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Abstract: Capacitive micromachined ultrasonic transdug€@MUTs), introduced about a decade ago, have been shown to be a good
alternative to conventional piezoelectric transducers in various aspects, such as sensitivity, transduction efficiency, and bandwidth. In thi
paper, we discuss the principles of capacitive transducer operation that underlie these aspects. Many of the key features of capaciti
ultrasonic transducers are enabled with micromachining technology. Micromachining allows us to miniaturize device dimensions and
produce capacitive transducers that perform comparably to their piezoelectric counterparts. The fabrication process is described briefl
and the performance of the CMUT transducers is evaluated by demonstrating characterization results. It is shown that the transductio
efficiency as defined by the electromechanical coupling coefficient can be close to unity with proper device design and operating voltage
It is also shown that CMUTs provide large bandwidi23% fractional bandwidihin immersion applications which translate into high
temporal and axial resolution. Finally, the feasibility of using CMUTs is demonstrated by showing imaging examples in air and in
immersion.
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Introduction coupling of the sound waves into and from the sound-bearing
medium.
Electrostatic transducers have long been in use for sound wave Recent advances in the silicon micromachining techniques en-
excitation and detectio(Kuhl 1954; Hunt 1982 The fundamen- abled the fabrication of microelectro-mechanical systems
tal mechanism of the transduction is the vibration of a thin plate (MEMS) based electrostatic transducérller and Khuri-Yakub
under electrostatic forces. Many macroscale devices use this1996; Soh et al. 1996; Ladabaum et al. 1p98iniaturization
mechanism for generating and sensing sonic waves. A condensetapability of the silicon micromachining process made the fabri-
microphone is the most well-known example. In the simplest cation of devices working at ultrasonic frequencies possible.
form of this device, a thin metal membrane is stretched above aThese devices are called capacitive micromachined ultrasonic
back electrode forming a small gap. This structure constitutes atransducer§CMUTS). CMUTSs are made of small and thin mem-
capacitor, which is charged by a dc voltage applied through a branes that are suspended over a conductive silicon substrate by
large resistor. When the device is exposed to sound waves, thénsulating posts. The diameter of the membrane ranges from 10
gap height is modulated at the same frequency of the incoming um to hundreds of micrometers. The gap between the membrane
pressure field. This induces a change in the device capacitanceand the substrate is vacuum sealed or left unsealed at will and it
generating an output voltage proportional to the amplitude of the can be as small as 500 A. The membranes are either conductive or
field. The capacitor structure can also be used to generate soundoated with a conductive electrode and essentially create small
waves. If the biased membrane is driven by an ac voltage, acapacitors together with the substrate. This structure results in
harmonic field is generated in the sound-bearing medium. very efficient transducers that can compete with their piezoelec-
The striking advantage of the electrostatic devices comparedtric counterparts in terms of efficiency and bandwidth.
to the other types of transducers such as piezoelectric and mag- The small and thin membranes that constitute the CMUT
netostrict is the inherent impedance match between the transducefransducer are micromachined onto a silicon substrate. Microma-
and the surrounding medium. The low-mechanical impedance ofchining has evolved from the integrated circuit manufacturing
the membrane is usually negligible. This results in very efficient technology as a means of fabricating microelectromechanical sys-
tems, and therefore has all the abilities that the integrated circuit
'E. L. Ginzton Laboratory, Stanford Univ., Stanford, CA 94305-4088. technology has. These abilities include, but are not limited to,

E-mail: sanli@stanford.edu batch fabrication, and a high level of integration and scalability.
ZE_- L. Ginzton Laboratory, Stanford Univ., Stanford, CA 94305-4088. Thus, with this technology, batch fabrication of high-density
E-mail: goksenin@stanford.edu transducer arrays, as well as single elements are enabled. In ad-

E. L. Ginzton Laboratory, Stanford Univ., Stanford, CA 94305-4088.  gjtion, the scalability provides the ability to fabricate transducers
E-mail: khuri-yakub@stanford.edu . __with a wide range of size and shapes. Because the transducer
Note. Discussion open until September 1, 2003. Separate dBCUSSKm%esponse is primarily determined by the size and the shape of the

must be submitted for individual papers. To extend the closing date by b lability t lates into th bility to fabricat
one month, a written request must be filed with the ASCE Managing membranes, scalability transiates into the abiiity 1o Tabricate a

