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ABSTRACT 

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 (substrates in a 
two-level metallization system is described. Tungsten is uted as a ioteral transi­
tion icetal permitting electrical contact between the gold and almpinug without the 
two metals ceding in physical contact * Silicon dioxide serves as an insulator 
between the tungsten and aluminum for crossover purposes, and vias through the sili­
con dioxide permit interconnections where desired, Tungfiten-gold ic the first level 
conductor except at crossovers where tungsten only is used and aluminum is the 
secoid level conductor. Sheet resistances of the two levels can be as low as 0-01 
ohm/square. Line widths and spaces as snail as 0.0?5 mm con be attained. A second 
layer of silicon dioxide is deposited over the metallization and opened for all gold 
and aluminum bonding areas. The metallization system permits effective interconnec­
tion of a mixture of devices Having both gold ana alur.inum terminations without 
creating undesirable gold-aluminum interfaces. 

Frccps^ins tenrper̂ turcc up to ̂ 00JC can be tolerated for short times without 
effect on bondability, conductor, and insulator characteristics, thus permitting 
silicon-gold eutectic die attachment, component soldering, and higher temperatures 
during golu1. lead bonding. Tests conducted on special test pattern circuits indicate 
good stability over the temperature range -55 *C to +150JC. Aging studies indicate 
no degradation in characteristics in tests of 5C0 hours duration at 150*C. 
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A thin film hybrid oicrocircuit aetollizetion system waa developed and 
feasibility established for the SIX Micro Actuator vhich required the interconnec­
tion of a fixture o7 semiconductor devices (!tOS and bipolar) with both gold and 
aluminum terminations as veil as passive components (chip resistors and monolithic 
capacitors), lutectic die attach end soldering of components was desired for 
thermal dissipation reasons. The necessity for processing temperatures as hi£h as 
370'C for die attach* soldering, an«i bonding during assembly and rework maae i* 
desirable to avoid gold-aluminum wire bonds at the devices or substrates, thus 
eliminating the controversial Au-Ai intermetallic problem. Extreme miniaturization 
and circuit complexity requirements led to a two-level metrllization system with 
crossovers and the capability of mounting some devices and components direct^ over 
the metallization. 

The metallization system developed meets many of the universal characteristics 
and requirements desired in a hybrid microcircuit Including; 

1. Extreme min i a tu r i za t i on . 
2 , Fine l i n e and space r e s o l u t i o n , 
3- Monometallic wire , beam l ead , ribbon and lead frame bonding capab i l i t y 

( i . e . , Au-Au and A4-A4). 
1;- Eu tec t i c d i e attachment capab i l i t y ( i . e . , Au-Si and A*-Ge)* 
5, Solder device and component attachment compat ib i l i ty ( i * e . , Au-Sn, Fo-Sn, 

and Fb- In ) . 
6. Mounting of devices over the met alii z at ion. 
7, Two-level metallization for crossovers (necessary ior interconnecting 

bipolar, fcOSj and CMOS integrated circuits). 
8. Process compatibility and viability (capable of withstanding temperature, 

etchant compatibility, equipment availability, etc*}* 
The metallization system is based on W-Au/SiO-/Aj£/SiO„- The first two layers 

of K-Au are sequentially sputtered films photodefined to form Au conductors and 
bonding areas, W crossunders, and transition areas for contacting AX* A SiOp 
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insulating layer Is next sputtered and photodefined to open windows to the Au 
bonding areas and vias for the W-AX transition areas. An aluminum layer is evapo­
rated and photcdefined to form AZ conductjr3j crossovers {W-SlO-WU), and bonding 
areas- A final layer of Si0 2 is sputtered and photo&efined to open windows to the 
AH and Ai bonding areas; otherwise it covers the complete circuitry and permits 
mounting of components directly over the circuitry. Gold and aluminum are always 
physically separated on the substrate but can be electrically connected by the 
tungsten transition layer (see Figs. 1 and 2), Monometallic (Au*Au and Al-At) wire 
bonding is then possible. Substrate materials found to be suitable were polished 
sapphire and fine grained alumina ceramic. 

In order to develop the processing techniques, characterize, and determine 
feasibiJity of the metallisation sycten, several different test circuits were 
designed, fabricated, and tested. Throughout the investigation it was assumed that 
the presence of aluminum-terminated devices would require hermetic packaging? and, 
therefor^ effects of moisture and corrosive environments were not considered. 

Covered in order Eire: 1) Micro Actuator requirements* 2) Design considerations 
and developmental approach, 3) Processing* U} Test and evaluation results, and 5) 
Discussion and conclusions. Design rules for the technology are included as Appen­
dix I. 3acitground information on multi-level hybrid circuit techniques considered 
for this application is in Appendix II. 

Details of the metallisation procedures and processes are brief here but are 
2 covered in considerable depth in a companion report. Those interested in this 

aspect are referred to it. 

SLL KICRO ACTUATOR HYBRID CIRCUIT P£QUia£MENT£ 

The circuit design, device component choice, and package configuration was the 
responsibility of Departneat 8U3Q* Therefore, the functional aspects i-f the circuit 
win not be discusted except to say that analog, digital, memory, and output circuit 
functions were required. In the first Iteration, the circuitry was divided into 
four substrates which in turn were to he mounted on a metal plate assembly with 
connectors for input and output at each end (see Fig. 3)» 

A summary of the device and component types, mounting, and bonding criteria 
for each substrate and for the complete circuitry is shown in Table I. It may be 
ciGted that the preponderance of wire bonds on the devices is to aluninum bonding 
pads. Considering the dimensions of the substrates, the density of interconnections 
and bonding areas is quite high. 
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(c) Die attachment for Al-Al wire boning 
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Fig. 2. Typical metallization structures and details 
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(a) Top View 

(b) Bottom View 

Fig . 3 . M'Jcfrup of Micro Actuator hybrid c i r c u i t s . 



TABLE t 

DEVICES. COMPONENTS AND SUBSTRATE FEATURES 

Devices 

I C f s (NOS & B i p o l a r ) 

T r a n s i s t o r s 

Diodes & Zenere 

E l e c t r o - O p t i c 

Capac i to r s 

R e s i s t o r s 

Fea tu re 

Al Bonding Fads 

An Bonding Fads* 

Die At tach Pads 

So lder Pads 

Resin Pads 

Vias 

Crossovers 

Length, trm 

Width, am 

Th icknes s , tan 
2 

Area, tra 

SUBSTRATE NO. 
1 2 1 4 
3 1 2 0 
0 1 2 5 
0 1 5 t 
a 3 0 0 
0 4 0 0 
0 7 7 4 

SUBSTRATE NO. 
1_ 2 3_ 4 
101 36 59 22 
13 32 7 8 
0 1 7 6 
0 3 0 0 
3 4 9 4 
2 21 16 8 

14 30 

22.66 16.21 24.59 14.27 

4 .191 4 .191 3.810 1.810 

0.381 0.381 0 .381 0.381 

34.84 6 7 - 7 4 93.55 54.19 

Total 
6 
8 
7 
3 
4 
18 

Total 
213 
60 
14 
8 
20 
47 
59 

310.96 

* Includes output pads and die attach pads 



Environmental requirements were not oevere but required consideraticn. The 
following general criteria were expected: 

Temperature Range -55*C to *125*C 
Maximum Voltage hi volts 
r-*.axlmum power 1.2 watte 
Shelf Life 15 years 
Operation Tine Intermittent 
Ho. of Operations Undefined but limited 
Packaging Hermetically sealed 
Si2e Configuration '*< package size fixed 

Reliability was a prime consideration and irû t be high since redundancy was 
not plannc-d. The circuit was to be operated only intermittently; therefore, long-
terra electrochemical and electromigr-ition problems are mitigated. The psckege waE 
to be hermetically sealed, which, if properly done, should eliminate huxidity and 
corrosion problems. 

From a hybrid circuit metallization viewpoint, the following general 
requirements are applicable: 

1. Small size, thin substrates. 
2. Good theimal conductivity; heat generated is in excess of 1 watt when 

operated* 
3. Multilivel metallization with crossovers and interconnecting vias between 

levels of metallization. 
li- Conductors, crossovers* and viae must be insulated since some devices will 

be attached with adhesive over the metallization, 
5. Line widths and spacings must approach 0.025 mm (1 mil) in places* 
6. Electrical conductivity of at least one of the netal levels siust be high-
7- Dielectric strength and insulation resistance of the insulating material 

oust be stable and adequate. 
3, The metallization must be compatible with both aluminum and gold wire 

bonding. 
9, The substrate and metallization should be compatible with gold eutectic 

die attach and soldering techniques and withstand the temperatures (up to 
370 JC) involved. 



