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* ABSTR&Ct

- kz activat$,i cer~y for tho mass transport of aluminm
"19-660Itm o=hg with conducting electrons has been obtained

taetatto~ts reLatA temperattire, current densifty, f£ilxa structure
Add flz e~ty to conductor life are presented. The conductor
fle- Ys shoteue4 if tietvdAl sradionits, current density gradients

1 gadit exist. Void formation at a compositional
gtaditt- Vhii eic~trons leave silicon and enter aluminuim has been

4talttt~ely t~diA. Aso, it is shown tht hillocks and whiskersA
of, aflt~ fkro iii alsainum-oilicoa Interfaces when elec~trons leave

-ahoi-64-ico. tebpitgrothinto silicon at silicon-
41 dot~a~tB Catrit4 u current densities where electronsI
ft %ii tct an&daa ttAluminum have been qualtatively studied.
T~Ocotttto~ nchntcs eadiq to the formation of these etch pits

thbdipoluist of silicton into aluminum to reach near
Mtu~u4ti!a, pu4 (2) the trans6port of the dissolved silicon ions down

th~allitt* ad aayfrom ft intetface by momentum exchange with

-COndOCtitt3 1cctcons. A microscopic study of aluminum wires contain-
LisaIV~ ipzAttsticoti is p:resenuted showing gross structural changes

tttl btrbaod At elevated current densities. Silicon is also shown

'EquiiLOns relattnt the rbte of penetration of aluminum into silicoa
[p Kdtaxdo to tt00erute ate presented. This reaction is shown to be

h14 artaft as di failure mode at normal device operating temperatures
0f 20bC mutt belowi.
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SECTION I

Six potential failure modes involving aluminum as the
tal1lization =terial for semiconductor devices have been in-

vestigated in an attmpt to obtain a better understanding of the
processes involved and to obtain equations which relate device

failure to known physical paramters. This information should
enable the construction of reliable devices with predictable

1ifetios. 'The processes which have been investigated are:

(1 The Mass Transport of Aluminum by Momentum Exchange
with Conducting Electrons.

(2) The Hass Transport of Aluminum at Aluminum-Silicon
Contacts.

(3) Etch Pit Growth in Silicon due to the Mass Transport

of Silicon through Aluminum by Momentum Exchange
with CondtJting Electrons.

(4) A Microscopic Study of Aluminum-l-percent Silicon

Wire Failure.

(5) The Reaction Between Aluminum and Silicon Dioxide.
(6) The Dissolution of Silicon into Aluminum.

The first of these becomes an important failure mode

commonly found in high power devices and Integrated circuits where
aiuminum conductors carry current densities in excess of 105 amperes

per square centimeter at temperatures above 100 C. The mode of
failure is an open circuit caused by the movement of aluminum ions

in the direction of electron flow. This fa.tlure mode is enhanced

6hen a thermal gradient, a current gradient or a compositional

gradient exists in the conductor. The effect of a compositional

gradient uhen electrons flow from silicon into aluminum or from

aluminum into silicon is the subject of the second study.



Th thr uic elswt h rwh fec isit

IJ ech p t oe b thdsjectiosn ih hot of etchn nt pimi t ntoe

prnort of silicon away from the interface by momaentum exchwise
~7 betvacn conducting electrons and the dissolved silicon. The failure

mdtotegrowth 'of an etch pit through a shallowa junction resulting
in shorted junction.

Photmitoraphs of aluminum.-l-percent silicon wires which

have boon stressed at elevated temprature, and current densities
are preatuted. The dissolved silicon is seen to be transported
through tho aluiim in the direction of electron flow.

Aluminqm reacts with silicon dioxide to reduce it to silicon
at al~vttcd temperatures. "Aluminum can penetrate through thin films

Sof 150 by tota of this reaction and could result in device failure
1 by OAn electrical short. Thia reaction was the subject of the fifthI ntd~ rhe last suject presented was an attempt to determine the

solid-solubility curve for the dissolution of pure silicon inito pure
alumiintm. Etch pits can form by this process in ailicon at silicon
alumiti interfaces when the couple is heated. The best data avail-
able vas obtained with impure materials in 1928 and should be updated.

M4ost of the effort of this 15-month program was O'evoted to
S subjects (1) and (5) which resulted in the generation of equations

which enable the prediction of failure by these pro.esses. The other
s" ubjects studied resulted in a qualitative understanding of the pro-

S cesses involved. No results were obtained in the last subject studied
due to experimental difficulties.

2a



- yp

SECION 11

2.0 ANALYSIS O? IWOR

2.1 MAS- tRMSPORT OF LTH BY Y tWIT

C61MUCTING EMTO'S

A failure tIode cmznly found in high power -Oevic and
integrated circuits appears when aluminm conductors carry current
densities in excess of 105 amperes per square centimeter at tepera-

tures above 1000C. The mode of failure is an open circU.it cau-se d by
the movement of aluminum ions .in the direction of electron flow.
Voids in the metal, resulting from this process, tend to grow in a
direction normal to the current flow, The effect ts an accumulative
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 filminterruptifig the current flow. This fre-
quently occurs in emitter stripes whete 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 local temperature.

Figure 1(a) shows a photomicrograph of a 1/2-mil-wide
aluminum stripe after it had been stressed at a current density

of 1.5 x 106 A/cm2 at 1900C. Voids are shown growing at the edges
and in the center of tho film. Also nodules and crystallites of
aluminum grow (out of focus) from the film appearing as dark areas.
One void has extended nearly half way across the conducting stripe.

Alminum ions are transported away from certain cryatallites and
cluster at other sites growing well defined crystals or nondescript

nodules. Nodule or crystal growth appears downstreem in terms of

3
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alectreu flow from voids. The voids =nd growth rcgioo are rather
unifor-mly distributed over the length of the condawtor atripa wb=e

the entire stripe is at an elevated temporatura and Oh there arto-

ngradients in current density or fim opootion.

Figure 1(b) sbhim extensive surface reorderin8 and a largeN
crystalline whisker of alumimt= extends roughly in t~he plane of the
film. A large void also appears along one edge of the film near
the center of the picture.

