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TRANSDUCER ARRAYS SUITABLE FOR ACOUSTIC IMACIIC
5

C. S. Do S h o ts , J. Fraser , and C. S. Kino
\ i~icruwnve Laboratory

Stanford University, Stanford , California 94305

AISTRACT. Progress on the development of piezoelectric transducer arrays [or use in electronically
focused acoustic imaging system s is reported . Design techniques and experirneiital results aru describ,.,d

• for two types of transducer arrays , one utilizing individual slottc& array elements , and t he other , arr:Iv
elements constructed by depositing electrodes on a monolithic slab of piesoelectric ceramic. beveloptnent.
of lossy, high impedance tungsten-epoxy matched backing material , necessary for broad bandwidth transdtIct~r
arrays, is also described.

I. Introducti
’
~b In both kinds of arrays described , the transducer

characteristics arc largely determined by the acoustic
L.. A progress report on our development of piezo- impedance matching of the piezoelectric material to a

electric transducer arrays for use in acoustic imaging high loss, high impedance backing material. An ade-
systems is presented in this paper. These arrays are quate backing for both kinds of arrays has been pro-
formed of a large number of small piezoclectric ele- vided by soldering PZT-~A or lead inetaniobate ceramic
monte bonded to a lossy, matched impedance backing. with Ni - Cr electrodes to lead , which has an acoustic
Several severe requirements have been imposed on these impedance of 22 and a plane wave loss of 

~~ dBfcm at
arrays, which are: (1) high electromechanical conver- 2 11Hz. However, since the loss mechanism in Lead
sion efficiency, (2) broad bandwidth operation of at appears to be caused by scattering into tncohcrent
least 501 bandwidth , so .they can be excited over a wide sound waves which themselves have very slow decay
range of frequencies or vith short pulses , (3) an accez_ rates, the dynamic range of an array with elements
tance angle of ±150 in some cases and as much as ~ 30 serving as both receiving and transmitting transducers
in others for large aperture electronic focusing sys- or with interlaced receiving and transmitting trans-
tens, (4) small cross-coupling between the array do— ducers is severely limited . Tungsten-loaded epoxy
ments in order that tronsducer elements can be excited backings .have • higher loss and much faster multimode
separately or to insure large angle of acceptance in a decay rates. Consequently, these backings allow g r e a t -
phased array, and ~5) 

short signal decay times in the er receiver sensitivity and dynamic range than load
array elements and backing so that the same array can backings. Resulta of experiments with tungsten-Loaded
be used for both transmission and reception. In addi- epoxy backings are reported in which high acoustic in-
tion, ease and cost of fat,rication of the arrays is an pedance material up to = ~0 with plane wave loss
important consideration since ultimately two dimensional of at least 10 dS/cin ~~ = 2L material have been
electronically focused imaging systems might use arrays fabricated. Techniques to minimize the effect of the
with as many as 10,000 elements, bond thickness between the ceramic and the backing are

reported as well as results with a simp le large area
The design techniques for two types of 6o element transducer to test the bonding procedures and basic

linear arrays which have been tested in an electronic- theory.
ally focused imaging system are described here. These
arrays are designed to have 1.27 cm long elements with II. Slotted Transducer Arrays
a 1.27 usa center-to-center spacing. They are soldered
down to a lead backing, which has an impedance of Experiments have been carried out with lead-backed
22 (~c io5 cga Rayls) where FZT-5A has an impedance of 

• 
PZT-5A transducers in which the poling direction

34. Individual elements of rectangular cross-section, • (z-axis ) corresponds to the thickness dilatational mode
constructed by diamond sawing through a slab of PZT-5A of large area plates. These transducers have been slot-
already bonded to the lead backing, is utilized in one ted so that the width (W) of the element (x-axis) is
type of array. The cross-coupling between the elements comparable to the height ~1I) of the element (z-axis).
it minimized by the physical separation of the elements. The length (L) of the element (y-axis ) is large con-
A high effective k~ = 0.477 has been obtained in these pared to the width and the height. In the case where
structures . The center Zrequency and the 70~ bandwidth W ~ 0.6H , a theory has been carried out from which the
obtained in short test arrays are determined by choos- electrical impedance of the transducer elements has been
img the elements to have a suitable cross-sectional predicted. As long as the width of the element is faIr-
configuration and by the use of a matched backing.1 A ly small compared to the height, it is assumed that
broad angle of acceptance of ±320 has been obtained in there is no longitudinal stress in the x direction,
short test arrays by keeping the width of element less or T1(x ,z )  a 0 . In the itonpiezoelectric case , the
then a wavelength in water, effective stiffness constant is calcula ted , assuming