Editor. The manuscript for this paper was submitted for review and pos- Wide range of devices for operation at different frequency spans
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2, April 1, 2003. ©ASCE, ISSN 0893-1321/2003/2-76—84/$18.00. CMUTs. In the next section, the principle of operation and under-
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Fig. 1. Cross-sectional schematic drawing of membrane —

lying theory are presented. In addition, the one-dimensional
model that can be used to calculate basic device parameters such
as capacitance, collapse voltage, and electromechanical coupling
coefficient, will be discussed. In the section, “Fabrication Tech-
nology,” the details of the fabrication principles and techniques
will be described. The characterization procedures and their rel-
evance to the device performance are discussed in the section,
“Electrical and Acoustical Characterization.” After the discussion

on the applications of the CMUTs in the section, “Applications,”
conclusions are drawn.

Fig. 2. Electrical circuits used to drive CMUTs i@ transmit and
Principle of Operation (b) receive mode

CMUTs are made of thin membranes which are essentially paral- . . .
lel plate capacitors with a gap between the plates. Fig. 1 is a'S balanced by the mechanical restoring force of the membrane.

schematic drawing of the cross section of a typical membrane. AS the bias voltage is increased, o_Ieerction of the membrane in-
The conductive silicon wafer on which the membrane is fabri- ¢'€aS€S: However, above a certain voltage, called the collapse

cated make up one of the plates of the capacitor. The other platevoltage, the electrostatic force overwhelms the restoring force and
of the capacitor is the metal electrode on top of.the membrane the membrane falls down on to the substrate. Therefore, the bias

The membrane is supported with insulating posts. The membranevoItage should be kept less than this voltage. Yet, it should be

is generally made of an insulating material, most commonly sili- ¢l0S€ to the collapse voltage for maximum efficien@yunt

con nitride (SiN,), and coated with a metal electrode. However, 19?%- I | b lculated . Vb .
the membrane can be made of a conductive material in which e collapse voltage can be calculated approximately by using

case the metal top electrode is not necessary. Optionally, the topa first-order model, which neglects the fringing eIectrostatic_ fields
electrode can be coated with an insulating material such as IOW_and the curvature of the membrane. Thus, the model consists of a

temperature silicon dioxid€LTO) to provide electrical isolation spring whose constant is determlngd by the bgndlng stn‘fnes§ of
from the surrounding medium. the membrane and the electrostatic force acting on the spring.

CMUTs are used both as acoustic transmitters and receiversASSUmMing the membrane is moving like a piston, the total force

On transmit, electrostatic attraction forces are used to put theexerted on the membrane is given by

membranes into vibration by applying an ac voltage. However, goAV?

because electrostatic force is unipofalways attractioy) the vi- Fe|ec:W (1)
bration frequency of the membranes is twice of the applied fre-

quency. Therefore, a dc bias voltage which is larger than the acWhere o= permittivity of free spaceA=area; V=applied dc
voltage amplitude is required for proper operation of CMUTs. Voltage;x=membrane displacement; adg=initial gap height.
The vibration of the membranes generates acoustical waves in thén the equilibrium position, this electrical force is balanced by the

surrounding medium. restoring force. Assumingg is the spring constant of the mem-
On receive mode, harmonic vibration of the membranes, Prane, mechanical force exerted by the membrane is
caused by an incident acoustic wave, is detected using a capaci- F meai= kX )

tive detection, which also requires a dc voltage. The vibrations of ] ) )
the membranes cause a modulation on the overall device capaciBY €duating Eqs(1) and(2), one finds the relation between the
tance. Under the constant bias voltage supplied, the capacitanc&@mbrane displacement and applied dc voltage
variations result in a current flow in the external electric circuit 2kx
which is amplified for further processing. Fig. 2 shows the sche- V=1/—1(dg—X)

