the
theory herein reported. It is a critical feature of MUTs
that their geometric characteristics (gap thickness, mem-
brane thickness and radius) can control their electrical
impedance. Thus, transducers can be made to match the
most sensitive electronics available at a center frequency of

8The membrane used to generate Fig. 19 is thicker than the one
that generated Fig. 17, which explains the difference of resonance
frequencies.
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Collapse Sequence: Down
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Fig. 19. Evidence of membrane collapse: imaginary impedance as a
function of bias voltage.
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interest. Currently, we plan to fabricate transducers with a
50 Q real impedance, which would allow them to be used
with readily available electronic components. The simu-
lated impedance of a proposed design is found in Fig. 21.

As has been explained, the bandwidth of the device is
greatest when the bias voltage is as large as possible and
the electrode separation is as small as possible. Because we
have not completed and verified a quantitative model for
the nonlinear behavior of the device, we hesitate to propose
a quantitative limit to the transducer’s bandwidth?. Using
the conservative parameters of Fig. 21 and a series tuning
inductor, the absolute impedance of Fig. 22 is obtained.
The figure shows a 5% 3 dB bandwidth, which enables the
realization of an impressive system. The room temperature

9For example, if the collapse point occurs at electric fields greater
than 4.10% V/m, a 3 dB bandwidth in excess of 100% is possible.
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Fig. 21. Simulation of a 50 © immersion device (a = 10 pm, lo =

0.2 pm, Il = 0.3 pm, Vpc = 80 V).
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Fig. 22. Tuned immersion device (¢ = 10 pm, lg = 0.2 pm, I} =
0.3 um,Vpc =80V, L =19 pH).

thermal noise due to a 50  resistor with 5% bandwidth
centered at 10 MHz is 63 nV, or 1.26 nA. The thermal
current noise is comparable to that of well-designed elec-
tronics, and can be taken as the limiting noise floor of the
system. Thus, a transmitter capable of generating 13 mA
of current (or for a 50 Q transmitter, 8 mW of acoustic
power all directed at the receiver) will result in a system
with 140 dB dynamic range at 10 MHz with 5% band-
width. Trading some dynamic range for bandwidth yields
a system with 120 dB of dynamic range and 50% band-
width. In short, the extrapolation of the theoretical mod-
els herein presented and verified indicates that optimized
MUTs may have liquid-coupled performance comparable
to piezoelectric transducers’ performance.
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VII. CONCLUSION

We have reported that microfabricated ultrasonic trans-
ducers are capable of transmitting sound in air with a
dynamic range of 110 dB. Such transducers are used
to demonstrate air-coupled through transmission in alu-
minum. MUTs are also shown to work well in water,
though their optimized configuration awaits future fabri-
cation runs. Most significantly, we have proposed a theo-
retical model which agrees with observed behavior. Admit-
tedly, the model only accounts for the electrical impedance
behavior of the transducers, which does not completely
describe the acoustic behavior of the devices. More direct
measurements of the displacements at the transducers’ sur-
face and of the directivity of the transducers are planned,
and future theoretical models should also describe the ob-
served behavior. The current model nevertheless indicates
that MUTSs offer better performance than piezoelectric
transducers in air-coupled applications, and that MUTs
have the potential to approach piezoelectrics’ performance
in liquids. MUTs enjoy the inherent advantages of micro-
fabrication, which include low cost, array fabrication, and
the possibility to integrate electronics either on chip or
as a multi-chip module. Additional plans for future work
include obtaining a better understanding of the devices’
non-linear characteristics when operated at large displace-
ments, the realization of optimized immersion transducers,
and the use of the air transducers in several newly enabled
applications. More distant plans include array and elec-
tronics fabrication and integration.
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