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ADSTRACT

A thin film technique developed for the SLL Micro Actuator in which both gold
and aluminum can be incorporated on sapphire or fine grained alumina gubstrates ip &
rwn=level metallization syster is5 cdeseribed. Tungsten is uted mas a lateral transi-
tion metal permitting electrical contact between the gold and aluminue without the
two metals caming in phyeical contact, Siliccn dioxide serves as en lnsulator
between the tungsten and aluminum for cressover purnogses, and vias through the sili-
con dioxide permit interconnections where desired, Tungnten-gold 1e the first level
conductor except at cressavers where tungsten only is uszd and aluminum is the
second level conductor. Sheet resilstances cf the two levels can be as low as Q.01
ohm/square. Line widths and spaces as smsll as 0.075 r= can be attalned. A second
layer of silicon dloxide is deposited over the metallization and opened for all gold
and eluninum honding areas. The metailization system perniis effective interconnec-
tion of 2 mixture of devices tiaving both gold enc aluminum terminations without
creating undeslrable gold-aluminum interfaces.

Proceseing temperaturcs up to LOD’C c¢an he tolerpted for short tizes without
effect on bondability, comductor, and inguletcr characteristics, thus permitting
sliicon-gold eutectic die attachment, coxponen® soldering, and higher terperatures
during zol! lead bonding. Tests conducted on special test pattern cirecuits indicate
good stability over the tempersture range =55°C to +150°C. Aging studies indicate
no degradation in characteristics in tests of 5G0 hours duration at 150°C.
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TITYRCDUCTION

A thin filr hybrid microcircult metgllization systen waa developed and
feasibility establiched far the SLL {izro Actuetor which required the interconnec-

tion of & mixture o semiconductor devices (05 and bipslar) with both gold and
aluniaur terminations as well as poacive ccopenents (ehip resistorc and conojithie
capacitors). Eutectic die attach end s¢ldering of corpenents was desired for
thermal dissipation reasons. %he neczessity for processing temperaturec as high as
3T70'C for die attach, spoldering, anid bonding during mssembly ang revork meae i
desireble to aveid gold-aluminum wire bondc st the devices or substrates, thus
eliminating the controverclal Au-Af intermetallic pruhlem.l Extreme miniaturization
and circuit romplexlity requirements led to a two-level metrllization systew with
crossovers and the cepapility of mounting some devices end components dlrectly over

the metelllzetion.
The metallization system developed meeis many of the universal characteristics

and requlrements degired in o« hybrid microcircuit ineluding:

1. Extreme minlaturization.

2. Flne line and space resolutlon,

3. Mohometallic wire, beam lead, ribbon and lesi frame bording capavllity
{1.e,, Au~Au and AL-Al).

L., Eutectic die attaclkrTent capabllity {(l.e., Au-351 and Ai-Ge).

5. Solder device and component attachment ccrpatibility (i.e., Au-Sn, Fo-Sno,
and Fb-Inj.

6. Mounting of devices over the metallization.

7. Two-level metallization for crossovers (necessary for interconnecting
bipolar, MOS, and CMOS integrated circuits).

8. Process compatibility and viability (capable of withstanding terpersture,
etchant compatibility, equipment avallabhility, ete.}.

The metallization system 15 based on H-hufSiDE/A£}81D2. The first two layers

of W-Au sre sequentially sputtered films photodefined to form Au conductors and

bonding areas, W creossunders, and transition areay for contacting AZ. A Siﬂé



Inpulating layer is next cputtered and photodefined to gpen windogws to the Au
bonding areas and vias for the W-Af tranoltion areas, An alurinum layer is evapo-

rated and photcdefined to form Al conduetors, crossovers {HLSiDE-Ai), and bonding
areas. A final layer of 510, is sputtered and photodelined to open windows ¢Q the

An and Al bondling areas; otherwise it covers the caxplete circultry and permite
nounting of coxmponents directly over the c¢ircuitry. Gold and aluminum are slways
phiysically separsted on the substrate but can be electrically connected by the
tungsten transition layer (see Figs. 1 and 2). Moncmetallic (Au-An and Af-Af) Wire
ponding 1s then possible., Substrate materials found to be sultahle were polished
sapphire and fine grained nlumina ceramic.

In order to develop the processing techniquesd, characterize, and determine
feaslbility of the metallization systenm, several differeny teat ecircults were
deaigned, fabricated, and tested, Throughcut the investigation it was assumed that
the presence of alurirnum-terktineted devices would require hermetic packaglng, aid,
therefore, effectn of moisture and corrosive environments were not consldered.

Covered in order are: 1) Micro Actustor requirements, 2, Design consideraticons
and developmentsl approach, 3) Processing, L) Test and evaluation yesults, und 5)
Discussion end conc¢lusions. Design rules for the technology are included as Appen-
dix I. 3Baczgroun informetion on rmlti-level hybrid circuit teckniques considered
for this application is in Appendix II.

petalls of the petallizetion procedures and processes are brief here but are
covered In considerable depth in a companlon repnrt.2 Thoce interescted 1In this

aspect are referred to it.

SLL MICRQ ACTUATOR HYBRID CIRCUIT PEQUIHEMENTE

The circult design, device component cheoice, and package conliguw-ation was the
respansibilliiy of Cepertment 8180. Therefore, the functional espects «f the circuit
will not be discussed except to say tha® analog, digital, memory, aand output circuit
functione were required, In the flrat iteration, the circuitry was divided into
four supstrates which in turn were to be mounted on a metal plate assembly with
connectors for input and output at each end (see Fig. 3),

A surnmary of the device and coamponent types, mounting, and bonding criteria
for each substrate ana for the camplete curcultry s shown in Table I. It may be
ncted that the preponderence of wire bonds on the devices is to aluminum banding
pads. Consideripg the dimensions of the substrates, the density of interconnectiaons
and bonding areas 1s quite high.
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TARLE 1

DEVICES , COMPONENTS AND SUBSTRATE FEATURES

SUBSTRATE NO,

Devices 1 2 3 4 Total
IC's (S & dipolar) 3 1 2 0 &
Trangistorg 0 1 2 5 8
Plodes & Zeners 0 i 5 1 7
Electro-0pric 0 3 0 0 2
Capacitors 0 4 0 0 4
Resistors 0 7 7 4 18

SURSTRATE NO.

Feature 1 2 3 4 Total
Al Bonding Pads 101 36 59 22 213
Au Bonding Pads* 13 32 7 8 60
Die Attach Pads 0 1 7 6 14
Solder Pads 0 g 0 1 8
Resin Pads 3 & 9 4 20
Vias 2 21 16 8 47
Crogssovers 14 30 7 “ 59
Length, twm 22.66 16.21 24.59 14.27 -
Width, om 4.191 4.191 3.81D 13.810 -
Thickness, mm 0.38L 0.381L 0.381 0.381 -
Area, mm? 9,84 67.74 93.55 54.19 110,96

* Includes output pads and dlie attach pads
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Envirgnmental reguirements were not gevere but required ceonsiderstira. The

t'cllovwing general criteria were expected:

Terpercture nange -55°C to ¥125°C

Maxicur Yoltage LY volts

Maxicum Fower 1.2 watts

Shelf Life 15 years

Operatlon Tlrme Intermittent

Ho. of Operations Undefined but limijed

rackaging Hermetically sealed

Size Configuration % racrage size fixed

Peliability was & prime considerntion and mist be high since redunaancy was

not planned, The circult was to be operated only intermittently; therefore, long-
term electrochemical and electromigration rroblems sre mitigated, The packege Was
to be hermetincally sealed, which, i properly dene, should eliminate humidity and

corrosion problems,
From s hybrid circuil metallizetion viewpoint, the following general

requlrements are applicable:

1.
2.

Small size, thin substrates.

Good thermal conductivity; heat generated is in excess of 1 watt when
operated,

Multilivel metallizetion with crosscovers and interconnecting vias between

levels of metallization.
Conductars, crossovers, and vias must be insula%ed slnce some devices will

be attached with adheslve over the metallization,

Line widths snd spacings must epproach 0,025 = (1 mil) in pleces.
Electrinpl conductivity of at least one af the metal levels wmust be high.
Dielectric strength and insulation resistance of the insulating raterial
rmist be stable and ndeguate.