. . . . . . ASO
matics of the electrical circuits used for generation and detection
of acoustic waves with CMUTSs. The above equation can be arranged into a polynomial iRor
small bias voltages, this polynomial has only one real root smaller
than the gap height. For voltages above the collapse voltage, the
electrostatic force gradient is larger than the mechanical force
As mentioned above, CMUTSs require a dc bias voltage for proper gradient, and the polynomial equation does not give a physical
operation. When a dc voltage is applied to the membrane, thesolution. The displacement at the point of collapse can be found
electrostatic force pulls the membrane toward the substrate, whichby equating &/dx to zero, then, the collapse occurs at

®)

Collapse Voltage
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€o Fig. 3. Electrical equivalent circuit model of electromechanical

The above analysis assumes that the membrane is conductindfansducer
and the electrostatic forces are applied to the bottom surface of
the membrane. In actual devices, the membrane is usually made
of a dielectric material and the electrodes are formed by deposit- Electrical Equivalent Circuit Model

ing a metal on top of the membrane. In this case, the aboverhe gnalysis of CMUT transducers utilize the equivalent circuit

analysis requires a simple modification. The effect of the mem- qqe| introduced by Mason for electroacoustic devifdason
brane can be included by changing the gap hedhith the 1948. In the equivalent circuit shown in Fig. 3, the capacitor on

effective gap heightler, which is given by the electrical side is the device capacitance of the CMUT element

Acoustical
Port

dp which is calculated in the previous subsection. The negative ca-
deffzs_ +do (6) pacitance accounts for the spring softening effect due to the elec-
' tromechanical interactiofHunt 19823. The spring softening will
whered,,=membrane thickness angd=relative dielectric con-  pe discussed later. On the acoustical side, the inductor and the
stant of the membrane material. In addition, the capacitance of thecapacitor represent the complex mechanical impedance of the
membrane is calculated using the following expression: CMUT, whereas the impedanéeis the acoustical impedance of
Aeg the surrounding medium which is, in general, real. Finally, the
C(x)= dor—x @) transformer represents the electromechanical conversion between

the electrical and the acoustical ports.

As a final note, more accurate calculations can be carried out by The mechanical impedance of the membrane is calculated by
using finite-element analysis to include the effect of membrane solving the fourth-order differential equation of motion on the
curvature and fringing fieldBayram et al. 2001 membrangMason 1948

akiky[ kaJg(kia)l1(kpa) +kqJg(kia)lo(kaa)]
akykal KaJo(Kia)l 1 (kpa) +kiJy(kya)lo(Kpa)]1—2(K3+k3) Iy (ki) (Koa)]

Zn=jwpdpy (8)

where J, and J;=Bessel functions|, and|;=modified Bessel One of the most important elements of the equivalent circuit is the
functions;w = radian frequency; ang= density of the membrane transformer ratio which is derived as
material.k; andk, are given by the following equations:

VL (12)
n=V-——ry
VP +4cw?—d (der—=x)*
ky= e In general, the sensitivity of a transducer is determined by the
transformer ratio which is inversely proportional to the square of
5 5 the cavity depth. One can achieve high-transformation ratios with
e Vd“+4co +d CMUTSs because surface micromachining allows us to make rela-
2= 2c tively small gapgas low as 0.0%.m). Therefore, it is possible to
9) achieve high-sensitivity values that are comparable to that of pi-
(Yo+T)d?, ezoelectric transducers.
= 12p(1-0?
Electromechanical Coupling Coefficient
T
d= o In general, transducers convert energy from one domain to an-

other. For acoustic transducers, the conversion is between electri-
In these equation¥,,= Young’'s modulusT = residual stress; and cal_ a_lnd mecha_mical domains. The electromechanical coupling co-
o =Poisson’s ratio. The membrane impedance is purely imagi- €fficient is defined as
nary and can be represented by a series inductance-capacitance Emech 1
circuit. If C,, and L, represent the equivalent capacitance and k%z E E
inductance, respectively, the spring constant of the membrane is ol -, —elec
given by Emech
whereE .= stored mechanical energy akg,..~ stored electri-
K= — (10) cal energy. _ _ _

