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Abstract

In this study, we have successfully developed atechnique that can precisely measure the
important parameters of solder electromigration. By applying currents in the Blech specimen and by
measuring the depletion volume at appropriate conditions, electromigration flux and other
electromigration parameters can be obtained:. We have developed a technique to fabricate solder Blech
specimens, in which the depletion volume caused by electromigration can be measured precisely.

Solder Blech specimens were fabricated on patterned Cu/Ti films in Si trenches.
Electromigration eutectic PbSn Blech structure has been investigated. Depletion occurred at the
cathode end of the Blech sample, and hillocks were observed at the anode end for most stressing
conditions. By employing atomic force microscope to measure the depletion volume on the cathode
end, the electromigration rate can be measured. Drift velocity was measured at the current density
ranging from 9.1 x 10° to 9.7 x 10* A/em? at 80, 100, and 120 °C. The drift velocity increased when the
applied current increased. The calculated threshold current density is —1.2 x 10° A/ecm® at 80 °C, —1.8 x
10° A/em? at 100 °C, and 2.9 x 10* A/em? at 120 °C, respectively. The measured activation energy was

0.34 eV. With the activation energy, the values of DyZ* was calculated to be -9.71 x 10° cm?/sec.
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Chapter 1 |l nt roduc

1.1 An overview of solder in flip ch

Mi croel ectroni chopva d koa ggciomgo @icsa dSdnceuctdrii pc @ iot
out side worl d. Bot h wir e sbonadien go esernnd ussceldd
The trend in microelectreni dupngd kngygi O ei o
advantages of sol der bumpniunngb eorv eorf wiirney bsoonl
bumps can be made into anoutrpeuat a(rir/ay) on a
interconnections. Today, trhde tdh ea neeitteah olfe tsw
them is 100° crm,i.psesuarf atecmwe can have 2500
di ameter and piltech are redudend tTohi50 apem,i aw
density meetss the projectseds!| gOveaquinr é me
Technol ogy Roadmap for SemiAossndaicatoirenby| B]
Figure 1(a) sédotwson hmi csc@aandmigc eif mageé defr dr
a Si chip.

The solder alloy of 95 wt. n%uBkPdaad SoWwd
bumps on Si chip surfaceschhpmaonfhr ameambm
as shown in Fig. 1(b), the sehdp havihgpph
very-I|large-scaloef- idevwveigcreast i feanckeisy wdsd vars. t he | ft
technol ogy. Then the ceruwinti cbareorddi | tlesiimsg j&
set of solder bumps, whichei sokbdeefrtaaodShH
size is much bigger, as sh8wnt .Fi9 .Pbhl (dbnd 62
Sn) is used TCausbei 5ehansndgaspeouictBte | (DIn8e3n Mmle & t
of the 95Pb®¥%n soHednecre (t3n2e0 hi gh-Pb sol der
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joining of the eutectic bluenpes . useTdhiisn insaian
computers; first chip-to-ce3phmino Bahdstthkekas
eutectic the tin-1lead sol der ,mawhyi cye ahrass,
chip-to-board packaging. [4, 5]

Lead plays an i mportant roty BndSaPlshsao
sur face. Al sociial leowe gs dshhea feif totn eer féamled eru.t
solder has a verynl €w, wevthti il g t @deglwetaofi nhl a
is 35. Furt healmoemer gtyheb etnitdeernf achSdh bkt €
intermetallic compound (I MC)haiss al ovve.r yF inma
temperature gap.

When the | ow-cost and | argareoupmegr acedu
using advancepdercthoirpma.nfcer, beatetderl TO wi li Imi bha
hi gh-cost cersamic modul e, HeghoPlh heoll ddevrer c
transition tesmpbshtates ofskar gentsitce aRlb Sdnu ei st «

mel ting tempechauaetegnonsestdceaekbdpdwhogmameeha
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I |
FR4 90%Pb/10% Sn
board ball with eutectic

SnPb at both ends

Fig. 1 (a) An area arr ayouorft essoyl doefr W.alJ.s ¢

UCLA). (b) Theae tcwm-slsewselctpaoakmaodgi mge;d ud rei mnit

ceramic module-to- polymetdbPoajodj nivBenadCRE
ball -grid-array. [ 2]



1.2 Eut 8ot der SRPhct

Intermetallic Compound (IMC) Formation

i ons

The euteactis Bnth tlkee met a@alrimezatil orc Icanmer
(I'MCs) in durieg toéakl ewtpeactes SWiPWh sOCl dat
the reactiodanpneédhCdtMCsar eThCws i s i n agr eeme
phase diagrams of Sn-Pb-Cufs&awrs in Fig. 2
hemi spheri catS-nsHhHafCe iaand atylea -Glhape.

