;e3e\g\n D@46j TMW.J~ .r 0 6 DE C 2002 1 COWPLI ANT SURFACE LAYER FOR
FLIP- CHI P ELECTRONI C PACKAGES AND METHOD FOR FORM NG SAME Fi el d of the

I nvention This invention relates to el ectronic packagi ng and nore
particularly to methods and apparatus for inprov(fy ﬁE@@g bility of
f1¥p-chi p connections by accommbdating for differences in thernmal expansion
of the chip and the substrate to which it is attached. Background
Integrated circuit (1C chips or nodules are often connected to chip
carriers, and sonetines directly to PC boards or cards, bMIllmmwmlmwulmmrmnly
referred to as ¢4 (controll edcol | apsed-chi p-connection) o

attachnment technol ogy. Small sol-der bunps or balls are forned«uansan active
surface of the chip. The chip is then turned over (hence the nane
"flipchip") and placed,on the carrier, board or other substrate to which it
wi ||l be attached. e d C r to reflow
in a controlled c%%@p%gggkgﬁ;ﬂpﬁe{ %gbgéggﬁfcéﬁ%e%%kgﬁs bet ween the
chip and substrate. This technol ogy has numerous advantages, including
conpact connections, electrical performance and cost, that have nmade it one
of the industry standards. There are certain di sadvantages, however, that
have prevented even w der adofipbdh of ttheg IBVBnLion0™ 2 One of the nore
significant di sgﬁl\/,ant_a es resul tfﬁ\f romdi fferences in the coeffjcients of

thermal expansi diECHEYeBFLPReTSHREFP SIFSEFAPLC PRRFRF-Thi MRS al s
such as siligqgn, g ni i ar, L S Y S about
3 to about % ppﬁ%%@gaﬁ?c%h%a%ar%rgﬁggk\%ﬁ?ghuﬁ% éﬁg%gvg aﬁ%ched
and or gani creridBiad gl rési F1hpacrsp ardnaaEESonboh @ rddRlcliigCorpesi t es
of organic dielectrics and netallic circuitry, tend to have CTES between
about 12 andifienanc® ppnti@rwisl ekpsnstompdnéheschie drshtbgd andstoated t he
substrates expand and contract nuch nore than the chips. Wth a sinple chip
to substrat®® BMfdttitords #hE2ER$%i n f nom the unequal expansion is absor bed
primarily by the soft solder. Wth repetitive thermal cycles, which are

i nescapable with many el ectroni c conponents, the solder joints are likely
to fail. A conventional approach tophbk§rqun@l emis to surround the sol der
joints with a dielectric underfill material that matches or approxi mates
the CTE of the sbhthgrgtgidnt sirewitch (I€)t yphice | praboedulx®s t @rgboaftog

ppmi C. Typical underfill paterials are epoxy-based anhydride systeng. They
are normal | ORRESY O FRER) SREERCYEr PIEhEPTe LM S SiEECELY el &9 BPETS8ich as
silicon dioxj.d pr t I fill I i e
ndert 111 o0k SRt ashure Tt B SERRERTy oo e e P HEEPLIEET (e

st or age nodubusipéydicrald-yogheat esnit ans abeouwhiZRat aehadoult: e30Bks3bgyThe
underfill bears nost of she load resulting fromthe differential expansion
of tine chi prahl soXder Huppe 9PO;lls are formed on an active surface of

the chip. The chip is then turned over (hence the name "flip-
chip") and placed, on the carrier, board or other substrate to
which it will be aEFached. The components are heated to cause
the solder to refiow in a controlled collapse which completes
electrical connections between the chip and substrate. This
technology has numerous advantages, including compact
connections, electrical performance and cost, that have made it
one of the industry standards. There are certain
disadvantages, however, that have prevented even widexr

adoption
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3 substrate, and reduces the strain on the solder joints. However, by
restricting the differential expansion between ta Iﬂ; nd substrate, the
relatively strong coupling between the chip and gi E:%B@Za tendency to
warp both the chip and carrier. This increases |oads acting normal to the
surface of the substrate to which to which the carrier is attached. For
exanpl e, as the package cools after the carrier has been attached to a
printed circuit board or card, typicall? with an array of solder balls on
BGA, the chip and carrier have a tendency to bow upward in the m ddle,

whi ch generates a tensile |oad on the balls at the center of the array
between the carrier andthe board or card. This can |ead to premature
failure of the BGA. There have been many attenpts to mtigate these

probl enms, including stiffeners with a desirable CTE and | ayers of conpliant
material within a nulti-layer organic printed circuit board or card. .
Stiffeners are expensive, however, and conpliant |ayers within a board

i ntroduce stres8neoféetiheampoas shpet igrrdt et seldvenghohel essePIssfrpass

t hrough t hem_hecanme of, t he shear_defornmation, Thus, the need for reliable
o DoxherSF bErates gt Bhso AR RE ST et FBPERET AraaLes GaBAnSFon

bet ween chips ang, GiaC b Zar OF 08Ghios YSh Rt SUGR 83-cP GatELErs and
printed circuit boards renains. -3a 0 6 DE C 2002 SUWARY According to
an aspect gbkrinhfiwhesehigaillyaiit axyeniidectsuablpieniedetea seramandagcter
package conprising: an integrated circuit chip; a circuitized organic
substrate ebapEi 8i AEMA°Car Oregenhavetp agrdetpctenvhith tiher whiipsx pagsi on
substantiall¥ hhgher han t he coefficient of thernml expansion o _sgid

chi p; sol d8FBGARBCRPONST SR Ve T 2248 ERAF P HndP ¥ sadt?gtcra&fié;' - (1 Rk
encapsul ant,, COMRIAA1Y0 AhdRIEEET Lle |duah ar auadcsaldogoLdar «eeaneql ons;
and a |l ayer of conpliant dieleciric material between sai encapsul ant and
sai d circuidirzaedteyganefdcabr have @k Beekesd ravowdt €2i ahda havbag aonodul us
of | ess about onehalf the nodulus of the underfill |ayer, and bei ng adapted
t o confor mppo/f6venedss bhesde apmdentnts |aagerhemterhe aniddecemeddipieed to

conformto venents of sajd aqrganic substrate on . the other, side.  According
Lo anot her SABFEERCEF THRAHT GEENTOTTRASE FBRD THEF CH20 BRGVTBRE el Bitroni c

equi pment  cONPId SidNGen AN £ SWALSE L1l 8L P: e ClskCUERT 288n0RGRNI C
dielectric chip carrier having a first set of contacts on a first surface
and a secontheirialofexg@icashs i oNaBsSEEEON thsinrdle 0RPaid escFai ddlidest.

surface, with contacts in said second set electrically connected to
cont act s i Wigdi depefstivetthesphiarycdemnedtiansrpet vesanrrsdild ¢hip many
carrier; alt]eluencq:?:‘rofniilcl C(l)% gr‘iéntrsqurl'lgessaci)lddesroljggltxt(s:ogpee%.tiik% %/; to fail.

