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ABSTRACT 

R e s u l t s  ob ta ined  on the i n i t i a l  s t u d i e s  on t h e  u s e  of low 
temperature  d i f f u s i o n  bonding techniques f o r  the bonding of l a r g e  
area s i l i c o n  s u b s t r a t e s  t o h e a t s i n k s  are desc r ibed .  L iqu id - so l id  
and s o l i d - s o l i d  d i f f u s i o n  bonding systems are desc r ibed .  Both homo- 
and he te ro type  bonds are p o s s i b l e  w i t h  each d i f f u s i o n  system. Two- 
inch  diameter  s i l i c o n  wafers  have been bonded to molybdenum u t i l i z i n g  
a gold-indium l i q u i d - s o l i d  d i f f u s i o n  technique.  Also s i l v e r - g o l d  
s o l i d - s o l i d  d i f f u s i o n  bonds have been successfu1i.y made. 
ment of a computer program f o r  stress a n a l y s i s  i s  near ing  complet ion.  
An a n a l y t i c a l  s o l u t i o n  based upon s u p e r p o s i t i o n  techniques  has  been 
developed dur ing  t h i s  p e r i o d  t o  enable  t h i s  ana lys i s :  An a t t e m p t  t o  
bond 0.62-inch diameter  s i l i c o n  wafers  t o  tungs t en  u t i l i z i n g  a molten 
s o l d e r  technique  based upon aluminum-st l icon e u t e c t i c  s o l d e r  f a i l e d  
due t o  r u p t u r e  of e i t h e r  t h e  s o l d e r  bond o r  t h e  s i l i c o n  body. The 
thermal  c o n d u c t i v i t i e s  of e u t e c t i c  a luminum-si l icon and t i n - l e a d  
a l l o y s  have been determined.  

The develop- 
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SECTION I 

1.0 INTRODUCTION 

This r e p o r t  d e s c r i b e s  work performed dur ing  the t h i r d  
3-month pe r iod  of a n  18-month program on the development of tech-  
niques f o r  r e l i a b l y  bonding l a r g e  area s i l i c o n  s i n g l e  c r y s t a l s  t o  
s u i t a b l e  heat s i n k s .  The purpose i s  t o  enable  bonding of s i l i c o n  
s i n g l e !  c r y s t a l s  g r e a t e r  t han  10,000 squa re  m i l s  and approaching 
2 inches  i n  diameter  t o  e x c e l l e n t  heat s i n k s  i n  a manner wh.ich 
does not  damage t h e  s i l i c o n  o r  a l te r  the electr ical  p r o p e r t i e s  of 
semiconductor devices  cons t ruc t ed  t h e r e i n .  The system, which 
should not  degrade under  r epea ted  thermal  shock, i s  t o  be  a p p l i e d  
t o  the packaging of l a r g e  scale i n t e g r a t e d  c i r c u i t  dev ices .  

Phase one of th is  program i s  a s tudy  of the b a s i c  p r o p e r t i e s  
of p o t e n t i a l  bonding materials and t h e  development of a n a l y t i c a l  t ech -  
niques which w i l l  determine t h e  materials and processes  t o  be  eva lua ted  
on e a r l y  l a r g e  area bonding experiments .  

D i f fus ion  bonding methods appear  most a t t r a c t i v e  f o r  bonding 
s i l i c o n  t o  h e a t  s i n k s  s i n c e  h i g h  tem.perature mel t ing  s o l d e r  materials 
possess ing  d e s i r a b l e  mechanical p r o p e r t i e s  can  be  employed by these 
methods a t  low tempera tures .  This r e l a t i v e l y  low temperature  process  
enables  t h e  u s e  of such s o l d e r s  wi thout  i n t roduc ing  excess ive  s t r a i n s  
caused by d i f f e r e n c e s  i n  thermal  expansion c o e f f i c i e n t s  which would 
o therwise  occur  i f  molten s o l d e r  methods w e r e  used.  I n i t i a l  r e s u l t s  
w i t h  these methods are desc r ibed  i n  subsec t ion  2 . 1 .  

Descr ibed i n  subsec t ion  2 . 2  i s  a n  a - n a l y t i c a l  s o l u t i o n  f o r  
determining t h e  stresses in t roduced  i n  bonded nembers due t o  d i f f e r -  
ences i n  thermal expansion c o e f f i c i e n t s ,  elasti-c p r o p e r t i e s ,  temperature  
excurs ion  and geometr ies  which has  been developed dur ing  t h i s  per iod .  



, 

Attempts to bond 0.62-inch diameter silicon to tungsten 
with molten eutectic aluminum-silicon solders are described in 
subsection 2.3. 

A method for determining the thermal conductivity of 
material has been established, and results are reported in sub- 
section 2.4 on the thermal conductivity of eutectic aluminum- 
silicon and lead-tin alloys. 