(b) Cu
100 -
s S
o O Sy 20 40 60 80 (Pblg
n
wt.% Pb =
Fig 2 Ternary phase°Cdi2ggram of Sn- Pl

ThesS€Gu however , i sad

esbéabltéi angCuthod i tshiier f m

spal |l issg !l ME. CWhen Cu iFsi gc o n3s.unTehde, tsrhaonwsnf or r
hemi spherical -shape to a spher efl iskuer fwma e
interfacial energies in a conservative rip
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Fig.3 Cross-sectional SEMeiChhage dthet heatfeolf
bet ween e uatnedc t87c0 ‘.u/100nmm'éit att hii z aftii lom
after 10minzsa 200 (a)2D image| by 3P31 ma




1.3 Electromigration theory

El ectromigration is the a&tneami ofmatni @amp pil n e
electric field. It is barsiivcianlgl yf oar cde .f fTuhsiiso
motion is driven by the sumetoafl tawoo ndi aOmeet ri

direct force due to the Coulbombwimnthet et ied
in the conductor. And anohtihcehr riess usla-sc alrloemd
momentum tranefcer omst e e n tnide ennge toanl wha ncsh. oD
force is stronger, the atrmdnso fmotvlee toovmd Wt
general, the electron wicred ffoor @ae gio® ds tcroomrdgs

the atoms movesto the anode end of t he con

Atomic diffusion flux in solid can be rep
oC

J=—D—+ ) CM'F
ox IZ it .. (1.1)

Where the first term comeasnd rtome tsheec ccrhde nti

the sum of various appliedmeoatest hEochelme
gradient term is removdeadc. tAnelteltd rroens wirtait n
conventionally expressedamd tthhe efrfodatcitv e fc
Ze[ 4] .

F=EZe (1. 2)
Where Z* i s teh e uaribfee c toifv dnhdea émeettloael faut nodma nj €'
charge.

The at oemidauef Itwox tlhe el ectei c@mingbat womtdeinvi

Jey = CME, (1.3)



where m is the mobility ofomheThhéeé omsbiahidt

the atoms is given by the Einstein equatio
D
M=—
KT (1. 4)

where D is the diffusivity|] ukeBodlempmaan'u

Therefore, the atomic fl usxedduaes to el ectrom
D _. D_. . D -E .

Jew =C—=ZeE=C—Zeg =C()exp(-—")Z*€d = (1.5)
kT KT KT kT

where |J is the current dnednsacttyi,v apt itohne edniefrfg

1.4 Measurement of electromigration

Di ffusi on measuir-rement

The first type of measurmaeneqnur e mersti m X aeg)
that the samplterhas to béhshapedfiaci @hltowu
density to pr oduwrcte caf neelaescptrracantiegorhaet iod n .t hTi hse
measurement i s shown in Fig. 4.

- Specimen +

L | J

Butt weld
both isotones

Fig. 4. The isoAh@aemal massdeBpoomettimodht ban
matrix isotopélO97B)dPm Huntington
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For bul k studuelsl,y trhaed e aifmptl @ aist Wwisi ndui d:

oling of both ends. Theat¢tkedmemnmi foombeg me
mpl e or inserted near tfhetlceenduwrrr eorft ,t hteh e
mposition distributiontiwp] ¢Thangenasentar

ofiles of the tracer Dbiecftoerde iann dFiagf.t edr beyl .
and B, respectively. The Biditwinded bley wtelee
nealing time gives t he bder idfett evremionceidt.y ,T hfe
reading of taornedBt eir midndd upae wtnhe st raa d eam
e difficulty of carrying owni fouenhta@ampexp.
er the entire sampl e, ffeoat odfh etrevmper at wroe
re[q7uli r ed.

The second vy pe adfl ende a shuer € dveanchai ncchy niel ausxu' r
e change int thesamplendi manshohatasoa bpEg:
ong the sample durisng tchieplceo uorfs et hoifs enteeacs
il lustrated in Fig. 5thé&hdi eplrhgemeper o

rkers (scratches or i ndegntadtoinogn st)h es d peanrgat

ire sample (Hulng4 In)g.t olna taenrd, P@mmnreayy st u6ddy) ,o fi

came apparent that the cthanlgei ng ahengi ml
the sample only; there.arTeheallsaot tterra nwsavse
pend on the aspect rat itoo oa c ctohuents afnoprl et hae
cancy flux.e Thmeasum@ime writthlyad® formaed eo ft hti hse npe
chniques in electromigoameasurseé ululels and
ectromigration for a | artdge sreu mbeears ua fe npeunrt
neral agreement, althougdbthaitnevd tthr ¢dimec Ise

alysis. [ 6]
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Huntington (1974))

Edge di spl ae e(n2mitf tt ewehlnd qiut y met hod)

The mass transport of el betiomegtagiaodedi
directly usingsthe driftivelhdtsiot gamételdodhl
movement expefriirnsetntp.r'esletn twehdsalsy bRleenc lwiidre | 9
adopted since- tihen_f or tihree csttiuodny ooff tahteo nmacs
and the actiwall.-omseatthgry,pasameters.

A sample configuration fom 1 I6e Fdgift vel
Basicallytaa pracé&. oFometexdimed ei,n tthlee mfeit rad t
velocity eapgeAiumemti | 8 he metal track was
applied through the metatteédackhkt oande mbsghl
conducting Au saddle in tshedddteerxpppédnces
continuous i mpulse from tbe e€hectranbohodendo

anode edge.
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Fig. 6 Schematic of samplua eamemftisgur ati o

The mass in the saddle wadtli arh,ervehlfioache ibse

obtained from ntheofeftflrets &cdnled adddge axlkon g ht

average atomic drift velocity is given by
J D, —E .
V=—=(—)¢eX a Z*e
C (kT) p(kT) 0 .. (1.86)

where v is theasadrifteovel@ocRdgi stli vist y hef atth

Equation (1.6 .also can be rewritten as

vt D 22—k
In(—)=In(—Z*e i
n(j) n(kT M)(kT) CL(1.7)