A conventional approach to this problem is to surround the
solder joints with a dielectric underfill material that matches
or approximates ‘the CTE of the solder joints, which 1is
typically about 22 to about 28 ppm/°C. Typical underfill
materials are epoxy-based anhydride systems. They are normally
heavily filled with very small particles of materials such as
silicon dioxide to produce the desired CTE. The filler also
gives the underfill a high modulus (as used herein, the term
"modulus" refers to the storage modulus) typically greater than

about 2GPa or about 300ksi. The underfill bears most of cthe

load resulting from the differential expansion of the chip and



a conpliant |ayer of an interpenetrating polynmer network between said

underfill layer and said chip carrier and including openbggﬂagﬁgres ondi ng
to the solder connections; a circuitized organic substra i g2 tacts

on at |east one surface; and an array of sol der connections between
cqntacts on said substrate and said second set of contacts on said carrier.
According to anot her aspect of the present invention, there is provided a
met hod for connecting an integrated cigcuit chip to a substrate conprising
an organic dielectric chip carrier having an array of contacts on at | east
one surface, conprising: 0 6 DEC 2002 "' -3b providing an array of
primary sol der nenbers projecting froman active surface of said chip;
applying a conpliant |ayer of an interpenetrating polyner network to said
surface of said substrate, covering the contacts on said surface; formng
openings in said conpliant |ayer to allow access to the contacts on said
substrate; positioning said integrated circuit chip on said conpliant |ayer
Wi th said prefeerieg sodderedumeser shal isgmednwiarh §h¢d BPEFTNgseLiaRY- heat | ng
t he sol der nenbers to_allow spld tQ.fLow thrqugh said openi ngs and

conpl et o el BUEFFEa P SRREEITOMS BRevBLH SR e PoRati Sof ReCUREACEEE and -
formng a Laygra,od dndentil! ¢wmd ethalaeopng 3aLd-cal O6ly $RRUBEHL! PRS

bet ween the conpliant layer and the chip.” According to yet another aspect

of the presathp amdertaraniert hese a s egndevicgedoa waeiph b chorehas sey | agd

el ectronic conponents conprising;, providing an integrated circuit chip
havi ng an &RFayedf PFHifaipcsersrRy Leefsergting normal to the surface of

the substrate to which to which the carrier is attached._ For
example, as the package cools after the carrier has been
attached to a printed circuit board or card, typically with an
array of solder balls on BGA, the chip and carrier have a
tendency to bow upward in the middle, which generates a tensile
load on the balls at the center of the array between the
carrier ;ndﬁthe board or card. This can lead to premature
failure of the BGA.

There have been many attempts to mitigate these problems,
including stiffeners with a desirable CTE and layers of
compliant material within a multi-layer organic printed circuit
board or card. . Stiffeners are expensive, however, and
compliant layers wi;hin.a board introduce stress concentrations
where plated through holes (PTHs) pass through them became of
the shear deformation. Thus, the need for reliable and
inexpensive ways to accommodate for differential thermal

expansion between chips and circuitized organic substrate such

as chip carriers and printed circuit boards remains.



projecting froman active surface of said chip; providing a circuitized
organic dielectric chip carrier having a first set of gt” on a first
surface and a second set of contacts on a second surfa ﬁi 2co sai d
first surface, with contacts in said second set electrically connected to
cantacts in said first set; formng an querfill | ayer around said
projecting sol der nenbers, between said Qarrier and said chi p; formng a
conpliant |ayer having openings corrggRptdigig to said projecting sol der
menbers and said contacts on said carrier and a nodul us of 100,000 psi or

| ess on said firdtcgdingate af zacd ohi thec aresedr inyosdn,i dhdragissgirevided a
integrated circujt chip on said.conpliant |ayer with said projecting sol der
menber s al feé]ﬁlg%f1%f%pg@faéeﬁﬁlgmlﬂag'; and heating the solder nenbers to allow
sol der to flow t pighats@cilcdpsip,ngs and conpl ete el ectrical connections
between said chip and said contacts; bonding an array of secondary sol der
menbers to cont agtarcohizedeorgavorsubyitald aompopingaid dagsarrhaving a codgfigas 200y

-3c providin circuitized argani rinted cifcuit ard, card,or other
substrat e HEUTHEERSEN pEsLntigRg higet e the geattirig; 9@3@&?% cERFIB Ot
sai d seconggry sol der nmembers in contact with contacts on said substrate;
and reflow ng sai d secondary sol der nmenbers to conplete electrica
connections fromdardohndclighab@desi s6ditiip ahd paill Basaug; sai d primary sol der
menbers and said secondary sol der nenbers to said substrate. 06 DEC
2002 4 The packagresncapihlanchogssiog an hhderfiHvaser ponnd said solddatangtiens; and

differentials beleon chipocAnd Lhe or.0am Ml Aok L LML R8P o

circuitized organic carrier, said dielectric material having a modulus of less about one-
half the modulus of the underfill layer, and being adapted to conform to movements of the
underfill layer on one side and adapted to conform to movements of said organic substrate
on the other side.

According to another aspect of the present invention, there is provided electronic
equipment comprising:

an integrated circuit chip;

a circuitized organic dielectric chip carrier having a first set of contacts on a first
surface and a second set of contacts on a second surface opposite said first surface, with
contacts in said second set electrically connected to contacts in said first set;

solder connections between said chip and carrier;

an underfill layer around said solder connections;

a compliant layer of an interpenetrating polymer network between said underfill
layer and said chip carrier and including openings corresponding to the solder
connections;

a circuitized organic substrate having contacts on at least one surface; and

an array of solder connections between contacts on said substrate and said
second set of contacts on said carrier.

