REPAI RI NG ANOVALOQUS STI FF PI LLAR BUWPS BACKGROUND 1. FIELD OF THE

DI SCLOSURE GCenerally, the present disclosure relates to sophisticated

sem conductor devices, 5 and, nore particularly, to nmethods and systens for
testing and evaluating the netallization |ayers of a back-end-of-Iine
(BEOL) netallization systemand the pillar bunps that may be forned

t hereabove. 2. DESCRI PTI ON OF THE RELATED ART 10l n nodern ultra-high
density integrated circuits, device features have been steadily decreasing
In size to enhance kapAgfMETRNOMALIOBSSEM RENSHCt Al EYhpesand the
overal |l functionality of the circuit. 1n addition to an increase in the
speed of operation due to reduced signal propagation tines, reduced feature
sizes allow an increase in the nunber of functional elenents in the circuit
in order to extend its 15 functi onaBACKGROUMYer, even as overall device
si zes have dramatically decreased, the manufacturers of advanced

sem conduct otf. devFiED OFTRHE DIBHIOBOREt ant pressure to reduce both costs
and manufacturing tinmes so as to remain econom cally conpetitive.

Generaly, the present disclosure relates to sophisticated semiconductor devices,

5 and, more particularly, to methods and systems for testing and evaluating the
metallization layers of a back-end-of-line (BEOL) metallization system and the pillar

bumps that may be formed thereabove.

2. DESCRIPTION OF THE RELATED ART

10 In modern ultra-high density integrated circuits, device features have been
steadily decreasing in size to enhance the performance of the semiconductor device and
the overal functionality of the circuit. In addition to an increase in the speed of
operation due to reduced signal propagation times, reduced feature sizes alow an
increase in the number of functiona elements in the circuit in order to extend its

15 functionality. Moreover, even as overall device sizes have dramatically decreased, the
manufacturers of advanced semiconductor devices remain under constant pressure to

reduce both costs and manufacturing times so as to remain economically competitive.

In the manufacture of many sophisticated integrated circuits, it is usually

20 necessary to provide electrical connections between the various semiconductor chips
making up a microelectronic device. Depending on the type of chip and the overall

device design requirements, these electrical connections may be accomplished in a

variety of ways, such as, for example, by wirebonding, tape automated bonding (TAB),



In the manufacture of many sophisticated integrated circuits, it is usually
20 necessary to provide el ectrical connections between the various

sem conductor chips making up a m croel ectroni c device. Depending on the
type of chip and the overall device design requirenents, these electrical
connections may be acconplished in a variety of ways, such as, for exanple,
by w rebondi ng, tape autonmated bonding (TAB), flip-chip bonding, and the
like. In recent years, the use of flip-chip technol ogy, wherein

seni conduct ofljpcdhiPBorfy, ahd MeRE [frorebatt eRS, tBalRsldf @i &:8hip Bchh& 0§y, RfHereihi PS,
by neans of solder balls formed from so-called sol der bunps, has becone an
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sem conduct or_chip that includes a plurality of integrated circuits.
Simlarly, a%'&fﬂ@@?tﬁ?r @PE@”QH@%\M opriately located 10 bond pads are
formed on another chip, such as, for exanple, a carrier package substrate,
such tRat each bond pad corresponds to a respective solder ball forned on
t he sem conductor chip. The two units, i.e., the sem conductor chip and
carrier substr at eln fip€hipHeshnelogy ol deaballs ase faiened ea appntagt | pyspioh gt'lepshene

sem conductor chip, bringing the solder balls into physical contact with

t he bond padsf, therotligsehdtas o hg canrsoted asuch chsClon texahpledorl B dd edtap pessGati pn
Connection (C4) solder bunp "reflow' process at high-tenperature, so that
each sol der [lagér fonned dsve @na Iestoletalti2dti onh bycer e latsemivodduatordsi @ thakincludes a
correspondi ng bond pad on the carrier substrate. Typically, hundreds of

sol der bunpsplaryitypef fHtsgratbd efr@dtsOvVamilahe &Rrbiiday el st &pprophaesibcated
providing, for exanple, the I/O capability required for nodern

sem cqpduct Opofef RS aleigimedsitinbihe! EHih, Ulen 559?6?'&5171@%{ &fﬁr% %ry aekboe sSstrate,

20m croprocessors, storage circuits, three-di nensliona chips, and the
like, and/ O'gh that each bond pad corresponds to a respective solder ball formed on the
semiconductor chip. The two units, i.e., the semiconductor chip and carrier substrate,
are then electrically connected by “flipping” the semiconductor chip, bringing the solder
balls into physical contact with the bond pads, and performing a so-called Controlled
15 Collapse Chip Connection (C4) solder bump “reflow” process at high-temperature, so
that each solder ball on the semiconductor chip melts and bonds to a corresponding bond
pad on the carrier substrate. Typically, hundreds of solder bumps may be distributed
over the entire chip area, thereby providing, for example, the 1/O capability required for
modern semiconductor chips that usually include complex circuitry, such as
20 microprocessors, storage circuits, three-dimensiona (3D) chips, and the like, and/or a

plurality of integrated circuits forming a complete complex circuit system.



plurality of integrated circuits formng a conplete conplex circuit system
As sem conductor devices have gradually been reduced in size over
successi ve design technol ogy node generations, pillar bunps nade up of nore
hi ghly conductive materials, such as copper, gold, silver and/or alloys

t hereof, have repl aced solder bunps in at |east sone flip-chip and 3D chip
applications. Pillar bunps offer several 5 advantages over nore
traditional sol der bunp connections, including higher interconnect

densi ties, inprovgdsghiesiducndedbss Hab@r oPeRiualPE héeP rBRteR in &iz8 0P&H Liceasipadof f
between t he chi p and the substrate, easier underfilling after the bonding
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that of a typical 15 solder material. This inprovenent in dimensional
stability i ninteieannpe densides Haprpwuest ﬂ@@tlcﬁ)@n@ih%ﬂﬂl rarfopuafes daseter siangaith
tighter bunp pitches than would commonly be used for sol der bunps, and an
sone cases noetWedr ther chigdindtthé Isultstrate, \bsi érngndexfiltieg reiter theulsoridemdopagattan,
hi gher interconnect densities. 20As noted above, pillar bunps sonetines
have a snal | greated devicamiabitityG landrale ke uPrring @ typivd hilgh teinpératurd CAEDI ded
respective bond pads on a corresponding carrier substrate during a high
tenmperature pghp Q¥ QERSSs, sdiviei Ba@hpy will Ren&ary ceilapse!Bad Ispiedd out to some
10 degree, thereby changing shape and size during the bonding process. Pillar bumps, on
the other hand, which may only have relatively small solder caps for bonding to the
corresponding bonding pads, substantially retain their shape and dimensional stability
during the reflow process, due in most part to the higher melting temperatures of a
typical pillar bump material, such as copper and the like, as compared to that of atypical
15 solder material. This improvement in dimensiona stability in turn permits the
fabrication of pillar bumps based on much tighter bump pitches than would commonly

be used for solder bumps, and an some cases much finer redistribution wiring patterns,

thus leading to higher interconnect densities.

20 As noted above, pillar bumps sometimes have a small solder cap, which may be
used to bond the pillar bumps to respective bond pads on a corresponding carrier
substrate during a high temperature reflow process. Typicaly, the carrier substrate

materia is an organic laminate, which has a coefficient of thermal expansion (CTE) that



material is an organic |am nate, which has a coefficient of thernal
expansion (CTE) that nmy be on the order of anywhere from4-8 tines
greater than that of the sem conductor chip, which, in many cases, is nade
up primarily of silicon and silicon-based materials. Accordingly, due to
the CTE m smatch between the sem conductor chip and the carrier substrate
(i.e., silicon vs. organic lamnate), the carrier substrate wll grow nore
than the 5 sem conductor chip when exposed to the reflow tenperature, and

as_a consequegag Be oh iR Grabr dfEhQRAGE M S8'tRASFedtdr tharP®al GTRAS &4hieshdub®r
chi p/ substrate package as the package cools and the sol der caps solidify.
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sem conduct or ,chi.p,.102.. The sem caonductor, chip 102 typically includ a
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pi | | ar SbunpsSBENdHEP) g P 1shefoPiered ipide 16BeY (AP ALUe FBY #5193 Cangequenteat e

t he bondi ng operation between the pillar bunps 103 and correspondi ng bond
pads (not shib@na dnteragdion sfrepses Vwllbke impesedoan thsy ehipgubdiate: Ragkag @k 468 ng
assenbly process, the sem conductor chip 102 is inverted, or "flipped," and
br ought i nt opaskagesnobl stahé theesotder caps sl &t fya tFegut €s11a- Ed, svwchvaloherhetitcbléy idlinstpete
package 100 of Fig. la is exposed to a reflow process 120 at a refl ow

t enper at ur e éHadst admestceegwsdie chipl dackeg)i igethipenshinteractidn éffeetsthitanaabeomki ng
up the sol der caps 103C. Depending on the specific solder alloy used to

formthe sol g&ngaRiBHr ilf h&v bebdembdenper at ure may be upwards of
200- 265C. During the reflow process 120, when the material of the sol der

caps 4@3Cis in a liquid phase, both the carrier substrate 101 and

Figure 1la schematically illustrates a chip package 100, which includes a carrier
substrate 101 and a semiconductor chip 102. The semiconductor chip 102 typically
includes a plurality of pillar bumps 103, which are formed above a metallization system
104 (see Fig. 1d) of the chip 102. In at least some cases, the pillar bumps 103 include

15 solder caps 103C, which generally facilitate the bonding operation between the pillar
bumps 103 and corresponding bond pads (not shown) on the carrier substrate 101.
During the chip packaging assembly process, the semiconductor chip 102 isinverted, or
“flipped,” and brought into contact the carrier substrate 101, after which the chip
package 100 of Fig. 1lais exposed to a reflow process 120 at a reflow temperature that
20 exceeds the melting temperature of the material making up the solder caps 103C.
Depending on the specific solder aloy used to form the solder caps 103C, the reflow
temperature may be upwards of 200°-265°C. During the reflow process 120, when the

material of the solder caps 103C isin aliquid phase, both the carrier substrate 101 and



t he sem conductor chip 102 are able to thermally "grow' in a substantially
unrestrai ned manner, based on the coefficient of thermal expansion of each
respective conmponent. As such, both the carrier substrate 101 and the

sem conductor chip 102 renmain in an essentially flat, non-deforned
condition, although each will grow by a different anobunt 5due to their
different CTE s. Figure | b, on the other hand, schematically
illustrates the chip package 100 during a cool -down phase, when a thermnal

interaction {pegbmiohdquctdrkRipPl2GRe BAE WERRMAIE ‘GRoWT Bra KBBEhtA Qintldaiasad t he
sem conductor chip 102. As the chip package 100 cools, 10 thé sol der caps
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in thermal expansion/contraction is accommobdated by a conbi nation of

out of - Bl ane B8R GIBREB CHeth the carrier substrate 101 and the

sem conduct or chip 102, and sone anount of shear deformation of the pillar
bunmps 103. This out-of-plane deformation induces shear and bendi ng forces
101F, 101Min the carrier substrate 101, as well as shear and bending
forces 102F, 102Mriguretlbe osdhe otirad endr sabbingticby.ill Gttatas thelcbipapackege 400 ect s
may occur in the sem conductor chip 102 in areas i medi ately surroundi ng
the pillar beurrg d€)-dewn iphbsesivhat & thermal Fhgractioh begingitesakd astk Heehew.the
Figure I c schematically illustrates a plan view of the sem conductor chip

102 of Fi gs. cdrierl dibsthbe SOMOMRY the srn@ondietor (chp M A9 HEURIPpackider10b0eboas a

center 102C located at the intersection of an first chip centerline 102X
and a jpecondye
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semiconductor chip 102 to the bond pads on the carrier package substrate 101. As the
chip package 100 continues to cool after solder cap 103C solidification, the CTE
mismatch between the materials of the carrier substrate 101 and the semiconductor chip
102 cause the substrate 101 to shrink at a greater rate than the chip 102. Typicaly, this

15 difference in thermal expansion/contraction is accommodated by a combination of out-
of-plane deformation of both the carrier substrate 101 and the semiconductor chip 102,
and some amount of shear deformation of the pillar bumps 103. This out-of-plane
deformation induces shear and bending forces 101F, 101M in the carrier substrate 101,
as well as shear and bending forces 102F, 102M in the semiconductor chip 102. Other

20 localized effects may occur in the semiconductor chip 102 in areas immediately

surrounding the pillar bumps 103, asillustrated in Fig. 1d and described below.



5 surface of the sem conductor chip 102. It should be noted, however, that
while the pillar bunps 103 shown in Fig. Ic are depicted as being randomy
positioned, it should be appreciated that the relative positions of the
pillar bunps 103 are illustrative only, as the bunps 103 may generally be
distributed in a substantially uniform or honogeneous fashion, at |east
| ocally, over the surface of the sem conductor chip 102. Furthernore, 10
the schematically depicted shear force 102F that may be induced in
sem conduct or  chi gk cashendiea ) illustardstepl b GleliBdf thdsrigsiiduedr Bgpweeer t he
chip 102 and the carrier substrate 101 (see, Fig. Ib) will generally be
oriented frog I ry A6 f i ] : i or
Bigk NG e As%%wp,u&?ﬁ;‘gl@ étp}ét%rﬁuczcg]ggia‘ '&'M&i% h&si %Pfo bl

in the general” direction o as I ndicate y the arrows

shown in Fig : . ' . ' ' . . of
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cool -down of  the chip ka 10Q. For sinpplicity, _the sem cpnductor, chip
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illustrated in Fi gs. la-1 b, and the carrier substrate 101 is not 20 shown.
Fur t hePnor e, S5Ot the SEPFIdver chitld? [ts80ylé ke nelpdhowerr Ahangike haaillfbaC of
a metallization system 104 of the sem conductor chip 102 are shown in Fig.
| d, and any bwoRg 103 shongnini g ekosarpdlepiiter apete noowpasiordlynvinasisioned, éf ghoulst be
substrate | ayers of the chip 102 have not been depicted. The sem conduct or
chip 102 nayappned aletkthal thessdtivatpos homsf ene 108 Bupnpsd 03 abeillastiatige bilyt as the
netallization | ayer 104A, an underbunp netallization (UBM |ayer 105U
formed in anburai0YEs aty qeaaialhg berdidhieutedh s avsabstanid layeifodd@r Hontgengous | ar
bunp 103A formed above the UBM | ayer 105U. In some cases, the pillar bunp

103A may f acigshib@td |é8€ 0ed Babl&theburfate OF B Sehf@ndGAONERS 107 PatkNe@Bre he
carrier substrate 101 5 (not shown in Fig. 1d) and one or nore

sem cqpduCt OfheWeNdnth Bal fy \Rni ERPWBar fHREMBEF ¢ hﬁg b@?ﬂd&ﬁ}tﬁgﬁi?@?%ow) of

t he sem conductor chip 10 However, in other Cases, unp 103A
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an electrical connection to _chi ircuitry (not shown in Fig. 1d), the UBM
| ayer 105U afRIEMEUGPT CAP Hignio ,@rrfﬁytthBéJeé’%F"n‘é'WBB\% g‘eb%%ﬁ ﬁ)é’acié%,

which may be used to facilitate an el ectri cal
indicated by the arrows shown in Fig. 1c.

15
Figure 1d schematically illustrates an area of the semiconductor chip 102
surrounding an individua pillar bump 103A after cool-down of the chip package 100.
For simplicity, the semiconductor chip 102 has been inverted relative to the chip
packaging configurations illustrated in Figs. 1a-1b, and the carrier substrate 101 is not
20 shown. Furthermore, only the uppermost metallization layers 104A, 104B and 104C of

ametallization system 104 of the semiconductor chip 102 are shown in Fig. 1d, and any
metallization layers below layer 104C, device layers, or substrate layers of the chip 102

have not been depicted. The semiconductor chip 102 may include a passivation layer



15 connection to an underlying contact structure 107. Both the bond pad 105
and the contact structure 107 shown in Fig. id are outlined with dotted
lines, indicating that these elenments may or may not be present bel ow the
pillar bunp 103A. As noted previously, the bond pad 105 (when present) nmay
be in contact with the contact structure 107 so as to facilitate the

el ectrical connection of the pillar bunp 103A to an 20 integrated circuit
(not shown) formed in the device |evel (not shown) below the netallization

system 104. {gy folthéd/adovatteV Sst RefdPPLR8n RYEY104aD 8n GRIEHRHhp mbfauif‘zbﬂrkfrf(hw) (when

present) may |ncI ude for exanple, a contact via 107B fornmed in
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102. These shear and. bending forces 102F, 102Mw || result in | ocalized

| oads &ct i ng(NehSRAEHINYip1 Kb aﬁﬁr‘?ﬁe b F10re; 5] CIUGI0E ices| (Balshewalsioraed dhsi | e
or uplift load 103T and bendi ng nonment 103M across the pillar bunp 103A.
However, 10 Heiedce ryehimokshan) &f thensenpeandegtonehip 1923 Howeverninyether edises, ver y
robust, and typically has a stiffness that exceeds that of at |east sone of
t he mat eri al thetphldar buake 103A thhey lsee ai “clomdycbonp’c Hiap dag2net @ovidé an pdectricall ar
the dielectric materials included in the netallization system 104 -

rel atively | ¢dnheciodad ofipmircwitry €mesoywny, blit videereib serdeshniyybuphpass included so
deformation of the pillar bunp 103A during the chip packagi ng thernal 15

interaction. od @sprodde tihdSubRRNIPA fyt dhi @k mt dvehonReiseolid Bamp IhdAb@rsh FeAMiYY be

translated through the pillar bunp 103A and into the metallization Iayers
such ag | ayepged04A-104C, underlying the pillar bump 103A. These transl ated
| oads wi Il generally have the highest magnitude in an area of the

metal lization system 104 that is below the edges 113 (shown in Fig. id as a
dotted line) of the pi I I ar burrp 103A. 20 Under the condi tions outlined
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may be formed above a bond pad 105, which may be used to facilitate an electrical
15 connection to an underlying contact structure 107. Both the bond pad 105 and the
contact structure 107 shown in Fig. 1d are outlined with dotted lines, indicating that
these elements may or may not be present below the pillar bump 103A. As noted
previously, the bond pad 105 (when present) may be in contact with the contact
structure 107 so as to facilitate the electrical connection of the pillar bump 103A to an
20 integrated circuit (not shown) formed in the device level (not shown) below the

metallization system 104. For illustrative purposes only, the contact structure 107

(when present) may include, for example, a contact via 107B formed in the metallization



opposite side of the pillar bunp 103A. Furthernore, if the stresses 108T
and/ or 108C are of a high enough magnitude, a |ocal failure of one or nore
of the nmetallization |ayers may occur below the pillar bunp 103A
Typically, a failure of a given netallization |layer having a substantially
honogeneous material systemw ||l manifest as a 5 delam nation or a crack
109, and wll normally occur where the | oads are highest - i.e., near the
edges 113 of the pillar bunp 103A, as shown in Fig. id. In other cases,

such as t hosgyert 1d4BZ ian@ndudtive$ihanbi@lahy & chREEDURMRIDSInRE ficalizBva i /8
having locally varying fracture energies, the crack 109 may only occur in a

si ngl e net al {hgath@helRESherBoheR oritErdiBNSh sheyn in Fig. id,
whereas in other caseesl, 'ander%épendlé%g@gﬁ Inanyay}gé%)act ors, the crack 109
may propagate either deeper or shallower into the underlying netallization
system 104, e.g., spreading fromone netallization |ayer to another.

Del am nation fail yres d cracks, such as the crac 0 that ma ccur in
2 retal 11 zation 14588 ByE AREBRRSiolAREn PigernEE e el RS 168 A
shown in Fig. id, 15 are sonetinmes subject to prenmature failure, as the
crack Pos maShipracksae 1PP&nahi$ Faysed yherienal /i pisiaRiqn Algthe SSEHPNEYCERt ¢iR al
connection to the contact structure 107 therebel ow. However, since the

del am nat i on1@% akthe easier subgiaterlopad!l dueiodl ydaduastshear cinel hending feraes 102Fp
packagi ng assenbly stage of sem conductor chip manufacture, the defects

wi || general 1§2Mion the chipt Hit abhesewshedr| aral béndedg tpoeesi 102F) h82 cwilloresils in
performed. In 20 sone cases, after the flip-chip operation has been

conpl et ed, t lvealtzei pogols aktargeorl€igh piiar hampuldBesich éstaches dost 1033, asérisilgor such
as C-node acoustic mcroscopy (CSAM. Cracks 109 that may be present in the
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bunps 103 will have a characteristic appearance during the CSAM inspection
processy { hat she: the GRaer G0l oflid herpioshis ATubal, Ry PdAAEPHERSI fiss 4 hat
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visualized. %ig&dgagpcﬁ%fﬁ&@ arrTByln particular, the dielectric materials included in the

metallization system 104 — relatively little deformation energy will be absorbed by
plastic deformation of the pillar bump 103A during the chip packaging thermal
15 interaction. Instead, the majority of the loads 103S, 103T and 103M will be trandated
through the pillar bump 103A and into the metallization layers, such as layers 104A -
104C, underlying the pillar bump 103A. These translated loads will generally have the
highest magnitude in an area of the metallization system 104 that is below the edges 113
(shown in Fig. 1d as adotted line) of the pillar bump 103A.
20
Under the conditions outlined above, highly localized stresses may develop in
one or more of the metallization layers of the metallization system 104, such as atensile

stress 108T on one side of the pillar bump 103A and a compressive stress 108C on the



5 inpose a costly downside to the overall chip manufacturing process, as
they do not occur, and hence cannot be detected, until a significant

mat eri al and nmanufacturing investnent in the chip has al ready occurred.
Furthernore, in those instances where the assenbl ed chip package 100 is not
subj ected to CSAM i nspection, undetected white bunp defects nmay lead to
reduced overall device reliability. 10 Addi tional ly, the devel opnent
and use of dielectric materials having a dielectric constant (or k-val ue)
of approxi maggioyitedsifle Bf tHe®ittdr bumphioBi. ar@tHefrh6re, if eheeétfelsbs B8 Rand/bPYedC
dielectric materials"” - has led to an increased incidence of white bunps.
Typically, | i el j i 1 t
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commonl y use [ ' e i ng hi r I : ilicon
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metal lization systens utilize.nor and sonetines thicker, netallization
'ayers that V& BAGE0.3 SPseiidl GPaPdeiepis TRIEE | ST (Wl Maded &y or

|l i kel ihood that the lower strength [owk materials will rupture when
expose@ to tH3ANGAHN 902 ¢RIt 108 g”‘i‘ WHbBEaEK ocetE Whereiiheil 9l iegsni et &€
underlying the pillar bunps, thus |eading to del am nations and cracks -
i.e., white BRAPeRepesct]s.of the plarttusip HBA, a3 ORE ip &t 160l roetberrcasasr sugh af east
initiate, in the lowk netallization |layers that are closest to the upper
surface of tthesautdenng arsdostantially hifpmogenesus netarisk systeno haviegllastly varying
netallization |ayer - as the deformation energy is typically greatest near
t he upper sufrbaae enwlgidsethe Rrack NP9 Ceeyashl yecoue &sa BifgiermdtalViedti omebyar | suziaks on

| evel s. Furthernore, it appears that the type of white bunp probl ens

descri bed abgeqaj@y1EROTEGWER EMENd PRhEEd e btheX @8RE baidededeRdifg tonl Mad@t | on
| ayers conprised of ultra-lowk (ULK) materials having k-values of 5

appr oxighat el i } i i
%o béﬁt%rs? 1R cleBMR DY rrg‘%)eﬁrtbf)ggﬁsbtf ﬁgfgert = Od?”ﬁéglr@b’f iAt6Sthe underlyin

| ower - strength nechanical p owk materials.