Thus, measur eineyntatofv arrii ddis utddaopoea laud a1 r efs
activation en&lrgy.i Ediiuad titono ftedltadide)onBuacst u riesme r
possible i f the drift velboceny denmeayuféd

A threshold current densiby kExAstBl ¢éoh a
shown in Fig. 7 [9]. Thipoctuioamal it® asppi @
The occurrence of the thrésihgolhdieatexplhaiaan
atom pile-upeasdrdepl enidiemc rdehaed eéhch rbeys hdod cdr d &
temperature oumbgummnih os iNhgée&ltuipsa/oiplorsiede .t hika.t
current crowding, the cumgehterdenstitgngraeam:
cause excess ewxdcarnoi as gpaitoeir frdenim - Mieqis i tt oy Ir

This |l eads to void formation in the | atter
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AVERAGE DRIFT VELOCITY, A/S

a HI | | |
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Fig. 7 Average drift velocobfycafrantaldemsi

Resi stometric measur ement

The resistance of a met alseinrstidgri ven rbedth it
mi crostruct urpalr aared egesa meMhreine ®lhtees romi gs at
or hillocks whehlinna mecmetsd y neet ereci anadr tgea
|l ine resistance changes.f Tthhies etaerclhyn isqtuaegse io
el ectromigration, where tyheandordcimpieadmd uafe
been disturbed significastlhge Ohdet eche oas

t hat i s, t henadiimMmams vom sl sofalréeehlenmurcéh wWiedstsh -t ihta
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straightforward to showctomatuct loe I|hiarse trhes if.

form [12]:

AR R- ., —Ea

R, KT
Wherei SR the | ine resistanceant depehdi BQ«
on the film geometry, the giaien bousdahyey ¢

conductor has been stresmaendn’ €acomsstagnt vaar
the absolute temperaturerr dst i dednsiat gdj biye:

measurements at differenteteampeeabolurebepaot

energy Ea, and the measurednse ndtest eartmi dnief ftehree
the exponent n. [ 6]
J.Y. Choi, S.S..,.Lee and Y.h@r akrxderresgarctse

eutectic SnPb ssolwdier “whis hi uswhmigc it hti me stt @ mg
and the current density werteo V8aArficatiohéy om 8
assumed that T he@duelkdctroifmiego &atlisbe-ss dlhcke mam
the initial resisssttance cihaemdyeratida afancltbhan qe
resi stance ies eplreocptorrotmiognsadltoivwoon Htimn e¢éwyc e d 11 I79 x

Rewritten the equation, as
. E.
ln(T-Normallzed_rate):—ﬁ+const .. (1.9)

The activatiograneogy cah tétkeienogb tlanmminTe dn obnya |pil z

rate) vs 1/ T, as seen in Hisg.0.8.7 Tehve [cla8l]c u
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Temperature ( °C )

-
L]
-]

.
n

0.8

In {Tx Normalized rate)
o
'

.
o

0.00263 0.00272 0.00276 0.00280 0.00234

Fig. 8 Calcukaetrgy ©0bDr aedwetcaadtoiohn g3mRb oxo lod
i=n i torral rate for change[ 13]

Mean Time to Fail‘ur e

Il n 1969, Bl ack provided tehe nf cAlll oawitneg ceognu

caused by electromigration. [ 14]

MTTF = A_iexp(E) (1.10)
j" kT

The derivation of equati of Was mhaged oonds
across an Al i nitretrecroensnteic g afiTénaetn umioes td h et e pe
MTTF on square power of cBurarcekn ta sdseunnseidt yt,h ait
rate of mass transport ierctealoenc tnrtoomeingruant ianmd
number of electrons per enipropoedipearl uhi n
current densi tpyo,wehre ndceep etnhded nscgeu. a riwh eMThTeR € dhu
exponent n is 1, 2 or a leazigeé¢l yumhem hboe
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joule heating i1 s taken intfol wxcdiundgr. g&Hmoawe vi
required forohaiahdr gr owwhdas oviaxadaemdy ds uparu-i g
Shatzkes and LI oyd have prempdesreade adimfofdied i dr
equation and aobtMaliTired na wshavleunt iddarpefsdenace oo
current density is also oltuaitned. [cla:] bHo vae
to MTTF in Cu interconnectas caanrde ffuli pe xcahnmipn a

El ectromigratibnpothept eswidinder SpBbnts and
mean-time-to-dadieédrien htalveo tbem@e@ rstdad ut €40 r ‘€n g
current densi titelsconpf Wi. 9.t &ebhij 72EXM OE. ©. T
these joints, itzhaet iuonnd e rU BoMy) miposnmat thael icthil pa yseird
of Al / Ni (V) / CuW,onadn d atdh eo nmmesthaal Isiecb gt t at eksi d
Ni | ayer covered with 30 omreht Aden¥Whenest
MTTF was f oun-d_sttoe rd etchraena swelmantulciehs geabp e sthed f
Bl ack’s equatdom...When the emeatdzutie d( MTTF i
which Joul e heating was cbnsideeedalasulk abec
activat Qion fememdgyyt o be 0.5 and Ou8eeVitor t

SNAgCu sol der, respectively. [ 16]

14



Eutectic SnPb Q=0.5-eV

Ly

(48]

In(MTTF)

26 26.5 27 27 .5 28 28.5
@) 1IKT

Eutectic SnAgCu Q=0.8-eV

24 24.5 25 25.5 26 26.5 27
1kT

(b)