According to another aspect of the present invention, there is provided a method
for connecting an integrated circuit chip to a substrate comprising an organic dielectric

chip carrier having an array of contacts on at least one surface, comprising:



attached with a layer of conpliant material positioned between the chip and
substrate. The sol der connections between the chip an&mﬁéﬁ e extend
t'hrough this conpliant |ayer,~which is normally used Ui tional
underfill. The conpliant |ayer is positioned between the underfill and
swzbstrate, and should have a nodul us ofy] ess than about anerhalf the

nmodul us of the underfill. Conpliant nmaterials with a nodul us of |ess than
about 100, 000 pgiovidifig BRaAY by ﬂﬁﬁ%}fﬁ%&,m@lﬂ%rﬂﬁﬁoﬁ-‘é&i@ Froth b adtivEReiads

bet ween about 20,000 and about E0,0 O psi are preferred. During thernal
cycling of ofedchipp and substrate, one .side of the conpliant |ayer
confornms to the novenent of the underfill and other side of the |ayer .
conforms to the ABRKSWENE OMPlRRt JAYBE 1of At intpiReRRliatge sRPLYmE nelRsk i tansaid ayer

reduces coupl. ng.-b n.th hi n ubst r at her eby reducing their
bendi ng. V3 ﬁf%cﬁg’fég‘%ﬁg%‘}ée’ g?‘gﬁ“ %ttﬁl? (go_gl%%:cgsn&b%“&uéécg ‘or the conpliant |ayer,
i ncl udi ng rubber y,fREEHH&H sSH%Bidae%rr?p'lihhtCl‘ﬁﬂ‘f'&té@ﬁpWa%@é&s b ARt ddntRe HTBAS
such as pol ytretafl ouroet hyl ene. Photosensitive interpenetrating pol yner

net wor ks, suledrags t hose used as masks for the conpletion of sol der
connections, are preferred, . 0 6 DE C ~09~ O her advantages of this

i nvention will beocspprrrentid fageated £tuibwhing oBesdd i rmmdiant pyeki WHB #idur es
1 and 2 are_schematic Cross-section views -of prior.art elactroni

package. - FEEIraTg Dt Slelinatiebt S B sieBoiRt R bt he o BBl o
package empehyisofiict i HowMRgh QRid JPeBMES afld tomplelt! @BNIiOdl BXR&NLAT BéRleeflat a
charting the curvature of a standard package and a package with the

conpl i ant kagdehipandtshidscontaemsnsndon versus tenperature.. Detail ed Description
Figure 1 illustrates a conventional electronic package, general I¥ referred
to as 10, with al®ygHee 8kayst eburdsaiil staierial aroynd ssid $pides eRnnegtiqnsdietvpeengie cq
connecti ons i ust ry.with ¢4 technol og~, bunps or balls 16 of

sol der arecg?j?g%rﬁz%’%f%mg%%tcﬁ?fs 14 on the, integrated circuit chip or

nodul e 12 with t heceding id’}lérirﬁ%échsﬁé&@tofttﬂ@pFé?,_Eﬁtaiﬁb&tﬂeﬁ ARe 9 ptARdedThe
chipis then flipped into the illustrated position and t he sol der balls 16
are al i gnedhetiiadnfoc assembling léctomiccomspinentsedmpasinger 22. The package is then
heated to reflow t he _.sol der balls.16, aBd coanI ete the. G4 conne[\é:ti ons

bet ween chip 12 BFRY'EAE A dptegrsied SUqhR SPIPRIATIE LY ehPrimpmyCiplder yembyrs

shown) in b%%&%%g}oﬁg E*%&E*%S’Eﬁg#@&sﬁﬁ%?fts 24 on top of the carrier to a

second set contact's 26 on the bottomof the carrier.
A second set of sflviling BalrtwitiZdd org@iiewRbictricedhgetartiBietihvidpea At k& of Borithas
attached the chip 10 to the carrier, is attached to the contacts 26 beneath
t he carri epn aThist surfacqyandfa ssapndsse2®f comaste wni aoseadidy surédfce roppdsitectosssidaliBdl |
Gid Array or. BGA, . .connect ccgnt acés ZP &o gont acts.34 on a 1pri %ted circuit
board, car GV°ColHBFONAHS 1 sidsosond 39t gleghicatly copnepind Ineontanlt Insasbiithsrte
sel ected to melt fatyide hRWRlertifTRRL AkdtA shiiPftolclfnS 01887 mEMbLREndhelinldis 16,
so that chip and carrier can be attached to substrate 32 w thout disturbing
t he C4 connecier ambsaidCanpent i onal chip materials such as silicon, gernmani um
and gallium | arseni de have coefficients of thernmal expansion of about 3 to
about 6 ppni C. THEYIRE & SIAPHAN AT thayHgdoRngsr qaresrondiig o sadcpropasting
boards and _gt.her ¢ osi,t e ,substrates. manuf actured, with ic.dielectrics
such as gl S35 PREGT AR v orRe s oh Sid@tarint s mogubls of RUOR0 s ot fepr i o
PTFE and t bgdlfir&Qurfidd ghidtdndéhrairi ers, boards and other substrates made
of these orgar~.a' .c dielectrics typically have CTEs of about 12 to about
20 ppm C. Despi t potihosingTdaidnisteptatdd, cireuic whip aedsad gamipdiadt dbwct withssad e
used in many .applications because they have a nunber of advant ages

(i ncl udi ngPEYGtingsejder membsrspligned wethspid apgniags sny heatie the selderyaempergite

e, 2, AU b PR R SIS oty T it ™

package 10s4ig chpadn@dafdrconn@lsed the | ateral expansion or 0 6 DE C 2002
contraction of carrier 22 is substantially greater than the | ateral

expansi on or conbpeding agaohy bheecondqpy i@dermhembers éat@sads shéwar sesondsuniagn t he
C4 solder balls 16. Many el ectronic conponents routinely experience thermnal
cycles in @ éﬁ‘gcﬁﬁf’&r?nary operation, and these cycles are sonetines

aggravat ed by environnental conditions. Thermal cycles in excess of 100C
are rather common. Under extrenme operating or environnmental conditions they
may exceed 125C. The stress/strain inflicted, on the C4 connections by
these cycles is one of the primary causes for premature failure of

t hese. connections. Figure 2 illustrates anot her package 40 incorporating
one conventional ' approach to the CTE mi smatch problem The parts of package
40 are essentially the same as those i ~n package 10, except that package 50