2 



SECTION I1 

2.0 TECHNICAL DISCUSSION 

2.1 DIFFUSION BONDING 

To bond l a r g e  area s i l i c o n  t o  h e a t  s i n k s  it i s  becoming 
appa ren t  t h a t  nonstandard bonding techniques  must be employed. 
T h i s  i s  because: 

(1) Low temperature bonding must be invoked t o  minimize 
stress due t o  t h e  d i s p a r i t y  of t h e r m a l  expansion c o e f f i c i e n t s  be- 
tween s i l i c o n  and h e a t  s i n k  materials. 

(2) Hard s o l d e r s  w i t h  e l e v a t e d  me l t ing  p o i n t s  must be 
employed. They must possess  h igh  e l a s t i c  l i m i t s  t o  prevent  em- 
b r i t t l e m e n t  due t o  work hardenir,g of t h e  s o l d e r ,  

An a t t r a c t i v e  s o l u t i o n  of t h i s  a p p a r e n t  dichotomy i s  t o  
employ d i f f u s i o n  bonding techniques  wherein t h e  bond can be made a t  
r e l a t i v e l y  low temperatures, bu t  t h e  r e s u l t a n t  bonding material w i l l  
possess  d e s i r a b l e  mechanical p r o p e r t i e s  and w i l l  m e l t  only a t  temper-  
atures i n  excess  o f  t h e  bonding temperature .  The d i f f u s i o n  process  
i s  a p a r t i c u l a r l y  a t t r a c t i v e  bonding method f o r  j o i n i n g  s i l i c o n  t o  a 
h e a t  s i n k  s i n c e  t h i n  f i l m s  of metals can be employed as t h e  bondirg 
material r e q u i r i n g  r e l a t i v e l y  s h o r t  t i m s  f o r  t h e  d i f f e s i o n  process  
t o  become complete.  

During t h i s  r e p o r t  per iod  two b a s i c  c l a s s e s  of d i f f l i s i o n  
bonds have r ece ived  i n i t i a l  s tudy  w i t h  encouraging results obta ined  
w i t h  each method. T h e s e  are d i scussed  i n  t h e  fo l lowing  t w o  
subsec t ions .  

3 



2.1.1 . Liquid-Sol id  D i f f u s i o n  Bonds 

p, merc LOW mel t ing  p o i n t  metals i n  t h e  groi r y ,  ga l l ium,  
indium, l e a d  and t i n  g e n e r a l l y  form r e f r a c t o r y  b ina ry  a l l o y s  w i t h  
metals i n  t h e  group, s i l v e r ,  go ld ,  copper ,  magnesium, and l e a d ,  

Table  I i n d i c a t e s  t hose  b ina ry  coup les  of  p o t e n t i a l  
u s e f u l n e s s  f o r  t h i s  purpose. 

I 

i TABLE I 

The phase diagram of gold-indium p resen ted  i n  F igu re  1 i s  
t y p i c a l  of  t h e  phase diagrams of t h e  b i n a r y  systems of Table I. 
Here i t  i s  seen t h a t  pure indiu,m m e l t s  a t  1 5 5 ° C .  When a t h i n  l a y e r  
of indium i s  depos i t ed  onto  a t h i n  l a y e r  of gold, t h e  indium w i l l  m e l t  
and flow a t  tempera tures  above 1 5 5 ° C .  I f  t h e  l aye red  gold-indium i s  
al lowed t o  remain a t  e l e v a t e d  tempera tures ,  t h e  gold  d i f f u s e s  i n t o  
t h e  indium and t h e  indium d i f f u s e s  i n t o  t h e  gold  t o  e v e n t u a l l y  form, 
depending upon t h e  r e l a t i v e  amounts of t h e  t w o  components, a s i n g l e -  
phase s o l i d  s o l u t i o n  of indium i n  go ld ,  o r  a two-phase system. The 
me l t ing  p o i n t  of t he  f i n a l  s o l d e r  composi t ion (when the  indium i s  
below 66.6 a tomic percent )  i s  i n  excess  or" 451°C. The l i m i t i n g  
tempera ture  then  for  t h i s  so lde r ,  when employed f o r  bonding s i l i c o n ,  i s  
t h e  g o l d - s i l i c o n  eutect ic  tempera ture  of  370°C. 

4 



Figure 1. Phase Diagram f o r  Gold-Indium 
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I f  t h e  t i m e  i s  l imited,  p reven t ing  t h e  d i f f u s i o n  process  
f r o m  r each ing  equ i l ib r ium,  then a l l  p o s s i b l e  phases i n d i c a t e d  i n  t h e  
phase diagram w i t h  composi t ions vary ing  froin 100 pe rcen t  go ld  t o  
100 pe rcen t  indium are t o  be expected.  
F i g u r e  1, f i v e  i n t e r m e d i a t e  phases e x i s t  below 354°C. 