Fig. 9. Pl ot s7#d\¥) ,MTAllke saed daien s te mp/er at ur e i n
Joul e heating: (a) eutect SnA8§CuPBosadlederyj oj

15



1.5

I n

Motivati on

gener al , ell deecrt rcoam ghread d ogwdé sngesdbqaatt loe

. D E . .
J.., =CDZeE =C(—= ——2)Ze
EM (kT)eXp( kT) 0l

wheduwes the elecCromilgeatopnpoehtuati on of at

t he
Z i
di ff
t he
Bl ec
spec
whi c
spec

el ec

t he
el ec

Th

eut &cits ct mé | efyf, ecti ve | attiemmpediat buoei v

s the effeciigettblearedea csh utimoes rfpireelfdactr

usiiwi ttyhe Bct ievcatrioom germaerigy ff drh eeslf r kb mj ¢
curr king tdlreedsBadolyt zmahn’'ss tchoen sa basnotl,u taen dt
h devel oped a techniqguieor oparmemestue regne n
i men usedondisc tai, vpeatftielrmeeddoecesdsinvea fpia
h is denoted as+.the Bridgcdhursrperctigneinn i tnh
i men and by measuring thenddéepbesion
tromigratiteenctf bmkgraantdi obtehpearb aenle heds c
icul ar, by measuring rtrheentel ceernt sriotmi gy ,at
ent density can be obtawveédcbyyext rTahpeo
ent densintiyrfadri oso li dgeaa aareatod rri,anBsa rmtcaen ti t
maxi mum current density tha&t o@zceplfdec
tromigration.

ere have been many studi ®snbs [ heé- 23]

Damage due to el ectromigr atsitone ssceau rbsy whheen

dens

me as

i kxylioaAFcaAind above. Electromigration ra

ured by applying curreeant.s ikf ftelcitn vet r

number of eutectic sol der oas meassgredr 0 :

esti

mating the hillock vodfum]l@hédcatr at®@ un

16



°C [19].
However, most ebfect he miigmpaotritagnetr sa raarnee t £1r i
unknown due to the difficwigyatnomenatuei n:

mo s t of the previous studi ers eulseecdt rfoimi mg,r at

investigation, the volume af shahhoboolgs ebec
mi croscope (SEM). I n addi bptom,e badbauisat m
conventional depobi tsipoenci me h & ol dgsa,np rBalp & r ebde.

Neverthel ess,awktedawvieq de vBelbeodpre by p ecait me rs0,l die
the depl eti on vrodnuinger ac a wsne de almy ibeek engeta s u T kb d

expedites thel®citemtmi fgiratstomdy nofsol der .

17



Chapter 2 Experi me

2.1 FabBl eahi &8§hratture

a. Substr althee psruebpsairraattienenns ed si m-ttlyipe dpe
wafer .

bPhotoli tlhstitgea@lhymas k wiaes tahpep |iinedde nttoa tdieof ni
AZ5214 photoresist was spi hecwatsed on t h.
soft-bakKetlontllMhMDnutes, followed by expo.
exposed was remoperd. baf tFDrHwsbr [i@ervdeH e a ls @ dnp fi
7 minuti@s at: 120

d. Silicohhd@riynedcthitvnegl:y coupl ed pl asma-r
technique wasscused 't o dry hattc lwiarsg meialsiua &
o-stepper and ‘Attomi ¢ Force Microscopy (A
e. Deposiandolme ®arle:vent | eak curxentthan i
silicon waferl2uaG ygrwew oxiidad iAofiii mabhdod.
40A0Cu was deposited by E-gun evaporator.
e. Photol2ndolgeaplhymadfki nvea st e pCu eldi nes ,de
used for wetting sol der.

f. Copp€opetchifngm was stripped. aWWayeby
(1:200) .

g. Ref | obw tseocltdiecr :PbSn was refl owed at 210
Sol der wetted onbgvhom hCwaana ofndrn menee dCib y

di spersive spectroscopy (EDX) .

18



hPol i shSasmplldeesr :wer e polished to achieve B

corresponding schematics BreedhpwannviFey

the structure is shown in Fig. 11

(a)

a

RI E

(b)

3.1um

(d)

Deposition Ti

Deposition Cu

19



(0
Patten Cu

Pol i sh

20



(h)

Fig. 10 Schiealantii catdirawi oifg BlIfech Str L

Fig. 11 Schematpilandvawiwegfoft htei lttees t

21



Conditions of current stressing

2. 2
The eff
a paralle

SnPb | aye

by

sec
by

sub
con
sch
t he
t wo

The

scanni
tion i
at omi c
tracti
dition
emati c
sampl

probe

resol

ective current deonsi enpchnsamel 8nH
Il circuit modehi c(kFniegs.s 1lo2f) tohne tThie, |
rs. Their resi stiicvkinteisess caarne bseh onnena
ng electron micrmiscopeocpPBEMIEM)

mages. Before carrrtema csatrhecsdsea nwga s
force microscoper dhmshetdboret aihmec
ng the thicknessthd ItM@s .stVaurciteud es
S were investigatfedure thi sheswady

drmgpwien g Fo fg uar et elsdtt asshaowest t he whkipeh

AT EBREF =
W -',."-‘ T

e imn.mrﬁétz‘ép}_r.io‘;@@ﬁ tso aar iecoutr reeanst aspopulriceed

e

S . al"l'hef “rent460ute¥ w@sadcenmeh
utlo:irj‘ output is 50
SnPh
—A "\ NV
IMC
Ti
AN
12 Effective parall dlescircuit mod
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Mat er|i al HQRegn)st i vi ty(
Eut ect]i SnPb
Ti 4 2
Cebn 17.5
Table 1 Resistivity
Curren density
( A/’c m
1*4 ¢ 3#10 5%10 6*10 8*1
Tempevxature
80 16(2hr s
100 14 4 hr-S 7 2
120 TRhr s 72

Table 2 List

of

testi

cal cul a

7 2

72hr s

conditions



CCD

camer a 4&2.. Pptoibceal3 .lceBmasmpd.e Curr en

Stage 7. hot plate

13

Schematic dr awi ngctoifnd hteo sa mpu rer
source.