Figure 2(a) is a photamdcrograph of a current stressed
large grained almuainum film showing the characteristic ag xvi
formation as well as a large whiskar growing slightly out of the

fplane of focus of the picture. The heavy dark spots are also hillocks
out of focus. This film was stressed at a current density of 1.2 X
io0 A/cm2 at a film temeature of 1860C for 47 hours.

A view of a similarly stressed Mim at lover mcanification
is shown in Figure 2 (b) where several whiskers appeat. One of these
has twinned and then retwinnted to grow again ia its original direction.

Professor Uuntington and co-workers at the ktmnselar
K Polytechnic Institute havo studied the current induced m~otion of

surface scratches on bulk metals. (192,3) They bave ge=4raly

(R.V. Pennoy, "Current -Induced ?4ass Transport in Alumiwz=2
J.b&M. Chem. SolLds, 1964, Vol. 25, pp. 334-335.

H. B. Huntington and A. R. Grono, "Current- Induced Masrker Mt~Lion
in Gold Wires,' J.. fsCw8lida, 1961, Vol. 20, Ios. 1/2,
()P76-87.

* A. R. Grone, "Current -Induced M'arker M~otion in Coppez, "3 ~A=-
Ch.Sois 1961. N~os. 112, pp. 88-93.

5

A 4-,



- de'

4 44O

Ottl4l'

VLZ~ 2.CtrooodAl~i= Fl= Sowi3 Voda hd Cystl Grrat



and frde to wovo b4&ct into twair orijginal potential well -or 14.to
V other ~potedtIAl ~ells assoclAted with the Crystal or neigbrz

crysals) Afted onby twopposing forces in anejectritaljy

(a) The electtic fdIld applied to the- conductor will
eeta force 6h the activated ton in the direction opposite to,

ellectroni tiW.

(W !fie rate of nimiitum excwhange between the conducting
eleocttons coilidiin Ath the activated metal ions will excrt a force
on the metal ion in the direotion of aletron flow.

The iorn drifts, then, in the direction of the predominating
force which at iw6derate tmperatures for the metals investigated is
in the direttion, of etectron flow. Metal ions are observed to travel
toWard thO Po~ive end cif the- conductor while vacancies move toward
the negative entd. Scratch marks on bulk metal behave as vacancies
and are, therefore, observed to move along the surface of the con-

ductor' in the directiotn of the negative terminal.
5V

The activation o-nergy for the velocity of scratch motion4
in the bUlk materials observed by the Rensselaer Polytechnic Inisti-
tute Group w-As the sawe as the activation energy for the lattice
self-diffuision of the metals. The velocity of scratch motion was

also concluded to be a direet function of current density; however

only a emll variation in current density was reported in their

7
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2n Is the Lo t ,t andWU s Iryet =wa Lrae pt of thy

to t pot el toe fu ree nPatk ln abton the e= of 1

* x cm the n £oaCe of ie elvtred at a Currlt tzslty
of '-06 A-=, -2 In allnt iU only 1.3 t Ioit electroetb

A,

( . it 10 al c-,'.

4cm2 Abd 5 % 0 5 cm) C4

*4-4

This in sall ccaiared to the activation ergy regdred for the AS
teW-difhsim of aiu In a'unxm of 1.4 ± 0.1 eV. The"s

V elec144tron ise 72xtal or~ed to the activation energy C

fok raayfxto nauft&o 0.5 to I1eV.

7he electron energy picked up by fallipg throngh the
field is also Vnsl casaed to the average energy due to thermal
ngiftaft at 200*% of 4 x 100 eV.

Q,

The electric field kposes only a slight drift velocity j
to the electrons in the catal in the direction of electron flow.
This ae4ditionaleag is not sufficient to ift the nmetal ions

C (liout of the, crystalline lattice bust can impr 14Of colsonwtm

a ttearr~lly activated Lon turnt caWIng ionic drift In the
C' direction of electron flow. 4

0 If the net force on @l activated ion (total mrarantum1
C"trnwfar pe-r sct.) directed toward the positive electrode byj

trnt ~ with electrons ezceeds th~e force a the ion due

to the electric field, teio wil tntoditowar

,

=7N



the positive electrode. If, however, the force on the ion due to
the electric field exceeds that due to electron-ion momentun ex-
change rte, the ion will tend to drift toward the negative

electrodt.

If the electrons at zero field are considered to have an
'4

entirely random moLion, arA again a random motion after being accel-

erated and colliding with ions with nearly elastic collisions (the
electron energy picked ur from the field and delivered to the iot.s

16 small compared to the average therm4l energy) the electrons
impart all of their momentum to the ions. The rate of reaction
which take l -pl.e in the migration of aluminum by momentum transfer
between thermally activated ions and the electrons should then be
a rucetLon of the number of activated ions or "targets" available
per cm , the number of electrons per second available for striking

the acti,;ated ions and the momentum of these electrons. This may

be expreseed as:

R- F (electron momentum) (number of electrons striking
a unit volume per second)

(effective target cross section)

(aluminum activated ion density) (1)

eoera 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 mona-free-path t, with

an avorage velocity v, is VVP - cE - epJ - eET - epJT 2

The average velocity v is determined mainly by the thermal

velocftyl VT, and is perturbed only slightly by the drift velocity,
vd. T fs the mean-free-time bemeen collisions, e is the charge on
an electron, P is the volume resistivity trnd J the current density.

10
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by the electric field E is related to 3 by

Nin (3)vd e1

where ni is the electron density.

One may consider the number of activated ions per cubic

centimeter in the metal to follow the Arrhenius equatioi as a
function of temperature. Thus,

activated aluminum ion density P, e (4)

where 0 the activation energy in electron volts

k -Boltzmann I constant 8.62 xt 10 eV/*K

T -film temperature in degrees Kelvin.

4The -'iean-timeto- failure in hours (MIFl) is related to
rate of mass transfer by

F2

where F2 is a function of the film geometry.
J

Equation (1) may be rewritten by substituting Equations

(2), (3), (4), and (5) as

F2 -

FrF(epJ) (-J.) (a) (F e~~ (6)

-F(p v a j ) (F a '

where a -ionic scatterin,* cross section. The first term on the
right-hand 3ide of this last equation is the force actinS, betwocu
conducting electrons and the ions while the se.cond tecrm eapre3ce3



44 e Oc ects tha opposing force due to the eleculc fi~eld.