The metaliization cmst be compatible with both aluminum and gold wire
bending,

The substrate and metalllzatlon should be corpatible with gold eutectic
die attach and soldering techkniques and withstand the temperatures (up to
370°C) involved,



10. The wetallization cust be versatile to accozodate the diversity of
sircuitry (analog, digital, etc,), deviees, and ccmponents.

11. The hybrid technique ust be flexitle to accor—odate the fnevitable
clrculit chonges and should, trom ar econcmle wiewpolnt, have wiier usuage
than the precent applleation.

12. Fabrication techniquea ~ust be vinble frcc o canufacturing viewpolint and
projected yields must be reascnable.

The rather stringent requirerments are brought stout pricarily by the srmall
size and geczetrical requirecents of the packoge and the diverpity of lcvice and
ceoponent types necessary to rerform the desired c¢lircult function, irecent hybrid
circult technloues, such as used in the MCCS prejert basea on Jingle level] retalll-

zaklion, were obvisusly insdaquate.

DESIGN CONSIDERATIORS AND CEVELORMENTAL AFFRQACH

In thls secticn we consicer the regulrercents {n terms ol technlques an.
outline the develorment approach followei, The luportiant requiremoents are llsted
below:
substretes

Size - A¢ stown In FTio, 3 and Table 1.

Thickness - 0.30 om max.

Separation Technique - Preferably laser seribing.

Smoothness - 25.b + 10-6 mm max.

Camber - 0.001 »m/mn max.

Thermal Conduectivity - Reasonebly high.

Mechanical Strength - Equivalent to alumina,

Frocess Qompatibility - Deposition, etchant compatibility.
Resclution

Minimum Line Width - 0.0508 mm (2 mils]}.

Minimum Spacing - 0,0254 mm {7 mil).

Minimum Via Width - 0,058 mm (2 mils).

Reglistration - 0.02 mm overall,

Metallization
Conductivityr - 0,04 - 0,04 ohms/square max.
Adhesion - Excellent from =55°C to +LQO°C.
Stress - Sufficiently low fram -55°C to +400°C,

10



Tnerrnl Expancion = Matchei to subatrate If pessible,
ttehability end Etehant Coexpatlbllity - Requlred,

Boninbility - Au-av and Ad-AlL,

o) terabllity - Fo-In {59-50 vt. T).

i¢ Attach Cepeblility -~ Au S1 or Au Ge cuteciicec,

5tabllity - Over the !emperature range -33°C 12 +L20°C,
Insulp.or {Pielectric)

siclectric Strenailh - Jdequate for ~ S0 v,

termittivity - Frefernbly below L €

Leaare Qurrent - 20W NENOATLErE TaNgc.

Corpatibllity - With =etal system wnd sukstrate,
Crasuilivy - Cver the tenpersture ranpe -59°C <o LG C,
Thermal Expanslon and Strecc - 10w nhc matchel,

Athesinn = Exceilent to petal syster and cubeptrate,

Various multileyer cetalllzaticn a~d interconncction techniques develored for
hybrid microcircuits and semiconductor Jdevices we-e Investigateld for thic project,
A brier liscussion of the various tecnniouee ant their arplicability may te found
in Appendix II. They basieally fall ‘nto Tive categorics:

1. ¥ultilayer Metnllizea Ceramic

2. Thick Film

3. Thin Film

L., Thick/Thin Film Combinatlons

“. Metallized Flastic

In each category, there are zany variations ar?d sidaptations for srecific

epplications.

Developrment Approach
In attempiing to choose the optimum techriolopy, a nelessary gtep -« %o

evaluate the Tequirements in terzcs of the cptions opern to us. In Tabkle 2 we have
listed sche of the reguirements and ccopared them with the hyhrid eircult <echaicues
which have merit for this _pplication (discussed in Appendix II). Tae listir: is
ace all inclusive but 1s indicative that two techniques have the best chance of

success, Jdamely:



APPLICABLE HYBRID CIRCUIT TECHNOLOGY OPTIONS

MULTILAYER TECHNIQOUE*
MULTILAYER CERAMIC

THICK FILM
a) Screened
b) FPhoteodefined

¢) Photodefined & Smooth l
Subst.

THIN FILM
a) Three Level (2 metal level)
b) Beam Crossover
¢} Silicon Substrate

METALLIZED PLASTIC
(Includes STD & BLIP}

THIN/THICK FILM

a) Screened Thick Film
and Thin Film

h) Photodefined Thick Film
and Thin Film

B e i — PR —
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TABLE 2

o R

re

M M rE e

* See Aprendix I for Details
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1. Thin £1lm, three leyer (2 metel levels),

2. Thick film, three or mwore layers, photodefined,

Both techniques require smooth substrates and photolithographic techniques to
meet the iegolution requlrementa.

The degirabllity of a morometallie wire bonding system then required gold-gold
end alumipum-aluminum bhonding cepebility. Since there uwere no proven aluminum thick
f1lm pastes at the time (one has recently been marketed but not evaluated}, such =
scheme wad not poasible with thick frilm techniques. With thin film, these criteria
then requtre both eluminum and gold metallization. With two thin film metal layers
this it possible.

Thir Tilr techuiques were chonen for the development for other reasons as well,
however, Firat, thin £1lm techniques have been in uge at Sendia. Second, thin film
deposition equipment and photolithogranhic technlques were avallable wherees thick
film hed not been ccxpletely developed for multllievel work. Third, thin film
materisls and technicues Were better understood than thick £ilm. Fowrth, it is
difficult to photoderine thick films with fritted comductors. FiTih, based on
trends In the sewlconductor industry and future hybrid requirements, thin fiim
techniques offer at least an order of rmagnitude lmprovement in resolution, and
resultant reduction in size over thick film techniques.

Specific material cholces were made and included the following:

Substrates - Fine grained alumina {MRC superstrate or equivelent) and polished
sapphire were uzed succesefully, Dielectric strength and leakage current chersc-
teristics of the BiOE layer was much better on the polished rapphire because of the
gmooth surfacce. For the eppllication being considered, extrene minfaturizaetion and
fine line resolution were necessery, Justifying the more costly polished sapphire.

Metallization ~ The requirements for moncmetallic bonding end two-level
metallization lesd immediately to the cholee of gold and sluminum for the two
conductors and bording layers. Tiese two metals permit the use of established
t.2chniques for thermocompression (Au-Au) and ultrasonic (AZ-AL) wire bonding to
interconnect devices with gold and aluminum terminstions respectively. The gold
leyer also serves &5 B base for eutectle die attach, gcld ribbon, and beem lead
banding. Both metals have good conductivity and can be readily depceited in thin

film form.
Fhysicel separation of the gold and aluminum was accomplished by using
tungsten as a lateral transition layver which underlies both the gold and eluminum,

The lat-ral transition peimits wilie Au-Af separation (i.e., = 0.025 mm or 1 mil) +

13



nnd, except for a small acount of surface mizrition, effectively eliminates any
Jiffusion prcblem. Tungsten sirplifiec the crosscver design in that it con be used
n; the crossunder conductcr with alu=minum as the croasover conductor (i.e., H-51ﬂé-
A1}, Tungsten also serves as an effective solder stop.,

Both tungsten and rwolybdeaunm were evaruasted for the vramsition layer for
several reasons: 1) Good thermal expanslon metch with A1203, 2) Excellent adherence
to 55203, 3) Metallurgicanl compatibility with gola ?r?laluminum, L) hdherence of
5102, and 9) Previous use on serie¢onductor devices. ’ Tungsten proved superlor in
adherence qualities, electrical gtability with SiDE, a&nd ebtchant compatiblility in
rreliminary studies; and, therefore, Mo was nat investigated Marther.