24



3 Anal ysis Techniques

.Scanning EIl ectr oSnE MMiicsr oosnceo pyf (tSlEEeM) usef ul
techniques. By using SEMhehimilcooktascit
before and after the stmwassicrhpaprlayxctthe zeéid
observed the morphology chahgel d nemhesisa
SEM.
.Optical Micrbdscopyt r(utM)uur e and rough i n:
OLYMPUS BH2- UMA OM.

At omi ¢ For cAd&e MMiparoadsuacepy (hARM) r esol uti ol
i mages by scanmning,, a sharip tpiapg towdr at He xd
cantilever moantegelinodrooel enpiiensd ®al emetari ¢ F
of the micrescope. Voltagetshappile=zdelt®ctmh
detect the tube horizontearl ltyhd os gpmpldal cu ra
vol tage applied to the ZeeVvertiroale lai ¢inte
tip. A stepper motor couwiltehd tthoe as a nepalde sac
A separate mottloe HMeiigltnh ctbntthe |ltmi prosktape
the sample surface. We useOABAFMtoDmegiasalk el
depletion volume caused by current stress
.Energy Dispersive ERXray Deteecafort (eEDXhen
techniEdPKe s(.J OEL 605n0a0f dhni aMatTiung Uni ver si
investigate composition of | MC.
.0-stepper ( Sulrhfea cteh i pcrkonfeislse)of: sampl e was
a-stepper. The a-stepper ateedailns tSki ens!
Engineering in NCTU.

25



I nfrared SbepeeMmMpnaf nt&C g poeujl cer ehaesaet i diuge
was measured by a infrarednmi drsocommpeg. SEh
three steps: First: it awtqudurer eemt rsatdrieasns
which was usedsampféendmisgil mapecdmodeadh p
acquires an temperature i ntalgee swatt-hwpu.t Tchuir
takes a temperature i magevwicehtewmpeenat use

temperature was calculated by Planck’'™s La

26



ChaptrReasud ts and di sc

3.1 Joule heating during current str

The temperat ureed naasp sa Weurnec ¢meoansauorf v ampipd U € ¢
ambient temperatures, as @alowm icurFiegds., 14
temperature slightly incremsthle bapplinioednoc et
greater thanh@aiAngsercicao.usTehdonad fearhee, Ttih ef iary
current were kept under 0.1 A.

Figure 14 (a) shows the ®9dm@Al enumd &8I0 t hhe
pl ate. The measatwedeaver sghked eceumprternitp es tdruersis
80. 35 , 1 . e.c,r etalseer~tdeunep e ma tj totu@ eicnhreraeé mtn gs tum
0.01A on a 80 hot plate wpseOQudBer. thiegueou
stressing 0.02 A on a.- 80 ehbbdo pbate. h&hetih
the current stresisi'ng wae® @Gu49entwhitckr siss n
As the applied current incueasingreéase®. @8
As shown in Fig. 14 (c), ®Bhei pemwasatiVb6re a
temperature of | eft edge iwerseolndoetr csotrrriepcet -
the infraccogpetiumaet ¢ atde mparesaatt iuwvoe tam ds urtf asc e
It needs a flat surface ttoo wkbttah en treempseornaatbu
inside the solder stri pearatnidc laev.o i Wheedn uasp mlgi
reached 0.1 A, the tempermttulraeet iinn Tsolfddrm
in Fig. 14 (i) . Figure 1g t(the whiotwe Itihree tier
and the temperature in Ti fFiilgmrwad58 b,) wh

sample under the current stimdespagtoft!l @s02

27



whi ch <ca
rough su
Ti fil m,
of 0.01

Wh e n

i ncrease

applied
Figure

80 , 100

applied

me f

r f ac

as

A on

t he

wa s

currtr

18

an

currtr

r adm upna leiassho nparbohneey st e evtpaIr d uo wi. n d
e of the parttihcd et.e m\i drhati mnrcea eian
shown in Fig.ubB8ef)jtheFicgurent
amkE2aBGur aodtt epiod deeat BB @ i ipre twmhaes
sample was stréaeseemper@tareA
as high as 1289gir®g .t heThlar &fidr
ent was kept below 0.07A at 12
summar i nes etfals e sa papsipi@e di uamucrt ri eonnt
d 120 . The temmpmenr®talsres raiss it e

ent i ncreases for the three am
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(a) 1=0.01A

1}
(¢) [=0.05A o
(%Y I




<
S
—
S

()1

ma p

pl aced

curr |

Temperaljture

wals

Appllji ed
12A.
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(a) [=0.01A (b) I=0.02A

(c) I=0.03A (d) 1=0.04A
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(g) I=0.07A (h) I=0.08A

e

|

—

i

P R e B g e e e
"

i
i
"
|
}]
i |

|

oo |

Fig. 15 Temperature mapping
was placed on a 100 hot pl &
was from 0.01A to O0.12A.




