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Abstract “We prosent a mothod for fabrieating floxible
multilayer circuits for intereonnection to 2-D array ultea-
sound transducers, In addition, wo doeseribe four 2-I) arrays
in which sueh flexible interconnect is implemented, inelud-
ing transthoracic arrays with 438 channels operating at up
to 7 MHz and intracardiac eathoter arrays with 70 chan-
nels operating at up to 7 MHz. We employ thin and thick
film microfabrieation techniques to hatch produce the inter-
counect circuits with minimum dimensions of 12-pm lines,
4-pm vias, and 160-pm arvay pltch. The arrays show 50-£}
insertion loss of -60 to -84 d13 and a fractional banedwidth
of 27 to 87%. The arrays arc uscd to obtain real time, in
vivo volumetric scans,

T. INTRODUCTION

WO-DIMENSIONAL array ultrasound lranschieers have ro-
Tceived mieh attention in vecent years ancd oller nuiner-
ous advantages for medical imaging over linear arrays (1], [2).
T'he liberature reports 1.5-1) arrays operating up to 3.5 Mz
with —6 dB fractional bandwidths around 70% (3], [4], and 2-D
arrays operating between 2.5 and 5.0 Mz with handwidths
ranging from 30 to 60% [5]-[9]. However, inlerconncciion to
tho large munber of individual channels in these arrays poses
enginecring challenges, particularly when the intended appli-
cation, such as cardiac imaging, limits ithe overall size of the
iransducer assembly. Rescarchers deseribe a variety of inter-
connection schenes for 2-D arrays including hand-wiring [2],
muliilayer ecramies [10], and printed circuit tochnologies [11].

Mullilsyer flexible (MII7) cireuits, constructoed using stan-
dard electronics methaods, have emerged as a proinising solution
to these enpineering challonges. MLE interconneet is desivable
for its acoustic properties and alsn because it is relatively inex-
pensive and suitable for volume mannfacturing, FPurthermore,
as illusirated in onr devices, [lexible interconnect may be folded
to facilitate connections in confined volumes. Single-layer flex-
ible cireuits have been routinely used for interconnect to 1-D
arrays [12]. 'Uhe interconnection of 2-13 array clements using a
propriotary polyimide-based cleclrical cireuit was proposed in
1960 by T. 5. Smith et ol [13]. In 1895, Davidsen and 5. W.
Hmith first reporied a two-tayer, thin flm, lex civenit intercon-
nect [14], "Lhis report inclnded a funetional 2-I) array trans-
ducor with 120 active cloments om # A00-gm pitch and a 2.5
MLz conter frequency. Also in 1995, Tournais et al. [3] reported
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4 512-cloment, 13-} array based on a single-layer flexible eir-
cuit. Davidsen and Smith reported in 1998 a 256-element sparse
array on 400-pm pitch constructed with a laminated multilayer
flexible circuit [15).

Desgpite the benefils of MLEF cirenits, dillienlties persist as
higher density intevconnections are reqiired. Tuterelement spac-
ing decreases as oporational frequency increases, and arrays of
hundreds of clements are desirablo. In such cages, intereonneet
density miay exceed that of standard constructions In the eloe-
tronics industry.

Furlhermore, the established method of isolating individual
clements from a plate of piczoclectric coramic s to separate
the clements cleetrically and acoustically with a saw kerf, ‘I'his
method calls for a relatively thick mateorial beneath the trans-
ducers, but this material mnist be picrced with an avray of vias
for clectrical contaet to ench clement. Thus, an additional con-
straint is imposed on the cirenit geomnotry.

In (his paper, we presenl a new method for Imilding high
densily flexible intorconnect lor 2-D ultrasound atrays. In addi-
tion, we disenss the implementation of this typo of inlerconnect
in several transducer assemblics. We deseribe the fabrication of
the ML cireuits and assembly of the lransducer arrays, and
wa present test dala along with images oblained from these
devices.

Our method differs from previous efforts in that a high den-
sity of transcdhicer clements is achieved with conventional mi-
crolabrication processes. The comnplete civcuil s bnill on one
gurlace of the flexiblo subslrate. We are able to lake advan-
tage of the precision and small [ealure sizes that photolithog-
raphy males possible, Multiple MLF cirenits can be fabricaicd
in paraltel and fesied hefore assembly. Furthermore, features
such as the ground plane are readily constructed with thin film
technigues. QOther veported methods generally supplement ini-
crocirenit techniques with mechanieal alignment or drilled viag
[13], [15])- [18].

