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Abstract
Restriction of Hazardous Substancg®oHS), Waste Electricahnd Electronic Equipment
Directive (WEEE) organizations have restricted the use of lead in solder materials fomeonsu
electroncs. The electronimdudry have drifted aparfrom eutectico3Sn37Pb (TinLead)solder
to thenear eutectiteadfree[Sn1.0Ag-0.5Cu (SAC109)and[Sn-3.0Ag0.5Cu (SAC305)solder
material inpast decadeKnowledge aboummicrostructure, mechanical praoties, and failure
behavior ofleadfree solder joints in electronic assemblies are dynamically changing when
exposed to isothermal aging and temperature cycling environments. Researclsersndists in
the semiconductor industry and academic world yerimentallydemonstratethat the long
term performance of tHeadfreesolder joint madrial is dependent on interetallic composition
formed during the reflow of surface mount assembly of electronic packages. The inter metallic
composition for thebinary eutectic TirLead (63SF37Pb) and its degradation properties over
long-term isothermal aging are very much different from the Ternary non eutectiSillier-
Copper [SAL.0Ag0.5Cu (SAC105), S8.0Ag0.5Cu (SAC305)]. However, the initial
performane of the ternary Th8ilver-Copperleadfree solder material is much better than the
binary TinLead solder materials reliability. The reliability performance degrade up to 70% for
leadfree solder joint materials SAC105 and SAC305 that are exposed ge term isothermal

aging conditions in elevated temperatures (75°C for 24 months).



The major contribution to this degradatiodeadfreesolder joint material is the accumulation of

the lowcyclic stress induced on the bulk solder near the intermetatination over a long period

(>10 months) at elevated temperature(>50°C). This phenomenon observed by many researchers
and scientists in the fieldlemonstrateds the intermetallic composition thickness growth and
recrystallization of grain boundari€Bhere are many investigations targeted to resist this change

in material property over time and temperature effects. One such possible investigation is to
develop a new solder alloy composition with additional elements in smaller composition as
dopants mied with ternaryeadfree (SAC105, SAC305) solder materials. The top materials that
gualify for such metallurgical composition are Antimony (Sb), Magnesium (Mg), Nickel (Ni),
Cobalt (Co), Indium (In) and Bismuth (BiMaterial researchers and scientisteiously
evaluated these additives. The results shdmed grain boundaries and redddiee intermetallic
formations of the tin with silver or copper during the reflow process of surface mount assembly.
The resulting intermetallic formatiomada more uiform grain formation in théeadfree bulk

solder alloy. This process of adding metajiaal elements in small quantitiés the leadfree
solder composition is defined fAsolder dopingo
leadfreesolder matgals initially, but therearelimited research results on the effects of the fong

term isothermal aging performance of such dop#dys. Leadfree soldershave reliability
concerns related to elevated process temperatures and the formatiaSofmgmetallic Tin-

Lead reliability performance compared to tbASAC105 SAC305, andSAC-Bi containing low

melting temperature () alloysshowdeleterious effects of loaggrm isothermal aging time and

temperature conditions
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Chapter 1 Dissertation Context

1.1.Insight to the Electronic Industries
Thales ofMiletus hasdiscoveed stdic electricity by rubbing fur on substarsceuch as amber
in the 600 B.C.; thiss the most ancient wellnown record of electricity and electron movement.
The inception ofconsumer electronicbeganin 1929 with its first public TV broadcast in
Germanyl]. Electronicsis defined as "The science and technology of the conduction of
electricity in a vacuum, a gas, [4.MTheaodera mi c onc
electronics industry dates back to the inven
c i r c ulC,tby Jack Kilby of Texas Instruments in 1958l n 196 5, Gordon Moo
prediction that would set the pace for our modern digital revolution. From careful observation
of an emerging trend, Moore extrapolated that computing would dramatically mangasver,
and decrease in relati3ve Thhost phathoane neoxipbremn
Law named after Intel cofounder Gordon Md8te Continuing advarnements in processing
technologies, materials, and designs have enabled seemingly endless increase in the functional
density of semiconductor electronics I mmort al

in the decades since 1970.



120 Years of Moore’s Law
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In 1996, the Electronic Industry surpassed the Automotive Industry to becolaeydst industry

in the world5]. The modern consumer electronissstill evolving to discover new appations

such as virtual augmented realty, and bionic wearables that have transformed and endure to
transform the way that people network with each other and incorporate data into their daily
activity. Electronics have grown intan indispensable producthithe modern digital era of
information and globalization. Thelectronics industry is valued attidllion US dollarsand is

expected at Fillion US dollarsby the end of the 201%)].
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Figure2 Projected Market Share of Electronics Indug&jy

1.2.Electronic Packaging
Electronic packaging is a multisciplinaryfield, and includes a wide variety of technologies
from mechanical, electrical and industrial engineerafggemistry, phgics and even marketing
and business analyti®@. The electronic package hierarchy has different levels of
interconnectionsThe electronicsystemhierarchystars at levelzero(silicon) and continues with
Packaging as levane On leveltwo, the printed wiring board (PWB) mafaduring and bard
assembly takplace. Levekhreestands for the interconnections between different PWBs, level
fourfor the assembly of the PWB into racks, housings of product etc. Finallyfile/edpresents
the connection of several individualoplucts or systerfig]. There are twanethodgo assemble
electroniccomponents onto PGB ThroughHole Mount Technology (THMT)and Surface
Mount Technology (SMT)Compared to THMT, SMT has many advantages inotdhigher
component density, better mechanical performance, higheestsk rate, and certainly lower

cost, so SMT largely replaced THMT in the induR&ty

3



This dissertation focuses on the solder imdéirconnections of the SMT assembly.

Connectionsbetween systems

Level4 Subassembly

Level 3 Connections between PWBs

Level 2 Printed Wiring Board (PWB)

Integrated Circuits

Monolithic Silicon Chip

Figure3 SMT Hierarchy[8]

1.2.1. Silicon Chip
The electronic componentsave their birthaSi | i ¢ o n A dfiora a SinglecnystalcSHionp |,
Wafermother The silicon chip contains many scktate electronic devices (transistors, resistors,
inductors, and capacitors) that have been defined and connected to fationiinelectrical
circuitry[6]. There are manyypesof carrierswith in a silicon chip routed logically to prowd
movement of electrons with in the circuitiy. this dissertation, the consideration is for chip body
size, chip pitch sizdaminate material anchip designused.

1.2.2. Body Size
The silicon die neesprotection from the outside environmemhere is a protgive coatingcalled
mold compound material. The size of this mold material protecting the silicon chip is the chip body

size.
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Side View

Figure4 Chip Body Sizg9]
1.2.3. Pitch Size
Pitch Size is the distance between the two interconnectiithin the same silicon chip. The pitch
size ancchip body size are interdependent on onether. The finer the pitch tremaller thechip

body sizefor any given number of solder balls

|

Ball Pitch

|

A1 Ball Corner

|-«———— Ball Pitch
Bottom View

Figure5 Pitch of Silicon Chid9]



1.2.4. Laminate Material
Based on the laminate matesialsed in the flip chip carrier, theassifications aref Ceramic
Tape, Plastic, Dimpled, Metal and Enhanced Plastic tyfi@s disertation focuses only othe
three main classifications namélgramic, Plastic and BMetal laminates.

Tablei Laminate and Material Properti'em Practical Components

Package Ceramic Plastic Metal
Substrate
Dielectric Epoxy esin glass Ablestik 2300 Polyimide
reinforced
Wire Type Copper Gold Gold
Encapsulant Epoxy mold Nitto GE100L BT (Bismaleimide
compound Triazine)

1.2.5. Chip Design
Based on the design tie chip internal circuitry therare many typesf classificatons In this
dissertation, the CVBGA97, CVBGA432, CTBGA84, CABGA36, CABGA208 and CABGA256
components are of type one desiBBGAl156components are of type two desgmd SBGA304

and SBGAG600 aref type three design
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1.2.6. Printed Circuit Board (PCB)
A PCBis a nonrconductive materiglusually called laminateyith logical conductive linegusually
copper)printed or etchedon them Electronic componentsiountedare on the board and the
conductive line tracesonnect the components together to forntogical working circuit or
assembly.The PCB is of single or double side with single or multiple layers ofl fteyninate
(consisting of a woveglassepoxy base material clad) and copper foils. The copper is the
conductive trace layer and the rigid laminate is the nonconductive mdtetias experimentMr.
PeteNarbusdesigned the PCBasdTTM TechnologiegTime-To-Market IntercainectSolutions)
atChippewa Falls Dvision, manufactured the PCB$he test bard dmensions are 173 mhby 254
mm with aboard thickress of 5mm. The prirtedcircuit board (PCB) has eighCopper(Cu) layers
and is a double sided tekoard Two different pmted cirait board materils namely Flame
Retardand06 and Megtron6 were testedThe FlameRetardan406 boardmateral used in his
experiment is a hidy-temperaturemulti-functional glassepoxy Teflon laminate with a glass
transition temperaturgTg) of 170°C whereagheMegtron6 boardmateral used in his experment
was avery high-temperaturePolyphenykene-Etherblend with a glas- trarsition tenmperature(Tg)
of 210°C. The glass transitiord e f i n eedlersibles chainge innaamorphous polymer or in
amorphous regions of a patrtially crystalline polymer from (or to) a viscous or rubbery condition to
(or from) a hard and relatively brittle oij&0]. Theglass transition temperatu(€g) defined as
ficharacteristic value of the temperature range over which the glass transition takig$Qjlatiee
printed cirait board (PCB) incorporated 4,607 pins, 3590 thrgh-holes, andl1017 copper pads.
The board alsdncludes 12 toeholes, each ofwhich has a dimeteris 3.8 mm and the tstance

from the edge opackage/boardfeauresto thecenterof the holes isat least/mm. The surface



finish for all bards was Organi&olderaility Preservative (OSP).Each pnted cirait board has
land patternsvith local fiducialsfor the placenent of up tol3 componentsand 30 resistors on top
side, while 30 components and 45 resistors on the bottomEiddcomponent énd-pattern is
electrically connectedo one of the througimoles for monitoring, exept for the suface mount
resstor (SMR) camporents, which areslectrically daisychained together irgroups offive (5) for
readout througha singlechamel. All components andMR components hava canmon ground
channel ompleting thedlectrical circuit. Thedesigncopper trac@atern usedor the topand botton
side of theboard are diferent.Total component andgurfacemount resistor are 19 channels arid
ground on the togideof the board.Total component angurface mount resist@re39 channks

on the babm sidewith the sane-sharedground on the top and bottoside of the board
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1.2.7. Coefficient of Thermal Expansion(CTE) in PCB
CTE is the dimensional sensitivity in a materials response to a change in tempgtituras
represerdtion of percentage change in length per unit temperature. This occurrence is often
isotropic, but due to the structure of the laminate in the printed circuit board (PGBy,aberty
becomes anisotropwith two different value of CTE for expansidfirst,in the plane of the aligned
fibersc a | ling@ldne®@andsecondout ofthe plane of aligned fibers a | lowt-af-plaine. These
alignment variatioaaredue tothe differeres in CTE of the glass fiber and thpaxy. The glass
fibers have a CTE of approximatelyebppm/°C,while the epoxytypically has a CTE of 385
ppm/°C.By applying Schapery Equatidhe compositeboardCTEs are calculatedhis equation
gives a weighte@veragevalue for CTE based on the fundamental propertiethe@fndividual
components of the composifene followingis

Equationl Schapery Equatiofi2]

Where @ is the composite CTE (expressed in ppm/°C)

@ is the CTE of the individual componerfexpressed in ppm/°C)

ais the Youngb6s MdamdonestgexpresseadbsePgdi ndi vi dua

0 is the volume of the individual compone@spressed igubic metel)

A tensile testing machine UTM, used to calculate the modulus of elasticity of the boards at room
temperature. Samples prepared by cutting tteedsoin dogbone shaped as per the ASTM D412
Standards. The length of the dog bone sample was 100mm with the width of TBenfength in

the middle section was 33mm and the grip section was 30mm. A force per unit length of magnitude

11



of 2 N/mis applied tathe sample The before surface mount assembly offflnmeRetardan406
boardand Megtror6 board propertieprovided by TTM Technologiegre inTableii.

