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SECTION I

1.0\  IUTRODUCTION

31z potentiel failure modes involving aluminum as the
patallizstion material for semiconductor devices have been in-
vestigated in an attempt to obtain a better understanding of the
processes invelved and to obtain equations which relate device
failure to known physical parameters. This information should
enshle the comstruction of rellable devices with predictable
1ifetines .’E\’ﬁm processes which have beon investigated are:

\
)

{2)
(3)

(4)

(5)
(6)

The Mass Transgport of Alumioum by Momentum Exchange
with Conducting Electrons.

The Mass Transport of Aluminum at Aluminum-8ilicen
Contacts.

Etch Pit Growth in Silicon due to the Mass Transport
of Silicon through Aluminum by Momentum Exchange
with Conducting Electrons.

A Microscopic Study of Aluminum-i-percent Siliecon
Wire Feilure.

The Reaction Between Aluminum and Siiicon Dioxide.
The Dissolution of Silicon into Aluminum.

The first of these becomes an lmportant failure mode
comxonly found in high power devices and integrated circuits where

aluminum conductors carry current densities in excess of 10S amperes

per square centimeter at temperatures above 100°C. The mode of
fallure is an open circuit caused by the movement of aluminum ions
in the direction of electron flow. This fallure mode is enhanced
whea a thermal gradient, a current gradieant or a compositional
gradient exists in the conductor. The effect of a compositional
gradient when electrons flow from silicom into aluminum or from
aluminum into silicon is the subject of the second study.
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The third subject deals with the growth of etch pits into
silicon st high current demzity silicon-eluminum contacts whare
slentrons leave the silicon snd emter,the siumimm conductor. The
etch pits form by the dissolution of silicon ints slumimm and the
traupport of silicon eway from the interxfece by momentum exchange
betweon conducting electrons and the dissolved silicon., The failuxe
moda 48 the growth of sn etch pit through a shallow jumction resulting
in & ghorted junction,

Fhotomicidgraphs of aluninum-l-percent silicon wires which
have boan stressed at elevated temperature, and curxrvent densities
are presented. The dissolved silicon i3 seen to be transported
through tha aluminem in the direction of slectron flow.

Aluminum reacts with silicon dioxide to reduce it to silicon
at elevated temperatures. "Aluminum can penetrate through thin films
of Siéelby'ﬁaahs of this reaction and could result in device fallure
by én electrical short. This reaction was the subject of the fifch
study.

Tha last subject presented was an attempt to determine the
solidegsolubility curve for the dissolution of pure silicon into pure
aluninun., EBtch pits can form by this process in silicon at silicon
alumimim interfaces when the couple is heated. The best data avail-
able was obtained with impure materials in 1928 and should be updated.

Most of the effort of this 15-month program was Jevoted to
subjects (1) and (5) which resulted in the generation of equations
waich enable the prediction of failure by these processes. The other
subjects studied resulted in a qualitative understanding of the pro-
cesses involved. No results were obtained in the last subject studied
due to experimental difficulties. '
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SECTION IX
2.0 ___ANALYSYS OF WORR
2.1 MASS TRANSPORT OF ALUMINDM B?‘Eﬁ%EﬁTﬂﬁ G% Hizg

COMDUCTING ELECTRONS

4 failure wode ccamonly fousid in high power deviecss and
integrated circults appesrs when alumimm conductors carzy current
densities in excess of 107 amperes per square centimeter at tehpara~
tures above 100°C. The mode of failure is an open cizeuit czused by
the movement of aluminum ione .in the direction of elestron flow.
Voids in the metsl, resulting from this process, tend to grow in a
direction normal to the current flow. The effect 18 an accumelative
one increasing the local current density in the region of the void,
thus accelerating the process. The end result is a void extending
entirely across the film interruptiag the current flow. This fre-
quently occurs in emitter stripes where the stripe thickness is
reduced as it extends over a step in the glass surface. Under the
step at this point there generally exists a junction in the silicon

which dissipates power, thus aggravating the situation by increasing
the loecal temperature.

Figure 1(a) shows a photomicrograph of a 1/2-mil-wide
aluminum stripe after it had beecn stressed at a current demsity
of 1.5 x 10° Afcu® at 190°C. Voids ave shown growing at the edges
and in the center of the film. Alsc nodules and crystallites of
aluminum grew (out of focus) from the film appearing as dark areas.
One void has extended nearly half way across the conducting stripe.
Aluminum fons are transported away from certain crystallites and
cluster at other sites growing well defined crystals or nondescript
nodules. Nodule or crystal growth appears downstreom in terms of
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slectren flow £yom voids. The volds and growth reglons ere rather
uniformly distributed sver the length of the conduator sizipe when
the entire stripe 18 at an slevated tempersture and chen there are
ro gradients in current demsity or £ilm composition.

FPigure 1(b) shows extensive surface reordsring and a lazge
crystalline whisker of aluninum extends roughly in the plane of the
film, A large void also appeavrs along onz edge of tha film near
the center of the picture.

Pigure 2{a) 1s a photomicrograph of a current stressed
isrge grained alwaimm fils showing the characteristic angular void
formation as well gs a large whiekar growing slightly cut of ths
plane of focus of the pletura. The heavy dark apots are &lso hillocks
out of focus. This film was stressed at a current demsity of 1.2 =
10% Afen? at 2 film tempersture of 186%¢ for 47 hours.

A view of a similarly stressed £iim at ilower magnification
is shown in Figure 2(b) where several whiskers eppear. One of these
has twinned and then retwinned to grow agaln in its orlginal direction.

Profesgor Huntington and co-workers &t the Rensselaer
Polytechnic Institute have studied ths current induced motion of
surface scratches on bulk metals, (1,2,3) They hevs genegally

<1)R. V. Pennay, "Current-Induced Mass Trensport inm Aluminum,”
(2)3‘ Phys. Chem. Solids, 1964, Vel. 23, pp. 334~-335.

H. B. Huntington and A. R. Grono, "Current-Induced Marker Motion
in Gold Wires," J. Phys. Chen. Selidn, 1951, Vol. 20, Ros. 1/2,
(3)99. 76-87.
A. R. Grone, "Curremt-Induced Marker Kotion im Copper, "J. Faya.

Chem. Solids, 1961, Nos. 1/2, pp. 88-93. ’ .
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eoncludsd that métel ichs which are thermally "activated” {1ifted
ot of the poteatidl well assoeiated with the mstal eiystal lattic
and free to iovk back into thofr oréginel potentinl well of fute
otlier potentis] wells associsted with the crystal or neighburing
erystals) are geted on by tiwo opposing forces in an electricalily
condicting matals

(a) The electiic field spplied to the conductor wiil
-exert a force on the sctivated ioni in the direction opposite to
electron flow.

(b} The rate of momentum exchange between the conducting
electrons colliding with the activatéd metal ions will exert a foree
on the metal ion in the direction of zlsctron flow.

The ion drifts, then, in the direction of the predominating
force which at poderate temperatures for the metals investigated is
in the direction of eleetror flow. Metal ions are observed to travel
towdrd the positive end of the conductor while vacancies move toward
the negative end. Scratch marks on belk metal behave as vacancies
and are, theréfore, observed to move along the surface of the con-
ductor’ in the direction of the negative terminal.

The activation c¢nergy for the velocity of scratch motion
in the bulk materials cbasrved by the Rensselaer Polytechnic Insti-
tute Group wda the same as the activation energy for the lattice
self-diffusion of the metals. The velocity of scratch motion was
also concluded to be a direct function of current density; however

only & emall variation in current density was reported in their
experiments.
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shope £ is the £leld isteasity and ¢ 18 tho zean froe path of tha

‘ Por typlcal mzem free path lengthe on the order of
Sxiﬁ%@fmmm'ma{%ﬁwm%amz demoity
of 10° 8fe® 1o alumives s only 1.3 x 10°% clectron wolts.

Bl = p32
= (2.7 % 1675 om cm)
£10% Afec®y (5 = 1070c)
= 1.3 x 107% ov

Thiz i3 szsil compared to the activation coergy reguived for the
golf-diffusion of alunlioum in s%umicus of 1.4 § 0.1 eV, The
electron encrgy 1o zlso £xall compared to the activation epergy
for wvasancy formstion in alumimm of 0.5 to 1 &v. 3,6

fiie electron energy picked up by falling through the
field 1s aiso gmall cozpared to the average emergy due to thermal
asitation at 200°C of & % 10~ &V,

‘ The electeic field {zposes only a slight drift velocity
to the electrons in the motal in the direction of electron flow.
This additional cnergy is mot sufficient to lift the metal ilons
out of the ;ctyatailme iateice tut can ispart upon collisicn with

_a ¢hercally activated fon cozentwn causing lonfc drift in the
direction of electron flow.