E 0 , to be
A second kind of array has been constructed by

depositing metal electrodes by standard photolithography E E / ~~~ \
techniques onto a slab of piezoolectric material mounted ~~ C7•,, (1 - E E I ~l)on a matched , loasy backing.-~’) Electrical cross- d~ .

~~
“ \ C11 C /

coupling between the elements is minimized by depositing
ground electrodes in between the elements of the array. By applying this boundary condition to the piezo-
A *160 acceptance angle limited by the longitudinal electric case, assuming U (x .z) 0 and open circuit
wave critical angle between water and P7.T-”A ceramic is conditions so that D7(x ,z~ 0 , a pic.oelectrically
obtained by acoustic impedance matching with a thick stiffened elastic conátant can be obtained

— lead backing . An acceptance angle of *25~ for this type
of array ha. been obtained by using a lower velocity D E 2
piozoclcctric ceramic , lend inetamiobate. The PZT-5A — C~~ (1 + k’ ) (2)
array on a lead backing has given a 5Q~ bandwidth. The ~ d~

k2 of this typo of array is about one-half that of the
slotted array. h owever, this array in potentially moat
useful in high frequency applications or xor large two-
dimensional arrays with very many elements where Lab-
rication problems are moat severe.

1975 Ultrasonice Symposium Proceedings ,
IEEE Cat. 175 ~1IO 99hi-IiSU

~~~ ~~T~ TITI~1~ 
‘

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



.,
—. , l

whore length in water. Furthermore, the stress 1iold~ in
this mode arc nonuniform and the coupling to then, Lends

/ o ~C
’,~’t to be weak if the elcwcnt~ are only one or two wave-Il - 

1, ~~~ lengths wide.

(k’)
2 e~3 \ C~1e77/ ________________

C~~ C~ 3 
(1 Cfl~~3

) 
~~~~~ (1. ~

) 
a a ~~4O

Uain~ the modified relations for ~~~ , C,, , and k , ,., / • a

and substituting in the physical co1~~ta n t~~of PZT-5A a a ‘ ‘50
the Lowered effect ive st iffened velocity and impedance 

~
,. a • 

___,_
_~ ,,_______,

~ a

are calculated to be / \ “.,. , -60 ~
—
‘ 

— .2 5 / • ‘
v v (1 + k ) = 3.78(10) cm/sec (4 )  / •a a /
Z ’ - p v’ = 29.3(10)~ cgs Ray ls . (5) eooa me a — ,a IIMP!DANC(I ‘ -80

The electromagnetic coupling constant k.~ is found to —— , s PHASE ANG LE
be 0.477 and the zero strain dielectric constant is

2 1.0 2.0 3.0 4.0
C FRE QUENCY , MHz

= 

c11 
= 857 

~o 
‘ (6)

Using the effective values of the transducer con- FIG. 1——Comparison of theoretical vs experimental elec-
Stants in the standard three-port model of a backed trical impedance of slotted test array element .
transducer,5 the electrical input impedance of the Element size is 0.381 nun wide, 0.~~ 5 usa high .
transducer element is determined to be 1.27 cm long . Teat array is built of variable

2 — 
element width lead-backed PZT-5A .