" he'dnitant A emodies several physical properites

V. o 5-~ ; " ,

'. . 1i:te 61'etron f-ree time between coll1ions or the

rr tb -efe'o imcsatrigcosseto o

Thisequttio tilct teoppsin faorc ueto rte eletf fied.s

t deideri tho aof thteatia e in frstin of t eadrare on

thjo m: .ffea t are z ford to V. B. Picks ( 7 vfho developed an

ct vz X ft the fO~a between conduting electrons and ions L~o be

ly tgon dovi of thons tn quaton the effects of to

-U-t ,v;cfty =a included into ax c =ntu ditrizbution funttiou
=1 t T nt. A ebodi sver. (6) uphs aicrna e erms pro-

act=V-cl i eczxaticn (2) and (3) ne obtains

B. A(a "Ota th e sni of the m ebity o Ions in [pals,"
(14 tn freetimebetween Vl. 1, c Io pp. 14 s (1959).

12
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2 (en.- (n vd) (a) (9)
V -Z

F (ent -,, (F
t -

where the force term differs from equation (8) by the ratio V/Vto 4

From Equation (7) it would be expected that a plot of
In 2v-Lwould be a negative straight line if the factors

which1 contribute to A are slowly varying functions of T. The activa-
tion energy derived from the slop of this line would also be expected ,.

to be less than 1.4 eV reported for bulk aluminum due to the large
surface-to-volume ratio of the films and the generally small crystalline f
size of condensed aluminum films. The activation energy determined ex-
perimentally from the wean- time- to- failure data should serve as a
quality figure relating to the degree of perfection of evaporated

film.

2.1.2 Small Crstallite Aluminum Film Exeriment

I An experiment was designed to determine the values of 0 and
A for highly polycrystalline aluminum film. These were deposited in

4a high vacuum at the low 108Torr pressure range by the evaporation
of 99.999 percent aluminum from tungsten filaments on a cold (<l00 0 C)
substrate. The crstallitelateral size was about 1.2 microns. The
substrate consists of 9000 A of SiO2 on silicon wafers. The film
were etched to form conductor paths 54 x 0.5 mil x 7000 Aand brazed
into TO-5 headers. These were wire-bonded using 0.001-inch diameter
aluminum wire, and a can was welded to the header encapsulating the

film in a dry nitrogen ambient. Each cell consisted of 10 devices
from which the mean-time-to-failure was determined. The current
density varied from 0.5 to 2.88 x 106 A/cm2 and the mean-time-to-

54 failure ranged from 1.5 to 850 hours.j

13
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Table I presents the experimental failure data obtained

fJOr- theae :film.

TABLE I

TEST~ DATA FOR SMALL CRYSTALLITE ALUMINM FILMS

D 74,0 0.56 0.5 177 2.22 480 0.831 i- 7060, 0.50 1.21 186 2.18 47 1.45

D6, 6 0 0.56 2.82 238 1.96 3.5 3.70 !:
. 74Q00 0.56 0.5 192 2.15 250 .60

7 0' 0.50 1.22 200 2.11 38 1.80

7000 0.5o 1.5 1 2.135 1.9.5 2

'.1680,0 0.56 2.88 260 1.87 1.5 8.03

7 7060 0.50 0.987 109 2.62 850 0.121

C& 7000 0150 1.46 121 2.54 268 0.175
0 0.56 2.05 134 2.48 183 0.130

the film temperature was determined by the oven temperature

3tht e kise 'in temperature due to film power dissipation. For the
T05 h&der, a thermal impedance of 190*C per watt was employed.

A plot of

In VS -K

iS preeented in Figure 3. Except for two maverick points where the
raw data on failure rate -as difficult to evaluate, a straight line
fitsthe data quite well. For these data the current density varied j

14 l
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Figure 3. Hean-Time-to-Failure as A Function of Current Density
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ge te, tha 5 oI%

g~terthan5 to I l the teoperature Va ied 1.4 to I on the
Setvti -sfdle. Vh6 vquatioh repiedentift this line is

Z028 x '(0.48/kT)

Tha acti 'tien endrgy of 0.48 eV is 34 percent of that
reOrd for Ow~ setf-diffusiod of aluminum in aluminum of 1.4 eV.

2 ~ ~ t t ~ LreCvt~it, Aluminum Pilm Experiment

Dat ~ engthttred ont the life of well ordered aluminu~m
fil" C" de ,Za containn lakrge crystallites. The films were de-
-postddo ugtflmns in the low 10~ Torr region using

~ al~nu oottc mattal which -was 99.999 perceiat pure. The large
'a rIft~lid "(4 iro4mtey 8 microus lateral geomtetry) were obtainad

S by gosnatd~th trate temperature at 400%C during the depositioai.
'I Th fIlm th1nes 0s :6000 A and -the line width was ini excess of 0.6

mi dcql Ve stkeosed at current densities ranging from 0.55 1
0,.0 :t 0--ls the m.4an-time.to-failures ranged from 12 to

19! houro. 'Ibedata for this film structure is presented in Table
IT ~pdpotd i Egu 4. The forqula, relating current density and

44 :4* 'e,;Wr t ma-&tU*-.to-failure is

~-~j--'~ - .18 lo6 e(0.8/kT) (1

Tho ittereAse in activation energy to 0.84 eV for this
failitte mode for ti~e large crystallite~ well ordered films over the
actiVation energy of fine grained aluminum films is attributed to

thaiedctin, f gainboundaries with their aesociated high self-
diffiwioh doafficii nt.

16
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I-6

0 :}6,. 510. 52.4 932 2.043

46 , 16.644 L IS 190 4,21 t0S 2.09
-60,644 1.37 6-3 8.45 206 2.0850.0a - 111697 12 21.6 230 199

IM, -0634 ,302 0.$6 15 2,96, A77 2.22

6036 2q02 53 4.63 184 2.19
S606 0,644 1.31 840 0.695 155 2.34

2 V~ ~a1.iteAlvlu InUM Films tWith a Class Filmi

A fuuhr ktrgae in activatiou energy for mass transport
rlw-Aol bpLa incd by te elllmnation of surface difsron which is
A dertl t of lfctor fO thin flm possessvnp a high surface-to-
v o. By the etio of 7,00 A n a boundary and surface
diic it tma ptedicacd th-at the activation energy should approach
tiat for f-diffuion of aluminum throug the crystal lattice of
t.4 IV.

