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Abstract— When capacitive micromachined ultrasonic trans- the each membrane. The membrane material is assumed to be
ducers are immersed in water, the bandwidth of the device sijlicon nitride.
is limited by the membrane’s second resonance frequency. At

this frequency no mechanical power to immersion medium can t 4
be transferred. We present a membrane shape to shift the lm e a
second resonance frequency to a higher value. The structure T : =
consists of a very thin mem_brane at the outer rim Wit_h a rigid t ; Electrode
mass at the center. The stiffness of the central region moves ‘g Vacl:lum Nitride o
the second resonance to a higher frequency. This membrane 1 '
configuration is shown to work better in terms of gain and | t Bulk
bandwidth as compared to conventional uniform membranes in i u
both transmission and reception. (a) cMUT with uniform membrane.
I. INTRODUCTION to i a,

Capacitive micromachined ultrasonic transducers (cMUT tml L """""""""" = a,
promise high bandwidth at the expense of low gain compare | ] ‘* Zoesozozoossasoszases l ---------- -
to their piezoelectric counterpart. When immersed in watetl i ' § Electrode
the bandwidth of cMUT is limited by the antiresonance'g Vacuum Nitride ¢
frequency, f,, of the membrane, which causes an increas: 1 |
in the mechanical impedance of the membrane. Mechanici t Bulk
loading of the immersion medium causgés to shift to even - . _
smaller values [1]. Recent advances in the fabrication ef th (b) EMUT with nonuniform membrane.

transducers [2] enabled the fabrication of different meanbr Fig. 1. Cross sectional view of a cMUT with (@) uniform membrandb)
configurations. These configurations are shown to bring imenuniform membrane.

provement in the performance of cMUTSs [3]. A nonuniform

membrane geometry was first proposed by [4]. Also in a recentrha Mason's equivalent circuit seen in Fig. 2 is used

work [S], performance measures in terms of gain-bandwidily ogel a cMUT. In the transmitter configuration, cMUT
product has been defined and it is found that, each cMUT CRN axcited by a voltage sourcé/{) to drive the acoustic

be optimized in terms of gain and bandwidth. In this work, OLanpedance of the mediumZ(S), whereas in the receiver

main aim is to shiftf, of the membrane to higher frequencieg,nfigyration, it is excited by the acoustical sourée (2, S)
while keeping the mechanical impedance of the membrane @ing the electrical load resistancé&). S is the area of

small as possible. , _the transducer. All equivalent circuit parameters are inbth
We find that a nonuniform membrane, a membrane W'thkf’)‘/ finite element method simulations using ANSY'S following

rigid mass at the center, results in a higher turns ratio aiftss procedures described in [6]. The material parameters us
fo to higher values. Results are obtained for both uniform the simulations can be found in Table I.

and nonuniform membranes with reduced electrodes during

the transmit and receive modes. It is shown that a nonuniform Parameter SN, Si
membrane is superior in many ways compared to their uniform Young's Modulus 320 GPa 169 GPa
P y way P Density 3270 kg/mh 2332 kg/n?
counterpart. _ _ _ Poisson’s Ratio 0.263 0.278
Fig. 1(a) shows a cross-section of a cMUT with a uniform Relative Permittivity 5.7 11.8
membrane, where the radius and the thickness are symbolized TABLE |
with ¢ andt,,. On the other hand, a cMUT with a nonuniform CONSTANT PARAMETERS USED IN THE SIMULATIONS

membrane configuration can be seen in Fig. 1(b). The thin

membrane carrying the central mass has a thickness, Qf

an outer radius of;; and an inner radius af,. The central

mass has an additional thicknesstgf, with a radius ofas. Il. EFFECT OFNONUNIFORM REGION

The gap height and the thickness of the insulator are denoted’he modal shapes of a uniform membrane at its first natural
ast, andt;. There is a reduced electrode at the bottom eoésonance frequency,., and at the second ong,, can be



can be obtained also increases. The same behavior is abtaine

o tn {78 o0 _
" i ~Col 1P for f, except the decrease in the resonance frequency starts
VsV TCO F at a highert,,» (Fig. 4(b)). Althought,,.» shifts f, to higher
5 o values by increasing the masa, of the membrane, referring
() Transmitter cMUT. Fo Eq 1,7, also in.creases withng_, which is important since

| v it limits the bandwidth of the device.
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(b) Receiver cMUT.