Tableii Printed Circuit Board Propertiéom TTM Technologies

Coefficient of Youngs Glass
Thermal Expansion | Modulus | Transition
Board Type
CTE (ppm/°C) Temperature
x-dir. | y-dir. | z-dir. | E (G-Pa) (Tg)°C
Megtron6 15.7 | 15.7 | 24.2 27.8 210
FlameRetardan406 | 17.1 | 17.1 | 30.5 28.5 170

1.2.8. Surface Mount Asembly
The second level of packaging is the electronic assembly, or Printed Circuit Board Assembly

(PCBA). The interconnections of the silicon chip to the printed circuit board is the PCBA.

Solder paste
printing

I

Solder paste I Cleaning |
inspection

¥

l | X=ray inspection |

Pick and place
(chip caps)

: I

Fine pitch
component placement

l | System assembly |

Figurell Surface Mount Assembly PraaeOverview8]
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Firststep in building an electronic assembly is solder paste pril@oiger paste consists of powder

of metal particles suspended is@derflux. Flux is a thick medium that ia temmrary adhesive

to hold the components until the solder paste melts during reflow process and makes a metallurgical
bond. In this experiment, Kester No clean Flux is us€de prevailing method of solder paste
printing to the PCB lands is via a screerstencil printing process.t8ncil aligns over each PCB
insidea pasteprinting machine and the stencil has aperttinesugh which the solder paste flows

onto the PCB land pattemmith the help of a squeege€here are two stencil sizes used in this
experinentone for the top sideboard assembly with a 0.127 mm thickness and the bottom sideboard
assembly with a 0.0762 mm thickness for finer pitch components. Photo stencils manufactured both
the stencilsThere are two differergolder pastes used in this expeent SAC305 paste fdead

free solder allog and a SrPb paste for TilLead soldemlloys. Solder paste is printed onto the
copper lands of the Printed Circuit Boandth the help of atencil.

Tableiii Solder Paste and StenSilze

Solder Paste Stencil Thicknesy
BoardSide
Kester Alpha (mm)
Top SnPb | SAC305| Innolot 0.127
Bottom SnPb | SAC305| Innolot 0.0762

Secondoptional step is by laser measurement on the PCB to checiniform spreadf solder
paste volumeacross thearious portions of the PCBhirdly, placement machine picks and places
componerg ontop of the printed solder paste of the PCBs. Local and global fiducials on the PCB

references the placemdatatiors ofthe component.

13



Fourthly, componentplacedon the printed circuit boardre photo captured and-pay processed

for any misalignments or misplacements. Once the assemldggzr@asses the visual inspection
test. The boards and components are ready for the final step.

Finally, theSurface Mount assembpasseshroughreflow soldering Reflow solderings done by

the help ofa large convection oven with multipleidependensl controlledtemperature zones.
During solder reflowprocesstheprinted circuit board assembly (PCBA) sepasses through the
reflow oven experiencing a specifitne temperatureprofile designedas perthe solder paste
manufactureis recommendatioThe manufacturers recommended reflow profile helpettd¢ate
goodquality solder joints at all necessary locations on the board while avoiding bridging and other
common manufacturing defects. Reflow takes place when the solder alloy excdeglsdts

temperature

e

REFLOW

j.

Figurel2Key Steps in SMT Assemb({]

There ardour different reflow profiles used in this experiment, two for the top andktwo for the

bottom side.
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Figurel4 Tin-leadReflow Profile Top Sidéoard

The manufacturers recommended preheat stage is to bring the package up to about +125°C (£25°C)
the rate of increase from ambigf°C)to 125 °C should be approximately 2 to 3°C per second.
Preflow stage is thgradual transitiofrom 125°Cto thepoint of eutectic transfonation (+183C).

This stage allows the entire board to achieve an equilibrium near the melting point of the solder.
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The rate of temperature change should be between 0.5 to 1 °C per Refbod. stage is the

portion of the profié where the solder changes from a solid to a liquid and the actual flux and flow
action occur. Solder will flow to all areas not protected by solder mask. The manufacturer
recommends that a rapid rise to a maximum temperature of 235°C with the dwebdvee245°C

to be below 30 seconds. The total time above 180°C should be less than 180 seconds. Post dwell
above 215°C should transition directly into the package and board cool down ramp. As the package
and board drops below the solder liquidus point &3*C the cool down temperature ramp controls

the solder grain size and fatigue resistance. The cool dowshmaidd be approximately 2 to 4°C

per second. Do not exceed 5°C per second

Sn63Ph37 Solder Profile

Maxirum Temperature +210 1o 4235 °C
30s
Max,

j/’——\
L

-y

Preheat 1o 125°C Reflow 10 235°C

Preflow max 183°C

Preflow min 125°C

o
o

0
(>
0
b
3
w
g
0
Q
£
0
o

Figurel5Tin-leadManuf act ur er @RrofilR[8c o mmende
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Figurel7 Leadfree Reflow Profile Top Side

The manufacturers recommended preheat stagdaigg the package up to about +220(+25°C)
the rate of increase froambient(25°C) to 170C should be approximately 2 to 3°C per second.
Preflow stage $ the gradual transition from 1°@to the point of eutectic transformatior2(5°C).

This stageallows the entire board to achieve an equilibrium near the melting point of the solder.
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The rate of temperature change should be between 0.5 to 1 °C per Jdworeflow staggortion

of the profile where the solder changes from a solid to a liquidreattual flux and flow action
occur. Solder will flow to all areas not protected by solder mals&. manufacturerecommends
that a rapid rise to a maximum temperature of 260°C with the dwelbthmee 250°C to be below
30 seconds. The total time aboviEr2C should be less than 188conds. Post dwell above 217°C
should transition directly into the package and board dowin ramp As the package and board

drops below the solder liquidus point of +217°C the cool dimmperature ramp controls the solder

grain size and fatigue resistance. The cool downstadeld be approximately 3 to 5°C per second.

Do not exceed 6°C per second

Lead Free solder Profile

Profie for 43,684 7Ag-1.7Cu composiion, mody for alemate soldrs
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Figurel8LeadfreeMa nuf act ur er 6 s R[Blcommended
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1.3.Solder Material
@olderbornfrom old Frenchfisoudure) mearing fasten together. l&nglish solderhas a noun
meaning fia fusible metallic alloy used for wun
B.C. Leadwas firstderivedasa by-productform silver productionLeadprimarily used as a setting
agent to fix posts in ground and lock mortised stones. Mesopotamians [3000¢&dCl¢ad to join
copper piece¥l3]. Alloys of lead and tiimarked their presee from surviving artifacts and
literary source of the Roman Imperial Peridieldedlead strips in stined glass of the five
p r o p Wwiadovdis AugsburgCathedral dating late 1 centuryis another evidence of material
alloys The 20" Century, moden practices developed with the improvement of extraction
techniquesvhich gave raise to exotic metal at affordable cost along with the alloy phase diagrams

paving the path for diversity in alloy making todidy].

1.4.Soldering
dNelding, Brazing, and Solderingf metals are methodser joining separate metalwork piedeg
heat treatmentSolderingis a process dfeatingthe two matingsurfaces by a molten filler metal
with or without thepresencef fluxing agentand then cooling therto forma metallurgical bond
between the filler metal and the two mating Surfaces. A chefhigalg agentften used toemove
oxides and contaminatiosoldering temperature is usualhelow 450°C or 840°For else itis
brazing Thus, Soldering restis the materidse | ect i on t o | {4} Timdotlowingg el en
Tableiv shows the possible materials that qualify for the electronics industry based on their atomic

number and melting temperature.
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Tableiv Materials that qualify for Soldering in Electronic Interconnects

Melting Name of Atomic
temperature clement | Symbol| e
(Tm) (C)
30 Gallium Ga 31
39 Rubidium Rb 37
44 Phosphorus P 15
64 Potassium K 19
08 Sodium Na 11
113 Sulfur S 16
114 lodine I 53
157 Indium In 49
180 Lithium Li 3
217 Selenium Se 34
232 Tin Sn 50
254 Polonium Po 84
271 Bismuth Bi 83
302 Astatine At 85
303 Thallium Tl 81
321 Cadmium Cd 48
327 Lead Pb 82
420 Zinc Zn 30
449 Tellurium Te 52

1.5. Eutectic Property of Tin-Lead (SnPb)
Thetermi e ut eoti ined f r o meutékiog e kmevamri ch g (ElAduteclic Me | t e
or eutectic mixture is homogeneous mixtuia two or moreelementsn a ratio that has tHewest
melting point, and thisnelting temperature ()is Eutectic Temperatuf¥s]. Eutectic alloys will
have more homogeneous compositions, pravide the lowest possiblmelting temperature
(Tm)for a given alloymixture Theimportant point aboud3Snr37PbTin-Lead solder is that it is a

6eutecticd alloy. FEempermttrg183XC) aa whichothye ®ntife allgyanells s i n g
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SIMPLIFIED SOLID LIQUID PHASE DIAGRAM
(TIN & LEAD)

LIQUID TIN & LIQUID LEAD

SOLID
LEAD IN
MOLTEN

MIXTURE SOLID TIN IN
MOLTEN MIXTURE

SOLID TIN & SOLID LEAD

0% Tin 62% Tin 100% Tin
100% Lead 38% Lead 0% Lead

Increasing percentage of Tin {(by mass)

Figure 19 SimpleTin-leadPhase Diagrarfi6]