W th whi Ce ooep raraTo SR, Ok, SRing fOR ARG |y BRhandSr L e
of critical
Delamination failures and cracks, such as the crack 108, that may occur in a
metallization layer below a pillar bump, such as the pillar bump 103A shown in Fig. 1d,
15 are sometimes subject to premature failure, as the crack 108 may prevent the pillar
bump 103A from making a good electrical connection to the contact structure 107
therebelow. However, since the delamination/crack defects described above do not
occur until the chip packaging assembly stage of semiconductor chip manufacture, the
defects will generally not be detectable until a final quality inspection is performed. In
20 some cases, after the flip-chip operation has been completed, the chip package 100 may
be subjected to acoustic testing, such as C-mode acoustic microscopy (CSAM). Cracks
109 that may be present in the metallization system 104 of the semiconductor chip 102

below the pillar bumps 103 will have a characteristic appearance during the CSAM



10 and/or sensitive circuit elenents that are positioned in those areas of
a netallization systemthat are bel ow and/or adjacent to pillar bunps that
are formed in those regions of a chip where white bunps are nore likely to
occur. For exanple, the size of a body - i.e., its length or width - is one
factor that may have a significant influence on the total anount of thernal
expansi on that body undergoes when exposed to an el evated 15 tenperature.
As such, the points of greatest thermal interaction - and commensurately

hi ghest out - m%péé{ié@ﬁrdc%{iﬁat'is 'ﬁ@:\égm‘z‘é}ﬂﬂf differérfd @fh ﬁfa?@ﬁf)mfs\r blireps €08 GaNdsict or
chip which are farthest froma neutral center, or centerline, of the chip,

such as the rq r | C ; i : ol

particul ar, t ngggg‘#&e]aés?&rl%tairgg?m%&go%e?g&ﬁ%gée%W$£Q§%g&ﬁ%§e, e. éélas Fi g.
1c). Accordi Qgl.y, g & si gn out. of. a.gj 2 1.C ctor
chip, it is S'gl%r#e/etl? S fgva{]téljiggpgg’t c?gp%@()lgelf)%ﬁyscé'?cl%ctg |%W\/§{I}l"inet81;f§r§ﬁ%en@gﬂ§nd to
route at | east sone conducti . enent s frgm thqse. areas he chip
that are typROURIGS@RpALAEF EEAN SRpas s & visi s R bigp g
expansion between the sem conductor chip and the carrier substrate, e.g.,
near tRe edgddosh@d ©sinEPyNIee it Eecpierl chip manusiien Pre¢espIdp they B9tOhg t he
| ayout of the various circuit elenments as described above does not al ways
address al | @gcut, adphenpe earnot wetdetagiedotintdna nificeat eaterid aifl Mmenwaeidng whi ch
can sonetines occur in regions of a sem conductor chip that would not 5
normal |y be iswswestiethexhihhatabrehilygbessitred. h Buntieermpret By hosd iostazned where the
out - of - pl ane | oads. For exanple, in sone cases, a certain area of a
particul ar | aserkbled chipKparkiger 1G isl rmy subjetted tqiC8AM baspketiomd undetédtevewhibéE=CL )
metal lization system may di splay mechani cal properties that are

unchar act er i glirhg adfbots hRydad b REdudaboveer| Helbiky rdpebiypect ed of that specific
material. Such | ower nechani cal properties may be 'due to any one of several
differqgnt 10 factors, including variation and/or drifting in the nmateri al
deposition paraneters, cleanliness, contam nation, and/or m croscratching

I Ssues associ at ed, Wt ' X\@;Ee - - A Fyrtf e,
such adj usted |ay%§¢'{'§%%‘¥?f8é§%$%%émg%?en t%#ﬁ%rléﬁ]\%glﬁg%\%ﬁga lgé@ﬁ%p
real estate, which can sonetines |imt e e of applicatio for which
he resurt i e BRIV eBRoubey 48R 18RE, DR feh Rakt by B he
foregoing, there is a need to i|nplenment new strategjes to address the

desi gn and neRVrtka EHElRCHTHg Medialss aé?%d?é\tt%cﬁMWWaﬁﬁ'e”ﬁ@FP?er@Bﬁ%Wtee?Lf%s

t hat white bunp occurrences can often have on a sem conductor chip during
the typical CymiedlyadRadi s esbis anatgipts have |pvers giechancek |sysngte mechaniesl t o

various testing
15 modulus, and adhesion strength than do some of the more commonly used dielectric

materials having higher k-values, such as silicon dioxide, silicon nitride, silicon
oxynitride, and the like. As metallization systems utilize more, and sometimes thicker,
metallization layers that are made up of low-k dielectric materias, there is a greater
likelihood that the lower strength low-k materials will rupture when exposed to the loads
20 that are imposed on the metallization layers underlying the pillar bumps, thus leading to
delaminations and cracks — i.e., white bump defects. In particular, cracks tend to occur,
or at least initiate, in the low-k metallization layers that are closest to the upper surface

of the a semiconductor chip — i.e, closest to the last metallization layer — as the

10



20met hods and mtigation strategies that are directed to avoiding, or at

| east mnimzing, the effects of one or nore of the problens identified
above. SUMVARY OF THE DI SCLOSURE The followi ng presents a
sinmplified summary of the present disclosure in order to provide a basic
under st andi ng of sone aspects disclosed herein. This summary is not an
exhaustive overview of the disclosure, nor is it intended to identify key
or critical 5 elenments of the subject natter disclosed here. Its sole

purpose is t@efeimefioRten s GRNERNT Gredtdst dedr thBlUpbbredlirfaps Widfe @ MBS Bakes t O
the nore detailed desc?@gﬁi o)ﬁﬁt hgtg‘ri s di scussegbl ater. GCenerall 3@ t he

subj ect matt LSE Ftﬁﬂer THawe '%Ie%s LI i §FiidO
pillar bunps&(%cﬁ%?ﬁ%@ e E@i@é{%gﬁé ove ﬁgﬂﬁeta ’ilizﬂt%e%%?@a;gtem éé?f \Z\{Hté
sem conduct o i : (LI rati dj ) | K

i ncl udes, an%lﬁ'ﬁé]oqq %@én%ﬁé%gb@%@ro% n@a% %He?{glgge&/r%%a g’\?/@eg &mga?egﬁ?ﬂzé%i on
system of a sem,conduct or chi nd formn ralit f notches in the
o7 Tl ar bur, TERLEE T, Sandisey o optadpatie JUBKY Rumids FviBSLii aes B
flexibility of the pillar bunp when the pillar bunp is exposed to a

15| at ePal f ofPEOximately 2.7 or lower, which in some cases may have even lower-strength

mechanical properties than that of some low-k materials.

In some prior art semiconductor chips, the detrimental effects associated with

white bump defects can sometimes be minimized by reducing the number of critica

10 and/or sensitive circuit elements that are positioned in those areas of a metallization
system that are below and/or adjacent to pillar bumps that are formed in those regions of

a chip where white bumps are more likely to occur. For example, the size of a body —

i.e., itslength or width — is one factor that may have a significant influence on the total

amount of thermal expansion that body undergoes when exposed to an elevated

15 temperature. As such, the points of greatest thermal interaction — and commensurately
highest out-of-plane loads — may occur in those areas of the semiconductor chip which

are farthest from a neutral center, or centerline, of the chip, such as the periphery of the

chip, such as the periphery 102P and in particular, those areas near the corners 102E of

the chip (see, eg., Fig. 1c). Accordingly, during the design and layout of a given

20 semiconductor chip, it is sometimes feasible to position critical circuit elements and to
route at least some conductive elements away from those areas of the chip that are

typicaly exposed to greatest amount of differential thermal expansion between the

semiconductor chip and the carrier substrate, e.g., near the edges and corners of the chip.

11



Anot her illustrative enbodi ment of the present disclosure is a nethod that
i ncl udes positioning a pillar bunp support device in contact with a first
side of a pillar bunp forned above a netallization system of a
sem conductor chip, positioning a pillar 20 bunp repair device adjacent to
a second side of the pillar bunp, and formng a first notch on the second
side of the pillar bunp with the pillar bunp repair device, wherein formng
the first notch includes inposing a force on the second side with the
pillar bunp repair device. The nmethod further includes, anong other things,
supporting the pillar bunp with the pillar bunp support device while
formng the first,py graﬂ u@tnga]gﬂ Bu r&ﬁ.tﬁé\?anBHé&ufc’ Uit RNt 15 S Bed

Iar Hp 0

resisting, with the p| evi ce rce being i rrposed on

ne o i AR E AT B RN RINE PP B

devi ce. t|ve e he present di sclosure
anong§£ther th

i ncl udes a device f‘j‘h% i S made u @@%“Wn@rkg%ﬁh%ﬁ%@sgbt%ﬁ| L

pi I lar bunpsPYBrS Y b‘?{?e%g‘e%ﬁg?quﬁm fegien
and a pI urality of first notches fornmed on
normally be associated with the highest thermal interaction and out-of-plane loads. For

example, in some cases, a certain area of a particular low-k or ULK materia layer of a
given back-end-of-line (BEOL) metallization system may display mechanical properties
that are uncharacteristically lower than may normally be expected of that specific
material. Such lower mechanical properties may be due to any one of severa different
10 factors, including variation and/or drifting in the material deposition parameters,
cleanliness, contamination, and/or microscratching issues associated with a given tool or
wafer, and the like. Furthermore, such adjusted layout configurations often tend to give
up vauable chip real estate, which can sometimes limit the type of applications for

which the resulting chips may be used.

15
Accordingly, and in view of the foregoing, there is a need to implement new
strategies to address the design and manufacturing issues associated with the detrimental
effects that white bump occurrences can often have on a semiconductor chip during the
typical chip packaging operations. The present disclosure relates to various testing
20 methods and mitigation strategies that are directed to avoiding, or at least minimizing,

the effects of one or more of the problems identified above.

12



a first side of at |east one of the plurality of pillar bunps, wherein each
of the plurality 10of first notches is positioned along the first side in a
substantially vertical alignnment. Al so included in the presently

di scl osed subject matter is a pillar bunp support device having a pillar
bunmp contact surface that is adapted to contact an outer surface of

a pillar bunp forned above a netallization system of a sem conductor chip,
wherein the 15pillar bunp support device is adapted to substantially

support the pillar bunp whengaiWwARY OB THResed eysUpye pill ar bunp during a
pi I lar bunp repair process. BRIEF DESCRIPTTON OF THE DRAW NGS

W
The disclosure ”Whé’ﬁ)llH\W/ﬁﬁ[ﬁtE%gg apﬁmkgfi&f ﬁﬂﬁﬁq&%ﬂtﬁl@gﬁeﬁ%nh B%IiBC rQﬁ?E@eP“ on

20t aken in conjunction wt accofrpanyi ng awi ngs,

o b Schemaibayipg & PR ickry 6ot SRR Reo R M e e rrissumrB P s o1

art sem conductqr chip and a rri.er substrate; . . .
an ex auglvepoverwaN o? ?he discClosure, nor Is |?’|ntended to identify key or critical

5 elements of the subject matter disclosed here. Its sole purpose is to present some
concepts in a simplified form as a prelude to the more detailed description that is

discussed |ater.

Generally, the subject matter disclosed herein relates to repairing anomal ous stiff

10 pillar bumps that may be detected above a metallization system of a semiconductor chip
or wafer. One illustrative method disclosed herein includes, among other things,

forming a pillar bump above a metallization system of a semiconductor chip, and

forming a plurality of notches in the pillar bump, wherein the plurality of notches are

adapted to adjust a flexibility of the pillar bump when the pillar bump is exposed to a

15 |ateral force.

Another illustrative embodiment of the present disclosure is a method that
includes positioning a pillar bump support device in contact with a first side of a pillar
bump formed above a metallization system of a semiconductor chip, positioning a pillar

20 bump repair device adjacent to a second side of the pillar bump, and forming a first
notch on the second side of the pillar bump with the pillar bump repair device, wherein
forming the first notch includes imposing a force on the second side with the pillar

bump repair device. The method further includes, among other things, supporting the

13



Figure I c schematically illustrates a plan view of the prior art

sem conductor chip of Figs. la-Ib; 5Figure id schematically illustrates

out - of - pl ane | oading on a representative pillar bunp and underlying

nmetal lization systemof a prior art sem conductor chip after the flip-chip
packagi ng operation of Figs. l|la-Ib; Figure 2 schematically
depicts an illustrative test configuration disclosed herein 10that nay be
used for lateral force testing of pillar bunps fornmed above a netallization

system of a gagl K@AsUAhQRe BiNBPbRHP WRIPBF: device wHiTeIGn@ng tH R h& e, Wherein
illustrates conparative curves representing the behavioral interaction

betveen Pl | oS SHCoAR IR0 R A 03 Y SR s e,
and s| ow - spged, halelbosPh nd G2ba 38 of B hlibHSIHAblY Y8 RESH oL QR poky al i on

of Fig. 2 disclose gures P om Crogr aphs

showi ng cr ac%m)rﬁhol %&of cracks in the netallization systens of
representati 3 £ tor chips that occurred as a result of 20a

fli p-cr%i p bondi ng operati on;

A further illustrative embodiment of the present disclosure includes a device that
is made up of, among other things, a pluradity of pillar bumps formed above a
metallization system of a semiconductor chip, and a plurality of first notches formed on
afirst side of at least one of the plurality of pillar bumps, wherein each of the plurality

10 of first notchesis positioned along the first side in a substantially vertical alignment.

Also included in the presently disclosed subject matter is a pillar bump support
device having a pillar bump contact surface that is adapted to contact an outer surface of
apillar bump formed above a metallization system of a semiconductor chip, wherein the

15 pillar bump support device is adapted to substantially support the pillar bump when a

force isimposed on the pillar bump during a pillar bump repair process.

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be understood by reference to the following description
20 taken in conjunction with the accompanying drawings, in which like reference numerals

identify like elements, and in which:

Figures 1a-1b schematically illustrate a flip-chip packaging operation of a prior

art semiconductor chip and a carrier substrate;

14



Fi gures 4c-4d are photom crographs showi ng the crack norphol ogy of cracks
inthe netallization systens of representative sem conductor chips that
occurred as a result of a slow speed bunp test to crack failure using the
illustrative testing configuration of Fig. 2 disclosed herein; Figures
4e-4h are photom crographs showi ng the crack norphol ogy of cracks in 5 the
netal lization systens of representative sem conductor chips that occurred
as a result of a fast-speed bunp test to crack failure using the
illustrative testing configuration of Fig. 2 disclosed herein; Figure 5

graphically illustrates conparative curves representing the behavioral 10
i nteraction bet Sl £ i ; i | ; (?wrret% and
an underlying mp?@gggﬁ%@%m”o étg%é rln&gko“n u&c]f{oHF%gmrgdrﬂo%@ﬁv{/g eru V\Len

tested to cr é{ iLure,using sl owspeed |ateral force tests and the
illustrati vegrﬁ g ﬁgj%;ﬁfa‘ieléjm ation of Fig. 2 disclosed herein; 15Fi gures 6a
and 6b schematically depict test configurations according to sone
illustrative enbodi ments disclosed herein that may be used for testing and

| ocating anomal ous stiff pillar bunps formed above a netallization system
of a seéni conduct Ol%lgerﬁilg sgireniicalfy: illustrates out-of-plane loading on a representative pilfer

bump and underlying metallization system of a prior art semiconductor chip after the

flip-chip packaging operation of Figs. 1a-1b;

Figure 2 schematically depicts an illustrative test configuration disclosed herein
10 that may be used for lateral force testing of pillar bumps formed above a metallization

system of a semiconductor chip or wafer;

Figure 3 graphicaly illustrates comparative curves representing the behavioral
interaction between pillar bumps and an underlying metallization system of a
15 semiconductor chip or wafer when tested to crack failure using fast-speed and slow-

speed lateral force tests and the illustrative test configuration of Fig. 2 disclosed herein;
Figures 4a-4b are photomicrographs showing crack morphology of cracks in the
metallization systems of representative semiconductor chips that occurred as a result of

20 aflip-chip bonding operation;

Figures 4c-4d are photomicrographs showing the crack morphology of cracksin

the metallization systems of representative semiconductor chips that occurred as a result

15



20Fi gures 7a-7e

and nethod that nmay be used to repair anomal ous stiff pillar bunps in
accordance with sonme enbodi nents of the present disclosure; Figure 8
graphically depicts the conparative difference between a curve that

represents the typical behavioral interaction of pillar bunps that are

formed above a netallization systemof a sem conductor chip or wafer,

curve that

represents the behavioral interaction of pillar bunps that

schematically show various views of an illustrative system

and a
are

formed abovepRNgBRlPHS MARKteS] heFackTaifurE lBhg e iR akiA0e s ERrMaatbest ed to

crack failure using slowspeed lateral force tests and the illustrative
test confi gup@'gée&@%dﬁie%n.z di scl osed herein; Fi gures 9a and 9b
schematical | y“depict test configurations according to some illustrative

enbodi ments di scl osed herein that nay be used for testing pillar bunps

10f ormed above a netallization systemof a sem conductor chip or wafer so

as to | ocate ano

and

10

15

20

nﬁlgl?rlég 4&‘3@ lélresﬁr;[o?osmi 'cr%gFa?)ﬁs &%%?rr\gl] %'er(]:gackrerﬁ(%}arllcl)l cz)g%} cl)focr}ac% ?rﬁ

the metallization systems of representative semiconductor chips that occurred as a result
of afast-speed bump test to crack failure using the illustrative testing configuration of

Fig. 2 disclosed herein;

Figure 5 graphicaly illustrates comparative curves representing the behavioral
interaction between anomalous stiff or typical compliant pillar bumps, and an
underlying metallization system of a semiconductor chip or wafer when tested to crack
faillure using slow-speed lateral force tests and the illustrative test configuration of Fig. 2

disclosed herein;

Figures 6a and 6b schematically depict test configurations according to some
illustrative embodiments disclosed herein that may be used for testing and locating
anomalous stiff pillar bumps formed above a metallization system of a semiconductor

chip or wafer;
Figures 7a-7e schematically show various views of an illustrative system and

method that may be used to repair anomalous stiff pillar bumps in accordance with some

embodiments of the present disclosure;

16
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Figures 9c-91 schematically depicts various enbodiments of illustrative
test probe tips that may be used for testing pillar bunps in accordance
with one or nore of 15the testing configurations illustrated in Figs. 9a
and 9b. Wil e the subject matter disclosed herein is susceptible to
various nodifications and alternative forns, specific enbodi nents thereof
have been shown by way of exanple in the drawi ngs and are herein described
in detail. It should be understood, 20 however, that the description herein

of specific enmbodspaRigsglaphibAly Hei @8RS coripdrétiliel ditfBRntd vale®d dupvd it

particular forns disclosed, but on the contrary, the intention is to cover
al | nodificatd vabie : b ! | £ irit
ﬁa@&tﬂ%“l{yﬁaﬁé@v qita%t%rf‘ Y185 bliAbd ¢ fdn e
and scope of'teP e |Snven on as gfﬂl‘nré? y tﬁiteblappen gd Hcé?grgns. Al LED
DESCRI PTI ON : % EFE j raf | haodi t j ect
matter are drggtglrlllzgt}e%f e ow&%%'ﬁ@ﬁu\é@é?@gt&ﬁ é}l’ %r;c?%gh@%gﬁéti%ﬁ@éeg%ﬁ ﬁérees of
an actual inplenentation. are 5 described in this specification., Lt wll of
Course. he apHEUDH SRR o PR SUE b ARt A5G g oum ik Stes H &
enbodi nent, nunerous inplenmentation-specific decisions nust be nade to
achi eve t he WEPEIZi Iysiegpubaripedigarack faljER ugag deyyppeechigierah rre tests and
systemrel ated and business-related constraints, which will vary from one
i npl emrent at i b8 iHustraiie tes confiasr diopel Fid.  disiclasedleerelppr eci at ed that such a
devel opnment effort m ght be conplex and 10 tinme-consum ng, but would
neverthel ess be a routine undertaking for those of ordinary skill in the
art having the benefit of this disclosure. The present subject matter
wi || now be describeds @& tahd 198f sehematizall p dipiet st esrfigdrafi bgsl sesdrdinto svrae
structures and devices are schematically depicted in the draw ngs for
illustrative embodiments disclosed herein that may be used for testing pillar bumps
10 formed above a metallization system of a semiconductor chip or wafer so as to locate

anomalous weak sitesin the underlying metallization system; and

Figures 9¢c-91 schematically depicts various embodiments of illustrative test
probe tips that may be used for testing pillar bumps in accordance with one or more of

15 the testing configurationsillustrated in Figs. 9a and 9b.

While the subject matter disclosed herein is susceptible to various modifications
and aternative forms, specific embodiments thereof have been shown by way of
example in the drawings and are herein described in detail. It should be understood,

20 however, that the description herein of specific embodiments is not intended to limit the
invention to the particular forms disclosed, but on the contrary, the intention is to cover
all modifications, equivalents, and aternatives falling within the spirit and scope of the

invention as defined by the appended claims.
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15 purposes of explanation only and so as to not obscure the present

di sclosure wth details that are well known to those skilled in the art.
Nevert hel ess, the attached drawi ngs are included to describe and expl ain
illustrative exanples of the present disclosure. The words and phrases used
herei n shoul d be understood and interpreted to have a meani ng consi st ent
with the understanding of those words and phrases by those skilled in the
20 relevant art. No special definition of a termor phrase, i.e., a
definition that is different fromthe ordinary and custonmary neani ng as
understood by those skilled in the art, is intended to be inplied by

consi stent usage of the term orpphj sgD@é%ﬁ,P{%N he extent that a termor
phrase is intended to have a p‘e‘m‘a‘&nea‘m—ng—l—e— nmeani ng ot her than
t hat under st ood c I [ Q

W%ﬁ [ &raﬁ(le eﬁ?)ﬂal’meﬁ% g'f ﬁ‘n ?sulﬁgét rﬂ ér de W r%chl%gf

expressly set fo e Speci catlon in a |n| |ona manne

directly and nequv al vi d ial definitioaon hetermor
phrase. 5In B%ﬂ‘@'ra ﬂ}eh %%j e 6"@565[?%‘ ﬁféaé‘e?i—‘é ug;1 [ ﬁa@

directed to various nmethods and sP/stems that ma be engﬁgyed to test and
eval uaPe t hederBiRACH N 2RI Sere! T el STl of ggureabe he deveeonmse )
metal | ization systemand the pillar bunps that may be fornmed thereabove. In
certain enmbodf ansushd@ckial evbepimente NWNENOHS é1RlPMERAIReN-SResifis degi ope Npisk Per ned
on each of a plurality of pillar bunps fornmed above a representative 10
BEOL net al | i mate wrechbigse thedevelagers’spstifitipedle stitteas gppepliaficeowith efstqm-sehaed oads
that nay be inposed on the pillar bunps as a result of chip packagi ng

t her mal i nt esrmchusiessietatetpcanstdints;: which val serbfrgmpsred aptemdntetior Xxarpdther. each
| ateral force test may be performed until a failure occurs in the

netal | i zat i ogokeayer $ Wided dprétehrdd it &2k @ChieRélbbrént R, mihBbe cotiplek afd Cr ack
is induced. In sone enbodi nents, the crack nay be representative of the

type qp 15 ﬁﬁw@%lﬁnsfuﬁfh g*rbﬁﬁwbt]@tne(?%esé‘ée g&ﬁ#‘ Jnd&iakfr@efoﬁ?rﬂogé Bt 61

during chip packagi ng,” such as the crac shown in Furt errmre
rel evant tesgjmn 'ﬁﬁ’é‘f the lateral force tests, and

t hereafter e%‘/gzlilll &atﬂééﬁhﬁmﬂgﬁfé [ltiz-%lri ﬁfsn@ jehavi oral interaction bet ween
the pillar bunps and the underlying netal I i zati on | ayers when exposed to

| oads such as those that may be generated during flip-chip assenbly. From

20 this, a statlstlcal essnent may be perforned so as to establish a

t ypi cal behavi or al ‘?Pfﬁﬁ“é H%”@H%‘@!'”ﬂ@ﬁwanﬁ?@ﬁ%mthé‘?fer@ﬂ%mrf@?éﬁm%t| on
system confi gur ation that may be indicative of how that confi guratl on woul d
nornal |y be BSest ¥aieus Sresldtesind sledgesode gchesal gl lyodepsiteshia the gepyvings for

15 purposes of explanation only and so as to not obscure the present disclosure with details
that are well known to those skilled in the art. Nevertheless, the attached drawings are
included to describe and explain illustrative examples of the present disclosure. The
words and phrases used herein should be understood and interpreted to have a meaning
consistent with the understanding of those words and phrases by those skilled in the

