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초 록

PPPaaaddd물물물성성성치치치에에에 따따따른른른 유유유도도도가가가열열열 SSSnnn---333...555AAAggg솔솔솔더더더 접접접합합합부부부의의의
접접접합합합 특특특성성성에에에 관관관한한한 연연연구구구

최 준 기
지도 교수 :방 한 서
조선대학교 일반 대학원
선박해양공학과

현재 전자ㆍ정보통신산업의 급속한 발달에 따라서 표면실장기술은 더욱 고집적화와 고
신뢰성 확보를 요구하고 있으며,전자 부품의 접성도 혹은 단일 전자칩의 I/O 밀도가
부단히 증가되고 있다.특히 BGA(BallGrid Array),CSP(Chip Scale Package),
FC(Flip Chip)등의 고밀도 Area Array 패키지는 현재 고주파 통신기기,Micro
ElectronicMechanicalSystem,바이오센서 등의 영역에 많이 사용되고 있다.기존 솔
더링 공정 기술은 이러한 고밀도 실장 적용에 어려움이 있으며,높은 융점의 무연 솔
더 접합 시 기판과 전자부품에 열영향을 주어 부품의 변형 및 파손의 우려가 있다.이
에 전자 산업에 적용이 가능하고 낮은 가격과 높은 신뢰성을 보장하는 새로운 솔더링
공정 기술이 요구된다.
고주파 유도가열은 금속합금의 용융,담금질,풀림,브레이징,단조 등의 분야에서 사용
되어지고 있으며,솔더링에 응용시 반도체 및 기판의 열영향을 최소화 하고 국부적 가
속 가열 실현을 통해 접합부 계면 금속 반응을 제어할 수 있는 이점을 지니고 있다.
본 연구에서는 새로운 솔더링 기술로서 고주파 유도가열을 이용하여 대표적 무연 솔더
합금인 Sn-3.5Ag솔더 범프의 형성과 그 접합 특성을 평가하고 열전도 해석을 통해
유도가열에 의한 무연 솔더링의 신뢰성을 해석하고,고주파 유도가열의 솔더링에의 적
용 가능성을 확인하고자 하였다.
본 실험에서는 Sn-3.5Ag솔더볼을 FR4기판의 도금물질(Au/Ni/Cu,Au/Cu,Ni/Cu,
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Cu)을 달리하여 유도가열에 의해 솔더 범핑을 실시하였다.여기서 고주파 유도가열 장
치의 주파수는 300㎑로 고정하고 전류와 가열시간을 조절하여 솔더 범프를 형성시켰으
며,솔더링 중 적외선 온도 측정기를 이용하여 솔더 범프의 발열량을 측정하고 초기조
건을 선정하였다.선정된 초기조건을 이용하여 유도가열에 의해 솔더 범프를 형성하고
전단강도,계면조직 및 금속간 화합물 두께에 대해 분석하였으며,유도가열과 열풍리플
로 두 공정을 이용하여 각각의 조건에서 솔더 범프를 형성한 후 시효시간에 따른 계면
조직 변화를 비교 분석하였다.또한 유한요소법에 의한 2차원 정상 열전도 해석을 통
해 솔더 범프의 온도구배 분포를 분석하여 실험 결과와 비교하였다.
초기조건 선정 실험 결과,유도가열에 의한 솔더범프의 형성은 전류와 시간이 주요 변
수이며,전해도금물질의 열전도도에 따라 발열량에서 차이를 보여 접합시간에 영향을
미침을 알 수 있었다.
솔더 범프 내에는 다양한 금속간 화합물이 존재하였고,금속간 화합물은 유도가열시간
및 가열온도,시효시간에 의해 좌우되었다.금속간 화합물은 대체로 가열시간과 시효시
간이 증가함에 따라 증가함을 볼 수 있었다.
2차원 정상 열전도 해석 결과 접합계면의 양 끝단에서 큰 온도변화를 보였으며,그 주
위로 응력이 많이 분포할 것으로 사료된다.
가열시간에 따른 전단강도는 가열시간과 리플로 온도,금속간 화합물의 두께에 의해
달라지며,특히 금속간 화합물층의 증가는 솔더 범프의 강도 저하를 수반하는 것으로
사료된다.
본 연구 결과,새로운 솔더링 공정 기법으로서 고주파 유도가열의 전자산업에 대한 적
용 가능성과 신뢰성을 확인하였다.



Solderingistheeffectivejoiningprocessintheassemblyofsemiconductor,and
otherpartsoftheelectroniccircuitsystem.
Recently,thetrendinelectronicdevice,suchaslaptopcomputer,mobilephone,is
towardssmallerandthinnersizeandintegration.Thesolderingprocessesarebeing
changedanddevelopedaccordingtothesetrends.Incaseofpackagingmethods
thatplaysimportantroleinsolderingprocesses,theconventionalDIP(DualIn-line
Package)ischangedintoQFP(QuadFlatPackage)andTSOP(ThinSmallOutline
Package)→ BGA(BallGridArray)→ CSP(ChipScalePackage).Atthesametime,
assemblingwayswerealsochangedfrom through-putassemblytechnology(THT :
ThroughHoleTechnology)tosurfaceassemblymethod(SMT :SurfaceMounting
Technology).Sinceaunitareaofsolderjointsandjoiningobjectsizedecreasefor
thehigherintegrationanddensityinadvancedelectronicproducts,thereliabilityof
solderjointsbecomeaproblem bymeltageofsolderjoints,diffusionthicknessand
surfacetension.
Accordingly,theconventionalsolderingmethodssuchasInfraredRay(IR),HotAir,
Vapor Phase Soldering(VPS) and laser Soldering are utilized butthis study
employedusing thehigh-frequency induction heating asanew joining process.
And the research forjoining characteristics ofsolderbump according to the
materialpropertyofpadcarriedout.