For the electronic assembly tB8Sn37Pb TinLead solder was the most favorite choiokthe
industryuntil thelead-freeimposition by RoHS and WEEFEorced uponthe electroniandustry

hadto find new solder materials with eutectic or near eutectic property like that-bEanh

1.6. Eutectic Property in other Binary Materials
The foremost shot at finding an optinmrablacement began with the exploration of binary alloy
options. Tin (Sn) was still one of the two binary elements for its low toxicity, relatively low cost,
resistance to oxidation and contribution to the melting point or range of an alloy. Much of this
analysisperformed wa$y researchinghe equilibrium phase diagrams of varioust&sed alloys.
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Tablev Binary Eutectic Alloys oflin (Sn)

Binary Eutectic

Alloys Temperature(°C) (VC\/:t(:)rgch):zsnl;[;Jgne)
Snrin 120 51

SnBi 139 57

SnCd 177 32.2518
SnPb 183 38.1
SnZn 198.5 9

SnAu 217 10
SnrAg 221 3.5
SnCu 227 0.7

Tin-Zinc (SnZn) and Tin-Cadmium(Sn-Cd) rejected even though havitn@mogeneous eutectic
melting temperaturasear to that ofin-Lead &nPb) are for 2nc oxidation and Cadmium toxicity.
Tin-Bismuth(SnBi) rejected even though having lessemogeneos eutectienelting temperature
(Tm)that thatof Tin-Lead (ShPb)for its brittle natureandfor its low melting temperatur@uring

the transition fromlead-free packages, the possibility of Bismuth and 0.lpercentage Lead
interaction can reduce the melting point by more than thirty degrees, making it difficult to build
with other lead frame packagé&e eutectic composition of TH8ilver (SrAg) and TirCopper
(SnCu) is predominately Tin (Sn) meaning intermetallic compounds are formed within the Sn
matrix inhomogeneity into the microstructur@in-Silver (SnAg) has a eutectic point at
3.5wtpercentage adilver with a eutectic equilibriunrmelting temperate (Tm)of 221°C closest to

the melting temperature @)of pure tin at 23°C, which is all the more by04C than the eutectic
Tin-Lead (SAPb) temperatureSilver alloy, is rejectedfor its economic cosasreplacement Lead

alloy. Tin-Copper (SrCu) has a eutectic point at 0.7wtpercentage of copper with a eutectic
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equilibriummelting temperature @l)of 227<C closest to thenelting temperature @)of pure tin at
232°C, which is all the more by42C than the eutectic Tihead (SAPb) temperature. This Copper

alloy is replacement Lead alloy, for its interaction with the copper pad on the Printed Circuit Board

10 20 30 40 50 60 70 80 90 100
Mass % Ag Ag_“

Figure20Tin Silver Phase Diagrafi7]
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Figure21 Tin Copper Phase Diagraih7]

1.7.Non-Eutectic Property in other Ternary Materials
The solution to finding aimplebinary replacemenrdllioy to Tin-Lead (SAPb) was let go, and a
more viable ternary combination of elements came into strategy. Theexarthe ternary alloys
is the eutectic equilibriunmelting temperature @frange of the alloysThisis much higher than
that of theeutecticTin-Lead (SAPb). To overcoméhesetechnical hitchesthe industry set some
standards to finding the possible replacement ternary alloy.

The criteriaas defined inLeadfree Soldering[16] are

A Have melting point aslose to SHPb eutectic as possible
A Be eutectic or very close to eutectic
A Contan no more than three elements
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Avoid using existing patents, if possible
Have the potential for reliability equal tw better than S#b eutectic.

Liquidus tempertre as close as possible to 183

Do o Do Do

Solidus temperature as close as possible to liquidus temperature (small pasty range)
A Solidus temperature significantly higher than tbelder joints maximum operating
temperature

Theoriginaltop choices of the elecinic industry with terngy alloyswere Tin, Silver, Copper, and
Bismuth withSntAg-Cu, SnBi-Cu, and SfAg-Bi ternary combinationsBut the coagulationof
Lead (Pb) and Bismuth (Bi) to formery lowintermetallicmelting temperatusyBi-Pb eutectic at
125.9°C, SnPb-Bi ternary eutectic at 9&), deemedi to be phasedut.

The SRAg-Cu eutectidernary alloyis of the composition S183.5Ag-0.9Cu by weighpercentage
with a eutectianelting temperature @)of 217.4+0.8C. Ths bondforms a ternary eutectimade
up of faceted CaSns matrix and norfaceted AgSnmatrix of intermetallic within the predominant
Tin(Sn) elemeni8].

The melting temperature ) of this ternaryeutectic is 10C lower than that ofts predecessor
binaryeutecticTin (Sn)-Copper Cu). Near eutectic compounds of-8ig-Cu arethe default solder
standard in the market todagpecifically SAQ05, SAC05 and to a lesser extent SAUS. Due to
higher Silver cost(i.e. consumeelectronic$ the predilectionis for alesserquantity of Silver
(Ag).The added benefit ighe reduction in thepotential formation of undesirable é®n
platelet§18].

Figure 22 shows the phase diagram of SAC alloys and spedyfithe Snrich region, which

highlights the formation of a SISn+AgSn-Sn- CusSrs ternary compound.
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40
Mass % Cu 2 Mass % Cu

Figure22 Sn-Ag-Cu Phase Diagram with Tin (Sngh corner of the Phase DiagrahY]

The demand for a replacement alloy for electronic assemblies lead to the current industry standard
of tin-silver-copper alloys, (S#\g-Cu or SAC). The most widely used are SAC105 8AL 305,

both contain0.5weight percentagef Cu and(1-weight percentage ar@lweight percentageof

Silver (Ag) respectively. Although these Based alloys are in wide use, there remain a number

of limitations, which necessitate the continued resefarch better standard and more reliable alloy.

Both Leadfree SAC105 and SAQG05 are noreutectic alloys with melting ranges 217-225°C

and 217220°C respectively,considerablynuch higher than the 18&€ melting point of eutectic

Tin- Lead 63Bn-37Pb.
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1.8.Solder Joint
A solder jointis formed when two conductors, onéth high melting temperature @) primarily
Copper (Cu) (1085°@nelting temperature), is fusedth another lowmelting temperature )
seconddly Tin (Sn) (231.9°Cmelting temperature @f)). Tin (Sn) hasunique ability to form
intermetallic compounds with many different materials. In the case of electronic sondaice,
solder joint assemblgct as electrical, mechanical and thermal bonds. The solder joint is comprised
of two interfaces btween the copper and soldmlled intermetallicas well as the bulk solder
(which is filler material between the two interfage§ he interfaces are chemical bonds between

theTin (Sn)from the solder and théopper Cu) from the connecting conduct$is].

component body component side

Cu/Ni pad

BGA solder joint

board side Cu pad

PWB laminate ——

Figure23 Schematic of a Ball Grid Array Solder Joja8]

1.9. Quality and Reliability
The solder jointquality andreliability problems have plagued the electronicsiits inception.
Early electronic designs were fraught with problems such as fundamental design errors, under
estimation of the operating conduction powers, and poor integration into the large system of
devices. In fact, the evolution of Reliability Engering as an independent engineering discipline
took place in the Unites States in the 1950s due to the expanding reliance of the military on
electronics combined with theverincreasingcomplexity of electronic systems.

The semiconductor industry hasteed from these problems over the past several decades, and
27



electronic manufacturers, designers, printed circuit board manufacturers, consultants, and electrical
engineers have been working together to improve power consumption, electronic design,
fabricdion, and operation performances. Over time, these efforts have led to internationally
recognized electronic standards (IEEE, IPC, JEDEC, etc.,) for testing and improving electronic

reliability.
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Figure24 Electronic Systems Teasgy Life Cycle

The standard electronjgroduct development cycle consists of a number of discrete steps that
include activities beyond those normally considered part of the design process. Thagelatips
initial design, computer modeling, component agstem testing, model validation, manufacturing,
operations and maintenance, and produprovement as shown Figure24. Reliability defined

a s hdiprobability that an item will perform a required functiorthaut failure under stated
conditors f or a st at[&9f Thp eliahility df amyskstetdepards on the reliability

of each individuatomponents of the system
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An assembly is likely to fail due to component failure in the short term and due to solder attach
failure in thelong-term Printed Circuit Board (PCBfgilure of an electronic componerd often
tracedbackto the solder joinfailures Ductile failuresare more predictable araale preferable to

Brittle typeof failures. Two of the common failure modes observed in Btgpe solder joints are
failures alongthe solder near the intermetallic compositimundary regionsgnd failures through

the bulk solder. Depending on the type of failure observed, the data classified are as per their failure

modes.

1.10.About this Dissertation

This dissertation assesses thdéalality of various combinations of semiconductor
packages listed in tHEablevi on bothFlameRetardan406 andMegtron6 substrate materials.
In addiion, the effect of heatsinks astudied in the PBGA1156, and SBGA600 comgmas over
the two different substratesmdthe effect of solder paste volume over the two different substrates
are studied in the CABGA36 and CABGA208 packagEke surface finish used in the
semiconductor electronic package is Organic Solderability Rwaser (OSP). In this
experiment, theske | e ment all oy (Sn3.8Ag0. 7Cu3Bil. 4Sbo0.
is one of the many proposed solusan resist the damage accumulation due to low creep fatigue

stress under temperature cycling environment.
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Tablevi Electronic Packages

Componeni Ball Alloy Paste Material Pitch Package Dimension  Package Material

SAC 309 SAC305
CVBGA97| SAC 104 0.4mm 5sg.mm
SnPb SnPb
SAC 303 saca0s
CVBGA43] SAC 105 0.4mm 13 sg.mm
SnPb SnPb
SAC 309 SAC305
CTBGA84 SAC 101 0.5mm 6 sg.mm
SnPb SnPb
SAC 30'5: SAC305 Ceramic
CABGA36 Isrﬁgli? 0.8mm 6 sq.mm
SnPb SnPb
SAC 305
CABGAZO&% SAC305 0.8mm 15sg.mm
SnPb SnPb
SAC 309 SAC305
CABGA25( SAC 109 1.0mm 17 sg.mm
SnPb SnPb
SAC 308 SAC305
PBGA1156 SAC 105 1.0mm 35sg.mm Plastic
SnPb SnPb
SAC 303 5acaos
SBGA304| SAC 104 1.27mm 31sgq.mm
Sirép??oc SnPb BT (Bismaleimide Triazin
SBGAG00O| SAC 105 SAC305 1.27mm 45 sg.mm
SnPb SnPb

This experiment designed to study the performance of the solder joint materials reliability, is at
three different temperature levels and at four different period levels as displaystkinii . The
performancsof the solder materials were determined from the ability of the solder interconnects

(solder ball and solder paste combinatitm)withstand theemperaturestresses induced by
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alternating temperatuextremes.