Insulating Layers - 5102 proved to be an effective and etch compatible

insulating layer for the crosscver insulation. It hos 8 low dielectric cunstant
and high dlelectic strength, as well 2& a low thermnl expanslon ccefficient., It 1s
widely used with aluminum on semicnnducturs.5’6 RF sputtering rom a 5102 target
was chioden over cther pethods of deposition (L.c., reactive api tering, CVD and
evaporatlion) because of process sicplicity and equipment avafls ility. In thick-
nesses Of spproximately 1 urm, 5102 proved to have ede yuate dieizectric strengtn and
insulation resistance especiaily oa metallized sapphire substrates for the Ll volt

gesign requirement.

The second layer of 5102 pernituy epoxy or silicone ettachment of devices and
components over the conducting layers, crogaovers, and resictors for minfaturl.uscion
reasons. [t aleo serves as an abrasion registant layer during handling and es =
solder stop during ccoponent attachment., Siliccon dioxide becomes somewhat conductive

over gold ereas after 370°C rrocessing temperatuiea because of Hu-SiDE reaction.

FHOCESS ING

Generasl - DNiscussion here ls brief and 1s limiteZd to metallizatlon procedures.
Die ettach, soldering, bonding, and packeging pracedures are omitted, The processes
described are those which were convenlent and successful in development. Scme cay

be cumbersame from a production viewpoint, such &8s sputtering of reletively thicxk
gold layers. Processes und proceduree are covered in more depth in another report.

The processing sequence used is shown in Taohle 3,
Test Patterns - Four different test patterns as shown in Figs. & through 7 were
designed for evaluation of the metallizavion system.

14



Table 3

DEVELOPMENT PROCESSING STEPS

Substrate Cleaning

{

Tungsten Deposition
Gold Deposition
!
Gold - Tungsten Phatolithography

First Si0D, Deposition

2
First Siuz th)tulithography
Aluminum Deposition
Aluminum Pr’mtulithography
Second Si[):_, Deposition
|

Second Si02 Phaototithography

Test and Evaluation

15
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Fig. b,
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Screenwire test pattern - Crossed, 0.2%4 mm
wide, tungsten and alurlnuc conductors with

fold terminaticns.

There are 17 lines of each

metal separated by the insulating leyer, nine
vias (Af-W) Interconnections, und 280 croas-

overs (W-8iQ
2.54 em,

2

-AL).

Substrate size: 2.5 x
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Finv line tegt pottern - The Tirst
configuration consists of § tungsten
conductors varying in width fram 0.0702 to
0.025h mm, 5ilicon dioxdde covers the can-
ductore and oan array of 0.0762 mm wlde
nluminumh segmentd are ouperlmpoped over the
conductors but Insulated from them., The next
two conflgurationo conclst of Q,0762 mm and
€. g54 mm wide tungoten and alumlnum line
sagmentd respeehtively Joined by vien and
crogodnk over 0,127 mn tungoten strips. The
lagt cenfiguration 1o similwr to the sccond
but w. iout eropuovers. Substrate slgze:
2,5L x 2.54 em,
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Fig. 6.
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Dielectric test patiern - 16 capacitorg (E;Eiﬂe-
Al) varying in aree frem 2.25 to 8 2", The

pattern is symmetrical but definj.ion reverzed
on each half. Substrete size: .54 x 2.54 em.
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Test circuit pettern - o clrewit deeigned to
stirmlate the intercoanection of tvwo MOS devices
with 0.102 o aluminum bonding pads ¢n Q.203 mm
centers, There are elght individunl circuits
on a sapphire substrate 2.54% x 3.81 em in size.
A tlowup of a sectlon ‘u also ehown,
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Fig. 7a. Section of test circult pattern,




Mask VFabrieation - Conventional emulsion masks (5.08 x 5,08 cm) were muie I'ron

20X masters. The following mask levels ure requirei:

1. Gold definition {bonding pads and conductors).

2, Tungsten definition (W-Au conductors, crossunders, and W-Al transitions}.

3. Flrst Ilnsulator definition {vlas andi bonding pad openings).

b, Aluminum definition (W-AR trensitlons, conductors, and bonding pads).

5. Second Insulator (bonding pads, die attach, and solder areas).

Substrate Cleaning - Substrates Werce cleaned by ultrasonlc washlng in
trichloroethylene, acetone, detergent {(JIgepal C0O-T710), snd dejonizad water and then
rinsed in hot casending deionized water and blown dry with nitrogen. These steps

were tollowed by an ajir fire st GQ0°C for one haw, The cleaned gubstrates were

stored in a glass container in o clean bench lMor a oaxirum of three days belcre use,
Metal nnd Insuwlator Deposi®icn - Tungsten and gold were de sputtered in sequence

without breaking vecuur vsing a ¢cwutom nuilt multi-target sputtering module, £RF

sputterling was used for the SLUH deyosition f'rom 5102 target. Tme vacuum syS5Lems
were Sargent Welch, 3102 Turbo nolecsilar type. The sputtering parameters are shown
in Tatle b.

Alurinum was deposited uslng electron beam vvaporation, After pumpdown, the
cubstraetes Wore cutgaszed at 300°C for one howr, Substraze temperature wess kept
belew 125°C during actual uepositicn, After outgassing the ciarge, deposition was
maintained at a nominal 45 Af/sec using an automatlc power controller, Preasure
was maintained below 2 X ID‘? Torr duripng depositiocn, 'The vacuum system was u 6
inck NRC diffusion type¢ with liquid nitirogen baffling.

rmotolithogracny - £l thotoresist apgpliications, exrosure, development, and
£ ¥ L I'F ’ ! ’

paking was done In class 1X3 Faciiitivs with yellow lighting, HKodak TL7 plero Neg
(negative photoreslst) was used succefsfully, but filtering und double coating by
spinning vas found necessary to minimlze pinholes.

& freco model 653 alignment end exposure syclem wur used for pattern alignment
and exyosure, Inotoresist prcecedures verc In ace dance with the manulacturer's
recomren:tations. After resist recoval, substrates woere clexredl in tricialoroethylene,
acetone, uelgnized water, and isopropyl alcchcel and blown dry with nitrogen.

Etchunts, concentrations, and tempersturee used successfully for the varlous
layers are shown in Table 5, After etching, all supstirates were jmmedietely rinsed
in deionized water. Etching paramet<rs, once established, were closely adhered to
lurirg development. £ mme undercutting was desirable in the etehling steps to provide

gloped contours for good film coverawe and dielectric strength of the insulating
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TABLE 5

ETCRANTS
A. Etchants, Concentrations, and Temperature
Leyer Etchant Concentration
Au KT + I2 + Héﬂ 1N
nge(cu}6 + uazahc7 + H,0 5:0.25:100
210, HF + NH,F L:7»
T i { + | 15:5:5en
H3FO, * KR, ¢ GPSCGGF H,0 d5:5:5:5*
AuxAlF KI + IE + HEO ag abcve

*By Weight  *#By Volure

3.

Etchant Compatibllity

Etchant Effect On Materinl Belng Etched

For
31293 Au o« EEEE Al Eigg

Au n a n n 5{2) n

W r o} a n p ¢ I

v, n n n B s{2) a

Al n n{l; n n a n

Huﬂ;x n i1 n n S n

n = nil, a = attacks, 5 = slight attack

Notes: 1. No effect in a 3 hour test at L8°C.