Underfill 48, which may be any of a nunber of commercially avail able

materi als designed for this purpose, is normally dispensed around the

peri phery of the chip after it has been attached to the substrate is drawn
into the spaces between the C4 connections by capillary [ggﬁ}?@grthen
cyred. The underfill nmay also be applied.to the chip or I Jand
cured sinultaneously with the C4 refl ow “The solidified underflll bears
nmost of the | oady ﬁewzgatae@lrd%z@ufctr?m@mtédnc@emta%m@ncﬁﬂdmc@ﬂref agbdtaite Of
chip 12 and carrier whi ch substantially reduces strain on the C4
connect i onkavifig on & 16asbEm@ 80facs; As nenti oned above, underfill nmaterials

normal |y contain consi derabl e amounts of very small particles of materials
such as silicon RRSHQNHRE Sﬂ*ﬁecaﬁré?rt ith eg1dy pecongRIE POUdST tREM pete JRj eantach Vgl e

t he underf ially equal to the CTE of solder balls 16,
whi ch typléltyﬁgﬂ?aggﬁﬂ%#' %ﬂgbout 22 ppmi C. These coefficients nust be

mat ched to keep fchgwitpdesifil éelsoﬁdai?ymséidteﬁrrﬂb?ﬁtﬁ:ké/ 6 bR REcATAL %@fﬁ%cﬁ@ﬁd ng
the C4 balls in the direction normal to the chip surface, which would al so
produce pr gomtsaideinfegrdted ercu‘i‘thmppﬂmughwlamit}mmafgl|sb1denm,e1rfmemeandrsa1d@evcmdlai‘§e

underfill materials a high nodulus, typically greater than 2GPa car 300ksi .
Wien a pac%&@)@f@ﬁml?qli%tot%atfbsqbﬁqrﬁ§trat ed in Figure 2 is cooled after curing
the underfill, the CTE differences and strong coupling between the chip 14

and the carrier 22 tend to warp both the chip and the carrier. This can
crack the silicon chip. On cooling after conpletion of the BGA connections
28 between carrier 22 and substrate 22, warping of the chip and carrier
puts a tensile load on the balls 28 at the center of the, ball grid array
between the carrier and substrate. Subsequent thermal cycles stress these
sanme sol der balls, and can cause premature failure. Thus, an underfil

| ayer by itself is not an entirely satisfactory solution. Figure 3
illustrates an el ectroni c package 60 enbodying this invention, which
substantially reduces bending or warpage from CTE differentials and the
attendant risk of early chip crack ing or BGA chip fatigue. Package 60

i ncl udes a conpliant 06 EC200 9 |layer 68, between the underfill 48
and the carrier 22, which conforns to the novenents of the underfill 48 on
one side and the novenments of the carrier 22 on the other side. In an
underfill ed package |ike the one shown in Figure 3, the conpliant |ayer 68
shoul d have a nodulus of |ess than about one-half the nodulus of the
underfill 48. In general, materials with a nmodul us of |ess than about

100, 000" psi are suitable, and materials having a nodul us between about

50, 000 psi and about 20,000 psi are preferred. Suitable materials include
phot oi mageabl e i nterpenetrati ng pol ymer networks, rubbery materials such.
as silicone and visco-plastic materials such as ' pol ytretrafl uoroethyl ene.
Phot oi mageabl e i nterpenetrating polynmer networks . (IPNs) such as the
cationically polynerizabl e epoxy based resin systens disclosed in U S.
Patent 5,439,779 to Day et al., the disclosure of which is incorporated
herein by reference, are especially preferred. s . These IPNs can be, used
to form sol der masks which facilitate conpletion of the C4 connections
between the chip and carrier. Their physical properties also nmake them

hi ghl y desirabl e.



The preferred conpliant materials are applied to the surface of carrier 22
cured and treated to provide a pattern of openings 66 that correspond to
the C4 balls 16 on chip 12 and the contacts 24 on carrier 22. The chip with
prefornmed solder balls 16 is then placed on the conplﬂdﬁﬂ?gﬁygn nd t he
package is heated to soften the solder balls, allow ng solder T0™flow O s
SEC zo~~ 10 through the openings 66 i the conpliant |ayer and conplete
connections with the contacts 24 on the carrier, |eaving a space between
the conpliant layer and the chip that is filled with a conventi onal

underfill material, typically after the chip has been attached to the
carrier. The relatively | ow nodulus of conpliant |ayer 68 allows the top of
this layer to conformto the novenents of underfill 48, while the bottom of

the | ayer confornms to the novenments of the carrier 22. This substantially
decoupl es the chip expansion fromthe carrier expansion, which reduces
stress transfer and warpi ng of the package 60, which reduces stresses on
t he BGA connectj,on i ncr eir. reliability. The reduced upling
bet ween t he ch?ﬂﬁ%aﬁagg%%%%]raé]t%galg‘r%ltégr’%%s?efs&sl Sealrnvalé%?rﬁacf:gﬂm% a%%ecc%d
connect i ong; derditiahize HacLBagEd-hebs abldd t Rl (hgBGEA copneatdgns 28,
whi ch are usually nmuch I ess reliable than the C4 connections, nore than

of f set s amyawieicnsas daardsheramiEpatddcirbfes of o t Wiei dPd Wenneditgsongse Wt h
proper selection of~materials, dinensions and other paraneters, the
packages dtttafheqd wisht folrYan He cavBl Hild "S5t hat RAfdtinnediprtivaen i fe of

the &4 connectio and t anticipated |life of the BGA cannectio w il be
appr oxi rra[gellr?/ (t:]ﬁl s%?rp, W raétu%'sft Z{r‘ll%ef a??%/%rnc?rogggggl%?/seﬁ%rhwe’re@ :Libﬁ lity.
Finite el eseiyy ARl MHstrand expers EBtdighdahasi sshipialgct Dayet hanpRtd el