Our cireuils are fubricated using a conbination of thin and
thick lm methods. The eircuit is huilt on a sheet or east film
of polyimide. As shown in Fig. 1, two layers each ol sputtercd
thin-film Au and spin-coated polyimide form signal and groun:d
layors, and photo-clefined, stepped vias route conncctions be-
tween layers, A laminated and photo-defined solder mask ma-
torial is applicd o form a thick backing to suppert the PAT
elements, "Ihe uppermost layor congists of clectroplated Cn sol-
dor pads and contact pads at the transducer clements. With this
scheme, we achieve, with good yield, minimmun dimensions of
12-pm lines and spaces at the signal tayer, 40-am square vias,
audl array spacing on a 150-pm grid,

We have consiructed five 2-1) array transducers incorporat-
ing the MLI[" eivcuits: 1) a 10 % 13, 5.0-MIIz, 3.1-1mn wide probe
with (4 channels, which [ts inside a 12-1rench cardiac catheter;
2) a 10 x 10, 7.0-MIlx, 2.0-mm wide probe with 70 channels,
which lits inside a 9-lvench cardiac catheter; 3) a 40 x 40, 3.5-
Mz transducer with 438 channels i a 12-mm diameter aper-
ture; 4) a 40 » 40, 5.0-Mllz lransducer with 438 channels in a
12-min diametor aparture; and 5) a 40 40, 7.0-MHz transducer
wilth 438 channels in a 12-1ron <iamoter aportuwee.
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Fig. L. Siomplificd eross soetion of cireuit: u) subsirate, b) teaca layer,
¢} ground layer, d) diclectric, o) dry Hlm dielectrie, £) via, g} elemoent
padls, and ) golder pad for coax cabile.
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Itig. 2, Detailed schematic cross section. Malevials ave a) polyimide
substyate, b) Cr/Au spattered metal Inyor, ¢} spin-coated polyimide
diclociric, d) dry film diclectric, and &) eleetroplated Cu pacd, T'ypical
featnres ave 1} solder pad, 1) grounded (unused) clument pad, and
11I) active element pad.

%
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The detailed structure of the flex civcuit is illusirated
in Fig, 2. The circuit containg thres motal layers and throe
diclectric layars in addition to the substrate. Each eirenil con-
siste of an array of pads corvesponding o Lhe clomeuts ol the
transcducer array, an array of largetr solder pads compatible with
the wiring al the transducer handle, and o buried network of
lateral traces connheeting the two sels of pads. Thin dicleetric
lilms separale and insnlate the metal layers, Vias throngh Lhe
diclectric with motallized sidewalls provide contact helweon the
pads and the traces. Interposed holween the Lop layer of pada
and the trace layer is a ground layor with a mesh design, Vias
councel this ground layer to unused clemonts and geound hars
on Lhe top level. The pads al the top level are Co-plated so that
solder connections may be made, Directly bencatl the element
pauly, the interlayer diclectric is angmented with a thicker mate-
rial, This thickness provides sulficiont tolerance to allow dicing
through the PZT material without damaging the intercomnect
cirenitry helow.

The MLL* eirenils were fabricated in the Microclectironics
Labaralory of North Carolina State University (Raleigh) using
convenlional tools for cleaning, phatalithography, metal depo-

i

sition, and metal etehing with the addition of a vacinm lami-
nator of the type used in printed cirenil board fabwvieation,

Clonstruction of the MLI® interconuect proceceds as illus-
trated in Fig. 3. We prepare polyimide snbsirates, which ate ci-
Lher imsupporied DuPont Kapton VN sheetbs or spin-cast cured
fils of DuPant Pyralin, The cast films are processed on thor-
mally oxidized Si walers and may be veleased al the comnpletion
of eirenit falwication by immersion in i L7 solution. The east
filins on rigld backing are advaniageous heeause Lhey have a
amooll surface, have greater dimeusional stability, aud can be
Landled with staudard 57 wafer fixtures,

The substrates are DC spntiored in a Dentonn Vacuum DV-
602 system (Moorestown, NI} with a geed layer of Cr [ollowed
by 0.5 jen of An The fivst inotal level is patterned with pho-
Loresist and chomieally otehod Lo form the signal traces. Alter
photoresist romoval and cleaning, the wafers ave spin coaled
with Dnlont Pyrafin PI2700 photosensilive polyimide. Expao-
snre through the second photorask and developing ol Lhe poly-
imide prodnces Lapered openings to the Au captnre pads below
(Tig. 3.1}, Precision alignment ol suceessive layers s accom-
plished with a Karl-Suss MA-6 alignment and exposure syslen.
The polyimide coating is then cured.