Duetotheenvironmentalrestrictionagainstleadsolder,itisrequiredtodevelop



lead-freesolder.Inaddition,new solderingtechnology,localizationofmaterialand
developmentofnew materialhavetobeachieved,andtheutilizationandevaluation
technologyforthosehavetobeestablishedaswell.
Since the conventionalsoldering bumping technology requires the expensive
equipment,minimalpitch and limited yield ofmaterial,theapproach to newly
extensivebumpingtechnologyisrequired.
EuropehastakenanaggressivepositiontowardsPb-freelegislation.Thewaste
electricalandelectronicequipmentdirectivebyEU hasclaimedthattheuseofPb
inconsumerelectronicswillbebannedafterJanuary2006.Thereareimpending
producerresponsibilitylawsforelectronicandelectricalequipmentinanumberof
European countries.Such lawswerepassedin theNetherlandsandSwitzerland
before1999.Limitsforrecyclingofspecifiedmaterialsmayalsobeincluded.
Theconventionalequipmentisfocusedonleadsolder,therefore,anecessityofthe
new equipmentforlead-freesolderingisbeingraisedinpresent.
However,thepreparationforthisnew solderingprocessisinsufficientindomestic.
Inthisstudy,inductionheatingreflow solderingwasappliedtosolderingprocess
forPb-freesolderandeachsubstrate(suchasAu/Ni/Cu,Au/Cu,Ni/CuandCu
pad),experimented aboutthe formation condition ofsolderbump,analysis of
micro-structure,shearstrength,IMCandinfluenceofIMC.
The purpose ofthis study is prediction ofthe possibility and application for
inductionheatingreflow solderinginthefutureelectronicindustries.

Thevariousprocessesarebeingusedfortheconventionalsolderingmethodssuch
asIR (InfraredRay),Hotair,Laser,Hotplateandsoon.Thepresentsoldering
methodshavemanyproblemssuchashigherassemblydensitydemand,multi-pin
andsmallerpackage.Especially,theassemblyprocessofBGA (BallGridArray)
hasdifferentcharacteristicsofinterfacemicro-structureandshearstrengthbyeach



solderball’scharacteristics,propertyandreflow process.Therefore,inthisstudy,
induction heating reflow soldering isapplied toanew soldering process.Itis
intendedtodevelopanew joiningprocessusinghigh-frequencyinductionheating
appliedformeltingofcompoundmetal,forging,hardeningandbrazing.

Induction heating is one ofthe high-frequency heating processes,is to heat
materialthatisputinsideofvaryingmagneticfieldandthematerialsuchasmetal
forinductionheatinghastobeconductor.Heatingmaterialhavenottohavea
propertyofmagneticsubstance,buthasaconductionnecessarily.
The heatemission distribution ofinduction heating heatfrom the surface of
electricalloadandinductionheatingisappliedtomeltingofmetalalloy,hardening,
welding,brazing,casting,manufactureofsingle-crystallizationandmeltingrefineof
Germanium andSiliconinsemi-conductorfield.
Alternatingcurrent(AC)usedininductionheatingandthicknessofheatingmaterial
haveacloserelation.A low-frequency iseffectivetothickermaterialbutthe
high-frequencyiseffectivetothinnerandsmallermaterial.
Theheatingtimeandtherangeofoutputpowervarywiththepropertyofheating
materialandtheinductioncoilshape.Sincecoolingwaterflowsintheinduction
heatingcoil,itismadeofcopperpipetopreventthecorrosionandapplicabletoa
variouselectronicparts.

Themeritofinduction heating hasa high efficiency becauseheated itself.In
addition,theexpenseforsolderingbyinductionheatingwillbereduced,becauseit
heatsspecificarea.Sinceitispossibletocontroltheconstanttemperatureand



meltingpointwithanadequatefrequencyselectedtothematerialanditssize,A
mass production and confirmative quality of solder bump willbe achieved.
Inductionheating doesn'tproduceenvironmentpollutionanditiscarriedoutin
sanitaryworkbecauseofdetachbetweenheatingsourceandheatingmaterial.And
thechangeinmaterialisnotdevelopedbyshortworkingtimeandrapidworkis
possiblebecauseofnoneedsforpreparationtimesuchaspreheating andslow
cooling.Becausetheset-up areaissmallforoutputpower,Ithasthespatial
advantage.
In present,induction heating hasbeen mainly applied tothebrazing butitis
consideredthatitsapplicationtothesolderingispossibleasanew technology.

Toestablishthejoiningcharacteristicsoflead-freesolderballbyinductionheating,
first,thesolderingofSn-3.5AgsolderballandFR4substrates(suchasAu/Ni/Cu,
Au/Cu,Ni/Cu and Cu pad)was performed by induction heating.In orderto
determine the optimalinitialcondition forsolderbump,the solderbump was
formedsuchthatthefrequencyisfixedandthecurrentandtimearevaried.It
wasassumedthattheinfluenceofmagneticfieldisconstanttothesolderballat
entirearea.Theoptimum soldering condition foreach ofpad wasselected by
inductionheatingreflow varyingthecurrentwithtime.Onsolderingbyinduction
heating,theheating valueofsolderbump wasmeasured by the infrared ray
thermoscope.
Secondly,themeasurementand analysisofInter-MetallicCompound(IMC)were
carriedoutbyaging-test(0,1,4,9,16day)aftersolderingbyinductionheatingand
hotairreflow respectively.Themetallicstructureofinterfacewaspictured by
SEM andanalyzedbyEDS.
Third,thetemperaturegradientdistributionofsolderjointsbyinductionheating
wereanalyzedbythenumericalsimulation.