A s  shown i n  t h e  diagram of 
These are: 

Au41n ( C )  a t  80% atomic Au 
AugIn a t  75% atomic Au 
AugIn4 (y) a t  69.2% atomic Au 
AuIn a t  50% atomic Au 
AuInZ a t  33.3 atomic Au.  

The wid ths  of t h e s e  phases ,  a l l  of which e x i s t  du r ing  t h e  
process  of r each ing  s o l i d  s ta te  e q u i l i b r i u m ,  are i n v e r s e l y  a f u n c t i o n  
of t h e  rate of  d i f f u s i o n  of indium o r  gold  through t h e  phase. 
l i t t l e  in fo rma t ion  i s  a v a i l a b l e  concerning t h e  mechanical and thermal  
p r o p e r t i e s  of t h e  i n t e r m e t a l l i c  phases ,  i n i t i a l  s t u d i e s  w e r e  d i r e c t e d  
toward e s t a b l i s h i n g  t h e  t i m e  a t  va r ious  temperatures r e q u i r e d  t o  
e s t a b l i s h  t h e  cr, phase ( s o l i d  s o l u t i o n  i f  I n  i n  Au) a s  a f u n c t i o n  of 
s o l d e r  t h i cknesses .  

S ince  

It i s  emphasized t h a t  t h e s e  hard s o l d e r s  can  be used t o  
bond s i l i c o n  t o  s u b s t r a t e s  a t  r e l a t i v e l y  low t empera tures  employing 
s o l i d  s t a t e  d i f f u s i o n  t o  form t h e  a l l o y  from i t s  l aye red  t h i n  f i l m  
c o n s t i t u e n t s .  The temperature  employed i s  determined by t h e  t h i c k -  
n e s s  of t h e  s o l d e r  f i l m ,  t h e  composi t ion o f  t h e  a l l o y  t o  be formed 
and t h e  amount of t i m e  a v a i l a b l e  f o r  t h e  d i f f u s i o n  process .  The 
advantage of  s e l e c t i n g  one of t h e  a l l o y  components t o  be a low 
me l t ing  material when pure i s  t o  enab le  a l i q u i d  phase t o  form a t  l o w  
tempera tures  where i t  can f low and w e t  two surfaces t o  a i d  i n  t h e  
e l i m i n a t i o n  of voids  which o therwise  may a r i se  due t o  s l i g h t  s-arface 
i r r e g u l a r i t i e s .  

6 



2.1.1.1 Experimental  Results 

Bonds were made between s i l i c o n  and molybdenum o r  tungs t en  
h e a t  s i n k s  du r ing  t h i s  r e p o r t  pe r iod  i n  t h e  fo l lowing  manner: 

The s i l i c o n  w a s  prepared by 

1 (1) Backside b u f f e r e d  e t c h  w i t h  HF t o  remove any s i l i c o n  
d i o x i d e  f i l m  j u s t  p r i o r  t o  s t e p  2. 

(2) Vacuum d e p o s i t  0.3 micron of  go ld  on t h e  back of t h e  
s i l i c o n  wafer. . 

(3) Alloy  t h e  gold  t o  t h e  s i l i c o n  by r a i s i n g  t h e  
g o l d - s i l i c o n  couple  t o  400°C i n  N2 o r  forming gas  t o  form a nea r  
eutectic a l l o y  composi t ion.  Th i s  provides  i n t i m a t e  c o n t a c t  between 
t h e  gold  and s i l i c o n  r e s u l t i n g  i n  good adherence,  
quenched from t h e  a l l o y i n g  tempera ture  t o  room temperature  t o  f o r m  
h igh ly  d i s p e r s e d  and t i n y  s i l i c o n  c r y s t a l l i t e s  d i s t r i b u t e d  through- 
out t h e  gold .  
go ld  t o  t h e  eutect ic  a l l o y .  

The  wafer i s  then  

The quench enhances adherence of a n  e l e c t r o p l a t e d  

( 4 )  E l e c t r o p l a t e  gold  onto  t h e  g o l d - s i l i c o n  eu tec t ic  t o  
a t h i c k n e s s  of 0.35 m i l .  

The molybdenum o r  tungs t en  substrate i s  prepared by t h e  
fo l lowing  s t e p s :  

(1) F l a t t e n  t h e  s u b s t r a t e  by a l app ing  procedure t o  
o b t a i n  a smooth s u r f a c e .  

(2) E l e c t r o p l a t e  a go ld  f i l m  0.35 m i l  t h i c k  onto  t h e  
molybdenum o r  tungs ten  s u b s t r a t e .  

7 
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(3) Anneal t h e  g o l d  f i l m  a t  1000°C i n  hydrogen f o r  1 
hour t o  enhance adherence between t h e  go ld  and t h e  s u b s t r a t e .  

( 4 )  E l e c t r o p l a t e  a n  indium f i l m  t o  a t h i c k n e s s  determined 
by t h e  d e s i r e d  r e s u l t a n t  a l l o y  composi t ion and t h e  t o t a l  amount of  
go ld  p re sen t  on b o t h  t h e  s u b s t r a t e  and t h e  s i l i c o n  wafer. 

