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Abstract

Forthe last couple of decades, our inclination towards computer technology has increased
broadly. Personal device assistants also known as PDA's have become a part of our daily needs.
Hence, the reliability of these handheld electronic devices has beaamajor concern for the
manufacturers aathey are subjected to draghockand thermal cyclingonditions during their

day-to-day operation

Board level drop impact testing bne of the most important methaafsevaluating the
reliability of electronicassemblies. The first phase of tlagidy examines # drop impact
performance of naged and isothermally aged flip chip packages on laminate assemblies for
various doped leaftee solder paste alloys. A potential solution to replace the industriabstand
solder past&n96.5 Ag3.0 Cu0.5 (SAC305)aarried out. The test vehia®nsistof 16 ball grid
array packages (BGA)hich arel5mm chip array ball grid array's (CABGA208) with perimeter
solder balls on 0.8mm pitch. In this experimental st®8¥C3® solder sphereand SAC305
solder paste argelected to be the baseline, Solder pastes withiffeE2ent dopantareinvestigated
in comparison with the baseline to determine their reliability. Two setsiried circuit boards
(PCB) aremanufactured, thfirst being neaged ad the second set of boards mahermally aged

at 125C for 6 months prior to testinghe koards ardurther categorized into 3 different reflow



temperatures and 2 different stencil thicknesses, 4 mil and 6 mil respecivBIECBS111 test
standard ifollowed to conduct the drop testing where the half sine impact pulse duration of 0.5ms
with peak acceleration at 1500G's is maintained. The boardslgezted to accelerated life iegt

where the test end state330 drops, anthe data i€ollected at an interval of ewy 20 drops. The
results of neaged and agedamples arecategorized and compared using data analytics and
Weibul analysis. Failure analysis ¢arried out to determine best solder paste, solder ball, reflow

temperature profile andencil size.

In the second phase of thetudy the reliability performanceof various electronic
assemblies during thermal cycling testarg investigatedBest performedioped low creep lead
free solder alloys designed for hitggmperature reliabilityfrom phase 1 testingreused.The test
boardsaredD . 2000 thick power c o mp u tMEG@TRONS rsubstratee d ¢ i
material andOSP coatingSinglesided assemblies atwuilt separately for the Tepide and
Bottom-side of tle boards. JEDEC JESDZ04-B test standard i®llowed; the test boardare
subjected for thermal cycling between the temperat#€%C and +128C respectively 120
minute cycle profile with45-minute transitions andl5-minute dwells at peak temperatures
maintained The test assemblies include surface mount resistors, 5mm, 6mm, 13mm, 15mm,

17mm, 31mm, 35mm and 45mm ball grid array packages respectively. The failurettiattest



assemblieare used in this study to understand the effect of soldés pamposition on the solder

joint reliability during thermal cycling testing.
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Chapter 1. A Brief Introduction to Electronic Assemblies

1.1 Electronics Packaging

Electronic Packaging Industry is the largest industry in the world The term of
APackageo i n el e dndusto mefers to raasuppoitigecchse rthatnegcloses a
semiconducting material to prevent it from corrosion and physical damages. itepaokaging
refers to the method of enclosing, protecting or providing physical structure to either electronic
components, assemblies of components or finished electronic deVioesnanufacturing of this

package is known as electronic packaging.

The manufacturing phase of an integrated circuit can be divided into two steps. The first,
wafer fabrication, is a sophisticated and intricate process of manufacturingdbe ship. The
second,s a highly precise and automated process of packaging th@hibee two phases are
commonl y knoBuwnd 0a sa nAmrdohatckespecti vely. Each
provide circuit support and protection, heat dissipation, signaildisbn, manufacturability,
serviceability and power distributiofhis is a multidisciplinary subject among Mechanical,
Electrical and Industrial Engineering, Chemistry, Physics and even Mark&timdgarket dictates
the demandthenthe engineersdesign, chemists and physicistsestigate new materials and
methods and Ingstrial engineers work on the manufacturing of the parts. Although more

functional and smller packages are desiraltleey alscarerequired to bejualified basedn



reliability and feasible pricingMore functional devies produce more heat and requoenplex
cooling system which both increases the pracel complexity There is a tradeoff among

functionality, reliability, size and price which alwayskea challenges for engineers

An IC chipwhich is enclosed inside the packagea very delicateand @mplex device. It
has thousandsf transistors and 1/0Os (input/taut links) which are spaced very dely (within
nanometers) to reduce electrical delay and current leakage. Contrary to popular opinion, IC chips
are not being shrunk in size simply becatisy need tde made more compact. The primary
purpose of miniaturization is to reduce electrical delay. When two switches/transistors/logic
devices communicate with each other, their speed of communication depends on how far they are
from each otheHigher the distance, slower the communicafiwhich will increase computation
speed in turn), it is essential to bring the logic devices as close to each other as [3)s3ibie
is the primary goal of miniaturization. An inevitable consequence of miiaation is that billions
of transistors are placed on a single chip, which means lots of input/output links (I/Os) inside a
single chipwhich need to be connected to other devices such as memories, connectors, power
devices etc. One of the biggest chaljes in the electronics industry is figuring out hovptotect
these delicate ICsat the same time successfully connecting all the 1/0Os from the chip to the board
and to other chips$Scaling the interconnects to achieve reliable connectivity with acdeptelay

is the main challeng&igures 1.1&1.2 showthe hierarchy of packaging
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Figure 1.1Levelsof Packaging. Adapted from [2]

1.2 Packaging @assification

THROUGH
HOLE SURFACE MOUNT
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Figure 1.2 Packaging classificatiotj2]
1.2.1Through Hole Mount Technology