-thi ckness of the conpliant layer is in the range of one quarter to one half
of the spate rletmwddry tlsedchifph a @omvanticndbutmdaméithr r Tee. cdtphiart | ayer s
do not reduce warpage as effectively as those within the preferred range,

and t hi cketaYeyets pagk-iqned dyqteigen thef rrfexfdlr amdi nirthgtspere a4 h
underfi| 1. . J0¢ 4 IOYER, LB uar page WIICHLLEs Whic WA Lhe Hss, Al these
mat eri al s "ay be seen 1 n Figure 4, i ch_shows experi nmen ar war page data
(obtai ned §y ¢sdnenddy#i81i.nt eheloart rvdcdahla GonyeNtisanabschimessrier |
(Curve A) and a carrier with a conpliant layer of this invention (Curve B).
Bot h packagksnwebeupr belaiceP wih aree rsameliukéesimkiiedekndf mgtéttoks chi p,
havi ng an array of 700 solder balls in _a full array. The chips were
attached tBL1gPag8s™PArfed Revisen ARt 88 - PPP ottt P FtomPr RRO sBfe Fet eri al s)
havi ng a nge%r?%?m 18 ppm C and a nodul us of about 18 GPa. A conpli ant
| ayer, appfoxinmately 2 mls thick, of a photoinageable interpenetrating
pol ymer networ kp@tiag adlet@lalr 8§t nimndrache chibr oMd RAbedr&POX yneeside havi ng
a nodul us of about 0.3GPa at 200C was applied~to the surface of the second
carri er aneftrehe edcawpliignin opaydngsonserespdrdi Ble t oovheentl [of | khehe
array on the chi gl?nd %he contacts on thﬁ surface of the carrier. The balls
g ot tnan P

“were connedt oIt $16F PhearfYeF THHGUHGR PR Bp8RVREE tn t he
conpliant | ayehe |&BUNYLR . SPAGE Rfin@PREOXLABL ebyp ki 4Hd S Retweenyths chip
and the conpliant layer. In the first carrier, which did not have a
conpl i ant lcayen ingheespaae thet veeh dnldesabs praamrd clerdisr radscing their

bending. Various compliant dielectrics can be used for the
compliant layer, including rubbery materials such as silicone
and visco-plastic polymers such as polytretaflouroethylene.
Photosensitive interpenetrating polymer networks, such as those

used as masks for the completion of solder connections, are

preferred.



0s a Ec Zooz 12 approximately 6 ml|s. The open spaces around the C4
connections in each package were filled with Dexter Hysol 4511, a
comercially available underfill material with a nodulus of about 11 GPa at
roomtenperature. Figure 4 shows that the bending curvature, which is~
proportional to the bending stress in the package, is a linear function of

the tenperature. The | ower the bendi ng_curvature the |O\Q6 OECb%Ug' ng
flat (zer 'é

stresses. The tenperature at which thespackage becones ndi ng
curvature? is defined as the "stress free tenperature, " or the "chip

| ocki ng tenperature” or the "chip coupling tenperature” because fromthat
.tenmperature down the,chi"~ will start to be |ocked or to be coupled to the
| am nate chip carrier. Above that tenperature; the chip is decoupled from
the lam nate chip carrier, i.e., the chip remains nearly flat and the
bendi ng curvature remains substantially zero. As is evident fromthe graph,
the decoupling layer in the second package effectively |Iowered the "chip

coupl i ng t enper &thes, advhataged Hertdilgglevevatar igdi Re, 2aBPa¥eRE from

i ntersection of tl[}'re qurve to the tenperature axis. In this case, the "chip
coupl i ng t enperm e 19 APERERT ¥ om 140c for the standard package to
about 110C for the package with the decoupling | ayer. Because of the |linear
rel ati on between the bending curvature and tenperature the whol e bendi ng
curve (line) for the package with therakeamspl ing | ayer is shifted 06 DE
C ~88~ S3 downwards. Thus we have a | ower bending curvature and hence | ower
bendi ng stressesFigiaefe hakhge e SeRIa¢d€o FFPPRYSEESAIMNTorviens wpbl e
tenmperature_range belqw that."chip coupling tenmperature” point. As noted
above, variBtt otHer engr%FPghf ﬂ%@éa}qeal s can be used for conpliant |ayer
68. Qrher techniguas.d op P{EPAr i fohaRder ORSKS.se4GBnas SH&ENORN I ghing on
very low Tg materials, can be used with materials that are not

phot 0- i mageabéetrdsid inskagki bhbddying hiar inwehtiappreci ate fromthe
foregoing description, this invention provides an effective, practical and
cost effective nBidieee f or isedudmghweipiexgeranpabiageata eha¥ting chhp
"attachnents to circuitized or ic dielectric substrates. The

i npr ovement §UAY 8 4tHhi é\fjedavvi sﬁ%@t@rgr RFTRY S h%ncgl fer RRTFIE® prwd‘%?‘enﬁh‘?hat

pl agued pri @bnARPRPARACHE A @t RinS sPERPLEMonCh e COUE SCamddi@tRieki | 1 ed in the
art will also appreciate that many nodifications may be nade to the
materials, structures ‘and net hods di scl osed above within the scope of this

inv~tion, which is defined by the follow ng clains. -14 - 0 6 D E C 2002
W claim 1. A semiconductor padKefgesCoRpEFSIPE:Cman integrated circuit
chip; a circuitized organic.substrate conprisin rrijer .havi
coefficient of tﬁé‘?ﬁﬁ? beg%‘é? of SUbst antiar 3:70%?18%re?thrgr?ltchga%%ggfei'ci ent

of thermal expanshe) Plespidh ¢ Rs $8! defcicNnacki 8RSy bel VRshertled ¢ p and
sai d substrate; an éencapsul ant conprising an underfi I? | ayer around said

. sol der connectdions;itanddachaybsr af2 don@4 ephndeeledd r i Aaaierqutdretmyeen
sai d encapsul ant and said circuitized organic carrier, said dielectric

materi al hawWifg S4nbechrRlady | BYerasgubabhend PRI IRTuaFGs2 bEaEiRe t°
underfill |ayer., and.heing adapted 1a conform Lo fRyerentsale the underfill
de adapte ?o ont HP}%/ d

| ayer on one Si an conformto novenents of sal organi c

substrate onHNeHAbNeAvertal s& thaPakagenoged diangré coltapm lThdeseip t he
conpliant dielectric material conprises a polynmeric material having a

nmodul us of |essthdmantlaiped 1000000epsilud.rahegapkageiae cordi Hee tor kel m 2
wherein said polyneric material has a nodul us between about 50, 000 Psi and
about 20 OOOb%%ﬁs 16 are aligned with contacts 24 on circuitized carrler

22. The package is then heated to reflow the solder balls 16

and complete the C4 connections between chip 12 and carriexr 22.