The s i l i c o n  i s  then clamped under  p r e s s u r e  t o  t h e  indium- 
and  go ld -p la t ed  s u b s t r a t e  and p laced  i n t o  a fu rnace  w h e r e  i t  i s  
hea ted  a t  t h e  d e s i r e d  tempera ture  under  a forming gas  ambient,  
After a s h o r t  h e a t i n g  pe r iod ,  t h e  clamp may be removed, i f  d e s i r e d ,  
and t h e  bonded s i l i c o n  r e tu rned  t o  t h e  fu rnace  t o  complete t h e  
d i f f u s i o n  process .  . 

To reduce stress due t o  t h e  d i f f e r e n c e  i n  thermal  
expansion c o e f f i c i e n t s  between s i l i c o n  and t h e  hea t - s ink  member, i t  
is d e s i r a b l e  t o  form t h e  bond a t  t h e  lowest  tempera ture  p o s s i b l e .  
To take advantage of t h e  l i q u i d  phase f o r  t h e  e l i m i n a t i o n  of v o i d s ,  
t h i s  temperature  i n i t i a l l y  should be i n  excess  of t h e  me l t ing  t emper -  

ature of t h e  lowest  me l t ing  element compris ing t h e  a l l o y .  A second 
c o n s t r a i n t  on t h e  temperature i s  t h e  t i m e  r e q u i r e d  f o r  t h e  d e s i r e d  
d i f f u s i o n  t o  take p lace .  
complet ion,  a l l  of t h e  phases from pure go ld ,  through t h e  l i q u i d u s  
indium-rich composi t ion can e x i s t .  
whether t h e  in t e rmed ia t e  phases possess  s u f f i c i e n t  s t r e n g t h  f o r  bond- 
ing.  
go ld  t h e r e f o r e  have i n i t i a l l y  been made. 

I f  t h e  d i f f u s i o n  has  not  proceeded t o  

A t  p r e s e n t  i t  i s  no t  known 

E f f o r t s  t o  form a s i n g l e  phase s o l i d  s o l u t i o n  of indium i n  

F igu re  2 p r e s e n t s  a photomicrograph of a n  a n g l e  c r o s s  

Using 

s e c t i o n  through a gold-indium d i f f u s i o n  bond between s i l i c o n  and 
molybdenua which w a s  made i n  t h e  manner d e s c r i b e d  above. 
3.13 percent  by weight  indium, t h e  d i f f u s i o n  w a s  permi t ted  t o  t a k e  
p l ace  f o r  2 hours a t  30OOC. The bond t h i c k n e s s  i s  about  0.715 m i l  

8 
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t h i c k .  I n  t h i s  sample, t h e  t h i c k n e s s  o f  t h e  gold  p l a t e d  on t h e  
molybdenum w a s  excess ive ,  and t h a t  p l a t e d  o n t o  t h e  s i l i c o n  w a s  
i n s u f f i c i e n t .  

F igu re  3 shows a photomicrograph o f  a s i m i l a r  c r o s s  
s e c t i o n  where 9.5 pe rcen t  by weight  indium w a s  employed. The bond 
w a s  formed a t  300°C f o r  2 h o u r s ” i n  forming gas .  
no voids  are observable .  

A s  i n  F igu re  2,  

I n i t i a l l y ,  problems i n  deve loping  proper  clamping 
techniques  were exper ienced .  However, success has been achieved i n  
bonding 2- inch d iameter  s i l i c o n  wafers, 8 m i l s  t h i c k ,  t o  molybdemm 
substrates u s i n g  Au-In d i f f u s i o n  bonding a t  200°C. 

. 

A modi f i ca t ion  of  t h e  l i q u i d - s o l i d  d i f f z s i o n  bonding 
technique has been very b r i e f l y  explored  where a gold-p la ted  body 
i s  bonded t o  a second body which w a s  p l a t e d  by s i l v e r  and then gold 
t o  form a Body A-gold-indium-silver-Body €3 d i f f u s i o n  bond, Other 
combinations of materials are of i n t e r e s t  and w i l l  be  explored  i n  
t h e  next  r e p o r t  pe r iod .  