2. See text.

Temperature

39°C
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layers, It was also noted that if the zubsotrate tecperature was greater than
~ 125°C during the aluminum deposition, some Au-Al intercetallic Tormation was
encountered at the Au~A¢ interface which cculd not he recoved by the aluminum
etchant., A schort {few second) dip in KI + I, removed the alloy but required photo-
resist protection for any exposed aluminum since the gold etvchant attacks aluminum.
A 5light pitting of aluminum caused by the second 51C2 etch step was noted, Other-
wige, excellent etchant corpatibility was achleved and i{s suz=arized in Table 5,
Complete resict reczoval and cleanliness before the next depositicn was found to

be lmperative,
TEST AND EVALUATIQU

sjeneral - Testing and evaluation was carried on concurrently with process
development, and medifications introduced as diJficulties arogse, The test patterns
were generally used for photolithographle, envircnmental, and electrical testing.
A brlesf summary of soxe of the experimentsai tests and invesatigationt 13 covered

heTe.
Substrates used in the expericents were: 1) Single crystal sapphire, 25.4 nem
(1 o in.) fialsh, C axls parallel tc the pgurface, 9,381 ~= thick, and 2) Firne
grained alumina {MAC Superstrate) 0.381 mn thick,
Metallizaticon Studles - Good adhesion, low stress, good electrical conductivity,

and minimal reactlon up te tecperatures of 370°C were desired charaeteristic. of the
xzetal layers. The W-Au s5ysten does nol forem any intercmediate phases up to the
bolling polnt of Au.T The W-Au system has been investigated by others &8 gemicon-
ductor wetallizaticn and is superlor to Cr-Au or Ti-Au as far as diffusion and
resultant resistlvity changes at high texperaturea ln both air and vacuunm up to
650°C are cuncerned.ﬂ No diffusion inforgatian muld be found on the W-Al system,
however. Therefore, alr aging tests were conducted at LOO°C on substrateg goated
with W-Au and W-Af nond corpared with Cr-Au, The results of sheet reslistance ceasure-
ments are shown in Flgs. 8 and 9 and indicate no significant changes for the W-Au or
W-Af system compared to the Cr-Au systexr whiceh 1s known to exhlbit considerable Cr
diffusion throvgh the Au at high temperatures. Auger analyses after aging showed no
detectable W on the surface of the W-Au or W-Af ssmples. The zlight incresses in
sheet resistance of the W-Af samples after 20 hourg at LOO’C 1s attributed in part
to surface oxidation. Scanning electron microscepe (SEM) photographa of fracture
eross sections did show a glight hint of alloying at the W-AL interfaze after eging.
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If true, it 1s considered 1asignificant For the short processing times required at
370°C for eutectic die attachment.

The sungsten layer in thickmesses of ~ 1 ym is a densely packed columnar
structure of medium feature size (~ 1000 ﬁ) wilth density of ~ 95% that of the bulk
value, The resistivity ranged from 30-38 gohm-cm for £ilms up to 3 um thick which
ic 6 to T times the bulk value of 5.6 pyohm-cm, This is a limitation of the de¢
sputtering technique used. Reported values obtained by others are 20-30¢ ychm-cm
using RF bias spui:"a«e*r.i.-:'.g";':“l and §-20 pohm-cm using triode aputterins.lﬂ

Adhesion of the tungsten in thicknegses of 0.03 to 3 um to both =apphire and
elumins was found to be excellent, It wee —=' necessary to use a TL adherence
layer or Ti-W =lloy asg others have when depositing W on Sice.ll The adhesion of
Au to W was also found t0 be excellent and Is attributed to the immedigte sequenticl
sputter deposition of W-Au. Adhesicn (and indirectly stress} of all films wWas
initislly checked using the adhesive tape test and temperature shock from -196°C to
+200°C with 10-15 sec dwell at room ambient for 10 cycles., Temperature aging and
cycling tests as well as Au and A2 bonding studies will be reported on later, The
comperite W-Hu/SiOE/A£/SiGE {thickmesses: 1.0, 2.0, 1.0, 1.0 ym, respectively)
withstood adhesicn testing without lifting, crazing, or cracking.

Resistivity of the gold and aluminurm £ilms was well within +10% of bulk values
(2.46 and 2.77 yohm-cm, respectively). SEM analyses indicated rather large feature
size: ~ 10,000 A for Au and ~ 5,000 & for Al.

gige_gggylatur Studies - The RF gputtered 5102 insilator £ilm used as the
dielectric for the crossover structures (i.e. H-Siﬁe-ﬁz) was evalaated f£o>r dlelectric
and physicel properties. The dieliectric test pattern was used with three thick-
nessea of Sioé on sapphire substrates. The pattern consists of 16 capacitors per
substrate, varying in area from 2,25 to 1B mm?. The results are shown in Teble 6
and Fig. 10. The yleld figures refer to capacitors on the dielectrie tegt pattern
and not to the much smaller crossovers on the fine line pattern. Yield on cross-
overs will be discussed later. Sputfering from an 5102 target generally produrces
films which are somewhat oxygen deficient, The dlelectric congstant, density, and
dielectrie strength obtalpned, however, are qulte close to what would be expecled
from good 5102 fiims,

Aging Studies - Test circuits using the screen wire and fine line test patterns
(Figs. 4 and 5) wWere fabricated and tested. The top insulator (5102) was left off
in order to permit probe tests directly on the metallization. Two groups of sarples

using both fine graeined alumina and sapphire substrates were fabricated, Group I
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Properties of R¥ Sputtered SiQ0p, Fillms

PROPER
Capacitance, {pF/mm<)

Diel=¢cwric Constant,
Digsipgticn Factor. (4)
Capacitor Yield, (%)
Density, (gfem3}
Breakdown Voltage
W-5105-A2, Ave. (V)
W-S10,~Ad, 0 (V)
DMelwectric Strength

W-510,-AL, Ave. {¥/cm)

Taole &5

299
0o

3.72
<J,Jl

21

3.3 x 10

3300
35

3.7
<2J.J1

34

515

FILM THICKHESS A

s

2
3.72
<QJ, 3L

L

2.cc
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Capacltance nmessurements on dielectric test pattern for three
thicknesses of silicon dleoxide.



was typical of filn thicknezses used in the investigation of the metallization
scheme. Here the first insulating layer of 3102 vas sppraxipately as thick as the
tungsten layer. (Jroup IT was similar except that the EIOE luyer wus spproximately
cne-half as thick ar the firat tungaten layer,

Before subjecting the samples to temperature Cycling and aging tests, initisl

maasurenents of electrical paremeters were made including:

l. ZLeskege Current of the W-810,-AL crosacvera on the fine line pattern on a1l
groups., The crossover asrea was 0.127 em (W) by 0.0762 mm (AL). The
spplitd volltage varied framw 25 to 100 VDC depending on the £ilm thickness
and subatrate, Leakage current was Alfficult to ceasure below 1 nA because
of instrmentation nolse and pickup; therefore, values below 1 pA were not
recorded,

2. Crossover Breakdown Voltage ~f a statistical gquantity of the same crosscvers
referred to in 1 above, The voltage wags racped at ~ 15 V/see, The current

was limited by = 10,000 olm reslstor. This wis a destructive test,

3. Via Continuity of the 0.0762 mm wide W-AL conductor 1inks on the fipe line
pattern by measuring the resistance from terminaticn to termination, There
were DL W-AfL interfaces {i.c., vias) in each line, esach being 0.0762 m
aquere,

h. Conductor Besistance of the 0,254 om wide W and AL conductor lines on

Group I and II samples was measuredl {rcp terminetion to termination on
the screenvire pattern, There wer2 17 crossovers (0,254 o square on cach
line,

5. Contact Reaistance of the 0.25h4 nm tquare viag (W-Af transitions) was

meadqured on both groups using the dcreenwvire pattern. A crossed contace
(four point) method waa used with 0.0l ADC applied betweeh two terminpals
and the resultiang voltage measured with a high impedance volimeter acrosa
the oppoaing terminations. The voltage was reversed to check for non-ohmic
behavior and the aversge of the two reedings recorded., Ho significant
non-ohmi ¢ behavior was noted,