We repond those steps Lo deposit and pattern the sceond
metal layer (the gronmd plane) and second polyimide diclectric,
The openings in the second polyimide layer ave made slightly
larger than those in the fivst so thal a slepped vin profile is
obtained (Fig, 3.2). Wilh each subsoquent metallization the
via sidewalls are metallized and the wetal al the eaptare pad
accumnulates.

Onee the fivst fonr layers ave completo, the eirenils are Lau-
inated with Dulonl Pyralux POL000 photoimageable cover-
lay, which is a llexible acrylic, wrethane, and iinide compasite.
Originally dovelaped as a soldemnask, Pyralux 1°C has found
other nses as a structural material in miceolabrication [19]. This
materinl meets the needs o our single-sided cireuit design for
several reasons, 'I'he coverlay is flexible, is photesensitive (and
therefore can he patterned and aligned with high precision), can
be metallizod to serve as an inkerlayor diclectric, and is thick
cuotgh to snpport the P21 for dicing. A drawback is that s
acoustic properties are not well chavacterizod, Tlowovoer, insofar
as it i a enred erganic polywer, for this initial evaluation, we
assume thal il behaves approximately like polyimide,

I'he coverlay film is applied undor heab and pressure with a
DuPonl DVL-20 drawer vacuum laminator. Iixpogure Lhrough
the fifth-level photomask and subsequent dovelopment delines
openings to the viag and also deflines the boundary of the cov-
crlay, which extends across the area bonealh the transducer
array but not in (he region of the soldar pacs. ‘I'he coverlay is
aven-cured (1'g, 3.3).

A third imetal {ilm of Cr and Au is sputtered as o base layer
for the Cn conlact pacds. Lhe procodare for this lovel is some-
times called sani-additive patterning. Serni-additive pattorning
is uscful for eleetroplating foatires in parallel when they ave not
clectrically connected in the [inished cirenil. A laminated dry
film photoresist, DuPoul Riston, is applied over the Au and
exposed through the sixih and final pholomask. Developrment
of the Riston produces openings in the photorvesisl al the vias
and alse al the arcas for the solder pads (Fig. 3.4), The open
areas may then be cleetroplated with On, with the nnderlying
Au [ilm supplying clectrical contact Lo cach of the lsolated pads
(Fig. 3.5).

The photaresist is siripped, and the Au and Cr hase matal
alehed, leaving Lhe Cu pads intaet (Mg, 3.6). The prineiple
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Fig. 3. Schematic fabrication sconence, Materials are a} polyimide substrate, b) Cr/Au sputtered metal layer, ¢) spin-coated polyimide
diclectrie, d) dry flm dicleetric, o) dry Ghm photoresist, f) electroplated Cu pad, g} conductive Ag epoxy, and h} PYT and matching layers.

reasch for a thick Cu metallization is to form an acceptable
finish on the solder pads. An incidental henefit of this process
is that the interior of cach via is Cu-plaled, helping to ensure
reliable continnity among the multiple metal layers.

The final thickness of the eircuit in the region of the trans-
ducers is summarized in Table I, Although the total flex thick-
ness approaches one wavelonglh, at the transducer operating
frequencies, the effcet on acoustic propagation is minimal be-
canse there is a good acoustic match belween the polymer flex
cirenit and the epoxy backing {16]. The meial layer thicknesses
are less than 0.05 wavelength and can be ignored.

The completed cireuits are cut out and prepared lor apphi-
cation of the piczoelectric ceramic. We have desovibed in detail
elsewhere the procedure of bonding and dicing PZT, matching
layer, and top gronnd planc [15]. In brief, a plate of PZT and
matching layer, large enough to cover the array area, is bonded
to the circuit with conductive silver epoxy. Saw cuts made with
a dicing saw penotrate the thickness of the BZAT and cpoxy and
extend partially into the coverlay material {Fig. 3.7).