2.1.2 So l id -So l id  D i f f u s i o n  Bonds 

The p o s s i b i l i t y  o f  t h e  format ion  of  mechanical ly  weak 
i n t e r m e t a l l i . c s  when u s i n g  t h e  l i q u i d - s o l i d  type  of  d i f f u s i o n  bond 
has  l e d  t o  t h e  i n v e s t i g a t i o n  of s o l i d - s o l i d  d i f f u s i o n  bonding 
s y s t e m s .  These  may be  homo- or heterobonds between metals possess -  
i n g  r e l a t i v e l y  h igh  s e l f - d i f f u s i o n  o r  i n t e r d i f f u s i o n  c o e f f i c i e n t s .  
Homodiffusion bonds are  most a t t r a c t i v e  s l n c e  t h e r e  i s  no p o s s i b i l i t y  
f o r  t h e  format ion  of  u n d e s i r a b l e  i n t e r m e t a l l i c s .  Thus ,  Au-Au, Cu-Cu, 
Ag-Ag, Sn-Sn, and Pb-Pb d i f f u s i o n  bonds w i l l  be t h e  s u b j e c t  of 
e x t e n s i v e  i n v e s t i g a t i o n .  
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H e t e r o - s o l i d - s o l i d  bonds are a lso a t t r a c t i v e  
p o s s i b i l i t i e s  when t h e  couple  does n o t  form i n t e r m e t a l l i c s ,  
a couple  i s  s i l v e r - g o l d  which, as shown i n  t h e  phase diagram of  
F i g u r e  4 ,  forms a cont inuous  series of  s o l i d  s o l u t i o n s .  Also,  
coup les  which form eutect ic  type  a l l o y s  p l u s  r eg ions  o f  mutual 
s o l i d  s o l u b i l i t y ,  such as s i l v e r - c o p p e r  whose phase diagram i s  
presented  i n  F igu re  5, are e x c e l l e n t  c a n d i d a t e s  f o r  h e t e r o - s o l i d -  
s o l i d  d i f f u s i o n  bonds. 

Such 

I 

During t h i s  r e p o r t  per iod  d i f f u s i o n  bonds have been made 
u s i n g  t h e  s i l v e r - g o l d  s y s t e m  producing e x c e l l e n t  bonds which, i n  
s p i t e  of t h e  r e l a t i v e l y  rough surfaces, appeared void free. T h i s  
i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  b o t h  t h e  s i l v e r  and the 'go ld  were 
s u f f i c i e n t l y  s o f t  t o  enab le  flow of  t h e s e  mater ia ls ,when clamped 
t o g e t h e r , t o  f i l l  any voids  which might have occurred  due t o  
nonplanar surfaces. 

H e t e r o - s o l i d - s o l i d  d i f fGsion  bonds of interest  are 
presented  i n  Table  I1 a long  w i t h  t h e  lowest  me l t ing  temperature of 
p o s s i b l e  a l l o y s .  
of A i n t o  B and B i n t o  A should be avoided t o  reduce t h e  p o s s i b i l i t y  
of void growth by t h e  Ki rkenda l l  e f f e c t .  

Great d i f f e r e n c e s  in t h e  d i f f u s i o n  c o e f f i c i e n t s  

TABLE 11 
P o s s i b l e  So l id -So l id  D i f f u s i o n  

Heterosystem Bonds, Min. Tempera ture 
("0 

Ag-Au 96 0 
Ag-Cu 9 79 
Au-Cu 889 
A u - N i  950 
C u - N i  1083 
Pb-Sn 183 
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Figure  5 .  Silver-Copper C o n s t i t u t i o n  Diagram 
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2.2 STRESS A N A L Y S E  

A d d i t i o n a l  work on t h e  numer ica l  s o l u t i o n  f o r  de te rmining  
t h e  stress i n  j o i n e d  bod ies  r e s u l t i n g  from t h e  d i s p a r i t y  of thermal  
expansion c o e f f i c i e n t s  has i n d i c a t e d  t h a t  t h e  method desc r ibed  i n  
t h e  prev ious  r e p o r t  i s  t o o  s e n s i t i v e  t o  the cho ice  of numerical  
approximations t o  t h e  d i f f e r e n t i a l  equa t ions  t o  o b t a i n  meaningful 
results, 
s e c t i o n ,  w a s  i n i t i a t e d  t o  de te rmine  t h e  r e s u l t a n t  stresses i n  t h e  
a x i a l ,  r a d i a l  and hoop d i r e c t i o n s  as well as the  s h e a r  stress. 
method employed i s  t o  determine t h e s e  stresses under f o u r  stress 
c o n d i t i o n s  a p p l i e d  t o  assure t h a t  t h e  stress a t  t h e  surface of  t h e  
body i s  ze ro .  
w i l l  y i e l d  t h e  d e s i r e d  s o l u t i o n .  The method, t h e r e f o r e ,  i s  one of 
s u p e r p o s i t i o n .  

Accordingly,  an  ana ly t i ca .1  s o l u t i o n ,  as desc r ibed  i n  t h i s  

The 

The sum of t h e  va r ious  stresses f o r  eakh c o n d i t i o n  

2.2.1 - So lu t i0n-L 

Two c y l i n d r i c a l  bodies, as d e p i c t e d  i n  F igu re  I , o f  
d i f f e r i n g  materials are a l l m e d  t o  expe r i ence  a thermal  excurs ion  
p r i o r  t o  be ing  j o i n e d .  Each c y l i n d e r  i s  al lowed t o  expand uncon- 
s t r a i n e d  acco rd ing  t o  i t s  t h e r m a l  expansion c o e f f i c i e n t  w i t h  t h e  
r e s i d u a l  stress be ing  e q u a l  t o  ze ro .  