Forth,thesoundnessofsolderbumpforeachpadwasevaluatedbymeasuringthe
shearstrengthinjoiningregionandIMCthicknessoftheinterfacewasmeasured.



Inthisstudy,solderballandsubstratehavebeensolderedbyinductionheating.
Theoptimum solderingconditionhasbeendeterminedbytheshapeanalysisand
heatingvalueofsolderbumpaftersoldering.
ThesolderballandsubstratesusedinthisstudyareSn-3.5Ag(meltingpoint:221℃)
ofdiameter0.762㎜ andFR4substrate(suchasAu/Ni/Cu,Au/Cu,Ni/CuandCu
pad).Thewater-solubleresinfluxisspreadonthesubstratetoprotectoxidization
andethanolinultrasonicwavesequipmentisusedforremovingthepollutantson
thesurfaceofspecimenbeforespreadingthefluxfor10minutes.
Theoptimum solderingconditionforeachofsubstrateandsolderballareselected
by inductionheating reflow varying thecurrentwithtime.Table.2.1showsthe
initialconditionofinductionheatingreflow soldering.

Frequency(㎑) Current(A) Time(sec)

300 25,27,29 1,1.5,2,2.5,3,4,5

Table.2.1Theinitialconditionofinductionheatingreflow soldering

TheFR4substrateusedinthisstudyconsistedofelectroplatesof4forms such
asCu(joined layer)/Ni(oxidization protection membrane)/Au(solderwetting layer),
Au/Cu,Ni/CuandCu.Fig.2.1showstheshapeanddimensionofFR4substrates
usedforexperiment.



(A)Au/Ni/Cu

(B)Au/Cu

(C)Ni/Cu

(D)Cu
Fig.2.1TheshapeanddimensionofFR4substrate

Solderballsweredippedintowater-solubleresinfluxandwereplacedonthepads
ofsubstratesatthecenterofinductionheatingcoil,manually.Theyaresoldered
ontheupperplatedlayerofpadswithtimeincrementbyself-alignmentwiththe
fluxactionbetweensubstrateandsolderball.Thefluximprovesthewettabilityof
solderbydecreasingthesurfacetensionbetweensubstrateandsolderball.The
schematicdiagram ofinductionheatingsystem isshowninFig.2.2.
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Fig.2.2Theschematicdiagram ofinductionheatingsystem

Toanalyzetheinfluenceofeachelectroplateonthesolderingbyinductionheating
and search theoptimum soldering condition foreach ofthesubstrateand the
solderball,inductionheatingreflow solderingwasconductedbyTable.2.1.Also,on
reflow soldering,theheatingvalueofsolderbumpwasmeasuredbytheinfrared
raythermoscope.

Fig.2.3Thermoscopesetuptomeasureheatvalue



Fig.2.3showstheinductionheatingsystem,theinfraredraythermoscopeandthe
schematicdiagram ofheatingvaluemeasurement.
TheheatingvaluesofthesolderbumpsbetweenSn-3.5Agsolderballandeach
padwereobtainedasshowninTable.2.2.whileconductingtheinductionheating
reflow soldering.Thecurrentwasvariedas25A,27A and29A.Theheatingvalue
measurementofthesolderbumpwascarriedoutforheatingtime(1,1.5,2,2.5,3,
4,5sec)withcurrentandfrequencybeingfixed.Fig.2.4showsthesolderbump
temperaturegraphwithrespecttoheatingtimeforcurrent(25,27,29A)basedon
Table.2.2.

220.4℃ 238.4℃ 265.7℃ 305.8℃ 338.1℃ 379.9℃ 420.1℃
(nonbumping) (deformation)
220.7℃ 242.5℃ 275.8℃ 333.5℃ 367.7℃ 420.9℃ 461.8℃

(nonbumping) (deformation) (burned)
226.8℃ 257.2℃ 305.2℃ 354.1℃ 384.2℃ 447.6℃ 522.3℃

(burned) (burned)

(A)Au/Ni/Cupad

225.3℃ 244.6℃ 275.8℃ 329.6℃ 339.6℃ 411.1℃ 449.8℃
(burned)

228.3℃ 251.6℃ 306.7℃ 344.3℃ 384.1℃ 439.6℃ 479.4℃
(burned) (burned)

229.5℃ 261.6℃ 311.5℃ 359℃ 405.2℃ 452.3℃ 528.6℃
(burned) (burned)

(B)Au/Cupad



209.2℃ 235℃ 250.9℃ 288.3℃ 317.8℃ 361.5℃ 414.4℃
(nonbumping)
215.2℃ 240.2℃ 269.3℃ 293.2℃ 337.8℃ 395.2℃ 420.5℃

(nonbumping) (deformation)
219.5℃ 248.8℃ 285℃ 336.9℃ 364.4℃ 389.9℃ 462.1℃

(nonbumping) (burned)

(C)Ni/Cupad

245.1℃ 277℃ 343.1℃ 388.5℃ 432.4℃ 532℃
(deformation) (burned)