10. The metal l i sa t ion crust be ve r sa t i l e to accomodate the d ivers i ty of 
c i r cu i t ry (analog, d i g i t a l , e t c , ) * devices* and components. 

11. The hybrid technique cust he f lexible to acccc=xxlate the inevitable 
c i r c u i t changes and should, from ^r econc&ic viewpoint, have v i i e r usa^e 
than the present appl icat ion, 

1 2 . F a b r i c a t i o n t e c h n i q u e s c u s t be v i a b l e f r e e a c o n u f a c t u r l n g v iewpoin t and 

p7*oJected y i e l d s must be r e a s o n a b l e . 

The r a t h e r s t r i n g e n t r e q u i r e m e n t s a r e b rought abou t p r i m a r i l y by t h e s ^ a l l 

s i z e an i g e o m e t r i c a l r e q u i r e m e n t s of t h e package and t h e d i v e r s i t y of i e v i c e an i 

component t y p e e n e c e s s a r y t o perform t h e d e s i r e d c i r c u i t f u n c t i o n , i r e s e n t hybr id 

c i r c u i t t e c h n i q u e s , such as used i n t h e "CCS p r o j e c t baseJ en c i r c l e l e v e l n e t a i l i 

z a t i o n , were o b v i o u s l y i n a d e q u a t e . 

DESIGN CONSIDERATIONS AND CEVELOttXflT/L AFJBOftCH 

I n t h i s s e c t i o n we c o n s i d e r t h e r e q u i r e m e n t s i n t e rms of t e c h n i q u e s ana 

o u t l i n e t h e development approach f o l l o w e d . The l ' jportscvt r e q u i r e m e n t s a r e l i s t e d 

be low: 

S u b s t r a t e s 
S i z e - Ac shown in F i ^ . 3 ajid Table 1 , 

Th ickness - 0 .38 ina max* 

S e p a r a t i o n Technique - P r e f e r a b l y l a s e r s c r i b i n g . 

Smoothness - 25.** + 10 mm max. 
Camber - 0 . 0 0 1 mm/mm max. 

Thermal C o n d u c t i v i t y - Reasonably h i g h -

Mechanica l S t r e n g t h - E q u i v a l e n t t o a lumina . 

p r o c e s s C o m p a t i b i l i t y - D e p o s i t i o n , e t c h a n t c o m p a t i b i l i t y . 

R e s o l u t i o n 

Minimum U n e Width - 0 .0508 nm (2 m i l s ) . 

Minimum Spac ing - 0.025**- mm (? m i l ) -
Minimum Via Width - 0 .05^8 mm (2 rails). 

R e g i s t r a t i o n - 0 .02 mm o v e r a l l . 

Me t a l i i z a t i on 

C o n d u c t i v i t y - 0.0U - 0.0** ohms/square max. 

Adhesion - E x c e l l e n t from -55°C t o +U00°C. 

S t r e s s - S u f f i c i e n t l y low from -55*C t o +L*00*C. 
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Thercal Expansion - Katcho-i to subs t r a t e If p o s s i b l e . 
fctch&bLlity and Etcbant Compatibili ty - R e q u i r e s 
Soc iab i l i t y - Au-Au ani Ai*AI. 
3 o l h - r a b i l i t y - Fb-in (50-50 v t - %)• 
Lie Attach Cpptb i lHy - Au £1 or Au Ge e u t e c t i c c . 
S t a b i l i t y - Over the i ecpera tu re range -55'C t o **.0GJC* 

Insuln'-or {Die lec t r i c ) 
M - l e c t r i c Strength - Adequate for ** 50 v . 
i * r ~ I t t i v i t y - Ereferably below ** c -
.r.f-aka£* Current * Lev nanoampere range. 
Carspatibi l i ty - * i th z e t a l system ati'-i subs t ra te* 
C i v i l i t y - Over th-- temperature run**e -55'C *-C *-*-CO'C, 
Thermal Expansion am! S t ress - low ana matcheJ. 
Aiihecion - Excel lent t o metal system ana c u b e t r a t e . 

Various mul t i l ayer me ta l l i z a t i on urA Interconnect Ion techniques developed for 
hybrid mie roc i rcu i t s and semiconductor devices we ve I n v e s t i g a t e ! for t h i s p r o j e c t . 
A br ie f discussion of the various techniques on*i t h e i r a p p l i c a b i l i t y maj be found 
Ln Appendix I I . They bas i ca l l y f a l l ' n to f ive ca t ego r i e s : 

1 . Mult i layer Metall ized Ceramic 
2. Thick Film 
5. Thin Film 
- . Thick/Thin Film Combinations 
s. Metall ized P l a s t i c 

In each category, t h e r e arc xany va r i a t i ons an3 adaptat ions for spec i f i c 
e p p l i c a t i o n s . 
Development Approach 

In attempting t o choose the optimum technolo&y, a necessary s t ep %:r* t o 
evaluate the requirements in terms of the cpt ions oper. t o u s . In T*ble 2 we have 
l i s t e d scn;e of the requirements and compared them with the hybrid c i r c u i t teohnicues 
which have meri t for t h i s app l i ca t ion (discussed in Appendix I I ) . The l i s t i r ^ i s 
not a l l inc lus ive "but i s i n d i c a t i v e t h a t two techniques have the bes t chance of 
success , namely: 

U 
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TftBLE 2 

APPLICABLE HYBRID CIRCUIT TECHNOLOGY OPTIONS 

MULTILAYER TECHNIQUE* 

MULTILAYER CERAMIC 

THICK FILM 

a) Screened 
b) Photodefined 
c ) Photodofined & Smooch 

Subs t . 

THIH FILM 
a ) Three Level (2 meta l l e v e l ) 
b) Beam Crossover 
c) S i l i c o n S u b s t r a t e 

METALLIZED PLASTIC 
( I n c l u d e s STD & BLIP) 

THIM/THICK FILM 
a ) Screened Thick Film 

and Thin Film 
b) Photodefined Thick Film 

and Thin Film 

M 

N 

N 

* See Appendix I for Details 

N 

v*y*w 

N 

M 

M 

M M 

f/m 
| Y I M I M 

M I Y 

Y ; Y 

M 

H 

M 

V N 

M 

L e g e n d : N = No, M - M a y b e , Y = Yes 

N 

M 

M 

r t 
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1- Thin film, three layer (2 metal levels), 
2. Thick film, three or ccore layers, photodefined. 
Both techniques require smooth substrates and photolithographic techniques to 

meet the resolution requirements. 
The desirability of a monometallic wire bonding system then required gold-gold 

and aluminum-aluminum "bonding capability. Since there were no proven aluminum thick 
film pastes at the time (one has recently been marketed but not evaluated), such a 
scheme was not possible with thick film techniques» With thin film, these criteria 
then require both aluminum and gold metallization* With two thin film metal layers 
this is possible. 

Thir film techniques were chonen for the development for other reasons as well, 
however, Fitat> thin film techniques have been in use at Sandia. Second^ thin film 
deposition eqdipment and photolithogrej^hic techniques were available whereas thick 
film had not been completely developed for multilevel work- Third, thin film 
materials and techniques were better understood thon thick film. Fourth* it is 
difficult to photodefine thick films with fritttd conductors. Fifth* based on 
trends in the seiLiconductor industry and future hybrid requirements, thin film 
techniques offer at least an order of r&agnitude Improvement in resolution, and 
resultant reduction in size over thick film techniques. 

Specific material choices were made and included the following: 
Substrates • Fine grained alumina {MRC superstrate or equivalent) and polished 

sapphire were used successfully. Dielectric strength and leakage current charac­
teristics of the SiO layer was much better on the polished sapphire because of the 
smooth surface. For the application being considered, extreme miniaturization and 
fine line resolution were necessary* Justifying the more costly polished sapphire. 

Metallization - The requirements for monometallic bonding and two-level 
metallization lead im&ediately to the choice cf gold and aluminum for the two 
conductors and bonding layers. These two metals permit the use of established 
techniques for themocompression (Au-Au) and ultrasonic (A-G-Ai) wire bonding to 
interconnect devices with gold and aluminum terminations respectively. The gold 
layer also serves as a base for eutectic die attach, geld ribbon, and besm lead 
bonding. Both metals have good conductivity and can be readily deposited in thin 
film form. 

Physical separation of the gold and aluminum was accomplished by using 
tungsten as a lateral transition lay^r which underlies both the gold and aluminum. 
The lateral transition peimits widft Au-Ai separation (l-e-i s 0.025 mm or 1 mil) 
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and, except for a small atount of surface migration* effectively eliminates an/ 
diffusion problem. Tungsten simplifies the crossover design in that it can be used 
us the crossunder conductor with aluminum as the crossover conductor (i.e., W-SiO -
AZJ. Tungsten also serves as an effective solder stop,. 