Largo crystaBllite aluminum films were prepared wi~th an
orcoat of silica glass deposited by the vapor plating technique
to 4 thiCUknUM of 7,000 A in an attempt to reduce surface diffusion.

Mco al=inum film were 12,200 A thick and possessed a width of

411



1.46 mils. The current density for the cells varied from 0.46 to
0.908 X 10 6 A/cm2 and the man-tim-to-failure ranged from 395 too
a predicted 16,000 hours. This experiment was teraiated with
three of the six cells exhibiting greater than 50 percent failures
(3900 hours)

Tables III and IV present the data for the tailed fflms
and the predicted lifetime based upon Poisson's distribution of

those films which have been aged but have not reached the 50 per-

cent failure time.

TABLE III
GLASSED LARGE CRYSTAL ALUMIM PERFORMANCE

Film Film -6 _ 1015
Thifmess Width JX- Film0

(mils)HuTemp. k

12,200 1.46 0.908 1700 0.713 212 2.06

12,200 1.46 0.860 1060 1.28 221 2.02
12,200 1.43 0.870 395 3.33 246 1.93

TABLE IV
GLASSED LARGE CRYSTAL ALUMINUM PREDICTED PERFOMANCE

iFilm Esti- 1TO.Thick. Fil z1- mated 0_15 Fil 0 of Hour
nean Width MTF Temp. I0 Sample Fail- onmatedis) Aino) ousJl FilmTfeHou

(A) (Acm2p) Hours 0C "7r Size ures Test

12,200 1.46 0.777 5,400 0.306 203 2.10 15 7 3900
12,200 1.46 0.702 12,000 0.170 189 2.16 13 2 2590
12,200 1.46 0.460 16,000 0.295 200 2.11 13 1 2333

- -I



j Vigure 5 presents this data. The fotwala relat~ng current
dwiaity alad filn temperature to tle mean-time-to-failure for well

ordbe?04 gln60d alumimum fikrt is

1 1.8 1-3 6-(L 2/k7) (2

The Activatiott energy of 1.2 eVT for these thick, wide, well
ordered'and glasbed fIma approaches the prddicLd maxim=m activation
tqotgy of 1.4 eVi ivbch Us the Activation energy for self-diffusion of
alucdinuta In bulk sizAum. The increase in activation energy forI
thod HiJs over vall ord~red nonglassed films reported. on in the

pviou- section is attrbuted to the reduction in surface diffusion
dud to the overlayiug glass film Also, because of its increasedA

tikeess, thgoe films ae probably better ordered than were the

thina r AbrkvUazed films, tending to enhance the activation energy.

2.1.5 N=j!Ivlu Lifetime as a Fuvction of Conductor Stripe
CbitSetiual Area

lfz4 Aln~,lo theory, as presented in Equation 7 of section 2.1,
c~r~scdth~relationship between the mean-time-to-failure of a group

of codt~tord to cyxrrent density, temperature and the degree of order 7

of the 6*o~ited film. The activation energy 0 varies with the degree

of fi~lm crystalline order ranging from near 0.5 eV for highly poly-
crcystllina fMm to a theoretical axiimxm of 1.4 eV for well-ordered

lato-Saicd bulk alumm.

he preceponcratial constant "A!' was shown to contain a

factor v~hch tolates the lifetime of the film to the croi,s-sectional
area of tho conductor stripe. Since for a given rate of transport

or visid Srweth, the greater the film cross-sectional area, the longer
it hould talze to cause a void to grow across the conductor resulting
in an epcn circuit.

20

~ ~TT -- ---



f <5- 4-f I

es 40-

J22 6 4

1019w 5 -Tm- toFilr as a-~4' F-zurrs of
Cur~nt er~ d- ~J-12' reY

L" MRjnz C'%'20 A S-el

Ordered~tt Ald=CaedWt

:dc Clu Fl
16-14

PTA"'~

tit'>-5

...... N...

----OU- - m A

14-4

AIcto0
C=T RI

LOxr 5. anT2.0Falr Zs 2A Fuzct.on of CurentDeni an F)T rau21



A'~

To4 inld the efec ofln eoer n hbv
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_____ width__ was_ __ caused tovr rm04 o19 is o h

second exeimn th in ithwsmanaie ontn a.

mil44 vlt4 codco stiethcns wsvredfo ,91At
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(A Ml) (mx1 Ac (C (t hus hus

7540 0.458.6 1.8 167 2.25 23 21

7540 0.94 18.0 1.u42 17V.6 5 6

7125 Width 9.75 1.51 6 9 2.135 1309
212 1.08. 1087 2 0  

-.717

g,715 0.45 86.62 1.83 167 2.2 230 215AT
f715 1.40 26.8 1.48 210 2.16 320 420

S7265 0.46 8.42 148 205 2.015) 7
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conductor boundary become impotant in determirnn the resistivity
for film thicknesses less than the electron mean-free-paths. This
fore-shorteninS of the electron mean-free-path, bowver, .does got

01- affect the rate of mass transport of the aluminum. The Scerftgd
theory indicates that P and t are inversely related to one aothorO)

Thus, by inspection of the momentum formula presented in Equation (2)
It is seen that as 4 decreases, and p increases, the womentum picked
up by the electron remins constant for a given metal at a given
current density.

7n

2.1.6 Summar of the Mass Transp rt of Aluminum bXMomentum
Exchaffe with Conductin Electrons in the Absence of
Material Gradients _teMerature Gradients or Current
DeniqxGradients

In the proceeding sections a simple theory har. been
generated and ezperiments described to ill-xidate the transport
of aluminum ions in aluminum film conductors under current densicy
and temperature stress. In this section this information is sum-
marized and presented in a fashion ii..ful to device design eagineers.

An equation based upon simple theory was derived in Section
2.1.i. Equation (7), relating the man-time-to-failure for aluminum
film conductors to current density, tcn, ..dturo, an activation energy
and a constant embodying several physical properties. The activation
energy has been experimentally determined to be a function of the

de~rce of order of the aluminum film varying from 0.5 eV for fine
graincd films to 0.8 oV for woll ordered fium3 and to 1.2 ON for
wall ordered glaseed aluminum~ films. (Sections 2.1.2, 2.1.3, and
2.1.4.) It wais also datermined in Section 2.1.5 that the value for

tho preoxponential constant in Equation (7) varied in a linear
manner with the conductor film cross-sectional area.