250℃ 289℃ 373.4℃ 424.5℃ 475.1℃
(deformation) (burned)

257.8℃ 332.9℃ 401.8℃ 454.1℃ 556.9℃
(burned) (burned)

(D)Cupad
Table.2.2Theheatingvalueofsolderbump

(A)Au/Ni/Cu (B)Au/Cu



(C)Ni/Cu (D)Cu
Fig.2.4Thesolderbumptemperaturegraphwithrespecttoheatingtime

ThesolderbumponAu/Ni/Cupadcouldnotbeformedunder25～27A for1sec
andoneonNi/Cupadcouldnotbeformedunder25～29A for1sec,astheheating
valuewaslessthanthemeltingpoint(221℃)ofSn-3.5Agsolder.Supplyingmore
current,joiningtimewasgettingshorter,butiftheheatingtimetookalongtime,
we could see lots ofsubstrate deformations and burns because ofthe heat
concentrationmorethanthethermal-resistanceofsubstrateasshowninFig.2.5.
Cupadshowedthehighestheatingvalueandrapidsubstratedeformationdueto
thehighincreasing rateoftemperaturefortime.Ni/Cupadshowedthelowest
heatingvalue.Ithasbeenfoundthattheheatingvalueofthesolderbumpwas
variedwithrespecttothethermalconductivityoftheelectroplateonthesubstrate.
Theconductivitiesofelectroplatesonsubstratesusedinthisstudyareshownin
Table.2.3.
Therangeofminimizingthethermalinfluenceforsubstrateisconsideredas250～
300℃.Therefore,theredboxesinTable.2.2,1.5～2secincaseofAu/Ni/Cupad
andAu/Cupad,2～2.5secincaseofNi/Cupadand1～1.5secincaseofCupad,
areconsideredastheoptimum conditionofsolderbumpformationbasedonthe
heatingvalue.



(A)Au/Ni/Cu(29A,5sec) (B)Au/Cu(29A,5sec)
Fig.2.5Thedeformationofsubstrate

Electroplate Thermalconductivity(㎉/℃)
Cu 320

Au 254

Ni 77

Table.2.3thethermalconductivityoftheelectroplates



Whilesolderiswettedonthesurfaceofsolidmetal(lead,pad,etc),theatomsof
liquidandsolidmetalareinteracteachother.Inter-MetallicCompound(IMC),the
fusionoftheatomsofsolderandbasemetal,isproducedbythediffusion.IMCis
thestablecompoundcomposedofotheratomsmorethan2sorts.Generally,since
IMCisstiffandbrittle,thestrength,theconductivityandthecorrosionresistance
ofsolderjointarelowered.Also,sinceIMChasthehighmeltingpointandinferior
metallic property and issubjectto producing thestableoxideon surface,the
wettinginferiorityofsolderoccurs.ThethicknessofIMC isincreasedbyhigher
temperatureandlongerheatingtime.
Due to the differentthermalconductivity ofIMC formed between solderand
substrate and the incompatibility of metalstructure,the stress concentrates
betweensolderandsubstrateanddecreasesthereliabilityofthejoint.

Sn - rich

Ag3Sn

Ni3Sn4

(Au, Ni)Sn4

(A)Au/Ni/Cupad(2sec)



Sn - rich

Cu6Sn5

Ag3Sn

(B)Au/Cupad(2sec)

Sn - rich

Ag3Sn

Ni3Sn4

(C)Ni/Cupad(2sec)



Sn - rich

Ag3Sn

Cu6Sn5

(D)Cupad(2sec)
Fig.3.1SEM imageofthesolderbumpinterfacereflowed

byinductionheating

Fig.3.1showstheinterfacestructureofSn-3.5Agsolderbumpbyinductionheating
varyingtheelectroplateofpad.Thereflow solderingconditionisfrequency:300㎑,
current:29A andheatingtime:2sec.
Inthesolderbumpforeachpad,theinsideportionofsolderballiscomposedof
pureSnphaseandAg3Sn.Thecompoundcreatedintheinterfaceofsolderbump
variesbasedontheelectroplatematerialofthepad.
IncaseofAu/Ni/Cupad,Ni3Sn4createdbytheinteractionofNiandSnexistsat
theinterfaceandasmallquantityofAuisfoundjustabovethisinterface.Inthe
solderbumpforAu/Cupad,Cu6Sn5 iscreatedmainlyattheinterface.Ni3Sn4 is
createdintheinterfacebetweenSn-3.5AgsolderandNi/CupadasAu/Ni/Cupad
andCu6Sn5existsattheinsideofsolderandtheinterfaceofCupad.Cu6Sn5in
thesolderiscreatedbyCumeltedfrom Culayerofsubstrateorseparationfrom
IMC attheinterface.SinceSn-Cuinter-metalliccompoundismorebrittlethan
Sn-Ag inter-metalliccompound,ThedecreaseofIMC in interfaceincreasesthe
strengthandfatiguelifeofsolderjoint.



Inthisstudy,themeasurementandanalysisofInter-MetallicCompoundbetween
Sn-3.5AgsolderandAu/Ni/Cupadwerecarriedoutbyaging-testconsideringthe
initialconditionestablishedattheproceedingchapter.Andthemicrostructureof
solderbumpbyinductionheatingwascomparedwiththestructureofsolderbump
byHot-airreflow.Theprocessofexperimentandmaterialareidenticalwiththe
previous test.With the selected condition of induction heating,the metallic
structureanalysiswascarriedoutwithagingdayasshowninTable.3.1
Aftersoldering,thespecimenswereagedattemperature120℃ usingthefurnace
andthenmountedandpolished.Afteretchingthespecimensfor5secondswith
solvent74%   ,1% ,5%  and 20% ,the metallic
structureofinterfaceiscaptured by SEM(Scanning Electron Micrography)and
analyzedbyEDX(EnergyDispersiveX-Ray).