Table vii Design of Experiment

Time Period Temperture Storage

0 days 25°C

25°C
180 days 50°C
75°C
25°C
360 days 50°C
75°C
25°C
720 days 50°C
75°C

After the end of each period, the electronic package assemblies were placed in an alternating
temperature cycling single zone environmental chamber and then subjected to temperature
extremes of-40°C to+125°C) on a 120ninute temperature profile.

The electrical resistance measuremevese continually monitored using a LabVIEW software
program, and a Keithley multimeteistrument The failure as defined by thieC- 9701 standard

is fithe interruption belectrical continuity >1000 ohmiss a | oss i n sf@dl.der i n
Datalogger state machine function of LabVIEW program logs the time stamp, temperature
measurement and cycle coufRgilure data ae storedon a SQL server for further data and
Weibull analysis.

The failure data collected from each of the four periods, three different temperatures, two
different substrates, and many different packages with three different solder paste materials for
various different components as shown frbablevi, Tale vii werestudied for reliability trends

and their mean times to fail are resulted.
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The results from this experiment showed various relialiilégdsas a function othe following
factors
1 Type of Component Substrate Material
1 Size of the Component
1 Type of Board Substrate Material
1 Type of Solder Alloy Material
1 Type of Solder Paste Material
1 Volume of Solder Paste Materi@vailable only for CABGA6 and CABGA208)
1 Effect of Heat SinkgAvailable only for PBGA1156 and SBGA600)
The conclusive final trend from all of the abeventioned factors ithatas aging timeperiod
increasegreliability of solder joint materials decreases ,aamlaging tempetare of the storage
increasegeliability of solder joint materials decreases. There is also a direct correlation of aging
time and aging temperature to that of the intermetallic composition growth. The degradation of
reliability trends calculatedrefrom the experimental failure data using proportional hazards and
survival/reliability Weibull analysis methods, for the abewentioned factors at different aging
time-periods and aging temperatures.
After the intermetallic and microstructural grain oriemtatstudies that caugghysics of such
failure modes fte reliability trends of the solder material degradation are hettisrstoodLead
freesolder alloy materials with good thermal performageererallytend to havesitherhigh Ag
content (>3.0%)pr high Bi content (>3.0%)pr high Sb content (>1.5%). Failure analysit
solder jointsshow continuous increase in the thickness of Intermetallic Compounds (IMC) at

solder jointcopper pad interface and within the solder bulk as time and temperaigregses.
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For solderalloys that contain high Agontent(>3.0%) large platdike AgsSn growth observed
within the bulk solders of Sn matrix. Interetalliccomposition (IMC) observed near the copper
pad are of Cgbrs lumps. IMC thickness analysis shothkst during temperature aging and cycling,

the IMC layer in both the component and board side interfaces coarsen significantly and evident
from the optical microscopy measurements.

Thus, the material from the copper pads and solder joints diffused hatdMC to form
recrystallization observed through polarized optical microsc8plderalloyswith high bismuth
(>3%) and silver (>3%), can help limit the growth of the IMC layer thickness, as well as prevent
copper diffusion from the PCB copper pad intdder joint, hence help stabilize and strengthen
the interfacial IMC layer and improve reliability performanitast observed cracgropagation

is either @ the componerdideor on the boardide near interfacial regiongor a few instances,

cracks obsevedarethrough the bulk solder

1.11.Dissertation Outline
This dissertation contains the following chapters:
A Chapter 1Dissertation Context
A Chapter 2: High Acceleratetife Testing for Solder Joint Reliability in Temperature
Cycling Test
Chapter 3: Descriin of Experimental Setup and Data Acquisition System.
Chapter 4: Reliability Data Analysis usiBegparametekVeibull Distributionplots
Chapter 5: Failure analysis

Chapter 6Statistical Prediction Models for System Level Reliability

o o o Do Do

Chapter 7Results ad Conclusion
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Chapter 2 High Accelerated Life Testingfor Solder Joint Reliability in Temperature Cycling

Test

2.1.Accelerated Life Testing
Reliability is fiTimesTo-Failure (TTF) data obtained under normal operating conditiohs&
productin order to quaiity the life characteristics of a product, system or companélriie
exertionin this methodof data collectionis the longservicelife times of modern consumer
electronicsversusheavailabletime to test the produbietween design and relea3® ovecome
this difficulty and toevaluate the products higeir failure modes and life characteristiasnew
engineering test methodal | ed A Accel er at dodaccélaratdailurdsensre i ng (
swiftly thannormaluse conditionss needed.Accelerated. i f e Testing I s a fnse
attempts to replicate and predict the quantitative effect on product life by subjecting it to conditions
(Temperatur e, Stress, Strain, Vibration, et c.
Acceleratedife testing approach gives information quicker on product life distribution. First, a
model is fit for accelerated failure data. Second, by model extrapolation an estimate of product life
distribution under normal use condition is derived [Z2]e accedrated life testing is of two types
Qualitative and Quantitative. Thgualitative testsyield information on failure modes only,
(HALT, HAST, torture ests, shake and bake t¢siad quantitative accelerated life testsich
yield information onlife charateristics of the product, component or system under normal use

conditions, and therelyyrovide reliability informatiof21].
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Electronic products, components or systems, expected to perform their functions successfully for
long periods (often years) he time required to obtain timés-failure data must be coiderably
less than the expected life of the prod&air highaccelerated life tests (HALT), tirrte-failure
information in harsh environment$or the product is collected. There are two methods of
acceleration, usage rate acceleration and overstressraticel, that help obtain times-failure
data at an accelerated paBecelerated life test stress levels are to be chosen such that they only
accelerate the failure modes under consideration but do not introduce new failure modes that would
never occununder use conditiofi3l].

2.2.Accelerated Life Data Analysis
In an accelerated test, data collection ign@oortant step. Failureatiaareclassifiedasmany types
depending on the nature and design of the experiment.
Complete Data
It is the easiest and most accurate data to work watmplete data means that tivae to failure
value br each sample unih the experiment iavailable For example, if we testdve units and
they all failed (and their time®-failure were recorded), we would then have complete information

as to the time of each failure in thergae.
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Complete Data
Sample=5

X Failed

¥ Failed

¥ Failed

X Failed

¥ Failed

Figure25 Complete Life Data

CensoredData

In real world experimentsall of the units in thexperiment would ot have failed.e., the exact
timesto-failure of all the unitss notavailable This type of data is censa data. There are three

types of possible censoring schemes, right censored (suspended data), interval censored and left
censored.

Right Censored (Suspension) Data

Themostcommon type of censoring is right censored data, or suspended data. In thisedédse,

data contains units that did not fail during the accelerated life testing. For example, if we tested
five units and only three had failed by the end of the test, we would have right censored data (or

suspension data) for the two units that ditfaded.
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Data with Right Censoring (Suspensions)
Sample=5

Running

————— % Failed

¥ Failed

» Running

¥ Failed

Figure26 Right Censored (Suspended) Data

Interval Censored Data

The second common type of censoringniervatcensoreddata. Interval censored data reflects
uncertainty to the exact ting# unitfailure, but the lasgood known data and post failure data are
availablewithin an interval. For example, if we are running a test on five units and inspecting them
every 100 hours, we only know that a unit failed or did not fail between inspections. Specifically,
if we inspect a certain unit at 100 hours and find it operating, and then perform another inspection
at 200 hours to find that the unit is no longer operating, then the only information we have is that

the unit failed at some point in the interval between 100 afichadrs.

Data with Interval Censoring
Sample=5

Failed

S_Falled

Failed

Failed

»
Failed

Figure27 Interval Censoring Data
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Left Censored Data

The uncommon type of censoring is the left censored data. In left censored data, the exact failure
time of unit is unknown but the post failure data is available.ifsiance, we may know that a
certain unit failed sometime before 100 hours but not exactly when. In other words, it could have

failed any time between 0 and 100 hours.

Data with Left Censoring
Sample=5

Failed

——————3 Failed

¥ Failed

Failed

¥ Failed

Figure28 Left Censored Data

2.3.Accelerated Life Data Distributions
To extrapolate the informatidinom accelerated liféest data to use level conditiotisetimesto-
failure dataare fit foran underlying life distribution. A pdf of the timés-failure of the product

gives the meaningful information of the prmt at accelerated test level conditions.

This pdf, usedo make predictions and estimates of life measures of interest at that partisular
conditions The objective in an accelerated life test, however, is not to obtain predictions and
estimates athe particular elevatetestconditionsat which the units were tested, but to obtain
these measures at anoth&te the usgecondition.To accomplish this objective, we must devise

a method to traverse the path from thecelerated test levgldf to exrapolate a use level

information.
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Figure29 Accelerated.ife Pdf versus Useife Pdf[21]

There ardhree lifetime distributions commonly used in accelerated life test anatgsigelythe
exponentialthe lognormabndthe Weibulldistributions.

Exponential Distribution

Most commorreliability predictionis exponential distributianThe exponential distributiooan

only model the behavior of units that have a constant failure rate (or units that do not degrade with
time or wear out)Therefore, this is inappropriate to considerdocelerated life tests that have
time dependent faires. This distribution thougfits the accelerated lifelatacollected, is not

used?21].
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Lognormal Distribution

Lognormal distribution is used in general reliability prediction analysis (i.e., ei@fedure in
fatigue, material strengths and loading vaeabin probabilistic design). When the natural
logarithms of the timeto-failure are normally distributed, then one can say that the data follow
the lognormal distributid21]. This distribution will not fit the need for determining the higher
temperature induced effeciBherefore, this is inappropriate to cahesi for accelerated life tests
that haveemperaturelependent failures.

Weibull Distribution

The Weibull distribution is a general reliability distribution used to model material strength, times
to-failure of electronic and mechanical components, equippresystemfg2]. In its most general
case, the parameter Weibull pdf igiven by

Equation2 Pdf 3-parameteWeibull

or . —
Q - — Q

—x

If the location paameterp, assumed zero, then the distribution becomes-h@@meter Weibull

Equation3 Pdf 2-parameteieibull

[
I | o
|

"Q0

Where
b = Shape Parameter (or sl ope)
d = ScaleParameter

0 = Location Parameter (or failure free |{22]
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Mean-Time-To-Failure (MTTF)

The MeanTime-To-Failure “Yis the kength of time that a system iis its operation between
failured23]. This is the averagét i me t o ftaystémMateeatitallyritist h a
Equationd MeanTime-To- Failure[22]

Yoo

Note that some practitioners erroneously assumejtisaqual to the MTF “Y. This is only true
for the case db =1 since [i (1+1) = (21)! =1][22]

Median

The median is the value separatihg higher half of a probability distributidrom the lower half.
For a data set, is the "middle" valuR4]. Mathematically, he mediari Yof the distribution is

Equation5 Median3-parameteWeibull [22]

Y I -8aé&g
Mode
The mode of a datasisttheelement that occurs most often in the collecfitj. Mathematically,
the modé€ Yof the distribution is

Equation6 Mode 3-parameteiVeibull [22]

Standard Deviation
In statistics, the standard deviatina measureysed to quantify the amouof variation or

disperson of a set of data valug@$]. The standard deviatign of the distribution is
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Equation7 Standard Deviatio-parametekVeibull [22]

, —8®T5p @Tgp

Reliability Function
Thereliability functionR (t) is

Equation8 Reliability Function3-parameteiVeibull [22]

Yo Q
Cumulative Distribution Function
The cumulative distribution functida (t) is

Equation9 Cumulative Distribution FunctioR (t) 3-parameteWeibull [22]

00 p Q
Characteristic Life
The characteristic Life and mean life are not the same values for the weibull distribution.
For a3-parameteweibull distribution characteristic life is determined by equatingg = i n
Equation9 thereby reducing it to

Equation10 Characteristic Life Equation for@arametef22]

"O- p Q

For the 2parameter case this is further simplified@- 1@ o ginceo=zero.Ther ef or e,
the characteristic lifan the case of -parameter weibulis the time at which 63.2% of the units
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will fail.