It is a mounting scheme used for electronic componerds itivolves the use of leads on

the components that are inserted into holes drilled in printed circuit boards (R@8} followed



by soldering (adding solder around) the component leads, which joins thiem appropriate
metal traces of the PCB [3]. The principal method of soldering in thrboghmount assembly is
owave solderingé technique, which involves
over the wave, solderingll the througkhole @nnections at once. The electronic packaging
industry was quick to adopt wave soldering technologythe throughput advantages was
overwhelming. A typical THMT Component is DuatlLine Package (DIP). Figure 1sBiows an

example ofa DIP, and its sidgiew [4].
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Figure 1.3DIP and Its Side View[2]

While throughhole mounting provides strong meckaa bonds when compared to SMT
techniquedue to its lead frame structure effectively taking up stresses resulting from thermal
expansion in the PCB subate,additional drilling required makes thedrds more expensive to
produce.They also limit the available routing area for signal tramesayers immediately below
thetop layer on multilayer boards since the holes must pass thadiugiters to the gpositeside.
Throughhole mounting techniques are now usually rese for that which require thedditional
mounting strength, or for compents such as plug connectorsetectromechanical relays that
require great strength in suppo@in the downsidetibecame clear that a new technology was

needed to achieve higher I/G@gmponent densities and keep pace with IC advances.



1.2.2 Surface Mbunt Technology

The increase in demand for the leads and surface area constraints in the board led to
development oBurface Mount Technologyt is a method for constructing electronic circuits in
which the components are mounted directly onto the surface giritited circuitboards. This
largely replaced the througiole technology construction method of fitting campnts with wire
leads into holes in the circuit board. An SMT comeuat is usually smaller thahroughhole
componenbecause it has either smaller leades@leadsSMT components can be placed on both
sides of thé°>CBsince no througiholes are requéd, which increases the usageh&fsurface area

significantly.

The electrical performance of surface moureliconnects is typically bettelue to the
shorter leads employed. On the other hand, thermal management can become more complicated,
as thinneteadsi necessary for finer pitch I/Dalso fave higher thermal resistancé.[Blso, with

less solder for each joint, reliability of solders jsirs more of a concern]6

SMT componentsormally have flat profile made of tiead, silver, ogold-platedcopper
pads without holes, called solder pads. Solder paste is first applied to all thepsolsiersing a
screenprinting processThese are then conveyed into the reflow soldering avbare the
componenteads are bonded with the pads on tieuit board[5]. Figurel.4 shows THMT vs

SMT



Through-Hole Mount Attachment Surface Mount Attachment

Figure 1.4 Through-Hole Mount Attachment vs. Surface Mount Attachment. Adapted from [2]

1.2.3Leaded ®mponents

There are variety of leadedmponents: Gull Wing andLlead are the most common ones.
It can be nticed that a Gull Wing device ia surface mount component and lleasls folded out
from its body in the shape of a 'L', while-#edded device is a surface mount component that has
it's leads folded under its body in the shape of ]JFinally, allthe THMT components are

leaded components. The figuké shows some of the leaded components that are widely used
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Figure 1.5DIP, Gull Wing Component and JLead Component[2,5]

1.2.4 Nolead LeadLess Gmponents

Components with no leadseacalled Led-Less or NeLeads omponentsThere are a
variety of leadless components common to surface mount assembly. These include the Surface
Mount Resistor (SMR), Metal Electrode Leadless Face (MELF), and Quad Flatddo(QFN)
packagesThese components aresiigned to be placed flat on the PCB. They have bare metal
terminations on the bottom of the component and are placed directly onto the solder paste printed

on the copper pad of P(B].



SMT componentsre usuallyplastic encapsulated, in which the dienise bonded with
planar copper lead frame. The copper lead frame forms perimeter lands on the component bottom
to provide electrical connections to the PCB. Flatleanl Componest usually aresquare or
rectangularand includes an exposed thermal padeataer of the component bottaim improve

heat transfer out |[7Figure 1.6shows the side view of a QFN Component.

The advantages for Nloeads Components include reduced lead inductance, a small sized
(near chip scale) footprint, and low weight, so thatytthave good thermal and electrical
performance. Disadvantage for leads Components, especially the one with small sized of
exposed contact as well as large area of exposed thermal pad that they are easy to float on the pool

of molten solder under thedhmal pad during reflow assembly.
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Figure 1.6 QFN Component and SMR Componen{116]



1.2.5 Area Arays

These types of SMT Components have finer pitch I/O interconmdath allows greater
number of connections than lead type component wherdtmtyter perimeter is used][8rheir
need increased as the requirement for advanced IC compametisueto grov. Since no
throughh ol es are needed, | / Odimensoraainlatticeeor AreasAtray,l | e d
under a surface mounted component. &square component with n leads along each edge, this
approach increases the number of potential I/O channels from approximately 4n to n2 (although,
depending on the component, I/O may cover only part of the allowable area). Area arrays allows

one to dranatically increase I/O capabilities without hagito decrease the lead pitch.[9

However, finer pitches come with a range of manufacturability concerns, including
increasing fragility offnerp i t ¢ h | e a d s betaveed cloBely spackd)contagi@an the
Printed Circuit Boards. Eventually, it becomes difficult to further decrease the lead iches

standard SMC chip carriers.

1.3 Ball Grid Array

Ball grid arrayor BGA padkages are predominant area array packagey do not have
solderabldeads in a few straight rows. Instead, their leadssatder spearapplied to the grid of
contact pads built into the bottom of the component. These solder bumps are placed onto
corresponding solder paste deposits as if they were component leads. Tygigalyg, reflow
soldering, the bumpsielt and wet together with the solder paste to form a hamburger shaped
solderjoint as shown in the figurg.7 thus eliminating the lead coplanarity issue. On the contrary,
BGA Components are not mechanically compliginten that thesolder balls are as flexible as
leads areThese joints are prone to failure due to CTE mismatch between PCB and BGA when the

9



package is exposed to thermal or mechanical harsh environmémgsreliability issue can be
overcome ina processcalled Underfilling,where epoxy material is filled under the BGA after

soldering it on to the PCB.

| / /77777770 \, \ ]
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200pm 75X

Figure 1.7 BGA package and Solder Joint [5].