(8)E. H. ocmr,"h Lb n Free Path of Elct~rons inMeas"
k~lvrno inFavicn, Vol, Nto. 1. Jan. 1952.
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NO malzin the data for the ezperkanto described in
2 oia t.Z, A2..33 and 2.1.4 to account for the film cross-

~dcz~larea, 0aly the preezponential constants are chaased to

k4 v~t a-ti3frua-.

-ut tlfaFj=-( 12M

(I. 2(k) 18

a5 10p7 (Oe4kT0(7

14 =4Z4= t aro tlti cc4actor width and thikness expressed in

Pi~to 9 precents thove equations as an Arrheniua plot.
-Me tz thn ntc~ct at a temperature near 2750C. At this

tcyz'c~Crctd4 cbws-va, lattice diffusion effects are predominant
a;:~czxkec ~El rdn boundary diffusion; thus structurl effects
Z2At L=4sztont In that tcn-ewature rtae. At temperatures lower

ti, za 2?7r0, hsz~ver,, ordara of magnitude improveme-nt in lifetime
cz~N, taicc4: throzgh'a the use of i-Wt ri t-d laMge-ZjmnA films

a S mfl-ordored largs-grainsd glassed filMs.
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M- alert -forox Equati~ms (16), (17), and (18)

0. (19)

(20)

~~j ta t la 2 To Fk

2(21

'"P~ rqtL*=.s are plotted in Figures 10, l1s, and 12

%4 t,; Podt-Vt to be107 = 2 . This value is equal toea

0.5 4 VU y 7,<5500 A thick film and is typical of conductor stripes

f£Q, L#C =Ctd CirCutc. 8ince tbe lifetime is directly propor-
tldtA t* tt,1 film cro8s-Scetional area, thea life 3f filiw possess-

a-i4ni P roso Oczctions can be quickly determined from tihese plots.

2.2 MUM MMSMT U.? ALUMil~IM AT AIMMUM-SlLICON CONTAUCTS

In Saction 2.1 the failure of aluminm conductors stressed

at MC- currcent domwitica and tcmyeratureg was discussed when the

cmz,4toz e=.erienced no temperature, current dfasity or compositional
~ In general, accelerated failure rates are anticipated in

con,4*%ton which contain a compositional, a thermal or a current

dowrity gradicnt. Tho failure m~ode is a void which rapidly grows
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aormn the aluminum film domstream (in term of electron flaw)
from a positive thermal$ POsItive current &-ansity or positive
difftsion coefficient gradient. (The sign of the gradient is
taken to be positive wrhe4 the quantity increases in the direction
of e'1atron flow; -*a Figure 13.) Vacancies, wich migrate itew-ard
the negative oPA af the coaductor. cluster at these regions to form
voift, The clustering is accelerated due to the reduced mobility
of th* vacancie when entering regions of lower temparature, lower
current d~nsity or of lower diffusion coefficicat.

For similar reasons Whsk~ers and hillocks of aluminum
grow upstre= (i terms of electron flow) from negat've eoml

nogative current density or negative diffusion coefficient gra-
K dtentp. In these regions aluminum ions which migrate in the

dirction of electron flow are caused to cluster at certain cry-
Katalline defects and crystallite sites to form whisikers and non-

descript extinuded-appearing mounds of aluminum. Clustering
upstream~ from a gr4itant is caused by the reduction in ionic

Kmobility due to the negative thermal gradient, the negative
current donaity gradient or a negative diffusion coefficient
gradiont. The diffusion coefficient gradient may result from aK compositional gradient.

Tqualitatively study the effect that a compositional

gradient has on the failure of aluminum conductors, diffused
silicon rosistors contacted by aluminum were stressed at elevated
temparatures and current densities.

Figures 14a and 14b present photomicrographs (600X) of

two sets of three diffused resistors contacted by alumimum au~i a~ed

at 2350C at an aluminum stripe current density of 1.3 x 105 A/cm'.

K The three cont'acts near the center of the figures are the negative
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terminals and all exhibit aluminum whisker and wdule guhat
the silicon-auminum contacts. This Is explained by th# trAnspOt
of aluminum io&s to these contacts by momentum e; chapge beweon
thermally activated ions and conducting electrons, At the silicon-
aluminm interface the aluminum ions accusmlate to form nodule# and(
whiskers since they are prevented from traveling further by the
silicon with its low solid solubility for aluminum.

The failure mode appears only at the positive terminals
where it is seev from the photomicrographs of Figure, 14 that 4
degradation of the aluminum has occurred qs observed by a dArken-
ing of the aluminum and voids extending across some of the con-
ductor stripes resulting La open circuits. Aluminum is transported
away from the contact area by momentum exchange with cooducting
electrons. Since at this interface there are no further 41UMinUMl
ions available upstrealu (frorn the silicou) to fill in vacancies
create4 by the departing aluminum ions, the vacancies rapidly
cluster to form a void which eventually grows across the stripe,
resulting in an open circuit.

A second set of diffused resistors contacted by aluminum
films were aged at 236 0C at an aluminum stripe current density of
1.3 x 105 A/cm. The polarity of these sap~ples, were reversed from
those discusaed above. As seen in Figure 15a and 15b, hillocks and
whiskers of aluminum grow near the negative terminals while voidsIf and depletionx of the aluminum occur near the positive contacts to
the diffbased sit icon resistors. By comparison %wLth Figure 14, it
is seen that the formation of hillocks or voids atthq contacts Is
determined by the 4ireption of electron flow. This also serves as
a further proof that th~e transport of aluminum is in the direction
of electro~n f low.
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Another effect of aluminum metal transport was observed

in this inawstigatiOn. The aluminum bonding wires wore removpd
from the samples to enable the use of high magaificat4ion .objective

lenses during their inspection. One of the negative bonding wtves
was apparently attached to the aluminum film bonding pad only-over
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 aluminum in the film. The photomicrograph of
Figure 16 shows the depletion of the aluminum film under the
bonding pad as a datkened region. This is an excellent example of

void growth at a current density gradient.