Both tungsten and molybdenum were evaluated for the transition layer for 
several reasons: 1) Good thermal expansion match with Ai-0,5 2) Excellent adherence 
to AlJ>^f 3) Metallurgical compatibility with gold and aluminum, l*) Adherence of 
SiO-, and 5) Previous use on set4. conduct or devices. Tungsten proved superior in 
adherence qualities, electrical stability with SiO„f and etchant compatibility in 
preliminary studies; and, therefore, Ko was not investigated further. 

Insulating Layers - S10 2 proved to be an effective and etch compatible 
insulating layer for the crossover insulation- It has a low dielectric constant 
and high dielectic strength, as well ae a iov thermal expansion coefficient. It Is 
widely used with aluminum on semiconductors. * RF sputtering from a SiO? target 
waa chosen over ether citUiudu of depoaii'on (i.e., reactive a^ i Bering, CVD and 
evaporation) because of process simplicity and equipment availu Llity. In thick­
nesses of approximately 1 jam, SiO- proved to have adejuate dielectric strengtn and 
insulation resistance especially on metallised sapphire substrates for the hi volt 
design requirement. 

The second layer of SiOp penalty epoxy or silicone attachment of devices and 
components over the conducting layers, crossovers9 and resistors for miniaturisation 
reasons. It also serves as an abrasion resistant layer during handling and as a 
solder stop during component attachment. Silicon dioxide becomes somewhat conductive 
over gold areas after 370JC processing temperatures because of Au-SiO? reaction, 

FHOCES5IM3 

General - Discussion here is brief and is limited to metallization procedures. 
Die attach, soldering, "bonding* and packaging procedures are omitted. The processes 
described are those which were convenient and successful in developnent. Some may 
be cumberscane from a production viewpoint, such as sputtering of relatively thic=t 

p gold layers, processes and procedures are covered in more depth in another report. 
The processing sequence used is shown in Table 3-

Test Patterns - Four different test patterns as shown in Figs- 4 through 7 were 
designed for evaluation of the metallization system. 

Ik 



Table 3 

DEVELOPMENT PROCESSING STEPS 

Substrate Cleaning 

Tungsten Deposition 

Gold Deposition 

Gold - Tungsten Photolithography 

First SiO? Deposition 
1 

First SiO Photolithography 

Aluminum Deposition 

Aluminum Photolithography 

Second SiOu Deposition 

Second SiOu Photolithography 

Test and Evaluation 

15 



U, Screenwire test pattern - Crossed, 0-25** mm 
wide, tungsten and aluminum conductors with 
gold terminations. There are 17 lines of each 
metal separated by the insulating layer, nine 
vias (Ai-W) interconnections, and 280 cross­
overs (W-SiOp-AA). Substrate size: 2.5^ * 
2.5** cm. 
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Mask Fabrication - Conventional emulsion masks (5-OS x 5-08 cm) wriT itaie frcn. 
20X masters. The following mask levels arc require i: 

1, Cold definition (bonding pads and conductors). 
2. Tungsten definition (W-Au conductors, crossunders, and W-Ai transitions)* 
3- First insulator definition (vias and bonding pad openings), 
1*. Aluminum definition [\t-Kl transitions, conductors, and bending pails). 
5, Second insulator (bonding pads, die attach, and solder ^reas). 
Substrate Cleaning - Substrates were cleaned by ultrasonic washing in 

tricfcloroethylene, acetone, detergent (igepal C0-710)j and deionizsd water and then 
rinsed in hot cascading deionlzed water ana blown dry with nitrogen. These steps 
were followed by an air fire at 900'C for one hour. The cleaned substrates were 
stored in a glass container in a clean bench for a maximum of three days before use. 

Metal and Insulator Deposl^icn - Tungsten and gold were dc sputtered in sequence 
without breaking vecuujn using a c-titom built multi-target sputtering module. RF 
sputtering was used for the SiOM deposition from SiO target. T^e vacuum systems 
were Sargent Welch, 3102 Turbo noleciloi- type. The sputtering parameters are shown 
in Table U. 

Aluminum was deposited uoing electron beam evaporation. After pumpdown, the 
substrates Were cutgasjec at 3'J0JC for one hour. Substrate temperature was kept 
belcw 125'C during actual reposition. After outgascing clu- charge, deposition was 
maintained at a nominal **5 A/sec using an automatic power controller. Pressure 
was maintained below 2 x 10 Tor/ during deposition- Th'.- vacuum system was a 6 
inch NRC diffusion type with liquid nitrogen baffling-

Photolithography * All photoresist applications, t-fcposure, development, and 
baking was done in class 100 facilities with yellow lighting* Kodak 7^7 Micro ;.Teg 
(negative photoresist) was used successfully, but filtering and double coating by 
spinning vas found necessary to minimize pinholes. 

A IT etc model 6^0 aligranent End e>q:oGurc astern wa.s "ised for pattern alignment 
and exposure, Etiotoresist prcceuure^ were in ace isanct* with the manufacturer's 
recccimen:Jations- After resist removal, substrate- were defied in trichloroethylene, 
acetone, lieionized water, an'J i sop ropy 1 alcohol and blown dry with nitrogen, 

Etchants, concentrations, and temperatures used successfully for the various 
layers are shown in Table 5. After etching, all substrates were immediately rinsed 
in deionized water. £1ching parameters, once established, were closely adhered to 
luring development. S^ne undercutting was desirable in the etching step* to provide 
sloped contours for good film coverage and dielectric; strength of the insulating 
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Tet, le 4 

S p u t t e r i n g P a r a m e t e r s for Tungs ten , Gala , ar.d S i l i c o n Dioxide 

P a r a m e t e r T^r^'S'.en G-^d Dioxide 
Ta rve t Diameter , c* 15.2k 15.2*> 2 - . 3 2 

Tarvwt-Ar.ode S ^ a r l w , J:--. ' - 3 ^ ^--55 7."-

o-r s t r a t a Tempers l u r e , °C 3 ' -' 3 ^ ^ o 

A;y i. P r e s s u r e , u:\ Hg 3- 3 ^ r 

Ar: )r, Pi-jv Ha t e , SCCM* 2-*' 2J_> 05 

IM' . r^e t i Flow Ra te . SCCM+ 

Sc . t t a r i n g V o l t a g e , KVDC * . 5 3-5 

S u - t t e r i n g P^>wer, W(nF) — — 500 

D e r a t i o n R a t e , A / r J u . LG5 33;- 115 

*SCCM - S t a n d a r d C u t i c Ceml : r . e l e r s p e r Second \ : ; r r e : : e d f o r Arcor, 
& i ; i t ro , :en 



TAB1£ 5 

ETCHANTS 
A. Etchants, Concentrations, and Temperature 
Layer Etchant Concentration 
Au KT + I g * H 20 IN 

V KgFetCN)^ * ttegB^G- + H^O 5:0.35:100* 

SiOj HF + NH^F 1:7* 

Al H^PO^ • KK0 3 * CHjCOOH ' H O 35:5:5:5*" 

Au Al KI + I„ + H_0 as above 
* y t c 

*3y Weight **5y Voluce 

3 . Etchant CodjpetiMlity 

Etchant Effect On Mater ia l Boing Etched 
For 

Au n a n n s ( 2 ) n 

n a n x n 

SiU- n n n a s (2} 

Al n n(l) n a a n 

AuAl n a n n s n 

n = nil> a = attacks^ 5 = slight attack 
Notes: 1- No effect in a 3 hour test at U8*C, 

2- See text. 



layers, it was also noted that if the substrate temperature was greater than 
~~ 125 *C during the aluminum deposition, some Au-Ai intermetallic formation was 
encountered at the Au-AZ Interface which could not he removed hy the aluminum 
etchant. A short (few second) dip In KI * Ip removed the alloy but required photo­
resist protection for any exposed aluminum since the gold etchant attaclcs aluminum. 
A slight pitting of aluminum caused by the second SiCg etch step was noted. Other-
wise, excellent etchant compatibility was achieved and is summarized In Table 5-

Complete resict removal and cleanliness before the next deposition was found to 
be Imperative. 

TEST AHD EVALUATION 

General - Testing and evaluation was carried on concurrently with process 
development, and modifications introduced as difficulties arose. The test patterns 
were generally used for photolithographic, environmental, and electrical testing* 
A brief summary of some of the experimental tests and investigations is covered 
here. 