20 relevant art. No specia definition of aterm or phrase, i.e., a definition that is different
from the ordinary and customary meaning as understood by those skilled in the art, is
intended to be implied by consistent usage of the term or phrase herein. To the extent

that a term or phrase is intended to have a special meaning, i.e., a meaning other than
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In at | east some enbodi ments of the present disclosure, a typica
behavioral interaction curve for a given pillar bunp/netallization system
configuration nay be used in a conparative fashion for a variety of

eval uati on purposes when testing 5 additional products that nay be forned
based on simlar configuration paraneters. For exanple, in certain

enbodi nents a behavioral interaction curve may be used to | ocate and
characterize processing and/or material-related i ssues that nay be

associ at ed WhihyuriiBesBaH Oy Skifie bisarkkUSRS a %Eé'f@rdeﬁﬁlﬁoh‘ﬂ/ﬂﬁbé WipressiyRbefotth 7t | on

| ayers. In other enbodiments, a typical behavioral interaction curve may be

used to eval rieé%'% ﬁ%'deflﬁgo QSR Bt Blrﬁgﬁkﬂ%e&&?{/%aﬁf%‘r@ﬁdé'iﬂe

| ayout, whic be in Iuence y paraneters suc

metallizatio i ial types, strengths and thicknesses;
si ze, confi g%J ?V@érf]%gho%fgeﬁ%% gﬂagéu oni ng of conductive el enents; and/or
size, configuration and positi on| ng of pillar bunps relative to underlying
features. In still other enbodi nents, a behavioral interaction curve nmay

al so be used as a quality 15 assurance tool to eval uate toqol performance
and/ or °drift (i.eh g%ﬁ%g@% Spbj ecteaer 7 e Prese ol 5Y PHIFE k?a‘#'éﬁ?&qdeﬁos\)a”PHst he
processes that may be used to formlowk dielectric materials, ultra-low k
(ULK) di el ecleinedsencesysiams thaa may de epiolayad tarigspad evel ugiethe metelhigation layers
enbodi nents, a typical behavioral interaction curve may al so be used to
eval uat e nevxofrmtiecehl ed afloencadiviame GEQISvinetal ligatiter gysieonand the ehlar bumks thatl/ or
ULK dielectric materials, 20which may have substantially reduced nmechani cal
strength, anghay bef@fretenhddeabove. el nseesteipdnbadiendrts dibeogid hete, ¢atevel iopte teasluced

crack-1like failures. It should be understood that, unless otherw se
speci fi cal | ymapek patehednyeati® b bNeal P of E)lll@rn@imp'ﬁ foﬂhécﬁéﬁo\/@&&épré@h@vé hat
may be used in the descriptions below - such as "upper, | ower, " "on,

vertical, » PROR oA Ao G e R R ne R o L BRe e 08 manpe
that imposed on the pillar bumps as a result of chip packaging thermal interaction during a
flip-chip assembly process. For example, each lateral force test may be performed until

afailure occurs in the metallization layers underlying the tested pillar bump, e.g., until a

crack isinduced. In some embodiments, the crack may be representative of the type of

15 crack failures that occur as aresult of thermal interaction during chip packaging, such as
the crack 109 shown in Fig. 1d. Furthermore, relevant testing data may be gathered

during the latera force tests, and thereafter evaluated so as to determine the behavioral
interaction between the pillar bumps and the underlying metallization layers when

exposed to loads such as those that may be generated during flip-chip assembly. From

20 this, a statistical assessment may be performed so as to establish a typica behavioral
interaction curve for a given pillar bump/metallization system configuration that may be

indicative of how that configuration would normally be expected to react when exposed

to out-of-plane loads.
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5 ternms normal and everyday neaning relative to the depiction of the
conponents or elenents in the referenced figures. For exanple, referring to
the schematic cross-section of the sem conductor chip 102 depicted in Fig.
id, it should be understood that the passivation |ayer 106 is forned
"above" the last netallization |ayer 104A, and the conductive bond pad 105
is positioned "below' or "under" the pillar bunp 103A. 10 Simlarly, it
shoul d al so be noted that the passivation |ayer 106 may be positioned "on"
the last netallization |ayer 104A in those enbodi nents wherein no other

| ayers or structures are interposed therebetween. Figure 2 schematically

depicts one illushyat ey %%%%Pﬁ?ﬁ O‘?mbg‘?@%”? ?ﬁ&@%@re,‘:ﬁ'}%igél‘r@e‘ﬁ\%r& hat

may be used for testing the behav etween a representative

pillar bunp ; u ving. et i :.00. Sy . - or
sem conduct o%?ez‘?f?igﬂfglgle @%h’gﬁwn%flﬁéﬁwp/@&az' %'Ogli %%%ﬁ? g%igﬂ%gn‘?nﬁif%%
formed above the netallizatiqn,system 204, whjch include a plurality of
ot ol | i st | ofFR apeR SOmRAr R AT L5 Baetieut of et B it efipdc:
vias and conductive lines, which for 20 sinplicity are not illustrated in
Fig. 2D See, aglitipna progucts that eras e f Q5 EIed DASSE A § TG AONHIGHI 8 O RBFVEE'S] 05 one
enbodi nents, the pillar bu 203 may be made up of any one of a nunber of
wel | - known a@epeyhn gertabim aneed nentse kehavi ol irieragti anagipea may) Bk disedsiol Igeate and
the like, or alloys thereof. Furthernore, it should be appreciated that the
pi Il ar bunp @@Bchaeertariee pewessngoans)/ayfmaienpdl welaled ti ssues thpii iy be lsesppistedhaith ar e
each forned above and generally distributed over an upper surface of the

seni conduct oanobiE qus2Pi2lar sleumepsofantioi che mandel ginge srieealli B0ioaslayersestiabbitghed a
typi cal behavioral interaction curve, as will be described in further

det ai | bel oWemiBodiments,AStypiedl asthaherdeintdr & ofetidk Inhag/ale BBl SRR3R Vel |

include a plurality of various netallization |ayers (not shown), each of

whi ch Ry bergpRgResd Ry ?fgi\%f']ecrﬁ)d d@énear{oel%t?tg}si,t \b/Hi%h(i'ﬁ l§‘é3§nflhéw ‘ozgi ergnd

include a plurality of "conductive featu not shown), suc contract

v s o GEECAE S S5 N, i, A, TR e PR,

arranged w t eac . e various on . € required
L0 ofine 2N GNELELL ! e b Bl SRR GRRE Bl B oo
3{ e|t ggt ; ?i pﬁé%%}éﬁgf?&&r?tl olni azn%t pi)oosir'gi olnﬁ%/;eorf Spi Irlrgybuimrg)%l rglgtt(lave‘f1 toI L?r\lléll-erklyi%a dféact)lzreéJ - |I<n
still other embodiments, a behavioral interaction curve may also be used as a quality
15 assurance tool to evaluate tool performance and/or drift (i.e., changes in materials or
deposition parameters) in the processes that may be used to form low-k dielectric
materias, ultra-low k (ULK) dielectric materias, and/or pillar bumps. In yet further
embodiments, a typical behavioral interaction curve may also be used to evaluate new
materials for advanced device generations, such low-k and/or ULK dielectric materials,

20 which may have substantially reduced mechanical strength, and therefore be more

susceptible to thermal interaction induced crack-like failures.
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151 n accordance with the presently disclosed subject matter, the behavi oral
interaction of the pillar bunp 203 and the netallization system 204 may be
tested and evaluated using a lateral force test. In certain illustrative
enbodi ments, a test probe 220 may be noved at a constant speed along a path
221 that is substantially parallel to the plane 223 of the netallization
system 204 so as to contact the pillar bunp 203. Wien 20 the test probe
220 contacts the pillar bunp 203, an indentation or notch 224 nay be forned

in the pillar bunpsifiid %uﬁd&té@ﬁhﬂ?ﬂﬁ@@o@%@@é&ﬁ%ﬁytr@idﬁw? reRtive
constant speed and pushes on the pillar bunp 203. As a result of the

constant spe ng[@é@&ﬂitredﬂf)nél el Hfagtb%d?sgﬁén thd @ésg@%ﬁ%@"_beioﬁ/ Lrgesed on

the pillar b whi ch can be neasure rec over the duration

of the test..‘249@6@3mia%v%qbogcinrre%@ace%ggo’mesa%lo\t/é mg‘blfe'%(‘lvc;e g\;eQF i“ﬁﬂ?}%?‘ad‘t(ﬁ:g”the

pillar bunmp € 'test 'probe may approxirmately tepresernt t type

of loading that, is, sonetipes Lnduced on a.give i, ar bunp .dyri h

Cher mal 1 nt enRupTon Gce) | ahekopthacragra e F et rdioas R Aighllr 1 5o
on the pillar bu 203 may in turn induce a shear | oad 220S and an

overt uPni ng WBHéSFOfQQbM%?V%WWHPW%@'aZWG 1B dPVERICEIeOTiNE | MPBTFASS 203 and
the metallization system 204, thereby resulting in localized tensile and
conpr essi ve €emeysssthe omareased fimoss Far exeepiaeted@Ting i the Achepnsti e AosH2ECtian
substantially the same nmanner as previously described above with respect to
the pillar bonfhel@8icaptacior cmp Fi0g. depitiedt imeFigbid, 10 shaybgh bexindersiond tibet she ess
field in the netallization system 204 that can result in white bunp

occur rences. passivatidnnlag@me0e xe figpnad Y alesuzd cthatat Ineddl li kdnien deps e1tidAdispd the ur e,
the lateral force test described above nay be continued on the pillar bunp
203 until a t@adetRdichd gl dos K pesiigiel ‘bardweesk F@derr SeOSIAEY Budp Cpo3ABRt € t O
the pillar bunp 203 in the underlying netallization system 204 - e.g.,

until 1@ crackngeRYrs shdli®ASo BE noked ﬁwaﬁfhetd& ivra%ibﬁluae{g?-%eé&g%ggaslsﬁgg(ea@ nshown)

of the nmetallizatfon system 204, such as the cra an

|1 ustrated i BaRL kOt odid 1 MRS e R Ay hESjndlabinL 8l 21 o

to the resulting force e tota ance noved e 220

t hroughout the duration of tt@r Q0 lateral force test may be recorded, which
may then be g{gﬂ.ur?s&\r%%%p%spg %)S‘i‘f‘éﬁ??'or al interaction curve for the tested
pillar bunp 203 and netal |lization system 204. Furthernore, additional

| ateral force tests may be perforned on each of a plurality of other

simlarly configured pillar bunps, which may then be used to create a
typi cal Figure2 schematically depicts one illustrative embodiment of a novel test

15 configuration that may be used for testing the behavioral interaction between a
representative pillar bump 203 and an underlying metallization system 204 of awafer or
semiconductor chip 202. As shown in Fig. 2, the pillar bump 203 may be formed above
the metallization system 204, which may include a plurality of metallization layers and
conductive features, such as bond pads, contact vias and conductive lines, which for

20 simplicity are not illustrated in Fig. 2. See, e.g., Fig. 1d, described in additional detail
above. In some embodiments, the pillar bump 203 may be made up of any one of a
number of well-known and highly conductive metas, such as copper, gold, silver and

the like, or aloys thereof. Furthermore, it should be appreciated that the pillar bump
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behavi oral interaction curve for a given pillar bunp and netallization
system configuration, exanples of which are illustrated in Fig. 3 and
descri bed below. Figure 3 graphically depicts typical force/distance

behavi oral interaction curves 5 that represent data obtained during |ateral
force testing of a plurality of pillar bunps forned above a netallization
system of a sem conductor chip or wafer when tested to crack failure using
the illustrative test configuration of Fig. 2, as described above. As shown

inFig. 3, b%éﬂnﬁ{/ réghEseh06%L60h BRAAIRE of PN BuSRS 1R Gre38:2h 867 R dalé ¥nd! Ot a

di stance 320D that is traveled by a test probe (such as the test probe 220
of Fig. 2) agdiensll disfiBlise ofd iz At adeS o9 fRAT Gatort BFp RSt sBhOBE on a
representative ty icafI pI Ioar %ﬁ pe%sucﬁéag ﬁ%e plﬁaar %unppz%g' %?H](l%ig. 2)
t hr oughout t he. i O t : rce . - r 3 :
reprocents (SO o B Eilg  Tp AT a B Bt iR S

const ant speged duri he |ateral force tests that is different than the
const ant tesPe%b[%eﬁgﬁhg%%@%ﬂ[s%o‘ﬁener ate curve 302, as will be further
descri bed bel ow. 15 As may be known by those having ordinary skill in
the ar®, a constant test probe speed that is greater than approximately 1
imsec (mcroneters, or mcrons, per second) and ranging up to as high as
about 10 inf sec hasngfedabeyeeineinetglizaion gystern @94 mayh a plueslisy ofatasiote
behavi or of at |east sone pillar bunp/netallization system configurations.
20 The f or ce/mdializamnare |ayarsv@oBGlowmpeadent svhicht yay da mbddapi ar ale dht@ract i on
of a given pillar bunp/netallization systemthat has been tested using such

a known constesucti Ve shel ¢otrid encsgyizks], and . inelude raapiraigy fof oconapgivexicomiesl ghof- 10
imsec. The force/di stance curve 302, on the other hand, represents a

typi cal behayiopmngl sicht&r @mtra@nvied aAd/Bi kbfuchismheRhil kHeZRkd, Qhigly shgbdavi ng
a substantially simlar configuration as that used to generate the fast

speed fpest C?Bﬁ’t?on%@ %HV{P%%MW% &ihe! BBUSImd i £8 oh 8)ePs P?glz?yfsgn

perfornmed using a nuc constant probe speed. More speci y, the

forgce/ dist o el t‘éedeﬁﬂé Wit cﬂé‘ﬁ?%ﬁ& & tFi@83hBBauLRP B RBS ERSdng hat

is less than ypical "m niranum pri

on the specific design of the semiconductor chip 202, one or more of the respective

metallization layers may include alow-k and/or ULK dielectric material.

15 In accordance with the presently disclosed subject matter, the behaviord
interaction of the pillar bump 203 and the metallization system 204 may be tested and
evaluated using a latera force test. In certain illustrative embodiments, a test probe 220
may be moved at a constant speed along a path 221 that is substantially parallel to the
plane 223 of the metallization system 204 so as to contact the pillar bump 203. When

20 the test probe 220 contacts the pillar bump 203, an indentation or notch 224 may be
formed in the pillar bump 203 as the test probe 220 continues to move at a constant
speed and pushes on the pillar bump 203. Asaresult of the constant speed movement of

the test probe 220, a force 220F is imposed on the pillar bump 203, which can be
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5 art test probe speed of approximately 1 im sec, and in certain

enbodi nents may even be | ess than approximately 0.1 imsec - or about
10-100 tines slower than the typical prior art lateral force test. For
conparative purposes, a lateral force test that is perfornmed in the range
of approximately 1-10 1.1nfsec (e.g., the tests represented by curve 301)
is hereinafter referred to as a "fast speed test,” wherein a test that my
be 10 perfornmed at |less than approximately 0.1 inmisec (e.g., the tests

represent ed RigagibdyShd3Petbrded BRF eheALfBbn Sf Bered. t h asma entdoBMherREaHe
test." Accordingly, it should be appreciated that a sl ow speed test may be

performed at r%lﬁﬁ@??&?fzezbﬁsimp% Bn %H«g?ﬂloér fll(is%n&%?a b fho% Wﬂeerﬁaﬁrioﬁé 28 rap’ ders

of nagni tude - east 10t times’s an that” of a

o oot or b Gt eoresy the typd B0ad1RG 1P RESEHIEE o s G RERA Y >
d 301D. The fi . i 301 f . 301 il he initial
Dohavi oral |1 By AEtng % R inercndiel T aip) skt s Foebstoranate foree

after the pillar bunp has been contacted by the lateral force test probe.
As 20 PI | ust £23Fen the PE{gg bumip 2034y indpimy ingiics Ssaral 0ath s> ﬁ”%%lb@‘{e&%‘f'ﬁagl y
non-1|inear force/distance response, wherein the distance 320D (hori zontal
axi s of the FPFENt3220Mhghin inteesed40metwasn the sillapbube 208 enddke etallizatig eat er
rate than the force 320F (vertical axis of the Fig. 3 graph) inposed on the
pil I ar bunp $pteth204, aberelpy cisaltinghin ¢dcaliesd tess tehandr @apréssot tresses dedir erd of
strain hardening of the pillar bunp during the initial bunp deformation.
The second rges®im Belbatdfizaionveystal204 inusibstattezslyahs siraé arwhnal dsypreviogsy 5
force/ di stance response, during which tinme the di stance 320D travel ed by
the test progecind Hbel Witeaepd@itd MROpEIEr BOmpheodA Ishewn hHNAgbad, hthéraey ease
at a substantially constant rate. Thereafter, as illustrated by the third
regi onn301C, o a¥ { 8 ARefi A blonar / IvB@b i on
systerr1110agai naﬁcﬁiiﬁgﬁfng{'/@eé%ru stI aﬁt“iﬁgl y nohﬂl?igg?&%r?ggégfﬁﬁ srlglgjclzﬂdmlﬁ@% may
be i ndi Cativ&frﬂﬁo nBGGEe!l eration of the mcrocracking failure 10 that is
occurring in e TowkK and/or ULK dielectric materials nmaking up the

netal lizati on system Accordingly, the distance 320D travel ed by the test
probe once again increases at a greater rate than the force 320F i nposed on

the pillar bunp as both the force 320F and the distance 320D travel ed both
move toward creat MgMEFXEVRIFNENPOHRTEYS @BHI%O@EQ&:@S@'%%W@ | aferrdiferge &5t by

point 331. described above may be continued on the pillar bump 203 until a load and/or
15 displacement induced failure occurs proximate to the pillar bump 203 in the underlying
metallization system 204 — e.g., until a crack occurs in one or more of the metallization

layers (not shown) of the metallization system 204, such as the crack 109 described and

illustrated with respect to Fig. 1d above. Additionally, test data related to the resulting

force 220F and the total distance moved by the probe 220 throughout the duration of the

20 lateral force test may be recorded, which may then be used to generate a behavioral
interaction curve for the tested pillar bump 203 and metallization system 204.

Furthermore, additional lateral force tests may be performed on each of a plurality of

other similarly configured pillar bumps, which may then be used to create a typica
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15 The fourth region 301D of curve 301 illustrates the behavioral
response of the pillar bunp/netallization systemto the fast speed test
after crack failure at point 331 has occurred. The post-crack

force/ di stance response illustrated by the fourth region 301D may al so be
characterized as being substantially linear in nature, wherein the force
320F 20 on the pillar bunp drops quickly as the crack w dens and propagates
through the netallization system As shown in Fig. 3, the crack point 331
occurs aft erpghafior eintet@ionavir08 f@r MR drt G 282 buripSarke eRetil NRADA he
pillar bunp, and the test probe has traveled a total distance 320D of
magni t ude 311, ¢ - " e he =f LSl BRARy Rr ve 302,

whi ch repr eséor?pgutt Ign’b%ﬁrg@l%whi%?g?g%%a?gI@’legﬁﬁgﬁgﬁﬁgr .

bunmp/ netal i zati on system when exposed to the slow speed test disclosed
herein, has a simlar overall configuration as the fast speed curve 5 301,
and furthernore displays si.mlarly, characterized curve.regi ons . .302A, 302B,
302C and 302D, NorBUESLG PR Y| Qeprets Pken Tofcelgnga Deim o e yan Sy eS s
substantially nonlinear, indicating that the distance 320D trayvel ed bg/ t he
test probe i @8@%“%@%"%8% gvringytateral Harre Reing g e PIEEYEY Phpise 8UBRS t he
pillar bunp. The second region 302B shows a substantially |inear

force/ di st an@me@gw@sﬁwe@ﬂﬁawmwsm of a pemigprAugiet ehip2w v sdwhes iested (o0 320F
increase at relatively constant rates, whereas the third region 302C is
agai n nonl i neatk fadsra ysinghibe cliisstrative testt doafiglretich ofefigo? BAkESribed theve aBs t est
curve 301. After a crack has occurred (identified as point 332), the

post - crack f snanhiniFRg Boivotd 0P{Be ddrcéyivtapteoomrsgssSod and BO2ess@Riafg pion adisspbays a
substantially linear characteristic, wherein the force 320F on the pillar
bunp drops psaEsD it i8Sl aley By &St frobe GLET AREteddHbbd 2\t IFRs P¥gdime aldrtest
probe as the crack wi dens as propagates through netallization system

I't shagl d bes:ftfﬁtg ’isﬁé’{@été'd by fH‘e\%ﬂ%be%&E : r%%‘u%’ti%t ioﬂﬂéfé&’@&?@ggsé |

characteristics t he vari ous regions e tast speed and s

test curves g03and, 38213y % 2 o5 HRSIGHBL b itraflbiTL! 11 H0Fec70Y. FRARREANCE:

test curve 3 I ndi ca
curve 301 represents test data that is obtained by moving the test probe at a constant

speed during the lateral force tests that is different than the constant test probe speed

used to generate curve 302, as will be further described below.

15
As may be known by those having ordinary skill in the art, a constant test probe
speed that is greater than approximately 1 pum/sec (micrometers, or microns, per second)
and ranging up to as high as about 10 um/sec has been used in prior art test schemes to
evaluate the behavior of at least some pillar bump/metallization system configurations.
20 The force/distance curve 301 represents atypical behaviora interaction of a given pillar

bump/metallization system that has been tested using such a known constant test probe
speed, i.e., ranging from approximately 1-10 um/sec. The force/distance curve 302, on

the other hand, represents a typical behaviora interaction of a pillar bump/metallization
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20 a crack will occur at both a | ower force 320F and a shorter distance
320D travel ed during the slow speed | ateral force tests (represented by
curve 302), as disclosed herein, when conpared to the fast speed tests
(represented by curve 301). More specifically, a crack occurs during the

sl ow speed tests of curve 302 (see, crack point 332) after a force 320F
havi ng a nagni tude 322 has been inposed on the pillar bunp. As shown in
Fig. 3, the force 322 is less by an anount 323 than the force 321 necessary

to create a §isghknallhd A%ub&antfa§tsi Hiaeebrtigttalof fas Gt URP Y gos®ae thé Ak
point 331). I'n one exanple, the force 322 may be approxi mately 10-35% | ess

t han t he forgfeeas Wyl : 302
show that th to% Cu@(%%oéh\é@b@ﬁo@%%ogv@ngégw {%2%\%@%\/%%%%1)%&%%%83@% or
to the initiat] (o] 4N 12, j IS

amount 313 tﬁgﬁn&ﬁ &%r@é@%ﬁﬁﬁgﬁ |Stg/fr?té%g§ef§']c§|«|9é\3@%%}8&§'# eag%zcﬁ\y%rgg%k
during the fast, K speed tests of curve 301. .one_exanple,. the distance 312
Ty be 10 BBl PE BRI A oD 4R pifDe dphe S s PARTR S A R R RS s od
as a predictive and/or conparative toagl for evaluating data associated with
| at er aP f or c@ {655 POPE FRRed (B PPBIEXIHRAS! b Lt Sn 284 H Pesia rppmipegéments may even
bunp/ metal Ii zati on system configurations, the fast speed test curve 301
woul d i ndi cabeleshihen gogyoxiswtdly Stldinvsemt ogapat ilerd Ofdiynegstnuvenithap the typirak
robust, i.e., able to resist higher |oads and/or greater |ateral novenent
during chip pbor gadatec rigrcerntedr a€oi camparbiave woypbsesha liateddl clareedtdsty thahas sl ow
speed test curve 302. However, at |east sone qualitative and quantitative

evi dence i ndpefireed tilaite sdngw of ERPdXINRSH 1VRY LESeOTE.§., ahd eRtserepiebatddy By
predi ctor of crack-related product failures in actual flip-chip packages,

as wll be difedigends ihbrefraftbh@ferfttiaiads aDgh®WpeedGbdt JULIRSeif A-t48 tRAtEMBLBAONI NQ
el ectron mcroscope (SEM photographs of illustrative crack failures in
BEQL npt al | i g@tdrRd A YRS thahelpiixii&aRi 0.1 AvRETRS., e tests represented by curve

302) is hereinafter referred to as a “slow speed test.” Accordingly, it should be

appreciated that a slow speed test may be performed at a constant test probe speed that

may be at least 1 to 2 orders of magnitude slower, i.e., at least 10 to 100 times slower,

than that of atypical fast speed test.

15
The fast speed curve 301 can generally be characterized as having four distinct
response regions: 301A, 301B, 301C and 301D. The first region 301A of curve 301
illustrates the initial behavioral response of the pillar bump/metalization system
immediately after the pillar bump has been contacted by the lateral force test probe. As
20 illustrated in Fig. 3, the first region 301A shows a substantially non-linear force/distance

response, wherein the distance 320D (horizonta axis of the Fig. 3 graph) traveled by the

test probe increases at a greater rate than the force 320F (vertical axis of the Fig. 3
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vari ous representative sem conductor chips. Mre specifically, Figs. 4a and
4b are SEM phot ographs of actual product cracks 409 that have occurred
during a typical flip-chip bonding and assenbly process. As shown in Figs.
4a and 4b, the cracks 409 display a substantially grainy or pebbly

nor phol ogy, which is often typical of the appearance of the type of cracks
that occur as a result of the thermal interaction between the sem conductor
chip and a carrier package substrate, as previously described. 5

Figures 4c- 4@ra?lﬁ)q mpeSadRHOthe g 1 fP *B)Err@fby' the st prbEMEhieR Aty etA rdsiit oh SorRECL
metal lization |ayers below pillar bunps of representative sem conduct or
chips that h i HeRkeh; i ; s, such as
t hose represgﬁﬁggﬁggaﬁest gﬁpggﬂgg%k&%gﬁﬁépﬁﬁgygaﬁgagkgﬁﬁgﬁgr| @é above. As
can be seen in Figs. 4c-4f, the cracks 419 10 created during fast speed

| ateral force tests display a substantially smooth crack norphol ogy, which

is significantly different fromth bbl ck, norphol o seen in the
cracks 409 that haVe r FEPN r?toglgt §§|C %‘?ﬂc@gnﬁl}‘gf?} &isﬁgﬁ?}ﬁ?{'}%g"”eaf
flip-chip assenbly. This difference in crack norphol ogy between the cracks
409 i nduced i%%%ﬂ%ﬂe rERONEe Ao URIedhe Histappersdtl tiaus! edryAipe iFstRrPP g

fast speed lateral force tests 15 provides at | east sone evidence that the
fast speed t@utthefeiek32QF1ignnessd erbthed tan baMeIbpthy ispieaseah @ stipgtantially corstant!
conditions that occur during the flip-chip bonding and assenbly process
t hat | ead t orateneThanédfieqtasolhustraied foydpatwtd repi oo 30WE; the farae/distaneekespanse att ual
products, such as the illustrative cracks 409 shown in Figs. 4a and 4b.
200n the ot hthe Ak, birmgmetafliraion g)steat eagairM diipddysg baphisstkialy Ngoreli ks 429
characteristic, which may be indicative of an acceleration of the microcracking failure
10 that is occurring in the low-k and/or ULK dielectric materials making up the
metallization system. Accordingly, the distance 320D traveled by the test probe once
again increases at a greater rate than the force 320F imposed on the pillar bump as both
the force 320F and the distance 320D traveled both move toward cresting an eventual

macroscopic crack failure, indicated by point 331.