Three diffused silicon resistors contacted by aluminum

plus 3-percent silicon conductors were aged for 140 hours at an
aluminum current density of 1.3 x 105 A/cm2 and 2350C. The samples
were similar to those described in the above paragraphs and contain
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 nluminum grow

at the negative terminals to the silicon while depletion of the
aluminum takes place near the positive contacts 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 0.066 mil in diameter is observed.

Figure 19 is a view of the positive contacts No. 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.
Severe 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 Figure 20 showing extensive whisker and nodular growth
near these contacts. One whisker has growm greeter 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 hilocks appear to be extruded aluminum while the whiskers are It
probably formed by aluminum ions condensing at screw dislocations.
The diameter of the 5.5-mil long whisker measures 0.05 mil (1.25
microns).

Aluminum films which have been stressed in the absence
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
grow rapidly at positive gradients and hillocks at negative gradients.
A qualitative description 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 TRANSPORT
OF SILICON THROUGH ALUMINUM BY MOMENTUM EXCHANGE WITH

CONDUC TING ELECTRONS

A failure 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
Section 2.2. "B" etch was used for .hours at room temperature to
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I t dhould be. pointed out that the mss -trapart z,
of villicon In aluminum can lead to the ae~dhing of Alu m
Into Allicon. AEluainum conductors supported on ,aiico~n and r=-y.UB
,hio : current dIenaftieesparallel to the Altlicon-.aluminum .inerfV=rz
,transport -disolveci 11lcon away 1.rom the Bilicon-alumium intrfw
-and ,deposit It at supersaturated r egions .of the ,conductor as ziltic=

-p/I7 pi J-n -the ~

, tal-Ites. The -rcess can ,ontinue formpng eh to
e Mhon And crysta tes oi onbed ou han the s tahroughout thejouf num, nSun h an enu cams recently eaerhi nb ft ot u eak l fned

1by, C R. 01:avwr. "

n -uhe uren -t 'ieuiion pa .qa ihative Aescripion ,of the
edh t f ormlao into il con at poBtve al um-sliconu iontac.t
varr d 'hdoi current dense at eleated temperatnures tas !been
cresented. 'Due to la& c an , a tuantltatlve deterniftation 'of the
ech l grown h -rate as a function of turrednt Aensiy and emperature
'has mot teen Tasubhle an is a m ,et recommended for future stud

hur'T thee ieperhientao 'evluation of large-tareptallft e,

<bserved tfhat two ls o dvies failetd due o mnd iwie f naure

Tatthew than -due to film failure. 'The -films under stress were thick

-seetional-area required[ urrents In excess of A)..35ampere to reach o ,
im ,wurn -es: snear 1.;2 ,willon mperes ,psr ;square, ,en , ster. ' .','

caryn 'hg rrent densities al tlitmteprtrs a be

Mhe 'boning -ues - re a l t itamaeer au num, I dpercent it icon and
the test -ws carried out a ag Adc crnent in en vnenty at 1Drau.e

ha ot bnjpos sl bea tns, 11. 209215., EEEeCataelog No.. f7-1u5 <uG..

"--
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Vietmerature exceeded 4000C dudtn this test.

TAB3LE VII

Wirm Curteint lHean Titfa 6ven
(Ourrftt Desty 2 o r atUire Thnpgrture

GMP obpekei) (hmpirWeri) (iotrs0

1-3 0.532 1.05 g 105 1070 140
2~3O~51.4085 10lO 690 140

Vivat~s 26 aiA 27 show phiotomicrographs. of the wires
obsb~ed fter Wie ttting. The life tests took place irn her-

mttcaly idc~Ied units In a itrogen w~bient. The magnificationj

Is 300K.

K. wih ?FISwe 26 estoa a typicak "hcmboo" ettuctUre of the wireI
A% rart botmtduxies running across the wire diameter. The su 4ace

isi teatttaed ahowin3 noduar growth which appears quite fre-
quchtly,, but not itecesbarily, at grain boundaries. There is a single
Cl~yral section of the wire near the center of this micrograph which i
in darktu~ than othdkd. This crytallite appears to be coated with a
gray =iiic !=ztrlal.

Figure 27 sho=r a somiewhiat kinked section of wire with aT
iall crystAllite growing out of the surface of the wire near the

Accnter of the photograph.
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Figure 28 is a micrograph of a badly kinked section of
wire which appears to have first recrystallized t~o form a "bamboo"

like structuare and then melted at ehe grain boundaries enabling the

wire to relieve any bending or compressional stress. The straight

sections are single crystals of aluminum. Nodules often appear at
the grain boundaries.

Scanning electron beam micrographs have also been obtained

of a similar wire failure and are presented in the followiing:
Figure 29 shows a view of the negative lead which had bured out

near the bonding post and remained bonded to the aluminm stripe.

The dark circular object in the background is a gle-a seal for the

negative bonding post of the TO-5 header. It is seen that the
aluminum has "bambooed" in that single crystals have grown SUMf-
ciearly large to extend across the entire wire diameter. A spherical
object appears near the break and appears to have been molten at one 1
time. During aging of this sample, the electron flow wad down the
wire to the aluminum thin film.

Figure 30 shows an enlarged view of one of the grain
boundaries (the second grain boundary abve the "knee"). Ridges p ,
are 6bserved to have formed in 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

11

aluminum thin film, vacuum deposited on a silicon dioxide surface.
An enlarged view of the crystalltes which grow out of the surface
of the oreis shown bndin r co.preseion g and evaluating
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Btr4Ca, qrt~e by.piami~cp. it1as enAeeie