Fig. 2. Mason model for cMUT used in tl{a) transmitter configuratioib)
receiver configuration.

seen in Fig. 3(a). Alf, no acoustic power can be coupled to
immersion medium. To shiff, to higher values, it is possible

to add additional mass to deflection points. In addition¢esin

all points on the mass move with the same velocity as a pisto
transducer, such a membrane shape gives higher turns rat r
n. The modal shapes of such a nonuniform membrane cant 25—+ * 3 A * * :
seen in Fig. 3(b). ' t
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(b) Nonuniform membrane. % 300
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Fig. 3. Cross sectional view of the modal shapes d)ainiform membrane
(b) nonuniform membrane af,. (upper), andf,, (lower). 25

The effect of the nonuniform region gf can be understood 20}
better when a first order model, a series combination of i
spring and a mass, is considered. In such a modgl, is
given as: 02 1 2 3

Zn = juom — 22 @
w

1 k
fr:%\/; (2)

wherem andk are the mass and the stiffness of the membrane,
respectively. The variation irf,, can be seen in Fig. 4(a)
obtained by keeping; andt,,; constant, while changing,,. In the following, two figures of merit in terms of gain-
for various values ofa;. We see thatf,. goes up initially, bandwidth product defined in [5] are used to compare the
since the ruling effect is the stiffness of the membrane. Bperformance of cMUTs with the uniform and nonuniform
as the central mass gets thickgr, begins to decrease as thanembranes. The bias voltages for transmit and receive modes
increase in mass dominates the stiffening of membrane. Thi® assumed to be 0.45 and 0.9 of the collapse volfége,
phenomenon results in a cMUT to have the same resonamespectively. The top electrode is assumed at the bottom of
frequency for two different thicknesses, which we call thstfi the membrane. For a uniform membrane with an electrode
and second solutions. As is increased the maximurf). that coverage of%70 of « and a bias set to 09,, V., and

4
t ., (Um)
(b) fa

Fig. 4. Change ofa) f- and(b) fa with respect totp,2 for variousaz
values wherz; andt,,; are held constant at 26m and 0.4um.

with f,,

Ill. OPERATIONMODES
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(a) Uniform membrane. (b) Nonuniform membrane.

Fig. 5. Pressure-bandwidth produdt/ (solid) and bandwidthB; (dash-dot), of cMUTs with th€a) uniform membrandb) nonuniform membrane with
respect to the membrane radius havjfigof 5.5 MHz for varioust.

n do not change, whileCy significantly reduces [7]. The 0.45 ofV.,;. The higher order harmonics generated during the
same result holds for a nonuniform membrane if the electrottansmission is neglected.

covers only the nonuniform region. For the sake of simplicit The change of\/; with respect to the membrane radius can
the spurious capacitors are not included in the calculatiofbe seen in Fig. 5 for both uniform and nonuniform membranes
To make a fair comparison between the performance of tfw ¢, set at 0.25 and 0.om. B, is independent of;, whereas
devices, f, of each device is kept constant. This is achievelf/ increases witht, due to the maximum applied voltage,
by keepingt,,/a? constant for a uniform membrane. Orclosely related to théV,,. For a uniform membrane, the
the other hand, referring to Fig. 4(a), the situation is €uimaximum achievable bandwidth (at= 20 ym) is 17.7 MHz
different for a nonuniform membrane, since for a given with a pressure of 27 kPa whep = 0.25 um. As the radius
there are more than one solution for a desiggd In this increasesB; decreases wheredd increases. For small,
work, we restrict ourselves to setting,/a; equal to 0.75 Z,, is negligible compared to the acoustic impedance of the
andt,,; /t,,* to 0.6. Since there are two possiltlg, values, medium; hencef, limits bandwidth. On the other hand, as
we choose the membranes obtained from the second solutiocyeases/,, begins to increase lowering the bandwidth. A
which gives the higheff,, thus the possibility of obtaining a nonuniform membrane configuration can giveqat= 20 um)
higher bandwidth f, is set to 5.5 MHz for both uniform and a B; of 27 MHz with a considerably high pressure (100 kPa
nonuniform membranes. The loading medium is assumedvihen t, = 0.25 pm). Also for a; greater than 30um,