Substrates used in the experiments were; 1) Single crystal sapphire, 25*^ nm 
{1 M in,) finish, C axis parallel to the surface, 0.381 is. thick, and 2) Fine 
grained alumina (MRC Superstrate) 0-3&1 mm thick. 

Met :qiIgat ion Studies - Good adhesion, low stress, good electrical conductivity, 
and minimal reaction up to temperatures of 370X were desired characteristics of the 
metal layers. The V-Au system does noc form any intermediate phases up to the 

7 
boiling point of Au. The W-Au system has been Investigated by others as semicon­
ductor metallization and is superior to Cr-Au or Ti-Au as far as diffusion and 
resultant resistivity changes at high temperatures in both air and vacuum up to 

a 

650*c are concerned. Ho diffusion Information muld be found on the W-AX system, 
however. Therefore, air aging tests were conducted at 400*C on substrates coated 
with V-Au and W*AJ and coinpared with Cr-Au* The results of sheet resistance measure­
ments are shown in Tigs. 8 and 9 and Indicate no significant changes for the V-Au or 
W-AX system compared to the Cr-Au system which Is known to exhibit considerable Cr 
diffusion through the Au at high temperatures. Auger analyses after aging showed no 
detectable W on the surface of the W-Au or W-Ai samples. The slight increases In 
sheet resistance of the W-A/ samples after 20 hours at UOO'C is attributed In part 
to surface oxidation- Scanning electron microscope (SEM) photographs of fracture 
cross sections did show a alight hint of alloying at the W-Ai interface after aging. 
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If truef it la considered insignificant for the short processing times required at 
370JC for eutectic die attachment. 

The tungsten layer in thicknesses of ̂  1 um is a densely packed columnar 
structure of medium feature size («* 1000 X) with density of «* 955c that of the bulk 
value. The resistivity ranged from 30-38 wohm-cm for films up to 3 M*3 thick which 
is 6 to 7 times the hulk value of 5-6 yobm-cm. This is a limitation of the dc 
sputtering technique used* Reported values obtained by others are 20-3CJ yohm-cm 

o 10 
using RF bias sputtering^ and 8-20 uohm-cm using triode sputtering. 

Adhesion of the tungsten in thicknesses of 0-03 to 3 jiff: to both sapphire and 
alumina was found to be excellent. It -was -so** necessary to "use a Ti adherence 
layer or Ti-W alloy as others have when depositing W on Si05- The adhesion of 
Au to W was also found to be excellent and is attributed to the immediate sequential 
sputter deposition of W-Au. Adhesion (and indirectly stress) of all films was 
initially checked using the adhesive tape test and temperature shock from -196flC to 
+200*0 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 
composite W-Au/si02/Ai/Si02 (thicknesses: 1.0, 2.0, 1-0, 1-0 ysn, respectively) 
withstood adhesion testing without lifting, crazing, or cracking. 

Eeslstivity of the gold and aluminum films was well within +10^ of bull: values 
(2*it6 and 2-77 ̂ ohm-cm, respectively), SEM analyses indicated rather large feature 
size: ~ 10,000 A for Au and *•« 5*000 A for Ai. 

SiCU Insulator Studies - The BF sputtered SiO- insulator film used as the 
dielectric for the crossover structures (i.e. W-S10--A£) was evaluated for dielectric 
and physical properties. The dielectric test pattern was used with three thick­
nesses of S10„ on sapphire substrates. The pattern consists of 16 capacitors per 
substrate, varying in area from 2.25 to 18 mm . The results are shown in Tfible 6 
and Pig, 10. The yisld figures refer to capacitors on the dielectric test pattern 
and not to the much smaller crossovers on the fine line pattern, yield on cross­
overs will be discussed later. Sputtering from an S10 2 target generally produces 
films which are somewhat oxygen deficient. The dielectric constant, density, and 
dielectric strength obtained* however^ are quite close to what would be exneeled 
from good S102 films. 

Aging Studies - Test circuits using the screen wire and fine line test patterns 
(Figs, k and 5) were fabricated and tested. The top insulator (Si02) was left off 
in order to permit probe tests directly on the metallization. Two groups of samples 
using both fine grained alumina and sapphire substrates were fabricated. Group I 
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Table 6 
Properties of HF Sputtered S102 Films 

5IU4 THICKIIESS A 
PROPERTY 

Capacitance, (pF/ 

D i e l e c t r i c Constant, 

Diss ipa t ion Fac to r . (%) 

Capacitor Yield, (#) 

Density, (g/cuP) 

1̂250 

3-72 

O . 0 1 

21 

9300 
35 

3-72 

O . 0 1 

3^ 

3-72 

<0.3I 

U 

£.22 

Breakdown Voltage 

W-SlC^-Ai, Ave. (V) 

W-Si0 2-Ai, cr (V) 

Dielvwtric St rength 

Ik'j 

31 

51& 

63 

W-S102-AA, Ave. (V'/cra) 3-3 x 10* 5.6 x 10 ( 



A<? 

Area, mm 

?ig . 10 Capacitance aeaBiireaents on d ie lec t r ic t e s t pattern For t^ree 
thicknesses of si l icon dioxide. 



A 

v u typical of film thicknesses used iii the investigation of tbe metallisation 
scheme. Here the first insulating layer of SiOg was spproxljiAtely w thick as the 
tungsten layer* Group I I vas almilar except that the SiCL layer vac approximately 
one-half aa thick as the firat tungsten layer. 

Before subjecting the staples to temperature cycling and aging testa, i n i t i a l 
measurements of e lectr ical ptreaetera vere Bade Including: 

1* Leafage Current of the V-S10g*Al crossovers on the fine l ine pattern cm a l l 
groupi# ihe crossover area waa 0*127 m (V) by 0*0762 mm (AX). Die 
applied voltage varied from 35 to 100 VDC depending on the film ttlcknesa 
and substrate* leakage current vaa diff icult to measure belov 1 nA because 
of inatmaentatlon noise and pickup; therefore, values belov 1 nA vere not 
recorded. 

2* Croaaover Breakdown Voltage of a s tat i s t ica l quantity of the same crossovers 
referred to in 1 above. The voltage vas racped at ~ 15 V/sec, The current 
vas limited by * 10>000 ohm reaietor. this via a destructive tes t , 

3- Via Continuity of the O.0762 tm vide W-Ai conductor links on the fine l ine 
pattern hy measuring the resistance from termination to termination. There 
vere 61 H-Al interfaces ( i . c * , vias) in each line* each being 0.0762 ma 
square* 

1*. Conductor Beslstance ^f the 0*25** ™ vide W and Al conductor l ines on 
uroup I and IX samples vas measured frca termination to termination on 
the acreenvlre pattern. 3here vere 17 crossovers (0,25** na square on each 
l ine . 

5- Contact Resistance of the 0.251* mm square viae (W-AJt transitions) vas 
measured on both group3 using the screenvire pattern. A crossed contact 
(four point) method was used with 0*01 ADC applied between tvo terainals 
and the resulting voltage measured vith a high impedance voltmeter across 
the opposing terainatlone. The voltage vas reversed to check for non-ohmic 
behavior and the average of the two readings recorded, Ro aigniflcant 
non-ohmic behavior vaa noted 4 

After the Initial toeasuraaents of the electrical parameters, the Group I 
samples vere subjected, to 110 temperature cycles -55JC to +150°C vith approximately 
5 minutes between temperature axtreraea. The electrical parameters vere measured 
at the end of 10 and 110 cycles. The same samples along vlti. Group II samples vere 
then subjected t o 500 hours at +150°C vith electrical measurements made at the end 
of 10, 110 f and 500 hours, Group I sapphire fine l ine pattern samples vere then 
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subjected to 10 minutes at 1*G0°C for the final test after which electrical 
parameters were again measured- All electrical measurements were made at room 
ambient conditions. The substrates were cot packaged or sealed during testing. 

-Summaries of the aging test results are shown In Tables , through 11 and in 
Figs, 11 f >*J., and 13, In all ces^s, sapphire sample* performed better than ceramic 
Lscause of the smoother surface- The rougher surfaced ceramic substrates had to be 
subjected to a lower voltage during leakage current measurements• Average cross­
over breakdown voltage measurements vere 1*5 to 2.3 times higher on sapphire than 
on ceramic. Group I samples fared better than Group II samples on leakage current 
and breakdown voltage because of the thicker first Si0 2 insulating layer. This is 
indicative ^hat the insulating layer should be made thick enough to maintain an 
adequate margin on breakdown voltage and suggests that the layer should be as thick 
as or thicker than the tungsten crossunder in order to adequately cover the tungsten 
line edges where the SiDg is thinnest- Crossover yield was good- There were only 
2 ana 3 shoits out of 1230 tested for Group I sapphire and alumina respectively 
(see Table 7)» While precautions for dust control were taken in photolithography, 
SiOp deposition was done outside clean room facilities. The shorts noted were 
readjly identified under the microscope as pinholes in the SiO- layer. Voltage 
breakdown strength and leakage current of Group I cappalre samples vere considered 
adequate for the application- The results on Grcup I alumina camples were con­
sidered good but indicative that thicker insulation or a lower operating voltage-
would be desirable. 