-hat~~~~~~~~~~ tt rsaie r osdr-l adrta lmnm=

Vh -~dApa ob 1-im-I - ocue htte=s

tallites -are A-1ca w~lm -me, been- -~~oxe Aown the i.----

thats,,. t-hstafox_tdecnsitd re~ "haMder than almumim wnM
Iqtbs VA I 'anIie il.dmi=. !te L bP snluded 1axac theI

te A & potind,=DTh slic _j4Ee ieint the Aluminum te Ira naoi

solution* tfs~ile ICC =*t3niuLA to jdifiaita ccefict of alian

in al~Maeu q6"ratiom tha& thesfeifusion ~ceffe± :o beamiu

[ 11iCP1C iBn sfoxea, rOnn=ed.Cer radfy me Setin 2 ie

tIm zy 1w does 4isv amInoAmmnd ise slcn io1 MeAc

tr=et t~ wriiiA 6t zBumimb mCeB ent esiUZ ng eretn tema

conditon ca6isinth Isilid cn cytasto eiiat st.f ouin

Mhe f reeergy~in ixmdpe In the recnin lcrnh

iv 50 iloadmes pesmole a 50iniundcaing thathe re acto
AU r ced.Te e actinm~io sued exnsive bteseondtrlyI

tick 12 ilmlos pc nrale at 300CC indicn tat rotmera-o

ture. 'To -obtain processing -desin -data enabling theslcndvc
9n 'h silcon evic

-engineer to choose time and temp)eratu~res for making ohmic contacts
t~iirouA~ 4ie thin -silica. layers as well as to determine what role
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threaction may play in the degradation of the re-iabilty o

Adeices opemated below 2010 C, an experimet mus Aesigned to ater-

mine 'hcoth the activation energy for this reaction 'and an equation-J

relating the depth of penetration into 'he silica as a function of
4 time and teumoatvre..

large erytallfte well-ordered aluminum f ilmw were

4dasolted ,onto S6O0 A Thick thermally grawn S102 on aLlicon waf erse
The .dejpoition was made -in a vacuum hi the low 10~ Torr region

using 919-9 periaeut Auminum evaporated fromtungb ten filaments..4 ~The substrate temperaturemas 'inand at 475"-C during the de-
posltion to promote -the formation of well-,ordered large-grained
f Dam 'The aluminum fim t~hic-kness ranged between 3400 and
4*60 A. A -conductor stripe pattern was thfen etched into the4
talxnm poviding zonfducor., VwIdths of 0.5., 1, 1.3 and 2 -mils
vite ;by 514 il~s lhong.

'Ear~h wafer wilth the aluw~inum stripe pattern was broken
'into -several lieces- T-he pieces from one 'wafer were placed into :
a furnace for aging for .differen't times at a fixed temperature
under a nitrogen anibient. 'Te furnace temperature varied +3C
over tte uffle region in i~hih the -pieces were placed.

'The -depth 'of the reaction into the aluminum was determined
'by first exposing the region through the aluminumn film and into the
glass 'by shallow angle lapping of th -structure as shown in Figure 34. '

The remaining'i glass t ic'kess was determined by light interference
~patterns. The depth of penetration of the reaction was then readily N

determined from this information and from knowledge of the initial
1lass 1Jhkknmess8.
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Figure 35 preeents phiotomcrographs ofL the~ avalape

specimens aged at 523*C, indicating how the depth of pceetion of

A
the left and appears to be f inely scratched by the angle 1appinm
process. Interference patterns due to white light are observe-d
running through the glass wedge and parallel to the glass silicon
interface. The interaction region appears dark and1 is seen to

penetrate further into the glass as the aging time increases. It
is also seen that under certain areas of the aluminuzM little re-
action has taken place and is due to the formation of locall.y
continuous layers of Al 03 which prevent further reaction.

Figure 36 preazents a plot of the depth of penetration of

A the reaction into the glass as a function of time for saoples held
at 5430, 533*j 5230, 513% 5030, 4630, and 421*C. From the slopes

of these experimental lines the rates of penetration of the reactionA
into glass were determined in angstromis per minute and are listed
in Table VIII. An Arrhenius plot of this data showing a In R vs i

given in Figure 37 from which the equation that describes the rate'Iof reaction was determined to be: R =3.18 x 101 exp -(2.562/kT)
where R is expressed as angstroms per minute and k is 8.617 x 1-

eV/*K/atom.

TABLE VIII
RATE OF ALUMINM PENETRATION IMT E&.4

j ~2

~'~Temperature 1 Rate
CO'O (A/mn)

543 1.225 49.0

4533 1.241 27.8
523 1.256 19.7

513 1.272 11.8
503 1.289 8.33
463 1.359 1.02
421 1.441 0.076
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Figure 38 presents an extrapolation of the data to ,mer
temperatures and is valid only if the reaction obeys the above do-
rived formula at the lower tezperatures. It is seen froz this
figure that at 340*C the penetration rate is 1.9 x IO-4 A/mn Vhich
is the rate required to penetrate 1000 A of glass in 10 years. It

is also seen that this mode of failure is not a significant one at
the operating temperature range of semiconductor devices below
200°C.

2.6 DISSOLUTION OF SILION MML

Due to the solid solubility of silicon into aluminum, the
latter can act as an etchant for silicon at relatively low tempera-

tures where the process takes place by solid state diffusion. The
etching of silicon by aluminum, like other etches, is not tMiform
and preferentially attacks crystalline defents to form etch pits.

These etch pits can traverse through shallow p-n junctions causing

failure by an electrical short.

The region of solid solubility is indicated in the

metallurgical phase diagram of this system presented by HaRnsen(10)
shown in Figure 39. The region of interest is enlarged in the
insert which shows the solubility to fall off from a cwxizm at
577*C to near zero at below 300C.

The amount of silicon removed by dissolution into aluminum
at a given temperature is determined by the solid solubility and the
amount of aluminum available. The data given by Hansen ( I0 for the

solubility curve uhich he considered to be most accurate was generated
by Dix and Heath ( 1 1) in 1928 using micrographic area analysis. The

materials used by these investigators were:

(10 )M. Hansen, Constitution of Bina A,.olys, 2nd Edition, McGra -Hill
Book Compan, 7I 3

(I1)E. H. Dix and A. C. Heath, Trans. A.I.M.E., 78, 1928, 164-194.
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X (3) e t Ath au dosiated Al (99.99-l)

(4) ~ -to + i~vrm
0() beat rad
(6tefl t to remve Al with dissolved Si

(7) 'tied to +t3 ankrogrms.

7Ls ctho, vsver, proved to be Incuate due to
ozt~tcaeffects of te Il and SI during heat treatment and was [

~tn~neiL It is rectended that the esttblibmnt of the siolid-
roltbflity curve of silken Into aluminm en~loyiag pure materials

A be ti~a subject of a fatdre study.
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Vere ITF -mean-time-to-failure in hours
J - current density in amperes per square centimeter
k - 8.62 x 10- 5 eV/atom/PK

T - film temperature in degrees Kelvin
A - constant

0 - activation energy in electron volts

w- film width in cm

t film thickness in cm.