A variety of BGA packages are available, including Plastic BGA (PBGA), Ceramic BGA
(CBGA), Thin Chip BGA (OBGA), Very Thin Chip (CVBGA), SupeBGA (SBGA), and Flip
Chip BGA (FCBGA) packages, among othéfigure 1.8 shows some thfe crosssectional views

of some components listed above.
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Figure 1.8Some Ball Giid Array Structure Options [5]

Another area aay is the Pin Grid Array, where thick metal pins (like throhgte leads)
are attached in lieu of solder spheres or cokirfthg. This type of package often used in

conjunction with socket into which the pins are inserted.

Compared to traditional DIP,GA allows for more 1/0. There are different types of PGA,
including Plastic Pin Grid Array (PPGA), Hiphip Pin Grid Array (FCPGA), Ceramic Pin Grid

Array (CPGA), and Organic Pin Grid Array (OPGA).

Figure 1.9A PGA Component Used in Motorola 68020 Mitoprocessor[116]
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1.4 Substrates for Electronic Rckaging

Substrates used for PCB manufacturing is a multibillion dollar indu$tngy can be
typically classified into Rigid Laminate, (Organic) Flexible, or Ceramic, with Metal Core
Substrates as an additial option. Each substrate type exhibit different properties and the selection
of an appropriate one depends on the requirement. The primary requirement to be considered
during substrate selection is PCBOsrproperéesf i ci e

are listed below

General properties Material properties
Meets Performance Requirement Coefficient of thermal expansion
Cost Glass Transition temperature
Ease of use Stiffness
Durability Strength and toughness
Machinability Good Statidissipation
Dimensional stability Reduce creep and warp
Resistance to moisture Dielectric performance

12



Typically, a PCB consists of a nmonductive substrate, on which conductive traces are
etched from copper sheets which are laminated. PCBs camgbesided, double sided, or a multi
layer of laminated substrateConductive parts on different layers are electronically connected
with each other through vias. A via can be through hole, or a blind one exposed on one side, and
or sometimes buried gideto connect internal layers without hgiexposed on either surface].10

Figure 1.10shows a crossection view of a PCB with all three types of vias.

2

]! 1

1 3

Figure 1.10Crosssection view of a PCB with different types of vias: (1) Through hole; (2) Blihvia; (3) Buried

via. The green and gray layers are norconducting, while the thin orange layers and vias are conductive.

Laminate substrates are most widely used ones in the industry. Ceramic substrates are
normally used with ceramic components, as thg @atch is ideal between them. Flexible organic
substrates are used to form complex circuitry. They are manufactured by attaching a thin metal
foil to a flexible film using an adhesive. Constraining core substrates are metal core substrates.
They incorpoate a core that is CTE matched to components and other structures. The metal core

used in these would be metal sheet or metal matrix composite material.
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1.4.1Laminate Substrates

Most commercial applicationsserigid laminate substrates. They are typigalbnstructed
with many layersThe raw materials involved in the manufacturing process are Glass Fabric, Resin
and Copper Foil. The different raw materials are rolled onto each other to form a strayg stu
single layer. This process is called impregmatidhe layer that comes out of the impregnation
process is treated to make the materahbgenousThe lamination layup is followel by another
process wherthe copper foil is embedded to the Pressplates and Presspregs. The different layers
of laminates obtained are compressed and pressed by applying pressure and heat fpesadong
in the Laminate Pressing step. The resulting product is an inseparable single unit product. The
resulting lagrs are broken dowin the breakdown procesBhe core sheetgea (potentially) clad
in a copper layer that is photolithographically defined to create the appropriate electrical circuitry
or thermal distribution layers. THaished product is subjectdd lamination process, through
holes are drilled and plated tdaat for vertical electricabr thermal interconnects [2,5]1dnd a

final inspection to check for errors.

The primary advantage of utilizingminate substratis higher layer countsvhich helpin
increasing the routing capability of the embedded compsraerlthe component density. The
main advantage that pushes the laminate substrate printed circuit boards to the forefront is the

relatively lower cost of manufacturing and better utility. [2]
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1.4.2Solder mask

Copper traces on the PCB must be proteftted oxidation, correion and bridging. Solder
mask is a thin lacquer like layer commonly madecrylic or epoxy polymersoated where no

electrical cotact is needed on the PCB [2,5,11

One of the purposes of the solder mask is to prevent wettinglddgrsonto the copper
during reflow, the contact pads (Al andsod) on
of solder mask. There are two types of solder mask defigm PCB. One is to print the solder
mask around the copper pad and it ikeceNon-Solder Mask Defined(NSMD). The other is to
print solder mask such that just the desired pad area is exposed and it is called Solder Mask
Defined(SMD).In NSMD, a small space is left while printing the mask around the copper pad,
whereas in SMD thelesired exposed area is smaller than the copperFiguke 1.11shows

difference between NSMD and SMD PCB design.

Solder Mask
PCB PCB
Non-Solder Mask Defined Solder Mask Defined
(NSMD) Pad (SMD) Pad

NSMD and SMD Pads - Top View

Mor-solder mask defined pad Solder mask defined pad

Figure 1.11NSMD versus SMD PCB lands.
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1.4.3Surface Finishes

Surface finishes are applied over the exposed copper pad areasoddethmask can only
protect copper traces. This finish allows them to be preserved as either conductive test points,
fiducials or lands for solder wetting. Besides protecting copper pad from corrosion and oxidization,
surface finish can also increase sodddity of solder paste to the copper pad, by dissolving the
outermost layer of surface finish during reflow or wave soldedngariety of different surface

finishes have beetteveloped over the yeaasd some of them are discussed be@w,11,12].