Bond ability - Various tests were conducted to determine the bondability of the 
told and aluminum metallizations. One-mil aluminum and gold wires were bonded to the 
kl and W-AU metallisation respectively j-id pull strengths at ~* 45 J measured. Gold 
plated 0.381 mm wide standard lead frames were bonded to An metallization and 
pulled to 5K)°- The nuinber of tests was not large but indicative of good bondability 
of both the aluminum and gold surfaces- The results are briefly summarized in 
Table 12. £ie attach to gold using Au-Si preforms at 370*C was successful on the 
few i dimples tested. Soldering using Fb-In solder was also investigated briefly. 
The gold layer wets readily? and, if care id not exercised, Au-Si and Ri-In spread 
rapidly on the surface. To stop this, the gold bonding areas can be limited in 
size with the underlying tungsten or the Si0 o layers acting as a solder barrier. 



TaUu 7 

Crossover* Leakn^e Cur ren t , nA 9 25°C 

Group & 

I . Sapphire 
W - i urn 
Au -£ m5 

Ai - 1 urn 
I , Ceramic 

Seme 

Above 

I I - Sapphire 
W - i am 
Au ~2 uu 

510-^ - 0 . 5 urn 
Ai "L,D ua 

I I . Cvranilc 
Same 
ae I I 
Atove 

Vo 1 uc 
Ho. Tested 
Voltage 

Ko. Shorts 
No. 1-5 nA 

Ho- Tested 
Voltage 
Ho. Shorts 
No. 1-5 nA 
Ho- Teoted 
Voltage 
No- Shorts 
Ko- 1-5 *A 

No- Tested 
VoLtege 

Ko. Shor t s 
No. 1-5 rA 

I n l t l » I 

i U 

J 

121.) 

601 
W 

i 
l 

U"*6 

Ik 
3> 

Temp- Cooling 
-55°C io *15)*C 
Poet m Cycles 

LOO 
0 
-i 

133 
no 

NT 

HT 

Temp. Aginr 
a t *L53°c 

Post 500 Hrc. 

123 
LOU 

0 
3 

123 
1J3 

0 
1 

1*3 
53 

3 
3 

123 
25 

1 
1 

* U-SiC^-Al c r o s s o v e r s ; s i z e : W > ). L2f sia, AI = -. ^(53 mm, ( f ins l i n e p a t t e r n ) 
KT - Net Tested 



Tfillo 8 

Crossover* BrefcKdown Volto^e, V & i-b°C 

Temp, Cyi s l ing Temp, Aging 
Group & -55 °C to <-I50"c at 150M 430'C 

Meta l l i za t ion 
No. Tested 

I n i t i a l Post 113 1 
6'J 

Cycles Post . 503 Hrc. Post 10 Min. 

I . Sapphire No. Tested 70 

Post 113 1 
6'J 

Cycles 
>6 : > & 

Min. 326 376 263 28^ 
Max. ^55 G*e 635 601 
Avg. 516 5U 533 512 
a 68 67 1U 62 

I . Ceramic No. Tested 
Min. 

96 
112 

^>3 
107 

Max. 
Avg. 

o 

302 
231 

31* 

C77 

2)' 

27^ 
222 

3<-

NT 

I I . Sapphire No. Tested 
Min. 
Max. 
Avg. 
0 

95 
-U 

211 
140 
31 

NT 

'A 
lvA 
lafi 
1M 

i» 

NT 

I I . Ceramic Ho. Tected 
Min. 

•3k 
*3 

>6 
*»5 

Max. 
Avg. 
0 

151 
75 
15 

I.T I If'. 
6 : 
17 

NT 

* W-SiOg-Ajl r r o s e o v e r s , s i z e : W = ,,.127 n^, A4 
** See Table 7 for m e t a l l i z a t i o n t h i c k n e s s 

m - Not Tested 

^"•2 mm ( f ine linr* p a t t e r n ) 



Tatle 9 
O.-v Via" Continui ty , ohrafi & 25 C 

Group St 
Metal l iza t ion"* Vn1w I n i t i a l 

I . Sapphire Ho. l ines ^ 
Mln. 3->.« 
Mux. 1*2.1 
Avg. fcO. 7 

I . Ceraiaic No. UneB ^ 
Kin. U5.^ 
Mux. 1*>. t 
Av«. 46 .7 

I I . Sapphire No. l lnea ) 
M l n . t S t i , l 
Max. l l B . i 
Av«. f 3-6 

I I . Ceramic Ho. l ines > 
Hin . 1*7. J 

Temp. CyclIng 
-55°C to vL5J"C 
Poet 11J Hrc. 

Temp. Aging 
a t 153°C 

Post 530 Hru, 

8 
1*3.2 
1*2.8 
l*L..l 

8 
1*0.2 
1*2.1 
1*0.9 

f 
1*5.6 
51-3 
1*7-3 

1*5-7 
53-2 
**6.L 

I-JI.6 
1 :>.).!* 
72.8 

3 
66,0 
80.2 
75,3 

6 J. 8 
51-6 

8 
1*7.1* 
54-9 
50.8 

Max, ^ - 3 
Avfj t 5Xt> 

* tf*Ai t r a n s i t i o n s on Group I & I I , 61 per Line, 0.0762 una square. 
* See Table 7 for metallisation thicknesses-

OT - Hat T e s t e d . 
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Tulle 10 

Conductor* Reeistoncet ohms © i^°C 

Temp, Cycling Temp, Aging 
Group & -55°C to yiyoX a t +150"C ltO^°C 

M e t a l l i z a t i o n * * Value I n i t i a l POOL 113 Cycles Post 500 Brc . Post 10 Hin. 

I . Sepphire No. IT IT 17 IT 
ML Lines Win. i t .5 i t . J* 4 . 5 4 . 5 

Max. k.J 5-0 4 .9 5.1 
Avg. 4 .6 it. 6 4.Y 4 .7 

0 0.1 0.2 0.1 0.2 

I . Ceramic No. IT 17 15 NT 
A£ LineB Mln. 5.4 5-4 5-6 

Max. 8.2 7 .3 7.5 
Avg. 6.0 CO 6.1 

0 0.6 J. 5 0 .5 
I I . Sapphire No. 17 LT 16 W 

W Lines Hin. 31.1 31.2 31.3 
Max. 32.2 32.2 3M 
Avg. 3 1 . C 31.6 32.3 

0 0.3 0.3 0.8 

I I . Ceramic No. 17 LT 17 KT 
W Lines Hln. 33. B 33-4 36.6 

Max. It:). 2 Vj.4 it ).C 
Avg. 37.h 37- » 3B.1 

0 l . b V.7 

* Conductor widths 0.25t ram, (Serecnwlre pattern)* 
** See Teble 7 for metallization thickness. 

KT - Not Toeted. 

Second SiO layer omitted. 
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TeLLe 11 

Contact ficclGtonee*, (railllohiae) 

Group 
Metallization** Value 

Ho. 

I n i t i a l 

1. Sapphire 

Value 

Ho. ) 

W-AS Win. 6.6 
Max. H W 
AVE. 3.5 

I , Ceramic No. 8 
W-A4 Min. ISA 

Wax. 16,6 
Avg. 13, T 

Terap. Cycling Temp. Aging 
-55*C to +a50°C at +150"C 
Post 110 Cycles Poet 500 lire 

9 9 
5-6 5-6 

U . 9 11.9 
9.3 9-1 

9 8 
12.5 12.3 
17-0 17-0 
13-6 13-5 

* 0,25!* mm square contac ts , (Seieenvir'S p a t t e r n ) , 
** i.&e TaWe ? for ise taII l2at!on thicknesses-

KT - Hot Te£t<jA* 
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* Max 
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200 

100 

0 L ^"ife 

Sapphire 

76 

Area = 0.0762 x0.127mm 

* Number Tested 

• • ' ] } ' 
i n n * * i r lOO^IO 

Temp. Cycles - 55 fo I50 #C 

1 
100 

High Temp. Aging 
I50«C, Hrs. 

at 

S 

Avg 
Max 
Min 

**400 
10 m 

F ig . 13 . Voltn^e brttik.iowi on .Irouj I crori'ovi-r;: on jwipi'tiirt. 
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ft.md Put: TVcts 

pFiroEL'ter Au-Au Win* Au-Au Lead Framo 

Proband I tl.nit»*;* jJJ°C, J lira. 3> "C, i? hra- JO0°C, ID min 
EontHtitf tfolhod TMursu 'o-^rci'clor; TTierraoconju esc Inn Ul t rasonic 

A1 unitriuR ThicKtHTSS - - - - J .^3 um 
U;nri Si^t 1 J - J : 5* ffw. ;. j'JL m wide J. J25^ ma 

T\>.-1 TCTpcroTun? ir.)*C UNK RT 
For.-*? 0 . 13J to UIJK UNK 
Hurler pulled 22 2*f 2̂ v 
MiMmio t . i x i f^ i i u . r :J 6 x icf2 N 
Xnxiouir. 7.3 x I J*** U U . f K > * i0>"2 H 
Av*rtw:e J . f x i ^ II 12-2 II 7-5 x i O " 2 N 

;*V:v: All fo i lures wore lend rupture i .,•(*! 