The activation energy for this failure mode has been

determined for highly polycrystalline, well-ordered large crystalliae

and glassed well-ordered large crystalline films. The activation

erirgy is identical to that for the lattice self-diffusion of

aluminum in aluminum modified by factors involving both surface
diffusion and grain boundary diffusion. These latter two factors

can be important in films formed by the condensation of aluminv'm

>1 vapor.

Lme- e well-ordered aluminum films overcoated by
a layer of deposited glass exhibit values of

10 -, 1.2 eV

and A - 8.5 x "10

tge-gmtd (about 8-micron lateral dimension) well-

ordered aluminum films are characterized by

0 -0. ?eV

and A - 5 x 10-1 8

Small crystallite (about 1.2-micron lateral dimensions)

show values of

0 - 0.48 eV

and A - 2.43 x 10 1 6
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At film temperatures of 2750C and above, the physicml
structure of the aluminum film is rnot an important factor in
determinIing lifetime since in that temperature range all film
structures follow the formula which expresses the lifetime for
well-ordered and glassed film. This is because at 275 C and
above, aluminum diffusion through the crystal lattice predominates
over grain boundary diffusion and surface diffusion.

At temperatures below 2750C the film structure becomes
important in determining conductor lifetime. At 100 C nearly
three orders of magnitude Improvement in lifetime can be achieved

OF; through the use of well-ordered glassed films in place of h'ghly
Polycrystalline nongiassed films.

Due to inaccuracies in film temperature measurement
and to the small cell size of these experiments an accur~ate

experimental determination of the power for J cannot be ~-
obtained even though the value of J has been varied over a
range in excess of 5:1. A statistical analysis of the data,
however, indicates that the exponent of J is definitely not
unity and exceeds the value of two by only a sm1al miount.*
At this time the exponent value of 2 for J appears to be valid
but further work is required to substantiate this.

3.2 &4ASS TA14SPORT OF ALMt4I11TJ AT ALUMINUM-S ILICONi CONTACTS

Temperature gradenLf,, current density gradients and
compoitional gradients can catablich locations within thec con-
dvctor where vacanciec ctn rapidly cluster to form a void and
thus degrade the lifetime as predicted by the cquatiacs diecu3scd
in Section 3.1. Voids form at positive gradients w~hile al=ir-,u 4
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hillocks and whiskers grow at negative gradients (in terms of

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

More time is required to establish formulas whi .h predict
lifetime of aluminum conductors which contain such gradients when
stressed at high current densitie O and temperatures. ItR is ec-
ommended that this be the subject of further study.

3.3 ETCH PIT PORTION IN SIICON DUE TO THE MASS TRAM +PORT

OF SILICON THROUGH ALUX1h'M B~Y MMENTUM EXCHANGE WITH
COUCTIN ELECTWT S

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 aluminum. This is due to

IM
(1) Solid state diffusion of silicon into aluminum

to saturation at the contact temperature.

(2) Transport of the dissolved silicon away from the

silicon-alumnum interface by momentum exchange

between thermally activated silicon and conducting

electrons to permit further dissolution of silicon
into the aluminum.

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

contacts where the dissolved silicor is swept away from the junction
and through the aluminum by the "electron wind." Thus, etch pits do

not grow by this method at aluminum-silicon contacts where the

electros enter the silicon since the "electron wind" maintains

caturation conditions by keeping the dissolved silicon in the

vicinity of th! interface.
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Time was not availablo to ztermine the rate of etch pit

growth normal to the surface as a function of current denalty and

temperature. It is recommended that this study be made in dhe near
future since it is a potential failure mode for shallow Junction

devices.

3.4 MICROSCOPIC IWM TIGATION OF ALUMINUM- 1-PZW ENT-SILICON

WMR FAILR

Micrographs have been presented showing gross structural
change leading to wire failure of 1-ril diameter aluminum bonding
wires containing 1-percent silicon when stressed at elevated tem-
peratures and current densities. It was also shown that silicon
is transported through such wires in the direction of electron
flow.

3.5 REAMION BETWEEN ALUMINUM AND SILICON DIOXIDE

An equation which describes the rate of aluminum transport
into silicon dioxide by reduction of the silicon dioxide to silicon

has been determined to be:

R : 3,18 x 101 7 exp - (2.562/kT)

where R - rate of penetration Into SiO2  n angstroms per minute
k - 8.62 x 10 - eV/atom/lK

T - temperature of the couple in degrees Kelvin.

At operating temperatures of 200°C this reaction rate is insignificant
and therefore is not a failure mode at that temperature. During pro-

ceasing, however, at elevated temperatures this reaction could be a
precurser to a failure mode. The high activation energy for this

reaction of 2.562 eV makes the reaction rate most sensitive to

temperature.
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3.6 DIss0LUTIM OF SILICON LNT ALUDUN

A method chosen to establish the solid-solubility curve
for pure silicon into pure aluminmn failed to be sufficiently
acuate. It is recommended that additional effort be placed on
this project since the beat currently available data was obtained
wi~th nonpure materials in 1928. It: is an important fact~or in the
formtion of etch pits into silicon at silicon-aluminmm interfaces ,
w~mthose Interfaces are subjected to elevated temperatures and
could be a source of failure for shallow junction devices.
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wth sconctng eletron has bteen uaitqations rettien tepconcuret
cuchanit desiy, fil the fand ofil theeeth to car (if) thepreistid. of
siliconductor aluinurm tno rte nerstu ioan 2 thera grde t ranpt onsthe grdiessve
eilicotrons deavenitheo amna ne aluinufm hben uteifaiey setudid e Also, wit4
cson that electn * microscowhicsters of aluminu fore at misilo 1-per

tsilicon and enter alovinm hros betr uualitaivey strssed. T colcrretd

current densities. Silicon Is also shown to be transported down the wires in the
direction of electron flow'. Equations relating the rate of penetration of aluminu
into silicon dioxide to towperature are presented. 2bis reaction is shown to be uin-
imPortat as a failure mode at normal device operating temperatures of 200X

end below.'lo
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