Solderball Inductionheating Hot-airreflow Aging

Sn-3.5Ag
300㎑
29A
2sec

250℃ 120℃
0,1,4,9,16days

Table.3.1Theagingconditionforexperiment

Sn-3.5Ag(melting point:221℃)solderhasmoreexcellenttensilestrength and
thermalfatiguecreepcharacteristicsthanthatofSn-37Pbsolder.Duetothelow



migrationsensitivity,thejointedareahastheexcellentreliabilityandastheservice
lifeincreases,thestrengthvaluedecreases.
AsshowninFig.3.2,Ag3Sn(rod-liketype)existsinthesolderballattheinitial
stageand(Au,Ni)Sn4andNi3Sn4appearafteragingtime.(Au,Ni)Sn4andAg3Sn
compoundcoexistinsomesolderpart.Asagingtimeincreases,Auplatedonthe
substrateshowsatendencytomoveintosolderballandIMCofNiexistsaround
theinterface,asNifunctionsasaprotectionlayerbetweensolderandCulayer.
Ag3Sn createdattheSn basegrowstothedirection ofsolidification.Also,on
soldering,thenucleuscreationofAg3Snisacceleratedbyhighheatingandrapid
cooling ratebutthestructurehasminutevariation asthegrowth ofAg3Sn is
prevented.WhereasintheoppositioncaseAg3Sngrowsintorod-liketype.Ag3Sn
developsin thesolderballattheinitialstageand spreadsto thesmallarea
becauseitstabilizeswithagingtime.Ag3Snisnotcoarsenedathightemperature
andhastheexcellentreliability.Sn-richphaseoccupiesmostofthesolderballand
theunevenphaseattheinitialinterfacestabilizestotheevenphasewithaging
time.
Fig.3.3showstheinterfacecapturedbySEM fordifferentagingtimes.

Sn - rich

Ag3Sn

Ni3Sn4

(A)Inductionheating(Au/Ni/Cupad,0day)



Sn - rich

Ag3Sn

Ni3Sn4

(B)Hotairreflow (Au/Ni/Cupad,0day)
Fig.3.2SEM imageofthesolderbumpinterfacebytwosolderingprocesses

(A)Inductionheating(1day) (B)Hotairreflow (1day)

(C)Inductionheating(4day) (D)Hotairreflow (4day)



(E)Inductionheating(9day) (F)Hotairreflow (9day)

(G)Inductionheating(16day) (H)Hotairreflow (16day)
Fig.3.3SEM imageofthesolderbumpinterfaceforvariousagingdays

(Au/Ni/Cupad)

2222

1111

3333

Point 1 2 3

ElementWt% At% Wt% At% Wt% At%
SnL 74.68 72.84 95.64 91.55 85.03 74.47
AgL 25.32 27.16
AuM 0.79 0.41
NiK 4.36 8.45 14.19 25.12

(A)Inductionheating(16day)



1111

3333

2222

Point 1 2 3

ElementWt% At% Wt% At% Wt% At%
SnL 28.03 26.14 61.64 44.68 82.60 80.76
AgL 71.97 73.86 15.60 16.79
AuM 0.86 0.38 0.78 0.46
NiK 37.50 54.94 1.01 2.00

(B)Hotairreflow (16day)
Fig.3.4TheEDXanalysisofSn-3.5Agsolderbump

Fig.3.4showstheconstituentanalyzedbyEDX insolderstructureafter16days.
(Au,Ni)Sn4 composedof(Au,Ni)Sn4 andAg existsonNi3Sn4 attheinterface.
Ag3Snexistsinthesolderball.
Fig.3.5showsthePhasediagram ofAu-Sn,Ni-SnandAg-Snbinaryalloy.

(A)Phasediagram ofAu-Snbinaryalloy



(B)Phasediagram ofNi-Snbinaryalloy

(C)Phasediagram ofAg-Snbinaryalloy
Fig.3.5Phasediagram ofbinaryalloy(Au-Sn,Ni-Sn,Ag-Sn)



In thisstudy,thesimulation fortemperaturegradientdistribution ofSn-3.5Ag
solder bump by induction heating is conducted using Nastran,the numerical
analysis program.The problem ofheatconduction is formulated using finite
elementmethodbasedonGalerkinmethodintwodimensionalsteadystateheat
conductionequationandtheinterrelationbetweentheresultofsimulation,creation
ofIMCandstructurearoundinterfaceareinvestigatedbysimulation.

BoundaryconditionisgiveninFourier'slaw,thefollowingform usingtheheat
flux  (cal/cm3․sec․℃)innormaldirectionontheboundaryoftheobject.

  

 (4․1)

where  :heatflux



 :temperaturegradient

 :temperature
 :thedirectionofheatflow inorthogonal
 :thermalconductivity(㎉/m․hr℃)

Thenbyequation(4․1),therateofheatconductioninthethreedirections(,,
)perunitvolumebecomes





















 (4․2)



Duetotheassumption forconstancy oftemperatureby time,therateoftime
changeofinternalenergyperunitvolumeisnotconsidered.

