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Investigations into the field characteristics of an air-coupled ultrasonic capacitance transducer have
been performed for a range of transducer configurations. The field of a 2-MHz bandwidth silicon
backplate capacitance transducer has been scanned in air using a 1-mm-diam miniature detector at
frequencies of up to 1.5 MHz. The radiated peak sound-pressure field is compared to theory based
on a plane piston approach for various driving signals, namely pulsed and tone burst excitation.
Aperture modifications, such as an annulus and a zone plate, have also been investigated and the
devices have been shown to behave as predicted by theorf.999 Acoustical Society of America.
[S0001-49667)06012-9

PACS numbers: 43.38.Bs, 43.58.YBLE]

INTRODUCTION narrow bandwidth operation, and recent applications have
used them in such a modeéther work has been reported in
The transduction of ultrasonic signals in air has gainedhick aerospace structurés.
increased interest recently, due to applications such as non- The alternative method, which is investigated here, is to
contact imaging for materials evaluation, distance rangingyse a capacitance design, where a thin membrane is attached
and robotics. Such applications require a wide range of ultg 3 contoured, conducting rigid backplate. Such devices
trasonic frequencies in air, and for materials evaluation, imaye been studied extensively in past work, which has inves-
particular, it is of distinct advantage to operate in the MHZtjgated their response in relation to the backplate topography
range, where wavelengths in air become less than 1 MM, metal backplates. The surface of a backplate for a capaci-
There are several designs of the ultrasonic transducer th@ince transducer can either be textufed in a roughened
can be used in air, but those useful at high frequencies ter%rface) or machinedas in a V-groove backplateA variety
to be based on either piezoelectric or capacitafectro- ¢ techniques for producing textured backplates have been
statio effects. _ _ _ _ investigated, including chemical etching, mechanical ma-
The major problem with conventional piezoelectric Ce'chining, and shot peenirfgSome recent research has pro-

ramic elementdsuch as PZJis the large impedance mis- g caq” backplates by either depositing polyamide ridges,
match at the boundary between the piezoelectric element a achining, or etching to form regular patterns such as

the surrounding air boundary. The efficiency of these deVicearooveS and holes on or into a polished backplate. The re-

for coupllng Into air can be increased by s.ever.al methOdSSUlts shown by Refs. 10 and 11 for V-grooved transducers
such as using a metal diaphrabto act as a vibrating mem-

. . suggest that the resonance frequency can quantitatively be
brane, or by attaching a quarter wavelength impedanc 99 q y 9 y

i . redicted from the dimensions of a V-groove with a 90%
matching the layer to the front face. These impedance matclﬁ- : - g 0
confidence limit. It was also shown that a lumped parameter

ing layers need to have a much lower acoustic impedance roximation could be used to describe the transducer by an
than the piezoelectric element, and only a small selection of PP y

. I equivalent electrical circuit. Both the resonance frequency
materials can be used, such as silicon rubepoxy and sensitivity could accurately be predicted
resin-quartZ and aerogel$.Further developments have re- y y P )

duced the impedance mismatch with the use of a 1-3 con- Although such dev'.clezlarf useful, 3 more eﬁtfndeg fre-
nectivity piezocomposite active element containing piezoceguency response 1s avaliable from new gesigns ot transaucet,

ramic pillars in a polymer matrix.The performance can be based on silicon micromachining technoldgyarious con-

optimized for any particular application by changing the pi_figurations have been described, including devices machined

. . . 3 . .
ezoceramic pillar fraction, shape, and distribution. In gen Vit anin situ front membrané’ The design to be studied

eral, however, it is found that such devices are optimized fopere uses a silicon backplate into which miniature cylindrical
pits have been etched chemically, leading to a typical con-

struction as shown in Fig. . The details of how such de-
dCorresponding author. Present address: Institute for Aerospace Researgnces are constructed and characterized have been given
National Research Council, Montreal Road, Building M-14, Ottawa, On- 4 L . 18 oo

tario K1A OR6, Canada. Fax+1-613-952-7136; Electronic mail: elsewheré;’ and some applications described:® Briefly,

david.schindel@nrc.ca the backplate contains a series of uniformly spaced holes,
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FIG. 1. Schematic diagram of a silicon backplate air-coupled transducer.