Cm One of the most important properties of an electrostatic trans-

12)
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ducer is that the small signal spring constant of the membrane is 1
modified by the electromechanical interaction. This effect is
called spring softeningHunt 1982. The softened spring constant
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of the membrane vibrating in an electrostatic field is given by ! :
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k' =k(1- k%) (13) Y| A eceees
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The above equation can also be used to determine the coupling o | : :
coefficient by calculating the softened spring constant. However, 0_4,_____________:_______:______E__ /

we will use another approach for the calculation. For piezoelectric
transducers, Belincourt defined free and fixed capacitances and
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calculated the coupling coefficientBelincourt 197]. Later, 02p----mmm e e
Fraser adopted this method for CMUTBraser and Reynolds

2000 and used finite-element analysis for the calculation of fixed )

and free capacitances. 0 0.2 04 06 0.8 1

The fixed capacitance is defined as the total capacitance of the Normalized Voitage

transducer at a given dc bias Fig. 4. Electromechanical coupling coefficient as function of voltage

CS= C(X)|Xdc'vdc (14) normalized to collapse voltage

The free capacitance is defined as

CT:dQ(X)

d
v = d—V(VCS) (15) Q factor of the resonant circuit is high, whereas in immersion the

o Ve Xde Ve high acoustic impedance of water overdamps the resonant behav-

ior. Another way to look at this is to compare the mechanical

membrane impedancgwl,,+1/(joC,), with the acoustical

cs load Z. According to the model, the electrostatic force generated
on the mechanical port is divided between the mechanical imped-

o
The fixed and free capacitances can be calculated using onednce of the membrane and the acoustical load, just like a voltage

dimensional model presented in the section, “Collapse Voltage.” division. For frequencies where the mechanical impedance of the

The fixed capacitance is given by E@) repeated here for com- transduzcer(here _the spring softening capaC|_taane mode!ed as
pleteness —Cy/n can be included in the total mechanical impedarise

small compared to the acoustical load, all of the electrostatic force
goA generated on the mechanical port appears across the load. This

X4

and the coupling coefficient is given by

k2=1- (16)

Cco= deg— X (17) frequency range primarily determines the frequency bandwidth of
. . the transducer. Fig. 5 is a plot of the imaginary mechanical im-
and free capacitance is pedance of a CMUT element made of 28 membranes each with a
£0A goA  dX 36 um diameter. The total size of the element is | 8® by 560
CT:deﬁ—x TV A2 v (18) pm. By comparing the mechanical impedance of this CMUT el-

o ) _ _ _ ement to the acoustical impedance of water ¥18° N s/n?),
If the derivative from Eq(3) is substituted in the above equation gne can predict the bandwidth of this particular CMUT. The plot

free capacitance is obtained as in Fig. 5 suggests a 3-dB bandwidth between the frequencies 4
£oA and 36 MHz, which corresponds to a fractional 3-dB bandwidth
CT=m (29) of 160%. Note that the impedance levels are normalized to area.
eff
and the coupling coefficient as
k2= 2x 20 3
T_deﬂ—x ( ) I :
The above result is important because at the collapse point L I
(deg/3), the coupling coefficient approaches unity, indicating that ol -- )

all the energy in one domain is converted to the other domain.

Fig. 4 shows the electromechanical coupling coefficient as a func- ask--¥Yi_-_.
tion of bias voltage. i

aff--1---1
Frequency Bandwidth a5ttt :

The main advantage of the equivalent circuit model of Fig. 3 is
that it enables quick prediction of the response of the transducer
in different media. A CMUT transducer is normally a resonant ¥ i
device and modeled with a resistor, inductor, and capa@Rb€) 10 15 20 25 30 35 40
circuit as shown in the mechanical port of the equivalent circuit Frequency (MHz)

model. The Q factor of this resonant structure is determined by
the resistive load which represents the acoustical impedance of

the medium. In air, because of the low-acoustical impedance, the

)

3 Membrane Impedance (16 N.s/m®)

I

I~
o

Fig. 5. Mechanical impedance of typical CMUT element designed
for operation in 5-35 MHz range in immersion
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Fig. 6. Simplified cross section of process flow for standard CMUT fabrication process: The silicon wafer is heavily doped and coated with etch

stop layer of SjN,. Then, (a) sacrificial polysilicon layer is deposited and patternésl, membrane SN, is deposited and etch holes are
patterned through the membrarte), sacrificial polysilicon layer is selectively etched with KOH to release th&l,Smembrane(d) small etch
holes are sealed with an additional layer ofN&j deposition,(e) membrane is etched back to its final thickné§sppening through the g\,

layers provides electrical connection to bottom electrégealuminum is deposited and patterned which constitute top electrode and electrical
connections(h) and finally the aluminum electrodes are coated with thin layer of LTO to provide electrical isolation from surrounding.