If the net force on the activated ion (total momentum
cransforred per see.) directed towapd the positive electrode by
cozsntin excaonga with electrons ezcecds the force on the lon due
to the clectric £ficld, tie alwioun icn will tend to drift toward
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the positive electrode. If, however, the fozce on the ion due to

the electric field exceeds that due to electron-ion momentum ex-
change ate, the ion will tend te drift toward the negative
electrode. ‘

If the cleectrons at zexo £ield are considered to have an
entizely random motion, ard again a random motion after belng accel-
erated and colliding with ions with nearly elastic collisions {the
electyon energy picked ur from the fleld and delivered to the ious
i3 small compared to the average thermul evergy) the electrons
impart all of their momontum to the loms. The rate of reaction
which takes pl.ce in the migration of aluminum by momentum tranefer
between thermally activated ions and the electrous should then be
a function of the number of activated ions or "targets" available
per cma‘ the mmber of electrons per second available for atriking
the actisated ions and the momentum of these electrens. This may
be expressed as:

R = F {electron momentum) (number of electrons striking
a unit volume per second)
(cffective target cross section)
(aluminum activated ion density) (1)

vhere R is the reaction rate and F is a constant.

The additional momentum P picked up by an electron falling
through an electric field a distance of its mena-free-path 4, with
an average veleecity v, 1s

{4 A
P =cE = epJ = ekt = epdr (2)

The average velocity v is determined mainly by the thermal
velocity, Vg, and is perturbed only slightly by the drift velocity,
Vge T is the mean-free-time between collisions, e is the charge on
an electron, p is the volume resistivity and J the current density.
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The arrival rate N of electrons which have‘been acealerated
by the electric field E is zrelated to J by

J B

where n is the electron deunsity.

A S,

9%

One may consider the number of activated ions per cubic
centimeter in the metal to follow the Arvhenius equation as a
function of temperature. Thus,
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activated aluminum iom demsity = F; e =~ KT (%)

BV
R
G S

vhere ¢ = the activation energy in electrom volts
k = Boltzmm's constant 8.62 = 10"5 eV/°K
T = film temperature in degrees Kelvin.
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The mean~time-to-failure in hours (MI®) is related to
rate of mass transfer by
Fy
R = g G)
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where F, is a function of the fiim geometry.
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Y Equation (1) may be rewritten by substituting Equations
s (), 3), (4), and (5) as
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F
g = Fleod D) @) (o) Fp e M (6)
x = F(p %-c 3%) (Fye” ET?

e waere 0 = jonic scattering cross section. The first term on the
y right-hand 3ide of this last equation is the force acting betwoen
conducting electrons and the ions while the second torm expreases
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¢ha density of the activated {ons as a function of temperatuze.
This cguation veglects the oppoaing forme due to the electrlic field,
By gensolidation of the ¢onstants

\ ‘ﬁfaa écmstmt A gibodies several physical properites
iaeiuﬁﬁszg

éa:} tﬁa volume vesistivity of the metal
. ’(ﬁ} the alectron free time between collisions or the

] eé}.ﬁ?@‘kﬁéa f&‘a& gsath and gverage velocity

{aﬁ t%zez affezﬁaive fonic seattering cross section for

':-’mmm B

{ei} tﬁa fraqaemy factor for self-diffusion of aluminum

iﬁ '.z; .
L &) o fﬁ& geometric factor relating rate of mass
’fmzz:*m:g 4rith roan-tits-to-failure,

Those zeaders who age interested in further reading on
t&ﬁﬁ grbfect  ave voforred to V. B. Ficks N who developed an
&4’:‘;3*;%3@1&}?3‘ for the forece Between conducting electrons and lons to be

Fﬁi d Qﬁ&&@ (8)

To the dovivation of this cquation the effcets of the
Geift voloedty were iccluded into o comentum distribution function
gnd thea ignoved. Roweiting equatier (6) using altermate terms pre-
gemtzd in ecuntiena (2) and (3) one obtains

{?)w D, Fieks, "On tho Mechanien of the Mobility of Ions in Metals,”
fovz oy Froaion, S315d Senta, Vol. 1, Mo. 1, pp. 14, {1959).
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wvhere the force texm differs from equation (8) by the xatio vd/vt.

i,

From Bquation {7) it would be expected that a plot of

g;%jgz vs ;%g would be a negative straight line if ths factors

whick contribute to A are slowly varying functions of T. The activa-
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tion enexgy derived from the siope of this line would also be expected >

to be lese than 1.4 eV reported for bulk aluminum due to the large 2%3
surface-to-volume ratio of the films and the generally small crystalline ff:7
size of condensed alumirum films. The activation energy determined ex- ;;%
perimentally from the mean-time-to-faillure data should serve as a :ﬁfg
quality figure relating to the degree of perfection of evaporated : :%
filma, A

AR e

2.1.2 Small Crystallite Aluminum Films Experiment
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An experiment was designed to determine the values of ¢ and ;
& for highly polycrystalline aluminum films. These were deposited in 1
a high vacuum at the low 10'8 Torr pressure range by the evaporation
of 99.999 percent aluminum from tungsten filaments on & cold (<100°C) L
substrate. The crystallite¢1ateral size was about 1.2 microns. The H
substrate consists of 9000 A of 5i0, on silicon wafers. The films e
were etched to form conductor paths 54 x 0.5 mil x 7000 X, and brazed 08
into TO-5 headers. These were wire-bonded using 0.001l-inch diameter o
aluminum wire, and a can was welded to the header encapsulating the ' x
film ir a dry nitrogen ambient. Each cell consisted of 10 devices ,:%
from which the mean~time-to-failure was determined., The current
dengity varied from 0.5 to 2.88 x 106 A/cm? and the mean-time-to- el
failure ranged from 1.5 to 850 hours.
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Table I presents the experimental failure data obtained
for these £ilms.

TABLE 1
TEST DATA FOR SMALL CRYSTALLITE ALUMINUM FILMS

| Fila | Thickvess | wideh | Jx 1078 | T 3 | wmrr | 10
GRS Ty : : 2 10 g
P @) | (wils){ (Afem®) | (°C){ T°K | (Hours) | MTF J
&} moo | 06| 0.5 f177 [2.22 | 480 |o0.83
. ?659 o1 0,50 § 1.21 186 | 2.18 47 1.45
700§ 0.50 | 1.5 195 | 2.135) 19.5 | 2.28
- 6800 | o.56 | 2.82 [238 |1.96 3.5 | 3.70
7480 | 0.56 | 0.5 192 2.15 | 250 | 1.60
4 7080 6.50 | t1.22 200 § 2.11 38 1.80
g L 7000 | 0.50 | 1.5 212 | 2.06 8 |5.55
: § 7060 § 0.50 | 0.987 109 | 2.62 | 850 0.121
 § 7000 | 0.50 | 1.46 121 | 2.54 | 268 0.175
' 1 6890 0.56 2.05 134 | 2.48 183 0.130
;0 o 'I‘he film temperature was determined by the oven temperature
& plits the fise in temperature due to film power dissipation. For the
o T0-5 hoader, a thermal impedance of 190°C per watt was employed.
A plot of
% 1 1
) ; in Sy VG
e P MIF J °K
is precented in Figure 3. Except for two maverick points where the
rew data on failure rate was difficult to evaluate, a straight line i
fits the data quite well. For these data the current density varied ¥
i 14 A
(‘ 2 }
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Fhe ¢