After the initial measurements of the electrical parsmeters, tbe Group I
samples were mbjected to 110 temperature cyeles -55°C to +150°C with approximately
7 minutes betvween temperature extremes. The electrical parameters were meagured
at the end of 10 and 110 cycles, The aame aapples along witi. Group IT samples were
ther subjected to 500 howrs at +150°C with electrical meagurcments made at the end
of 10, 110, and 500 hours, Group I sapphire fine line pattern samples were then
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subjected to 10 minutes at LGQO°C for the final test after which electrical
parameters were again reasured. All electrical measurezents were made at room
ambient conditions. The gubstrates were not packaged »r sealed during testing.
Jumaries of the aging test results are ghown in Tables , through 11 and in
Figs. i1, ¢, and 13. In all cezces, sapphire saxples performed better than ceramic
L acause of the smoother surface. The rougher surfaced ceramic substrates had to be
subjected to a lower voltage during leakage current Eeasurements. Average croas-
over breakdown voltage messurementsd were 1.5 to 2.5 timez higher on aapphire than
on ceramic. Group I semples fared better than Group II samples on leankage current
and breakdown voltage because of the thicker first 5102 insulating layer. This Is
indicative “hat the insulating lasyer should be made thicx enuugh to maintain an
adequote margin on breakdown voltage and suggesta that the layer should be as thick
as or thicker than the tungsten crosgunder In order to adequately cover the tungsaten
line edges where the 5102 iz thinnest. Crossover yield was good. There were only
2 and 3 shorts out of 1230 tested for Group I sapphire and alwrina respectively
{see Table 7), Wnile precnutions for dust contropl sere taken in photolithograrhy,
51G2 deposition was done outside clean room facilities., The shorts noted were
readjly identified under the microscope as pinheles in tre 5102 layer. Voltage
breakdawn strength and leakege current of Group I capralre samples were consldered
adequate for the application. The results on Grcup I alumine sanples were con-
sidered good but indicative that thicker insulation or a lower operating voltege

would be deairable,
Bondabllity - Various tes*s were conducted to deterzine the bondability of the

x0ld and aluminur metallizations. One-nil alurinum and gold wires were bonded to the
AL and W-Au metallization respectively .nd pull strengths at ~ 45° measured., Gold
plated 0.381 mn wide standard leed fremes were bonded to Au metallization and

pulled to 90°. The nurber of tests was not large but indicative of good bondabllity
of both the aluminum and gold surfaces. The results are briefly summarized ir

Tenle 12. Die attach to gold using Au-81 preforms at 3T70°C was suaccessful on the

fow :smples tested, Soldering using Fo-In egolder was alsg investigated briefly.

The gold layer wets readily, and, if care i1 not exercised, Au-Si and Ph-In spread
rapidly on the surface. To stop this, the gold bonding areas can bhe Hdmited in

size with the underlying tungaten or the 5102 layers acting as a sclder barrier.



Group &

Metnlliznvion

I, Bapphire
W ~l um
Ay ~2 um
5107 ~L um
ad ~L um
I, Ceramie
Sane
ag
Above

[1. Sapphire
W ~l um
Au “2 uu
510y ~J.95 um
AL ~l.) u=

IX, Ceramic
SAame
ag Ii
Al ove

* W-510,-AL cTosgovers: size: W .

Yoiue

lo. Tesled
Valtago

lMo. Shortn
No. 1-5 nA

Ho. Tesled
Yoltage
Ho. Shoris
No. 1-9 nA

Ho. Tested
Voltege
No. Shorts
Bo. 1=9 ni

H'D # T‘Eﬁ‘hﬂﬁ
Voltege
No. Shorts
Ho. 1-5 A

Nl ~ Nct Tegted

TatLle T

Cruccover® Lewknge Current, nh @ 25°C

Infitinl

-3
1 ).,
*J

i

L —

.
25
12
3

JoL2f ma, Al =

Temp. Cyeling

-55“{: L3 +157°%C

Post 1) Cyvles

123
Lo
2

)

-

123
19

l’r)

WT

KT

Temp. Agingm
bt +153°C

Pogt 9500 Hrs.

L=3
100
D
3

123
120

123
5.

123
25
1

1

. 762 mm, (fine line th-tL'r'rl).

+4 Do

Pogt 1D Min,

123
120
J
&

NT
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Group %
Metallization

I. Sapphire

I. Ceramic

JI. Sapphire

II. Ceramic

* W-B8i0o-Af crossovers, size: W= L. 127 mm, AL = 7172 mm (fine line pottern).
** Spe Table 7 for metesllization thicraess

No. Tested
Min.
Max.,
Avg.

o

Ho. Tegted
Min,
Max,
Avg.

a

No. Tested
Mn,
Max.
Avg.

J

Ho. Tested
Min,
Max.
AVE.

a

NT - Not Tested

Telle 8

Crosgover® Breskdown Voltege, V & #5°C

Initisl

(@
320
655
518

68

96
112
302
23l

34

95
3L
211
140
31
H
4
151
[
15

Temp, Cycling
-55°C to +150°C

Pozt 110 Cycles

&)
376
Ol €
gl )

&f

33
1hj
ar7
2:)

27

T

Tenp Azing
at 150°C

Post 500 Hra.

e
249
035
233

Th

35
107
274
222

3k

71
10w
148
14]

li

42o0°C
Paost 10 Min.

96
287
621
512

G2



Tatle 9
Via® Contlaulty, ohms & 259°%C

Temp. Cycling Temp. Aging

33

Group & -55°C ta +15)3°C at, 150°C 420°C
Metalllzation™  Valuw Initinl Pout llJ Hrs. Post 533 Hre, Foost 10 Min.
I. Sapphire No. iines A 8 S, 3

Min., 3.5 3.2 4 2.2 43,4
Mux. 42. 1 ho.b hz.1 48,4
Ave. 4.7 L. 40.9 h1,h
I. Ceranmic No. lines * ) 7
Min. Lo, o 45.0 49.7
Mux, 3. ) 51. 3 53.2 NT
Avg. Lo, hT.3 LE.1
I11. Sapphire No. llinecs ) v, 3
Min. O, 1 L, O 8.0
tlax. 118,1 J). b4 83.2 NT
AVE. { .8 Te.B T9.3
II. Ceramic HNo. linep ) ) v
Min, L. L7.5 LT.4
Mex, 5k . 3 028 54.9 NI
AV, §5J. 0 51.6 50.8

* W-Al transitions nn Group I & II, 6! per line, J.0762 mm square,
#% Spe Table 7 for metallization thicknessea.
NT - Hat Tested.



Totle 10

Conductor® Registance, ohms @ 25°C

Group &
Metallization®® Value
I. Sepphlre No.

Al Lines Min.
Max,
Avg.
o
I. Ceranic No.
Af Lines Min.
Mux,
Avg.
Q
II. Sapphlre No.
W Lines Min.
Max,
Avg.
9]
II. Ceranmic No.
W Lines Min.
Mex.
AVR.
a
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37,1
1.b

Temp. Cycling
-59°C to +150°C
PoaL 110 Cycles

¥ Conducto: width, 2.254 mm, (Secreenwire pottern).

¥ See Table T for metallizetlon thlckness,

NT - Not Tected.

Temp. Aging
at +150°
Q7 Bro.

F.ﬂ
I

L] ] -
Ll L

H

Lad 4l
'l"\s-l:"l-*E\ O OChv=wa O
QO 4l Ll And WA A O

Lt iy r—
— T

second Sif.]E layer cmitted,

LOu°C
Fost 10 Min.

1’

-

G Bwn e
R —i — i

=

I



Tatle 11

Contact Hegloloncew, (milliuhm&)

Temp. Cycling Temp. Aglng
Group ~E5°C to +150°%C at +150°C
Meotalllzation®®* Value Initinl Post 110 Cycles Toat 500 Hrs.
1. Sapphire Ho. ) G 3
W-AZ Min. 6.6 5.6 5.6
Hex. 11,2 11.9 ll.9
Av. 3.8 2.2 2.1
I. Ceramic No. 8 e 8
W-AL Min. 12,4 12.5 12.3
Max. 16,8 17.0 17. 0
Avg. 13,7 13.6 13.5

bl 0;25& mn square conliein, [Selaﬂnwirﬁ pntt&rn).
*¥ o Taple 7 for metallization thicknesses.
NT - HNot Tepted.
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Parameter

Frevonditiontnge
Fonalng Methaod
Gold Théichkneoo
Aluninus ThicaAness
Lead Stze
Sutstratec Terpera’ g
Taol Tomperoture
Forow

Waeler Pulled

MY raemn

saximum

AN TRS

Tut'le 12

Bind Pur! Tests

(Suppbire Siptrastesn)

_ Au-Au Wire Au=Ay Lead Frome
3J0%, 2 hru. 3) °C, 2 hrs.
Therzo-angrevclorn Thermocon ession
Ced M S um
Jo K25 ru, ie 391 m Wide
LL0°%¢ UK
W0 °C UNK

Jo i3 Re UK
22 27
b, x 170N Lot R
7.3 x L5 1 WL
Sef % LVE 2.2 1

wotel ALl feallvres wore lend ruptare Uepe

*ITevious alr ambient temperature hlotory

___ﬂf.-ﬂ_j- Wire

420°C, 12 min.