Fabrication Technology is deposited as an etch stop for the following sacrificial layer
etching. Polycrystalline silicon(polysilicon) is deposited by

In general, CMUTs are fabricated using surface micromachining LPCVD and patterned in order to form the sacrificial layer that

technology, meaning all the processing is done on the surface ofdefines the cavityFig. 6a)]. A second layer of $N, is deposited

the silicon wafer by means of thin-film depositions, thin-film \ith LPCVD that later forms the membrane. Several etch holes

etching, and photolithography. But, it is also possible to integrate are dry etched into the silicon nitride membraifég. 6b)] to

the CMUT process with bulk micromachining processes. Re- yjjow a path for the potassium hydroxid€OH) to selectively

cently, CMUT fabrication that utilizes the wafer bonding tech-  gich the sacrificial polysilicon layer. At this step, the selectivity of

Inicrq]ue hlas k;)een %emonstrat(@(;alrlran el\tll aI_.I_, unputt))lis_hed, ZODS ) hthe wet etch is important. The etchant should etch the sacrificial
t has also been demonstrated that CMUTS can be integrated wit polysilicon as fast as possible without etching theNgi mem-

electrical through-wafer interconnects, toward fabrication of two- - .
. - ’ . brane significantly. Cold KOH etch provides the necessary selec-
dimensional(2D) CMUT arrays(Cheng et al. 2002 In this sec- tivity between polysilicon and $N, (~400,000:1) to do the

tion, we will describe the standard CMUT fabrication process. b leagEig. 6(c)]. KOH etch i I which
Readers are encouraged to see relevant references for more infof'€MPrane releaseg. oe)). eiches sricon as wetl, whic
is avoided by the thin etch stop layer of;Sj deposited at the

mation on the variations of this technology. S L - .
The CMUT fabrication process starts with a low-resistivity beginning of the fabrication process. The size and thickness of the

silicon wafer. The silicon wafer is heavily doped to achieve high Mmeémbrane and the gap have an important impact on the wet re-
conductivity at the surface which will become the bottom elec- |€@se process. Capillary forces acting on the membrane, while
trode of the CMUT later. Then, a thin<(1,000 A) layer of liquid ~ drying after the wet release, may collapse the membrane perma-
phase chemical vapor depositidtPCVD) Si;N, (silicon nitride) nently to the substratéMastrangelo and Hsu 19933,[The size
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Membranes

\ and sealing
channels

Fig. 7. Optical picture of actual device showing several membranes
from top which are 10Qum in diameter

Fig. 9. Optical picture of 2D array element that is 4p0n by 400

and the thicknesses are designed and processed accordingly. M in size and consists of 76 membranes which arg.g6in diam-
After the wet release of the membranes, the gap is sealed with€ter. I_3Iock dot is_ electrical through wafer interconn_ect that brings

a third layer of LPCVD SjN, deposition which covers all the electrical connection of each array element to backside of wafer.

surfaces conformably; including the walls of the small etch holes.

Therefore, a sufficient amount of ;8l, seals the etch holes. Be-

cause the deposition is done in low pressute8(Pa), the cavity ) )

is vacuum sealefFig. 6(d)]. The sealing process can be improved toP electrode of the membrane and the connection (ks

further by introducing some variations into the procélia et al. ~ 6(@)]. The final step is to cover the metal electrodes with an

1999. After the sealing step, the membrane has to be etched bac@lectncally |nsulqt|ng layefLTO) and pattern it for wire bqndmg

to the final thicknesgFig. 6(€)]. Because the gap is vacuum LFig. &h)]. The wire bonds and pads are then covered with epoxy

sealed, the membrane deflects towards the substrate due to ambf® €nsure electrical passivation in conducting fluids, and to avoid

ent pressure, which determines the final gap height. Therefore, the~0rrosion. - _ )

initial gap height as defined by the sacrificial polysilicon layer _ Fig. 7 shows a magnified optical picture of a CMUT element.

thickness, should be designed accordingly. The membrane size for this particular device isi @@ in diam-
An opening through the S, layers is etched to get access to  €tér- The top electrode covers approximately half of the mem-
the doped silicon substrate prior to metallizat[@ig. 6(f)]. Alu- brane, and connects all the membranes electrically so the mem-

minum is sputtered on the wafer and then patterned to define thePraneés move in unison. The etch hole is not located on the
membrane, but connected to the membrane through channels.