Hot Air Solder Leveling(HASL): In this process the PCB immersed into a molten tin
lead bath. The solder clings on to the exposed metal surfaces that are not covered by the solder
maskHot ai r @k niblow &ffdhe excess saldsreckbaringaheough holes and véa
and leaving only a thin coat on the copper surfaces. This is one of the least expensive surface
finishes available and facilitates excellent solderability. This procespnmaarily used with tin
lead baths, and proved challengtoguse with leadree solders as their melting temperature was
higher. Another chwback of this process is the coating is not even and the coplanarity of the
surface is poor. Also, thermal shock damage to the PCB is a common issue therefore, the popularity

of HASL has fallen significantly in recent years.

Organic Solderability Preservative (OSP): is an organic compbasddantitarnish
coating It usesa thin protective layeftypically 0.71microns)of carbonbased organitayer to
protect the coppgradoxidation and contamination. OSP finish is the leaddowncost surface
finishes,has superior cplanarity and solderabilityfacilitates easy visual inspection and multiple
reflow capabilities [2,5 Disadvantage of OSP finish including poor shelg, léensitive to

handling, and difficulty during circuit testing because the coating iscoaductive.
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A variety of alternative surface finishes are available to support the production-fifdead
assemblies. They are more compatible with newer packaggsave superior planarity and
uniformity. They rely on deposition of one or more metals using Electropldfilegirdess
Plating, and Immersionl&ting. A buffer solution or a plating bath is used into which ions of
desired metal are dissolved. Whenbloards are dipped tmeetalions impinge the exposed metal
surface and bond in place to produce the coating. Below is the list of alternative surface finishes

available-

1 Immersion Tin (ImMSpImmSn, ISn)
1 Immersion Silver (ImAgIimmAg, IAQ)
1 Electroless kel Immersion Gold (ENIG

1 Electroless Nickel/Electroless Palladiummmersion Gold (ENEPIB

PCB Surface finishes are chosen depending on the application, cost, quality and reliability.
Every Surface Finish has its strengtiveaknessegshe Table 1.1 lists some of the properties of

Surface Finishes discussed in this topic.

GOOD

‘g Goon

Type Planarity Solderability Al Wire Au Wire Contact
Bondable Bondable Surface
B roor B - N

GOOD NO
GOOD NO
GOOD NO
GOOD YES
GOOD (soft only)

* Finish cost factor only, all other features being equal.

Table 1.1Summary of Properties of Surface Finishes
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1.5Electronic Packaging Trends

The achievements in electronics packaging sohterhelped to reach higher state of
integrity by utilizing new materials, employing more accuratecpsses and configurations. This
needs a new methodology to electronic design and layout of semiconductorcaiipiss and
systems. In this section the roadmamofdern packaging that shows thehto system integration

is presented [2].

AEl ectronic packagi ng ackendprocasd that transfordre y
integrated circuits (IC) into functional prodit s15] Blecfronics packagintechnologies are not
mature technologies, amdany technolgical aspects will still affedhe application possibilities.
Strongly, it can be stated thatyliechnological driving forceghe electronics and information
technologies havehanged and it will change theanufacturing technologies [[L3 he electronics
industries through the past few decatiese triedo reduce the dimensions of componergsvell
as complete electronisystems. To reach a reliable aiu$teffectivesystan, the size and weight
is beingreduced by employing lower voltag and highespeeds. The recent progressliectronc
manufacturing tends includashievemerstin higher integration such hetter materials, process,
and configurations which lda tothe designof more efficient andbetter layout of semicondtar
chips, circuits and systemBurthermore, the qualitynd cost should be consideredessential
factors. Sincall the components such as semiconductor chips and passigt be placed inside
the systemall the concerns such as electrical (sigpadcessig), physical (heat transfer and

cooling), mechanical, chemicanhdtechnological should be solved |14

18
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In figure 112 and 1.13 shows the integration development of packages where the
industrymoved from Dual in Line (DIL) td.eaded Chip Carrier (LCC) drother (PGA, QFP

etc.)which cause dramatic changesomponents such as microprocessors, memories, etc.

Driven by the need for more 1/0s and high performance

ng 19205 ' 19508 20005 ; nLp*
PGA BGA SiP /’O:

§
3 QFp
|- Lce FBGA I CSP
§| sov =
§ TQFP. FQFP
3 ) FC
§ TouchChip®
kS SSOP / TSOP 30 Pkg E
£ QFN
2 0 Stacked Die CSP
3 ¢
° WLCSP
o0 Package-on P
i e PoP

Single chip 2D System
Package Package
-

-errbedded passives
-ultrafine line
Compatible maoldng ol i W—— o ——
fineline processes L L
=

-CTE mutch with Si 1 = ¥
~Bare dle sszembly B R NENR SN

-Lowcostbureping O v v - -aUmnsUMmAUE fystem
o > ' -thin filmvring
5 o -ultra thininterconneds
o \\> > o -plastic electronks
s - irtegration
-functional layercorcept
\ & ~embedded sctivelC’s ABGrEysvege

b -Opticalinter cornects ’
' ~High and low k dlelectrics
~He st dissi pation
-Micra bumping
-Sensorimterfaces

Figure 1.12 Integration developmenbf packages in the last decades [14,15,16]
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In the pasttwo types of packaging have been used for semicaadabips norhermetic
(plastic) and hermetic (metal and ceramic). Rigstickages were more commeragplications
due to low cost (one half to one thrthe cost of ceramic and mefackages) and small size
comparing to the ceramic and metal packayekile the Hermetic packages have been used
mostly for military,space and medical applicatidmscause of their perceived reliability advantage
ove plastic packages [14The newpackaging process focusing on thddmensonal (3D)
packaging includingnterconnection to provide better electricalrfpenance and packaging

densitycomparing to the twalimensional (2D) packages which was popular in the pagtere