2.4 Survival Analysis and Hazards Rate Function
In reliability engineering, the most commonly accepteansoof the failure function isazard rate
function. In addition to the earlier probabildignsityfunctions of Weibull parameters, the failure
rate or hazard rate ffigtions h(t) are often used to understand the defect modes from accelerated
failure testing. The following graph shows the hazard rate comparison of measures of central

tendency in a reliability bathtub cuf2g].

< Random Failure
Infant Mortality (Useful Life) Wear out

h(t) decreasing

h(t) increasing

h(t) constant

Hazard Rate, h(t)

|Manufacturing™—+
Defects =

Random
Failures

Time

Figure30 Hazard Rate Bathtub Cury28]

First, it is important to understand the quantities necessary favaluanalysis. Consider T toe
the time until failure The Reliabilityor Survivalfunction, R (t) isthe prdoability of an entity
surviving beyond time[29].

Equationl1 Survival function[30]
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1 <« |4 «
WhereR (t) is a monoton@onincreasing functionwhen T is a continuous random variable with

probability density functiof (t), the Cumulative Distribution Function is given [[3]

sIR I

Then thereliability function[32]

< M < <
1 i 1
<
_
< _

The probability density function, f (t) following Weibull distribution[&3]

a <5’

Moreover the reliability functionR (t) is[34],

n

2
1<« gt , <

Wheretheshapg T failurelifetime,s tmandlocation,r 1t are theunknownparameters.

The characteristic lifetimis number of cycles at whick— p '‘Q of the population is
expected to failHazard function is the conditional failure rate in reliability or instardasegate
of failure [35],

Equation12 Hazard function

Ca o EV R YE
i [ N
From the abov&quationl2, & is the approximate probability that an entity at time t experiencing

an event i mestfiction onthazaed functiosltiatatisnonn e gat i ve Tiieh (t )
hazard function relates to the survival function and pdf in the following way,
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| « =|—<8

In Weibull 3-Parametecase36],

a
o

<
t

ha 8

| <

Let h (t | Z) be the hazard rate for an entity with risk vector Z at time t. The proportioaadl haz

~|a

rate model proposed by Cax

EG@ E OAgp: E OA@D r:

WhereE Oisar bi trary baseline hazard rate, b is
term is a known function. This tkesemiparametricnodel because the parametric faassumed
is only for covariate effect. Cox model which is also known as proportiaardrd model for two

entities with covariate values Z and Because the ratio of their hazard ratd2%

QED QOAGB T O L
— . Aob y
Qo QMoAgB 1 & o o

Whichis a constant. Henchazard rates are proportion@his equations called Hazard ratio of

an entity with risk factor Z experiencing the event as compared to an entity with risk factor Z
This experiment consists of five categoricati@bles such as Paste combinatiBaste Volume,
Component SizeEffect of Heat Sinkand Aging Time. The censor indicator used in this

experiment is delta. The Time to Failure measured in cyctes issponse variable.
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2.5Accelerated Factor Coffin MasonEquation
Accelerated life testing facomponentexposed to temperature variatiaaghroughaccelerated
Temperature Cycling TestThe temperature variations from the field use ofciv@ponentsre
due to repetitions (i.e., turon and offconditions) or due to the result of cyclic environmental
changes (i.e., temperature variations from day to night as satellites orbit the earth, etc.). These
repeated temperature changes can result in temperature fatigue and lead to accumulated low fatigue
failure afer many tempmture cycles. Accelerated temperature cycliegt is cycling the
componentso alternating higland low temperatures that exceed its normal use temperatures but
within their destruct specifications. Temperature Cycling according te31D-883 is airto-air
testing. This dissertation deals with testing performed using da-air temperature cycling in a
single zone environmentahamber. This produces an acceleraié of temperature change
called ramprate. Theacceleration factor redirig from the temperature cycle test is the ratio of
the componentife at normal operating conditions to the life at accelerated test conditions and is

given by[37] Equation13 Coffin-Manson equatiof38]

50 o
Y'Y
Where
AF = Acceleration Factor
@ Trestcycle = Test temperature difference (°C)
@ Trield cycle = Fieldtemperature difference (°C)
m = Fatigue or CoffirManson exponent

The fdigue or CoffirManson exponent is important, as small changes in this exponent can have
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larger changes in the acceleration factor. Exponents for many maseeasailable readijyand

it isexperimentally possible tetermine the fatigue exponent srforming multiple tesvalues

o f [3®TNorris and Ladzberg proposed thiplastic strain range is proportional to the thermal
range of the ©yleey madified theCdffindMgnsofieguitjon to account for
effects of thermal cycling frequency (f) and the maximemperature () The equation is given

by [40] Equation14 Norris Landzbergnodified Coffin Mansorequation41]

"0 y'Y G
"Q Y'Y

g U
o0
0

Where field and tesfor useof field and test conditions respectively.

AF = Acceleration Factor

N = Cycles to Failure

f = Frequency of cycles in a day (24 hours)

o Trest = Test temperature difference (Kelyin

o Field = Field temperature difference (Kelyin

Ea = Activation Energyof the failure modelectronvolts [42]
k = Bol t zmann @6$136803n18-5 eViK:) [43][42]
EJk = 1414for Tin-Lead 2185 for SRAg-Cu [43] [42]

m = 1/3 for TinLead 0.136 for SRAg-Cu [43][42]

n = 1.9 for TinLead 2.65 for SRAg-Cu [43][42]

This modelis used taestimae the field lifetime duratiorof accelerated test datéhis model still
not perfeced over the yearss the most relevant model currently available in the industry

estimate the time to failure distribution for solder joint fat[gd¢
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Chapter 3 Description of Experimental Seup and Data Acquisition System

3.1. Printed Circuit Board Assembly
The printed circuit board assembly components included in this dissertation are only Ball Grid
Arrays of various size and type, ranging in sia@ensionfrom 5mm x 5mm to 45mm x 45mm.
Practi@al Components supplied all the dumaiig components (die is ndanctioning). Each of
the component is daisy chained i.e. an electr
will pass through each solder joint of the componentin series. Thigxdgpec a |l | ed fAdai sy
is standard irsolder jointtesting as it allows a single electrical test to check for connectivity of all
the solder joints in the component. The test printed circuit board incorporates land patterns for 5
mm, 6mm, 13mm, 15mnm,7mm, 31mm, 35mm and 45 mm Ball Grid Array (BGA) packages with
solder ball pitch ranging from 0.4 mm to 1.27 mm. The Memory Module and the SMRs in the test
are NoLead packages, which is present in the test to study the effect of paste composition for
pasive components. Thpaste volumes are different in the Twith 0.127mmand Bottomwith
0.076 mmof the test printed circuit board and only two components appear on both sides of the
board the CABGA 36 (6mm ceramic BGA) and the CABGA 208 (15mm ceBfak). All the
test printed circuit bardsareassemblednly on one sidé.e., thecomponentgresent arenly on
either the Top or Bottorside of the boarndin total, 921 test boardaereassembledThe full test

matrix of the printed circuit boards shownTiableviii .
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Tableviii Printed Circuit Board Assembly

Solder
Paste

Board
Type

Solder
Paste
Volum

0
day

180 Days

360 Days

25°
C

25°

50°
C

75°
C

25°

50°
C

75°
C

Flame
Retardant
-406

Top
(0.1227
mm)

14

14

14

14

14

14

14

14

14

14

Total

140

Botto

(0.076
mm)

50

Megtron
6

Top
(0.127
mm)

15

15

15

15

60

Botto

(0.076
mm)

19

Flame

Top
(0.127
mm)

30

30

30

30

30

30

30

30

30

30

300

Retardant
-406

Botto

(0.076
mm)

10

10

10

10

10

10

10

10

10

10

100

Top
(0.1227
mm)

15

15

15

15

60

Megtron
6

Botto

(0.076
mm)

20

Flame

Top
(0.127
mm)

30

30

30

90

Retardant
-406

Botto

(0.076
mm)

10

10

10

30

Top
(0.227
mm)

36

Megtron
6

Botto

(0.076
mm)

16

Total

152

59

59

131

59

59

132

59

59

152

921
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STI Electronics Incassembled the test printed circuit boase screefprinting machine used
was a Speed line Technologies MPM Momentdmvo pick-andplace machines usederethe
Juki KE- 2080Land Juki FX3.

Solder reflow was done using a Heller 1913 MKIIlI reflow ovédptical inspedbn and
transmission Xay tomaraphy analysis determidéhe assembled test printed circuit boaadd

typical solder joint quality following reflow.

Figure31Voiding Analysis by XRO9]

Two components required pesssemblyattachmentThe Memory Module consists of a Land
Grid Array (LGA) socket attached during the PCPBfocessbut thepairedPin Grid Array (PGA)
component werenanually placed into the LGA socket once the circuit board assemblies had been
received at Auburn Universitgimilarly, the heat sinks for tf@BGA 600 (45 sq.mmandPBGA

1156 @5sgmm) components
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3.2. Testing Standard
In this dissertationto study the accelerated life testing on solder joint reliability under temperature
cycling test conditions, a temperature cycling harsh environment test in accordance to the JEDEC
test standard JESD22104E (Revision of JESD22104D, March 2009) $ used. The standard
applies to single zone environmental chamber temperature cycling, covers component, and solder
interconnection testing. The load placed is in a stationary chamber and is heated or cooled by

introducing ot or cold air inb the chamb§45].