The top ground foil is bonded to the top surlace of the cle-
ments and connected to ground pads at the edge of the array.
The circuit is designed such that any PZT material surround-
ing the active elements is grounded at both top and boltom
electrodes to suppress spurions signals,

ITI. REsutirs

Wo have used the procedure just described Lo labricate 2-D
array transducers of three designs, Two are narrow strips with
an array at one end and rows of solder pads at the other end.
The first is a §4-channel, 50-MIlz transducer [Fig. 4a], and
the second is 70-channel, 7.0-Mllz transducer [Fig, 4h]. The
transducers are inserted into a catheter to produce side-looking
volumetric scans, Alternalively, the MLI7 circuils can be bent
90" just below the array to produce forward-looking volumetric
scans, The third design is & 438-channel array (Fig. 4¢]. The eir-
cuil extends laterally from the array region in two tabs, which
fold behind the array for solder connections. We have used this
third design Lo fabricate 3.5-, 5.0-, and 7.0-MH# transducers.

The dimensions of the catheter MI" circuits are given in Ta~
Ll [T. We have described the array configuration previously [5].
The solder pads are arranged to accommeodate coaxial cables
manufactured by Precision Interconneet {Partland, OR). “I'he
cahle sheathing is soldered to ground bars loeated hetween the
active pads. The coaxial cables are bundled and soldered fio
cards for cdge connection to the scanning electronics.

“I'he 438-chamnel MLF transducers were [abricated with di-
mensions given in Table I1. The signal layor is routed with a
maxirmurn density of six traces hetween via capture pads. The
solder pads arc positicned in seven double rows of 36 pads.
The pad pitch matches specially Falwicated double-sided flex
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TABLE L
TrrckNlss DIMENSIONS OF THE MULTILAYEN YLex CIRQUITS.

3.5-, 5.0-, 7.0-MIlz 0.0-MTla TO-MHx
Transthoracic Intracardiae  Intracardiac
Nominal Thickuess {pan)
Palyimide substrate 75 75 12
Cr/Au traces 0.5 0.5 0.5
Polyiinida dielectric fi b 2
Cr/Au ground plane 02 0.2 0.2
TPolyimide dicleetrie: 5 B 2
1°C2 1000 «liclectric 0 Gl 25
Ir/Au/Cu contact pads 5 b i
Total thicknoss 151 151 47

TABLE 1
CRITICAL TRMENIIONS OF s TIRER Tyeks or MLE Ciecarrs FPamiucarin,

3.A-, 5.0+, T.0-MH# G.0-MI1x 7.0-MHz
Transthoracic Intracaccding . Intracardiac
Interelement spacing, nom 0,380 0.200 0.150
Aperture, uin 12 2.5 1.5
Array layout 40 % 40 11 %13 10 % 10
Channcl connd 438 il 70
MLE length » width, imn 85.2 % 24,0 32.0 x 3.1 49,5 % 2.1
Minimum trace/space width, wmn 0.028 0.022 0.012
Solder pad piteh, mm 0.645 1.380 {.380
Cabla wive gange 40 46 48
Catheter sire {Fronch) NfA 12 9
TABLI: ITI
PrroRMANCE MEasuREMENTS OF Tl MLEF TRANSDUORRS.
Iransthovacie Intracardine
3.5-MHz  5.0-LIH= 7.0-MIlz 5.0-MLLz 7.0-MH%
Center frequency, Mz 3.5 4.5 6.7 5.2 6.7
-i dB Tractional bandwidth, % 46 G7 27 50 27
5012 insertion loss, dB -G8.4 -60.4 -T2 -G 841
Crags tnlk, 4B -28 -1 -30 ~26 -16
-6 dB3 angular responsao, © B 46 Not agallable 34 Kot available

1 Ineludes 1 m of cable.

cirenit cards, which arc soldered al right angles to the ML,
The free ends of Lthese cards in turn fit inlo seven, 72-channel
edge connectors (Precision Interconnect, PAC connectors). The
completed MLF circult array is ltted into a compaet housing
by wrapping the outer tabs of the circuit around and behind
the array on a backing of {illed, lassy epoxy, which has heen
casl in the shape ol a trincaled squave pyramid.

Rlectrical and acoustic measiremonts were made with an
apparatns described previously {B). The results from the Lrans-
ducer tests are summazized in Table TII The -6 dB fractional
bandwidths vary from 27 to 87%. The range of inseriion losses
is from —60.4 to --84 dB, the angular response varies from 36°
to 54°, and the cross talk is between -16 and 31 d13.