2.2.2 --- S o l u t i o n  11 

R a d i a l  s tress i s  then a p p l i e d  t o  t h e  circumference of 
b o t h  c y l i n d r i c a l  bodies  t o  b r i n g  t h e i r  two r a d i i  e q u a l .  The s t ress  
a p p l i e d  i s  t h a t  whLch resul ts  i n  e q u a l  work being  done on each body 
t o  b r i n g  them a cornion r a d i u s ,  T h i s  i s  d e p i c t e d  i n  F igu re  2 .  Under 
t h i s  c o n d j t i o n  
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= o  ‘rz c T =  z 

f o r  material No. 1 = cT8 = CT r 

o8 - - C T ~  = o 2  f o r  material No. 2 

where 
= i s  t h e  normal s t r a i n  i n  t h e  z d i r e c t i o n  O Z  

CT = i s  t h e  r a d i a l  s tress r 

ag = i s  t h e  hoop stress 
# 

o1 and o 2  are t h e  a p p l i e d  r a d i a l  stress a t  t h e  
c i rcumferences  of t h e  two b o d i e s ,  

2.2.3 Soluti.on III 

The two bodies  are  j o i n e d  t o g e t h e r  and are then  s u b j e c t e d  
t o  a n  a p p l i e d  r a d i a l  s tress a t  t h e  c i rcumference  which i s  e q u a l  and 
oppos i t e  t o  t h e  stresses a p p l i e d  i n  t h e  prev ious  case .  T h i s  condi-  
tion i s  d e p i c t e d  i n  F igu re  3, The s o l u t i o n  becomes 
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a 
r z  b r  I- 

1 @ = s i n  k z LaoJo ( ik r )  3- a l ( ikr )J l ( ikr )  

, 

where T i s  s h e a r  stress and v i s  Po i s son’ s  r a t i o  f o r  t h e  materials r z  
involved.  
a FourJer  c o s i n e  series arid t h e  s o l u t i o n  becomes a series c o n s i s t i n g  
of t h e  F o u r i e r  series and modif ied Bessel f u n c t i o n s  of t h e  f i r s t  k ind .  

The s t e p  f u n c t i o n  o r  a t  t h e  c i rcumference  i s  expanded i n  

I 

The s o l u t i o n  l e a v e s  small r e s i d u a l  stresses ( o z )  a t  t h e  
ends of  t h e  cyl i -nder  which must be e l i m i n a t e d  i f  a c c u r a t e  r e s u l t s  
are t o  be obta ined .  

2.2.4 - S o l u t i o n  iV 

Figure  4 d e p i c t s  t h e  r e s i d u a l  stress induced by S o l u t i o n  
111. This  must be c o r r e c t e d  t o  o b t a i n  more precise results,  A 
s o l u t i o n  t h a t  sa t i s f ies  t h e  equa t ions  of  e q u i l i b r i u m  f o r  t h i s  case 
is :  

O Z  = f ( z )  ;9AZ(r) 

where t h e  A ’ s  are t h e  p o r t i o n s  of Solu t ions  1x1 t h a t  are  f u n c t i o n s  
of r.  The boundary c o n d i t i o n s  O:I f ’ ( z )  a re  
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f ' ( z )  = o a t  z = O , L  
f ' ( z )  = maximum a t  t h e  material i n t e r f a c e .  

2.2.5 F i n a l  S o l u t i o n  

The f i n z l  stresses are ob ta ined  by adding  t h e  stresses i n  
each  s o l u t i o n .  

I For example: 
i 
I 

+ T  + I -  
+ kII '%I =IV 

= I -  
? 'rz 

A similar procedure i s  employed t o  de te rmine  a l l  of t h e  
remaining stresses. 

2.2.6 Curren t  S t a t u s  

S o l u t i o n s  I and I1 are r e a d i l y  determ-ined, A computer 

program has been gene ra t ed  f o r  o b t a i n i n g  S o l u t i o n  111. It remains 

t o  determine a s a t i s f a c t o r y  f i t  f o r  t h e  r e s i d u a l  ( s z  a t  t h e  ends of 
t h e  c y l i n d e r  i n  S o l u t i o n  111 f o r  use i n  S o l u t i o n  IV. 
must be done i n  each i n d i v i d u a l  case. 
pe r iod ,  s o l u t i o n s  w i l l  be  genera ted  t o  de te rmine  t h e  stresses which 
e x i s t  between s i l i c o n  and t y p i c a l  h e a t  s i n k  vs te r ia l s  as a f u n c t i o n  
of t h e  dimensions of  t h e  members and temperature  excur s ions  t o  which 
they w i l l  be s u b j e c t e d .  