TEMPERATURE PROFILE

Ts(max) = N

L -
|—>\Upper soak time \

\
\ \
i
\
\
\
\

|
|
\

\
\

AT Nominal
Ramip rate

Temperature (Celsius)

|
|
e

o)
Nominal
TS i)

N} w I toleranc

Time (minutes)

Figure32 JEDEC JESD222104E Temperature Cycle Testing Profuib]

The JEDEC JESD22104E standard followed irthis experimentis profile G with soak
temperatures 0f40°C) and +125°C. The test standatidws for modifications of the standard

profile requirements on ramp ratesaocount for thermal mass of larger test
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3.3. Experimental Setup
Inside the single zone temperature cycling environnsbambey all test boardsre vertically
placed oneon top ofanother. Each daisshained component is wiredut to a data acquisition
system.The test boards are spaced using a &idnadustries spacing racks for uniform heat
absorption and dissipatiohe data acquisitiorsystem consists of a Khley 7002 switch
scanning multiplexecoupled with a high accuracy Keithley 2001 digital muoiger, which

allows for continuousnonitaring of resistance change each component.

Figure33 Schema of Monitoring SetUg]
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3.4. Software Monitoring Protocol
Due to the magnitude of the test and the limited availabifitgqunipment to monitor the test, a
modified IPG9701 monitoring standard is used. The {@ID1 standard dictates that each of the
test components to be continuously recorded. The failure criterion defirfidteasterruptionof
electrical continuity thais greater than 10000. In this dissertationhowever the failure criterion
is disruption of electrical continuity greater than 1800 dnch f the test components resistance
measurement recorded is not continuous. Thereby an interval based ceaslaredid used
statistically to understand the failure of the componentdhisrdissertationthe protocol used for
monitoring the test components consisted of two measurements a positive and a ground. The
resistance between them is cyclically recordetfvals) in a database. Though this sounds simple
enough theoretically the magnitude of the problem is far higher to achieve in pratiice.
protocol developed by Dr. John Evans and various members of E8Wi#dely accepted at

Auburn Univerdily as aralternative to the IP@701 standafd6].

Ribbon Cables

GPIB Cables

al

Trigger Link Data and GRD
Cable Channels

Figure34 Software Program Protocfd]
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The test boards physical setup and connestio the software monitoring, displayed in Eigure

35. The software monitoring system stores the information of the temperature, cycle count,
component uniquaentity, board unique identity, failure count and also the tinfailure onto

an excel sheet. This has an independent state machine system that writes the data to the excel sheets
without any data loss. The data are then loaded onto a MS S@ér 8erually and stored for

future data analysis.

Figure35 Physical Interface Connections to the Software Monitoring Prd&col
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3.5.Board Storage and Aging Temperatures
The test boards are stored in an isothermal aging condition for a period of 720 days in various
environmental chambers. The storage temperatures choserbaratt25°C, 50°Cand 75°C. The
test boards subjected are to temperature cycling JEDEC JESTIRIE standard testing at time
intervals of 0 days, 180 days, 360 days and 720 days. The following

Figure36 displaysisothermal condition for 75°C stored up to 720 days.

Figure36 Test Board Storage inside an Environmental Chaifj@er
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Chapter 4 Reliability Data Analysis using3-parameter Weibull Distribution plots

The reliability data from the test components have an interval censwitige new protocol do
not continuously read the resistance datdhe dataanalyzedisby Rel i asoft ds
software and the method used in this analysis is interval censoring with suspenbiens
distribution used for computing tiean Time-To-Failure s the 3parameter Weibull with Shape,
Scaleand Location parametees shown in th&quation4. In order to understand the various
effects ofthis experimentthe total test subdivideateinto various smallestudy groups

The test resultiscussedh thisdissertabn andcalculation to derive these resuéireshown in the
Appendix B with Weibull Charts arfstatisticalAnalysis.In this dissertation, the label format used
consists of three Jaxis labels, the first line represents the solder alloy material anddbedsline
represents the solder paste material, the third line represents the board substrate material.
4.1.Reliability Study on the effect of Heat sinks

The effects of heat sigkcan only be experimentadthe PBGA 1156 and SBGA 600 components.
These cormponents have speci@ikat sink placement logahs on the test board® attach the
heatsinks. In both the components, the results showed a significant differéinegerformance
of the solder jointdy the presence of heatsinks. This difference isifsignt across all the

different solder paste materials, substrate matesaatdifferent agindgime temperatures
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4.1.1. Mean-Time-To-Failure of PBGA 1156 Components

Mean Time To Failure-PBGA 1156
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Figure37 MeanTime-To-Failure for PBGA 1156 Components Tested@ays of Aging

The test results show a clear difference in the performance of the PBGA 1156 components due to
the presence of heatsinkéhe MearTime-To-Failures of theeomponents with theleat Sink are

lesser than that of the components without thegieks. Across all the various physical properties

of the board substrate materialsd solder materials, the effect seen is to be the Sdreesfore

the initial test conclusion is that the heat sinks are not improvingutell reliade life of the
componentskor the FR406 board substrate, Flread solder materials with the heat sinks reduced

the reliable life by 217 temperature cycles and SAC305 solder materials by 619 temperature cycles.
For the Megtror6 board substrate, THbead solder materialgith the heat sinks reduced the
reliade life by 33temperature cycles and SAC305 solder materiaB3I3¢emperature cyclesn

both the substrates, the Tliead solder materials showed no significant differences in the presence
of heatsinks whereas th&S305 solder materials have a negative effect on the reliable life of the
component due to the presence of heat ghtks
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Mean Time To Failure - PBGA 1156
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Figure38 MeanTime-To-Failure for PBGA 1156 Components Testedl& days of Aging

The test resultfom aging the test boards to 180 day®w a difference in the performance of the
PBGA 1156 components due to the presence of heatisitke SAC305 solder material§he

overall MeanTime-To-Failures of thecomponents wittHeat Sinls are lesser than that tiie
components without the heat sinks SAC305 solder material§or the Megtrorb substrate,
SAC305 paste and alloy combinations were not present so the comparison is between Innolot paste
and SAC305 alloysin both the substrates, the Tliead solder marials showed no significant
differences in the presence of heatsinks whereas the SAC305 solder materials have a negative
effect on the reliable life of the component due to the presence of heat/dgtkin the FR406
substrate, the negative effecttbé presence of heat sinks is increasing as the aging temperature

increasesThe reason for such adverse effects are due to the CTE mismatch of the board substrate
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and the plastic mold compound materials. The CTE is directly related tg tfehle materls.
The Ty of FR-406 substrate is 170°C; Megtrénsubstrate is 210°C and the PBGA 1156

component mold material is 196{€7].

Mean Time To Failure - PBGA 1156
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Figure39 MeanTime-To-Failure for PBGA 1156 Components Tested@ days of Aging

The test raglts from aging the test boards to 360 dakew aweird patterrin the performance of
the PBGA 1156 components due to the presence of heaisi®#C305 materialsThe Mean
Time-To-Failures of theeomponents with theleat Sink arelependent on a varietf factors in
this experimentthe solder ball alloy, aging temperatuead board substrate¥he TinLead
material isnot significantly differentvith the presence of heatsinksross all the three isothermal
aging temperatureshereas théeadfree materals do not perform well with the presence of the
heatsinksat 25°C and 75°CGaging temperatures The Innolot Solder paste arf®AC305solder

alloy was present only on tiegtron6 substrateat 75°C aging temperatuaed seems to have a
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positiveeffect wherthe heat sinks aggresentin both the substrates, the Tliead solder materials
showed no significant differences in the presence of heatsinks whereas the SAC305 solder
materials have a negative effect on the reliable life of the component due tesbager of heat

sinks. Also in the FRIO6 substrate, the negative effect of the presence of heat ssdeni®nly

atthe25°C and 75°@ging temperatuszand this turned positive at 50°C aging temperpt8te

Mean Time To Failure-PBGA 1156

1830 | 3735 | 1755

—
[
v

o©
=

&

—
o
ot

=

©

w
o

-
o

E

-
c
o]
Q

SNPB |SAC105 SAC305| SNPB |SAC105 SAC305| SNPB |SAC105 SAC30S |INNOLOT| SNPB |SAC305
SNPB SAC 305 SNPB SAC 305 SNPB SAC 305 INNOLOT| SNPB | SAC 305
FR-406 FR-406 FR-406 M-6
25C 50C

720 DAYS OF AGING

PBGA1156-HS Top PBGA1156-NHS Top

Figure40 MeanTime-To-Failure forPBGA 11556 Components Tested @078ays of Aging

The test results from aging the test boardg2d days shovsimilar trendin the performance of
the PBGA 1156 components due to the presence of heatsinks. Thelvteamo-Failures of the
components witliHeat Sinkare dependent on a variety of factorshis experimenthe solder ball
alloy, aging temperaturand board substrate§he TinLead materialshow no significant
difference inthe presence of heatsinksross all thasothermal aging temperaturasad board
substrate materialshereas thé.eadfree materials do not perform well with the presence of the
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heatsinksat higher aging temperature of 75°This effect is similar in both the board substrates.
The Innolot Soldepaste an@AC305solder alloypresent a theMegtron6 substrates still under

testing and no significant failures are available as of now to make a meaningful conclusion. Hence
discarded in this chart. Dr. Anto Raj is currently leading the research for éatuckisivetesting

resultson this portiorj49].

Mean Time To Failure of PBGA 1156 Components with Tin Lead Solder Material
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Figure41l MeanTime-To-Failure for PBGA 1156 Components Testath Tin-leadSolders

The test results from thENn-lead Sdder Paste and Alloy combinati@mowthat the presence of

heat sink is marginally adverse to the performance of the solder. jdimés MearTime-To-
Failures of the components with Heat Samd without heat sinks show that there are no significant
difference in their performances for the PBGA 1156 componéids/ever the aging time and

aging temperature have been the major contributor in the degradation of their reliability. This effect

observed is in both thEeR-406 and Megtron6 substrates. However, theéR-406 substrate is far
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superior in performance compared to Megtron6 substrate. Another interesting observation

from the results are that the degradation effect of aging time seems to become lesser after 180 days
of aging, this observation holds traeross all the three aging temperatures and also between the
two differentsubstratesThe damage accumulated from the solder joints behave in a fashion that

they approach to a constant after 180 days of aging in this thermal cycling test envife@ment

Mean Time To Failure PBGA 1156 Component with SAC 305 Solder Material
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Figure42 MeanTime-To-Failure for PBGA 1156 Components Testeth SAC305Solders

The test results from tl@AC305Solder Paste and Alloy combinatishowthat the presence of
heat sink is extremely adverse to the performanteedgolder jointsThe MearTime-To-Failures

of the components with Heat Siakd without heat sinks show that there is a significant difference
in their performances for the PBGA 1156 componehiswever the aging time and aging
temperature have been joracontributor in the degradation of their reliability. This effect observed
is in both the=R-406 andMegtron6 substrates. However, tidR-406 substrate is far superior in

performance compared to tiMegtron6 substrate Another interesting observatidinom the
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results are that the degradation effect of aging time seems to become lesser after 180 days of aging,
this observation holds true across all the three aging temperaturesotartietween the two
different substrate§.he damage accumulated frone tholder joints behave in a fashion that they
approach to a constant after 180 days of aging in this thermal cycling test enviréomiesf R-

406 substrate but not with thdegtron6 substrateThis is due to the differences in thgdf the

board subsate materials and also due to the time above liquidus for the reflow profile of the SAC.