We have evaluated the imaging performance of the ML
transducers nsing the Duke Volumetric seanner [20]. Fig. 5
shows a typical Bescan through a phantom that includes a

Thyid-filled spherieal cyst at the top and a solid lesion near
the botlony, 15ach target is 20 m in dinmeter, and the scan
depth for ¢ach image is 12 eni. The phantom has approximately
0.5 dB/om-My atternation. Receive mode gain was adjusted
to optimize each of the images at the Ume of scanning. g, 6
shows the corresponding real thne C-sean throngh the near
cyst in Fig, 5. Tig. 5(a) and 6{a) were token with the 3.5-MHz
array, and Fig. 5(h} and 6(b) were taken with the 5.0-MIlz a-
ray. All of the imapes show good contrast resolution with litele
eyst b in. The §5,0-M11z pictures show a veduced speckle size
compared with the images [rom the 3.5-MHz transducer, but
reduced penetration in the phantom. This is expecied bocanse
of the [requency dependont alicnuation.

IMig. 7 and & show typieal images obtained with the 2-D avray
catheter transducers. Fig. 7 is wnade with the 5.0-MIlz cadheter
and shows the pulmonary veins of an excised left atrimin from
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1ig. 4, Detail of MLF showing array and one row of salder pads for u)
6.0-MIlz ingracardiac cathoter and b) 7.0-MFIs intracardiac cathetor.
¢) MLI for 40 x 40 transthoracic arrays.

a sheop, We can elearly ses the long axis of the veins in the B-
scan, and the cross soction of the oriflce in the corresponding
real time Clgean.

I'ig. 8 shows an hnage of a wire phantom in & water tank
made wilth the 7.0-MIIx eatheter transducer. We show a 13-
zean and two real time C-seans, The wirves aro spacad froin O Lo
@ mmn aparl in the Jateral dimension and 2 mm apart axially,
Wo can start resolving the wires lalerally ab d-rn separation
at a deptl of 2 em. W sce these 4-nm separatod wires in the
hottom real time C-sean on the right. The C-scan vn the top
is through Lhe wires that are 6 mm apart, We can resolve the
Z-rmn axial separation ol the wires throughout the phantom.

IV. ThSQUssION

‘We have fbricated several 2-1) array transducers operating
from 3.3 to 7.0 Mz on mullilayer polyimide eircuits. The ML
interconnects offer some advanlages over previons fabrication
methods. The M processes Jend themnselvos well Lo inass pro-
duction methods, Onee the MLF is prepared, it takes 3 d to
build a transducer versus 3 wk with our hand-wired technigue.
In addition, because of the fine irace sizos awd spaces, t¢ onr
knowledge, those avrays have the smallest inferclemont spacing
(0.15 mm) doveloped for a 2-D array. “Ihe majer drawhack to
the ML is the small thickness of the substrate. We would like
to make a deep kerf to ensura good acoustic isolation, hut we
st cul deeper than our coverlay naterial without damag-
ing the electrieal traces. ‘This leads to inereased acoustic cross
talk when compared with other falwication methads [6], [9].
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(b)

ig. 5. B-mode phattom imnges using a} the 3.5-MIle transthoracic
artay and h) the 5.0-MHz transthoracic array.

To onr ktiowledge, the 7.0-MHz transducers are the highest
frequeney 2-12 arrays yot fabricated. Bocause theso ave the finst
protolypes, no matching layers wore used. As expected, this
canses lower handwidih and inercased inscriien loss over the
otlier transducers, Table [T shows that the MLF transduccrs
have performance comparable with owr previously published
fabrication technigues. Lig. 5 and Tig. G show improved images
for the 8.3- and 5.0-Miz MLT transducers over their hand-
wired predecessors of the same freqneney [8]. Other researchers
have published measurement results for 2-10 arvays operating
batweon 2.3 and 3.2 M1z, Bandwidths ranging [rom 50 to 60%,
single-cloment augnlar response from 36° to 54° and evoss talk
aronnd - A0 dB were reported [6], [9].
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(b)

Tig. 6. Real thne Coseans through the cyst in Plp. 5 using o) the 3.5-
MIIz transthoracie array and b)) the 5.0-MIgx transthoracic array,

T4

Pulmonary Veins
‘.‘_.‘

Pulmonary Veins

i
p1

i, 7. B-mede and eorvesponding real thine Cescan Lhrough an ex-
cised left veutricle ol a sheep using the 5.O0-MH» cardiac catheter
iLI'['ﬂy‘

Y. 0.LE

Fig. 8. B-made aned coveespponding real tine Cogean of o wire phantom
wsing the 7.0-MHx cardine calheter aoray.,
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