15
The fourth region 301D of curve 301 illustrates the behaviora response of the
pillar bump/metallization system to the fast speed test after crack failure at point 331 has
occurred. The post-crack force/distance response illustrated by the fourth region 301D
may also be characterized as being substantially linear in nature, wherein the force 320F
20 on the pillar bump drops quickly as the crack widens and propagates through the

metallization system. As shown in Fig. 3, the crack point 331 occurs after a force 320F
having a magnitude 321 has been imposed on the pillar bump, and the test probe has

traveled atotal distance 320D of magnitude 311.
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that have been created in the BEOL netallization |ayers of representative
sem conduct or chips during a slow speed |ateral force test disclosed
herein, such as the tests represented by the curve 302 shown in Fig. 3. As
shown in Figs. 49 and 4h, the cracks 429 display a substantially grainy or

pebbly appearance - i.e., a norphology that is substantially simlar to the
nor phol ogy of the bonding and assenbl y-rel ated cracks 409 seen in actual
real -world products, as illustrated in Figs. 4a and 4b. This simlarity in

crack norphol ogy may indicate that slow speed |ateral force tests disclosed
herein nore 5 accurately represent the conditions that arise in actual

senm conduct or ch|R Bivhneh ch§: 39‘ | R- fb%é@&é@%eéaw a?z:mﬂgﬁe%;egaﬁgqré ais';]

speed tests | at era orce t S pPrevi ous SCI’I y resu

e, SUbst A bal e IRAEAE ARG Jﬁib%%%eﬂzafozﬁggﬁwswrﬁ@aexéﬁseé&e

ducts d fl th f | d
Do oal 1y besa WS plsoat) e ﬁﬂea%?aaéﬁlwnee@%o?@ R of iier oRerd: é}@?@“"“
i ndi cate that the rate of strain during reflow is slower than that which

occur s °dur i g% 20§ BirsTMerg Sk spkaya sieni |y éhﬁﬂw%¥%’ecuf‘@sﬁeg' 002804+ 2B e 302C

reasonably good correlation to the rate of strain that occurs during slow
speed tests. awbiRhoMere siseiieally, dhefikt regonc303 e st survie Beg) i sssubgastiallitnonest
probe speed in the range of approximately 1-10 timsec - i.e., fast speed

t ests - haveliggenenditatinghleat thepd sthiarerf2ADi travplied dy tlse testtpealte ing esseh ane grealieen
eval uating and characterizing the behavioral interaction of pillar bunps
wi th their ursethby thedorcet320[F i mpdsed on shysii Barsbuntpu r THeegeomdaregian 3028 sh@vs a
appreci ated by a person of ordinary skill in the art after a conplete
readi ng of t&@stantially linear force/distance response such that both the distance 320D and force
10 320F increase at relatively constant rates, whereas the third region 302C is again non-
linear, as is the case with the third region 301C of the fast test curve 301. After a crack
has occurred (identified as point 332), the post-crack fourth region 302D of the slow
speed curve 302 again displays a substantially linear characteristic, wherein the force
320F on the pillar bump drops precipitously versus the distance 320D traveled by the

15 test probe as the crack widens as propagates through metallization system.

It should be noted, however, that while the general configuration and

characteristics of the various regions of the fast speed and slow speed test curves 301

and 302 have a substantially similar shape and appearance, test curve 302 indicates that

20 a crack will occur at both a lower force 320F and a shorter distance 320D traveled
during the slow speed lateral force tests (represented by curve 302), as disclosed herein,

when compared to the fast speed tests (represented by curve 301). More specificaly, a

crack occurs during the slow speed tests of curve 302 (see, crack point 332) after aforce

27



20 present disclosure, the anbunt of tinme that is required to performfast
speed lateral force tests is nuch shorter than the anmount of tinme that may
be required to performthe correspondi ng sl ow speed tests - each of which
may take as much as 10 to 100 tinmes |longer to perform since the constant
test probe speed used during the slow speed tests disclosed herein is |ess
than 0.1 inmsec. Wen hundreds, or even thousands, of |ateral force tests
are perforned so as to characterize the behavioral interaction of a given
pi | I ar bunp/ sEiralaingat hajhitaiS 288 igboddd dHthe BiliEr BHAST &S Shddin i VR 3,

t housands nore tests are perfornmed during chip quality assurance

cssessrnt s wloks 292kl by kel Ao sl R Bkes o tle S

configurations, use o ypi cal fast speed test nay re

reduction in ' 0 [ ojV f :
rovever i n ST Rl Liek FECB A b BEK AR PR S 8e i b8
associ ated w t he reduced u f 1 sed performthe prior art
fast speed test'dd Seéqp&?ﬁ'fﬁ’ﬁ“@@%%%hﬁ]aa OW‘%ﬁe addi ti onal

correl ational accuracy provided by the novel 10 slow speed tests of the

pr esenP disclosure. Thus, cont rary to traditional manufacturing and

i nspection operations, where manufacturers are constantly pressured to

per f or m oper at i ongnilggy ethe $Hwaspeed testsiefcaine 2 shpw fhet thertatiehdistanee Azl

ti me-consum ng sl ow speed test disclosed herein, unexpected benefits may be
achi eved. 15Wavetdadoyathevest giobe dssngpriarhowise infteesion ©p aetbck dbe pahaghidudss312est | ng
is generally not as representative of real-world chip packaging interaction
ef fects as awhichhelesobebn ainouit 318 elthnttas torngspone fupdi standesdil1askedederopdare a For
exanpl e, the fast speed tests may give a misleading inpression that a given
pi | I'ar bunp/ satiadlringahé RR: $iked s ePAli/gB0Rt Inthe@RaMMILL the tidRflca31y @AEke | 0ad
prior to crack initiation than it may actually be capable of 20 resisting.
Accor 4iongl Y, o¥Ie5-3804 R tha }h@‘%ﬁ@éﬁc@@ﬂ A@éd?&iﬂﬁl?, \R/Hérxﬁseb%s 9en&li@ahvednyst N9
prior art fast speed lateral force tests, such’as the test curve 301 of

Fig. 3 above typi cal raral . r i rform
an eval uati o%o %Fvlségé?:li ?q?c&glgm @oﬁ%‘éé?ﬂé@r‘”ﬁf%@é&%?@ﬁ‘%ﬁﬁﬁﬁ %yisg‘f?em

layout, the E)ee}%rm%ggr? grr%i a? E)ill%rutgﬁlrrelplﬁ"laeéllization system configurations, the fast speed test

curve 301 would indicate that a given system configuration may generaly be more
robust, i.e., able to resist higher loads and/or greater lateral movement during chip
15 packaging interaction, than would be indicated by the slow speed test curve 302.
However, at least some qualitative and quantitative evidence indicates that slow speed
tests may be more a representative predictor of crack-related product failures in actual

flip-chip packages, aswill be discussed in further detail below.

20 Figures4a-4h are scanning electron microscope (SEM) photographs of
illustrative crack failures in BEOL metallization layers below the pillar bumps of
various representative semiconductor chips. More specificaly, Figs. 4aand 4b are SEM

photographs of actual product cracks 409 that have occurred during a typical flip-chip
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indicate that the chip layout is nore robust under chip packagi ng thermnal
interaction forces than it actually is. As such, an overly optimstic
design margin nay be attributed to the design when in fact the design
margins may be significantly |ower, or even conpletely nonexistent. In such
cases, force/distance behavioral interaction curves that 5 are based on the
novel slow speed |ateral force tests disclosed herein nay be substantially
nore accurate, thus providing the requisite design nmargins, as well as
fostering a Scﬁrﬁiﬁ{geénd%é%h@dlilpfc%&abﬂ sHoWni iR Fi ke 4& BrhdP415 R H@bks%hgmgﬁﬁﬁé- I'n
sonme illustrative enbodi nents of the present disclosure, a typical I0
force/distan navi OF { | rye: Fig.
5. my bo USSR Ry, of BRI ARG, WS Bad ot e o

lateral forcgolgalIOalQ ondl UaALe And GO APYAL g al YAbGRIy BhayRBOTRL OUS.

behavi oral in Ct1 ons between a gl ven atron system
configuration and the pillar bunps fornme her eabove.  For exanpl e, random
Stati ot cal - FERCIAUCREG R B T BB e oG, SR Y PR bunps 15
fornmed _above a netallization system of a sem conductor chip or wafer using
the sl Gw speed testing techni ques described herein. In certain enbodi nents,
the force/distance curves generated for sone specific tests may display an
unexpect edl y di f flageies 4¢-4k pesn SEM pheteeraphs ef allustraii v craelss 41ham the L

ot herwi se have been predicted by the typical behavioral interaction curve
for a sim | ametglizeindn Igueredelpwl pilhar doiopp Ofrepedsbitaiate semicyducion chijgs thidtisve s
turn may thereby indicate the presence of one or nore material,

confi gur at i obeenanshitcdrdudag fgnhspcetl &ted farvenadd, asch astihash raprsscited ag sBCoved
either with the pillar bunp, the underlying netallization system or sone
conbi nat i on ydwesAkhin g, ichl degridas aidvedsicen bisiden FHg! &i-if, bRl @aks 419 1N
sone instances, one or nore of the BEOL netallization |ayers nmaking up a
gi ven gget al | &egbd Qliriny a8 MY (B RODRLTRLLY N A sHRRKRARE SRloYnake"

t han woul d norrrra I ff”@g ant I ci pat ec??f or ea typ?lgﬂ% system ﬁa@% ng a simlar
configuratio 1, t w‘fﬁs i i . be
attri but abl eH]P @ﬁgfk?y\(l)\ﬁ@%%?s %‘%rrﬁﬁéag tsdgif/étg?ﬁta:?%di ZJreéfﬁlﬁ ﬁ%g?%@réﬁéllgépc%i”gg a
drift in progcess _depgsit,i ar anet ers rqcessi ng, tool mal functjon and/ or
Cl eant | neos. T8 Batkent LD (BBESL B aRhg 5 hatfutBh s oL b

adj acent | ayers and/or. conductive elenents, and the |like. In other cases,
anomal ous m%@eraﬁgaswﬁ dffeyprcerinEeask MREPRPIooY REMFRNSNE cEarksrd 9 paduced in

attributable to the _
actual failed products and the cracks 419 created during fast speed latera force tests

15 provides at least some evidence that the fast speed test cracks 419 may not accurately
represent the real-world conditions that occur during the flip-chip bonding and assembly
process that lead to the initiation and propagation of white bump cracks in actua

products, such astheillustrative cracks 409 shown in Figs. 4aand 4b.

20 On the other hand, Figs. 4g and 4h are SEM photographs showing cracks 429
that have been created in the BEOL metallization layers of representative semiconductor
chips during a slow speed lateral force test disclosed herein, such as the tests represented

by the curve 302 shown in Fig. 3. Asshown in Figs. 4g and 4h, the cracks 429 display a
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10 specific layout of the various circuit elenments in those areas, such as
cl osely spaced conductive elenents within a given netallization |ayer,
and/or the relative positioning or alignnent of circuit el ements between

successive netallization layers. In still other cases, the anonmalies nay be
related to one or nore aspects of the pillar bunp, such as the type of
mat eri al , adhesi on, and/or processing issues described above. 15 I n

certain cases, the material of a particular pillar bunp may be sonmewhat

har der and/ ogbadahtPA aparmRbd v D8, 8xhephad ﬂﬁatastsum&ﬁbn illar
bunmp that is nmade uge%fam?hat sarre type of material. Asgja result, the y

of & typi cal B 61 B oG ch gl TRy teSgATES 5 Bl e
rrater'a'_strgeggmmd s LTIk Sk L Bhe 4 AR A" csposed

to certain | erres Unde such Ccircuns ances

behavi or al |ntera tion be n _a al i |IIar bunp
that may be TR Y Jhd; ! qagee}hag%/\b ?éalm éﬁ&@&?ﬂ]&w

substanti al | d| fferent behavioral interaction curve under a | at er aI for ce
test rélati véct*@teﬂhéﬁpf%”tttﬁﬁ CP%E'Q‘EH“% Fisa N AP SCAROPAYGHE CERSRMHEINO FEBe
descriptive ﬁ)ur poses, these pillar bunps that nmay be nmade up of a materi al
that is ot heH\W&en RERCESs a8 rm@Mparedtooing st seed ﬁ@ﬂﬁ |atgralt ipecer WSCQ{EVIQMS'Y ar
bunps descri bed above may hereinafter be referred to as "stiff' pillar
bunps, wher edesctilygoli @diichSpiay Iresultbarthe sutesjant Ao sineothef eratke thotholegyy " ssemprh | ant ™
pillar bunps. In sonme cases, such anonal ous stiff pillar bunps may be

f ormed duri ngigt.he-49i 1A dalitidneing speioaeesasuchotdtatt aréeerporhiedrontagtgal prodiicisies
one or nore netal grains which have an ot herw se anomal ous or i nperfect

crystalline @irfgntHet Feaeivu pfocedsOin tearadirfe wWherel @rdck reluried WSl d aypivgly be
enbodi nent s wher ein the pillar bunps of a sem conductor chip are nade up of

copperjgor a é%’(%g t&i t11|§¥te |Bhﬁe‘§E@_t m}m%u% e rﬁ Vihel' tHef rafe 6 &fgaﬂﬁgbove

pi IIar bunps epend on t actu texture unps. As note

(n some caseg Hibhol SXLLS: ok Corm 9 eR TR o 15 EANRS LA pymes to

be stiffer t an~a nore yplc espect

certain | oadgé&g y&cé‘r%\r}%& Perégcgna%y go correfjatlon tot hhe rate of strain that occurs during

slow speed tests.

15 As noted above, lateral force tests using a constant test probe speed in the range
of approximately 1-10 pm/sec — i.e., fast speed tests — have generally been performed in
prior art testing schemes when evaluating and characterizing the behavioral interaction
of pillar bumps with their underlying metallization systems. Furthermore, as may be
appreciated by a person of ordinary skill in the art after a complete reading of the

20 present disclosure, the amount of time that is required to perform fast speed lateral force
tests is much shorter than the amount of time that may be required to perform the
corresponding slow speed tests — each of which may take as much as 10 to 100 times

longer to perform, since the constant test probe speed used during the slow speed tests
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15 bunps during lateral load tests - i.e., resulting in a stiff pillar
bunp, as previously described. Such anomal ous stiff pillar bunps may
generally be less likely to deflect and/ or deform under a given | oad than
woul d a nore typical conpliant pillar bunp, whether that given load is an
out - of -pl ane thermal interaction |load during a flip-chip bonding and
assenbly process, or a lateral |oad inposed on the pillar bunp during a 20
sl ow speed |l ateral load test. Accordingly, since stiff pillar bunps may be
| ess |1 kel y oo setiofBRdes fad 01 ghabec Q8Hen hTRYeHEY dof Shobearirt bkl v tO
be associated with crack-induced failures of a chip's netallization system
since a grea I : J WNE i i into
t he weaker ufr?géeert%?ﬁjgatpﬁg{)rgﬁ #j%géatg I?c%ﬂ%fb%é@?gﬁ%éﬂeﬁaﬁbﬂaiﬁ%%}@gﬁgogr 3@’%’:‘ ggll y

L ustrat es Gompalali XeopLldal BMmIIERALI AadQR BY kA ThhRhRkARbaBgur ves

501 and 502, repres avi ora eraction of —anomalous stiff
pillar bunps_and ical .conpliant.pillar bunps, respectively, tested
Po crack s rafi briotef Hribpann il OB 4o 1 rlge Bt oG
shown in Fig. 5, curve 502, which represents the typical behavioral

i nteraCtion YEEREEMESIFT rLAP GONT o 'W%Wtéﬁcéﬁa%ﬁp%ﬁ%@ FgY 5814t it i on
system has a configuration that is substantially the same as the typica

f or ce/ di st an@® oceipl gedoon |in 4Re Axeed ofntinAe geeded tobpesfospez Dfvieo el ¢f teste
conpliant pillar bunp curve 502 displays an initial non-Iinear

st r ai n- har deHpwever eign eyl sBO@A, (hequer el vaetli asgnana c roegéf ds t1E0 2R, benasseaedi
substantially linear region 502B (correlating to region 302B), a third

non-1i near r@ghahe 38RCed @atount eft ting tised rteghepfonBORE)priod atr sk spped ntestS 32
(correlating to crack point 332), and a substantially |inear post-crack

region 502D §gQfiEgtigtdufge fiedrsyahe Bddifeiadl corrarstdnerr &ty plovRiad Wy dhdRovel

understood that the crack point 532 occurs at a force 1evel 522 having

subst apt i al | ¥P\R/5's‘faee?ﬂ@s Eﬁthe\'}};%htt%%go% thgud etgrﬁﬁa& ﬁzvﬁﬁi@(?rt%hﬁfan&f%tﬁﬁnéozi

and at a tota stance tra i ng substantia e sane

ragni tude asa o AhATpe A Sl By irers ap (MR Bk S Bt

represents t ehaviora eraction between s pi | unps

and an under| yi tallization system has a configuration that. is , simlar
20 to some. AHERES G s R LB oR b Tie0nRgabe M VR ek Ydhover.
t han sone other aspects of curve 502. For_exanple, the stiff pillar bunp
curve 501 ha@eﬁdﬁﬁwagw’ pnexpesied egefls MRy D8 SGMAYE: has substantial |y
the sane slope as the second substantially |inear region 502B of curve 502,
and a regi on 501C having substantially the sane non-

15 As the above discussion shows, fast speed lateral force testing is generally not as
representative of real-world chip packaging interaction effects as are the novel slow
speed testing methods disclosed herein. For example, the fast speed tests may give a
misleading impression that a given pillar bump/metallization system configuration can
withstand a higher load prior to crack initiation than it may actually be capable of
20 resisting. Accordingly, when a typical behaviora response curve is generated using
prior art fast speed lateral force tests, such as the test curve 301 of Fig. 3 above, and that
typica behaviora response curve is used to perform an evauation of a specific

semiconductor chip BEOL metallization system layout, the fast speed test curve may
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| i near configuration as the third non-Ilinear region 502C of curve 502.
Furthernore, curve 501 displays a crack point 531 this is at a force | eve
that is substantially the sane as the force |evel 522 of curve 502, as well
has a substantially |inear post-crack regi on 501D whi ch has substantially
the sane sl ope as the post-crack regi on 502D of curve 5502. On the

ot her hand, the stiff pillar bunp curve 501 does not display a
substantially non-linear initial curve region that would be conparable to

the non-1i negyiceRAh&Nhe QRN IAfout 18 nerERbbLBNENdRE lchipf paRkalnd: theMBal GRdractibh S MRy
be indicative that the 10 initial strain-hardening effect shown in region

502A (and reﬂjré&tr%%&&qngiig-Aé*},u&h oved ?Pﬁﬂﬁ&ié ﬁnﬁ%&ﬁ%ﬁ%%ﬁﬁutw

response of conpliant piltar bunps does general 'y octu th the stiff
pillar bunps cordi Y t ' n.Linhear raln- i ng
effects occutror ﬁ%g%@blqﬁ%%t Wefa?fu %&;%ggaﬂp?r gﬁ% @%é@a%@%‘faitl%?!&\&e{]g’é%g&
represented b rve 501 tiff pillar [nmetallization system

Fench tts. mSTIRYeaodsedah it e Biread Fonrtaap BN i Soe T
simlarly configured conpliant pillar bunp/netallization system Nbre

speci f Pcal | ya€a ohh then neyey slew Sieed Jastl  IoRsnieSish disclgses ReRin &nayr bait ed
in the stiff pillar bunp system at a nmaxi mnum di stance travel ed 511 that is
| ess than t hsubgigtidiyceomiaccurata thys proyiginaethet igquisie degign margiag lesiwelt pe
conpliant pillar bunp system by an anpbunt 513, as shown by curve 502.

Ther ef or e, ttostedag agabter eyeras etitlit tyon thhdhi s eid datipin pfagessbunp curve 501

i ndicates that as a given chip package cools and shrinks after the chip
refl ow process, white bunp crack failures will be nore likely to occur in
those areas of the netallization systemthat surround or are near anomal ous

stiff pillar bunpg. some illustritivie énddoflinhérkd!SHfr @fhd VisteRDOglbABSNES . at Bpicl ow
speed lateral force tests disclosed herein nmay be perforned on specific

e oLt ol R [ 21BN o8 bk oy e
in a comparative fashion in conjunction with additional lateral force testing to evaluate
and characterize atypical, or anomalous, behavioral interactions between a given BEOL
metallization system configuration and the pillar bumps formed thereabove. For
example, random statistical testing may be performed on a plurality of pillar bumps

15 formed above a metallization system of a semiconductor chip or wafer using the slow
speed testing techniques described herein. In certain embodiments, the force/distance
curves generated for some specific tests may display an unexpectedly different response
to the lateral force test than might otherwise have been predicted by the typica
behavioral interaction curve for asimilarly configured pillar bump/metallization system.

20 This is turn may thereby indicate the presence of one or more material, configuration,
and/or design related anomalies, which may be associated either with the pillar bump,

the underlying metallization system, or some combination thereof, as will be described

in further detail below.
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5 may be nore |likely than typical conpliant pillar bunps to |lead to the
occurrence of white bunp crack failures in an underlying netallization
system However, in accordance with the present disclosure, adjustnments may
be made to the slow speed | ateral force testing nmethodol ogy so that the

pillar bunps in general are not tested to failure, i.e., so that the
presence of stiff pillar bunps is nerely detected, but w thout 1Ocreating a
crack in the underlying netallization systemduring the test. Fi gure
6a schematically depicts one illustrative enbodi mrent of the present

di scl osure wherein a slow speed lateral force test may be used to detect

the presence of %Pde%& fdneRirIhéte &PW?E&E”@%Q“I%@ Shog%rgﬁ?ﬁtig Jp?%' on

system 604 of a 1 sem conductor chip or wa

test probe 6

whi ch may re@r esen aﬂgzrqggrgg/ hﬁ?%ﬁ%{) l%%ﬁgpun&wy%w&%

sem conduct or ch' 602. .1n nts robe 620 be
roved al ong BT bg SicRAef i piled %58 SRS sl @fégt&’ft " gt
previ ously described sl ow speed testing pet hodol og i.e., at a test probe
speed Phat i ¥eFVitiadhg Wﬁﬁﬁ'"&ﬁtﬁrb%’ﬁ?ﬁt @gX/ bﬁaiif'li’tlt?ﬁ'%écaﬂy ¥§ Y %Obﬁ-{éfrabt e
the force 620F on the respective pillar bunp 603. Furthernore, in order to
avoi d i nadvediffernt yactorguiernging @ OHEKIN progese depesilian paBMEierSs PEICEFH IEDEPOl
underlying the pillar bunp 603 during the slow speed | ateral force test
shown i n Fi gmaanctipheansifasbel e@Ridessaysubgrata \chadnidiess gbendday for t dekiesios inIes
substantially parallel to the plane 623 of the netallization system 604, as
may have beebetweed afljecepie @ieas end/drecdryipctdal elbebate,i atchthel hikeer agtotioan cagdsy es
301 and 302 shown in Fig. 3, as well as the curves 501 and 502 shown in

Fig. 5. Instgffha @RWaRrdabm & §idEP BECD Uinkialioeki dredyaiein mAebdatibutable @ltAa g
which the test probe 620 may be noved during the test may 5 be angl ed

downwapd tolvgf fichydek ok «%rﬁe[ Oé}m&% 9%&1&. th é&ts% £/ab&Y §04

substanti al non-zero angle 62 at Ive to ane 623. It s ouI d
be appreci at {@%E 603
with the pr og(%dggg}ea t té@ﬁqﬁé el al Al;“inagrqhz ro ar{gr{‘thE%QR)e(ﬁogﬁoRHgBr st
portion of t:t\llegnment of circuit elements between successive metallization layers. In still other

cases, the anomalies may be related to one or more aspects of the pillar bump, such as

the type of material, adhesion, and/or processing issues described above.