1 k, [(z /~‘)sin~~’H + 2j(l—cos p’H)~
____ a a 1 (7)

juc’ uf~~~H ~ sin~~’H - j(Z5/~
’)cos~~’ H J For these reasons , the element cross-section foro a a a the final 60-element array used in the electronically

where C’ is the effective zero strain capacitance, focused system of elements was designed to be 0.~~3 nun
is t~e effective stiffened propagation constant, high and 0.381 nun wide. Two elements on ~~~~ nun

H is the height of the element, and 23 is the back- center-to-center spacing were connected in parallel to
ing material impedance. The calculated electrical imped- form one receiving or transmitting element. This design
ance of a lead-backed PZT-5A transducer element 0.635 nun has the advantages of redundancy and high coupling ob-
high, 0.381mm wide, and 12.73mm long is compared to tam ed with tall elements. ~
the magnitude and phase of the electrical impedance of
the transducer in Fig. 1. It is assumed that the effec- The angular acceptance of a slotted transducer dc-
tive impedance of the lead is 22 as in the infinite case , nent is easily obtained from integration over the width
although variational analysis theories lead us to be— of the transducer of the phase variation of a constant :
lieve that the effective impedance seen by a finite ele- amplitude plane wave incident at an angle $ to the
mont should be higher than this value. With this assump- surface normal . The output voltage for a plane wave of
tion, excellent agreement between the experimental and unit amplitude incident on the transducer is found to
theoretical impedance phase angle as a function of fre- be
quency is observed . The shape of the impedance magni- sin sin etude as a function of frequency also shows excellent ~ A
agreement, but there is a 30~ level shift in magnitude. V k ~~~,, , (8)
Thu level shift is felt to be attributable to an over- 

~~~

- sin $
all scale factor which appears to be due to a lower
value of the zero-strain capacitance than w~uld be pre- where k is a constant. So the 3 dE acceptance angle

— dicted from the manufacturer ’s values for £33 or th e is
measured values of c~~ in larger samples ol the same
~~tcrial .  As will be seen from the figure. , broad band- —l ~ -g
width response of the transducer is obtained. = sin [ ‘

~~~~ 
j . (9)

For transducer element widths nearly equal to ele-
ment heights, the simp lif ying assumption of zero stress The theoretical angular acceptance of a single backed
in the x direction is no Longer v~ 1id and a sharp O.t,35 am wide transducer 1.092 mm high in an array with
transverse resonance peak with relatively small damping a period spacing of l . lqh nun is compared in F ig .  with
appears; this  gives a double-peaked electrical imped- the measured angular acceptance at ‘ [Bh?. Thc agree-
ance response and consequentl y narrow bandwidth.  Thua , ment is f a i r l y  good , and the acceptance angle continues

• square cross-section transducers should be avoided if to be wide over a broad frequency range.
— broadband operation is desired . Trans d uce r elements

of this type , whore the w idth ~ Ia much greater than the The deviation trom the theoretical prediction for
height , wi l l  also give broadband operation in the thick— angle of acceptance appears to be caused by cross-
ness dilatat ionni  mod e since the transverse mode reso- coupling to adjacent array elements. 11 the coup ling
nanc o w i l l  be much lower in frequency than the thick- is very strong, the transducer array appears to be a
ness d ilat at ional  mode. hlowcvep . care must bu exorcised simple wide transducer wit h  a concomitant narrow .in~lc
in tho use of such element. ii a wide acceptance angle of acceptance for each element. Thus , acc eptance angle
is desired since the acceptance angle w i l l  be small it measurements yield a good , if  indi rect , measure of the
the width of element in sovorel times the ecoustic wave- amount of cross—coupling between narrow array elements.
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In fi g .  ~‘, thc size of the peaks at 00 , and ~t2 3° can be compared to a wavelength at .7 MHz an that tI,,~ ~nru -
reduced simpl y by shor t -c i rcu i t ing  the adJsccnt ale— lar response is una f f e ct ed  by t li~ p hi~j se va r i at i o n
ments .  The or igi n s .o f  t h e  cross-coup ling sccn in these ac ross the width of the electrode .
a rrays are not completely understood , but  a t  present ,
it is ce r t a in  that  Lhc in ters t ices  between array d c -
meets should be free of hig h dielect r ic con sta n t mate—
rial l ike water .  The re is also evidence that  waves can
propagate along a thick continuous surface layer which — EXPERIMENTAL

is bonded to the face of the array and so strongly cou- THEORETICAL

plo the elements together. Further work is necessary in n 0 
NOTE 2.7 MHz

this area, and it is clear that cross-coupling can be a
severe problem in these transducer arrays .