Bai:a Eaé heen gathared on the 1ifs of well ordered aluminum

¥

F

¢
3 _ 3
J1 sreatet then 5 to 1 while the te@émtum varied 1.4 to 1 on the
1 Kelwid scale. The equation representing this line is &
L w2.28 x 1077 o ~(0-48/KT) 0) 5
| . The activdtion energy of 0.48 oV is 34 percent of that .
:gfgarg;e& ;EQ:; éﬁie sai;f~§i’£fu;a£eti of aluminum fa alumioum of 1.4 eV. %
2 IR W %é cgggmnim Aluminum Film Experime

fﬁ.& eaxx&ueﬁm czmi:aining large crystallites. The films were de-
i “paai&ed fiom t:smgstén £ilaments in the low 107 “8 Torr region using 3
&5 aii;mim aoutca m&éxial which was 99.999 percent pure. The large 5
g‘zﬁ \crgstﬁﬂima (&ppmgimately 8 microns lateral geometry) were obtainad j
%’f by mintaiﬁiﬁg tha euhs,tmta JLemperature at 400°C during the depositioa. .if'
‘%ﬁi The fi’lm thiﬁknass was 6000 A and the line width wes in excess of 0.6 B
f@ mié.a. The cells were stressed at current densities ranging from 0.55 ¢
% fo 2.02 b iﬂé Alcmz and the iean-time-to-failures ranged from 12 to é
£1 1125 wouws. fhe. dsta for this £ilm structure is preseated in Table 2
S gnd plotted fn Eiguz‘e 4. The formula relating current density and “‘g
fﬁ te:ﬁ@ar&tﬁxe £o Mﬂvtimento-'faﬂure is %
4 i 5-.«18 x 10“6 o (0.84/KT) (11) %
A i‘ Thtz im:rease in activation energy to 0.84 eV for this hﬁl
g faiim:e node for the large crystallite well ordered £1lms over the i‘:
. activation energy of fine grained aluminum films is attributed to ”%7
o the reduction of grain boundaries with their acscciated high self- v;
p diffasion doeffici{;nt. . g
§ 16 3
Jh\,-‘ . j
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FEST TUIK FOR L4362 CRUSTAY, AUBIENUH FILES

& g"'m‘% gia& i5 |

> _ c‘é:fz:@,@ 3 0" 10 ﬁ :

3 i¥uang | wgaeh i T 10°

4 § &1 /iéi i (ﬁiﬂﬁﬁ {ﬁi’ } {Houis) ;% ¢y | TX

5036 1;&;552 6.5 | 510 s.45 J193 | 2,145

o036 {0.645 § t2r | 270 | 230 |18 | 2.18

 ems toess | 110 | o2: | 322 {185 | 2.18

= - GP36 [o.638 | 1,95 [ 20,3}12.9 230 | 2.03

8  &bgs fG.eas | 15 ] 180 | 4.1 Ja20s | 2.0

6036 (0.8 | 1.37 63 | 8.45 206 | 2.085

- B035 10.63% | 1.97 12 j21.6 (230 | 1.99

- 6036 f0.382 | 0.548 | 1125 | 2.96 [ 177 | 2.22

@ 6036 10,638 | 2.02 | 53 | 4.63 |18 | 2.19

3 5035 :zs w@ 1,31 ieé:a 10.695] 155 2.36

Al Laxes (:mamuam Aluidtum Pilms With a Glass Film

e imamwﬁ

;‘f A furthor insrease in activation energy for mass transport

<1 sémlei to obtained by the elimination of surface diffusion which is

»% a é@mmng factor for thin films possessing a high surface-to-
%9 volvzn ¥atfs. By the redusctlon of both grain boundary and surface :
ﬂ» diffuoion it was predicted that the activation enexgy should approach
that for sclf-diffusion of aluminum through the crystal lattice of
1.4 oV.
f Large erystallite aluminum films were prepared with an g
™ overcoat of silics glass deposited by the vapor plating technique g
3 to a thicknass of 7,000 A in an attempt to reduce surface diffusion.
Theeo alunimm £ilms were 12,200 A thieck and possessed a width of §
18
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1.46 mils. The current density for the cells varied from (.46 to
0.908 = 106 A/cmg and the mean-time-to-failure ramgéd from 395 fo
a predicted 16,000 hours. This experiment was terminated with

three of the six cells exhibiting greater than S0 percent failuzés
{3900 hours)

Tables III and IV present the data for the failed £ilms
and the predicted lifetime based upon Poisson's distribution of
those films which have beea aged but have not reached the 50 pexr-
cent failure time.

TABLE IIX
GLASSED LARGE CRYSTAL ALUMINOM PERFORMANCE

P -
s v
W 4 5 -
o 2

y 'WM

R

3

. Fiim " Film -6 1013 3
T‘nigknesa Width Jxloz MIF py— Fiim 10
(nils) | A/em Hours | J°MIF | Temp.| K
12,200 1.46 0.908 1700 0.713 .| 212 | 2.0%
12,200 1.46 0.860 1060 1.28 221 | 2.02 sifg
12,200 1.43 0.870 395 3.33 246 | 1.93 B
TABLE IV K
GLASSED LARGE CRYSTAL ALUMINUM PREDICTED PERFORMANCE
Pilm Esti- To. 5
negs Width 9 MIF «% Temp.{ 10" |Sample} Fail~| on
(&) | (mils)] (A/cm“p)| Hours {J °C K |8ize | ures | Test )
12,200| 1.46 | 0.777 | 5,400]0.306 | 203 {2.10|15 | 7 {3%00]
12,200 | 1.46 | 0.702 }12,000)0.170 ] 189 j2.16 | 13 2 2590 ¥
12,200 1.46] 0.460 }16,000)]0.295] 200]z2.11] 13 a 1 2333 -
s
19
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Figure 5 presents this data. The formula relacing current
dennity and £ilnm tesperature to the mean-time-to-failure for well
ordexéd glasded glumioum £ilcs is

?1—-. = 1.88 x 1073 o~ {1-2/kT) (2
biE

The activation enexgy of 1.2 eV for these thick, wide, well
ordered and glassed f£ilms approaches the prédicied mazimm activation
enorgy of 1.4 eV waich is the setivation emergy for self-diffusion of
alueiots {0 bulk slwidoun, The increase ia activation energy for
theys £ilms over well ordered nonglassed films reported.onm in the
previous gection ig atiributed to the xeduction in surface diffusion
dué to ¢thé overlaying giéés £41m Also, because of its increased
thickness, thege £{Ims are probably better ordered than were the
thinnsr donslacoed £{lms, teanding to enhance the activation energy.

z.1.5 éi&?§g£3583}m Lifetims as a Function of Conductor Stripe
Crogh-Sestisnal Area

Tha sicyle theory, as presented in Equation 7 of section 2.1,

exprassed the relationship between the mean-time-to-failure of a group
of corductors to current density, temperature and the degree of order
of tho dopodfted £ilo, The activation energy ¢ varles with the degree
of filn crystalline orxder rangisg from near 0.5 eV for highly poly-
crystalling £iizd to a theoretical maxicum of 1.4 eV for well-ordered
larpe~grained bulk aluminuen,

Tho precyponcatial constant "A" was shown to contain a
factor which tolates the lifetime of the £ilm to the cross-sectional
area of the conductor stripe. Since for a given rate of transport
or vold growth, the greater the film cross-sectional area, the longer
it chould ¢take to cause a vold to grow across the conductor resulting
in an ¢pen elrcuit.
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To include the effect of line geometry in the above
equation, two life test exyperiments were imitiated. In the first
ezperiment the line thicknese was maintained near 7000 2 bur the
line width was caused to vary from 0.45 to 1.98 mils. For the
second experiment the line width was maintained constant at 0.5
mil whiga conductor stripe thickness was varied from 1,921 A to
12,540 A. Aluminum, 99.999 percent pure, was evaporated from
tungaten filaments at the low 10°% Torr pressure onte oxidized
silicon substrates heated to 420°C., Large-grained well-ordered
asryesallites vere formed Ly this procesas. Conductor stripes were
then etched into these f£ilms which were then placed under current
demsity and temperature stress,

. i
hres o
St e o Rt O et i Srraier e

SRR T4

P

-

Table V presents the data obtained on devices of variible
1ine widthe with 11 different cells which were placed under lifetime
test .at clevated current density and temperature s.ress. The last
colunm in tho table 1ists the calculated mean-time-to-failure utilizling
the fortula presented %a Equation 11 of section 2.1.3 for the lifetime
of &ﬁﬁgl&ﬁﬂgd-la:ge~grained alumioum £ilms normalized to the cross-
sectional ares of those films. Equation 11 was derived for 6036 &
thick £1Imo posseraing an average line width of 0.63 mil. The pre-
expanontial comstant, when normalized to the average cross-sectional
arca of the £ilm {9.65 x 10'8 amz), becoumes

5.18 x 1078 x 9.65 x 1078 = 5 x 10713 (13)

The resultant new formula vhich accounts for the conductor cross-
cectional area is therefore:

e i o B . W

st

, -13 ‘
1 5 x 10
= - exp (~0.84/kT) (14)
J4qTF B C
waore B is the conductor cross-sectional area expressed as cmz. . :!

i
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: TABLE V ¥

TEST DATA FOR LARGE CRYSTAL ALUMIK(M o

. FIIM COMDUCTORS OF VARIABLE LINE WIDTHS P

e 2,

Filn Film Cross- Experi- | Calcu-~ 35

Thick- | Film sectional mental lated B3

ness | Width Area xwé | o1 10° | wr MIF T

() (miis) | (en? x 20%) | (a/en®) | (¢ | T(°K) | (houre) | (houxsy | B¢ O

B

7560 | 0.45 8.62 1.85 | 167 | 2.215 | 230 211 P

7540 0.94 18.0 1.42 | 170 | 2.26 650 660

7540 1.40 26.8 1.48 190 2.16 320 341 E ;{

7540 1.87 35.9 1.51 239 1.98 76 76 5

7265 0.46 8.42 1.48 | 205 | 2.09 96 76 .