Th i s  s t e p  
During t h i s  next  r e p o r t i n g  

2,3 ALUMINUM- SILICON ALLOY SOLDER 

The aluminum-si l icon a l l o y  eu tec t ic  i s  a n  i n t e r e s t i n g  
s o l d e r  f o r  semiconductor d e v i c e s  mainly because one of  i t s  c o n s t i t u -  
e n t s  i s  s i l i c o n  and forms n a t u r a l l y  when a n  aluminum f i l m  depos i t ed  
on s i l i c o n  i s  hea ted  t o  t h e  eutect ic  me l t ing  p o i n t  of  nea r  5 7 7 ° C .  
t h i s  tempera ture ,  s u f f i c i e n t  s i l i c o n  d i s s o l v e s  i n t o  t h e  aluminum t o  
form t h e  eu tec t ic  composi t ion.  

A t  
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I 

Devices c o n s t r u c t e d  w i t h  aluminum m e t a l l i z a t i o n  n a t u r a l l y  
cannot  u t i l i z e  t h i s  a l l o y  s o l d e r  because s i m i l a r  a l l o y i n g  r e a c t i o n s  
would take place a t  t h e  v a r i o u s  ohmic c o n t a c t s .  
t empera ture  t h e r e  i s  a very  r a p i d  r e a c t i o n  between aluminum and 
s i l i c o n  dioxide,wherein t h e  aluminum reduces  S i02  t o  form A 1 2 0 3  and 
S i .  However, r e c e n t l y  developed m e t a l l i z a t i o n  techniques  u t i l i z i n g  
p la t inum s i l i c i d e ,  t i t an ium,  p la t inum and gold- - the  s o - c a l l e d  "beam 
l e a d  mdpa l l i za t ion"  developed by the B e l 1  Telephone Labora to r i e s - -  
w i l l  enab le  t h e  use of tempera tures  r e q u i r e d  f o r  t h i s  bond. 

A l s o ,  a t  t h i s  

I 

During t h i s  r e p o r t  pe r iod ,  s i l i c o n  wafers 8 ini ls  t h i c k  
and 0.625 i n c h  i n  d iameter  were brazed  t o  aluminum-clad tungs t en  
s u b s t r a t e s  0.875 inch  i n  d iameter  and 0.078 i n c h  t h i c k .  The process  
involved t h e  vacuum d e p o s i t i o n  of aluminum onto  both  t h e  s i l i c o n  2nd 
t h e  tungs t en ,  clamping t h e  members t o g e t h e r  and h e a t i n g  i n  a forming 
gas ambient a t  600OC. 

I n  g e n e r a l ,  t h e  f o r c e s  genera ted  upon c o o l i n g  due t o  t h e  
d i f € e r e n c e s  i n  t h e  expansion c o e f f i c i e n t s  o f  t h e  s i l i c o n  and t u n g s t e n ,  
which are gene ra t ed  du r ing  t h e  temperature excur s ion  from t h e  f r e e z i n g  
p o i n t  of t h e  s o l d e r  a t  577°C t o  room t e m p e r a t u r e , r e s u l t e d  i n  f a i lu re  
of e i t h e r  t h e  s o l d e r  bond o r  t h e  s i l i c o n .  

When t h e  computer program as d i s c u s s e d  i n  subsec t ion  2.2 i s  
f i n a l i z e d  t o  enab le  c a l c u l a t i o n  of t h e  f o r c e s  gene ra t ed  a s  a f u n c t i o n  
of  t h e  geometry of these two bodies ,  i t  i s  planned t o  e x p l o r e  t h i s  
system f u r t h e r .  
t h e i r  expansion c o e f f i c i e n t s ,  e las t ic  modul i i ,  and y i e l d  s t r e n g t h s  
w i l l  be determined,  

The geometry l i m i t a t i o n s  imposed on t h e  members by 

2.4 THERMAL CONDUCTIVITY MEA S'UREPEHT S 

The Colora Messtecknik G.m.b.H. of Germany t h e r m a l  
conductometer has been i n s t a l l e d ,  c a l i b r a t e d ,  and i n i t i a l  measure- 
ments have been made on s o l d e r  a l l o y s ,  
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2.4.1 A1-Si Eutectic So lde r  

Aluminum-silicon a l l o y  forms a eutectic a t  11.3 percent  
a tomic s i l i c o n  which m e l t s  a t  577OC. 
f o r  bonding s i l i c o n  wafers t o  aluminum-clad molybdenum, It i s  
t h e r e f o r e  of i n t e r e s t  t o  neasure the  thermal  c o n d u c t i v i t y  o f  t h i s  
s o l d e r  material. 