15
In certain cases, the material of a particular pillar bump may be somewhat harder
and/or stronger than might normally be expected for a typica pillar bump that is made
up of that same type of material. As aresult, the overall stiffness of such a pillar bump
may be increased relative to that of a typical pillar bump, which, due to its lower
20 hardness and/or material strength, may be somewhat more flexible or compliant when

exposed to certain lateral loading schemes. Under such circumstances, the behavioral
interaction between a metallization system and a pillar bump that may be made up of a

harder and/or stronger material may display a substantially different behavioral
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10 force vector 620F translates to a shear | oad 620S and an overturning
nonment 620M at the interface 640 between the pillar bunp 603 and the

nmetal li zati on system 604. On the other hand, a second portion of the force
vector 620F i nposed on the pillar bunp 603 translates to a conpressive |oad
620C at the interface 640. Accordingly, with the overturning nonent 620M
bei ng reduced fromwhat would typically be the case when 15 the | ateral
force is inposed along a substantially parallel path relative to the

metal |i zati ofwea@ibRBuhRaShdeC aJateral RtcdRihrePdideqb thadf ftRs BRicARBifiaF Blimpsve to
the plane 223 in Fig. 2), together with the additional conpressive |oad

por 1 0n 620y 867k 6 Gk ORI DL RO lIhFIBELL B 168 gYSt em

604 may, at | east ring an initia art o orce test, renmain

bel ow a str eﬁ’]%tetiﬁvt‘?\%ﬁ Fshcﬁ'ﬁ?rmdalgg{afdep%&gr ?H%{g?lg{r?‘fan %@?tsqf the é}bbcéﬁgﬁl%} Bumps

enbodi nents 0 e presen closure, cel anc vioral

' ' f th il 03 h al i ' 604. b
cval uat ed_ anfeEioR BPve Aeu FEGER B [ Esee B opE piet BUTady PREIAART 1 ot

| east sone illustrative enbodinents, the sgeci_fi ¢ behavioral interaction

of a gPven tRYRERYNRSIMayalinhegewred asp “semelisibapier RMRS: real -tine basis to
t he known behavioral interaction curves for anonmal ous stiff pillar bunps
and typical conpliant pillar bunps, e.g., the behavioral interaction of
pre-characterized typical populations, such as nmay be represented by the 5
conpar ati ve behavinosaate casesrsach awomaous/gdf HOtbr doomhps 0days betarmied derigg the
Moreover, since stiff pillar bunps have been shown to display a

subst anti al | pillbi ingay proeegsaoeethbr hmpll lee buepy ndadisone g ndke melah el @l which ce
test (see, e.g., region 501B of curve 501), as conpared to the

subst anti al | HaRQR-dthdse ahbinblioas of BEdRAresEcrPdal i AsTBlal redfuciird.| For SR, (Fee,
e.g., region 502A of curve 502), it is possible to quickly assess whet her

o, 20", e P TR EDR TS B (0 YATR LTl bip
DU e |1 3t YRR el 90 BAME o Skl b B Blp
Losted, 2 | 3Rl aeEoh el B L aREh P Shle et 1511,
this texture could cause some of the copper pillar bumps to be stiffer than a more typical
compliant pillar bump with respect to certain loading schemes that are applied to the
15 bumps during lateral load tests — i.e., resulting in a stiff pillar bump, as previously
described. Such anomalous stiff pillar bumps may generaly be less likely to deflect
and/or deform under a given load than would a more typica compliant pillar bump,
whether that given load is an out-of-plane thermal interaction load during a flip-chip
bonding and assembly process, or a lateral load imposed on the pillar bump during a
20 slow speed lateral load test. Accordingly, since stiff pillar bumps may be less likely to
deform under a latera load, they may also be more likely to be associated with crack-

induced failures of a chip’s metallization system, since a greater amount of the load on

the stiff pillar bump is driven into the weaker underlying metallization layers.
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pillar bunps 603 that is used to detect stiff pillar bunps as descri bed
above may be perforned with the sem conductor chip 602 nounted on a test
fixture (not shown) such that the plane 623 of the netallization system 604
is in a substantially horizontal orientation, as is shown in Fig. 6a, and
wherein the test probe 620 is noved along the 20 path 621 at a downwardly
oriented angle 622 relative to the horizontal plane. In certain

enbodi ments, the angle 622 nay range between about 5 and 45, wherein the
specific angle 622 used nmay depend on the | evel of overturning nonent 620M
to which the netallization system 604 can be safely exposed w t hout

angle 632 of o BAE SITPRr ANy "‘vbf% 3RS RReRRUPPRIGE SRhBrbRe Sl
the modifi edlg .roﬁ'cHJv% 551 S0P, b1 LR tﬁgégm% e Elets

pillar bunp ave subs ial asynmmetric conriguration or

, di I h h | | b
that my be e “ ”Bfm?g'uf%ahlaﬁs? Vel R SR Hovent s

t he sem conduct or chi 602 ma be mounted on _a test fixture (not shown) as
descri Bed ab&ere Wrtg‘? H“ﬁé@{}é’\?é‘?ﬂ £PM QUERION Of &t Pe ARTHOWRIH '@05 GNP H
rotated such that the plane 623 of the netallization system 604 is at an
angl e 622 10whighaenresentsahartypicalopahayiorahinterectiondiwiveen cpmgliag il apbimig afithe

| ateral force tests, the test probe 620 may then be noved along a path 621
that is subsaramdeelyilng naetdl ration wystémi Ires aloonii guati @d thptl iasaystantidheting samdasi ng
the sane rel ati ve magni tudes of | oads 6205, 620C and overturni ng nonent
620M at t he ihet gpicalc €orod0ismace sudessod hiaubtratet inr Egpect Mare FépecifiGalyahihwe.
Accordingly, the sanme reduced relative | evel of local tensile stress 608T

15 may be igshsiegt pinat b@nﬁ%&@blsomﬁms%wshmm ARG GbeF istfdinthaRieding Ir&flon

| ateral force tests illustrated in Fig. 6b, thus substantially avoiding the
creat ngn o S02F Gardaing 19, AR SOerh Teabd! Sokaned DK Negienpiec
used to det e&%rr@l%ﬁ’ﬁﬂaltglﬂégléﬁ '3658)9 Altrﬁrrd Hbﬂmﬁear region 502C (correlating to region

302C), a crack point 532 (correlating to crack point 332), and a substantially linear post-

crack region 502D (correlating to region 302D). Furthermore, it should be understood

that the crack point 532 occurs a a force level 522 having substantially the same

15 magnitude as the force level 322 of curve 302, and a a total distance traveled 512

having substantially the same magnitude as the distance 312 of curve 302.

Curve 501, which represents the typical behavioral interaction between stiff

pillar bumps and an underlying metallization system, has a configuration that is similar

20 to some aspects of the force/distance curve 502, but different, however, than some other
aspects of curve 502. For example, the stiff pillar bump curve 501 has a substantially

linear region 501B which has substantially the same slope as the second substantially

linear region 502B of curve 502, and a region 501C having substantially the same non-

35



20 wi thout inducing crack failures in the underlying netallization system
of a sem conductor chip, it nmay be possible to take at | east sone renedi al
steps to salvage a chip that contains stiff pillar bunps w thout having to
resort to conpletely scrapping the chip. Such an approach may be of
particular inportance in those cases where the sem conductor chip in
question may have a relatively greater cost than nornmal, and/or nay be

i ntended for use in nore robust, critical, specialized, and/or high end

appl i cat i onsjindaplcofirgiaion. asthe MFEHomNAXL re@os 50RE dpi duhay 5EUNMPUMRYmBR, MoT e
likely to lead to crack failures in the underlying netallization system

t han woul d i ; ﬁo&ﬁ?' i [ ; | g%ﬂ'- t he
shorter tot :?Grgﬁgﬁlﬂd[ilqg? pI %émr&%h iébﬁﬁ%ﬁﬁgﬁgglﬁay %ﬂ?lggﬁlé%rﬁeto
i nduce a | oa ol i t4d [ 3 Kk LBl hie
conparative %eﬁé&‘?rgé I’ﬁ‘/&i n e?fg@ | o%détgsr\f]\/gé h%%#%gonsg?‘@@ '6?66@%?"‘7%"? Eé%é\n&ng
that a displ nt di stance 511 (curve 501) js generally. required to

i nduce a cr a@@%ﬂ% aﬁrﬁ’ﬁ%‘mt' Yiﬂﬁ)ﬁhs@gﬁs%‘@?ﬁ %Se{hg\ﬁ%ﬁt‘frﬁ E%Pns éhopFLI'rY%r
bunp, whereas a greater 10 distance 512 (curve 502) is generally required
to inddce a e9%ack bel ow a typical conpliant pillar bunp. Accordingly, an
anal ysis may be perforned to evaluate the specific | ocations on the

sem conductor chip where stiff pillar bunps may be | ocated, and a

determ nati on nade as to whether or not those specific |ocations may be
expected to underQ@o tha atheruhandyf thei $tiferpihari Blmp herven|50@ xgeessnandidpliay ng chi p
packaging 15 interaction that would be sufficiently likely to cause crack
failures in sibetantiaigriont itgamieited curzetréghon shgisiveud be comparablerte tiheumsh-limdar any
stiff pillar bunps are positioned at specific points on the chip where
subsequent Whigion 302APoff thé lcbrhpiFar M| P BuPBintd 502 YTHI9 n@?cb_éri ndigativiexhat4Re
assessnent may be perforned to determ ne whether or not it may be feasible

to usqot he cipiipy dfaihshardd n%;h@fe?lt t&ﬁ)gvngﬁiﬂggi&h%oéﬂahaﬁdti éé@dr%@%d;ﬁ FRY. B} #at urPS

are located in those regions o ere unp ures’ are nore
likely to Ocﬁlﬂﬁmc@?ﬁb At i sBhce response of compliant pillar bumps does not generally

occur with the stiff pillar bumps. Accordingly, since there is no non-linear strain-
hardening effects occurring during the initial part of the lateral force tests represented by
curve 501, a dtiff pillar bump/metallization system may reach its maximum load
15 carrying level 522 more quickly than does a similarly configured compliant pillar
bump/metallization system. More specifically, as shown in Fig. 5, curve 501 shows that
a crack is created in the stiff pillar bump system at a maximum distance traveled 511
that is less than the distance 512 that is required to initiate a crack in the compliant pillar
bump system by an amount 513, as shown by curve 502. Therefore, the data
20 represented by the stiff pillar bump curve 501 indicates that as a given chip package
cools and shrinks after the chip reflow process, white bump crack failures will be more
likely to occur in those areas of the metallization system that surround or are near

anomalous stiff pillar bumps.
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near the corners of the chip, additional analysis and/or renedial action
may be warranted, as will be further described below. In those cases where
stiff pillar bunps may be located in the regions of a 5 sem conductor chip
where white bunp defects are nore likely to occur, an analysis of the
chip's circuit |layout bel ow and surrounding the specific points where stiff
pillar bunps are positioned nay be perfornmed to determ ne whet her those
areas of the chip contain sensitive circuit elenents that nay be adversely
affected should a white bunp crack occur in the surrounding netallization

| ayers. If not, a further risk assessnment 10 nmay be perfornmed to determ ne

the feasibility of, 4sbpg) L iGQie&bB&rﬂeﬁtst ﬁg"&gﬁ\{e%p?g?{&&ai foré@@sﬁi%ﬁfoasﬁé reuit

el enents may be present 1n the areas o ow a sti r bunp,

it may still j > chip J ' i on

that my not " S0P aREsy el BRTLE Yol lior SPs RGPkt

| east some illustrative enbodi nents of th esent disc|osure, .S stiff

bi 1 ar  bumpsSHa OB Be PRRdcey fom s #91 RLS RS WReh: RSBl R | | ar

bunps as described with respect to Figs. 7a-7e bel ow, so that the chi

mght Still B&Y kednoradiksyi irmdynica icﬁﬂ‘ghﬁl&cﬂ"'%rb%pslt@dgﬁd onthgpcafpInce 8t i on

requiring |less stringent adherence to the original circuit design |ayout

requi r ement swhit@dniew grask i fieilunes linaan wideyyheg rddhzaienesistam. abdoweydie in

metal lization system of a sem conductor chip, the stiff pillar bunp may be

repai red by #&cordenacs wih tthee presérit alischosog, sdjfisteentsi rhayt he nxdettbdte dowl gesd sone

of the out-of-plane | oads inposed on the repaired pillar bunp during chip

packagi ng t hietena!forcattestiag trhaodutygyl® thirsthe Ipithr ymps in general are not tested to
failure, i.e., so that the presence of stiff pillar bumps is merely detected, but without

10 creating a crack in the underlying metallization system during the test.

Figure 6a schematically depicts one illustrative embodiment of the present
disclosure wherein a slow speed lateral force test may be used to detect the presence of
anomalous tiff pillar bumps formed above a metallization system 604 of a

15 semiconductor chip or wafer 602. As shown in Fig. 6a, atest probe 620 may be used to
impose a force 620F on a pillar bump 603, which may represent one of a pluraity of
pillar bumps 603 of the semiconductor chip 602. In certain embodiments, the test probe
620 may be moved aong a path 621 at a constant speed in accordance with the
previously described slow speed testing methodology - i.e., a atest probe speed that is

20 less than approximately 0.1 pm/sec — so as to generate the force 620F on the respective
pillar bump 603. Furthermore, in order to avoid inadvertently inducing a crack in the
metallization system 604 underlying the pillar bump 603 during the slow speed latera

force test shown in Fig. 6a, the probe 620 may be moved along a path that is not
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deformati on of the bunp. This in turn may reduce the magnitude of the | oads
that are transmtted through the pillar bunp's bonding pad (see, e.g., Fig.
1d) and the corresponding | evel of local tensile stresses that are induced
in the underlying netallization system Accordingly, the likelihood that a
crack may occur in one or nore 5of the netallization |ayers during
flip-chip packagi ng nay be thereby reduced. Figure 7a schematically
depicts one enbodi ment of an illustrative nmethod that nay be used for
repairing stifoktantidilydardieniBInasiens 23 thdRel| EaFoH sydiehTA0aS B Pay Mave2ENWN 1N

Fig. 7a, a pillar bunp repair device 720 may be useéd to forma plurality of
strain- 10 rglyeyi ) ; - B I | fof

i1 ar burp T4 SRAELEIFECR (iR B0 R AR of b ep 0P E BTN 5 o
spring-1like [ ik bf ' u fraln- Leving
ot chos. 725at e BebYabray By B0g sholl 135, MR png ot el ol
the tip 720P_of the pillar, bunp .repair deyice 720, therepy | sjng a force
790F that 1 S e PGS AgT GRS R G20 M BTt G P 5 o
the | ocation of each notch 725a-d. In sone illustrative enbodi nents, the

pi | | ar Sbunp PefKled dv@ed fonerdine mibar Ryt diighe Mkl livaiion sysem 6p4 et a
substantially parallel to the plane 723 of the netallization system 704,

al t hough it S/hsiantplllysopeiaioteted relpare ta theplpe@ @3l el path may al so be used,
depending on the degree of additional pillar bunp flexibility required. 20
In certain disclosed enbodi nents, the path 721 of the pillar bunp repair
device 720 may be substantially aligned with a radial vector 702V that

poi nts toward t heltamguidké opreci aenther whé2Ge 6bret BROSBHMposed watthe pidlhi Ipund® 2
(see, Fig. 7c), so that the stress- relieving notches 725a-d may be

oriented al opgs Wit tHeghdhe®20 N theSieRdnBally AdH-z&96 aldl @622, oA rsiiPE&HofaRe t he
chip 702 during flip-chip packaging. See, e.g., the force vectors 102F

il Usélbat ed jghcdedtor 620 RN SELH ?%a@%%i\{%z%ér B &t Bﬁﬁfﬁiﬁ%i@\’ﬂe@%m ches
725a-d that are fornmed in accordance with the steps outlined above may

t her ef ore bethg(?&%,lzfignct%%ﬁﬁlbém%ﬁg%fﬁﬁ‘ﬁ bﬁh@%{(ﬂ)\é%ﬁ@‘tl@m A6 73l fspst%ygﬁ.g@ﬂ;{ﬁg t hat

is oriented subs irall'y awa romt proximate cente

sem conductor, chip 702 _and substanti al | 0 .the periphery of t chip
705 (ot shotho i 5 s00d Bofdnh Mt fobesrstof B30 bt Bh iy BT, Bt B o1
the pillar bug;ﬁSI 703. See, Eﬁ#' , the local tensile stress 208T shown jn Fig.
2. Moreover , TFE8S 103 SPMRISTEVE M F 40N fls the IREeriger SfRs Aasedinglymyyithdhe

positioned al ong _ _
overturning moment 620M being reduced from what would typically be the case when

15 the lateral force is imposed aong a substantially paralel path relative to the
metallization system (see, e.g., the path 212 of the force 220F relative to the plane 223
in Fig. 2), together with the additional compressive load portion 620C, the localized
tensile stress 608T in the metallization system 604 may, at least during an initial part of
the lateral force test, remain below a stress level that might induce a crack.

20

In certain embodiments of the present disclosure, the force/distance behavioral
interaction of the pillar bump 603 and the metallization system 604 may be evaluated

and/or plotted during the lateral force test. Furthermore, in at least some illustrative
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10 the side 703A in a substantially vertical alignnment. Accordingly, the
not ches 725a-d nmay hereinafter be referred to as tensile strain-relieving
not ches, as they may tend to provide additional bunp flexibility on the
tensile |load side of the pillar bunp 703. The actual quantity of tensile
strain-relieving notches formed along the side 15 703A of the stiff pillar
bunmp 703, as well as the depth of each respective notch, may depend on the
degree of additional flexibility that nay be required for the repaired

pillar bunmp éfbsti@srhts AAe speeiti cHeRaRbEl infdradibn BF hlghvenResiaRSpi fl &a3un® 603 may
positioned in areas of a sem conductor chip where a greater anount of

differential pd '&%Bﬁrjre%eanfﬁnr%&lgtﬂn@%?%o thE Khofth bé?%@i%taﬁ’gﬁtek{bﬂgn g%]ﬁ/eghf%r

farthest distance e center of the chip (see, e. cor ner
[ 102E ' 0 in. Fi '
of “add t  ona o T FHMNAT PUTRERR bt ooy B DG Ca Ou ¥ BPabrch 7S, °°
posi t1 oned_ aBURSH thét TRFEUE 261 Dt AELoNs SFoR SYLPRR R
ositioned a
gensitive or critical circujit elepents naﬁ al so requirﬁhgreater added

flexibPlity SQUNREEaE hebaierd {Herapt qaefyr 1t #6t SQF &9 Hhf Soec UM oTeVehose

areas, thus necessitating nore and/or deeper notches. Figure 7b

schemat i cal | §n¢q tiffsii Har RiRerey & beenesaewd taHigplie eisdleptant allY hiaeae sesperset§ 19en 5
flexibility of the stiff pillar bunp 703 depicted in Fig. 7a, wherein

addi ti onal stheaieny begineing rf antetebefyreestesh(sas €be regiorn BB T 6aweg S0y abe
formed on an opposite side 703B of the stiff pillar bunp 703 fromthe first
si de 703A wheonepardtetoithe subsianisdl Iyaion-linebr ieiiah gesparise biesondat il ereyunty(sechbeen
formed, as described above. As shown in Fig. 7b, the notches 726a-c may be

formed by rmab.r,lgelgﬁdiﬁscml beurie! BIR) I & P pdssibfvtioCfi ckRPaskBsssHefrie B ha 4 yivah ong

the sanme path 7 as described with respect to Fig. 7a above so as to

i mpar typa foraﬁaﬂggﬁ%ggﬁr}n ﬁfeﬁégt %ﬁﬁ%fd&%@fftﬂi‘l@arwrd méogﬁererpwann&{eé the

| ocation of each /26a-c. However, as shown in Fig. rb, the

O b . . : . ) . . . .
Phe atifi pi Fead AT tlEedin o MM b3 oRRRRN S el DREVTRoRLEH o '°
bunp 703 on %Qstod?]ﬁ ngaﬁstlsclaﬂy? sié%ﬁ%aﬁtra%@c}r r|]o?edse{eﬁ;lrre1i nég%ﬁantity of pillar bumps 603

have been tested, at least in the critical areas of the semiconductor chip 602.

15 In at least some embodiments, the modified slow speed lateral force testing of
pillar bumps 603 that is used to detect stiff pillar bumps as described above may be
performed with the semiconductor chip 602 mounted on a test fixture (not shown) such
that the plane 623 of the metdlization system 604 is in a substantially horizontal
orientation, as is shown in Fig. 6a, and wherein the test probe 620 is moved along the

20 path 621 at a downwardly oriented angle 622 relative to the horizontal plane. In certain
embodiments, the angle 622 may range between about 5° and 45°, wherein the specific
angle 622 used may depend on the level of overturning moment 620M to which the

metallization system 604 can be safely exposed without inducing a crack. Furthermore,
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15 Therefore, in at |east some enbodi nents, the stress-relieving notches
726a-c may be oriented substantially toward the approxi nate center 702C of
t he sem conductor chip 702 (see, Fig. 7c), and away fromthe periphery of
the chip 702 (not shown), which corresponds to the conpressive |oad side of
the pillar bunp 703. See, e.g., the local conpressive stress 208C shown in
Fig. 2. Moreover, as with the notches 725a-d above, 20 in certain
illustrative enbodi nents, the notches 726a-c may al so be positioned al ong

the side 703 spbuld be ﬁrbéuéte@tﬂak ajuehy MR B 622 Gt the!pah B21 iafhb WHY@ thi &att

al i gnment. Accordi ngly, t he notches 726a-c may hereinafter be referred to

as Compr ess! MBne LI b B ha i 1AbANET 11 8E fbng%@eamet@m 2, fER fne

addi ti onal | 1t ressive load si l'ar bunp

703. Further ppr n d o] h t he
conpressive S Ie(g.l p'ﬁfageilb?]{:h %ggngﬁghﬁ%ef t(‘?)‘r Sr‘]eb%%wg[[yhgagzm %0%%#3? Feg
toward the approxi na enter 702C of .th onduct or . ¢ 702, such as
he not ches. JBETo0CE Iy eesly Sfiaiauny BeeiBiG: Blernat#ééﬁma Vet
flexibility of the bstiff pillar bunp 703 after t he above described repair
modi fi @at i on® JERFEStERINAIRINRSY ned. In some illustrative enbodi nents,
the position of one or nore of the above described strain-relieving notches
and the depth to which the notches are formed may be 10 Ilimted by one or
nore of the specific design paraneters associated with a given pillar bunp.
For exanpl e, the lprabensebaifmetis tbe samninendelcioe ehipgoQ2omeay & nommitadi dyed téser ei n
may reduce, to at | east sone degree, the cross-sectional area of a repaired
pi |l ar bunp. fi&sresimohshowm) @ tibsiibeceaiovd] weatis Howevearahe bestlfiptuhsartibshi 602
limted so as to avoid increasing the current density in a repaired pillar

bunp, ther ebyha@petdlated®suchithd: @RS arfd 62B10F &R ma@AM zdion sphafb0TE Geabh@acest f ect s
that may result fromthe reduced cross-sectional area. Simlarly, the

proxi njpt y of e?atlgg‘férl‘moﬁ%rﬁélnaérééh% g If?gtéﬁ‘ b ﬁ@?né I%Eéré?rfoFEéttEﬁg‘tﬁé"i'est the

repaired p|| unp may al so be mted tor e sanme reasons,
d
CuTTent i 08 bR B L SDEF KBRS b AT

horizontal plane, thereby inducing the same relative magnitudes of loads 620S, 620C

and overturning moment 620M at the interface 640 as is described with respect to
Fig. 6a above. Accordingly, the same reduced relative level of local tensile stress 608T
15 may be induced in the metallization system 604 during the angled lateral force tests

illustrated in Fig. 6b, thus substantially avoiding the creation of cracks.