ﬁ*g“ 7285 0.93 17.1 1.42 219 2.035 &7 &9 A

,e 1 7265 1.42 26.2 1.39 231 1.985 49 68 li

7125 0.54 9.75 1.51 196 2.135 130 93 L

; ;{; 7125 1.00 18.1 1.57 210 2.07 127 84 i

§ 7125 1.47 26.6 0.93 | 198 | 2.12 670 575 A,

B 7125 1.98 36.8 1.00 | 210 | 2.07 450 420 ¥

. x"}) i 4 5.::?

’*.?;91 L ﬁ

:j":%;;\ § ;

§ The formula for large-grained aluminum can be rewritten to . .
:: ! be: }

} | MTF o w)(t) eggt §0.816Z5TZ (15) o

e 5 »10 J 3

R where MIF = mean-time-to-failure in hours "y

é 4. w = conductor width in cm ;

’ t = conductor thickness in cm 7:;

R k = Boltzmann's constant  {8.62 x 107 eV/atom/°K) %

{j - J = current density in amperes per square centimeter -

° T = absolute temperature of the conductor SRy

?j% ; g%

R 23 o
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| sarvise fren 3,000 2o 12,000 wgsteses

A pyaphlcgl prosestetion of the enpesfoentsl v the
catouiated mnﬁmum&&m%a for thess data iz shown in Figure §.
%r%&%%& £% &rpoacs that ss&m«ﬁima Lo-$alluze vaxizs in & linear
ssvee with ¢he m wifth of the ecandustor stripe.

: ks tho scosnd postion of 458y {vvestigation, slumimm
%&gmﬁ siploss. sorn grepored and pioced under stress tests to
syt tho. affoct of confintor thickoess. Well oxdered alumimm
£ %ﬁ%ﬁé@%@% & zs w00 of gbont 0.3 ol and thicknesses )
woEs tasted. Dars for this
g3 is @Wm fr Tohoa %a m forzsla gtilized to caleulate
5&% ﬁm&mﬁw&i}m presanted in this table wng that of
Mﬁﬁ% ﬁ‘ff(‘}» R m %@&imﬁ&l vs tha caleulated mesam-
E§W&3ﬁ%i§m £z these f413s 45 piven In Figuwre 7. Unfortunstely,

d@%&»% ;iaf@:‘f& E gﬁ*@’%:&@ steens scxditions for chils m&zimmt wore

, @W %:s,s a M’*& g3y isi Latlozen 8ok tends to locrease erress ead

%W **i‘ zreatey opresd fo the dota thon thst chiedned st low
o ﬁm;’s E @ﬁwz’*‘&% mug {3 choczend in Plgure 8.) XE is conclud-

T ) %*‘ﬁ&f £’£“2;$§ Bloores 6 ool 7 that tho #In fetlive 18 &

£?*’”°\ fon ol tho fhin ¢ r%:%:zw; stlonal sres aed that Douaticn 15 s
& m&* tzprasslos rolotien moon 1o to the filn goometry, £l
ss«z‘z:’:g:zz‘:: r £d &%srmﬁ Sruniry Far woll crdored £ilon.

Flomon § prosesta o grosh rolatisg the exporimenteally
é»:;:a ired (3In erlimn resfotieltieon 3 o functlon of fllm thick-
B8 {0 oo pelnta ab 4790 exd S840 cuzatramy weze ctalined
£ £l el voemo eenctrusted Bat zot plazed wefer stress teat
bosreso ey wors oizllor to thooo airendy dlecusoed 1a Section

2.1.3.}

It In geen that for £ilo thloknosses below 5,600 enpstreons

the volume rooloxiviey ronldly lnsreasas.  This {5 ettribated to the :
2t that the ceam-froo~-poth of clectrons In alumfmm gt those texm- !
gozatires Is eosur 5,000 aanstrema and olestren callfsiczs st tho

I Sy
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conductor boundary become impo.tant in determining the resistivity
for fiim thicknesses less than the electron mean~-free-paths. This
fore-shortening of the electron mean-free-path, however, does aot
affect tha vate of mass transport of the aluminum. The Sommerfieid
theory indicates that » and { are inversely related to one anothaw.
Thus, by {fuspection of the momentum formula presented in Equation (2)
it is seen that as £ decreases, and p increases, the momentum picked

up by the e¢lectron remains constant for a gilven metal at a given
current density.

2.1.8 Summary of the Mass Trans

port of Alumi-wum by Mamontusn
1z Electrons in the Absence of

Eatariallcradienta; T;H

emperature Gradients or Current
Density Cradients

In the proceeding secticns & simple theory haz been
generated and emperiments deseribed to iilucidate the transport
of alumimum ions in aluminum film conductors under current deasicy
and temperature stress. In this section this information is sum-
warized and presented in a fashion .. *ful to device design eangineers.

An oguation based upon simple theory was derived in Scetion
2.1.1 Equation (7), relating the mesn-time-to-failure for aluminum
film conductors to current density, tem ..ature, amn activatiocn enexgy
and a constant eszbodying several physical properties. The activation
energy has been czperimoentally determined to be a function of the
degrce of order of the aluminum f£ilm varying from 0.5 eV for fine
grained filws to 0.8 oV for well ordered £ilmz and to 1.2 eV for
well ordered glassed aluminum £ilms. (Sections 2.1.2, 2.1.3, and
2.1.4.) it was also dotermined im Scction 2.1.5 that the value for
tho preczponcntial constant in Equation (7) varied ia a linear
manncy with the conductor film cross-sectional area.

(3)8. #H. Sondhoimer, "The Moan Frec Path of Elcetrens in Metals,™
divanson in Fhynien, Vol.l, ¥Ho. 1. Jan. 1952,
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Horusiizing the date for the expericaents described in
%#%iﬁﬁ% 2.1.%, 2.1.3, ond 2.1.6 to account for the film cross-

. sﬁwﬁz‘m& BXCT, sily the pressbonential constants are changed to
gi% tﬁa zoguiting formulans

mz*}; mmma Fiing (@ 1.2 1)

" @% éﬁi 1@“’3‘5 - {G.AB/KT 1
_m \ B {0.48/kT) (18)

inga @zyst&ﬁim Fiips {o &)

i & 5 = 3‘{3 G 85T 17
5 = aﬁg ( feT) 7

m@ mgge f:zyswna.ﬁa Gingeed Films

| w@f"i{m - m % 16719 exp - (L.2/4T) (18)

[ oy

zﬁs‘% o4 &ﬁﬁ € m:‘a‘ s cmﬁaetm’ width and thickness expressed in
e &fx“f@mm*

Figué:a % pw:zcnte theose equations as an Arrhenius plot.

;g‘ @mm, thane Intorscet at a temperature neaxr 275°C. At this

“‘m*‘iw”’&“ wa cnd chove, lattice diffusion effects are predominant
gy onmfose sud graln boundary diffusion; thus structwral effects

uC.am ‘mov dmpovtant in that tomerature ranze. At temperatures lower

wom 27890, hovwover, ovders of magnitude improvemsnt in lifetime
coa ke obialecd threugh the use of »'7 o~ndared large-grained fiims
sxd nall-ovdoved lavge-grainad glossed £1ilms.
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- An altovcate form for Equatisns (16), (17), and (18)
uselsl in desisn work iz given below.