 

 (4․3)

From conservation ofenergy,the fundamentalequation ofheatconduction is
obtainedasequation(4․4)





















 (4․4)

where  :temperature(℃)
 :rateoftemperaturechangeduetoheatgeneratedpervolume
(㎈/sec)

Ifthesolidisisotropicmedia(   ),equation(4․4)canbewritten

 








 (4․5)

Inthisstudy,thetwodimensionalheatconductionanalysisisconsidered,therefore,
theequation(4․5)becomestwodimensionalsteadystateheatconductionequation
(4․6)

 





 (4․6)

IfGalerkinmethodisappliedinto(4․6),theequationcanbewritten






   




   (4․7)

where,afterconducting thepartialdifferentiationtoaboveequation(4․7)using
Green-Gausstheorem,ifequation(4․1)issubstituted,steadystateheatconduction
equationcanbeexpressedsimplyasfiniteelementformular(4․8).

      (4․8)

where
 :heatconductionmatrix
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 :heatfluxvector
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
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 :nodaltemperature

Inthisstudy,theheattransferanalysisiscarriedoutusingthetwodimentional
heatconductionprogram byequation.



Themodelused in thisanalysisisshown in Fig.4.1and thetotalnumberof
elementandnodeare207,798and209,242respectively.

Fig.4.1TheschematicmeshdivisionforF.Eanalysis

In this study,following conditionsareconsidered foraccurate heatconduction
analysis.

1)Twodimensionalsteadystateheatconductionanalysishasbeenconducted
using4-nodeiso-parametricelement.

2)The thermalcoefficientofmaterialvaries with the temperature and the
thermalconductionistreatedasnon-linearfunction.

3)Thematerialisiso-tropicmediaandtheinitialtemperatureis20℃.



Inductionheatingreflow conditionusedinthissimulationarefrequency:300㎑,
current:29A,heatingtime:2secforeachpad.Theactualheatingvalueofsolder
bumpbyidenticalsolderingconditioninchapter2isconsideredasheatinputfor
simulation.Table.4.1showstheactualheatingvalueofsolderbumpconsideredas
heatinputforeach pad and thephysicalproperty ofmaterialvaried with the
temperatureisshowninTable.4.2

Padtype Heatingvalue
(Heatinput) Solderingcondition

Au/Ni/Cu 305.2℃

frequency:300㎑
current:29A

heatingtime:2sec

Au/Cu 311.5℃

Ni/Cu 285℃

Cu 401.8℃

Table.4.1Theheatinputforthesimulation
( Theactualheatingvaluebytheinfraredraythermoscope)

Material Thermalconductivity
(micro-W/mmㆍ℃) Temp

Sn-3.5Agsolder 5.7309×104

Room teperature
Gold(Au) 3.1790×105

Nickel(Ni) 9.1858×104

Copper(Cu) 3.8696×105

Table.4.2ThephysicalpropertyoftheSn-3.5Agsolderandtheelectroplates



Fig.4.2TemperaturegradientofSn-3.5AgsolderbumpforAu/Ni/Cupad



Fig.4.3TemperaturegradientofSn-3.5AgsolderbumpforAu/Cupad



Fig.4.4TemperaturegradientofSn-3.5AgsolderbumpforNi/Cupad



Fig.4.5TemperaturegradientofSn-3.5AgsolderbumpforCupad



Thetemperaturegradientdistributionofsolderbumpforeachpadsimulatedusing
Nastran,thenumericalanalysisprogram,isshowninFig.4.2,Fig.4.3,Fig.4.4and
Fig.4.5.ExceptforCupad,thesimulationsforeachsolderbumpshow thehighest
temperaturegradientatboth edgesofjoining interfaceand temperatureisthe
highestatthoseareas.Thisphenomenoniscausedbythegeometricalandmaterial
non-linearityoftheseareas,therefore,theresidualstressesarehighatbothedges
ofinterfaceofsolderbump.
InthesolderbumpforCupad,thetemperaturegradientdistributionisbroader
than others and high temperature gradients are observed inside the solderin
addition to interface.Especially,thehighesttemperaturegradientsareobserved
aroundpadandinterface.

A B

A B

Fig.4.6SEM imageofthesolderbumpforAu/Ni/Cupad
byinductionheating(300㎑,29A,2sec)



Fig.4.6showsSEM imageofthesolderbump forAu/Ni/Cu pad by induction
heating under the identicalsoldering condition( 300㎑,29A,2sec )with the
simulation.Theinterfacestateofsolderbump in Fig.4.6 correspondswith the
resultofsimulationinFig.4.2.Fig.4.6showsIMC grew biggeratbothedgesof
interfacethan theinsideofsolder.Thetemperatureishigh atboth edgesof
interfacewiththehighesttemperaturegradient,therefore,thediffusioninthisarea
betweensolderandelectroplateismoreactivethanotherareas.



The shear strength of BGA(BallGrid Array) joints in packaging assembly
generally depends on various condition such as joining methods, joining
temperature,heatingtime,conveyerspeed,differenceofspecimensurfacestateand
defectsofjoininginterface.
Eventhoughexperimentedvaluesarevariedbychangingthejoiningconditions,in
thispresentstudy,thisvariationwasnotaccountedandthesoundnessofreflow
solderingwasevaluatedbymeasuringtheshearstrengthinjoiningregion.
ThesolderballusedforthisexperimentareSn-3.5Agofdiameter0.762㎜ andthe
substrateisFR4composedofAu/Ni/Cu,Au/CuandNi/Cupad.Toeliminatethe
foreign particles on thesubstrate,Thesubstratewascleaned for10min using
ethanolintheultrawaveequipmentandthendriedintheair.
Asdetailedin theTable.5.1,Thesolderballwasdippedintothewater-soluble
resinfluxonthesubstratemanuallyandinductionheatingreflow solderingwas
carried outforSn-3.5Ag solderballand each type ofpads with same test
condition.