~ -I
0a,
~ -2
8. -3I-
0— ExptRIMtw ,At.
l.aTHEORETICAl. 
~ —6SOlE F 2MHZ I.-
4
-al.a—I
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ANGLE OF ACCEPTANCE. DEGREES
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-40’ -32’ -24’ -16 -V 0 V 16’ 24’ 32’ 40
0

-a
-J FIG. 3--Comparison of theoretical vs experimental rela-hi

I I I of acceptance of monolithic test array element.
tive output power P(9) as function of angle

~~
. 

~
• ,~ ~~

. 
~~
. ~~~~~~~ Element size is 0.2 79 nun wide, 3.81 cm long .

ANGI.E OF ACCEPTAIICC. DEGREES Test array is bui l t  of 1.092 nun thick lead-
backed PZT-5A with 1.521’ nun element spacing .

FIG. 2--Comparison of theoretical vs experimental rela- .,

tive output power P(9) as function of angle
of acceptance of slotted teat array element .
Element size is 0.635 nun wide, 1.092 nun high.
Test array i. built of lead-backed PZT-5A with ____________________________________________
1.194 am element spacing .

— ADJACENT ELECTRODES
SHORT CIRCU iTED

III. Monolithic Transducer Arrays 
ADJACENT ELECTRODES

__________________________ OPEN CIRCUITED
P\ NOTE: F ’2.25 MHz

acoustic imaging , which utilizes an acoustically matched
monolithic slab of piezoelectric ceramic Onto which in-
dividual electrodes have been deposited to form indi-~
vidual array elements, has been previously described .”3 ~ —2

A second type of transducer array suitable for /

The results of experiments with a five-element array
constructed by soldering 1.092 mm thick PZT-5A onto a
thick lead backing have verified the basic theory of the ~
device. In this case, the array elements were con- -
structed by depositing 38 nun long, 0.279 run wide Cr-Au
electrodes on 1.524 nun centers onto the face of the
ceramic slab. In addition, a 60-element device has been 

1constructed using 0.635 nun PZT-5A soldered onto a thick
lead backing. This array, like the slotted array, has 

~4O
• -~o

• -20 -10’ 0 to’ 20 30’ 40
been successfully used as an interlaced :io-element ANGLE OF ACCEPTANCE. DEGREES
focused transmitter and 30—element focused receiver in a
B-scan imaging system and as a 30-element focused trans-
mitter in a C-scan transmission imaging systom.’~

This array is operated on the principle , that by ~~~ li--Effect of grounding adjacent elements on the

impedance matching the piezoelectric ceramic slab t~ 
relative output power P~$) as function of

lower the Q of the resonator and to prevent plane wave angle of acceptance of monolithic test array
reflection at the matched face of the resonator , the element . Sane dimensions as in Fig. ‘.

- angle of acceptance will approach the longitudinal
critical angle of the ceramic . The theory of the point
response of the reson ator am a function of angle and As can be soon in Fig .  3, the agreement between
frequency has been previously described. A comparison the theoretical  and measured an gu lar  responses is
of theoret ica l  output power P(~) of the five-elemen t quite good. The measured rI!sponsu , buwever , has a
test array to the measured output power with  adja ccnL pronounced peak at 00 incidence which :spp t .ar s to be
electrodes shorted is shown in Fig.  5. Note that the caused by capacitive coupLing to tI~t~ ce ramic mate r i a l
width of the  element electrode is chosen to be mmlii  surrounding the elemen t uiectrodu whivh ~ is not predicted