_ SzmaYl Gryatsl Files (1.2 microns)

:V-"Av' TP <G 7 o
SRV PNy %3
g Y o AY e

2 .

1 (19)

Fe ' #
9 targe Crystal Filos (8 nierons)
< - (20) =
|
g <
2 = {21) s
fy 3 1;;
I . ‘Thoso equaticns axo plotted in Figures 10, 11, and 12
:'f?‘;.j wainy &80 pmtf t to be 10”7 cx®. This value is equal te a L %
2; 0.5 t2% by 7,500 A thick film and is typical of conductor stripes ot
‘] for inkeowated eircuits. Since the lifetime is directly propor- 2
. tienak te tha £1Im cross-scetional area, the life of £ilms possess- A¥
" iﬂgf@%ﬁax erogs ccctions can be quickly determined from these plots. P
“f  2.2°  pASS TOANSPORT OF ALUMINI AT ALUMINM-STLICON CONTACTS E
:r:. : N % ;
% In Scetion 2.1 the failure of aluminum conductors stressed i;
™ ’1 ?

at hirh current demsities and temperatures was discussed when the

T e S e R S S e ey Tt L e i e
e b 2 s TS ) sl

condistor experionced no temperature, current density or cempositional gé
gro@ients, In general, accelerated fallure rates are anticipated in }
conluctora valch contain a compositional, a thermal or a current f
v denoity gradicnt. The failure mode 1s a void walch rapidly grows 4
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Figurc 12. Glasscd Large Crystallitc Aluninum Film Lifotime for
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asrpss the aluninue £iln downstream {in terma cf electron £lcw)
from a positive thermal, positive current demsity or positive
diffuaion coefficicent gradient. (The sign of the gradient is

teken o be positive vhen the quantity increases in the dizection
of electron £iow; zee Figure 13.) Vacancies, which migrate toward
the negative cnd of the conductor, cluster at these regions to form
voids. The clustering is accelerated due to the reduced mobility
cf the vacancies when entcring regions of lower temperature, lower
current density or of lower diffusion goefficient.

For simlilar reasons whisherz and hillocks of aluminum
grow upstream (in terms of slectron flow) from negative thermal,
= nogative current density or negative diffusion coefficient gra-
E% dients. In these rogloms aluminum ione which migrate in the
3 direetion of oalectron flow are caused to cluatar at certaln cry-
stalline defocts and crystallite sites to form whiskers and pon-
descript extruded-appearing mounds of aluminum. Clustering
upstrean from a gradicnt is caused by the reduction in ionic
wobllity duc to the negative thermal gradient, the negative
current density gradient or a negative diffusion coefficient
gradiont. The diffusion cocfficient gradient may result from a BB

%] compositional gradieat. .
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> ] To gqualitatively study the effect that a compesitional f;é
o gradicnt has on the fallure of aluminum conductors, diffused
silicon rosistors contacted by aluminum were stressed at elevated
temporatures and current densities.

oo’ Figures l4a and 1l4b present photomicrographs (600X) of ;- E
o two sots of three diffused resistors contacted by aluminum and aged

~ at 235°C at an aluminum stripe current denmsity of 1.3 x 105 Alem”,
gg The three contacts nesr the center of the figures are the negative f :
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terminals and all exhibit aluminum whisker and nodule growth at

the silicon-alumimm contacts. Tiis is explained by the transport
of aluminum ions te these contacts by momentum exchange between
thermally activated ions and conducting electrons. At the ailigen-
aluminum {nterface the aluminum ions accumulsate to form nodules and
whiskers since they are prevented from traveling further by the
silicon with its low solid solubility for alwminum.

The failure mode appears only at the positive terminals
where it is seex from the photomicrographs of Figuxe 14 that a
degradation of the aluminum has occurred as cbserved by a darken-
ing of the eluminum and voids extending across some of the con-
ductor stripes resulting in open circuilts. Aluminum is trausported
away from the contact ares by momentum exchange with conducting
electrons. Since at this interface there are no further aluminum
ions available upstream (from the silicon) to £ill in vacancies
created by the departing sluminum ioms, the vacanciez rapidly
cluster to form a woid which eventually grows across the stripe,
resulting in an open clrcuit.

A second set of diffused resistors contacted by aluminum
films were aged at 236°C at an aluminum stripe current density of
1.3 x 10° Alem®. The polarity of these samples were reversed from
those discusied above. As seen in Figure 15a and 15b, hillocks and
whiskers of aluminum grow near the negative terminals while voids
and depletion of the aluminum occur near the positive contacts to
the diffused silicon ryesistors. By comparison with Figure 14, it
is seen that the formation of hillocks or voids at the contacts is
determined by the direction of electron flow. This algo serves as
a further proof that the transport of aluminum is in the direction
of electron f£low.
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Another effect of aluminum matsl transport was observed
in this investigation. The aluminum bonding wires were removed
from the samples to enable the use of high magnification .objective
lenses during thelr imspection. One of the negative bonding wives
was apparvently attached to the aluminum £1im bonding pad only gver
a small contact area. The current density in the £film at the
periphery of this small contact was sufficiently high to cause a
depletion of the sluminum in the £ilm. The gvhotomicrograph of
Figure 16 shows the depletion of the agluminum £ilw under the
bonding pad as g darkened reglon. This is an excellent axample of
void growth at a current density gradient.

Three diffused silicon resistors contacted by aluminum
plus 3-percent silicon conductors wexe aged for 140 hours at en
aluminum current density of 1.3 x 10° Afem® and 235°C. The samples
were similar to those described in the abave paragraphs and comtain
steep built-in compositional gradients at the silicon-aluminum
interfaces. An optical micrograph of the diffused resistors is
presented in Figure 17. Whiskers and hillocks of aluminum grow
at the negative terminzls to the silicon while depletion of the
aluminum takes place neax the positive countacts to silicon.

Scanning electron micrographs were made of this sample.
Figure 18 shows the region near contact No. 1 of resistor No. 1 as
identified in the previous figure. Hillocks grow near this negative
contact and one whisker 0.006 mil in diameter is observed.

Figure 19 is a view of the positive contacts Ne. 2 and
No. 3 to resistors 1 and 2. The holes through the glass layer
enabling contact to be made to these resistors are 0.50 x 0.33 mil.
Severs depletion of the aluminum from the glass surface near these
contacts is observed as a darkened region.
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An overall view of the negative contacts (4 and 5) is
presented in ¥Yigure 20 showing extensive whisker and nodular growth
near these contacts, One whisker has grown greater than 5.5 mils
long and obviously could be a source of failure by electrically
shorting to other conductors. An enlarged view of a negative con-
tact area to a silicon diffused resistor is shown in Figure 21.

The hillocks appear to be extruded aluminum while the whiskers are
probably formed by aluminur ions condensing at screw dislocations.
The diemeter of the 5.5-mil long whisker measures 0.05 mil (1.25
mierons),

Aluninum £{lms which have been stressed in the sbsence
of temperature gradients, current density gradients or compositional
gradients form voids or hillocks uniformly distributed along the
conductor length. In the presence of such gradients, however, voids
groy rapidly at positive gradients and hillocks at negative gradients.
A qualitativé desciiption of these is given above. Due to lack of
time, a quantitative study of the effect of these gradients on
failure was not possible and is recommended as a subject for future
study.
2.3 ETCH PIT GROWTH IN SILICON DUE TO THE MASS TRANSFORT
OF _SILICON THROUGH ALUMINUM BY MOMENTUM EXCHANGE WITH
CONDUCTING ELECTRONS

A faillure mode associated with aluminum-silicon contacts
is the growth of etch pits into silicon at the positive terminals
during high current density and temperature stress. To show this
effect, the aluminum conductor pattern was etched from the silicon
diffused resistor samples described in Figures 17 through 21 of
Seetion 2.2. "B" etch was used for 3 hours at room temperature to
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remove the aluminum 3-percent silicon conductor metal,

“" Rech Pormsla: 2 parte of volume, distilled water
1 part niizic acid
1 part acetic acid
: 36 parte phosphoric acid

& scanning électron beam photomicrograph of the three positive
contacts to the three resistors is shown in Figure 22, All
contact areas exhibit rectangular or ggquare etch pits inte the
<100> oriented silicon. An enlarged view of the center positive
contact is presénted in Figuve 23, Thie is the positive contact
from rerminal Ho. 2 on resistor No. 2 as identified 4in Figure 17,
Some materisl is also seen to be on top of the silicon surface and
is probably silicon which was inftially deposited as a 3-percent
alloy with the alumimum condudtor.