Electroplate Inductionheating Heatingtime Sheartest
Au/Ni/Cu

frequency:300㎑
current:29A 1,1.5,2,2.5,3sec tipheight:100㎛

tipspeed:1㎜/min
Au/Cu
Ni/Cu

Table.5.1Thesheartestcondition



Fig.5.1Theschematicdiagram ofsolderballsheartest

Fig.5.1showstheschematicdiagram ofsolderballsheartest.Thetestswerecarried
outaboutsolderbumpusingthesheartipmovementinthedirectionofanarrow as
showninFig.5.1.Theloadspeedofsheartipis1㎜/minandthedistancebetweentip
andsubstrateis100㎛.
Generally,theshearstrengthisrelatedtothicknessofIMClayer.Theshearstrength
increaseswith increasein IMC layerthicknessup to a criticalvalueand further
increaseinIMC layerthicknessabovethecriticalvaluedecreasestheshearstrength.
Inthisstudy,anew solderingprocessisintroducedandtheshearstrengthvariation
hasbeenplottedgraphically.
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Fig.5.2TheshearstrengthofSn-3.5Agsolderbump

forpadandheatingtime



AsshowninFig.5.2,theshearstrengthofSn-3.5Ag solderbumpbyinduction
heating,varying pad and heating time,is increased atthe initialstage but
decreasedastheheatingtimeincreases.Theshearstrengthvaluesareincreased
withtheincrementofIMCthicknessuptosomelimitbutdecreasedoverlimit.
TheshearstrengthofsolderbumpforAu/Ni/Cupadisabout6.6N atheatingfor
1secandshowshighervalueat1.5～2sec.Thehighestvalueis10.8N at2secand
theshearstrengthdecreasesonfurtherincrementofheatingtime.
TheaverageshearstrengthvalueofthesolderbumpforAu/Cupadishigherthan
Au/Ni/Cu,butlowerthanAu/Ni/Cuafter2sec.ThisisduetotheinfluenceofNi
andCuthatcomposethepad.Aulayer,wettingareaofbothpads,movesfrom the
interfacetotheinsideofsolderastheheatingtimeincreasesandNiandCucreate
IMC attheinterface.BecausethediffusionrateofsolderinNiislowerthanCu,
Nilayerfunctionsasthelayerfordiffusionpreventiontorestrainthecreationof
Cu-Sncompound.Therefore,theshearstrengthofsolderbumpforAu/Cupadis
higherthanAu/Ni/Cuattheinitialstagebutbecomeslow bytheincrementof
IMC thicknessastheheatingtimeincreases.IncaseofAu/Cupad,thehighest
strength is11.3N atheating timeof1.5sec.Theshearstrength isobservedto
decreaseastheheatingtimeincreases,sameasAu/Ni/Cupad,butshowsirregular
tendency.
TheshearstrengthofsolderbumpforNi/Cupadincreasescontinuouslywiththe
incrementofheatingtime.ThesolderbumpforNi/Cupadisnotformedat1sec
duetolow heatingvalueandwettabilityofNilayer.Theshearstrengthisvery
low attheinitialstageandisincreasedbytheinfluenceofNi-Sncompoundwith
theincrementofheatingtime.Thehigheststrengthis11.4N at3secandishigher
thanotherpads.
IMC isveryimportantforthereliabilityofsolderbumpbecauseIMC causesthe
crackandfracturebetweensolderballandsubstrate,andbesides,itinverselyhas
aninfluenceontheshearstrengthofsolderjoint.



IMCiscreatedatjointbetweensolderballandsubstrateduringsolderingorusing
electronicequipmentsaftersoldering.Sn-groupsoldergeneratesIMC byreaction
with substrate and lead during soldering.IMC thickness increases with the
incrementofsolderingandagingtemperature.Thejoiningstrengthisdeteriorated
by the brittleness ofIMC with incrementofIMC thickness.IMC affects the
mechanicalpropertiesofsolderjoints,thatis,itlowersthewetting,increaseits
electricresistanceandbrittlefracture,asaresult,thereliabilityofsolderjointsis
deteriorated.
IMCthicknessattheinterfaceismeasuredconsideringtheaveragevaluebetween
solderandinterface.ThevariationofIMCthicknessbyheatingtimearegivenin
Table5.2.Fig.5.3showsthetendencyofTable.5.2graphically.