FIG. 2. Schematic diagram of the scanning system used.
etched into the top surface of a flat rigid silicon wafer. Gold
is then evaporated onto the etched surface to produce a con-
ducting backplate. A Gem Kapton polymer membrarf@ith  Although bandwidths in excess of 2 MHz were available for
a conducting top surfagés placed on top of the etched sili- poth source and receiver, source driving frequencies were
con backplate for both the source and receiver, trappingestricted to an upper limit of 700 kHz, where the wave-
pockets of air. Applying a transient voltage between theIength in air is approximately 0.47 mm. Hence, at the upper
backplate and the grounded front metallized surface of th?requency limit, the detector is approximately two wave-

membrane forces the membrane into motion, thus generatir]g o . . -
S . . . . lengths in diameter. In the experiment illustrated in Fig. 2,

ultrasound in air. Detection can be achieved using an |dent|-h q . d di ional

cal device, but a dc polarization voltage is required so thafl'® @pertured receiver was scanned over a two-dimensiona

dynamic charges are induced on the backplate by motion diorizontal plane throughout the field of the radiating trans-
the membrane. Advantages of the above devices include tH#icer (the x-z plang, with the source radiating horizontally
ease of manufacture, and the ability to reproduce field char@long thez axis. Scanning was achieved using a computer-
acteristics by introducing controlled surface roughness. Useontrolled system which consisted of an IBM model 30 286
ing the construction of the backplate outlined above, the®C, controlling a Tektronix 2430A digital oscilloscope and a
transducer was found to have a good response into the MHwlodulynx motor controller, the latter driving two DAEDAL
region, well-damped and with excellent sensitivity. As will |inear stagegone for each axis Each stage was fitted with a
be ShOWﬂ, with additional modifications to the aperture it iSSynchronous Stepping motor having 400 Steps per revolution
possible to prqduce transdu_cers _with increased axial_ i”ter_‘sb'iving an absolute resolution of 0.005 mm and a positional
ties, thus making these devices ideal for a range of 'mag'”ﬁccuracy 0f+0.004 mm/50 mm of travel for the system. The

appllcatlops. . . . scans were performed with a 0.5-mm spatial resolution in the
As micromachined devices can be constructed with re-

producible responsé$,it is possible to study the radiated x_(rad_lab dlrect.lon and a 1-mm resolution |n. the(a_mal)
fields and waveforms for different drive waveforms and eX_Q|rectlon. A typu_:alx-z sF:an grea vyas 20 _mm n tb@lnec-
ternal apertures. The aim of the present paper is thus to corion @nd 50 mm in the direction, with the field starting at 15
pare the peak sound-pressure field of a micromachined sil"™m from the front face of the transducer membrane. All the
con backplate capacitance transducer to that predicted §fans were performed at atmospheric pressure, room tem-
theory for a plane piston, and to extend this to transduceperature(20 °C) and low relative humidity(30%).
configurationgan annulus and a zone platghich increase The source was excited with both wide bandwidth tran-
axial responses in air, for different voltage drive signals. sients and tone bursts. A Matec 5100 gated power amplifier
and a Wavetek 191 signal generator was used to drive the
I. APPARATUS AND EXPERIMENT source with 350-V tone bursts of approximately 20 cycles at
_ _various frequencies in the 300- to 700-kHz range, whereas an
The pressure waveforms throughout the field of micro-ayec AVRH-1-C pulser unit was used to provide a transient

machined capacitance transducers were measured in air Ulilsed excitation with a width adjustable from 0 1-48
ing a scanned miniature hydrophone. The source transduc e signal produced by the 1-mm apertured receiver was

under test were derived from a device with a polished flat o o .
silicon backplate containing 4@m-diam etched cylindrical sent to a Cooknell CA6/C charge sensitive amplifier with a

pits of 40.um deptH? fitted with a 5um Kapton polymer gain of 250 mV/pC, which also supplied a 100-V b.ias be-
membrane, and which had a 10-mm-diam active area. The}Veen the backplate and the membrane of the receiver. The
were fitted with a grounded brass case, as described in Relominal capacitance of the device was 650 pF. The signal
14, where additional detail of construction can be found. Thevaveform at each field position was digitized using a Tek-
scanned receiver was made in the same way, but was fittétpnix 2430A oscilloscope, and stored on the PC. The peak
with a 1-mm-diam aperture to define a limited detection areasound-pressure variations were obtained from stored wave-
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forms by taking the maximum peak-to-peak amplitude of the  g(M,t)= p( 5P/ 6t)(M, 1), (6)