Ultrasoni=
Je 33 um
J. 254 mm

RT

RT

UNK

2l
& x 1078 N
) % 1072 M

1.5 % 1072 N
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DISCUSSIQON & CONCLUSIONS

The results of the evaluation and aging studles show that the metallization
gystem can withstand processing texperatures up to 370°" for ecutectic die attach
{Au~Ge et 356°C and Au-Si at 3637C), soldering, beem ieed bonding, ete. The opera-
tional temperature can be ~55°C to +125°C with no apparent problems. Crossover
yield was good (less than (,3% shorts)} and can be improved with better process
control. Alternat: tungsten deposition techniques (i.e., triode sputtering) could
regult in lower resistivity of that layer.

Thin film techniques for crossovers and interconnecta based on a deposited
metal-insulator-metal system bave been developed and used in hybrid circujts and on
semiconductor devices since the early 1960'5.12’13 Recent IST semiconductor develop~
ments have forced the development of two and three level thin £ilm, high resolution
metallization systems on semiconductor devices, There are several good reviews of
the advantages, limitaticns, and relisbility of different uystemslh_l? and at least
one general review on materiels and prnCEEEEE.IB' The techniques reported on here
represent. the corbination of many semiconductor technigues (i.e., the five lewel
mask system, fimer lines and spaces, and batch fabrication on one substrate) with
hybrid techniques (i.e., thin film deposition, device attachmen¢, and packaging).

The feasibility of using gold and aluminum metallization ip a two-level, thin
f11m hybrid rmetallization system without gold-alubinum interfaces and meeting the
requirements of the SLL Micro Actuabtor has been demanstrated. The degree of
miniaturization possible, the high tepperature processing c¢apablility, and the
beonding and attachment verzsatllity affords the hybrid circuit designer a means of
attaching and interconnecting a heterogeneous mixture of MOS and bipolar devices,

as well as passive devices heretofore impoagible,

%0
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Appendix I

Preliminary Layout Rules

Substrates

n) 25,4 x 38.1 x 0.38 mm (1" x 13 x 0,015") Supphire
b) 25,4 x 38.1 x 0.38 mx {1" x 1} x 0.015") Algﬂs {MAC Superstrate)

Mas¥ Levels

1.

5.

Gold conductors, bonding pad, and die down areas {For gold-gold bonding

end eutectic bending).

Tungsten lower metsllization. (Crossovers and vias),

Inculator {SiOx} orenirgs for mll gold bonding pads, eutectic bonding
areas, vias, and bonding pads where tungsten-aluminum is degired.
Aluminum top metallization for all top cenductors, over vias, and bepding
pads over glass end those over tungsten,

Top insulator cpenings - required Tor s8ll bonding pads (gold and eluzinunm),

terminations, test points, 1T any, and entectlic bordlng areas,

Generel Lavout Rules

1.

2

Minimlze all crosscover areas, 1,e,, eluminun over tungsten with insulsator
in between. Crosscver should not exceed 0.254 x 0.254 mm {10 x 10 mils or
100 square mils).

Maxinlze all gold-tungsten, tungsten and aluminum metallization aress,
Golli-tungstien conductors are permissible in areas where conductive
cormonents are to be adhesive bond~d to substrate. The areas should be
covered with 3102 layers.

Malntain a ninimm 0.0508 m {2 mil) spacing between lines on the same
level; where necessary, 0,025 mm (1 mil) spacing is permissible for short
distances, i.e., between bonding pads and when necessary to obtain
suitable via widths.

Malntain a minimum O.025L4 mm {1 mil) laterel spacing hetween first and
second level metallization except Iin the areas where crossovera and vias

are desired.
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13.

14,

15.

16.

17,

18.

19,

20.
21,

22.

wetal lines should be 0.0508 mm (2 mils) or zreater in width (zec

¢ above).

If possible, keep crossover areas to & 0,106 x 0,106 mm {4 x & zil)
naximur f{ormat.

Gold-tungsten metallization sheet resistance will be less than 0.03 ohes/
square.

Tungsten petallizatlon sheet resistance will be less than 0,b ohms/
sQuare.

Alumipum metalllzatlon sheet resistance will be leas than 0.0L chms/
square,

Keep metallization 0.127 rm (5 mils) away from edge of the cubstrate.
Gold to gluminum transistions shall Le separated by a minimim of 4
0.0508 mm (2 mil) wide strip of tungsten, Malntain this minimum wherever
poselble to reduce resistance,

Bonding pads for aluminum wire should be at least 0,1016 % 0,1016 o

(4 x b mils) in area, (maximize srea consistent with 4, 5, mnd 20).
Bondirg peds for gold wire should be et least 11,1016 x 0.1016 cmm (L x L
mils) in area (paintain a minirum of 0.0508 m (2 mils) clearance sround
pad for sguashout. Maximize area conaistent with 4, 5, and 20),

Bonding pads for gold ribbon should be at least 0.2032 x 0.1016 == (8 x &
mils) in ares for 0.127 mm (5 mils) wide gold ribton.

Bonding pads 0.1524 e (6 mils) square minimunm must he provided for sll
beamns of any beanm lead devlce. Center of pads shall pe 0,003" froem the
edge of the dle,

AdjJacent bonding pads on the gubs*rate shall have a minimum center
spacing of 0.2032 mo (8 mils) with & minimurm of 0.0508 mm (2 mils)
separation,

Glass openings for bonding pads and eutectic die down areas should be
design:.2 to be 0254 mm {1 mil) in from the underlying metal.

If necessary, tungsten conducturs may run under 1lnsulated aluminum
bonding pads.

Maximize bonding pad arcas wherever posslitle.

Allow a ninimum of 0.381 zm (15 mils) from edge of chip to ceater of
bonding pad for chip to substrate wire boad {ref. 14 exd 1%),

Fine wires should be held 4o a maximom length of 1.52L mm {00 mils).



26,

31,

shere possible, provision will be made for redundant bonding to chip

capacitors.
IT wore than 1 wire (aluzinur or gold} 1s ccnnected to a bonding pad,

the pad should be at leazt 0.1016 x 0.2032 o (4 x 8 mils) in size for

2 wirea, for exsnmple,
Maximize vian openings wherever poasible.

The Tirst SiOé layers should cover all tungsten and tungsten=-gold areas
except via openings and aluminum and geold banding pad areas.

Via width (Siﬁé opening) chould be st leest 0.05708 m (2 mile),

Via length {S:UZ:IE opening) stould be at leact 00,1016 r= (4 mils).

Via width (Siq2 opening) chould be Q,0254 ™ 3 mil) in froo the

underlying tungsten metal.
Aluminuz metallization overlepping the via orering should be 0,0254 rr

(1 mil) minimur greater on all sides.
The second SiGE layer should cover the entire substrate except for

pluminum and gold bonding pnd arens,



Appendix II

Background on High Dengity Multilevel Hybrid Circult Techmiquec

Tre SLL BMlcro Actuator reaulrécents were an exazple of circult variety,
casplexity, and extreme miniaturization. Various methods have been developed over
the years for fabricating ccxplex hybrid microcircuits, Wwe here describe and
ccrment on several rultilevel technlques which typify the gresent jgtate of the art
and ¥ at were considered for this spplication

Multilayer Ceremic - 4 ceramic slip (generally alumina) i cast in thin

"green” sheets by a coctor bleding procesas. The gheets arc cut to size, viu holes

are punched, and metel and metal posts are screened on trhe cheets in the desired
pattern to form the conductors and interlevel via connections, The Individually
coated sheets are then lamineted and the tup layer mwetalllization screencd on. The
assembly is then fired, sintering the layers together and resulting in a monolithic
multilevel 51:.1'11.11‘:i:.urie*.]'-h There are several variations, cuch ag metallizing the top
layer with thick fllm techniques after firing, the use of glass layers, sald variouc
retal combinations., IBM has done consldersble work using thls technigue, making 1t
caompatible witbh thelr "golder bump" sexiconductor devices., Line widths ond cpacings
sre typlecal of acreened thick film techniques with 0.127 mr posalble; however,
0,200-0.254 rm are more desirable.