•Previous a i r anblent t€*peraturv hlr.tory 
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DISCUSSIQl? & CONCLUSIONS 

The results of the evaluation and aging studies show that the metallization 
system can withstand processing teiqieratures up to 370*0 for eutectic die attach 
(Au-Ge at 356QC and Au-Si at 363aC), soldering, beam lead bending, etc* The opera­
tional temperature can be -55°C to +12£°C with no apparent problems. Crossover 
yield was good (lefs than 0.3$ shorts) and can be improved with better process 
control. Alternate tungsten deposition techniques (i*e., triode sputtering) could 
result in lower resistivity of that layer-

Thin film techniques Tor crossovers and interconnects based on a deposited 
metal-insulator-metal system have been developed and used in hybrid circuits and on 
semiconductor devices since the early J^O's. * Recent ISI semiconductor develop 
ments have forced the development of two and three level thin filrj, high resolution 
metallization systems on semiconductor devices. There are several good reviews of 

2U-17 the advantages* limitations, and reliability of different systems and at least 
IB one general review on materials and processes. The techniques reported on here 

represent the combination of many Gemiconductor techniques (i.e., the five level 
mask system, finer lines and spaces, and batch fabrication on one substrate) with 
hybrid techniques (i.e., thin film deposition? device attachment and packaging). 

The feasibility of using gold and aluminum metallization in a two-level, thin 
film hybrid metallization system without gold-aluminum interfaces and meeting the 
requirements of the SLL Micro Actuator has been demonstrated. The degree of 
miniaturization possible, the high temperature processing capability, and the 
bonding and attachment versatility 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 impossible. 

ho 
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Appendix I 

Preliminary Layout Rules 

Subs t ra tes 

a) 25 .^ x 38.1 x 0.38 mm ( 1 " x 1^ x 0.015") Sapphire 
b) 25.U x 36.1 * 0-38 mm (1" x l| x 0.015") A l ^ {MRC Superstate) 

Mas>. Levels 
1. Gold conductors, bonding pad, and die down areas {Tor gold-gold bonding 

and eutectlc bonding). 
2. Tungsten lower metallization, (Crossover and vias), 
3. Insulator (SlO ) openir«;s for B U gold bonding pads, eutectlc bonding 

Jt 

a r e a s , v i a s , and bonding pods where tungsten-aluminum i s des i r ed . 
*4. Aluminum tpp m e t a l l i z a t i o n for a l l top conductors > over v i a s , and bonding 

pads over g l a s s and those over tungsten* 

5- Tap i n s u l a t o r openings - required for a l l bonding pads (gold and aluminum), 
t e rmina t ions , t e s t p o i n t s , i f any, and e u t e c t i c bonding areas* 

General Layout Rules 
1 . Minimize a l l crossover a reas j i - e - j aluniinum over tungsten with I n s u l a t o r 

in between* Crossover should not exceed 0*25^ x 0,251* cm (10 x 10 mile or 
100 square m i l s ) . 

2 . Maximize a l l go ld- tungs ten , tungsten and aluminum m e t a l l i z a t i o n a r e a s , 
3» Gol-- tungsten conductors are permiss ib le in areas where conductive 

components a re t o be adhesive bonded t o s u b s t r a t e . The areas should be 
covered with SiO- l a y e r s . 

i*. Maintain a minimum 0.0508 Em (2 mi l ) spacing between l i n e s on the same 
l e v e l ; \foere necessa ry , 0,025'i mm ( 1 mi l ) spacing i s pe rmiss ib le fo r sho r t 
d i s tances* i . e . , between bonding pads and when necessary t o obta in 
s u i t a b l e via widths , 

5. Maintain a minimum 0.025^ mm (1 mi l ) l a t e r a l spacing between f i r s t and 
second l e v e l m e t a l l i z a t i o n except In the areas where crossovers and v iae 
are des i r ed , 
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6, Metal l i n e s should be 0.0508 mm (2 mi ls ) or g rea te r In width (sev 
2 above). 

7, I f p o s s i b l e , keep crossover areas to a 0.106 x 0.106 ma (^ x U ic i l ) 
maximum format. 

8, Gold-tungsten m e t a l l i z a t i o n sheet r e s i s t a n c e w i l l be l e s s than 0*03 ohms/ 
square . 

9, Tungsten m e t a l l i z a t i o n shee t r e s i s t a n c e w i l l be l e s s than O.b ohms/ 
square . 

10. Aluminum m e t a l l i z a t i o n sheet r e s i s t a n c e w i l l be l e s s than 0.0** ohms/ 
square . 

1 1 . Keep m e t a l l i z a t i o n 0.127 mm (5 mi ls ) away from edge of the s u b s t r a t e . 
12 . Gold t o aluminum t r a n s l a t i o n s s h a l l be separated by a minimum of a 

0.0508 mm (2 mi l ) wide s t r i p of tungsten- Maintain t h i s minimum wherever 
poss ib l e t o reduce r e s i s t a n c e . 

13 . Bonding pade fo r aluminum wire should be a t l e a s t 0,1016 % 0,1016 mt 
(k x b mi l s ) in a^ea, (maximize area cons i s ten t with **, 5, and 20 ) , 

1U. Bonding pads for gold wire should be a t l e a s t 0*1016 x 0.1016 can {k x h 
mils ) in area (maintain a wi-fn-ir̂ pi 0 f 0.0508 an (2 n i l s ) c learance around 
pad for equashout. Maximize area cons i s t en t with hs 5 , and 20) . 

15- Bonding pads for gold ribbon should be a t l e a s t 0.2032 x 0.1016 32s (8 x ^ 
mi ls ) in area for 0.127 mm (5 mi l s ) wide gold r ibbon. 

16. Bonding pads 0,152*4 mm (6 mi l s ) square minimua must be provided for a l l 
beams of any bean l ead device . Center of pads s h a l l be 0.003" frcaa t he 
edge of t he d i e . 

17. Adjacent bonding pads on t he subs*ra te s h a l l have a minimum center 
spacing of 0.2032 mm (8 sai ls) with a minimum of 0.050B cm (2 mi ls ) 
separa t ion . 

1 3 . Glass openings for bonding pads and e u t e c t i c d ie down areas should be 

design: - to he .0251* nan (1 mi l ) in from the underlying meta l . 
19. I f necessary , tungsten conducturs may run under insu la ted aluminum 

bonding pads . 
20. Maximize bonding pad areas wherever p o s s i b l e . 
2 1 . Allow a minimum of 0 .38 l mm (15 mi l s ) from edge of chip t o cen te r of 

bonding pad for chip t o subs t r a t e wire bond ( ref . Ik Lid 15)-
22. Fine wires should be held t o a maximum length of 1.52** m (60 m i l s ) . 



23- Where p o s s i b l e , provis ion wi l l be raaie for redundant bonding t o chip 
c a p a c i t o r s . 

2**. If icore than 1 wire (alusiinuts or gold) i s connected t o a bonding pad, 
thv pad should be at l ea3 t 0.1016 x Q*20$2 en (k x 8 mi ls ) in s i z e for 
2 v i r e s , for example, 

25 . Maximize v ia openings wherever poss ible* 
26, The f i r s t SiOp l aye r s should cover a l l tungsten and tungoten-gold areas 

except v i e openings and aluminum and gold bonding pad a r e a s . 
27- Via width (SiO- opening) should be a t l e e s t 0.05^8 cm (2 m i l e ) . 
28 , Via length ( S i 0 2 opening) should be a t l e a s t 0.1016 n=n (U m i l s ) . 
29* Via width (SiO^ opening) should be Q.025^ m {± n i l ) in f r a s the 

underlying tungsten meta l . 