signal at each designated point.
wherepy is the density of the medium. Equati¢®) is only

valid for values oft which are greater than or equalttpand

Il. RESULTS AND COMPARISON TO THEORY less than or equal to,; eI;ewhereS(M.,t)zo. The actu_al
. . pressure wavefornP(M,t) is then obtained by convolving
A. Fields of a plane piston the simulated motion of the pistdie., the velocity wave-

Field variations in front of a transducer can be predictedorm #»(t)] with the pressure impulse response for each spa-
by considering the interference of two components: plandial point:
wave from the source, and an inverted wave from the edge _
(referred to as the “edge” wayeEdge waves are diffracted P(M.D=v()-S(M.1), @
from the aperture or at the boundaries of the source, andihereP(M,t) is the pressure response.
travel toward the axis of the transducer, thus interfering with  An additional factor is attenuation, which causes ampli-
the plane wavé®~2 tude degradation and phase shifting. This can be high in air
The peak pressure variations in air for any size of aperat ultrasonic frequencies, and so this factor needs to be in-
ture can be predicted, using established theory for the radeorporated into the model. The effect can be predicted using
ated field of a plane piston transdu¢&r? The mathematical previous studié€?3and recent work has produced an experi-
model assumes that the pressure at any point across angkentally derived expressiéhused here, which is
away from the transducer face can be computed from the
interference of the plane and edge components, and also as- o= 15.895< 107 *(T/To)**f?/(P/Py), (8
sumes that the front face is vibrating with a uniform ampli-

tude and phaséalthough variations in these parameters Can(dB/m). The numerical constant in E@) is an experimen-

pe included if require_)j The rglevant expr_ession for th_e tally measured value, determined at a constant temperature
time-dependent velocity potential at any given observation, 5 °C(Ref. 24 andf is the frequencyHz). Here, T is the

point in a half-space can be dpriyed, and_ further details Catheasured temperaturgy is the reference temperatur@,is
be fou_nd. in the quoted publications. Brleﬂy_, the velocity the measured pressure, aRg is the reference pressure. In
poltentlal impulse r(_espc_)nSE(M 1) of a plane piston can be the present workT andP are taken as the standard reference
written as a combination of plane and edge wave Compo\'/alues(ZS °C and 101.325 kpa, respectiveland thus both
hents: T/T, and P/P, are unity. The attenuation was calculated at
®(M,t)=c|A|H(t—tg)+ (c/2m)Q(ct)H(t—t)H(t,—1), each field position by taking the Fourier transform of the
(Plane wav (Edge wavg predicted waveform, to give a frequency spectrum of the
1) signal. This was then modified according to the expression
whereM is the observation poing is the longitudinal wave for the calculated attenuatiom, so that the higher frequen-
velocity, t is time, t; andt, are as defined below, ard is  cies were suppressed more than the lower frequencies. An
the Heaviside step function. The value | in the plane- inverse Fourier transform then gave the resultant attenuated
wave component depends on the field position. Mooppo- ~ Waveform. The resultant spatial variations were found as be-
site the front face the value is 1. For a field position such thafore by taking the peak-to-peak amplitude of the signal. Note
x=a, the value drops to 1/2, and\| is zero at greater radial that low humidity levels(30%) were maintained throughout
(x) distances, i.e., beyond the physical edge of the tranghe experiments; while water vapour is known to affect at-
ducer. The time taken for an edge wave to reach the obsetenuation, its effect is small at high frequenci@s.
vation point from the closest and furthest edge of the piston ~ To obtain the required theoretical velocity waveform of
is given byt, andt,, respectively. In the case of a circular the vibrating membrane of the capacitance transdfiw)
piston,Q)(ct) represents the angle of equidistant arc which isin Eq. (7)] it was assumed that a small dc polarized compo-
an analytical expression derived for the edge wave diffrachent is always present on the membrane; thus we can assume
tion impulse respons€;?*and is given by the devices have a linear respotfdge., the force is propor-