This technique hes merit for volume production but requires speclially made
dievices and access to rather sophisticated ceramic fabrication facilitles, Align-
ment and delamination are problem areas, For this applicatleon, agide from device
availability, it appeared that the resulting substreate thickness would be too great,
tooling charges too high, and rescolution during the lamination process on such
smwell substrates e problem. Inevitable changes in circult configuration and/or
size would result in costly tooling changes.

Multilevel Thick Film Techniques ~ Thick {ilm cultilevel circuits based on
the patterned screening and firing of aur~¢esaive conductive, insulating, and
resistive inks or pestes on alumine ceramic are quite versatile and widely used
methods of fabricating hybrid clircuits. In the convent.ional process, screens
(generally 200-325 mesh stainless steel) are covered wWith a photosensitive layer of
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materinl and exXposed with vitreavicliet 1ight ucing o photographic image o the
t-ciret pattern. [evelopzent then washes away openlings in the layer as desired.
The screen is then placed in a screen printer, and the pastes are forced thr-ugh
the screen openings and onto thé substrate in the desired pottern with a squeegee.,
Tr.e conted substrate 1o then Uired 1in a belt Turnece,., The next patiern 1s then
serecned on and the substrate s agaln flred., The steps of sereening and firing
are repeated until the desired layered pattert 1s conplete. Dieleetric layers are
2-9

usually double coatlngs to cover defects,

Considerable improvement in thick ilm processes, tools, and techniguee hae
peon nccomplished in recent yenrs, Screen desiegn has been improved; 325 mesh, kO
rercent opening stainlecs steel is now rather cumman.lﬂ'l2 screen exulsions have
bren imprnveu,l3 and etehed metal ruther than screen has also been used to .-nhance
Jﬁfiﬂitlﬂﬂ.lL The inks or pastes used have undergone oynsiderable evulutinn.15
Fritless gold conductor lnks have brought about ixprovements in bonding and line
iefinition. Crystallizeble dlelectrics have been develored to permit firing of
subsequent layers without saftening tne previous lnyer.ln Many different paste

materials and subatrate properties have been developed and evaluated for mult{layer
thick film prace55es.1?'21

The resclution capebilities ol thick fllx screened zateriels have been
evalunated. oni eXperience seems to indicate that a retlo of 2.5 to 1 15 desirable
for centerline spacing to line width, About the test resdlution atteined has been
J.10]1 er lines cn 0,254 7w centers, More desirablie froz a procuction and yield
viewpoint is 9.152 z& lines on 0.381 om centers. Using these line widths and
openings, one study on line segments up to 12.7 wn long on 50.8 1h square substrates
iniicated that the number of geod lines (noc opens or bridges) roaged from 81 percent
on the latter to 13 percent on the bem&r.EE Thus, yield falls off drastically as

the line width and spacing is reduced.
Several methods of overcoming the line resolution and spacing limitations

inherent in the screen printing technique have evolved. One method is the use of
photollithogrephic techniquer as in thin £ilm technology. The conductive and/or
dielectric inks are screened on aver the entire substrate without patterning and
then fired. Fhotoresist and subtractlve etching technlques are then used ta define
the pettern before the next leyer is screened on and fired. The screen coating,
firing, and photoresist steps are repeated untll the clrcult 1s camplete. Line
widths and spacings of 0,102 mm and matching 0.102 mm vies with reasonable yields
are claimed. It was found, however, that the 96 percent alumina substrates
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classically uged in thick t'iln circultry were too rough und had to be ground ma
polished to obtain such resnlution.za‘gh

Another thick film technlque that may have possibilltles for high density
multilayer circuitas is based on photoprintable thick film pmgtes introduced by
uPfont under the trade nace of FODEL. Both gold conducter and crystallizable
iielectric tyre pastes are avallable and are c¢lsimed to be coopatible. The pastes
ere dispersiong of particulate metals nnd/ur lnorganic oxides in a photosensitive
vehicle. They may be considered as filled negative actung photoresists which poly-
merize under the influence of ultraviclet light., In use, the layers are screcned
on over the entire substrete and then exposed through a photogruphic mask to the
ultraviclet light. Development in a gsultable solvent then washes away the unexposed
material, leaving the desired pattern, This is then fired, and the procesas is then
repeated for the next layer. Two and three level metallizaticn ratterna have been
nade with 0.05C8 mm line widths, 0.0762 mr spaces, and 9.127 r= vias clalred as

2o-21 OQther thoan the zevelorment work at Dufont,

practical for the two-~level 3ystem,
application data is lacking. Experimentz here were not encournging.

The number of metal levels incorporated {n production of thieck film hyvride
ranges fr¢em 1 to greatyr than 5 with increasing difficulty ns the number of levels
incregses. Adheglon problems, dielectric sceftening during firing, pinholes, and
cpern: and shorts seered to be the major problers In one study on circults with up to
5 metal levels on rather large subatrntes. Thick filrm resistors have been incor-
porated in multilevel circuits but are generally put down lart on an open area of
the alumina substrate whick has not previously been coated. This 1s because the
substrate material and underlying layer material Influences the eleetrical proper-
ties of the resiztor and also because laser or abrasive trimming techniques are
Nnecessary.

™in Fillm Multilevel Technlgues - The discussion will be limited to those
techniques which afford a crogsover ard interconnecticn capability between metal
layers. While thin film hybrid circuits have been produced using a variety of
techniques, multilevel thin film hybrid circuits have not been widely used, FHow-
ever, if one looks to the semiconductor ISI (large Scale Integration) advancesg,
particularly in the MOS (Metal-Oxide-Semiconductor) area, two-level metallization
is quite common and well developed. In fact, doped silicon channels in the silicon
chip itself often serve as the third canductor level., 1In the hybrid area, however,
circutts are generally mede using single level metallization which Includez thin
film resistors and occasionally thin £11m cepacitors. The practlical techniques of
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industrinl and millitary signiflceance have been limited to NiCr, Cr, TﬂEH, and
Cr-SiL£ resistors and S1i0, SiOé, and T3205 capacitors with gold or alurminus
m&talli:atiqn.gg’ao Crogcovers, with few exceptions, . ~¢ minimized by careful
cir~ylt layout, utilizing capecitor ccocunter electrodes, end, when necessary, are
made by vtilizing bonding gold or aluzinum wire {or ribbon},

One peth-.1 for providing crosszovcers on hybrids that has gained favor is an
adaption > the so-called Lepselter bean crossavers first used on silicon Integrated
eireuits.3l Tiiey are made by depositing copper over photodefined thin film circuit
metallization, etching holes through the copper for the beam pillars, and then
clectroplating gold through a patterned coating of photoresist to fabricate the
rold beams and pillars. The copper Iz thet etched awny, leaving the gold beam
0,025L mm thiekr supported by 1ts plllers suspended gver the desired metallization
lines benenth, (See Fig. lA.) Widthe as small as 0.127 £m and spans as long as
2.16 mm nave been made.a2 A variation which overcomes thé problem of beam sag and
rotential shorting is to depoult a layer of zirconium over the cilrcuit before
rlating the copper. After the copper etching step, the zirconium ig oxidized to
zirconium oxide (Zrﬂz), thus covering the circultry including the arean under the
beams with an insulpting dlelectric, thus avoiding the shorting prublem.33 The use
T erE i{s not corpatible with tantslur nitride resistors because of the high

temperature reaquirea to oxidize the zirconium. TCespite the complexity of the

processing, hybrid circuits using besn crossovers have been nade by Ball/Western,