Besides, thredimensional packaging has potential torease the density more than 50
times by stacking ICs. Figure 1.18hows the packaging tremdhrough the time: single chip
packaging, 2D system packaging,-B system packaging anfditure polymer multifunctional
solution [14]. Eventuallyelectronic packaging is developingry fast throufy the coming soon
future[14]. Moreover, the cost is focused more todathasnost significant factor with increasing

the number of elements on chip [14

In another study, Nakamura and Katogi studied tr@ution of packaging technology
through the timeAs shown in figure 1.14the trends ofemiconductor packages have bémced
differently in their work. They divided the trends intoé¢e main categories: LogiC; System in
a Package (SIP); and Memory IC7]. Moreover, they suppose that thréienersionalpackages
will be popular in near future. Good example for three dimensjoaeitages would be Package
on Package (POP) for stacking logic and memoryst&cking Multi Chip Packages (MCP) for
stacking multiple semiconductor chips, ar@hip on Chip COC) for connecting two
semiconductor chips directly [L7Typical POPstacks the memory packaging on the logic

packaging which is popular for mobileformationterminals such as smartphones. BGA can be
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good example of POP which used forlower packagig. Moreover, the materslhave become
thinner accordingo the requirements of structural components. Besides, packaging wrap and
reflow resistancéave been focused to impethe packaging procedsor example the rateof

pin count increase is 8% to %lper yeasince 1997the cost per pin has been reduced only 5%
per year; and the original size from year 1997 to 2001 decreased tdr6géfieral electronics
technology will continue to progress in various fields suchoastics,automobile industries
medical equipment etc. and its progress is very depanchany factors, but one of the most
important one is development on materiatshnology in 20 years ahead which based on chemistry
and some other technologigsch as: polymer synthesis technologyerface control technology

in molecular unitsponding technology for different kinds of materials; development of signal

transmissiortechnology; and supdine photosensitivity technology [17
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B, | COGA
E-BGA
P-BGA
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Memory IC BOC

Figure 1.13Trends of semiconductor pakages [17
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Figure 1.14High densty 3D semiconductor packaging [1}

Gerl atch et al. i n their book namediciBi o a
Devicesdo studied on System on Chip ( SiosC) tec
manufacturing historylt states that SoC technology was developed for high volume custom
devices by using design elements from different semiconductor devices or by using of

reprogrammable logiclB]. Figurel.15 shows the trend of SoC from 2005 to 2015.
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Figure 1.15Trends in Systemin-Package technology18]
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1.6 Evolution of Solder

Many techniques have been developed over the years for joining metal work pieces. Some
of the common ones are welding, brazing and soldering. In all the 3 techniques, the surfaces of the
metals tdbe joined are heated in the presence of a filler material whicts formetallurgcal bond
and upon cooling turns inta sold joint and ifturn joinng the work pieces. A chemical agent
known as a flux, which removes oxides and contamination to leavedtzeteadily fusible surface,

is often usedluring this procesf,19,2Q.

Solder is derived from old French, soudure, which means fasten togetherint&ngésh
as a noun meaning fAa fusi bl e met sutfaceoc padrltosyo
anddateso 1350. Lead was first obtained as agrgduct of silveiproduction, during cupellation
of lead from ores. The softness and malleability of lgadlater recognized. Lead was used as a
setting agent to fix posts in ground and lootrtised stonesSolders containing alloys of lead and
tin werefound from surviving artifacts and literary source of the Roman Imperial Period. Analysis
of solder joints have revealed that bothrith and leaetich alloys were usedin the20th Century
modern practices developed with the improvemengxifactiontechniques gave raise to exotic
metal at affordable cost along with the alloy phase diagpawisig the path for diversity in alloy

making today.

1.7 Soldering

Soldering is a process of joiningvd metal surfaces using a molten filler metal with or
without the use of a flux agemt.metallurgical bond is formed as soon as the filler metal solidifies.
This metal joining techniques amongst many others can be called as Soldering only when the filler
metal melt below 45 [5] additionally, must be done at temperature low enough to avoid
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damaging other components of theteys that is being soldered [$,6lherefore,solders are
generally alloys with low melting temperature. Often in this processdlake used to clean the

mating surfaces and remove most of oxides and organic films before soldering process.

To forge this bond, the solder must fl ow
surface energy) with the surface finish. Additidpabn intermetallic compound layer must be
formed a the soldessurface interface. fis is what provides the metallurgical bamglibetween
the two materials [41 Most Intermetallicsare brittle, however, the thickness of the IMC layer
should be controlié Such control is typically accomplished by limiting the tial®veliquidus

of the soldeduring the soldering process [22

1.8 Solder Joints for Electronic Assemblies

Electronics soldering is a process where the components are attached to the PICB. Mos
common methods followed to do it are wave soldering process and reflow soldering process. In
both processsa strong mechanical connection is created between the components and the PCB.
This joint provides electrical, thermal and mechanical continuitiiénassembly. The properties
of the jointvary with solder and substrate materialditionally, they must take up mechanical
stresses from CTE (coefficient of thermal expansion) mismatches, and be strong enough to deal
with vibration and drop conditionsAlso, they must maintain their strength over an extensive
period during which they must resist degradation due to environmental fagrsp migration
and diffusionbas@ microstructure evolution [5Table 1.2 is the summary of properties to be

corsidered for the solder alloy selection.