Mean Time To Failure of PBGA 1156 Components with Innolot Material
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Figure43 MeanTime-To-Failure for PBGA 1156 Components Tested viftholot Solders
Due to the limited availability of the resources indtuot solder paste and alloys at the time of
board build. The teglata is available onlfor the FR-406 at 0 days,180 days and 720 days of
aging.The test results from tHenolot Solder Paste and Alloy combination show that the presence
of heat sink is x@remely adverse to the performance of the solder joints. The -VieasTo-

Failures of the components with Heat Sink and without heat sinks show that there is a significant
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difference in their performances for the PBGA 1156 components. However, the iagnant
aging temperature have been major contributor in the degradation of their reliblolitgver, for

the Innolot materials, unlike Tihead and SAC305 materialse degrad#on effect of aging time

do not approach a constadter 180 days of aggnandafter720 days of aging in thimperature
cycling test environment.imited research is available on the creep properties ofnihelot
material after agingdr. Anto Raj is currently investigating the behavior of Innolot material after
aging in hisdissertation.

4.1.2. Mean-Time-To-Failure of SBGA 600 Components

Mean Time To Failure -SBGA 600
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Figure44 MeanTime-To-Failure forSBGA 600Components Teste@ O days of Aging

The test results show a clear difference in the performance of the SBGA 600 compoeadats du
the presence of heatsin&ad is dependent on the board substrate mat&hal MearTime-To-

Failures of the components with the Heat Sink are lesser than that of the components without the
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heat sinks. Across all the various physical properties ofalder materials, the effect seen is to
be the sameTherefore, the initial test conclusion is that the heat sinks are not improving the
reliability of theSBGA 600componentbut theMegtron6 substrate is having a significant effect

on the components germance

Mean Time to Failure - SBGA 600
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Figure45 MeanTime-To-Failure forSBGA 600Components Teste@ 180days of Aging

The test results from aging the test boards to 180 days show a clear difference in the performance
of the SBGA 600components due to tharesence of heatsinks. The overall Mdame-To-

Failures of the components with Heat Sinks are lesser than that of the components without the heat
sinks but with one exception. Here, theard substratenaterials have made a difference in the
performanceof the SBGA 600 componentBoth the TinLead materiabndLeadfree materials

do not perform well with the presence of the heatsinks. This effect is similar in both the board

substrates.
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Mean Time To Failure-SBGA 600
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Figure46 MeanTime-To-Failure forSBGA 800 Components Teste@ 360days of Aging

The test results from aging the test board3@days show a difference in the performance of the
SBGA 600 components due to the presence of heataimkboard substrateBhe overall Mean
Time-To-Failures of thecomponents with Heat Sinks are lesser than that of the components
without the heat sinks. Here, the board substrate materials have made a difference in the
performance of the SBGA 600 components. Both theLEiad material antleadfree materials

do not erform well with the presence of the heatsinks. This effect is similar in both the board
substratesThe Megtron6 substrate is having a significantprovementeffect on theTin-Lead
materials components performance with heat sinks. Howeverreadagrials with Megtrorb
substrate show deleterious effects in the presence of heatsinks. This warrants for detailed materials
analysis and creep properties of the SAC305 material in Megtsustrates. Further explanation

for this phenomenon is in the Chiap5.
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Mean Time To Failure- SBGA 600
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Figure47 MeanTime-To-Failure forSBGA 600Components Teste@ 720days of Aging

The test results from aging the test board&2@days show a clear difference in the performance

of the SBGA 600 components due to thegence of heatsinks. The overall M&ame-To-

Failures of the components with Heat Sinks are lesser than that of the components without the heat
sinks but with one exception. Here, tflegtron6 board substrate materiaith SAC305material

have made eeversal in the trendf the SBGA 600 componernitg., the components with the heat

sinks have performed better than that of the components without heatBittkshe TinLead

material and_eadfree materials do not perform well with the presence of theasides for the

FR-406 substrateHowever,the Megtror6 substrat@erforms bettethan the FRA06 substratat

720 days of aging at 75°C
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Mean Time To Failure of SBGA 600 Components with Tin Lead Solder Material
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Figure48 MeanTime-To-Failure forSBGA 600Components Tested witfin-leadSolders

The test results from thEin-leadSolder Paste and Alloy combination show that the presence of
heat sink is adverse to the performance of the solder joints. The NteasT o-Failures of the
components with Heat Sink and without heat sinks show that ithargignificant difference in

their performances for tH®BGA 600components. However, the aging time and aging temperature
have been the major contributor in the degradation of their reliability. This effect observed is in
both theFR-406 and Megtron6 sulstrates. However, thiglegtron6 substrate is far superior in
performance compared to tR®-406 substrate. Another observation from the results are that the
degradation effdécof aging time seems to be dominant ewdter 180 days of aging, this
observatio holds true across all the three aging temperatures and also between the two different

substrates. The damage accumulated from the solder gammtst seem tapproach to a constant
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after 180 days of aging in this thermal cycling test environmanike the PBGA 1156

componentsHere, the main difference between the components are the package mold material.

Mean Time To Failure SBGA 600 Component with SAC 305 Solder Material
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Figure49 MeanTime-To-Failure for SBGA 600 Components Tested widadfree SAC-305

The test results from thieeadfree SAC305 Solder Paste and Alloy combination show that the
presence of heat sink is extremely adverse to the performance of the solder joints. Hienhéean
To-Failures of the components with Heat Sink and without heat sinks show that there is a
significant diference in their performances for t8BGA 600components. However, the aging
time and aging temperature have been major contributor in the degradation of their reliability. This
effect observed is in both tik&-406andMegtron6 substrates. However, tiegtron6 substrate

is far superior in performance compared to FRe406 substrate. Anotlrdmportantobservation

from thetestresults are that thilegtron6 substrate after aging for 720 days components with
heat sinks performed better than that withibet heatsinks. Thdegradation effect of aging time

seems to become lesser af8@0 days of aging, this observation holds true across all the three
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aging temperatures and between twe boardsubstrates. The damage accumulated from the
solder joints besve in a fashion that thheapproach to a constant after03@ays of aging in this
thermal cycling test environment
4.1.3. Effects of Heat Sinks
A In PBGA 1156 componentd)e effect of heat sink is adverse for The-leadandLead
freesolder materials (botBAC305and Innolot). Thélin-leadsolder materials seems
to approach a degradation constant but not so in the casadfree materials.
A In SBGA 600 components, the effect of heat sink is adverse fdirnHeadandLead
free solder materialsSAC309. The Tin-leadsolder materials showed adverse effects
with both the FRA06 substrate andlegtron6 substrate but theeadfree (SAC309
material after aging to 720 days showed that the components with the heat sinks
performed better than that of the compone&vitiout heat sinks.
Summarizing the effects of heat sinks for isothermal aging conditions, the components with the
heat sinks have an adverse effect on the solder joint performance. This conclusion isTirnde for
leadandLeadfree materials, in both theubstrates across all the aging temperatures and between
the PBGA 1156 and SBGA 600 components. However wheNl#dgtron6 substrate when aged
to 720 days witltBAC305leadfree solder material the SBGA 600 components performed better
with the heat sinks.
4.2.Reliability Study on the effect of Volume of the Solder Paste
The effects of solder pastelumecan only be experimented in the CABGA 36 and CABGA 208
components. These are the only components that are present in two different solder volumes.

However,the CABGA 36 components had very few failures to estimate a meaningful conclusion.
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In CABGA 208components, the results showed a significant difference in the performance of the
solder jointsdue to the variations in solder paste volufoe the doped SA@i alloy. This

difference is significant across alrée different aging temperatures and aging times.

4.2.1. Mean-Time-To-Failure of CABGA208 Components

Mean Time To Failure CABGA 208
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Figure50 MeanTime-To-Failure forCABGA 208 Components Teste@ 0days of Aging

The test boards built in two batches the Top side with 0.127 mm and the Bottom side with 0.076
mm. The test results show no difference in the performance of the CABGA 208 components due
to the higher paste volunteit there seems to be an effect of thelsopaste volume on the board
substrate materiallhe MearTime-To-Failures of the CABGA 208 components with the higher
paste volume are lesser than that of the components with lower paste volumes fordd@ FR
substrate. However, for tidegtron6 substate thehigher paste volume components performed
better than that of the lower paste volume compon&herefore, the initial test conclusion is that

thesolder paste volume correlated is to that of the board substrate material and not dependent on
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the canponent solder material$he leadfree Innolot material with the FRO6 substrate is the
clear best performer for the CABGA 208 componehk® next best material that performed well
are the Bismuth doped solder alloys on $#&C305paste with FRA06 subsate with less solder

paste i.e., the dopant of Bi have improved the performance of the components.

Mean Time To Failure-CABGA 208 components
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Figure51 MeanTime-To-Failure forCABGA 208 Components Teste@ 180days of Aging

The test resultBom aging the test boards 180daysshowa difference in the performance of the
CABGA 208 components due to the higher paste volume but there seems to be an effect of the
solder paste volume on the board substrate material. The-Mie&AT o-Failures of the CABGA

208 components wh the higher paste volume are lesser than that of the components with lower

paste volumes for the FBRO6 substrate. However, for tiMegtron6 substrate the higher paste
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volume components performed better than that of the lower paste volume compBointse
Tin-Lead material and.eadfree materialsshow the same trend with respective to their board
substrate material. This effect is similar across all aging temperaithredeadfree Innolot

material with the FRIO6 substrate is the clear best perferior the CABGA 208 components.