The eteh pit formatior ia due to:

(e} Solid state dissolution of silicon into aluminum
to satiivate the aluminum at its operating tempera-
ture,

{b) Transport of the dissolved siliecon away from the
interface by momentum exchange between thermally
detivated gilicon ions and conducting electrone
engbling further solid state dissolution of silicon
into the aluminum,

At 235°C, about 0.003 weight percent of silicon can exist
in golid soluticn with the aluminum. The silicon from the substrate
at both positive and negative terminals dissclves into the aluminum
to satisfy this éolubility limit. The activation energy for the

69
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‘Aiffusion of silicon inte siuminum (estimated to be sbout 0.95 &v) @)
1o 1gwet thap thst of alunisite 4o sluatoun (1.4 &V). It S8 expected,
*%m, thiat the #4fieon 49 saﬁé solution is resdlly activated and at
the Wﬁtﬁ% £ékaidal 1s suept susy from the dnteiface by the force
&¢ &6 the rets of momintun ékchange betisen the sctivatad s1iieon
iont #nd £l msn&sstfmg £lestrons, More sillecsn from the substrazé
s then avis o dlepoiva isto fhe slinminup where 4¢ 45 again swept
&omm@ %7 e &i@cﬁm&ﬁ Hecavse silicon will preferentisily

¢he alumls ,j £rom mﬁme &adocetiong, zather thay mai-
ﬁm_y @mx ﬁéﬁ mm@ the process resulis in ¢he formation of
eéa@ ?ﬁﬁﬁ iﬁfﬁa s $lideon ot ciystalline disiocatfons. The process

4 ﬁﬁzﬁ tﬁ@ jmii@s @mﬁh the ﬁi@ﬁnimmvsﬁﬁmn sontact

. ?igﬁa&ém mﬁz@ﬁwgmﬁax&smﬂMQ

ﬁf%@s' gﬁmss aﬁé ?Wﬁﬁ, @i 44ie sﬁmﬁmm condictor, These sre

crticts %, & lgsding to resdétors No. 2 &nd 3, 28 Adentified
snldiped visw of one of these stiicon sonvact
: e :iﬂi‘igma 25. Mo sich pits it the silfcon are
&% 3&@ #t m,se contasts. A growth of crystailites s cbesived,
Bateaver Z] -3 fﬁze surfece of the #ilicon at these interfaces and is
: s ﬁiﬂm which pas initiaily deposited with the alumfona
g £Ldnapor aﬂé@mm&mﬁmsmﬁucm stripe to this

‘ﬁtc’ﬁ pii:ﬁ £¥p not fomﬁ in :t:he negative siiicon éontact
aress bécaiige the siiicon shich wae iﬂi*iamy dissoived into the
Alupiras #epaios supersetiurated at this interface by means of the

@iss tidndport mciaazxiﬁm preventin, further dissolution of silicon
ﬁ:ntc aﬁm&mm,

S Nas s

@g Dota Preseited by G, Scheeble, B, Keen, L, Lowenste
Sﬁa& éi Goxitﬁ.et ?ai ures 13 Integrated Cimnim o Tashnical
W Wﬂ’ﬁ?’ﬁﬁi, S@go 57;
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Tt ghould be poiuted out that the mass transport sesheniss:

of eildecon in aluminum can leud to the etching of alunimen sonlizgiors
#into sildicon. Aluminum contuctors supported on silicon and parryizg
Tigh current densities parallel fio the silicon~-aluminum interfase can
trvansport diesolved silicon away from the silicon-aluminum interface
and deposit 4t at supersaturatefl regions of the conductor az silicss
crystalilites. The process can continue forming etch pits into the
sildcon and crystallidtes of silicon distributed throughout the
daluminum, Buch an effect was racently described but not explained

by €. B. Okyer,'

In the dbove dissussion a qualitative description of she
-etcdh pit formation dnto silicon at positive aluminum~silicon concacts
carrying Wigh current tensitles at alevated temperatures has been
presentad. Due to Tack of time, a guantitative determimation ©of the .
etch pit growth rate as a function of current density and temperature .
has not been possible and is a smibject recommended for Future study.

2.4 LAMINIM-1-PERCENT~STI-ICON {WIRE FATLURE

Buring the experimentd]l evdluation of large-~area-~crystallite,
tiick alumioun €ilms coated with a 7000 & shick iayer of glass, dt was
dbserved that two cells of davices failled due ko bonding wire failure
rather *ﬁgan tdue to £1Im £ailure. 7The £ilms under stress were thick
{12,000 4A) and wide {143 nilg) which due o their large cross-
sectiional area raguired currents in excess of 0.5 ampere Lo reach
film current densities near 1.2 million amperes per square centimster.
‘The ‘boniling wires were 1 mil Qiameter aluminum, 1 percent silicon and
the test was carried out using dc current in an oven set at 140°%C,

g, B, oiver, “Dagradation of Evaporated Aluminum Contacts on
Silicon Planar Transistors,’ Sixth Annual Reliability Physics
Symposium Proceedings, I1. 209-215, IEEE Cataleg No. 7-15C58
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Table VII presents the test conditions for these wires
glong with their mean-time-to-failure, It is estimated that the
wire temperature exceeded 400°C duzing this test.

TABLE VI
{7iRE FATLURE DATA

E&m Cuzzent | Mean Time Ovan.
Ctirrent Density to Falluvre Tetpprature
Group (5@@%@) (Emperes/c:s ) (Howurs) : (gc)

1=3 0.532 1.05 % 10° 1070 © 140
2.3 | 0355 1 2095x10° | 690 S

Pigures 25 and 27 show photomicrographs of the wires
obsorved after 1ife testing. The 1ife tests took place in hez-
mationlly detled units in a nitvogen avbient. The magnification
is 300X,

Pigure 26 shois a typlcal “bamhoo! stiuctiure of the wire
¢ih grais bouwndaries running scrogs the wire diemeter. The su “ace
{5 peotirtotured shoring nodular growth which appears quite fre-
quchtly, but not neeessarily, at grain boundaries. There is a single
cryital sectlon of the wire neax the center of this micrograph which
is darker than others. This erystallite appears to be coated with a
gray wotallic waterial,

Figure 27 shows a somewhat kinked section of wire with a

suall erystallite growing out of the surface of the wire near the
center of the photograph.
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Baxbooed and Kinked Wire with Nodules

{500}
Pigure 27
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Figure 28 is a micrograph of a badly kinked section of
wire vhich appears to have first recrystaliized to form a "bambso"
like structure and then melted at the grain boundaries enabling the
wire to relieve any bending or compressionsl stress. The straight
sections are single crystals of aluminum. Nodules often appear at
the grain boundaries.

Scanning electron beam miercgraphs have also been obtained
of a similar wire fdilure and are presented in the following:
Pigure 29 shows a view of the negative lead which had buined out
near the bonding post and remained bonded to the alumimum stripe.
The dark circular object in the background is a gle_.s seal for the
negative bonding post of the TC-5 header. It is seen that the
aluminum has “bambooed" in that single crystals have grown suffi-
ciently large to extend across the entire wire diameter. A spherical
object appears near the break and appears to have been molten at one
time. During aging of this sample, the electron flow was down the
wire to the aluminum thin film,

Figure 30 shows an enlarged view of one of the grain
boundaries (the second grainm boundary above the "knee"). Ridges
are observed to have formed iam the wire surface. The crystal
grain boundary extends across the wire cross section.

Figure 31 presents a view of the "kink" or "knee" in the
wire as observed in Figure 29. Again, ridges appear on the surface
of the wire extending across grain boundaries.