Pad 1sec 1.5sec 2sec 2.5sec 3sec

Au/Ni/Cu 0.734㎛ 1.130㎛ 1.289㎛ 1.482㎛ 1.428㎛

Au/Cu 1.887㎛ 1.948㎛ 2.058㎛ 2.075㎛ 2.385㎛

Ni/Cu 1.013㎛ 1.447㎛ 1.845㎛ 2.086㎛

Table.5.2TheIMCthicknessbyheatingtime

IMC thicknessofeachsolderbumpincreaseswiththeincrementofheatingtime.
IncaseofAu/Ni/Cupad,IMCthicknessissmallerthanothersfortheheatingtime
of1sec.IMC forAu/Cupadisthickerthanothersbecausethediffusionrateof
solderisbetterinCuthanNi.IncaseofNi/Cupad,theincreasingrateofIMC
thicknessisthebiggest.ComparingwithFig.5.2,theshearstrengthdecreaseswith
theincrementofIMCthickness.TheincrementofIMCthicknessbyheatingtime
hasaneffectontheshearstrengthofthesolderjoint.
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Fig.5.3TheIMCthicknessontheinterfacebyheatingtime

ThevariationofIMC thicknessbyagingtimeundertheconditionofTable.3.1in
Chapter3isgiveninTable5.3.Theagingtemperatureis120℃.Thecomparisonof
IMCthicknessofsolderbumpbytworeflow solderingprocesses,Inductionheating
reflow andHotairreflow,isconductedconsideringagingtime.Fig.5.4expresses
thegraphicalrepresentationofTable.5.2.

Reflow
process 0(days) 1(days) 4(days) 9(days) 16(days)

Induction
heating 1.155㎛ 2.124㎛ 2.462㎛ 3.120㎛ 3.910㎛

Hotair
reflow 1.143㎛ 2.139㎛ 2.694㎛ 3.202㎛ 3.537㎛

Table.5.3TheIMCthicknessbyagingdays(Agingtemperature:120℃ )
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Fig.5.4TheIMCthicknessontheinterfacebyagingdays

IMC thicknessofsolderbumpbytwosolderingprocessshowsthetendencyto
increasewithincrementofagingtime.IMC thicknessbytwosolderingprocesses
issimilarattheinitialstagebutIMCthicknessbyHotairreflow isthickerwith
theincrementofaging timethan induction heating.After16aging days,IMC
thicknessbyinductionheatingisthickerthanHotairreflow andthethicknessis
about3.910㎛.
IMCthicknessiscloselyrelatedtothestrengthofsolderjointandincreaseswith
theincrementofheating timeoraging time.TheincrementofIMC thickness
causesthedeteriorationofsolderjoint.



Theresultsofthisstudyaboutthejoiningcharacteristicsofsolderbumpbetween
Sn-3.5Ag solder balland the various electroplates using the high-frequency
inductionheatingasanew solderingprocessforPb-freesolderingareasfollows.
The new soldering process by induction heating confirmed the application
possibilityinelectronicindustriesinthenearfuture.

1)Thecurrent,heatingtimeandfrequencyarethemainprocessvariablesforthe
formationofsolderbumpbyinductionheating.

2)From themeasuredresults,duetothedifferenceinthethermalconductivityof
electroplates,theheatingvalueofsolderbumpforCupadisthehighestand
Ni/Cupadisthelowest.Thethermalconductivityofelectroplateshaveaneffect
onjoiningtime.

3)Consideringtheheatingvalueofsolderbumpandtherangeofminimizingheat
affectonsubstrate,theoptimum conditionofsolderbumpformationforeachof
thepadarefrequency:300㎑,current:over25A,heatingtime:1.5sec～2.5sec.

1)Eachsolderbumphasdifferentcharacteristicsofinterfacestructurebasedon
theelectroplatesofeachpad.Ag3SnonSnbaseisobservedasrod-liketypeat
theinsideofsolder.Ni3Sn4 isobserved attheinterfaceofsolderbumpsfor
Au/Ni/CupadandNi/Cupad.Cu6Sn5existsattheinterfaceofsolderbumpsfor
Au/CupadandCupad.Auisobservedaroundtheinterfaceduetothediffusion
ofAuintosolder.



2)Theunevenphaseattheinitialinterfacestabilizestotheevenphasewithaging
time.Ag3Sninthesolderballhasminutespreadingasitstabilizeswithaging
time.

1)From the results of2-D steady state heatconduction analysis,the high
temperaturegradientisobservedaroundtheinterfaceofsolderbump.Especially,
Au/Ni/Cu,Au/CuandNi/Cupadsshow thehighesttemperaturegradientatboth
edgesofjoininginterfaceduetothegeometricalandmaterialnon-linearityat
those areas,therefore,the residualstress is concentrated atboth edges of
interfacebetweensolderballandpad.

1)TheshearstrengthofSn-3.5Agsolderbumpbyinductionheatingvarieswith
padpropertiesandheatingtimeandincreasesattheinitialstage,butdecreases
withtheincrementofheatingtimeduetotheeffectofIMC.Thestrengthof
solderbumpforeachpadisintherangeof9～11N fortheheatingtimeover
2sec.TheshearstrengthforAu/Ni/CuandAu/Cupadsishighat1.5～2secand
Ni/Cupadshowsthehighstrengthat2.5～3sec.

2)IMC thicknessshowsthetendencytoincreasewiththeincrementofheating
time.IMCofAu/Cupadisthickerthanothers,asthediffusionrateofsolderis
betterinCuthanNi.TheshearstrengthdecreaseswiththeincrementofIMC
thickness,therefore,IMCisconsideredtohaveaneffectonthereliabilityofthe
solderbump.

3)ComparingthevariationofIMCthicknessofsolderbumpsbyinductionheating
andhotairreflow,IMCthicknessincreaseswiththeagingtime.IMCthickness



bytwosolderingprocessesissimilarattheinitialstagebutIMC thicknessby
hotairreflow isthickerwiththeincrementofagingtimethaninductionheating.
After16agingdays,IMC thicknessbyinductionheatingisthickerthanhotair
reflow andthethicknessisabout3.91㎛.
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