Conventional electrical circuitry ({(not shown) in the carrier

connects the contacts 24 on top of the carrier to a second set



4. A package according to claim3 wherein said polynmeric material conprises
an-interpenetrating polyner network, a rubbery material or a visco-plastic
polymer. 5. The sem conduct or package according to claim 1l wherein the

| ayer of conpliant dielectric material includes openings corresponding to
sal der connections. 6. A package accorging to cl nbm@en t he conpli ant
dielectric material conprises an interpenetratiﬁgsp I twork. 7. A
package according to claim®6 wherein at | east one polyner in said network

i s phot oi mageabl e. 0 6 DE C 2002 -15 8. A package according to claimb5
wherein the conpliant |ayer conprises a solder mask. 9. A package according
to claim8 wherein the sol der mask conprises a phot oi nageabl e

i nterpenetrating polymer network. 10. A package according to claim?9
wherein said photo-imgeabl e interpenetrating pol yner network conprises an
epoxy based resin systemconprising a polyol resin and a brom nated epoxy
resin. 11. 2 gackaae ac ordigg o cl ai 1% wher ej n said4?ﬂ r net wor k
begi ns a t fanSPRIFBRtE 2% Fuls réOETﬂ?é’ 18 FBRPLETAL urk efi®*ib8at 95C
and about 103Ge,13,, /A HackageAceRLd ﬁgrgﬁr_c' al Sepbergh st hﬁstﬁhgléness of
the | ayer of conpliant dielectric nateri i S between about '/4 and about
'12 of theagitataaae el velRib t he i prindcaRei@ar rier .ackdchblieald oghe

equi pnent conprising: an integrated circuit chip; a circuitized organic

di el ectri c comitpctar raéerbaneaithg thef igagrieet ofTldentactay ovf aballst 26urf ace
and a second set of contacts on_a second surface opposite said first
surface, WORVEBREGRRELY Fefsrgeddrg 2 daldl BELdiAadaYy ok fififecceanest

contacts in5al grt%: ??t$§%ht§8l:ge’§4 %%“geéi'%ebr% RYLNGep. é@é'fh,cma%daﬁgam

carrier; an un ayer around sal o) connections; ‘a conp

| ayer of amtheberspeaeiraséi ng. pol yYRErssierorin heleween sandsundembis] bel ayer
and said chip carrier and including openings corresponding to the sol der

connect i onsselgctiedc bpt hekd adr gahdwes (Hespenteuhaihag ¢tbat setdewrinathleeast

one surface; and
Ca 6E>a11s 16, so that chip and carrier can be attached to

substrate 32 without disturbing the C4 connections.
Conventional chip materials such as silicon, germanium and
'
gallium arsénide have coefficients of thermal expansion of
about 3 to about 6 ppm/°C. They are commonly attached to
carriers, printed circuit boards and other composite substrates
manufactured with organic dielectrics such as glass filled
epoxies, polyimides, liquid crystal polymers, filled PTFE and
the like. Circuitized carriers, boards and other substrates
made of these orgapic dielectrics typically have CTEs of about
12 to about 20 ppm/°C. Despite this CTE mismatch, circuitized
organic dielectrics are used in many applications because they
have a number of advantages (including cost, BGA 1life and
dielectric constant) over other materials (such as ceramics)
which have CTEs closer to the CTE of the chip. The use of
materials with this CTE mismatch does create problems, however

When package 10 is heated or cooled the lateral expansion or



an array of solder connections between contacts on said substrate and said
second set of contacts on said carrier. p 6 DEC 2002 -16 14. A nethod for
connecting an integrated circuit chip to a substrate conprising an organic
dielectric chip carrier having an array of contacts on at |east one
surface, conprising: providing an array of pri maryUs@I@iEC rs
projecting froman active surface of said chip; applying a liant | ayer
of an interpenetrating polymer network7to said surface of said substrate,
covering the contacts on said surface; form ng openings in said conpliant

| ayer to allow access to the contacts on said substrate; positioning said
integrated circuit chip on said conpliant |ayer with said projecti-ng sol der
menbers aligned with said openings; and heating the sol der nenbers to all ow
solder to flow through said openings and conpl ete el ectrical connections
between said chip and said contacts; and formng a | ayer of underfill
material graundosaid se! der. connest Lons betugen,the compllant,qlays, and the
chip. 15. et hod for asse I ng el 8cPPORIT coipdnents conpr i si ng:

providi ng mﬁeh:a_tlegkgé&éii&a lUbbn€hh & HRY oRJc RO AN 20f PhiSBdde s@lder
menbers projecting froman active surface of said chip; providing a
circuitized dregani stdiigl ewt rile o psdater drallavinsg a Mamstebsttminigont act s
on a first surface and a second set of contacts on a second surface

opposi t e COTPRPENERT stOstiNHIe, eXPERLeRFR adhe ™R lsaFdcieg onth sdiheir

el ectrical Ir%lic%gnect ed éo cont %|C%Z‘ iSn éai eBfi rst set 'tifgr n n éavnatur}flerfi |1
| ayer aro ard BPSf% f'?n’g &5 Fehefbers, Pt ween sard ner” and said
chi p; by environmental conditions. Thermal cycles in excess of 100°C
are rather common. Under extreme operating or envirénméntal
conditions they may exceed 125°C. The stress/strain inflicted
on the C4 connections by these cycles is one of the primary
causes for premature failure of these .connections.