24



Manufacturing Reliability
Melting/liquidus temperature Electrical conductivity
Wettabilitty (of copper) Thermal conductivity
Cost Coefficient of thermal expansion
Environmental friendliness Shear properties
Awvailability and number of suppliers Tensile properties
Manufacturability using current processes Creep resistance
Ability to be made into balls Fatigue properties
Copper pick-up rate Corrosion and oxidation resistance
Recyclability Intermetallic compound formation
Ability to be made into paste

Table 1.2Summary of Properties to be Considered for Solder Alloy Selection

1.9Rise and fall of tin-lead solder

Tin-Lead (SnPb) solder alloys has been the material of choice for the electronic industry
and its history dates to thousands of years to prove its popukitylectronics manufacturing
industry, the eutectic Tthead solder with 63% Tin and 37% lead (63Sn37Pb) by weight is the
most universal optiorA fine-pitch microelectronic package ssmbled in the U.S. in the late

1990s (or even today, for some applicationgtha same general composition and properties as
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that used by the ancient Romanseal their sewer pipes [5,20]28in-Lead solders have a variety

of advantages in elgonic applications [24,2b

A Lead (Pb) is inexpensive and plentiful. Tirad (SAPb) alloys have relatively low melting
temperatures suitable for the soldering of electronic assemblies.

A SnPb alloys have low surface tension (which is advantageous to the sadtterg
process), with Lead (Pb) acting to reduce the surface tension of pure Tin (Sn).

A SnPb alloys form strong intermetallic bonds with the copper pads used in electronics, with
Lead (Pb) acting as a solvent metal during IMC formation.

A SnPb alloys havegood mechanical properties, with Lead (Pb) acting to improve the
ductility of pure Tin (Sn)The most popular titead solder for electronics manufacturing

is the mixture of 63% T and 37% Lead by weight [2,5]20

1.10Eutectic Alloy and 63Sn37Pb

Theerm eutectic is derived from the Greek
Eutectic alloys have a single temperature at which the entire alloy melts (when increasing
temperature) and solidifies (when decreasing temperature) which makes it easyct@apobaiork
with. These alloys have a pasty range and behave very differently from most alloy compositions.
Pasty range is a range of temperatures in which the alloys is partially solid and partially liquid and
this is not recommended in electroniEgure 1.16 shows the pasty range and eutectic point of

SnPb alloy.
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tin-lead phase diagram

all liquid

b + eutectic liquid

. IN_L 1% A !
300 ~ \

eutectic: 63% tin, ~361 deg. F

all solid

lead 10 20 30 40 50 60 70 30 90  tin
tin percent

a = solid, 19% tin dissolved in 81% lead [] pasty phase
b = solid, 3% lead dissolved in 97% tin

Figure 1.16Phase Diagram for TinLead Solder Alloy

Eutectic alloys have more homogenous compositions and provide lowest possible melting

temperatures. The phase diagram below shomary alloy system of titead.

Metal composition, %
(tin content expressed first)

Pure
lead  10-90 20-80 3070 40-60 50-50 80-40 70-30 st»zo 90-10 i

o R
NEELT

Temperature, °C

Temperature, °F

sottd)

595 15-85 2575 3565 4556 5545 6535 7525 8515 95-5

Figure 1.17Tin-Lead Binary Phase Diagram [23]

27



From the kgure 1.17we can see that the 63%Tin,37%Lead composition has the lowest
melting temperature of 183 which is very favorable. Any temperature lower than this will
weaken the joint and any higher will be damaging the parts of the assehabigntages 063Sn

37Pb solder include [2,5,20,26
A Eutectic Composition (i.e. single transition temperature)
A Low melting point (1830C)
A Low Cost (made from relatively abundafitéap elements)
A Good Wetting and Manufacturability
A Adequate Fatigue Resistant
A Good joint integrity
A Excellent electrical conductivity

Despite the many advantagestioé SaPb solder alloys, it has fatal flaw. Lead (Pb),
presents a grave danger ofitity. The effects are mostly long term, cumulative exposureaand

threat to childrenSymptoms of high lead exposure can inclyae]

Anemia

Decreased renal function

Increased blood pressure and cardiovascular disease
Anti-social behavior

Learning disaliities

ST ST S S S

Mental retardation
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Given the nature of these effects, attracted a lot of attention and concern. Firkjyan,
the advisory committee of Japan Institute of Electronics Industry Development Association
(JEIDA) created a roadmap in 1998 for tmmercialization of leaffee solders. Although no
direct governmental action has been taken in Japan, the Japanese electronics industry has been
ahead of the curve in the implementation of {&ae productsin 2000, the EU adopted two
directives thatvere designed to stop the use of lead in electronics. The Waste of Electrical and
Electronic Equipment (WEEE) directive stipulated that lead needed to be removed from all
electrical and electronic components at their-efalife. The Directive of the Resttion of the
Use of Certain Hazardous Substances (RoHS) prohibits the use of lead in electrical and electronic
components manufaatd after July 1, 2006 [28In the Unites States, no direct governmental
action has been taken, but market forces haveepuiite US electronics industry toward the
adoption of leadree practices. In 2000, the IPC developed a roadmap foffleadesearch and

devdopment in the United States [R9

1.10Near-Eutectic SnAg-Cu (SAC) Solder

With the bans of SiPb, researchersasted replacing Pb with copper (Cu), Silver (Ag),
Bismuth (Bi), Indium (In), Zinc (Zn), Antimony (Sb) and others. Tin was still chosen as the base
element because of its ability to wet and excellent ability to form intermetallic compounds with
other metad. Amongst all the combinations-®&wg-Cu was chosen as the quick fix in the electronic
industry. SAC alloys are near eutectic with melting temperatures range betwéeraf@2.83C.
both silver and copper have face centered cubic crystal structure wbhibgs high thermal,
electrical conductivity and metallic luster to their properties. The Equilibrium Ternary Phase
Diagram of the SiAg-Cu system is shown in Figure 1.Ihe phase diagram shows the ternary

eutectic point in the THnich region, at a coposition of approximately 95.6Sh5Ag-0.9Cu
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(SAC359), which has a melting temperature of about 247.2rhis neaeutectic composition

with sufficiently low melting temperature was considered a viablefiegdsolder candidate [32].