30. Aluminum m e t a l l i z a t i o n overlapping the v ia opening should be 0,0254 cm 
(1 mi l ) minimum g rea t e r on a l l s i d e s . 

31. The second SiO l aye r should cover the e n t i r e subs t r a t e except for 
aluminum and gold bonding pod a reas . 
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Appendix II 

Background on High Penalty Multilevel Hybrid Circuit Techniques 

The SLIi Micro Actuator requirements vert on example of circuit variety, 
complexity, and extreme miniaturization. Variolic methods have been developed over 
the years for fabricating cc25?lex hybrid mlcrocireuits. We here describe oni 
cennent on several multilevel techniques which typify the present state or the art 
and * *at were considered for this application 

Multilayer Ceramic - A ceramic slip (generally aiuminaj is cast in thin 
"green" sheets by a uoetor blading process. The sheets are cut to size, via holes 
are punched, and metal and metal posts are screened on the sheets in the iesirci 
pattern to form the conductors and interlevel via connections. The individually 
coated sheets are then laminated and the top layer metallization screened on- The 
assembly is then fired, sintering the layers together and resulting in a monolithic 

1-4 multilevel structure. There are several variations, such as metallizing the top 
layer with thick film techniques after firing, the use of glass layers, anJ various 
metal combinations. IBM has done considerable work using this technique, making it 
compatible with their "solder bump" semiconductor devices* Line widths and cp&cings 
are typical of screened thick film techniques with 0-127 mm possible; however, 
0.200-0-25^ mm are more desirable. 

This technique has merit for volume production but requires specially made 
devices and access to rather sophisticated ceramic fabrication facilities. Align­
ment and delamination are problem areas. For this application, aside from device 
availability, it appeared that the resulting substrate thickness would be too great, 
tooling charges too high, and resolution during the lamination process on such 
small substrates a problem. Inevitable changes in circuit configuration and/or 
size would result in costly tooling changes. 

Multilevel Thick Film Techniques - Thick film multilevel circuit* based on 
the patterned screening and firing of successive conductive, insulating, and 
resistive inks or pastes on alumina ceramic are quite versatile and widely used 
methods of fabricating hybrid circuits. In the conventional process, screens 
(generally 2DD-3S5 mesh stainless steel) are covered with a photosensitive layer of 



material an*i exposed with ultraviolet light using & photographic i^age of tht 
sesirei pattern. development then washes away openings in the layer as desired. 
The screen i:; then placer! In a screen printer, and the pastes are forced V-"-nugh 
the screen openings and onto the substrate in the desired pattern with a squeegee, 
Th*-- coated substrate 1c then £ired in a belt furnace. The next pattern is then 
screened on and the substrate is again fired. The steps of screening and firing 
are repeated until the desired layered pattern is complete,, Dielectric layers are 

5-9 usually double coatings to cover defects. 
Considerable iisprovcaent in thicK film processes, tools» and techniques hae 

£jt-en accomplished In recent years. Screen design has been improved; 3£? mesh, kQ 
10-12 percent opening stainless steel is now rather conucon. Screen emulsions have 

been improves, and etched metal rather than screen has also been used to enhance 
1^ 15 

•ici'initioa. The inks or pastes used have undergone considerable evolution. 
Fritiess gold conauctor inks have brought about improvements in bonding and line 
definition. Crystallizable dielectrics have been developed to permit firing of 
subsequent layers without softening the previous layer. Many different paste 
materials and substrate properties have been developed and evaluated for multilayer 

17-21 thick film processes. 
The resolution capabilities of thick film screened materials have been 

evaluated, and experience seems to indicate that a ratio of 2.5 to 1 is desirable 
for centerline spacing to line width. About the best resolution attained has been 
0.101 mm lines en 0.25** wn centers. More desirable from a production and yield 
viewpoint is 0.152 mm lines on 0.381 on centers. Using these line widths and 
openings, one study on line segments up to 12.7 Era long on 50-8 im square substrates 
indicates that the number of good lines (no opens or bridges) rcjiged from 8l percent 
on the latter to 13 percent on the former. Thus, yield Tolls 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 
photolithographic technique* as in thin film technology. The conductive and/or 
dielectric inks are screened on over the entire substrate without patterning and 
then fired. Photoresist and subtractlve etching techniques are then used to define 
the pattern before the ne*t layer is screened on and fired. The screen coating, 
firing, and photoresist steps are repeated until the circuit is complete. Line 
widths and spacings of 0.102 mm and matching 0.102 mm viae with reasonable yields 
are claimed. It was found, however, that the 96 percent alumina substrates 
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classically used in thick t'ila circuitry were too rough unci nad to be ground a;ia 
polished to obtain such resolution. * 

Another thick film technique that *zay have possibilities for high density 
multilayer circuits is based on photoprintable thick film pastes introduced by 
2ultont under the trade naize of FODEL* Both gold conductor and crystallicable 
dielectric type pastes are available Gild are claimed to be compatible. The pastes 
are dispersions of particulate metals and/or inorganic oxides in a photosensitive 
vehicle. They may be considered as filled negative actiiig photoresists which poly­
merize under the influence of ultraviolet light• In use, the layers are screened 
on over the entire substrate and then exposed through a photographic mask to the 
ultraviolet light. Development in a suitable solvent then washes away the unexposed 
material, leaving the desired pattern. This is then fired* and the process is then 
repeated for the next layer. Two and three level metallization patterns have been 
•ade with 0.0508 na line widths, 0.0762 n=c spaces, and 0,127 cm vios claimed Q 5 

25-27 practical for the tvo^level system. Other than the development work, at Dupont, 
application data is lacking. Experiments here were not encouraging. 

Ihe nvniber of metal levels incorporated in production of thick film hybrids 
ranges frcm 1 to greater than 5 with increasing difficulty as the number of levels 
increases. Adhesion problens, dielectric softening during firing, pinholes^ and 
open and shorts seemed to be the major problems in one study on circuits with up to 
5 metal levels on rather large substrates. Thick film resistors have been incor­
porated in multilevel circuits but are generally put down last on an open area of 
the alumina substrate which has not previously been coated- This is because the 
substrate material and underlying layer material influences the electrical proper­
ties of the resistor and also because laser or abrasive trimming techniques are 
necessary. 

Thin Film Multilevel Techniques - The discussion will be limited to those 
techniques which afford a crossover and interconnection 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. How­
ever, if one looks to the semiconductor U3I (large Scale Integration) advances, 
particularly in the MOS (Metal-Oxide-Semiconductor) ares, two-level metallization 
is quite common and well developed. In fact, doped silicon channels in the silicon 
chip itself often serve as the third conductor level* In the hybrid ai-ea, hovever, 
circuits are generally nade using single level metallization which includes thin 
film resistors and occasionally thin film capacitors. The practical techniques of 
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inriuEtrial and military significance have becm limited to HiCr, Cr, Ta-H, and 
Cr-SiC resistors and SiO, Si0 o, and Ta.0,- capacitors with gold or aluminum 
TTXt alii nation. 7 > Crossovers, with few exceptions* s-e minimized by careful 
circuit layout, utilizing capacitor counter electrodes, end, when necessary, are 
mado by utilizing bonding gold or aluminum wire (or ribbon). 

One method for providing crossovers on hybrids that has gained favor is an 
adaption ;f the so-called Lepselter bean crossovers first used on silicon integrated 

"il circuits* They are made by depositing copper over photodefined thin film circuit 
metallization, etching holes through the copper for the beam pillars, and then 
electroplating gold through a patterned coating of photoresist to fabricate the 
£ol4 beams and pillars. TTie copper is the* etched away, leaving the gold beam 
0.025^ ram thick supported by its pillars suspended over the desired metallization 
lines beneath, (See Fig. 1A.) Widths as small as 0*127 ™ and spans as long as 
2.16 mm have been made. A variation which overcomes the problem of beam sag and 
potential shorting is to depojit a layer of zirconium over the circuit before 
plating the copper. After the copper etching step, the zirconium is oxidized to 
zirconium oxide (ZrO^), thui covering the circuitry including the area under the 
be airs with an insulating dielectric, thus avoiding the shorting problem. The use 

of ZxG- is not compatible with tantalum nitride resistors because of the high 
temperature reouirea to oxidize the zirconium. Despite the complexity of the 
processing, hybrid circuits using been, crossovers have been made by Ball/Western, 
RCA, and others* 

Another method is *<. incorporate necessary crossovers in a metallized beam 
lead silicon chip termed a "crossover chip" and then bond it in place. The 
advantage over ribbons or vires is that the device con be attached at the same time 
as the regular beam lead devices using the same equipment* and complex crossovers 
can be made. 