In some embodiments disclosed herein, when the modified latera force testing

method illustrated in Figs. 6a and 6b is used to detect anomalous stiff pillar bumps

20 without inducing crack failures in the underlying metalization system of a
semiconductor chip, it may be possible to take at |east some remedial steps to salvage a

chip that contains stiff pillar bumps without having to resort to completely scrapping the

chip. Such an approach may be of particular importance in those cases where the
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Figs. 7a and 7b, illustrating further illustrative enbodi nents of the stiff
pillar bunp repair nethods disclosed herein. In certain enbodi nents, a
pillar bunp support device 730, such as a collar-shaped support device and
the like, nmay be used to substantially prevent the force 720F used to form
each strain-relieving notch in the stiff pillar bunp 703 from causing the
type of pillar bunp displacenent that commonly occurs during the | ateral
force testing of pillar bunps. See, e.g., the force/distance curves 301 and

302 of Fig 3senatshdu&Br ERp GEHEHbANGES e Vasl oy ardter @8st AharFh@mab -anflor

I n operation, the p| | I ar bunp support device 730 may be p03| tioned adj acent

toa stiff pj Oﬁar ﬂ?tm&ec §thr|ﬁb'é|f &:déﬁ@ /SN Gighl bh@r

burrp support eVI ce I'S substanti aI i h contac east a pOI’tI on

f th i ff |

Suppor ¢ devi B0GAGhs “”Sﬁez%é?' %%nr%géo‘a%dg"aﬁé*?ﬁgb%ﬁe Pttt B iy thi
b te taol t, _sh h
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formed with the pillar bunp repair device 720. For exanpl e, when the

tensil @ str a?qmﬁ"@“i Bliph BUiRbt el 1985 Haréﬁfetr@eﬁhﬁﬁerf @Fqlré‘ﬂmﬂ!‘to‘?fgp'{'ﬁeblgpme
703A of the stiff pillar bunp 703 that is oriented away fromthe

appr oxi mat e diapleeamendthg By bhseasERdl Eotiduet dtoagd e purfioEnt magnitwee i INdeee dunp
support device 730 may be positioned on the opposite side 703B of the
pillar bunp Ge&. 8ee sleowme compergiveiehadonai |nterbgtionwiuerestSog aod PR eb Fiyd,
strain-relieving notches 726a-c are being fornmed along the side 703B of the
stiff pillarsiowimy thaBa tisplacénseno tiseant@ 811 @urretb0lh & gerataly rapjred o imatiee 402C,
the pillar bunp support device 730 may be positioned on the opposite side

703A. I n thigavem thehfetAAF&dNCSY @M Blod %ﬁ?ﬁic@izﬁi'ﬁ willbd bdfp 9RReER 4 Yrehtef be

transmtted into the underlying netallization system 704 (see, e.g., Figs.

2, 6a.jpand 6&]);9%@”512""(#&% ”’o‘l@g)??% g%&@ék%@ﬁ&ﬁd pﬁ(iiL{ a&Hé&R B & ?jbgdél that

is inmposed on e stifft pil bunp support’ device

730. Accordi Elﬂw%rrapt E}ﬁ’lgﬁ ?ﬁﬁg t&X&P&H&l?“%&%? hiby 0 p&‘%drhe&‘f&’%bﬂ[l&le%éy be

in force equi he
specific locations on the semiconductor chip where stiff pillar bumps may be located,

and a determination made as to whether or not those specific locations may be expected
to undergo an amount of differential thermal expansion during chip packaging
15 interaction that would be sufficiently likely to cause crack failures in the underlying

metallization system.

On one hand, if any stiff pillar bumps are positioned at specific points on the

chip where subsequent white bump faillures may be less likely to occur, a risk

20 assessment may be performed to determine whether or not it may be feasible to use the
chip asiis. On the other hand, if one or more stiff pillar bumps are located in those

regions of the chip where white bump failures are more likely to occur, such as at or
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above-described pillar bunp repair process, and the possibility that cracks
may be created in the netallization system 704 by the force 720F nmay be
substantially avoided. In sonme enbodi nents, at |east a portion of the
pillar bunp support device 730 5 may have a shape that substantially
conforms to the shape of the stiff pillar bunp 703, so that it may thereby
provi de adequate support during the pillar bunp repair processes descri bed
herein. For exanple, when the stiff pillar bunp 703 has a substantially

cylindrical ghpapfeapnhown the dﬁi[ﬂ-zxﬁﬁionblh%nﬂ?ﬁéieﬁﬂ/onrehB@alpial:ﬂcﬁf e
support device 730 that is adapted to contact the pillar bunp 703 may have

a substanti albyarbdriob &1 Q@fu@lﬁ%tjdr;%it%glbel?ﬂ/ape' I n such enbodi nents, the

pillar bunp support device or exanple, a portion of a hollow
cylinder, such as half of a hollow cylinder, as shown in Fig. 7c. However,
it should be appreciated that the half hollow cylinder configuration shown

in Fig. 7c is illustrative onl ot her configyratigons.or, shapes al so
be usad, so Tong PG SUIHH SR E RN W0 L GEAGT 12 Yo BRtoel o
descri bed above. 15 Furthernore, the IiE)i | | ar bunp support device 730 nay
al so be nadeSAMHCHIUGAY, i pv¥hers white,purpp gefets e wage el e ipRaste BAYES PLi ng
an appropriate degree of support, and substantially w thout creating any
addi ti onal siiefchines guekiglaypd hehew rapsurredndbid tharsppeifip Ppoes WBgreviiyt piilar
exanple only, the pillar bunp support device 730 nay be nade of a resilient
gasket - 1i ke burtpes dralpositondd msy be pbéornaeddo tdeterminkeyhethier imsg lardas of Heudthip be
20under stood that other materials, both harder and softer, may al so be used
wi thin the sgntait sasilivechpet eferichis thd esgnibe ahveslgsaifeeted should a white bump
crack occur in the surrounding metallization layers. If not, a further risk assessment
10 may be performed to determine the feasibility of using the chip as-is. However, even if
sensitive circuit elements may be present in the areas of the chip below a stiff pillar
bump, it may still be possible to use the chip in aless demanding application that may
not require an overly robust chip design. Additionally, in at least some illustrative
embodiments of the present disclosure, some stiff pillar bumps may be repaired by
15 modifying the flexibility of the pillar bumps as described with respect to Figs. 7a-7e
below, so that the chip might still be used as originadly intended, or at least in an

application requiring less stringent adherence to the original circuit design layout

reguirements.

20 Once a stiff pillar bump has been detected above the metallization system of a
semiconductor chip, the stiff pillar bump may be repaired by increasing the pillar
bump’s flexibility, so that at least some of the out-of-plane loads imposed on the

repaired pillar bump during chip packaging thermal interaction may be absorbed by
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In certain enbodi nents, the pillar bunp repair device 720 used to formthe
stress-relieving notches 725a-d and/or 726a-c nay be, for exanple, a test
probe, such as the test probes 220 or 620 descri bed herein that may
typically be used for performng lateral force tests. In other enbodi nents,
the pillar bunp repair device 720 may be a 5specialized tool such that the
tip 720P has a specific tip contour, as will be further described with
respect to Figs. 7d and 7e bel ow. During the above-described pillar
bunp repair gseeeeon of AR BIAET TEL iPturh Aty Redcathdmashigde P tHidbas thiterd nsi de
tip of any given strain-relieving notch, such as the inside 10 tips 725P

and/ or 726P QR Y 1 ] rﬁi‘?ﬁgo S I pyhagdengd
respective nt?)%}g I;[értljdétﬁ%)l nﬂi?é; @yné%np u%‘? er ngﬁr%gesgé; taﬁé E‘%ag@ gﬁéttﬁee tip
720P on the !S}E ir._deyi 720 ache h LAt the
anount of st?dé%n nt en?{leg%?nlgﬁ%egéngﬁer isﬁg‘f@ﬁ‘%o gh%gg?%rﬂr{aﬁﬁ%nﬁgl?@é%%s may
i ncrease. As noted.above, the tes robe that is used to performl ateral
force & ost o POAGHELTHRD: Avtpidily R i hod wata adimaloRi e Bidhe. 620
shown in in Fi %s. 6a. and 6b) maly sonetinmes also be used to formthe

strai nor el i e9fithgmetst! ZREen [@ers A R Prhin Rackadingme patherehy sebeed. However, in
those illustrative enbodi nents wherein the test probe used to detect stiff
pillar bunps may have a substantially pointed tip 720P, a pillar bunp
repair device having a tip 720P that does not induce such a great degree of
strai n hardeni ng Egurierrg salognodiicélty cepicte onenesnbadimest efagh Brisuigbe rdethdchthat he
pillar bunp repair process, as described bel ow. Figure 7d is a

cl ose-up Vi emapbe Lseel forerepailiag stiff ilkar berhpsaccodi mahe pesent Afsalosuré.onssdowm t he
stiff pillar bunp 703 of Figs. 7a and 7b. As shown in Fig. 7d, the tip 720P
of the in Fig. 7a, a pillar bump repair device 720 may be used to form a plurality of strain-

10 relieving notches along one side 703A of a respective stiff pillar bump 703, such as the
notches 725a-d, which may provide a degree of spring-like flexibility to the stiff pillar
bump 703. The strain-relieving notches 725a-d may be formed by contacting the stiff
pillar bump 703 with the tip 720P of the pillar bump repair device 720, thereby
imposing a force 720F that is sufficiently high enough to locally deform the bump 703

15 at the location of each notch 725a-d. In some illustrative embodiments, the pillar bump
repair device 720 may be moved along a path 721 that is substantialy paralel to the
plane 723 of the metallization system 704, athough it should be appreciated that a non-
parallel path may aso be used, depending on the degree of additiona pillar bump
flexibility required.

20

In certain disclosed embodiments, the path 721 of the pillar bump repair device
720 may be substantially aligned with a radial vector 702V that points toward the

approximate center 702C of the semiconductor chip 702 (see, Fig. 7c), so that the stress-
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pillar bunp repair device 720 may have a radiused contour 720R, which may
then be used to formone or nore of the notches 725a-d with an inside notch
tip 725P having a radiused contour 725R that is substantially the sanme as
the radius 720R. The radi us-ti pped notches 725a-d may therefore cause a

| ower overall degree of strain hardening in 5 the surrounding material of
the stiff pillar bunp 703, thereby increasing to sone degree the anount of
flexibility that is added to the pillar bunp 703 by virtue of the

above-descri Qﬂ&iﬁ%'nbﬁ:h@m-d A8 de BHPERSAond tHet pid BPER griehtest HRRLLAPRAE
under st ood t hat en strain-relieving notches are also formed on an

opposite of St i ; e C i

strain-reli elt\?lgﬁsgﬁﬁrpoo%éc%@ﬁsh{??gﬁ ?Q;%%r\e\% f#'ﬁ%‘éﬁ)g@a% ké/dgﬁgangég;%%s? hée(ﬁjrglc? Ye(%orio
bunp repair i - i N i t radi yuse [ may
al so be usedg@g'ggggag&r'gg}&ggﬁﬁdea erg?%gaggﬂ.megs}rle%qjeféﬂéﬁ% ﬁ&wfg zg%"g%g% hat
may be caused in those |ocation uring not.ch formation. lLn qther..

T ustr at v BORER oS R a4, 5Pl ASea3hE e B dsisinaed ce 15
720 having a tip 720P with a radiused contour 720R may al so be used to
reduce™t he ddgredestdesiOsaiqf thasideriagPumaihahigricaid %@t'dﬂw%@ﬁfrpw thée
area surroundi ng any notch that may have been forned using a test probe
havi ng a subapseiimalel genteh PZC 9b the semi eangucteioehi e} QApIng, subgiaiipiwriowardrthe.  7e,
the radi used-tipped pillar bunp repair device 720 shown in Fig. 7d nay be
used to adj upariphby qirté chip 782 fnat \shows i ry FigoY aypwhicb tcoespRAdstavhe tend (e laad
substantially sharp-pointed inside notch tip 724T, so that the adjusted

profile of téeeobtiepilld7bumy 7081V Sedre.d.ntiedecahadreie tsirgss 708P voivh ia Rigdi used
contour 727R that substantially matches the radiused contour 720R of the

tip 720P on fMfedvbd ikt IRHETROME RADDAIRRVISC the F¥fbhed W3 B 1R, positionéd HIBAGt

sone enbodi nents, the profile of any notches fornmed in a given pillar bunp

when lgt er al (HEQf 73RS Fi&%ﬂs%nﬁaiwoauéﬁ%ipﬁgeﬁr lellsgcrotecgﬁ%,gm%g@%ﬁpﬁzﬁ& ff

pillar bunps, such as the notches 624 iIn pI shown 1 n

Figs. 6a and , i i Ll ar. f I: Si I 43+ t1 pped
pi |l lar bunp Te QF%\%? %%?éf%ﬂe&]{aa% t%@%%vi”p@%’i@ﬂ@é?%gb%g}e?prﬁ%ﬂa\}é th a
bi 11 ar - burmp/ e e AA3 ove) g ST SE ARG PR [l 15 (R B8 and 802
wherein curve 801 depicts a behavioral interaction curve of pillar bunps

t hat have been fornmed above anomal ous weak sites in

The actual quantity of tensile strain-relieving notches formed aong the side

15 703A of the stiff pillar bump 703, as well as the depth of each respective notch, may
depend on the degree of additional flexibility that may be required for the repaired pillar

bump in question. For example, stiff pillar bumps that are positioned in areas of a
semiconductor chip where a greater amount of differential therma expansion occurs,

such as locations that are the farthest distance from the center of the chip (see, eg., the

20 corner regions 102E of the chip 102 shown in Fig. 1c) may require a greater degree of
additional pillar bump flexibility, and therefore may have more and/or deeper strain-
relieving notches. Similarly, stiff pillar bumps that may be positioned above or near

areas of the metalization system containing sensitive or critical circuit elements may



10 the BEOL netal lization system of a sem conductor chip or wafer, whereas
curve 802 depicts a typical conparative behavioral interaction curve of a
representative pillar bunp/netallization systemconfiguration. As shown in
Fig. 8, conparative behavioral interaction curve 802 has a configuration
that is substantially the sane as the typical conparative force/distance
behavioral interaction curves 302 and 502 illustrated in 15 Figs. 3 and 5,
respectively. Mre specifically, curve 802 displays an initial non-linear,
e.g., strainybafdgine fdater R1e@NeBBRMY SCarth PddRES M |ik8iHodE it Srad Gty . 2
second substantially |inear region 802B (correlating to regions 302B/502B),

a third non-}4j rﬂ%ghmé%ﬁkg%&géﬁgég%ég lof@kons 302C/ 502C), a crack

point 832 (correlating to cra oi nt ), and a substantially l|inear
post-crack region 802D (correlating to 20 regi ons 302D/ 502D). Furthernore,
it should be understood that the crack point 832 occurs at a force |evel

822 having substantially the s . itude as the for vel s 322/ 522 of
Curves 3091502, v el UEHEE Fphe By et B eianer
the sane magni tude as the di stances 312/512 of curves 302/502. . Curve
801, wRich, AHHDed HScVE PidapPere PRLepdadrgata yherdnagdideng strain-
interaction of pillar bunps that have been forned above anonal ous weak

sites of a BEOEViRgNelicheszaich@a thantees 7REasC, andydee foguechen amopnesite side 4038 | ar
to sonme aspects of the 5 typical force/distance curve 802, but different,
however, thaof therstffqlharbunypédl &oof the dirstes BO203AFoherexbenpiital strsinstebanng n
Fig. 8, curve 801 has a substantially non-linear initial 801A that closely

fol l ows the sdems 7@ba-timeay ndviei iebn fermel; seduscritedi abovE 02 A shdwiti ire Filgy pib, abé
conparati ve force/di stance behavioral interaction curve 802. Additionally,

curve not8d 1Zsa-@ rhayn @RI fdreed Ay FREhgIheE Mhilt@s bempsiepat | @dice rhe sane

sl ope as the second 10 substantially |inear region 802B of curve 802, and

861, i o i SR Ay N e P e AR R DL e R Y o
DUTP 12,1 PN R ol e AN o AR 2Nl o 10
response t eggé)c{i}ional notch 726a-c. However, as shown in Fig. 7b, the pillar bump repair device
720 is moved in an opposite direction relative to the stiff pillar bump 703 so that the tip
720P contacts the stiff pillar bump 703 on an opposite side 703B from the side 703A.
15 Therefore, in a least some embodiments, the stress-relieving notches 726a-c may be
oriented substantially toward the approximate center 702C of the semiconductor chip
702 (see, Fig. 7c), and away from the periphery of the chip 702 (not shown), which
corresponds to the compressive load side of the pillar bump 703. See, e.g., the loca
compressive stress 208C shown in Fig. 2. Moreover, as with the notches 725a-d above,
20 in certain illustrative embodiments, the notches 726a-c may aso be positioned along the
side 703B of the «iff pillar bump 703 in a substantidly vertical alignment.

Accordingly, the notches 726a-c may hereinafter be referred to as compressive strain-

relieving notches, as they may tend to provide additiona bump flexibility on the
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801B at the approxinmate transition point 861, curve 801 transitions into a
substantially non-1linear response region 801C, which has a substantially
simlar non-linear configuration as the third non-linear region 802C of
curve 802, albeit occurring in a |lower range of force 820F and a shorter
range of distance travel ed 820D. For exanple, 20 as shown in Fig. 8, the
conparative behavioral interaction curve 802 displays an approxi mate |i near
to non-linear transition point 862 between regions 802B and 802C t hat

occurs at a tehRedlvel|Baf §daRyMd bifler Bidp 7081 Firth&nidr€ ahe lashivteanai®uné 853
than the lateral force magnitude 851 for the transition point 861 of curve

801. I'n one gx Qﬁm% ?rarﬁlﬁ% m&%@t&ﬁgﬁ@éﬁ estr%i%pﬁeﬁl%\}'oiﬁﬁﬁg%&ﬁgr%%ﬁﬁé%ér

than the force nor e, transition occurs at a
di stance tra - ' i . hown
for curve 80%£%58F%§%ﬁb§%?ﬁb§%ﬁﬁggh%@C%Q%Pg§ﬂgﬂq2§%%ﬂ§&§&éiyﬁﬁﬁgggﬁégznpIe,
the di stance_842 na approxjnmately 5-35% qgreater, than.t di st ance 5841.
Grve 801 1 et HEPOTER 25R o & etk s i o 180 bR R it e B B ous
weak BEOL sites at a force |evel 820F and distance travel ed 820D that are
both | Gwer t$idh RIWE PeBpeddd vHen ] 80ye JECHPeY rerair trRdifiqa s nays begn
bunp/ nmetal | i zati on system 10 configuration depicted by curve 802. Mre

speci fi cal | ypertimgé 801 di spl ays a crack point 831 that occurs at a force

| evel 820F having a nmagnitude 821 that is |ower by an anount 823 than the
magni t ude 822 of the force level 820F that is required to initiate a crack
in the typical pillar bunp/nmetallization system configuration as indicated
by crack point 832. sdhngnillustrétive @vleeiirdemg | tiie trosition \o& ddelor mbre éfothel abdvet ance
traveled 820D to 15 initiate a crack in the weak BEOL netal lization system

during | at er @dsci I0GE alneli &/ RpSotehed BB HeWBthdd Whi chth& RotbifeslaRSrer h&Piay be
correspondi ng magni tude 812 of curve 802 by an anmount 813. Accordingly, a

conparipSon ofimkBf i 8hE Bf ot GNRE PRFRAMSRINPaFaRerS ko add §th a given pillar

bump. For example, the presence of the strain-relieving notches described herein may

reduce, to at least some degree, the cross-sectional area of a repaired pillar bump. As

such, in certain embodi ments the notch depths may be limited so as to avoid increasing

the current density in a repaired pillar bump, thereby avoid, or at least minimize, any

15 electromigration effects that may result from the reduced cross-sectional area.

Similarly, the proximity of a given strain-relieving notch to the top or bottom end of the

repaired pillar bump may also be limited for the same reasons, as the current density in

the pillar bump may be highest in those areas.

20 Figure 7c schematically depicts a plan view of the stiff pillar bump 703 shown in
Figs. 7a and 7b, illustrating further illustrative embodiments of the stiff pillar bump
repair methods disclosed herein. In certain embodiments, a pillar bump support device

730, such as a collar-shaped support device and the like, may be used to substantially
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20 provides evidence that a systemconfiguration that is made up of typical
pillar bunmp (e.g., a conpliant pillar bunp as previously described) wll
generally display, at least up to a point, a conmon force/di stance

behavi oral interaction response, irrespective of whether or not the pillar
bunp is | ocated near or above an anonal ous weak BECL netal | ization system
site. However, when the tested pillar bunp is positioned above or near an
af orenenti oned anonmal ously weak BEOL site, the behavioral interaction curve

of the testegrelint iad foRieMROM Uskd td fANHIchEPErd i-Rlied ng Wekthan theddtilty pil IaNG@Hp
response to a substantially non-linear at a |ower |lateral force | evel and

di stance tray® gonaahghu bg)e%f Bm%\ﬂﬁﬁr{qy dﬂé@ﬁlé‘ésf:ﬁkﬁgggp%c%ﬂg?rﬁ/ tg?&j@@tljri rRithé ar

bunp/ netal i zati on syst'em confi gurati on.

bunp/ et al || gt 90 SYShEMASNAbGA dales Ak R IRLIGHLOKE Be aiogf 11

sone instances 1o peéer I't1o orce s on representative

o e o R i B RS 0084 % B eoenpof o o

illustrative enbodi nents, slow speed |ateral force tests as discl osed

her ei n5may be perfornmed on the pillar bunps of specific sem conductor chips
prior to flip-chip packaging so as to detect the presence of anonal ous weak
BEQL sites in an lirperaign ibe peeabur sunperih deyise é3q Mah be Rositiened edieesnt tua
above, may be nore likely to lead 15 to the occurrence of white bunp crack
failures. Hosiglpilar Bgmpi708 sb hieat Ebcontactastace F8QS bhther@llarfmngesuppert sletibat may
be used to detect the presence of anonalous stiff pillar bunps (see, e.g.,
Fi gs. 6a and7®&bisanidstiritiallg on cestparnditmet ldes e paptidroof) theast ffusitl arethuinsp 63, be nade
to the slow speed lateral force testing schenme so that the pillar bunps are

not tested t@erfai &HIb&Niments-the EFPIaIE Bavinp tslispdPt” @SARCEB0Thay B kel BEVlp| £k dBSnd S
nmerely detected, but w thout 20creating a crack in the underlying

met al ljpzat i ofey Ry ﬁgf‘gﬁ?'%a”%%%% t?\xgé% appropriat b&‘{lﬁ& ﬁ&mﬁm?h@téﬁdgﬁpi cts

one illustrative e nt sent disclosure ow speed

lateral forcgolBthiRbulP AB3Fbrh MreRtRE brdifFel R AR HReQhre being formed with
the pillar bump repair device 720. For example, when the tensile strain-relieving

notches 725a-d are being formed along the side 703A of the stiff pillar bump 703 that is

oriented away from the approximate center 702C of the semiconductor chip 702, the

15 pillar bump support device 730 may be positioned on the opposite side 703B of the
pillar bump 703, as shown in Fig. 7c. Similarly, when the compressive strain-relieving

notches 726a-c are being formed aong the side 703B of the stiff pillar bump 703 that is

oriented toward the center approximate 702C, the pillar bump support device 730 may

be positioned on the opposite side 703A. In this way, the notch-creating force 720F will

20 generally not be transmitted into the underlying metalization system 704 (see, e.g.,
Figs. 2, 6a. and 6b), but will instead be resisted by a reaction force 730F that is imposed

on the stiff pillar bump 703 by the pillar bump support device 730. Accordingly, the

repair system shown in Fig. 7c will substantially be in force equilibrium during the
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anomal ous stiff pillar bunps forned above a netallization system 904 of a
sem conduct or chip or wafer 902. As shown in Fig. 9a, a test probe 920 may
be used to inpose a force 920F on a pillar bunp 903, which may represent
one of a plurality of pillar bunps 903 of the sem conductor chip 902. In
certain enbodi nents, the test probe 5 920 may be noved along a path 921 at
a constant speed in accordance with the previously described sl ow speed
testing nethodology - i.e., at a test probe speed that is |ess than

e
appr oxi mat el éb&e%ieédri%digglar BPnpAfephi? [F668E 2drf thBEdsaniftie Al fer@Rs they be

respective pillar bunp 3. Furthernore, in order to enhance the ability to

detect weak i LA A %%leﬂ{ i i ?2}(#% { ;
pillar bunp g%e%ﬁirtbﬁgwe%ﬂlez%@m spetd%h 1z;t')trgér/a fo%}gée#ggt%‘s g%‘?ﬁfﬁ g.

9a, the probe 920 may not be noved along a path that is substantially
parallel to the plane 923 of the nmetallization system 904, as nmay have been

used to generate the typi,cal behavjoral interaction curves 301 and

shown iR, 3. oo FnsRimetEs ot | pulod phisosariuie Sbet gBge 790
Instead, and for the reasons outlined below the path 921 along which test
probe 920 i sTRHIRE YFHAPRPA FebSata e PEnsAn drednans of hie Saf SR oA A3 y
non-zero angle 922 relative to the plane 923 so that the tip 920P of the
test probe 9swthalohmayitkerehyeprpvide adedyate Uit diring torpid ARPUNID (APAR IPEPCESES .