-*
~~~

-—  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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by the present point response theory . As con be aeon dynamic range when operating in a re f l ec t ion  mode. / I
in Fig. 1~, the effect of 6iInr t int ~ out s~lne ccrnniie mate— This is because Iran emitted pul~,~~; prop;ig..t I! l I lt o  t i l t !
r ial near the clement under test , achieved by short— backing and laru scattered into . t tong  jncoii,~rt’nt sig-
ci rcui t ing t h e  ad jace nt electrodes , reduces t h is capaci- nal s  which a ppear as excesa. I lOLZ. I. on the .lrr .v ’,; elec-
tive pick-up considerably. Shorting of all time material trical outputs during reception oh the des i r ed  s i g n a L .
around the electrode fu r the r  reduces E l l is  p ick-up ,  and
the measured response compares more closely to the pro- In order to obtain a backing ma te r i a l  of s i m i l a r l y
dicted point response. The sixty clement h-scan array hig h impedance , but fa r  ~reatcr  loss , tun ,~st i ~-n- t ~’poxy
utilizes thin ground electrodes between the a r ray  cia— composites have been f ab r i ca t ed . An ag~ re~ ., Le  01 t t i u ’ ’

ments to reduce this pick-up . Further work has m di- sten particles of average sire .~) microns is pressed
cated that large ground electrodes between the array to the desired density, and the interstices .rC t i ll e d
elements will  be necessary in order that this measured by vacuum impregnatian with a low viscosity c;isting
angular response will compare closely to the predicted epoxy, Dow Epoxy Resin I~ 3~- . Impedances in L I I C  rang e
point response. h owever , a mere uni form response as a of 8.5 to lao have been produced , and impcdanccs in the
function of angle can in fact be obtained with the range of 20 to 30 nave been reproducibly ach ieved .
grounded electrodes between the elements. Samples of impedance 2~. have been found to have loss

greater than 10 dB/cm at �.7 MHz. Figure -.. shows the
The bandwidths of the array elements reported here velocities and impedances obtained by pressing the

are 5~ 
as expected by the simp le impedance matched powder before epoxy impregnation to obtain various

transducer theory . The electrical impedance of a test final densities . Tungsten-epoxy backings may be glued
array element is shown in Fig. 5. The flatness of the to transducers with the same thin epoxy used to fabri-
impedance characteristics is excellent and is much cate them, or may be cast in place.
flatter than predicted by a simple matched transducer
theory in which the only coupling tens is assumed to be

The measured impedance is almost unaf fec ted  by
a~~rt ing out the adjacen t electrodes . Further work is APPROXIMATE FORMING PRESSURE (10 3 PS I)
necessary to predict th e elect r ical impedance of the — 0 6 0 20
array element correctly taking into account the t’~ I I

coupling terms on the nonuniform f ields in the t ra~ s- £ IMPEDANC E
~~~3 Ø .  £

ducer as well as to correctly predict the cross coup ling .
~ • VELOCITY Aeffects. However, broadband , high acceptance angle 0 a0

monolithic transducer arrays can be constructed which LA 
£

perform adequately in acoustic imaging systems . Li A I-.1) 20 . U 2.5z
4 0
0 m m  -~LI
a. £ 

U >

io
A IIMPEDANCEI :3

(a, 0
S PHASE ANGLE - -40 0 4A (0 0 p I I i .5

~~30O . III 4
Li 40 50 60

£ . -5o~ VOLUME PERCENT TUNGSTEN
a

III £ 
~ £ A .-Go~ iA 

~ PIG. 6--Acoustic impedances and velocities of someA z
S • • A £ tungsten-epoxy composites . The approximate

A
Ia, pressure required to achieve the given volume

— ° . e fractions of tungsten is also given . Tungsten100 - Ia, particles of average size 50 microns.-eo

P . • . —90 To demonstrate the advantage of tungsten-epoxy
1.0 2.0 3.0 4.0 over lead, nearly identical transducer aaseuèlies were

FREQUENCY, MHZ fabricated ; one on lead , one on tungsten-epoxy of im-
pedance 23. The transducers were PZT-5A plates,
0.655 nun thick and 7.5 nun by 13 mm laterally . The a
backings were cylindrical , 12.5 nmm in diameter and

FIG . 5—-Experimental electrical impedance of monolithic 20 inn long . One transducer was soldered to the leadtest array element. Same dimensions as Fig. 3. backing , an d the othe r wa s cast in p lace on th e
tungsten-epoxy backing . The transducers were shock
excited , and the decay rate of the output noise of theIV. ~acking Materials t ransducers was measured . The noise signal of the lead-
backed transducer decayed at 0.5 dh/gsec , wh i l e  tha t  of