The ternary phase aljramFigure 1.18also shows threpossible precipitatesear the
eutectic SNAgCu region: Agn,CusSns and CySn IMC, CusSn, exists, butloes not form except

at higher copper contents atierefore, is not seen within the bulk of the solder. No Intethosta

exist betweersilver (Ag) and Copper (Cu) [30

Mass % Ag

OCugSrg 20 40— 80 80 100
Sn _—"  Mass%Cu Cu

Figure 1.18 From NIST: SnAg-Cu Phase Diagrams

The ternary eutectic microstructure of SAC solders consistsSsf dendrites (primary
phase), eutectic SAg regions (needlkshape AgSn intermetallic dispersed withirSn matrix),
and eutectic S«Cu regions (scalloghape CsEns intermetallic dispersed withib-Snmatrix), as
shown in Figure 1.19These intersperdefine intermetallic particles are capable of pinning and

blocking the movement of dislocations, and will thus enhance mechanical strength and reliability

of solder joints when compared to eutecticFBnalloy P6,97.
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£-Sn dendrite

" Ag,Sn +Sn

Auburn SEIl 20.0kVY  X1,000 10um WD 152mm

- ‘. 32days
.Sn-Ag-Cu Ball f « 150°C

Figure 1.19 SEM Micrograph of Typical SnAg-Cu Solder, Ag3Sn and CyéSns Morphology

The Intermetallic Compounds (Agn and CeSrs) have higher strength and higher
mo dul us -8rEherefarehaehigler concentration o§&w rods and (particularly) Agpn
platelets increases the effective modulus (stiffness) ofAags@u solder joint. Overly large A§n
plates should be avoideds they act as crack initiation sites under tensile and shear stresses. For

a typical SAC solder {3 % Ag and 0.61 % Cu), AgSn plates outnumber €8s rods. Since,
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the IMC AgSn is the only phase containing Silver (Ag) in a SAC solder, an increAgecontent

results in a corresponding increase ot&wg IMC precipitatesd8,99,100.

Following are some of the SAfamily solders that were developed as a{&ad replacement:

1 SAC305 (Sn96.5Ag3.0Cu0.5): most popular SAC solder alloy, especiallyomative
and consumable electronics industry. Pasty melting raregeusd 217  t220 . Low
cost, excellent fatigue resistance, good mechanical characteristics, best wetting SAC alloy.

1 SAC105 (Sn98.5Ag1.0Cu0.5): popular in automotive and cellphone igdbsttause of
superior drop and vibration resistance. Pasty melting rangeisaround 2226 . Lo w
cost.

1 SAC405 (Sn95.5Ag4.0Cu0.5): contains more Silver. More thermal fatigue resistance and
expensive than SAC305.

1 SAC387 (Sn95.5Ag3.8Cu0.7): recommendatmf the European IDEALS Consortium.
Not commonly used in the United States.

1 SAC396 (Sn95.5Ag3.9Cu0.6): recommendation of the U.S. NEMI group. Used in the
United States occasionally.

1 SnCu Eutectic (Sn99.3Cu0.7): eutectic mixture of Tin and Copper. Eutesiting point
is 227 . Low cost, but poor mechanical propert

1 SnAg Eutectic (Sn96.5Ag3.5¢utectic mixture of Tin and Silver. Eutectic melting point

is 221 .

1.12Solder Paste and HFux

In the reflow soldering of surface mount assemblielsles paste is used for the connection

between the leads of the surface mount components and the lands on the PCB. Solder paste is a
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suspension of solder alloy particles in a fluid vehicle or a carrier that contains solvents, flux

activators, rheological odifiersand other additives. Figure 1.8Bows the solder paste system.

//

OXIDE -

FILM -—_¥

—> METAL

VEHICLE (FLUX, ACTIVATOR, &
THICKENER AGENTS)

Figure 1.19Solder Paste

The size of the solder particles in the solgaste is an important factor, couple of effects

commonly seen are listed below

A Irregularly shaped andiger solder particles tend to clog the screens and the stencils.
A Smaller particles are more susceptible to oxidation and other surface effects.
A Smaller mrticlesallow small pockets of paste to sepiarfiom the main paste deposit. This

can lead to eldrical isolation of the lands on the PCB.

The usual ruleof-thumb is to use the largest particle size that works with the solder bumps in

guestion, as this reduces problems with solder batiseduces overall cost]5
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Solder pastedave high soldercontent, typically 90% by weight. However, because of
difference in the density, it amounts to about 50% by volume. The additional 50% is taken up by the

flux vehicle.

Flux vehicle is a vi s cbusullyfmildacidstopronsote ivettingr i n g
of the solder material during reflow by removing oxides and other surface contaminants. Fluxes also
contain solvents, which dissolve the flux and impart the pasty characteristic that allows it to be screen
printed, and additives(g. rheological modifiers). Solvemsustbe carefully selected, as they are a
key element in the formation of voids (unfilled volumes) within solder joints. The flux vehicle must
alsocoat the exposed metal surfaceprevent reoxidationand provide awsmp for the byproducts

produced during flux actation [5.

Joint Industry Standard for FluxesSTD-004, classifies fluxes into three categoriel®w,
medium and high, based on their level of activity (I.E how acidic they Bh&} compositions are:

Rosin (RO), Resin (RE), Organic (OR) and Inorgdii\) [5].

Figure 1.21 Picture of Solder Paste
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1.130verview of SMT Proces

In this process, the electronic components are attached on to the copper pads of the PCB.
SMT is the central part of the @& SMP packaging technology [3The figure below shows the

typical SMT assembly process flow.