(a) I=0.01A

—

—

|
|
|

S
[ ——
-

(c) [=0.03A

[

L

/s [ YA

MO || 5 ae




Fig. 16 Templerature ma
of t he samp]| e whi ch
placed on a |120 hot p
Applied currlent was 1
0.01A to O0.O0FA.

Fig. 17 (a) Tempbeeatame!l Ba phiac ¢8 Owfa sh optl aglea
Applied current was 0. 1A. h{beThentempe(a)u
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-
L]

[=] Ll
[ ] o

Temperture incragss (1T )

=
]
i

E=1
L-]

= 30T

i 00T

- D e
s —— 72 order fit of 1707 data
w / 2 order fit of 30T data

— 2 order f of 1007 data

AT
e
E '!- ____..-f"l
A :
T L
e . . -
.-"-.. * -"-'—.
- : e ®
O EIIIIE I:I.IH- I:II.I:H I:;J:IH EIIII:I I:I..II

Appled current (&)

Fig. 18 The temperature increase ver
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3.2 Microstn udcutruirneg EEvloel cuttrioomi gr ati on

Figurel9 througmiz6 oshowctthuagt gwrod ahti on
stressing for various currerntt hdee nrse ftlyovato f8

solder, Pb-rich region wasursuemtountdreas diynd

=

egion grew up due to so, idlemltattiecom ga mm@u r rAe
cathode end of the stripa, odnd hextstudipens
Figure 19 (b)) shows the SHMWri magegpeacft af l

nder currentSAsltérmetss&mg foofr 9247 hxr sTOPb-r i ch

c

solid state aging. Withsliaregerofc Prbr-entchstrre
change very much. There whasssdee FegudealPO:
the SEM i mages. s of the catuirordeente nsdt roefs stihneg so
1®™/cmt 80 . At. the-corners wél It heuedgeg, r &h
process. Aftex theAlumt e 8O stiéssiomgg dobed o
| MCs appear near.. . the edgey The dd&fgbetegrieg
was found that, at wupper eanmnadnl dwengtdowaesr ¢
than that at center. |t wabedselderpalki shie
much thinner than that atoftenher caFhgdeeed
sol der stripe after4AVIt2:eatcu8r0renftorst?rZehsrssi.ngTh
was much more than that unfdermdade6Gtumsasway
form the edge. Figures 21 (ca)t hoande (Eh)d ohHow
solder stripe before anAll @t eBOthéocuPeBlNns
respectively. The del pl et i anrharne gihoant o bns eFrivge
There was also a hill ock f ortrheed eatg ea p pgFri gxuir
(b) and (c) show the SEM imagepeobhftbe tht

stressin3g/(2)fat9.11)0x I®r 72hrs and 144hrs, r
36



region was slightly incrwrasd ng3 f(olb) 1ddHdws t
i mage of the tdehoderépdsterfetsleshie?ﬁtgﬁémaftLBrrxenltO
100 for 72 hrs. The depl etteduprpeegri-orni gahats hna
side of the depleted regiuond ,asnomeg fd &MLisd u &li
24 (b)) shows tdhat t(B&EdMe i enayeoefodf it dhresdbhdecust e
stressin4g/(2)fat5.14)0x ITI®r 72 hrs. The depl eti

27 Pgm. Figure 25 (a) and 28e(kbhnhdsbbdowthkess

(2]
—
—

i pe before thesAduz:rrHtenJIZOstrfeosrsi?nZghrosf. 9S ®n
observed before the curr @mtcestsr.eAditreg, tvakei
stressin?’g/émtg.l@Ox I®r 72hrs, the |1 MCs reg
26 (b) shows tdheat IB&EdMe i enadeoe fodt i dhresdohdecust e
stressifﬁ\gémaft 3120 10fer 72 hr s. The |1 MCs app
stressing. Again, . there gvetrtree sloM@s .r elsti diusa
calcul ate the- depl.eted vol unme dbeyf i hEeM tihnea gdee
regi on. Therefore; “we empudmg.ed AFM t o mea

Figure 27 shows StElMe i cnmmages tbhecttih@cs ot eer T
mor phol ogy of the I MC is se6ablDl Blgiustnype and
scall op-type | MGSswaAcaorntiyzgdt o ot be ICut er al
SnPb sol der jSmi (nrf-sp hcaosses)i gan-dphCaSe) i nt er met
at the interfaoédeftf aeaundeeaecopPrPlhfnt phasiew

and n

o

e-phase was formedsSnnmalgi esdueyt oT

t he ¢

o

pper |l ayer in the UBMuwAsrobhheg 004 mp
of t%me ICMC.