tional to the drive voltage and hence the displacemdrite
Q(ct)=2 cos Y[ (ct)?— 22+ x%—a?]/2x[ (ct)?— 2213, g placem
2

where ¢ is the peak sound-pressure attenuation per meter

Avtec pulser was used to provide a square wave with a
0.15-us rise time and a width of 0.4s as the driving signal.
wherea is the piston radiusx is the radial distance from the This was filtered between 100 and 800 kHypical band-
center, and is the axial distance from the piston. The arrival width for a source with a small dc bigsand the velocity

timest, (for the plane wavg t, andt, are given by waveform hence obtained by the differential with respect to
to=2c, 3) time of the drive waveform. The predicted velocity wave-
form is shown in Fig. 8), and was used agt) in the above
t,={(a—x)2+2%}/c, (4)  theoretical predictions. The predicted theoretical sound-

pressure waveform at an axial distance of 15 mm is shown in
Fig. 3(b). This may be compared to the experimental wave-

The pressure impulse responSgM,t) for an arbitrary  form of Fig. 3c), detected by the miniature scanned detector
point M is defined as the differential of the velocity potential at the same position, where reasonable agreement with
impulse response, i.e., theory is evident.

t,={(a+x)2+2%}/c. (5)
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FIG. 3. (a) Predicted velocity waveform of the membrarte) Theoretical
axial pressure waveform at=15 mm, and(c) corresponding experimental

waveform.
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FIG. 4. (a) Experimental peak sound pressure variatiofs, theoretical
peak sound-pressure variations, for a plane piston driven by a pulse centered
at 316 kHz.

excitation centred at 318 kHz. Remembering that this started
15 mm from the front face of the vibrating membrane, the
remnants of the edge wave component can be seen clearly at

Peak sound-pressure spatial variations were now medhe top left[i.e., at small axial £) valueg, converging onto
sured for a 10-mm-diam plane piston, using a 350-V drivethe axis to form the axial maximum by interference with the
pulse from the Avtec pulser unit. The driving pulse width plane-wave component.
was varied to give a plane-wave pressure component close to The predicted theoretical peak sound-pressure variations
the transducer face in the form of a bipolar square wavén air for a plane piston were now calculated using Egs.
pulse of variable width, and hence with a predetermined centl)—(8), to compare to the experiment, the results being
ter frequency. The experimental and theoretical variations irshown in Fig. 4b) for the same scan area of 40 nx20 mm.
peak sound-pressure waveform amplitude throughout th&ood agreement is evident, with the near-field/far-field

whole scanned field are presented in Figa)&or a drive
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boundary positioned at the axial distance of approximately
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FIG. 5. (a) Experimental peak sound pressure variatiofh, theoretical ~ FIG. 6. (a) Experimental peak sound-pressure variatiofi, theoretical
peak sound-pressure variations, for a plane piston driven by a 500-kHz torigeak sound-pressure variations, for a plane piston driven by a 700-kHz tone
burst. burst.

24 mm, as expected from the quoted center frequency. fields are more complicated theoretically, with marked theo-
The above field plotting experiments were now repeatedetical axial variations in near-field amplitude, and the edge
for tone burst excitation, using the Matec gated power amwaves converging onto the axis. While some variations are
plifier to drive the transducers with a tone voltage signalpresent experimentally, these are not so evident. This is due
containing 20 cycles. Figuregd and §a) show the result- to the finite aperture used in the receiver. Note, however, that
ing spatial variations in peak sound-pressure amplitude ithe general features of near-field complexity and increased
air, for excitation frequencies of 500 and 700 kHz, respecsidelobe levels are present, as expected for an excitation with
tively. The corresponding theoretical plots for a plane pistona finite number of cyclesi.e., a narrower frequency band-
again including the correction for attenuation, are also prewidth).
sented in Figs. ®) and Gb). For tone burst generation, the For completeness, an additional plot at 1.5 MHz is
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FIG. 7. Experimental peak sound-pressure variations for a plane piston
driven by a 1.5-MHz tone burst.

shown in Fig. 7. This has a much faster amplitude decay with
distance, but still has the recognizable features of a converg-
ing edge wave, and near-field interference effects. This rapid
amplitude decay is due to several factors, one being the in-
creased attenuation in air. However, because of the fact that
the radiated wavelength is approximately 0.22 mm, and we
are using a detector aperture of 1 mm, the scanned hydro-
phone cannot be assumed to give a wholly representative
pressure plot. This increased directivity could cause the field
plot to decay artificially, although attenuation at this fre-
guency is probably the major factor.