Figure 2 illustrates another package 40 incorporating one
conventiénariapproach to the CTE mismatch problem. The parts
of package 40 are essentially the same as those in package 10,
except that package 50 has an undexrfill layer 48 surrounding
the C4 solder balls, between the chip 12 and carrier 22.
Underfill 48, which may be any of a number of commercially
available materials designed for this purpose, is normally
dispensed around Ege periphery of the chip after i1t has been
attached to the substrate, is drawn into the spaces between the
C4 connections by capillary action, and then cured. The
underfill may also be applied to the chip or the carrier and
cured simultaneously with the C4 reflow. The solidified
underfill bears most of the load generated by differences in

expansion and contraction of chip 12 and carrier 22, which

substantially reduces strain on the C4 connections 16



formng a conpliant |ayer having openings corresponding to said projecting
sol-der menbers and said contacts on said carrier and a nodul us of 100, 000
psi or less on said first surface of said chip carrier; positioning said
integrated circuit chip on said conpliant [ayer with said projecting sol der
menbers aligned with said openings; and heating tt@ﬁngﬁr Uﬁg‘oers to all ow
solder to flow through said openings and conpl ete el'e cg onnecti ons
bet ween said chip and said contacts; ® 6 DEC 200 -17 bonding an array of
secondary sol der nenbers to contacts on the second surface of said carrier;
providing a circuitized organic printed circuit board, card or other
substrate having on at {east one surface; positioning said carrier with
sai d secondary sol der nmenbers in contact with contacts on said substrate;

and refl owi ng said secondary sol der nenbers to conplete electrica
connections fromsaid integrated circuit chip through said primary sol der

menbers and sai gssgeendian S8LYE! IRADATS 1t Qasak fa sUbsdahey BBy BA 724

doc eaa
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vgl gb] X] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c*a] cLa] ca] ca] ca] ca] ca
] ca] ca] ca] @8] Ea} £aPe IGOpddpe ( AhcarpEhicles arg added tp the material to
give the underfill 48 a CTE substantially equal to the CTE of
solder balls 16, which typically have a CTE of about 22 ppm/°C.
These coefficients must be matched to keep the underfill from
alternately stretching and compressing the C4 balls in the
direction normal to the chip surface, which would also produce
premature failure. The particulate additions, however, give
the underfill materials a high modulus, typically greater than
2GPa or 300ksi. When a package of the type illustrated in
Figure £ i€ cooled after curing the underfill, the CTE
differences and strong coupling between the chip 14 and the
carrier 22 tend to warp both the chip and the carrier. This
can crack the silicon chip. On cooling after completion of the
BGA connections 28 between carrier 22 and substrate 22, warping
of the chip and carrier puts a tensile load on the balls 28 at
the center of the_ball grid array between the carrier and
substrate. Subsequent thermal cycles stress these same solder
balls, and can cause premature failure. Thus, an underfill
layer by itself is not an entirely satisfactory solution.
Figure 3 illustrates an electronic package 60 embodying
this invention, which substantially reduces bending or warpage

from CTE differentials and the attendant risk of early chip

cracking or BGA chip fatigue. Package 60 i1ncludes a compliant
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fMLO%\ z\ & ()-9° 10% & ()-10% & ()-10% & () - 9@L0% & () - nz[ <f 7TF10N & ()- @/
10% & ()- hOvkeEig)s 3with 0aguaiydussiof] (hasss thian 1about(gR0¢ 00 ; psi are

b@ 9!10%\ &I Q:al-) glil.Ogﬁ m(a?terlag% &a\Qng ylo%&dlg}llug bg't(:)v\veelxg\ab]é(\)l ' 8'900/8§L (0)-
psi and about 20,000 psi are preferred. Suitable materials
include photoimageable iﬁterpenetrating polymer networks,
rubbery materials such-as silicone and visco-plastic materials
such as 4 polytretrafluoroethylene. Photoimageable
interpenetrating polymer networks .(IPNs) such as the
cationically polymerizable epoxy based resin systems disclosed
in U.S. Patent 5,439,779 to Day et al., the disclosure of which
is incorporated herein by reference, are especially preferred.
These IPNs can be used to form solder masks which facilitate
completion of the C4 connections between the chip and carrier.
Their physical properties also make them highly desirable.

The preferred compliant materials are applied to the
surface of carrier 22 cu?ed and treated to provide a pattern of
openings 66 that correspond to the C4 balls 16 on chip 12 and
the contacts 24 on carrier 22. The chip with preformed solder
balls 16 is then placed on the compliant layer and the package

1s heated to soften the solder balls, allowing solder to flow
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through the openings 66 in the compliant layer and complete
connections with the contacts 24 on the carrier, leaving a
space between the compliant layer and the chip that is filled
with a conventional underfill material, typically after the
chip has been attached to the carrier.

The relatively low modulus of compliant layer 68 allows
the top of this layer to conform to the movements of underfill
48, while the bottom of the layer conforms to the movements of
the carrier 22. This substantially decouples the chip
expansion from the carrier 'expansion, which reduces stress
transfer and warping of the package 60, which reduces stresses

)

on the BGA €onnections and increases their reliability. The
reduced coupling between the chip and substrate increases shear
‘deformation of the C4 connections 16, but the increased
reliability of the BGA conngctions 28, which are usually much
less reliable than the C4 connections, more than offsets any
decrease in the anticipated life of the C4 connections. With
proper selection qﬁ,materials, dimensions and other parameters,
the packages of this invention can be designed so that the
anticipated life of the C4 connections and the anticipated life
of the BGA connections will be approximately the same, with
substantially increased overall reliability.

Finite element analysis and experimental data indicate
that the optimal thickness of the compliant layer is in the

range of one quarter to one half of the space between the chip
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and carrier. Thinner layers do not reduce warpage as
effectively as those within the preferred range, and thicker
layers make it difficult to £ill the remaining space with
undexrfill.

The improvements in warpage which result from the use of
these materials may be s8een in Figure 4, which _shows
experimental warpage data (obtained by using -Moiré
interferometry) for a conventional chip carrier (Curve A) and
a carrier with a compliant layer of this invention (Curve B).
Both packages were produced with the same make and model of
silicon Fhip, having an array of 700 solder balls in a full
array. The'éhips were attached to glass filled epoxy laminates
(produced from the same materials) having a CTE of about 18
ppm/°C and a modulus of about 18 GPa. A compliant layer,
approximately 2 mils thick, of a photoimageable
interpenetrating polymer network of a vpolyol resin and a
brominated epoxy ‘resin having a modulus of about 0.3GPa at
200°C was applied_.to the surface of the second carrier and
treated to form openings corresponding to the balls in the
array on the chip and the contacts on the surface of the
carrier. The balls were connected to the contacts on the
carrier through the openings in the compliant layer, leaving a
space of approximately 4 mils between the chip and the
compliant layer. In the first carrier, which did not have a

compliant layer, the space between the chip and carrier was
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approximately 6 mils. The open spaces around the C4
connections in each package were filled with Dexter Hysol 4511,
a commercially available underfill material with a modulus of

about 11 GPa at room temperature.