It should be understood that when the force 920F is inposed on the pillar
bunp 903 wi t tlestiileedplneséie. PG extantphe shensthardiffapillar bompz&3ohasng Issbe@Alyonl y a
first portion of the 20 force vector 920F translates to a shear | oad 920S
and an over t eylimdrical Rieperss SSROM el gt Tee thedoeti dresfeh® gill abletinge suppbh elepicé 730 bunp
903 and the netallization system 904. On the other hand, a second portion

of the forcethiesd @iafid o | doRREE theOPillfaN BuRip 708 Ay RaR0d sUbadedaesniiler a

tensile | oad 920T at the interface 940. In this l'oad configuration, the

I
total joupl i f%i'n@ﬁ&!al g%hmﬁjch 'eﬁ{boﬁylﬁﬁts?@% oHle b&rﬁ’ipguﬂf‘pggtgiggica%b %5‘125 "Ifbhtehe

overturning ment the a I onal tensi ortion
| ocal i zed teg%w t i |J i . By - hi gher
t han what wou pf?’/%@af@yﬁgﬁ%élfg'e&“gg&?%%hpdg%% Of (% r}%ﬁé\hﬁ;gré@%g’onf I 8‘8?;‘1& on
t hat woul d t ypi cal occur when the lateral force is 5 i sed along a
SUbst ant i al | opis atiPuRen.tf HAER o6 Aerety e 1B 511 hlah PO Gouflofatef
e.g., the path 212 of _the force 220F relative to the plane 223 in Fig. 2).
In this way, SMEHNTHE 7EEsiIBgrahve PalY, BRI SR JUaRsiOf PiReMaY 8ve PBHSHear ~ an
anomal ously weak BECL site in the netallization system 904, the transition
poi nt from aSGUera st they | providgetie refIuEsiteudenremaf afuPporto @S| deserdipedb @beMs or al
response, such as the transition point 861 between
15 Furthermore, the pillar bump support device 730 may also be made up of any suitable
material that may be capable of providing an appropriate degree of support, and
substantialy without creating any additional surface damage to the repaired pillar bump
703. By way of example only, the pillar bump support device 730 may be made of a
resilient gasket-like material, such as rubber and the like, athough it should be
20 understood that other materials, both harder and softer, may also be used within the

spirit and scope of the present disclosure.
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10 the regions 802B and 802C of conparative behavioral interaction curve
802 in Fig. 8 would be expected to occur nore quickly than m ght otherw se
be the case, thereby enhancing weak site detection. In certain enbodi nents
of the present disclosure, the force/distance behavioral 15 interaction of
the pillar bunp 903 and the netallization system 904 may be eval uat ed
and/or plotted during the lateral force test. Furthernore, in at |east sone
illustrative enbodi ments, the specific behavioral interaction of a given

tested pillar bunp &Qt%urfraﬁﬁb&ﬁnﬁﬂgp%qﬂllé?”b@nﬁ eaairt deReebA® SsetiGotfdfm KAOWN
behavi oral interaction curves for pillar bunps formed above anomal ous weak

BEQL sites agghd hgelik 'nBéEhesOﬁSIa%'ranaR)rl?%ﬁ?éﬁ%&/%‘:—:lﬂ&%ﬁp pul%%ftéélt the

behavi oral i nt eractio re-characterize ypi ca suc as

oy be T opr eRgnLefyiN LIS o BAPRLRFLD p%% tgb&%ﬁ)ﬁgghé%ﬂo?%&\f L and

802 shown in redVer, Jsinde p|

sites have begen shown to displa u ition froma bst tlaIIy
| i near respolr?g%alszrcﬁt pa%ﬁ?rae%{nlgpdﬂg F %F@é‘" i

force test (see, , transition poaint 861 of curve 801) as co ared to
the same tra?PaeF'tai'%ﬁq 'ioﬁ' ghyipRiche i Y2 h%ﬁjﬁﬁ?%ﬂfaﬂplcé’a@br?sw@t urther
configuration (see, e.g., the approximate transition point 862 of curve

802), it is M@b@llthhmmf@lﬂlgs daedéehgh@v-her or not a given pillar bunp
903 5 may be fornmed above an anomal ously weak site within the BEOL

metal li zati on system 904. For exanpl e, when the force 920F i nposed on
the pillar bunp 903, or the distance traveled by the test probe 920 during
the lateral forceDues]ihe apassdscréibddiedr bumptrepadr Jrocdss ananiatericlaofsthe pitlaear | y
linear to non-linear behavioral response transition in tests perforned on

pi | l'ar bunpspirfy BRtbLABRYehdRRIdeBEQd Sy tdfen($em-reibdng Bdtch, suchay tHeSnside

i ndi cative that the tested pillar burrp 903 is not |ocated above or near an

anomaljpus wegls ﬂ,ﬁ/(]t,reyzaeﬁ i Bigs. 7@%§ﬂ5éc>én4el SRRT hagihdy dear

transition durlngt ater orcetet may be i ndicative a weak site in
t he BEOL net I i

| rrespecti vef%ls#éc@zé bﬁer or |ggélrmngé§kcl‘-‘ggﬁ eagttl}léés %%8?@&2880 the

the | ateral e test dscrl dabove cethef rce 9

travel e by DA REY bR bHe a0 R s et e ilngBe oAl whke hifid
| i near/ non-1j nearéiﬂj ansition point js |lgener ally known to occur, the test

may be di scofEHeRIeHripgitla netgh ﬂ?f&UE?IW@ OCSa b1y || CTEgre: d\«?d&t%me the test

metal | ization system Furthernore, it should be appreciated that in
probe that is used to perform lateral force tests for detecti ng stiff pillar bumps (such as

d| st ance

15 the test probe 620 shown in in Figs. 6a and 6b) may sometimes aso be used to form the
strain-relieving notches during the pillar bump repair process. However, in those
illustrative embodiments wherein the test probe used to detect stiff pillar bumps may
have a substantially pointed tip 720P, a pillar bump repair device having atip 720P that
does not induce such a great degree of strain hardening during notch formation may

20 instead be used during the pillar bump repair process, as described below.

Figure 7d isaclose-up view of the tensile strain-relieving notches 725a-d formed

in the stiff pillar bump 703 of Figs. 7aand 7b. Asshown in Fig. 7d, the tip 720P of the
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20 certain illustrative enbodi nents, a suitable | ateral support device,
such as the pillar bunp support device 730 shown in Fig. 7c and descri bed
above, may be used to reduce the magnitude of the bending | oad i nposed on
the pillar bunp 903 during the above-described tests, thus reducing the

| i kel i hood that cracks may occur. In at | east some enbodi ments, the
nodi fi ed sl ow speed | ateral force testing of pillar bunps 903 that is used
to detect stiff pillar bunps as descri bed above may be perforned with the

seni conduct op;||&hbiin PebalRIPicE F20 T KEta rbdiitbedl @nfdlPt720RONALh Py thén bérat
the plane 923 of the netallization'system904 is in a substantially

hor i zont al Oﬁéaeﬁ% fdrhPohe cﬁ?ﬂérggﬁﬂ%%tdh& 'fé%—d 8@5 AR PORSEH Eﬁ) Zgﬁi%@gﬁrgdé” obe

920 i s noved ong the pa at an angle that 1s an

relative to ' t : rtai ' . . 922 may
Fange bet vecltsRLpEAl ToREhAIE sy BRI G e BN
depend on the degr of, wepgk BEQL .site detection 10 enhancenent that.may be
oo red for HEILPER (2o0ehrE BRHTEGRER B a0 FBRE S IB PPNy 4 om
904 being tested. Furthernpre, it should be appreciated that, due to the
angl e 922 ofth@ﬁéﬂ%@ﬁ@?@%@&ﬁ&%ﬂﬂ“@f@%ﬁ,m'%mwtmad%% ng
the nodified |ateral force tests, the notch 924 created in the tested

pi | lar bunp Hemaunt elaliexibiliviithet racded [o thesyihareaumc 7@y vigtuesaf ithe apgve-
appearance, thereby readily 15 distinguishing the angled pillar bunp tests
t hat nay be desertbedopidiati@omp sepampraess. wesitheBEDE, i$ish@sd be understoodthatwhen
enbodi nents, the sem conductor chip 902 nay be nounted on a test fixture
(not shown) amimpreieviay sbicheksse tish aimethbr Bg oppdsnwef/ ke Stiffi @il tee Htmp i788,wueh and
chip 20 902 nmay be rotated such that the plane 923 of the netallization

system 904 i & @ik caMpRRGYE stP? rdlielial ind@hbH748aLd FRWndh. Fi g 7b 3nd 1eWRe billaFi 0.
9b. During the lateral force tests, the test probe 920 may then be noved

al ong 1 pat hy, &R Re TYHHafnh A Y28 WA aliubd ddpfo PQQbﬂ%Ealaélsd)i)@ne’
t her eby inducl?ﬁ%rthe sarrg rel at P\b/e rFlagnclﬁJt uges ggm%%ac@ 9uZOS, 920T
used so as to reduce the degree of material strain hardening that may be caused in those

locations during notch formation.

In other illustrative embodiments disclosed herein, the pillar bump repair device

15 720 having a tip 720P with a radiused contour 720R may aso be used to reduce the
degree of strain hardening that may have been induced in the area surrounding any notch

that may have been formed using a test probe having a substantially sharp-pointed tip.

For example, as shown in Fig. 7e, the radiused-tipped pillar bump repair device 720

shown in Fig. 7d may be used to adjust the profile a previously formed notch 724 having

20 a substantially sharp-pointed inside notch tip 724T, so that the adjusted profile of the
notch 727 may have an inside notch tip 727P with a radiused contour 727R that
substantially matches the radiused contour 720R of the tip 720P on the pillar bump

repair device 720. Furthermore, in at least some embodiments, the profile of any
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and overturning noment 920M at the interface 940 as is described with
respect to Fig. 9a above. Accordingly, the sanme enhanced | evel of | ocal
tensile stress 908T may be induced in the netallization system 904 during

the angled lateral force tests illustrated in Fig. 9b, thus substantially
enhanci ng the detection of anomal ously weak BEOL sites in 5the
netal lization system 904. In sone enbodi nents, slow speed | ateral

force testing of the pillar bunp/netallization system as disclosed herein

may then conpbtEhed féimedeA ailgivetdillarduRipalhelibed kotcsicind is®bain iBafoetect
predeterm ned quantity of pillar bunps 903 have been 10 tested, at least in

t hose areas %ﬁpg%cggﬂqﬁ@ BﬂilléPE)lS}ﬁpé,:PiJodrﬂ a2 te idides g?t}/i nfe Al a SBD8 shown

dependi ng on the spe I C reasons performng the tests. For exanple, in

certain illustgative 0dj - e - i '
detection t e@t llE'% éréa%/n(at;%eb’ 3@%‘5&]{] %g%c’flg\ %%F@Ya?ﬁg&f‘ﬁ)&? ggéfaa%p%ggggédchﬁlia&
metal li zati on system | ayout., Dependi n the outc of the weak sjite

ot oct i on t SBHTMEEPAT B LRt AR TEHEH CE 20 v R Tt Pl 61 BB PHoH enciec
application as-is, the |layout my be adjusted as required so as to
elimnate an®® design around sone or all of the detected weak sites, or
the specific layout nay be categorized for |ess robust applications and
thereafter used as-is in less critical or |ess demandi ng applications. 20ln
certain other enbodi ments, testing for anomal ous weak BEOL sites may be
used to eval uat e Fibereegfaphicalhc dlustratep eomparetivé @l e thunp/metbldizétadns systena
given netallization systemconfiguration, or to evaluate the relative

per formance lodhavievel dnteteetorn icorvemiger iaatl SSoRp whessn icorvbi 8T gepistsibasthadvratievi ce

generations. In still other enbodi nents, weak site
interaction curve of pillar bumps that have been formed above anomalous weak sitesin
10 the BEOL metallization system of a semiconductor chip or wafer, whereas curve 802
depicts a typical comparative behavioral interaction curve of a representative pillar
bump/metallization system configuration. As shown in Fig. 8, comparative behavioral
interaction curve 802 has a configuration that is substantially the same as the typical
comparative force/distance behavioral interaction curves 302 and 502 illustrated in
15 Figs. 3 and 5, respectively. More specifically, curve 802 displays an initial non-linear,
e.g., strain-hardening, region 802A (correlating to regions 302A/502A), a second
substantialy linear region 802B (correlating to regions 302B/502B), a third non-linear
region 802C (correlating to regions 302C/502C), a crack point 832 (correlating to crack
points 332/532), and a substantially linear post-crack region 802D (correlating to
20 regions 302D/502D). Furthermore, it should be understood that the crack point 832
occurs at a force level 822 having substantialy the same magnitude as the force levels

322/522 of curves 302/502, and at a total distance traveled 812 having substantially the

same magnitude as the distances 312/512 of curves 302/502.
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testing may be used as a quality control tool to pre-test dies for
flip-chip bonding and assenbly readi ness, to eval uate process excursions
and/ or process drift in the back end of |ine manufacturing stages, or to
eval uate the overall health of the manufacturing line (e.g., tool and/or
substrate cleanliness, and the like). 5 Due to the generally upward
tilt of the angle 922 at which the test probe 920 contacts the pillar bunp
903 relative the plane 923 of the netallization system 904 during the
testing for anomal ous weak BEOL sites as described above, the tip 920P of
the test probe 920 nmay sonetimes nove or slide across the outer surface

903S of the 10 pd:ur\xér?(fiu%hﬁﬂf”a@ﬂ n(%)eébnents gétﬂs%é‘r ey @'Mﬁuefaﬂﬁd

Accordingly, in some i strative e the present disclosure

h 920P. d
nto the sur PRee g < i BN, FrChAR et (BRRLERS Yooy hef 8% Feas The
f 903S d bed b th .
Fepeat abl o dBEOkTGA A %aemovemag@ag%g{ogv i %mm%@éo@emm' - TiEhe 15
nmetal lization system 904. Figures 9c-91 depicts various illustrative

enbodi Rent s ¥PICReErcqidigigace; cyhve §99 put i eraly NpweyRteihap SPMecber rRsPRts Chr

bunps 903 in accordance with one or nore of the testing configurations
illustrated ¢UiveERES. FoaeEntPl®Es saavivn Fide8, esve Bdbbes a pulasignt dlbr neneliager
bel ow. 20Figure 9c is a side elevation view of one enbodinent of a tip 920P
of an il ustimital BO1A disat closdlydod@s therstape @f. the chisd ows-ltrieer ebian 8p2Avwfdhet he
test probe 920 in Fig. 9c along the view "9d-9d." As shown in Figs. 9c and
9d, the tip 9pREA @mngdaleive éste/distance behavioral interaction curve 802. Additionally, curve

801 has a linear region 801B which has substantially the same slope as the second

10 substantially linear region 802B of curve 802, and furthermore closely follows curve
802 up to an approximate transition point 861, which isindicative of alatera force 820F
on a representative pillar bump having a magnitude 851 and a distance traveled 820D

having a magnitude 841.

15 However, after having reached the end of the substantially linear response region
801B at the approximate transition point 861, curve 801 transitions into a substantially
non-linear response region 801C, which has a substantially similar non-linear
configuration as the third non-linear region 802C of curve 802, abeit occurring in a
lower range of force 820F and a shorter range of distance traveled 820D. For example,

20 as shown in Fig. 8, the comparative behaviora interaction curve 802 displays an
approximate linear to non-linear transition point 862 between regions 802B and 802C
that occurs at a lateral force magnitude 852, which is greater by an amount 853 than the

lateral force magnitude 851 for the transition point 861 of curve 801. In one example,
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probe 920 may have a tapered top surface 950 defining an included angle
950A so that the tip 920P forns a chisel-1ike wedge shape 960W In at

| east some enbodi ments, the included angl e 950A may range on the order of
30-40, although other angles may al so be used. Furthernore, in certain
enbodi nents, the included angle 950A may be adjusted as required so as to
provide the requisite degree of tip sharpness, e.g., so that 5 the wedge
shape 960Wof the tip 920P grabs or digs into the surface 903S of the

tested pill afhelhite 889 IndyIREapplixdfiatai§aL AN Yrates Wt tha tdrad By1. WRLiRinoOVi Ng
or slipping. Mreover, the included angle 950A nmay al so be adjusted based

on the speci foGrBti6h ilpéi'gf 83%3{?2%3{%@%& %‘i’@&c@%‘%v&ﬁ&ejrsh@%aﬁ’ ébr%étepﬁgﬂsth@% SO

i
Lo I
to mnimze the anbun ormatl on or ot damage to t Wedge

shape 960W d&rstiaﬁ% thaglgf:eg%ﬁf sl?c;vxl/nr%l%'? cﬂ%@%of%ttgé Eria%i on pQ[i)rét %;%Waﬁ%\rr%ﬁnt:él%i gf

depi ct anot her t1've enbodiment o est pro havi ng

920P that foyms a wedge,shape 9 erein.the ti 20P | so. have a
aper ed bot ¢ BIAE AN B8 SergRs 47 inay Bt AETOMITARY hEsTpE e S tee 950
forms the 15 included angle 950A. In certain enbodi nents, the included

angl e 950A n®{l-be approxi mately 30-40, although the included angle 950A may
be adjusted to other specific angles as nay be required so as to provide
the requisite degree of tip sharpness, and/or to mnim ze the anount of
undue deformati on or other danage to the wedge shape 960W duri ng repeated
pi Il ar bunp testiGgye88l furthei indichies theba criabedill @@ntually ottug alr asnakpuanealoh
depict yet another illustrative test probe 920 having a tip 920P that is
subst anti al | BE©Ldtesut aforceheet 820Fcam fol gancatraveiedsdrOBNthatar&b@h lovie tikamth®f -

i.e., with tapered top and bottom surfaces 950 and 951 form ng a wedge
shape 960W @#&skctive values indicated for the typical pillar bump/metallization system
10 configuration depicted by curve 802. More specifically, curve 801 displays a crack

point 831 that occurs at a force level 820F having a magnitude 821 that is lower by an

amount 823 than the magnitude 822 of the force level 820F that is required to initiate a

crack in the typical pillar bump/metallization system configuration as indicated by crack

point 832. Similarly, accordingly to curve 801, the total distance traveled 820D to

15 initiate a crack in the weak BEOL metallization system during lateral force tests has a

magnitude 811, which is less than the corresponding magnitude 812 of curve 802 by an

amount 813.

Accordingly, a comparison of the force/distance response curves 801 and 802

20 provides evidence that a system configuration that is made up of typical pillar bump
(e.g., acompliant pillar bump as previously described) will generaly display, at least up

to a point, a common force/distance behavioral interaction response, irrespective of

whether or not the pillar bump is located near or above an anomalous weak BEOL
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wherein the tip 920P also includes a plurality of vertically oriented
serrations 970V. As shown in the plan view of the test probe 920
illustrated in Fig. 9f, the vertically oriented serrations 970V nmay, in at
| east some enbodi ments, extend across the full width of the wedge shape
960W I n other enbodi nents (not shown), the serrations 970V may be 5
substantially centrally |located on the tip 920P wth un-serrated portions
of the wedge shape 960W near each side, or vice versa, wherein the

serrations 9fafizat¢H §iRffsifee Movih/bi ihef kittereEd pilter burfh ARB twhédalie or
un-serrated central portion. Furthernore, as with the included angle 950A

of the top aﬂ%{]%H%d?éﬂwédﬂibﬁéf%n%&sfﬂ&%k@%h%t&ﬁ@%@dﬂ;@?ﬁé é%)}é\/loﬁ ve! z¢€

and shape of e vertically oriente errations usted as 10

required so 0 t i kel ] t ' ' uring
its initial @iﬁ%@%%ﬁﬁﬂﬁﬁﬂtﬂ%ﬂéw@ﬁsﬁgﬁﬁ@”dﬁﬁbhéQﬁg%#@gﬁgﬂFPﬁf*§@%%8§§35_
e.g., so that ,the.tip 920P may re fir n e wth or grip.the pillar
bunp’ 903 - WHHERETAPRIRE A BN 1eeal il R e AR Gat et st on
and/ or damage to the serrations 970V, 15Fi9ures_9i and 9] show yet another
i |1 ust Pati veN¥BIHY §8ERCESH Tora iypicaspill gy rygtglllﬁgtwwstgmtqogﬂgggﬁor}. h&'S may
be used to substantially reduce the likelihood that the test probe 920 does
not slip whebyPeREPitlppPLIITPeiatizeien syptearpigaeral Hteragion Aoy thesforelpe wsed in
respective tested pillar bunp 903. In sone enbodi nents, the tip nmay have
top and bot t some iaglanced te perfaieslddiB0alH aerah fpreatests oh uelweseatatiV e s candastor
previously described 20 wth respect to Figs. 9c-9f above. However, as
shown i n t hechipd orswifets soeasetdadttnthe predeiee of @nornalols \Weak BEORHedin a tienti p
920P nmay have a substantially truncated or flat surface 960F that includes
a plurality gektaRizesdrdsiedl. | y horizontally oriented serrations 970H
Furthernore, in certain enbodinents, the tip 920P of test probe 920 may

al so qpave tapered side surfaces 952 having an included angle 952A, as
shown in Fig. 9. Depending on the paraneters associated with the specific

material s, motal |t MAaRES oion Pt SR Bl 2o (ol R ARl os e

materials, netallization systemcontiguration, . C
angl e 952A nﬁe\?eiharﬂ%ebé rr)eorpar%%g %R‘hé%ﬁ I%} Mur%gé ng gp’eci%lctsehr%lucgﬂddcttor chips prior to

flip-chip packaging so as to detect the presence of anomalous weak BEOL sites in an

underlying metallization system, which, as described above, may be more likely to lead
15 to the occurrence of white bump crack failures. However, as with the above-described
lateral force tests that may be used to detect the presence of anomalous stiff pillar bumps
(see, e.g., Figs. 6a and 6b and the corresponding description), adjustments may be made
to the slow speed lateral force testing scheme so that the pillar bumps are not tested to
failure, i.e., so that the presence of weak BEOL sites is merely detected, but without

20 creating a crack in the underlying metallization system during the test.

Figure9a schematically depicts one illustrative embodiment of the present

disclosure wherein a slow speed lateral force test may be used to detect the presence of
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5 shoul d be understood that other angles may al so be used, as previously
described with respect to the included angl e 950A descri bed above. It
shoul d al so be appreciated that any of the previously disclosed enbodi nents
descri bed above, such as the enbodinents illustrated in Figs. 9c-9g, nmay
simlarly have tapered side surfaces 951 as shown in Fig. 9j. Al so as

previ ously described, the included angles 950A and 952A and the 10 nunber
and size of horizontally oriented serrations 970H may be adjusted as

requi red basgnffbusheify apil gt Souphds! fdrntet MBbdRr aMBiced15za808 $oehi 4 of a
requi renents. Figures 9k and 91 depict a further illustrative

embodi ment - Oberfod BBLioPRE: 4% SWASAEURBIIR FidRaOZRR Bhod 05 pbe REARS 920

my have a s tanti a at surtace certaln e Inments, the

nor i zont ar. s REE 0 o N FeE oS BT e ekt Ao By of o
h 970T hayi i all 1d h : ich d d
Lo grab or dple firopsta o fRseicallo Seie, 30 28T APpd s Bt BafE ™ ©

Figs. 9a and 9b), rather than slide across the surface 903S as descr|j bed
above. SFur t h8zhdia¥, bg MoYRH A WIaR PEMHECDE Fpprnelentafieegd tiRaRccprdance with the
doubl e-serrat ed/ pyram dal teeth configuration illustrated in Figs. 9k and
91 may al so Pevigysy descgbeds awspeed tesi ngteethqdggiit-eice. ot afteshprabgrspertldhgeoF of
the illustrative enbodi nent shown in Figs. 9i and 9] and descri bed above.
As a result lebsthheapoxjoiatey déson/sqet- snas totgarer gie dissiorcedi2§E lonshe respactivé des
various nethods and systens that may be enployed to test and eval uate the
met al | i zat i opilleyeiso03 RurtB&Ghoreeh afder asnhaesiysdbl ity andetédi eveplk BEQL ditesps
formed thereabove. 5The particul ar enbodi nents di scl osed above are

i Il ustrati vejrofk YnetazaibR sietf vok QRdEMINd e M fiuath SuEidiImRcthe sod $dted
different but equival ent nanners apparent to those skilled in the art

havi ngot he bgped)i At i [ K St eps
ot a0t n abaug fercBlect TRVRE Y SAoDSl R0 Rl o ATRR i BardRa 8

i mtatl ons giahit§ IRl B hdfafes2d drin@heBANA SHGMeM b afifd) ARHRER! N

shown, ot her

used to generate the typical behavioral interaction curves 301 and 302 shown in Fig. 3,
as well as the curves 801 and 802 shown in Fig. 8. Instead, and for the reasons outlined
below, the path 921 along which test probe 920 is moved during the test may be angled
15 at a substantially non-zero angle 922 relative to the plane 923 so that the tip 920P of the

test probe 920 contacts the pillar bump 903 at a generally upward tilt.