This structure results in a better sealing process as described in
another publicationJin et al. 1999 Fig. 8 is a picture of a
CMUT array that consists of 128 elements. The element pitch is
250 pm designed for imaging at 3 MHz. Each element isp2

wide and 6 mm long, and consists of 600 membranes. Fig. 9 is a
picture of a CMUT element, 40@m by 400p.m in size, which is

an element of a 128 by 128 2D CMUT array. The black dot on the
picture is the electrical through-wafer interconnect that brings the
electrical connection of each array element to the backside of the
wafer.

Electrical and Acoustical Characterization

The required dc bias is applied to the CMUT through a bias tee

which essentially adds the dc and the ac voltages as previously
shown in Fig. 2. In all the characterizations that will be discussed

here, a similar biasing circuitry is used.

$64844495 544
348840000500
$4458466 556486
$3688885558884

Co - —1

A"
TR IEr Ly
[}
DC‘ | Bias-Tee JCMUT'
| FER A —
— Network —
Fig. 8. Optical picture of 128 element 1D arrdiop), where each Analyzer

element, separated with 250m pitch, is 200pm wide and 6 mm
long (middle). Each array element consists of 600 membranes eachFig. 10. Schematic of experimental setup used for input impedance
with 36 wm diameter(bottom). measurements
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Fig. 13. Electromechanical coupling efficiency of CMUT device as

1 12 1.4 1.6 18 2 measured from capacitance

Frequency (MHz)

Fig. 11. Electrical input impedance measurement in air in
comparison with simulation result: Real part able to conclude that the model we used predicted the actual
response well. The difference between the height of the peaks of
the measured and simulated responses is the result of the struc-
Electrical Input Impedance Measurements tural and electrical losses that are not accounted in the model.
Fig. 12 on the other hand, compares the imaginary part of the
electrical input impedance. There is a good match between the
measurement and simulation, especially in the antiresonance fre-
quency. Yet, the discrepancy in this case, is the result of the para-
sitic capacitance that is not accounted in the model, which allows
us to measure the parasitic capacitance of the device.
In addition to validating the equivalent model, electrical input

The electrical input impedance measurements provide a first
proxy of the acoustical activity of the transducer. The measure-
ments were performed with a vector network analyzEiP

8751A) that measured the complex input impedance of the trans-
ducer as a function of frequency. The measurement setup is
shown in Fig. 10. The network analyzer applies a small ac signal

to measure the input impedance of the CMUT while sweeping the .
impedance measurements also allowed us to measure the electro-

frequency. . . - o
The electrical input impedance measurements, primarily, allow mechamcal coupling coefficieiitz, which is extracted from the

us to validate the electrical equivalent circ(kig. 3) that is used imaginary part of the input impedance. There are two methods to

to model the CMUT operation. The input impedance of the model calculateks from the impedance data. One_of them depends on
can be calculated and compared to the measurement results. It i he measurement of the resonance and antiresonance frequencies.

also possible to extract values for the components of the electrical he other one uses the change in the. capamtancg as e_lfunctlon of
equivalent model from the impedance data by utilizing a curve- \{olta%e. The detalls 9f these cglculatlonls .wef’e given in the sec-
fitting algorithm. The measurements can be carried out in tion, Electromechanlcal Coupling Coefficient a_nd can also be
vacuum, in air, and in water to validate the model further for f°“”2' in (Kuhl 1954; Eraser and Reynolds 2006ig. 13 shows .
different acoustical loads. Fig. 11 shows the real part of the elec-the ks of the same device as calculated from_the measur(_ed c_apam—
trical input impedance of a CMUT transducer in comparison with [@NC€ versus the voltage curve. Thie value increases with in-

the simulation result. This particular CMUT is made of 4,900 C¢réasing bias voltage as predicted, and reaches® just be-
membranes each with 96m diameter. The total size of the de- fore collapse Wh_lch occurs at 41 V. This plot _mdeed demonstratt_es
vice is 7 mmx 7 mm. The resonant behavior in the real part of the that the conversion efficiency from the electrical port to mechani-
impedance curve revealed an acoustical activity. By comparing

the simulation result to the actual measurement result we were
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comparison with simulation results: Imaginary part thick aluminum block at 2.3 MHz
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Fig. 15. Pulse-echo measurement in immersion