I n conclusion, as shown .i 3Fi(dgy., ZFad(gh) 24
25 (b) and Fig. 26 (b). The s$dMCdappafared o!

stressing. H onwoetv ebre, olbMGsr vieadu |adt h & ad thrordeen te ng
37



of 9% atxs80 up to 162hrs, as showRige. FRQS$

to (c), sol ckereddep lasmtde b rfocardre gteldnt e dsepées
increased. Due to |l ower drufé¢ aetocutyenmdt ¢
vol ume depletion in the cathode end was no

Figures 28 (a) and 28 (b) sédirodv lerfeo rAd Ma 1B
after the cur4Aé6tatst1rOe£)ssifmg of2h3 10 it was
mor phol ogy of I MC is scal éopi mgpengfaeer 80 :«
of this region, we can obtOai8m4tyme aver age

Figures 29 to 36 show t heenndi cdruorsitnrgu cctuurrree
stressing. For most caseand bifl tbeksoweree .o
no obvious hi lolumdk ifnorsmanpd een wg d eghu fl roevretr & d

temperature, as shown in Fig. 29.
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(b) 24 hrs

Fig. 19 SEM |mag'e—s—of the rcathedeneed ofir
stressing/ ofmt980X1d0r (a) O hr (b) 24 hrs(
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hr s

Fig. 20 SEM it maga—d—of t he re actudrerdeend t rsitpreess s
4.9%YCmt 80 (a) ~0.hr (b) 24hr (c) 72 hrs.

72 hrs

Fig. 21 SEM imagesdg of t he reactudrerdeendt rsitpreess s
8 X1/ ¢cmmt 80 . (a) O hr (b) 72 hrs.
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hr s

.--"“therciahdnoderleendt oftn
O hr (b) 72 hrs (c)

22
9. 11 mt

SEM

72 hrs

Fig. 23 SEM imagesd of t he reactudrerdeendt rsitpreess s
2

3X10/ ¢cmt 100 . (a) O hrs (b)) 72 hrs
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Fig.

5. 4%1Cmt

Fig.

9. 91V mt

(a)

Fig.

24

25

hr

26

3X1M/ cmt

SEM

SEM

100

SEM

i mages
for

i magesd

120 for

120

i magesd

42

of

(a)

of

(a)

of
for (a)

t her
0O hr

t he
O hr

t he
O hr

W S

cahdédoder eandt ot 1t
(b) 72 hrs

(b) 72 hrs

re actudrerdeend t rsitpreess s
(b) 72 hrs

(b)) 72 hrs

re actudrerdeend t rsitpreess s
(b) 72 hrs



Fig. 27 Cross-sectional SEMfilmagatof21ltOhe f o

(a) 0 hr (b) 72 hrs

B

B B T w

Fig. 28 3- of dfnteersatiidersampli g

under current4A/s&raES&Dﬂg.0’(a§5X1b@fore curren
hr s current stressing.
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(b) 24 hrs

(c) 72hrs (d) 162 hrs

Fig. 29 SEM i mzmgj\e—s[_t—o fth te h scouhrmreednet s tsrtirpeesss i anfgt
1/ cmt 80 fori(a) @ hr (b) 24 hrs(c) 72 h
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(b) 24 hrs

Fig. 30 SEM i maQETo f. | t h ec uarnroednet esntdr eosfs itnhge
1™/ cmt 80 fori(a) 0 hr (b) 24 hrs (c) 72h

(a) 0 hr (b)72 hrs

Fig. 31 SEM i maglenfoft hteh escodndreeatrets tsrtirpeesss i anfgt
1™/ cmt 80 for (a) O hr (b) 72 hrs
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72 hrs

-
e 1 S s=T '._,D f,-': =
; ¥

<0 hr (b) 72 hrs (c) 14

o

(a) O hr (b)72 hrs

Fig. 33 SEM images of s the cauraodeente nsd refs s
3X10/ ¢cmt 100 for (a) O hr (b)) 72 hrs
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(b) 72 hrs

Fig. 34 SEM Iimageésofofthdesanbeentst si pessia
5.4%YCmt 100 for (a) O hr (b) 72 hrs

(b) 72 hrs

Fig. 35 SEM i mag@ésofofthdesanbeentst si pessia
9.9%YCmt 120 for (a) O hr (b) 72 hrs

(a) 0 hr (b) 72 hrs

Fig. 36 SEM i mageésofofthdesanbeentst si pessia
3X10/ cmt 120 for (a) O hr (b) 72 hrs
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3.3 Measurement of Electromigration

Upon current stressing, oOodplendoandfegsol
formed on the anode end &) taedsd7Tdle)y. sFEir g
shows the plantive ewwatSlEMd e mamget e hhpa b&mBb es al
stressing, and it also ®hows tthkee StEWMi ¢ knmag®s
the current 1A /fcad 8C1@E@@® rof723 hours, its micro
Fig. 37(b), and the correbpohdgoget hbpokné&és.
thickness profgetbderwesbopwhoghetendeptet eond
shown in Fig. 37(c). Depl eetnido nd woef tsool der o
el ectromigration, causi ngbdeéerevdtMCosn,t oa s eo lvs
the AFM i mage 4n Fig:s 37(b).