It should be understood that when the force 920F is imposed on the pillar bump

903 with the probe 920 at the substantially non-zero angle 922, only afirst portion of the

20 force vector 920F tranglates to a shear load 920S and an overturning moment 920M at
the interface 940 between the pillar bump 903 and the metallization system 904. On the

other hand, a second portion of the force vector 920F imposed on the pillar bump 903

trandates to atensile load 920T at the interface 940. In thisload configuration, the total
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10 as described in the clains below It is therefore evident that the
particul ar enbodi nents di scl osed above may be altered or nodified and all
such variations are considered within the scope and spirit of the

i nvention. Accordingly, the protection sought herein is as set forth in the
clainms below. CLAIMS WHAT IS CLAI MED. 1. A nethod, conprising: 5formng
pillar bunp above a netallization systemof a sem conductor chip; and
forming a plurality of notches in said pillar bunp, wherein said plurality

of notches aggirafRRIRCGhE BilRFbUSh 9B3Tduttb fhd Ednibi Rdti ohaif dhd bldrftini Ry AbrAEN

said pillar bunp is exposed to a |lateral force. 102. The nethod of claim1,

wherei n form i it f I [ SR cJal - of
My 3 f%‘ﬁ‘?] g%eg%igg%g ¥ndie 1681 586N 9@6‘13 t'g;éﬁ%g“%%@ l’géﬁ%sﬁ?%t’?%s%ﬁﬁ i

said plurality of 1 ~al'ong a side of sai
substant i al | ¥ VLo Hon 3B may be higher than what would typically be expected,

compared to the load configuration that would typically occur when the lateral force is

5 imposed along a substantially parallel path relative to the metallization system (see, e.g.,
the path 212 of the force 220F relative to the plane 223 in Fig. 2). In this way, when the

tested pillar bump 903 is positioned above or near an anomalously weak BEOL site in

the metallization system 904, the transition point from a substantialy linear to a
substantially non-linear behavioral response, such as the transition point 861 between

10 the regions 802B and 802C of comparative behavioral interaction curve 802 in Fig. 8,
would be expected to occur more quickly than might otherwise be the case, thereby

enhancing weak site detection.

In certain embodiments of the present disclosure, the force/distance behavioral

15 interaction of the pillar bump 903 and the metallization system 904 may be evaluated
and/or plotted during the lateral force test. Furthermore, in at least some illustrative
embodiments, the specific behaviora interaction of a given tested pillar bump 903 may

be compared on a real-time basis to the known behaviora interaction curves for pillar

bumps formed above anomaous weak BEOL sites and the typica pillar

20 bump/metallization system, e.g., the behaviora interaction of pre-characterized typical
populations, such as may be represented by the comparative behaviora interaction

curves 801 and 802 shown in Fig. 8. Moreover, since pillar bumps formed above weak

BEOL sites have been shown to display a quicker transition from a substantially linear
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3. The method of claim1l1l, wherein formng said plurality of notches
15conpri ses positioning each of said plurality of notches along a side of
said pillar bunp that is oriented substantially away froma center of said
sem conduct or chi p. 4. The nmethod of claim 1, wherein form ng said
plurality of notches conprises formng at |east three notches. 20 5.
The nmethod of claiml1l, wherein formng said plurality of notches conprises
form ng an asymmetrically shaped notch. 6.The nmethod of claim1l, wherein

form ng sai dreghdnsatd taysubbtaftitl IGNesh-16RAP FéspEigsel QM W | Bdrall RR& teaNEe8fegai d
plurality of notches with a tool having a radiused tip.
transition point 861 of curve 801) as compared to the same transition in atypical pillar
bump/metallization system configuration (see, e.g., the approximate transition point 862
of curve 802), it is possible to quickly assess whether or not a given pillar bump 903

5 may be formed above an anomalously weak site within the BEOL metallization system

904.

For example, when the force 920F imposed on the pillar bump 903, or the

distance traveled by the test probe 920 during the lateral force tests, passes a leve that is

10 known to cause an early linear to non-linear behavioral response transition in tests
performed on pillar bumps formed above weak BEOL sites (see, Fig. 8), it may be
indicative that the tested pillar bump 903 is not located above or near an anomalous

weak BEOL site. On the other hand, an early linear/non-linear transition during the later

force test may be indicative of aweak site in the BEOL metallization system 904 below

15 the pillar bump 903. Irrespective of whether or not aweak BEOL site has been detected
during the lateral force test described above, once the force 920F or the distance traveled

by the test probe 920 has passed the range within which the linear/non-linear transition

point is generally known to occur, the test may be discontinued prior to inducing a crack

in the underlying metallization system. Furthermore, it should be appreciated that in

20 certain illustrative embodiments, a suitable lateral support device, such as the pillar
bump support device 730 shown in Fig. 7c and described above, may be used to reduce

the magnitude of the bending load imposed on the pillar bump 903 during the above-

described tests, thus reducing the likelihood that cracks may occur.
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57. The method of claim1l1, wherein formng said plurality of notches
conprises formng at |east one of said plurality of notches with a first
tool having a first tool profile so as to formsaid at |east one of said
plurality of notches with a first notch profile, and using a second t ool
havi ng a second tool profile to adjust a profile of said at |east one of
said plurality of notches fromsaid first notch profile to a second notch
10profile. 8. The nethod of claim7, wherein formng said at |east one of
said plurality of notches with said first tool conprises performng a

| ateral force test on said pillar bunp with a test probe having said first

tool profile. st T BRLASMHAL b lrleq OGS BRATT G Sl

plurality of notches conpri ses rmn ast two first notches a ong a

first side of, |arabal8.9g bl b se@%ide%&nst B LEASL £ DEAREPR A 00 o

second side 24 G -secoRd i €l NG on an opposité side

Further Comphrtl 53%@%‘%8%" cbizd i S8 ot 08 A5 m@ﬁ&"@ﬁ%@ on

sai d p| | lar bu so that said first side is oriented substanti al Iry

from aScent efdofhesBlipRe $&7i A A BN ZARNpYRRE Basile idm FpsealdVapor 7@8@ one
second notch on said pillar bunp so that said second side is oriented
subst ant i al | 9riensi@Ndassigisiowe i EvJ. 8, avdivehesebmriheniedurels 920hisgnoved along the

path 921 at an angle 922 that is angled upward relative to the horizontal plane. In
certain embodiments, the angle 922 may range between about 5° and 45°, wherein the
specific angle 922 used may depend on the degree of weak BEOL site detection
10 enhancement that may be desired for the specific semiconductor chip 902 and
metallization system 904 being tested. Furthermore, it should be appreciated that, due to
the angle 922 of the path 921 along which the test probe 920 is moved during the
modified lateral force tests, the notch 924 created in the tested pillar bump 903 may
have a substantially asymmetric configuration or appearance, thereby readily
15 distinguishing the angled pillar bump tests that may be used to detect anomalous weak

BEOL sites.

In other embodiments, the semiconductor chip 902 may be mounted on a test

fixture (not shown) as previously described, wherein however the test fixture and chip

20 902 may be rotated such that the plane 923 of the metallization system 904 is at an angle
922 relative to horizontal, asis shown in Fig. 9b. During the lateral force tests, the test

probe 920 may then be moved along a path 921 that is substantially aligned with the

horizontal plane, thereby inducing the same relative magnitudes of loads 920S, 920T
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11. The method of claim11, further conprising supporting said pillar bunp
5with a pillar bunp support device while formng said plurality of notches.
12. The method of claim 11, wherein supporting said pillar bunmp with a
pillar bunp support device conprises positioning said pillar bunp support
device to be in contact with a first side of said pillar bunp while formng
one of said plurality of 10 notches on a second side of said pillar bunp,
said pillar bunp support device being adapted to resist a force inposed on

said pillar GiBvdiring dRimdndaDoMS afRd nieffab®0aD $31id degtfibed withi fegiictif@l i ty

of not ches. 13. " A met hod, conprising: 15positioning a pillar burrp
support devi ﬁ% bdlarfo98t Atdordih n@g %E&rﬁéént%h@lé\fel 8 1BLA té&Hsile sty 5B Pk
above a netal IVi zati on syste f a sem conductor chip; positioning a p| Il a

bunp repair v i i i £ ng a
first notch g@ J;Segﬁ'n ﬁge@&d%g& sal gu'ﬂthﬁar %frlpa%\;\ngtf#c e#(%’wprﬂ# Fufeﬂ '{n
Fig. 9b, thus substantially enhancing the detection of anomalously weak BEOL sites in

5 the metallization system 904.

In some embodiments, slow speed lateral force testing of the pillar
bump/metallization system as disclosed herein may then continue at least until a
statistically significant and/or predetermined quantity of pillar bumps 903 have been

10 tested, at least in those areas of the semiconductor chip 902 that may be of interest,
depending on the specific reasons for performing the tests. For example, in certain
illustrative embodiments, the above-described weak BEOL site detection testing may be
used to evaluate the robustness of a specific metallization system layout. Depending on
the outcome of the weak site detection testing, the specific chip layout may be used for

15 the intended application as-is, the layout may be adjusted as required so as to eliminate
and/or design around some or al of the detected weak sites, or the specific layout may
be categorized for less robust applications and thereafter used as-isin less critical or less

demanding applications.

20 In certain other embodiments, testing for anomalous weak BEOL sites may be
used to evaluate the performance of specific dielectric materials in a given metallization
system configuration, or to evaluate the relative performance of new dielectric materials

for use in highly scaled new device generations. In still other embodiments, weak site
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20bunp repair device, wherein formng said first notch conprises inposing a
force on said second side with said pillar bunp repair device; and
supporting said pillar bunp with said pillar bunp support device while
formng said first notch, wherein supporting said pillar bunp conprises
resisting, wth said pillar bunp support device, said force being inposed
on said second side of said pillar bunp by actuation of said pillar bunp
repair device. 514. The nethod of claim 13, wherein positioning said pillar

bunp repair gecPaptb d6RMs 4 QuAia) EortRf Bt t& pretes AR flob BFp-89 Ibbhd@ Ay BBd sai d
pillar bunp repair device adjacent to an opposite side of said pilTar bunp

[rom sad 11 Ksiidexines. 1o v FRESRAToRS ol ol RS ke N9
formng sai doffI'irfe%arpu?&?uqin(&nst%&é'o??o 8\];al R ﬁe%\/gjaﬁ”heam the manufacturing line

(e.g., tool and/or substrate cleanliness, and the like).

Due to the generaly upward tilt of the angle 922 at which the test probe 920

contacts the pillar bump 903 relative the plane 923 of the metallization system 904

during the testing for anomalous weak BEOL sites as described above, the tip 920P of

the test probe 920 may sometimes move or slide across the outer surface 903S of the

10 pillar bump 903 before the notch 924 begins being formed. Accordingly, in some
illustrative embodiments of the present disclosure, the tip 920P of the test probe 920

may be adapted so that it grabs or digs into the surface 903S of the pillar bump 903

rather than sliding across the surface 903S as described above, thereby providing a more
consistently repeatable detection test for weak BEOL sites that may be present in the

15 metallization system 904. Figures 9¢-9I depicts various illustrative embodiments of test
probe tips 920P that may be used for testing pillar bumps 903 in accordance with one or

more of the testing configurations illustrated in Figs. 9a and 9b, as will be described in

further detail below.

20 Figure9c is a side elevation view of one embodiment of a tip 920P of an
illustrative test probe 920, and Fig. 9d shows the plan view of the test probe 920 in
Fig. 9c along the view “9d-9d.” As shown in Figs. 9c and 9d, the tip 920P of the test

probe 920 may have atapered top surface 950 defining an included angle 950A so that
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that is oriented substantially away froma center of said sem conductor
chi p, 16. The nmethod of claim 13, further conprising form ng at

| east one second notch on said second side of pillar bunp with said pillar
bunp repair device while 15supporting said pillar bunp with said pillar
bunp support device, wherein said at | east one second notch is
substantially vertically aligned with said first notch. 17. The

nmet hod of claim 13, further conpri sing: positioning said

pill'ar bump GRRRADPISISEECH i -ARENBIde b 1os d 1% aeRd sshélemBddi?BRa the
pillar bunp; positioning said pillar bunp repair device adjacent to said

first side ohoibfiaRid baia PMPenceldii BicRY: JEA5L 00R0h BN S BahaRagn sai d

first side ofn sald th sard pillTar b epal r
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adjusted as required so as to provide the requisite degree of tip sharpness, e.g., so that
5 the wedge shape 960W of the tip 920P grabs or digs into the surface 903S of the tested
pillar bump 903 (see, Figs. 9a and 9b) substantially without moving or dlipping.
Moreover, the included angle 950A may also be adjusted based on the specific materials
of the test probe 920 and the pillar bumps 903 so to minimize the amount of undue

deformation or other damage to the wedge shape 960W during repeated pillar bump

10 testing.

Figures9e and 9f depict another illustrative embodiment of a test probe 920
having a tip 920P that forms a wedge shape 960W, wherein the tip 920P may also have
atapered bottom surface 951, which together with the tapered top surface 950 forms the

15 included angle 950A. In certain embodiments, the included angle 950A may be
approximately 30-40°, although the included angle 950A may be adjusted to other
specific angles as may be required so as to provide the requisite degree of tip sharpness,
and/or to minimize the amount of undue deformation or other damage to the wedge
shape 960W during repeated pillar bump testing, as previously described.

20

Figures 9g and 9h depict yet another illustrative test probe 920 having atip 920P
that is substantially similar to the tip configuration shown in Figs. 9e and 9f — i.e., with

tapered top and bottom surfaces 950 and 951 forming a wedge shape 960W, and
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supporting said pillar bunp with said pillar bunp support device while
formng 5said at | east one further notch by resisting, with said pillar
bunmp support collar, said force inposed on said first side of said pillar
bunp. 18. A device, conpri sing: a plurality of pillar bunps
fornmed above a netallization systemof a 10sem conductor chip; and a
plurality of first notches formed on a first side of at |east one of said
plurality of pillar bunps, wherein each of said plurality of first notches

I's posi ti oneghatiditbe fgiodod hléétncﬁjd@abl@raﬁié;ﬁmﬁér@éaly%hbb{ted%ﬁdtiéﬁé 9M. gRgeNt .

1519. The device of claim 18, wherein said first side of said at | east one
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5 substantially centrally located on the tip 920P with un-serrated portions of the wedge
shape 960W near each side, or vice versa, wherein the serrations 970 are grouped near
either side of the tip 920P with an un-serrated central portion. Furthermore, as with the
included angle 950A of the top and bottom surfaces 950 forming the wedge shape
970W, the size and shape of the vertically oriented serrations 970V may be adjusted as

10 required so as to reduce the likelihood that the tip 920P may dlip during itsinitial contact
with the sides 903S of the tested pillar bump 903 — e.g., so that the tip 920P may more
firmly engage with or grip the pillar bump 903 — while also substantially reducing the

likelihood of deformation and/or damage to the serrations 970V.

15 Figures 9i and 9] show yet another illustrative configuration of a test probe 920
having a tip 920P that may be used to substantially reduce the likelihood that the test
probe 920 does not dlip when the tip 920P initially engages the surface 903S of a
respective tested pillar bump 903. In some embodiments, the tip may have top and
bottom tapered surfaces 950 having an included angle 950A as previously described
20 with respect to Figs. 9c-9f above. However, as shown in the illustrative embodiment
depicted in Figs. 9i and 9j, the tip 920P may have a substantially truncated or flat
surface 960F that includes a plurality of substantially horizontally oriented serrations

970H. Furthermore, in certain embodiments, the tip 920P of test probe 920 may aso
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21. The device of claim 18, wherein said netallization systemconprises a
plurality of netallization |ayers, and wherein at |east one of said
netal li zation |layers conprises one of a lowk dielectric naterial and an
ultra-lowk dielectric material. 522. The device of claim 18, wherein said
at | east one of said plurality of pillar bunps conprises copper. 23.A
pillar bunp support device, conprising: a pillar bunp contact surface that
is adapted to contact an outer surface of a 10 pillar bunp fornmed above a

metal | i zat | ORa@ehe@a) Slte 3uS s 8P HaginganCiitivd £i9824& abslstihwirl B Figugp
support device is adapted to substantially support sai d pillar bump when a
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as pillar bump materials, test probe materials, metallization system configuration, and

the like, the included angle 952A may range from approximately 20-40°, athough it

5 should be understood that other angles may also be used, as previously described with
respect to the included angle 950A described above. It should aso be appreciated that

any of the previously disclosed embodiments described above, such as the embodiments
illustrated in Figs. 9¢c-9g, may similarly have tapered side surfaces 951 as shown in

Fig. 9. Also as previously described, the included angles 950A and 952A and the

10 number and size of horizontally oriented serrations 970H may be adjusted as required

based on the various pillar bump parameters and testing requirements.

Figures 9k and 9l depict a further illustrative embodiment of a test probe 920,

wherein the tip 920P of the test probe 920 may have a substantially flat surface 960F. In

15 certain embodiments, the substantially flat surface 960F may be serrated in both the
vertical and horizontal directions, such that the tip 920P is made up of a plurality of

teeth 970T having a substantially pyramidal shape, and which may be adapted to grab or

dig into the surface 903S of a tested pillar bump 903 (see, Figs. 9a and 9b), rather than

dide across the surface 903S as described above. Furthermore, it should also be

20 appreciated that the double-serrated/pyramidal teeth configuration illustrated in Figs. 9k
and 91 may aso be used, for example, on the truncated or flat surface 960F of the

illustrative embodiment shown in Figs. 9i and 9] and described above.
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pillar bunp contact surface substantially confornms to a contour of at |east

a portion of said outer surface of said pillar bunp. 25. The pillar
bunp support device of claim?24, wherein said contour of said 20pillar bunp
contact surface conprises a sector of a circle. 26. The pillar bunp

support device of claim 23, wherein said pillar bunp support device is
adapted to be positioned on a first side of said pillar bunp when said
force is inposed on said pillar bunp froma second side of said pillar bunp

that is opposite R§asaiufl df itfitorgdife deseAbtbri] ﬂhb?;?%&w&i’scﬁié@ RQrbvideW Fidubei ng
further adapted to substantially prevent said force frombeing transferred

to said metajly hg érﬁ‘sgét)é@%ﬂﬁ& m%% b@%pﬁ%‘e&%t&% e?/HB&@rtl’ieﬁ\ ||‘%&|d?1flﬁgét§“ m

23, wherein sal unp support I ce conprises resilient terial.
of aBEOL metallization system and the pillar bumps formed thereabove.

5 The particular embodiments disclosed above are illustrative only, as the
invention may be modified and practiced in different but equivalent manners apparent to
those skilled in the art having the benefit of the teachings herein. For example, the
process steps set forth above may be performed in a different order. Furthermore, no
limitations are intended to the details of construction or design herein shown, other than

10 as described in the claims below. It is therefore evident that the particular embodiments
disclosed above may be altered or modified and all such variations are considered within
the scope and spirit of the invention. Accordingly, the protection sought herein is as set

forth in the claims bel ow.
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CLAIMS

WHAT ISCLAIMED:

1. A method, comprising:

forming pillar bump above a metallization system of a semiconductor chip; and

forming a plurality of notches in said pillar bump, wherein said plurality of
notches are adapted to adjust a flexibility of said pillar bump when said

pillar bump is exposed to alateral force.

2. The method of clam 1, wherein forming said plurality of notches
comprises positioning each of said plurality of notches aong a side of said pillar bump

in asubstantially vertical alignment.
3. The method of clam 1, wherein forming said plurality of notches
comprises positioning each of said plurality of notches along a side of said pillar bump

that is oriented substantially away from a center of said semiconductor chip.

4, The method of clam 1, wherein forming said plurality of notches

comprises forming at least three notches.

5. The method of clam 1, wherein forming said plurality of notches

comprises forming an asymmetrically shaped notch.

65



10

15

20

6. The method of clam 1, wherein forming said plurality of notches

comprises forming at least one of said plurality of notches with atool having a radiused

tip.

7. The method of clam 1, wherein forming said plurality of notches
comprises forming at least one of said pluraity of notches with afirst tool having afirst
tool profile so asto form said at least one of said plurality of notches with afirst notch
profile, and using a second tool having a second tool profile to adjust a profile of said at
least one of said plurality of notches from said first notch profile to a second notch

profile.

8. The method of claim 7, wherein forming said at least one of said plurality
of notches with said first tool comprises performing a lateral force test on said pillar

bump with atest probe having said first tool profile.

9. The method of clam 1, wherein forming said plurality of notches
comprises forming at least two first notches along a first side of said pillar bump and
forming at least one second notch on a second side of said pillar bump, said second side

being on an opposite side of said pillar bump from said first side.

10.  The method of claim 9, further comprising positioning each of said at

least two first notches on said pillar bump so that said first side is oriented substantially

away from a center of said semiconductor chip and positioning said at least one second
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notch on said pillar bump so that said second side is oriented substantially toward said

center of said semiconductor chip.

11.  The method of claim 1, further comprising supporting said pillar bump

with apillar bump support device while forming said plurality of notches.

12. The method of claim 11, wherein supporting said pillar bump with a
pillar bump support device comprises positioning said pillar bump support device to be
in contact with a first side of said pillar bump while forming one of said plurality of
notches on a second side of said pillar bump, said pillar bump support device being
adapted to resist a force imposed on said pillar bump by atool that is used to form said

one of said plurality of notches.

13. A method, comprising:

positioning a pillar bump support device in contact with a first side of a pillar
bump formed above a metallization system of a semiconductor chip;

positioning a pillar bump repair device adjacent to a second side of said pillar
bump;

forming a first notch on said second side of said pillar bump with said pillar
bump repair device, wherein forming said first notch comprises imposing
aforce on said second side with said pillar bump repair device; and

supporting said pillar bump with said pillar bump support device while forming

said first notch, wherein supporting said pillar bump comprises resisting,
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with said pillar bump support device, said force being imposed on said
second side of said pillar bump by actuation of said pillar bump repair

device.

5 14.  The method of claim 13, wherein positioning said pillar bump repair
device adjacent to said second side comprises positioning said pillar bump repair device

adjacent to an opposite side of said pillar bump from said first side.

15.  The method of claim 13, wherein forming said first notch on said second
10 side of said pillar bump comprises forming said first notch on a side of said pillar bump

that is oriented substantially away from a center of said semiconductor chip,

16. The method of claim 13, further comprising forming at least one second
notch on said second side of pillar bump with said pillar bump repair device while
15 supporting said pillar bump with said pillar bump support device, wherein said at |east

one second notch is substantially vertically aligned with said first notch.

17.  Themethod of claim 13, further comprising:

positioning said pillar bump support device in contact with said second side of
20 said pillar bump;

positioning said pillar bump repair device adjacent to said first side of said pillar

bump;
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forming at least one further notch on said first side of said pillar bump with said
pillar bump repair device by imposing a force on said first side with said
pillar bump repair device; and

supporting said pillar bump with said pillar bump support device while forming
said at least one further notch by resisting, with said pillar bump support

collar, said force imposed on said first side of said pillar bump.

18. A device, comprising:

a pluraity of pillar bumps formed above a metallization system of a
semiconductor chip; and

a plurality of first notches formed on afirst side of at least one of said plurality
of pillar bumps, wherein each of said pluraity of first notches is

positioned along said first sidein a substantially vertical alignment.

19.  Thedevice of clam 18, wherein said first side of said at least one of said
pluraity of pillar bumps is oriented substantially away from a center of said

semiconductor chip.

20.  The device of claim 18, further comprising a plurality of second notches
formed on a second side of said at least one of said plurality of pillar bumps, wherein
each of said plurality of second notches is positioned along said second side in a

substantially vertical alignment.
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21.  The device of claim 18, wherein said metallization system comprises a
pluraity of metallization layers, and wherein at least one of said metallization layers

comprises one of alow-k dielectric material and an ultra-low-k dielectric material.

5 22.  The device of claim 18, wherein said at least one of said plurdlity of

pillar bumps comprises copper.

23. A pillar bump support device, comprising:
a pillar bump contact surface that is adapted to contact an outer surface of a
10 pillar bump formed above a metallization system of a semiconductor
chip, wherein said pillar bump support device is adapted to substantially
support said pillar bump when a force is imposed on said pillar bump

during a pillar bump repair process.
15 24.  The pillar bump support device of claim 23, wherein a contour of said
pillar bump contact surface substantially conforms to a contour of at least a portion of

said outer surface of said pillar bump.

25.  The pillar bump support device of claim 24, wherein said contour of said

20 pillar bump contact surface comprises a sector of acircle.

26.  The pillar bump support device of claim 23, wherein said pillar bump

support device is adapted to be positioned on afirst side of said pillar bump when said
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force is imposed on said pillar bump from a second side of said pillar bump that is
opposite of said first side, said pillar bump support device being further adapted to

substantialy prevent said force from being transferred to said metallization system.

27.  The pillar bump support device of claim 23, wherein said pillar bump

support device comprises aresilient material.
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