Frequency (MHz)

cal port can be close to unity. This means that CMUTs can be Fig. 16. Frequency response in immgrsion obtained from pulse-echo
used as efficient acoustical transduction devices. response: 6-dB fractional bandwidth is 123%

Through-Transmission in Air tect small defects which are close to each other, wide frequency

While showing the electrical input impedance measurements, wePandwidth allows one to resolve them.

demonstrated that CMUT can be used as an efficient acoustical

transducer. Fig. 14 shows a through-transmission experiment per- o

formed in air using two identical CMUT transducers facing each ApPplications

other in a pitch-catch form. The transducers are biased using the o ) ) .
same circuit described earlier. One of them is operated as a transThe characterization results we showed in the previous section,
mitter and the other one as a receiver with a front-end amplifier. A démonstrate that CMUTSs are efficient transduction devices for
3 mm thick aluminun(Al) block is placed between the transduc- generatlon and d_etectlon_ of_acoustlcal signals both in- air and
ers to measure the through transmission. The experiment is dondVater. In immersion applications, the resonant behavior of the
at 2.3 MHz with a 20 cycle sinusoidal burst. At this frequency, the CMUT turns into a broadband frequency behavior because of the
total loss in air and in the Al block is calculated to be 87 dB, most |0W-mechanical impedance. o

of which is due to the impedance mismatch between air and Al One of the immediate applications of the CMUTS in air, is to
The received signal shown in Fig. 14 has 16 dB of signal-to- Us€ them in through transmission experiments to investigate
noise-ratio. This translates into a dynamic range of 103 dB per 1 Samples for internal defects. The feasibility of this application

V excitation on the transmitter without any matching on the trans- Was proved with the experiment result shown in Fig. 14. The
mitter and receiver transducer. same experiment setup is used to investigat3 mmthick Al

block which is intentionally dented. The depth of the dent, which
is plus shaped and 3 cm in size, is 506. The transmitting and
receiving CMUTs are scanned in space and the through-
For immersion applications, the gap between the membrane andransmission signals are recorded. Fig. 17 shows the images ob-
the substrate has to be vacuum sealed. Otherwise, the fluid geté@ined by plotting the amplitude and the phase of the recorded
into the cavity in which case the membranes cease to operate. FigSignals in the scan space. Note that, no image processing is per-
15 shows a pulse-echo result obtained from such a device. A thickformed, and the dent in the Al block is clearly visible. The arti-
block of steel is placed in front of the transducer 3.9 cm away.
The CMUT transducer is excited with a 20 V, 200 ns pulse at a dc
bias voltage of 40 V. The reflection from the steel block is ob- Amplitude image Phase image
tained with the same transducer and measured with an oscillo- 3"
scope. No receiving circuitry was used to switch between transmit
and receive and the received signal was not amplified.

Because the acoustical impedance of the immersed medium is
much larger than the mechanical impedance of the CMUT, we
expect the resonant behavior to be overdamped resulting in a
broadband frequency response. By taking the Fourier transform of
the pulse response of Fig. 15, it was possible to obtain the fre-
guency response of the CMUT transducer which is shown in Fig.
16. Because it was a pulse-echo measurement, the bandwidth is 0 1 2 3 4 5 6 7
calculated using the 6-dB points of the frequency response. This (CaT (f,;“
particular device showed 123% fractional bandwidth around 1.9
MHz. The benefit of the wide frequency bandwidth in immersion
applications is the high-temporal resolution which translates into
high-axial resolution. In applications where it is important to de-

Pulse-Echo Measurements in Immersion

T =

Fig. 17. Image of dented Al block obtained with through-
transmission measurements while scanning surface mechanically
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