The well-behaved nature of the emitted beam can be
illustrated further by scanning in a plane perpendicular to the
beam axig(i.e., in theX-Y plane. This is done in the near-
field region for pulsed excitation centered at 500 kHz, 7 mm
axially from the sourcgFig. 8a)], and at a distance of 50
mm [Fig. 8b)] in the far field. Note the relatively smooth
response in both cases, with the expected beam spreading in
the far field.

Comparison of the above experimental scans with theo-(b)
retical predictions show good qualitative agreement. How-
ever, the miniature detector does not have an absolute cakG. 8. Experimental peak sound-pressure variations irkthéplane for a
bration, and probably has some directivity effects of its ownplane piston transducer driven by a pulse centered at 500 (éHat 7 mm
at high frequencies. In addition, only relative peak sound{rom the source; ant) at 50 mm from the source.
pressure amplitudes were plotted, and hence a quantitative
comparison was not attempted. lus was determined experimentallggs described aboyéor
pulsed excitation with the Avtec pulser, giving a signal with
a center frequency of 318 kHz. The results are shown in Fig.
9(a). Note the tendency for axial focusing, with a gradual

An air-coupled annular transducer was produced by atincrease in axial amplitude toward the maximum, accompa-
taching a concentric 5-mm-diam paper disk to the center ohied by a smooth decrease in the direct radiation from the
the 10-mm-diam membrane. This absorbed radiated outputctive area of the annulus. Similar features are seen in the
over the 5-mm-diam central area, producing an annulus witltheoretical plot, Fig. @®). This was produced by predicting
an active inner diameted of 5 mm and an outer diameter the waveforms produced at each field point by two separate
(D) of 10 mm. The peak sound-pressure field for this annuplane pistons, one of 10 mm diameter and the other of 5 mm

Norma/ised Pressure

B. Annular and zone plate transducers
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FIG. 9. (a) Experimental peak sound-pressure variations for an annidus,

theoretical pressure field plot for an annulus, using a pulse centered at 316

kHz (d=5 mmD =10 mm).

diameter. At each spatial point, the waveforms are then sub- @
tracted to predict the waveform of the annulus. Note that in £o.6

the theoretical plot, the features are more sharp and less

tenuated than those observed experimentally. This is againg  ,
thought to be due, in part, to the finite receiver aperture. g
There also seems to be greater attenuation than that predicte@

rR21

FIG. 10. Schematic diagram of a zone plate.

selecting the required axial focusing positidg from the
face of the zone platé.e., the focal length and then posi-
tioning the edge of each zone to be at a distafge MA
from position Z, where \ is the acoustic wavelength, and
M=1,3,5,7.... As shown by Ref. 27, an approximate expres-
sion for the radial position of the edges of each zoRg X
can be written as
MA MA
e\ (2005
Figure 10 shows a schematic diagram of a zone plate
with six zones, with a predicted focal length from E) of
7.5 mm when driven at a frequency of 500 kHz in air. The
radii R;, R3, etc. are shown on the figure, with the unshaded
areas representing regions where there is radiation; else-
where, it is assumed that no emission occurs. In the present
example, a central disk and five concentric annuli of emis-
sion were chosen, with the outer radius of the last Z&tg)
being 8 mm. This was thought to be a good compromise
between focusing efficiency and ease of manufacture. The
zone plate was etched chemically from sheet stainless steel
of 0.13 mm thickness, using a computer-derived mask and
photolithography. Concentric rings were held together by

€)

1.0

ty

at-_

o
I}
a

by theory, a phenomenon that merits further investigation. 6.2

A zone plate consists of a series of active concentric
rings (or zoneg, separated by areas that do not radiate. The . o I S F S et
zones are positioned such as to cause the radiated contribu- ~ ? ¢ " bistance (omy o %0

tions from each zone to interfere constructively on-axis at the
focal position, thus increasing the pressure intensity at the,g 11, Experimenta(solid line) theoretical(dashed ling acoustic inten-

focus. The radial extent of each zore,() is determined by
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