Figure 32 shows a view of the thermocompression bond
between the aluminum-l-percent-silicon wire and a large-grained
ailuminum thin film, vacuum deposited on a silicon dioxide surface.
An enlarged view of the crystallites which grow out of the surface
of the wire is shown in Figure 33. By sectioning and evaluating
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similar cyrstallires by optical microeeopy, it has been determined
that ihe crystallites are considerdbly harder than aluminum and
wheo etched appear to be siifcon. Xt is concluded that the crys-
tallires are 3ilicon shich has been traneported down the alumicum-
I-pércent-gilicon wire by momentum exchange with conducting electrons,
A porfion of the siiicon dissolves into the aluwminum to foxm a2 solid
aoiuntion of siliecsm o alwrioun. The @iffusion ccefficient of silicon
in adomimum 1s grester than the self-@iffusion coeffirsient of aluminum,
2ilicon is, therefore, transperted more readily domm fhe alumioum sire
by this gsechenism then is aldasdpuw. Then .be silicon lons reach the
heat sidk and cooler 3le supporting the shminm Film, the rate of
rrénsport of the silieom decreases, fesulting in a super-saturated
confition causing the silicon cryeials to precipitate out of solutiem.
The gbservations made im this scamning slectyron beam
mieroseopic investigatiod confirm cheervations mede in Section 2.3
thot 21licon does dissoive into diuminum and is capsble of usass
transport through the aluninum by momentum exchange between thermally
activsted 8iiicon dons and conducting electrons.

2.5 REACTION BETWEEN ATUMINUM AND STLICON DIOXIDE

The £ree energy change im the reaction
A1 -+ 540, -*Alzfi)a 4 $i

is -150 kﬂoéaloﬁea per mole at 500°C indicating that the zeaction
will proceed. The reaction 18 nsed extensively by the 5em§mnndnxjtor
in@ustry to mzke chmic contacts to silicon through the 20 to 30 A
thick 510, fiims which paturally form over silicon at room tempera-
ture. %o obtaln processing design data ensbling the silicon device
engineeyr to choose time and temperatures foyr making ohmic contacts
through the thin silica layers as well as to determine what role
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b A

this reaction may play in the degradation of the reliability of

devices operated below 200°C, an experiment wus designed to deter-

mine both the activation energy for this reaction and an eguation

relating the depth of penetration into the silica 2s a function of
~ time and temperature.

. large m:ys%aﬂ.ﬂ.—ite well-ordered aluminum films were
deposited onto Y600 A ¢hick thermaily grown Siiﬂz on silicon wefers.,
The depositior was made in a vacuum ia the low 1078 Torr region
using 99.999 percent aluminum evaporated from tungsten filameots.
The siubstrate temperaturs was maintained at 475°C during the de-
position to promoie the formation of well-ordered iarge-grained
fﬁmsé The alumioum £1in tfhickness ranged between 3400 and
4600 A. A comductor stvipe pattern was ther etched imto the
dluminum providing conductor widths of 0.5, 1, 1.5 and 2 mils
wide by 54 mils long.

Each wafer with the aluminume stripe pattern was bhroken
into several gleces. The pieces from one wafer were placed into
a furnace for aging for Gifferent times at a fixed temperature
under a mitrogen swbient. Tue furnace temperature varied +3°C
over the miffle region in vhich the pieces were placed.

The depth of the reaction into the alumimm was determined
by first exposing the region through the aluminmm film and into the
glass by ghallow angle lapping of the structure as shown in Flgure 34.
The remaining glass thickness was determined by light interference
patterns. The depth of penetration of the reaction was then readily
determined from this information and from knowledge of the initial
glass thickness.
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Figure 35 presents photemicrographe of the angle lapped
speeimens aged at 523°C, indicating how the depth of posetration of
the reaction wae cbserved. In these views, the ailicon base is o
the left and appears to be finely scratched by the angle lapping
process. Interference patterns due tc white 1ight are observed
running through the glass wedge and parallel to the glass silieon
interface. The interaction reglon appears dark and is seen to
penetrate further intc the glass as the aging time increases, It
is also seen thet under certain areas of the alumioum little re-
action has taken place and is due to the formatiom of loeally
continuous layers of A1203 which prevent further reaction.

Figure 36 prezeats a plot of the depth of pepetrzation of
the reaction into the glass as a function of time for samples held
at 543°, 533°, 523°, 513°, 503°, 463°, and 421°C. From the slopes
of these experimental lines the rates of penetration of the reaction
into glass were determined in angstrowms per minute and are lisgted
in Table VIII. An Arrhenius plot of this data showing 2 1n R vs %ﬁ is
given in Figure 37 from which the equation that describes the rate
of reaction was determined to be: R = 3.18 x 1017 exp -(2.562/KkT)

where R is expressed as angstroms per minute and k is 8.617 x 1()"5
eV/°K/atom.
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5L G Temperature 1 Rate
/*i (°c) K (A/min)
b 4
o 543 1.225 49.0
o 8 533 1.241 27.8
1 523 1.256 19.7
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Figure 38 presents an extrapolation of the data to lower
temperatures and is valid only if the reaction obeys the above de-
rived formsla at the lower terzperatures. It is seea from this

, figure that at 340°C the penetration rate is 1.9 x 1077 A/win which
is the rate required to penetrate 1000 A of glass in 10 years. It
. is also seen that this mode of fallure {8 not a significant ons at

the operating tempersture range of semieonductor devices below
200°cC.

2,6 DISSOLUTION OF STLICON INTO ALIMINUM

Due to the solid solubility of silicon inte aluminum, the
latter can sct as an etchant for gilicon at relatively low tespera-
tures where the process takes place by solid state diffusion. The
etching of silicen by 2luminum, like other etches, is not uniform
and preferentially attacks crystalline defects to form estch pits.
These etch pits can traverse through shallew p-n juuctions cauaing
failure by an electrical short.

s i %
o
/'% YR

The region of solid solubility is indicated in the

gii metallurgical phase diagram of this system presented by Hﬁasen(lﬂ) %[ﬁég
%%? shown in Figure 39. The region of {nterest 18 enlarged in the Egég
%?. insert vhich shows the solubility to £3ll off from a maximum at ;:ﬁ%
@; 577°C to near zero at below 300°C, %1%%
ri}g ‘%'%%
;;7 The amount of silicon removed by dissolution irto siuminum i’%%
%@ st a gliven temperature is determined by the solid solubility and the 3 22
gﬁ“ amount of aluminum available. The data givea by Hansenfla) for the ?- Z?
oK solubility curve which he considered to be most accurate was generated ?.SE
EQ . by Dix and Heath(11} in 1928 using cderographic area analysis. The .’ ?ﬁ
%% materials used by these favestigateors were: o, lgé
§ ) (10)y gansen, Comstitution of Binary Alloys, 2nd Edition, McGraw-BAll [ %
’&5 Book Company, inc., 1958 ‘iﬁ?%
{ (1g, 4, Dix and A. C. Heath, Trams. A.LM.E., 78, 1928, 164-19.
%} I B |
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Figure 39, Aluminum-Silicon Phase Diagram
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o epdTis w38 therefore desigred to nplete thise data
SR ESES mmmm of Bigh purity. The method chosen was to

> i the welght sercent of silicon dissclved Into amm

mwg%mwm@wim& onto silicon.

213 2; .50 wafers dere:

£i3 cleomed

{2y waighed to 43 microgroms

{3} coated with vacuun deposited A1 (59.999%)
o both sides

4y weighed Lo 43 mierograms

{3} bheat treated

, ~ {6) etched to xemove A3 with disecived Bi

# , . {7} weighed to 33 micrograms.

- | Thas mothod, however, proved to be inaccurate due to

R oxidstion offécts of the Al and Si during heat treatment and was

: chondened. It is reccxmended that the estsblishment of the sclid-
.Y EQMM@ curve of silicon inte alumimm employing pure materialg
Xy the mibiect of a future study.
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3.0 CONCLUSTONS

The resuits of 2 15-wonth stuly of potentiesl. Toilure modes
of aluminum on silicon semivenduontor devloss have besn prasented.
The major 2¥fort was devoted Lo studies of the mass transport of
glumizen by momentom exchange with conducting electrons end 2o the
venstion between alumimm snd 813icon dloxidz., Qoulitstive infor-
mation hag also besn gemerated concerning the maes tyansport of
silicon throagh asluwmiom by comentum sxchange with cundoscing
glectrons lesding to etch pit Zozwatien in siiieon st those euntacts
waere giectrons lesve the sillcon snd enter the alumdmum. Alzo,
wierograghs have been cbtained dhowing struetural changes in over-
stressed zlumioum wires used to contact semleonductor surfaces. Im
attenpt to estcblidh the soiid-selubility curve for silicom In
alumizem using pure elempats was not succeasful.