Figure 4 shows that the bending curvature, which is-
proportional to the bending stress in the package, is a linear
function of the temperature. The lower the bending curvafure
the lower the bending stresses. The temperature at which the
package becomes flat (zero bending curvature) is defined as the
"stress free temperature," or the "chip locking temperature" oxr
the “chip coupling temperature" because from that temperature
down the‘chib will start to be locked or to be coupled to the
laminate chip carrier. Above that temperature, the chip is
decoupled from the laminate chip carrier, 1i.e., the chip
remains nearly flat and the bending curvature remains

substantially zero.

As is evident from the graph, the decoupling layer in the

second package effectively lowered the ‘"chip coupling
temperature," the zero bending curvature point, or the
intersection of the curve to the temperature axis. In this

case, the "chip coupling temperature" is lowered from 140°C for
the standard package to about 110°C for the package with the
decoupling layer. Because of the linear relation between the
bending curvature and temperature the whole bending curve

(line) for the package with the decoupling layer 1s shifted
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downwards. Thus we have a lower bending curvature and hence

lower bending stresses in the package with the decoupling layer
for the whole temperature range below that "chip coupling
temperature" point.

As noted above, various other compliant materials can be
used for compliant layer 68. Other techniques for preparing
solder masks, such as screen printing on very low Tg materials,
can be used with materials that are not photo-imageable. As
those skilled in the art will appreciate from the foregoing
description, this invention provides an effective, practical
and cost effective method for reducing warping in packages with
flip chip “attachments to circuitized organic dielectric
substrates. These improvements are achieved without creating
the alternative problems that plagued prior approaches to this
problem. Of course, those skilled in the art will also
appreciate that many modifications may be made to the
materials, structures and methods disclosed above within the

scope of this invention, which is defined by the following

claims.
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1. A semiconductor package comprising:

an integrated circuit chip;

a circuitized organic substrate comprising a carrier having a coefficient of
thermal expansion substantially higher than the coefficient of thermal expansion of said
chip;

solder connections between said chip and said substrate;

an encapsulant comprising an underfill layer around said solder connections; and

a layer of compliant dielectric material between said encapsulant and said
circuitized organic carrier, said dielectric material having a modulus of less about one-
half the modulus of the underfill layer, and being adapted to conform to movements of the
underfill layer on one side and adapted to conform to movements of said organic substrate

on the other side.

2. A package according to claim 1 wherein the compliant dielectric material

comprises a polymeric material having a modulus of less than about 100,000 psi.

3. A package according to claim 2 wherein said polymeric material has a modulus

between about 50,000 psi and about 20,000 psi.

— 4. A package according to claim 3 wherein said polymeric material comprises an

interpenetrating polymer network, a rubbery material or a visco-plastic polymer.

5. The semiconductor package according to claim 1 wherein the layer of compliant

dielectric material includes openings corresponding to solder connections.

6. A package according to claim 5 wherein the compliant dielectric material

comprises an interpenetrating polymer network.

7. A package according to claim 6 wherein at least one polymer in said network is

photoimageable.
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9. A package according to claim 8 wherein the solder mask comprises a photo-

imageable interpenetrating polymer network.

10. A package according to claim 9 wherein said photo-imageable interpenetrating
polymer network comprises an epoxy based resin system comprising a polyol resin and a

brominated epoxy resin.

11. A package according to claim 10 wherein said polymer network begins a

transition to a rubbery state at a temperature between about 95°C and about 105°C.

12, A package according to claim 5 wherein the thickness of the layer of compliant
dielectric material is between about 4 and about % of the distance between the chip and

the carrier.

13. Electronic equipment comprising:

an integrated circuit chip;

a circuitized organic dielectric chip carrier having a first set of contacts on a first
surface and a second set of contacts on a second surface opposite said first surface, with
contacts in said second set electrically connected to contacts in said first set;

solder connections between said chip and carrier;

an underfill layer around said solder connections;

a compliant layer of an interpenetrating polymer network between said underfill
layer and said chip carrier and including openings corresponding to the solder
connections;

a circuitized organic substrate having contacts on at least one surface; and

an array of solder connections between contacts on said substrate and said

second set of contacts on said carrier.
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organic dielectric chip carrier having an array of contacts on at least one surface,
comprising:

providing an array of primary solder members projecting from an active surface
of said chip;

applying a compliant layer of an interpenetrating polymer network to said
surface of said substrate, covering the contacts on said surface;

forming openings in said compliant layer to allow access to the contacts on said
substrate;

positioning said 7integrated circuit chip on said compliant layer with said
projecting solder members aligned with said openings; and heating the solder members to
allow solder to flow through said openings and complete electrical connections between
said chip and said contacts; and

forming a layer of underfill material around said solder connections between the

compliant layer and the chip.

15. A method for assembling electronic components comprising:

providing an integrated circuit chip having an array of primary solder members
projecting from an active surface of said chip;

providing a circuitized organic dielectric chip carrier having a first set of contacts
on a first surface and a second set of contacts on a second surface opposite to said first
surface, with contacts in said second set electrically connected to contacts in said first set;

forming an underfill layer around said projecting solder members, between said
carrier and said chip;

forming a compliant layer having openings corresponding to said projecting
solder members and said contacts on said carrier and a modulus of 100,000 psi or less on
said first surface of said chip carrier;

positioning said integrated circuit chip on said compliant layer with said
projecting solder members aligned with said openings; and heating the solder members to
allow solder to flow through said openings and complete electrical connections between

said chip and said contacts;
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providing a circuitized organic printed circuit board, card or other substrate
having on at least one surface;
positioning said carrier with said secondary solder members in contact with
contacts on said substrate; and
reflowing said secondary solder members to complete electrical connections
from said integrated circuit chip through said primary solder members and said secondary

solder members to said substrate.
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