A lossy, high impedance backing material and ~ the tungsten-epoxy backed transducer decayed at 3.8 dB/suitable techni que for at taching it to a transducer are
of prime importance in the construction of broadb and usec , some 70 times l as te r,  I t  is expected tha t  tung-

sten-epoxy backings will eliminate the problem of back-
transducer arrays. Lead has an acoustic impedance of ing noise in re f lect ion mode operat ion of acous t ic
22, and has been used as a backing, with the bond transducer arrays.achieved by soldering. Good acoustic contact was
achieved, and it was thought that the attenuation in Good acoustic contact between a transducer and its
lead would be sufficient. The plane waive attenuation backing is essential , and is not trivial to obtain with
in lead at 2 P1hz was measured as i..’ dII/cm, but it was tungsten-epoxy . Two bonding method s have been used :found that this  a tt enuat ion is pr inc ipa l ly  ilue tO scat- g lueing and cast ing in p la ce. T h e  q ua l i t y  of Ihvsetaring rather th an  absorption , and i.haL t u e  sl owly do- methods h~s been evaluated by fabr icat ing simple hacked
d ying scattered soun d in the backing of a transducer disc transducers and measuring the i r  e luecr i ca larray severely l imits  the receiver sensit ivity and

T~IS?kGhiS
5JL_- ~~~~~~~~~~~~~~~~~~~~~~~~ - .~~~~~. — f ~” ’~iL ~~~~~~~~~~~~~~~ .~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~- ~~--- 
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~ smeèda’ ices as funct ions of frequency . Those measure—
mants arc compared with a theory which models thu bond-
ing layers as short tran !.nliilsion l ine  sections , ‘ihi c — —-.———— .- . -  -—

e t f ec t iv e  th ii~ knesse~ of the bonding layers are thus .  . — PERFICT 8051, ( 1 H E O R ( T I C A I )
estimated . Figure 7 ( a )  ,;hiows experimental  dait~ for  -~~~ THICK EPOXY II OUD (T HE ONI UCAI .)
the map.nituches of electrical impedance of two 0..~~, Inn -40 • THICK EPOXY 13(1140 (EX P t NI M I . N1AI  I

thick PZT—5A transducers , normalized to one square THIN LEAD , THIN IPOXY BOND III4IOBETICAI.)
£ T H I N  LE A D. ,IHIN EPOXY BOND (EXPCPIMLNIA I ~centimeter area. Iloth are en tungsten-epoxy backings

of impedance ~‘3. One was epoxicd on , the other tinned vLI _Soand cast in place. The purpose of the tinning was to w
provide a soft layer into which thc tungsten particles 0

Licould embed , improving the acoustic contact . For corn- o
Iparison, theoretical plots corresponding to a perfect , ,j 

~~~~ 
- ~~, a

zero thickness bond; a l~ .5 micron epoxy bond ; and a
two-layer, 15 micron lead - 5 micron epoxy bond are 4
shown . Figure 7(b) gives the corresponding phase LI
variations of the electrical impedances. ~ —70

Ia,
The cast in place transducer is sufficiently well

bonded t o possess ~~~ ba ndwidth , the value predicted
by the Mason model ’ for a perfectly bonded PZT-5A trans- —90
ducer on a ba cking of impedance 23. The phase of the
acoustic output relative to the electrical input of one
such transducer was measured at various, frequencies by —~~~
3. Souquet and was found to agree extremely well with ~~~~~~~ 3.0 4.0 5.1
that predicted by the sane model. Cast in place tung- FREQUENCY, MHz
stem—epoxy on a tinned transducer achieves adequate
acoustic contact for acoustic transducer array appli-
cations. (b)

FIG. 7--Effect of bonding on electrical imppdance of a
disc transducer . PZT-5A disc , I cm’~ area ,
0.635 nsa thickness, backing impedance 23.
Theoretical plots for perfect , zero thickness
bond; 12.5 p epoxy bond ; and 15 p lead + 5 e

_________________________________________ epoxy bond . Experimental points for epoxy
glued bond and tinned and cast in plqce bond .

PERFECT BOND (THEOREIICAL) (a) Magnitude of impedance;
THICK EPOXY BOND (THEORETICAL )

60 - • THICK EPOXY BOND (EXPERIMENTAL) (b) Phase of impedance.
THIN LEAD , THIN EPOXY BOND (THEORETICAL)

a THI N LEAD, THIN EPOXY BOND (EXPERIMENTAL) References
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