3.1

The mean~time-to~-Eailure for aluminum conduccor stripes
which possess np gradients in temperaturs, curvent density or com-
pogition that are stressed at high curvent densities sad elevated
temperatures can be empreosad &s

lem i WA‘:: exp ~{0/T)

HTP = -k 67T
mm(&?

79

= R = = --.—.A-—a.—a—‘ -“A—‘A Lrcewr ...-.—_g’ gt oy
e T ey, S e B o o e i e s S

R
> ik . Gl
N @S B AN

‘W. o
i 56‘:,&;?‘”’ 3
g}xﬂ "‘,&

3

-3
A 3 da
5 B

T8

o
nPe
<352
Wor

‘
,

™ Q"&

Hngtatin

b

g 5




y Redasallac Sumd CF aa T T I T T N S e e e A it vt o e et g s e e
i;%% ~ B ‘. s L
&;%
?. 2]
where MIF = mean-time-to-fallure in hours

J = current density ia auperes per square centimeter

k - 8.62 x 107 &V/atom/°K

T = filp temperature in degreez Kelvin
5 4 = constant '
,« ¢ = getivation energy in electron volte
,g' v = £fllm width in em )
. t = film thickness in om.
Mj{ The activation enexgy for this failure mode has been
>§ deternined for highly polycrystalline, well-ordered large crystalliae
fw and glassed well-ordered large crystalline films. The activation
%) eturgy is identical to that for the lattice self-diffusion of
ol alumimem in aluminum modified by factors involving both surface
:;; diffusion and grain boundary diffusion. These latter two factors
o ® can be important in films formed by the condensation of aluminva
Vapor. ;
% -
7;‘?% | large-grained well-ordered aluminmum f£ilms overcoated by .
“ﬁ a layer of deposited glass exhibit values of ‘
o~ 1.2 &V
and A = 8.5 x 10710 a
K large-grained  (about 8-micron lateral dimension) well- : ;f
= ordered aluminum films are charvacterized by &
e p = 0.84 eV
i and A = 5 x 10718
e Swall crystallite (sbout 1.2-micron lateral dimensions) |
2z show values of !
- ¢ = 0.468 eV B SRt
and A = 2.43 x 10716 1
; &

L‘§
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At film temperatures of 275°C and above, the physicsi
structure of the alumimem £ilm is not an importsnt factor in
determining lifetime since in that temperature range all film
structures follow the formila which expresses the lifetime for
well-ordered and glassed films, This iz because at 275°C and

above, aluminua diffusion through the crystal lattice predominates
over grain boundary diffusion and surface diffusionm.

At temperatures below 275°C the film structure becomes
important in determining conductor lifetime. At 100°C nearly
three orders of magnitude improvement in 1lifetime can be achieved
through the use of well-ordered glassed films in place of h'ghly
polyecrystalline nongiassed films,

Due to inaccuracies in film temperature measurement
and to the small cell size of these experiments an accurate
experimental determination of the power for J cannct be
obtained even though the value ¢f J has been varled over a
range in exceas of 5:1. A statistical anslysis of the data,
howaver, indicates that the exponent of J is definitely not
unity and exceeds the value of two by only a small amount.

At this time the exponent value of 2 for J appears to be valid
but further work ig required to substantiate this.

3.2 MASS TRANSPORT OF ALUMINUM AT ALUMINUM~SILICON CONTACTS

Temperature gradiemcs, current density gradients and
compositional gradients can establish locaticns within thoe con-
drotor where vacancies can rapidly cluster to form a vold aund
thus degrode the lifetime as predicted by the cquations diseussed
in Section 3.1, Voids fowm at positive gradicats while alumdinmum
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hillocks and whiskers grow at negative gradients (in terms of bg

electron flow)., Whiskers could be a cause of failure if they grow iz
sufficiently long to short to nearby conductors. :

More time is required to establish formulas whih predict
1lifetinme of alumimmm conductors which contain such gradients when
stressed at high current densities and temperatures. It is rec- A
cmmended that this be the subject of further study.

3.3 EICH PIT FORMATION iIN SILICOX DUE TO THE MASS TRAKSPORT
OF SILICON THROUGH ALUMINUM BY MOMENTUM EXCHANGE WiTH
CONDUCTIRG ELECTRORS

It has been shown that etch pits grow in silicon at high
current density silicon-aluminum contacts where electrons leave the
silicon and enter the alwninum. This is due to

{1) Solid state diffusion of silicon into aluminum
to saturation at the contact temperature.

e e, S

g LERN £
RGN SR B B
CHEN AR

P)
% 4

2
B, R

(2) 'Transport of the dissolved silicon away from the
silicon-glumimum interface by momentum exchange

& v R
£ g
SR

73
CAbE:

between thermally activated silicon and conducting §%§g

electrons to permit further dissolution of silicon ’%g@i

into the alumimum. giﬂﬁ

P

Etch pits form in the silicon by this means only at those (¥

contocts where the dissolved silicor is swept away from the junction g:ff
and through the aluminum by the "electron wind." Thus, etch pits do §'i§%
.

not grow by this method at aluminum-silicon contacts where the gty
clectrons enter the silizon since the "electron wind” wmaintains ;3
paturation conditicns by keeping the dissolved silicon in the Eoos
vicinity of th» interface. ) , 3
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Time was not avallable to “22termine the xate of etch pit
growth normal to the surface as s function of current demslty and
temperature. It is recommended thet this study bs made in ibe near

future since it is a potential fallure mode for shallow junection
devices.

3.4 MICROSCOPIC INVESTIGATION OF ALUMINUM-1-PERCENT-SILICON

WIRE FAILURE

Micrographs have been presented showing gross structural
change leading to wire failure of l-mil diameter aluminum bonding
wires containing l-percent silicon when stressed at elevated tem-
peratures and current densities. It was also shown that silicon

iz trangported through such wires in the direction of electron
flow.

3.5 REACTION BETWEEN ALUMIKUM AND SILICON DIOXIDE

An equation which describes the rate of aluminum transport
into sllicon dioxide by reduction of the silicon dioxide to silicon
has been determined to be:

R = 3,18 x 1017 exp - (2.562/KkT)

where R = rate of penetration into 510, in angstroms per minute f‘;j
k = 8,62 x 107> eV/atom/°K 2
T = temperature of the couple in degrees Kelvin. ié
At operating temperatures of 200°C this reaction rate is insignificant wi

and therefore is not a fallure mode at that temperature. During pro-
cessing, however, at elevated temperatures this reaction could be a
precurser to a failure mode. The high activation energy for this sl

reaction of 2.562 eV makes the reaction rate most sensitive to
temperature.
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3.6 DISSOLUTION OF SILICOM INTO ALUMINUM

A method chosen to establish the solid-sclubility curve
for pure silicon into pure aluminmm falled to be sufficiently
accurate. It 12 recommended that additiomal effort be placed on
this project since the best currently available data wae obtained ¢
with nonpure materials in 1923, It is an important factor in the
formation of etch pits inteo silicon at silicon-aluminum interfaces +
wvhen thoge interfaces are subjected to elevated temperatures and
could ba & source of fallure for shallow jumction devices.
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with conducting electrons obtained snd equations relating tempersture,
current density, film striovture, and file geometry to conductor 1ife are presented,
The condustor lifetime is shortened if thermal gradients, cwrrent density gradients,
or coxpositional gradients exist. Void formatio at a coapositionel gradfent where
electrons leave silicon and eater sluminum hee been qualitatively studied. Also, it
is\shown that that hillocks and whiskers of aluzinwma form at aiuwinue-silicon inter-
faces vhen electrons leave aluminum and eater silicon. Eteh pit growth into silicon
at silicco-aluminum contacts carrying high current densities vhere electrons lesve
the zilicon and enter alusinuz has been gqualitatively studied. Two concurrent
mechanises leading to the formation of these etch pits are: (1) the dissolution of
silicon jinte eluminmm to reach near saturatica, and (2) the transport ol the dissolved
silicon lons down the aluminum and sway from the interface by nomentum exchange with
conducting electrons. A microscopic study of aluminua wires conteining l.percent
silicon is precented showing gross struciural changes when stresssad at elevated
current densities. Silicon is also shown to de transported down the wires in the
direction of electron flow. Equations relating tho reate of penstration of sliminun
inte silicon dioxide to temperature ere preseuted. Thie reaction is showm to be wn-
[ izportant as & failure mode at normal device opsrating tempecatures of ZOOIC
and delow,
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