Mean Time To Failure-CABGA 208

3000
2500
2000
1500

1 I
1000

Mean Time To Failure (Cycles)

so0 -[S6as— Siees Swoze SNHEC SRS, oge Swoss SSSe ST Soss 103

0

SNPB |SAC105 SAC305 SACBI SNPB | SAC105 SAC305 SACBI SNPB |SAC105 SAC305 SACBI SNPB | SAC105 SAC 305 |SAC 305

SNPB SAC 305 SNPB SAC 305 SNPB SAC 305 SNPB SAC 305 INNOLO
FR-406 FR-406 FR-406 M-6
25C 50C
360 DAYS OF AGING

CABGA 208 Bottom CABGA 208 Top

Figure52 MeanTime-To-Failure forCABGA 208 Components Teste@ 360days of Aging

The test results from aging the test boards to 360 days show a difference in the performance of the
CABGA 208 conponents due to the higher paste volume but there seems to be an effect of the
solder paste volume on the board substrate material. The-Mie&AT o-Failures of the CABGA

208 components with the higher paste volume are lesser than that of the compoheloisenit

paste volumes for the FRD6 substrate. However, for thdegtron6 substrate the higher paste
volume components performed better than that of the lower paste volume components. Both the
Tin-Lead material and.eadfree materials show the same tremith respective to their board

substrate material. This effect is similar across all aging temperaturesealffeee Bismuth
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doped alloywith SAC305solder paste ithe FR406 substrate is the clear best performer for the
CABGA 208 componentsThe leadfree Innolot materialis not available in this subset, as they
were not available in the test design after aging them to 360 days; therefore, we lack the

performance of Bi doped alloys against the Innolot materials

Mean Time To Failure CABGA 208 components
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Figure53 Mean-Time-To-Failure forCABGA 208 Components Tested @07@ays of Aging

The test results from aging the test board&bdays show a difference in the performance of the
CABGA 208 components due to the higher paste volume but there seems to be an #féect of
solder paste volume on the board substrate material. The-Mie&AT o-Failures of the CABGA

208 components with the higher paste volume are lesser than that of the components with lower
paste volumes for the FB6 substrate. However, for tihdegtron6 substrate the higher paste

volume components performed better than that of the lower paste volume components. Both the
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Tin-Lead material and.eadfree materials show the same trend with respective to their board
substrate material. This effect is similacross all aging temperatures. Tleadfree Innolot

materialin the FR406 substrate is the clear best performer for the CABGA 208 components.

Mean Time To Failure of CABGA 208 Components with Tin Lead Solder Material
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Figure54 MeanTime-To-Failure for CABGA208 Components Tested wiffin-leadSoldes

The test results from th&in-lead Solder Paste and Alloy combination show thatldsser the
solder paste volumis usedthe better theperformance of the solder joinfisr the FR406 board
substrate across all aging time and temperatites/ever, tls is vice versa the case for the
Megtron6 substrateThe aging time and aging temperature have been the major ctottiiibthe
degradation of theeliability of the solder jointsThis effect observed is in both tR&-406 and
Megtron6 substratesThe FR-406 substrate is far superior inegormance compared to the
Megtron6 substrate. Another observation from the results are that the degradation effect of aging

time seems to blessdominant after 180 days of aging, this observation holds true adrtiss a
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three aging temperatures and also between the two different substrates. The damage atcumulate
from the solder jointseem to approach to a constant after 180 days of aging in this thermal cycling

test envionment

Mean Time To Failure CABGA 208 Component with SAC 305 Solder Material

2500
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Figure55MeanTime-To-Failure for CABGA 208 Components Tested witAC305Solders

The test results from th@AC305Solder Paste and Alloy combination show that the lesser the
solder paste volume is used the better the performance of the solder joints fer466 Board
substrate across all aging time and temperatures. However, this is vice versa the case for the
Megtron6 substrate. The aging time and aging temperature have been the major contributor in the
degradation of the reliability of the solder jointhis effect observed is in both th&-406 and
Megtron6 substrates. Th&R-406 substrate is far superior in performance compared to the
Megtron6 substrate. Another observation from the results are that the degradation effect of aging

time seems to beds dominant after 180 days of aging, this observation holds true across all the
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three aging temperatures and also between the two different substrates. The damage accumulated
from the solder joints seem to approach to a constant after 180 days of dgiaghiaermal cycling

test environment.

4.2.2. Effects of Solder Paste Volume

A In FR-406 board substrate material, the CABGA 2081ponentperformed better with

the lesser solder paste volume. Bdth-leadand Leadfree solder materials (botBAC305and
Innolot) showed the same trend in their MeEime-To-Failures

A In Megtron6 board substrate material, the CABGA 208 components performed better with
higher solder paste volume. Boflin-lead and Leadfree solder materials (botSAC305 and

Innolot) showed theame trend in their Meahime-To-Failures.

4.3.Reliability Study on the effect ofBoard Substrate Material

The effect ofboard substrageare experimentefdr Tin-lead and Leadfree SAC305materials
aged for O days, 360 days and 720 days at 75°C. All dhgonents in the test matrix have
experiencedailures inthis experimenexcept the CVBGA 97 component, which had far fewer
numbers of failures to make a meaningful comparibohoth the gbstratesthe results showed a
significant difference in the prmance of the solder jointabed on the solder materials physical
properties This difference is significant emss all the different componentsging time and
temperaturesin this reliability study, only 75°C one of the three aging temperature seoho

since Megtrorb substrate was aged only at that temperature.
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Tin Lead Solder Material -0 Days of Aging
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Figure56 MeanTime-To-Failure of various'in-leadcomponents aged 0 days @75°C

The test results show significantdifference inthe performance of the SBGAnd PBGA
components due to thariance in the board substrate materiitse MearTime-To-Failures of
theceramic and plastic mold materialebetter with FR406 substratand that of the BT materials
are better withMegtron6 substrates Therefore, thenitial test conclusion is that the board

substrate material amqmhckage moldompound materialare dependent on each other
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Tin Lead Solder Material- 180 Days of Aging @75C
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Figure57 MeanTime-To-Failure of various'in-leadcomponents agetB0 days @75°C

The test results show significant difference in the performance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd ilearno-Failures of

the ceramic and plastic mold materials are better witdG&Rsubstrate and that of the BT mtisr

are better wittMegtron6 substrates. Therefore, the initial test conclusion that the board substrate
material and package metshmpound materials are dependent on each wtséll true after aging

for 180 days @ 75°C

79



Tin Lead Solder Material- 360 Days of Aging @75C
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Figure58 MeanTime-To-Failure of various'in-leadcomponents age®60 days @75°C

The test results show a significant difference in the performance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd iMearo-Failures of

the ceramic and plastic mold materials are better witdG&Rsubstrate and that of the BT materials

are better witiMegtron6 substrates. Therefore, the initial test conclusiod 180 days aged @
75°C conclusiorthat the board substrate material gratkage moldcompound materials are
dependent on each other is still true after agin§é@days @ 75°CA very important observation

on the SBGA 600 component is that the reliability of the component dropped by more than 50%
in the case of the FRO6 sibstrate but not such a significant drop experienced in the case of the

Megtron6 substrate.
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Tin Lead Solder Material- 720 Days of Aging @75C
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Figure59 MeanTime-To-Failure of vaious Tin-leadcomponents aged 72ays @75°C

The test results show a significant difference in preeformance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd ikearo-Failures of

the ceramic and plastic mold materials are better witdG&Rsubstrate and that of the BT materials

are better witiMegtron6 substrates. Therefe, the initial test conclusiod80 days aged @ 75°C
conclusion and 36 days aged @ 75°C conclusion that the board substrate material and package
mold-compound materials are dependent on each ahsill true after aging for @ days@

75°C. A very important observation on the SBGA 600 component is that the reliability of the

componentemained similar to that of the 360 days agin@%C.
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Lead Free Solder Material (SAC 305) - 0 Days of Aging
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Figure60 MeanTime-To-Failure of varioud.eadfreecomponents ageddays @75°C

The test results show a significant difference in the performance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd ikearo-Failures of

the ceramic and plastic mold materials are better witdG&supstrate and that of the BT materials

are better withMegtron6 substrates. Therefore, the initial test conclusenhat the board
substrate material and package mobdnpound materials are dependent on each other. A
importantpoint on the SBGA 600 compentand SBGA 304 componei# that theMeanTime-

To-Failureare estimated using the Weibull distribu{ioh)].
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Lead Free Solder Material (SAC 305) - 180 Days of Aging
@75C
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Figure61 MeanTime-To-Failure of varioud.eadfreecomponents agetB0 days @75°C

The test results show a significant difference in the performance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd ikearo-Failures of

the ceramic and plastic mold materials are better witdG&Rsubstrate and that of the BT materials
are better witiMegtron6 substrates. Therefore, the initiakt conclusion that the board substrate
material and package metsbmpound materials are dependent on each other is still true after aging

for 180 days @ 75°C.
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Lead Free Solder Material (SAC 305) - 360 Days of
Aging @75C
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Figure62 MeanTime-To-Failure of varioud.eadfreecomponents age8b0 days @75°C

The test results show a significant difference in the performance of the SBGA and PBGA
components due to the variance in the board substrate materials. Thd ilearno-Failures of

the ceramic and plastic mold materials are better witd@substrate and that of the BT materials
are better withMegtron6 substrates. Therefore, the initial test conclusion and 180 days aged @
75°C conclusion that the board substrate material and packagecamjpbund materials are

dependent on each other 18l $rue after aging for 360 days @ 75°C.
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Lead Free Solder Material (SAC 305) - 720 Days of
Aging @75C
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Figure63 MeanTime-To-Failure of varioud.eadfreecomponents aget?0 days @75°C

The test results show a significant difference in the performance of the SBGA and PBGA
components dut the variance in the board substrate materials. The Wipag To-Failures of

the ceramic and plastic mold materials are better witdG&Rsubstrate and that of the BT materials
are better witiMegtron6 substrates. Therefore, the initial test conclusiod 180 days aged @
75°C conclusion that the board substrate material and packagecamjpbund materials are

dependent on each other is still true after aging2@rdays @ 75°C.

4.4.Reliability study on the effect of Aging Time Temperatures

The test results showdegradatiorin the gerformance o#ll of the testcomponentsafter aging
through time and temperatureBhe MearTime-To-Failures of theCABGA 256 component
compared withTin-leadand Leadfree (SAC305material) solders between tR&®-406 substrate
andMegtron6 substrateshown in the

Figure64. There is a direct correlation of the degradation to aging time and temperatures.
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Mean Time To Failure - CABGA 256
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Figure65 Degradation Chart on Meahime-To-Failure for CABGA256 Component withTin
leadandLeadfree (SAC309 Material

Figure 64 and Figure 65 show the materials degradati due to effect of aging time and

temperature. As, the aging time and temperature increases the materials degradation accelerates
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Tin-lead materials degradation percentages were libtiarleadiree SAC305after aging time

and temperatures for bothetlsubstrates. However, for the 75 °C with-#66 substrate the lead

free SAC305 materials had lesser degradation effect compared wigladimaterials. Important
understanding of these charts are that the degradation percentages compared are with respect
their no agingoaselinemean times to fail. The leddee SAC305 materials even after aging still
have higher mean life than that of théim-lead counter parts in FR06 substrate. Another
important observation is that tleéfect of degradation ofritlead material is more, compared to

that of the leadree SAC305 material in the Megtr@hsubstrate. This is explained by the glass
transition temperature gy differences in both the substrates and the CTE mismatch is higher with
tin-lead materials. TBiis a new information available in this test and not reported in any of the
predecessors research work from our research group. The general overall trend seen in all the
materials in both the substrate is that the aging time and temperatures are ddttamkeatsolder

joint performance. This negative effect correlatedtteer packages in the teatsocorrelated to

similar research papers and dissertations in the academic and industrial communities.
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