To measu+tre the. depl etiaor yvolAFme sfc@arn nd e
was performed- tw -obtakrn terraemrd dafrmeersitomelc u
stressing, aasndez2dq(b)n rFegmaiBri@gelt he v Blyume
di fference beswedppt Béei bwoiviptt avhreell cacnidt yt hcuasn
calcul ated. The depl eti on Tvadbllueme3 .f o0Arp peraocphr i
scanning area wamptkrosenTadbolrlke aedaecdhhd wisf t hee k
each sampl e. 't i ncreasesfomi tthh & hsea men ctreenapse

Figure 39 shows the measurieedd dcruirfrte nvte |doecr
at 80, 1°C0, alnhde 1d2r0 fst wwheelno dihtey aipspd si eeads ec u r r
By extrapolating to theshedd dwuirfrenXeldenist
x £ 0A/*cam°C 810.x8 £ 0A/cant °C1L 0 & xdi @& /°@ant °C1 2 0
respectivel y. The negathovlied vcau rureesn ta rdee nisnic
be a positiveuealtwet he ldemragrtbecnr owdi Mo éfo

cathode and anode ends in Blech speci mens.
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Tuetraported that the currentdedehsgbherin
than the averiangd hceurcreenrntterddoreégicthyer st riat heda
average current density,hei tcaitdhhomdai reinyd ttheat
the solder away. The actisvladpg e no fe ntereg yp Icaa
I n(V*T/j) against 1/ T, astsbowenenglki gwas39
which is | ower than 0.5 eV a@aaldc OIl. &t7e & Vf rbgym
resi stometric measurement VaBlsds oWiuthd tblee

cal cul at ed. The values aruee swaoswrd-®i.n7 1ITabl e

Chsec.
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(a)

(b)

(c)

(d)

Under currsé\hérasttr8eﬂssing of 9.7 x 10
Arle a
69.37Ppm x| 68.36pum 6(9. 37pm x H8.59uym 69. 34pum
Depl et} on
vol ume| &f5tler7 7jum67. 44juBm85. £41jpm
72 hr
Depl et} on
vol ume| &f7t5er58{um639.°0Pum0O4.°2Ppum
162 hr
Under curre%/tcz:mttre@sing of 4.9 x 10
Arle a
75.88uym x |48.93puym 7p.88puym x 39.06pupm 75. 88pum
Depl et}] on
vol ume| &f8tde 6 2lu®m58. O5/um96. 93|um
72 hr
Under curr‘hhérasitrBeOssing of 8 x 10
Arle a
70. 1=2ym x| 68.36pm 7/0. 12pm x pH8.59uym 70. 12um
Depl et} on
vol ume| A766cBBRAMO0. 1L am28. 31pum
72 hr
Under stAkemitndgOoO®f 9.1 x 10
Arle a
72.07 x 68.36um 72.07 x 5[8.59um 72.07uy
Depl et] on
vol ume| 8419e 0 9jum3 ° 8 1737ulm 3 4lp m
stressjng 72hy
Depl et} on
vol ume| ®#f9t7er8 7|um9 96 .°6BpumMm78.°85um
144 hr
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(e)

(9)

( h)

Under curr4é\ht2:rasttrld)sosing of 3 x 10
Arle a
77.73pPpm x| 68.36uym 7|7. 73 pupm x p8.59uym 77.73uym
Depl et} on
vol ume|l aD08r2pbpu®54 .°1f Ba2. 34/pm
72 hr
Under curre%n/tératré@@ing of 5.4 x 10
Arle a
72.46pm x| 68. 36pum 7]2. 46pm x bH8.59uym 72. 46um
Depl et} on
vol ume| 2866t 2BppuMm227° 12ABB 2. 91l um
72 hr
Under curresm/tczzmttraéﬁ)ing of 9.9 x 10
Arle a
74.41pm x| 68.36uym 7j4.41pm x pH8.59uym 74.41puym
Depl et} on
vol ume| &f8t6er56jupm4 18.°1p 2B 1. 63/pm
72 hr
Under curr‘b\hérasttrleZsOsing of 3 x 10
Arle a
74. 61pm x| 68. 36puym 7]4. 61pypm x HB8.59um 74.61lum
Depl et} on
vol ume| A708r 8B uUM669° F2ALB5. 48 pum
72 hr
Table 3 Measurement of deplnmeatgiessn v ol ume
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(a) (b)

(c)
nim Section Analysis
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-y — Ohr profile
— 72hr profile
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oo | | | |
0 25 50 75U m 100

==

Fig. 37 Thickrashopgeofinide edsf (taRe belf der <1

stressing (b) aft ér ¢oautr rle2nd sftore s’%s2 mrgs .o f( c3)
thickness profiles before and after the cu
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cddensi ty D

-1.05628E-05

-8.52693E-06

-8.68701E-06

-1.19364E-05

-9.81724E-06

-9.92922E-06

-8.06009E-06

-1.01966E-05

9. 71E-06

Temperature CudfZ &/mste
80 9. 65E+03
80 4. 93 E+04
80 8. 02E+04
100 .19E+03
100 .03E+014
100 . 48E+014
120 . 93E+03
120 . 08E+014
Aver aqge -
Tabid e |5 wZF*v afl cura t eea chh
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Chapter 4 Concl usi

We have successtohhyguevehabpbedlayp aneast he

i mportant parameters of spédemees$eweéremiaghb]

on patterned Cul/ Ti films tiinc SPb$SmeBlchels. st
has been investigated. Dephet Bberchcesampée
hill ocks wer enodabkes eernvde df oart riohsetin sast Bg s seimmpd 0 ¢

atomic force mirer dshceopkeptiloet mblas dveol emd, onl
el ectromigration rate canrkd meashreedurr en
ranging fYdm DAY tawt 1180, 10@., Tahned dir2i0f t v el
increased when the, appliedshkalrd entrrnarctr edes
-1 .x2 £ 0A/? cant°C 810.x8 I OA/*eant °C1 0 0a rxd T @A./’Tant °CL 2 0

respectively.2 The measuretheaatct vatatomnemrar

val ues* oWwasD calcwuwl docerdeto be -9. 71
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