T h i s  a l l o y  i s  used e x t e n s i v e l y  

Three s a m p l e s  of t h e  A1-Si eutect ic  were obta ined  from 
Al loys  Unlimited Inc .  of M e l v i l l e ,  New York, i n  t h e  form of  r i g h t  
c y l i n d e r s  1 i n c h  high by 0.65 i n c h  i n  d iameter .  The t h e r m a l  con- 
d u c t i v i t y  f o r  t h e s e  samples w a s  determined t o  be 

I 

Sample A 0.183 cal/cm SecondOC 
Sample B 0,210 cal/cm SecondOC 
Sample C 0.194 cal/cm SecondOC 
Average 0.196 cal/cm second°C 

T h i s  i s  small compared t o  a va lue  of 0.53 cal/cm sec3C 
€or pure a luminum and i s  i d e n t i c a l  t o  t h e  publ i shed  thermal  con- 
d u c t i v i t y  of  s i l i c o n .  

2.4.2 - Pb-Sn Eutectic Solder  

The eu tec t ic  l e a d - t i n  a l l o y  i s  commonly used f o r  a s o l d e r  
i n  e l e c t r o n i c  equipment. Th i s  a l l o y  c o n t a i n s  26.1  percent  a tomic 
(38.1 pe rcen t  weight)  l ead  and m e l t s  a t  183OC. 
of t h i s  material were ob ta ined  from A l l o y s  Unlimited Inc.  having 
dimensions of 1 - inch  h e i g h t  by 0.65-inch d iameter .  The thermal  con- 
d u c t i v i t y  f o r  t h e s e  samples  w a s  determined t o  be: 

Three s a m p l e  c y l i n d e r s  

Sample A 0.099 cal/cm SecondOC 
Sample B 0.094 cal/cm SecondOC 
Sample C 0.099 cal/cm SecondOC 
Average 0.097 cal/cm SecondOC 
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T h i s  va lue  compares t o  va lues  l i s t e d  of 0.083 cal/cm 
sec°C f o r  l e a d  and 0.157 cal/cm sec°C f o r  t i n .  

I n  t h e  future,  thermal  c o n d u c t i v i t i e s  of alloy s o l d e r s  
developed on t h i s  program w i l l  be  determined. 

. 
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SECTION I11 

3.0 CONCLUSIONS 

Dif fus ion  bonding techniques u s i n g  either l i q u i d - s o l i d  o r  
s o l i d - s o l i d  methods appear  very encouraging f o r  bonding l a r g e  area 
s i l i c o n  wafers  t o  s u i t a b l e  heat s i n k s .  Both homo- and heterobonds 
u s i n g  these methods must be  f u r t h e r  explored t o  select  the most 
s u i t a b l e  materials and t o  f i n a l i z e  a r ep roduc ib le  p rocess .  The 
successes  i n  bonding 2- inch d iameter  s i l i c o n  wafers  t o  h e a t  s i n k s  
must be  f u r t h e r  eva lua ted  by thermal  c y c l i n g ,  thermal  shock and 
thermal conduc t iv i ty  measurements. 

. 
The a n a l y t i c a l  s o l u t i o n  f o r  determining stresses i n  bonded 

members i s  proceeding q u i t e  w e l l a n d  it i s  ant ic i .pa ted  t h a t  a com- 
p u t e r  program w i l l  be  f i n a l i z e d  e a r l y  i n  t h e  next  r e p o r t  pe r iod .  
The a n a l y s i s  of stress between s i l i c o n  and several h e a t  s i n k  materials 
w i l l  t hen  be  mads as a f u n c t i o n  of the geometry of the bodies  and 
their  temperature  excur s ions .  

Attempts t o  bond 0.62-inch diameter  s i l i c o n  t o  tungs t en  
w i t h  a molten aluminum-si l icon e u t e c t i c  a l l o y  f a i l e d  due t o  exces- 
sive stresses in t roduced  when coo l ing  from the a l l o y  melt ing p o i n t  
of 577°C t o  room temperature .  
above-descr ibed stress a n a l y s i s  program t o  determine geometry con- 
s t r a i n t s  which must be a p p l i e d  i f  a r e l i a b l e  bond i s  t o  be  acfii-wed. 

This  system w i l l  be  sub jec t ed  t o  the 

Techniques have been developed f o r  measuring t h e  thermal  
conduc t iv i ty  of s o l d e r  a l l o y s .  These techniques  w i l l  be  extended 
dur ing  t h e  next r e p o r t  pe r iod  t o  measure t h e  thermal c o n d u c t i v i t y  
from a s i l i c o n  s u r f a c e  through a bond t o  t h e  o u t s i d e  s u r f a c e  of a 
h e a t  s i n k .  It i s  d e s i r a b l e  t o  know t h e  e x t e n t  of p o s s i b l e  i n t e r -  
f a c i a l  thermal  b a r r i e r s  between t h e  s o l d e r  and s i l i c o n  o r  s o l d e r  
and t h e  h e a t  s i n k .  
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S E C T I O N  I V  

4.0 NEW TECHNOLOGY 

No r e p o r t a b l e  i t e m s  of new technology have been developed 
under t h i s  c o n t r a c t .  
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