HCA,35 and others,

Another method 15 .. Incorporate necessary crossovers in a metalllzed beam

L

lead silicon chip termed a "crossover chip” and then bond 1t in plaue.36 The
advantage over ribbons or wires is that the device can be &attached at the same time
as the regular beam lesd devices using the sare equjpment, and complex crossovers

can be made.
Thin filwm systems for crogssovers and interconnects based on a deposited

metal-insulator metal system have been used since the early 1960°'s in iy.rid
circuits.3T The most common technique 1s the use of alvminum or gold condictors
separated by s layer of 510 or 5102. Deposition techniques for the metal layers is
genernlly done by evaporation or sputtering; for the 510 or 5102, RF sputtering

and chemical vapor deposition (CVD) technigues have been employed. Rather high
interconnect densities were reported in one hybrid application where the first
metal layer was a Cr-Cu-Cr sandwich deposited by evaporation. The insulator was

CVD derposited 5102. The top petal layer was evaporated Cr-Au followed by
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vlectroplates gol:, #lnleys line wiitky an? spocing were 0,102 e and 0,050 e,
recpectively, Crosgsovers were tyEleally 0,106 £ zouare. Yimg were as zx==)l ac
2. 15% pro oneguare. Subsztrutes were 1O zil thicx aluxine pelished to o surface finlsk
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LY oat loeast bW ozem, Thin Ciis resiztors sore fot [rcorporatel, There are other
cxnzples of ihin filr multilevel hyorias, Sut the literature is not nearly as pro-
lif'ic us that o thick rfllx techniqgues.

In the sezliconductor integrated circult indus-+—v, consldersble work hac been
aone un thin file multlleyor tecbniques, The -5 . ¢ oF petive devices withi..
the zillcon, coZrounded with the greeater nucber | ev.cen In a ¢hlp, nave cade the
ievelopment of cafpativle rultilevel thin filc rocellizotion systeps for inter-
connecting the levices loperative. Trese LST applicaticnc niave force? the
ievelopment te the yount wWnere tWosluevel petallizaticn iz guile copmen. Trnere are

several goe: reviews on the advantages, limltatlans, and reliabllity of different
3* t-hi;

systems anid ot legst one general reviesw of the =aterials and precescing
i
4 -
Lechnigues veling ucec. vany moterisls hove been eXploited to fabricote zultilevel

{nterconnecty on ISI devices, Zoze arce chown belew:

Yetals Ingulatars
AL EIGE
AL-S} 555, {yhosphorous deped)
AZ-Cu 510, (boren doped)
Mo Siaﬁh
vo-pu-lo AIEUB
Y Various glrss coxresitions
TeAU~T Folynmide
PMS51-Ti-Ft-Ti
PtSsi-Ti-FH-T71
T fe-AuaTy S

In generel, the cholce of metnls and insulntors i3 stringent vwhvn on O over
silicon becausc of {mpurity diffuscion and charge storage probiers, In additicn,
ohmic contact to the silicon 15 & prime requisite, Most multllevel systecs on semd-
conductors today use eveporated sluminum layers doped with Cu and/or Si to mintmize
electrumigrutiunh6 ani 5102 doped with phospherus to minimize interfacial c¢harge
storage. Notable exceptlions are polycrystalline silicon defined in the silicon

itself as & conductive layer, anodized Al for interlevel insulation, eand the boam
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crossover technigue previously descrived, Minlrmus lige widths are ln the vicirlity
of 0.0025 = with speacings of Q013 z=. Minlzu= via clze 13 in the vicinity aof
2.J13 . Two rmetal layers and £ polycryatalline siliccn conductive layer separated
by 5102 are EE$=DH- Recently, 8 5 level pyster using 2l nna polyariade insuletion
was rerorted,

Cne rellability study on a A1-51DE
reasonnble failure rate an crossovers and viao. Terperatureg of 150°C far 1000
nours indicated a faillvve rate of cne croasover In 12,000 and tcmperature cycling
from =65°'C to 150°C for 500 eveles reculted {n & fallure pate {shorts) of 1 in

13,200, lo incresse in via reaistance vas noted. Crossover gslize was U,.0013 m

ud

-Al systerx on silicon indicated a very

cguare,

There ig sorething to be learned from the semtccniuctor indus*ry in multilayer
technigues. First, they are accustozed to complex botch precessing technigues
{nvolving a large nucher cf well understood procecurces and repetitive steps and
sophisticated equirzent. GSecond, they procest o quantity of devices in onc wafer.
Third, in contrast to coot pagsive cacponenht and even bybrid substrate manufac-
turing philosaphy, they ars willing to gecept comparatively low ylelds., Az the
cozplexity of mecrallized gubstretes Increases, thelr chlissovhy =ay be the only
viable aption.

Qther Multilayer Technigues - Several other techniques far hybrid :zultilayer
retallization ~ith Interconnecting blas and croscovers are worthy of rcention. The

flrst {c the STD (Sericonductor Thermoplactic Dlelectric) process developed ol GF
s & means of mounting end interconnec ing trancistor and integrated clrcuit chips
on & subst.ate without the conventional wire bende. In the criginal version of
the process shown in Fig. 2A, thin film }iCr end gol:i nre first deponited on =
substrate and photodefined for resistors and lower level interconnections. MNesas
or pillars ror interlevel connectisns of the deagired height are added by pleting
and seleactive etching., Thelr height is pdjusted to zmatch the thickness of the
semiconductor devices. Then a thin loyer of fluorinated ethylene propylene (FEP)
1s bonded to the substrate such that its gurface 1o coplanar witu the top of the
resas. The FEP left on t¢p of the mesas is removed by celective RF etching.
Tranclictor and integrated circult chipe with gold terminationes and thinned by
larping tn» a prescribed thickness to rmatcn the mesa helght are bonded by pressing
then into the FEF. The positionlng nf chips must be accurete. A cover of FEF 1o
pressed and toaded over the entire substrate. FYF plasca etching is then used to
ospen windov areas aver the chip bonding pad areas. Copper conductors are then

oe
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deposited on top and phctodefined to complete the interconnectioms to the chips
and mesas. In later verojons, tbke transistor and integrated clrcults are eutec.

tically or colder bonded direetly to the gold surfare aof the firat layer aof
metallization before the FEP layers are pressed on. Lead frameas have also been
:l.ncurpnruted.hg

The second technique called BLIFP (Beam lead Interconnect Packeging) developed
at Northrup Electronics 1s samewhat similaer (see Filg. 3A). The substrate ic
zetallized and photodefined using thin f£ilm techniques for a resistive layer (if
desired) and lower level conductors. A dry f1llm photopolymer spacer 15 then lami-

nated to the cubstrate, After the lamination step, the photopolymer 1s exposed
and developed to form device cavitiea., The devices are then pleced ln the cevities

and resin honded. HNext an interconnecting laninate of alternating layers of thin
epuxy~glass and metal conduetors interconnected by piated through holes is mede up
in a pattern to provide all intercoanecticns between devices and substrate metnl-
lization. Holes and protruding beam leads that match and cover the device bonding
pads are p:irovided. The leminate ia then placed over the substrates and baonded in
place. The bheam lead ternipations are ultrasonically bomded te the device bonding
pads and the substrate terminations. Exiernal lesds are bonded to the top metal
layer and the ¢igcult is then packaged.50

otk the STD and BLIP multilayer techniques reguire that device and camponent
helghts be uniform end carefully controlled and that the bonding pads be compativle
with the metallizatlon used es an interconnect. Nelther technigre is spplicable
nere.

The third technique 1s based simply on thick and thin film combinatians,
Generally, the lower metel levels i(nd the insulator layera are deposited using
screened thick f£ilm techniques and the upper metal layer with thin £ilm and photo-
lithographic techniques, Thick s7d thin film resistor can be incorporated, thus
theoretically incorporating thc better fegtures of each technology. 21 I[dttlie
practical application has been neoted.
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