Thin filiQ systems for crossovers and interconnects based on a deposited 
metal-insulator metal system have been used since the early l$60's in î '.rid 
circuits. The most common technique is the use of aluminum or gold conductors 
separated by a layer of SiO or C-i02» Deposition techniques for the metal layers is 
generally done by evaporation or sputtering; for the SiO or S10 2 > RF sputtering 
and chemical vapor deposition (CVD) techniques have been employed. Bather 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 deposited SiO . The top metal layer was evaporated Cr-Au followed by 
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F ig . 1A. Lepeel ter Air Bridge Crossover Technique* 
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^ l e c t r o p l a t t ' i gcl ' i* Kinlcu^ l i n e width;; and spacing were 0,102 c c and 0,050t a s , 
r e s p e c t i v e ! ; . Crossovers v e r t t y p i c a l l y 0.106 e£ s q u a r e . Viae were as s n a i l as 
J>.1^3 nr. a w a r e . S u b s t r a t e s w^re 10 E.11 thicfc alumina po l i shed t o a curfae*? f i n i s h 
wi' -*:, legist ^ ^21. Thin TSlr. r e s i s t o r s wer<; not I rcorpcra te - s , There a re o t h e r 
example;; of t h i n f i l e m u l t i l e v e l h y o r i i s , but, t he l i t e r a t u r e i s not nea r ly as p r o ­
l i f i c us t h a t on th ick f i l n techniques* 

In the semiconductor i n t e g r a t e d c i r c u i t inOur*-^v, cons ide rab le work has been 

*ione j n t h i n f i l a m u l t i l a y e r t e c h n i q u e s . 'Hie r - * : e rjT a c t i v e dev ices v i th i* . 
the r i l i c c n , coinpoundea with t h e ^ r e n t e r number , ev ,cen in J c h i p , have cade the 
ievt*iop3ient of compat ible c u l t i l e v e l t h i n f i le - c e t a l i i z a t i a n s y s t e m for i n t e r ­

connect ing r_he iev iccs i m p e r a t i v e . These LSI a p p l i c a t i o n s have forced the 
ievelopcent to t he j o i n t where two- luve l c e t o l l i s a t i c n ic q u i t e con ion . There are 
s eve ra l gooj reviews on t h e advan tages , l i m i t a t i o n s and r e l i a b i l i t y of d i f f e r e n t 
s y s t e m and a t l e a s t one g e n e r a l review of the m a t e r i a l s and p roces s ing 
t e c h n i q u e ucing u ; e a . ttany m a t e r i a l s have been e x p l o i t e d t o f a b r i c a t e t u l t M e v e l 
In t e rconnec t s on LSI j e v i c e s - So£e are sho^n b e i c v : 

Metals I n s u l a t o r s 

M sio„ 
Al-Si SSO^ (phosphorous doped) 
Ai-Cu SiO* (borcn doped ) 
Ko 

S 1

3 ^ 

Xo-Au-Ko u 2o 
W Various g l a s s c o r r c s i t i o n 
V-Au-V Folywaide 
P t S i - T i - r t - •TI 
P t S i - T i - M --n 
Ti/Vi-Au-Tij / T -

In g e n e r a l , t he choice of meta ls and i n s u l a t o r s i s s t r i n g e n t vtwn on or over 
s i l i c o n because of impur i ty d i f f u s i o n and charge s t o r a g e problems. In add i t ion^ 
olmic c o n t a c t t o t h e s i l i c o n i s a prime r e q u i s i t e . Host r u l t i l c v e l s y s t e c s on serd 
conductors today use evaporated a lua inua l a y e r s doped with Cu and/or S i t o n i n i n i s e 
e l ec t ron j ig ru t ion and SKL doped wi th phosphorus t o Dininiize i n t e r f a c l a l charge 
s t o r a g e . Notable excep t ions a re p o l y c r y s t a l l i n e s i l i c o n def ined in t n e s i l i c o n 
i t s e l f as a conduct ive l a y e r , anodized Al f o r i n t e r l e v e l i n s u l a t i o n , and t h e boaa 
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crossover technique previously described. Kir.is.in: l i n e widths are in the vic i i . i ty 
of 0.0025 *^ v i t h spacings of 0.01J =a. Minlcus v ia u i -e i s in the v ic in i ty of 
0.013 c=i. Two ne ta l layers and a polycrys ta l l ine s i l i con conductive layer separated 
by SiO- are ccrazon. peccn*ly, a 5 level cysiejp u:i*ng Al ana polyamide insulat ion 
was reported* 

One r e l i a b i l i t y study on a Ai-SiO^-Ai system on s i l i con Indicated a very 
reasonable fa i lu re ra te an crossovers and viao, Temperatures of 150*C for 1000 
hours indicated a f a i l v - c ra te of one crossover in 12»000 and temperature cycling 
frcn -65'C to 150*C for 500 cycles resulted in a f a i lu re ra te (shor ts) of 1 In 
13,200, So increase in via res is tance was noted. Crossover a i r e VQS 0.0013 rr: 
square. 

There is (something to be learned froca the semiconductor industry in sultiJayer 
techniques. First, they txre accustcced to conplex batch processing techniques 
involving a large nucher cf veil understood procedures and repetitive steps and 
sophisticated equipment. Second, they process D quantity of devices in one wafer* 
Third, in contract to csoct passive cccponent and even hybrid substrate manufac­
turing philosophy, they ars willing to accept comparatively low yields. As the 
complexity of nexallized cubstratec Increases, their phi-csophy say be the only 
liable option. 

Other Multilayer Techniques - Several other techniques far hybrid multilayer 
metallization *^th interconnecting bias and crossovers are worthy of mention. The 
first is the STD (Semiconductor Thermoplastic Dielectric) process developed at 0£ 
as a seans of counting and interconnec ing transistor and integrated circuit chips 
on a substrate without the conventional wire bonds. In the original version of 
the process shown in Fig. 2A> thin film fliCr and gol: are first deposited on a 
substrate and photodefined for resistors and lower level Interconnections, Kesas 
or pillars for interlevel connections of the desired height are added by plating 
and selective etching. Their height is adjusted to natch the thicJtness of the 
semiconductor devices. Then a thin layer of fluorinated ethylene propylene (FEP) 
is bonded to the substrate such that its surface is coplanar witu the top of the 
mesas. ?be FEP left on top of the mesas is removed by selective EF etching. 
Transistor and integrated circuit chips with gold terminations and thinned by 
lapping to a prescribed thickness to natch the mesa height arc bonded by pressing 
them Into the FEF. The positioning of chips must be accurate. A cover of rap is 
pressed and bonded over the entire substrate. RF plasma etching is then used to 
open window areas over the chip bonding pad areas. Copper conductors are then 
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Fig, 2A. STD (G.E.) Multilayer Hybrid Technique. 



f 

deposited on top and pbctodefined to complete the interconnect lone to the chips 
and mesas. In later versions* the traoaistor and integrated circuits are euteo* 
tically or colder bonded directly to the gold surface of the first layer of 
metallization before the FEP layers are pressed on. Lead frames have also been 

kg 
incorporated* * 

The second technique called BLIP (Beam Lead Interconnect Packaging) developed 
at Northrup Electronics is somevhat similar (see Fig* 3A)* The substrate io 
metallised and photodefined using thin film techniques for a resistive layer (If 
desired) and lover level conductors. A dry film photopolymer spacer is then lami­
nated to the substrate. After the lamination step* the photopolymer is exposed 
and developed to fom device cavities* Ihe devices are then placed in the cavities 
and resin bonded* Next an Interconnecting laminate of alternating layers of thin 
epoxy^glaes and metal conductors interconnected by plated through holes is made up 
in a pattern to provide oil interconnections between devices and substrate metal­
lization* Holes and protruding beam leads that match and cover the device bonding 
pads ore provided* The laminate is then placed over the substrates and bonded in 
place. The beam lead terainations are ultrasooically bonded to the device bonding 
pads and the substrate terminations. External leads are bonded to the top metal 
layer and the circuit is then packaged*^0 

Both the STD and BLIP multilayer techniques require that device and component 
heights be uniform and carefully controlled and that the bonding pads be compatible 
with the metallization used as an interconnect. Neither technique is applicable 
here. 

the third technique is based simply- on thick and thin film combinations. 
Generally* the lower metal levels tad the insulator layers are deposited using 
screened thick film techniques ana the upper metal layer with thin fUjn and photo* 
lithographic techniques* 3hick â d thin film resistor can be incorporated* thus 
theoretically incorporating the better features of each technology* Little 
practical application has been noted. 
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