be water ¢, = 1.5x10° kg/m?s). My remains constant, which gives the possibility of trading
o between P and3; without degrading the pressure-bandwidth
A. Transmission Mode product. Z,,, of the nonuniform membrane grows faster than

During the transmission mode, there is no limitation ithe uniform one, resulting in the more degradationdin for
terms of the available power. The only limitation is the gl highera. The highem and f, compared to uniform membrane
voltage due to the breakdown of the insulator material or tlig responsible for the superior performance.
collapse voltage of the membrane. Referring to Fig. 2(a}, it
important to maximize the pressut@, at the mechanical side, B- Receive Mode
which is given byP = F'/S. Let B; be the associated 3-dB |n the receive mode, the input acoustic power is not un-
bandwidth, then the figure of merit for the transmit mode ismited. Hence it is important to use as much of the available
defined as [5]: acoustic power as possible. To obtain the best performénee,

Mr = PB; (3) acoustic mismatch at the mechanical side (Fig. 2(b)) shioald

Whil lculati h ival N h minimized. Similarly, the electrical mismatch at the etial
lle calculating the equivalent circuit parameters, the&magjye ghoyld pe kept at the minimum. For such a case, the

imum peak voltage on the electrode is assumgd t_o be 0.9t nsducer power gairGir, is a fair way of describing the
the membrane collapse voltagé,,;, and cMUT is biased at performance. The figure of merit for the receive mode is

defined as [5]:

1t,, corresponds to the required membrane thickness if a uniform mem-
brane is constructed with radiug to resonate af Mg =/GrBs (4)
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(a) Uniform membrane.

Fig. 6.
respect to the membrane radius havifigof 5.5 MHz.
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Gain-bandwidth producty/r (solid) and bandwidthB, (dash-dot), of cMUTs with th€a) uniform membrangb) nonuniform membrane with

where By is the 3-dB bandwidth of the transducer gain. It ign addition to increasing the turns ratio. The performance
clear that the termination resistandeg, plays a critical role comparison of cMUTs with uniform and nonuniform mem-
since it affects the reflection coefficient at the electrigidie. branes with reduced electrode sizes are made using the gain-
It is possible to find anRs value, whereMy is maximized. bandwidth product. cMUTs with the nonuniform membranes
Fig. 6 shows the change affy with respect to the membraneare found to be superior compared to the uniform ones. It is
radius, when the electrical side is terminated with fhevalue @lso shown that it is possible to trade the gain with bandwidt
such thatMp is maximized. My and B, are found to be Without degrading the product of both.

independent ot,. For the uniform membrane, the maximum
gain-bandwidth product is achieved arouné- 60 um, which
corresponds taV/p = 3.8 MHz with B, equal to 6.8 MHz (1]
(henceGr equal to -5 dB).B, increases ag gets smaller,
since Z,,, is small compared to the impedance of the Ioadin{g

medium, water. On the other hand, a nonuniform membra ®

gives anMpg of 4.44 MHz arounda; = 50 ym with a Bs

of 6.5 MHz. Again for smalla, value, By increases. The
variation of My is within %10 of the maximum, making an 3
efficient trade-off between gain and bandwidth possible. Fo
as = 20 um, Bs andGr are equal to 19.8 Mhz and -13.5 dB/4]
respectively. On the contrary, a uniform membrane can gehie
such a bandwidth with a very small membrane radius, with;g
much lower gain.

IV. CONCLUSIONS

cMUTs offer a high bandwidth in the high impedance medig)
at the expense of low gain due to their low turns ratioThe
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