L 4
Solder paste Reflow
printing
Solder paste Cleaning
inspection
l X-ray inspection
Pick and place
(chip caps)
l Test |1—-| Rework
Fine pitch
companent placement
System assembly

Figure 1.20Typical SMT Assembly Process Flow

The first step of the SMT assembly process is solder past printing. In this step, solder paste
is printed mto the copper pads of the PCBhe figure 1.21 shows the picture of solder paste.
Typically, the consistency of it itke toothpasteThis paste is applied on to the copper pads located
on the PCB through a process called Stencil printing. Stencgheet of material (usually made
of stainless steel) manufactured with desired thickness and with series of apertures cut into it to
match the PCB on to which it need to be prinfigte mainaim for Stencil Printing Prass is to

accurately depostorrectamount of solder paste onto the coppads of thd®CB surface so that
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the solder joint betwee PCB and component terminal haaeceptable electricalontactand
mechanical strengtlin this process a squeegee blade is used to apply the solder pastealyeces
force is applied on the squeegee to move the paste across thetstéaposited the paste on to

the pad Figures 1.2 show the squeegee in the assembly line waiting for a PCB to print the paste.
The other figure shows the side view of the prinpngcess where squeegee blade is dragging the
paste across the stencil to get a good print on the copper pads.

Print Direction

_

Squesgee Blade

Solder Paste

\ Printed Circuit
Board

Figure 1.21 A Picture of Stencil Printer and CrossSection View of a Squeegee Printing Solder Paste on Stencil

Some of themporiant parameters that need to be taken care of during this process is
squeegee speed, squeegee pressure, stencil separation speed, stencil cleaning, print stroke, storage

and handlingFigure 1.2 shows unsatisfying prints

The qualityof the paste print is evaluated by a 2D & 3D inspection process. In 2D process
the area of the paste deposit is inspected and for the 3D volume of the paste deposited is inspected.

The figures below show the images of 2D and 3D inspection processes.
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Acceptable print

Siumped print

T _________
= —_ C— .
u scavenged print
g Bridging
—— . —

Peaking

Figure 1.23 Different Types of Unsatisfied Printing Result

Various automatic machines are used to place different electronic assemblies on to the
PCB. There are many Pi@ndplace machines and are differentiated by lot of variables, the
important ones being placement, speed and accuracy. Others include, typdenrst feerviceable

board sizeinspection capabilitiegost and many more]9

Reflow soldering process In this process the PCB with paste printed and electronic

assemblies mounted on them enter an oven where the solder joint melt and upon cooling a
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permanent metallurgical bond between the copper pad on the PCB and the electronic assembly is
formed. The reflow wen uses either infrared or convection as a source of heat. It consists of
multiple zones and the temperature of these zones can be individually controlled. The PCB
assembly moves across these zones on a conveyor belt, and is therefore subjectedolted contr
time-temperature profile [32 The figurel.24 show anexample of a reflow oven and its labeled

sectional view.

{ Hot Air H Hot Air Hot Air I Hot Air 1

.............................. yiddliid

L > 3 T“H‘T”‘ J
IR IR IR ’ HotAi “Coollng —

=i ol

Figure 1.24 Example of a Reflow OvenWith Its Cro ssSection View of Structure

The controlled timgemperature profile in the reflv soldering process helps to create a
good metallurgical bond between the component and the PCB without overheating and damaging

the assembly. Figure below shows a typical reflow profile of an SMT process.

217°C LiQuiDus

wl 45 - 75 SECS
o
=
<
Ll
o.
= RAMP
L RAMP | PREHEAT/SOAK | TO
= TO | mesznes  |PEAK
SOAK COOLING
1-3"C/SEC 2 - 4°CI/SEC

TIME

Figure 1.25 A Typical Reflow Thermal Profile [33]
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The boards coming ouhe reflow oven is thoroughly cleaned which is followed by
inspection and testing. In this step, eitheR&y inspection or Automated Optical Inspection is
performed, to look for the defects that may have occurred in the SMagsrptr]. Areas inspected
in this phase include component presence, polarity, solder deposition, dry joints, solder shorts to
name some. Mechanical and electrical tests are finally conducted to assure the quality of the

soldering process. The figure 6.8hows a typical SMT assembly line.

Reflow 4
oven [ \
=== ‘/" ==
Placement = =
machines : = X \_—=s] | °
= —
3 ~ \__- J //JL — Failure

Stencil = j/,,// P detection
printer ./J///

prevention

Figure 1.26 A Typical SMT Assembly Production Line
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Chapter 2. Literature Review

2.1 Properties of a Solder dint

Solder alloy selection for a printed circuit assembly involves in understanding and
balancing a widarray of properties. Though some of the properties are universally desirable but
others depend on the area of application. Some factors that needs to be concerned for the selection
of solder materials include, processing of components and substratessselugth as a function

of temperature, cost, restrictions concerning health and environmental factors.

Solder materials must provide good thermal and electrical conductivity, be easily
manufacturable, and have adequate reliabilitgHferintended apigation [2,5,4. There are many
physical and mechanical properties that are highly desirable in solder joint of electronic
assemblies. These properties affect the manufacturability, quality, strength and reliability of the
solder jointsDepending on thphysical or mechanical properties that one is interested in, it will

be important te@wonsiderthe material composition and processing.
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2.1.1Properties Important to Manufacturability

Some of the properties of a solder material that are important fafactéurability include:

[2,5,6,24

1 Cost

1 Melting Temperature Range

1 Solderability (wetting, adhesion)

91 Drossing

1 Compatibility with the substrate metallization and component UBM
1 Compatibility with common Flux Systems

1 Compatibility with manufacturing processdssolder balls and powder
1 External Visual Appearance (for inspection)

 Health and Environmental Concerns

Melting temperature range of a solder material is an important form property from
manufacturability standpoint. Higher temperatures can result itegdricircuit board warping,
component or die cracking and many other defects. Also, it can add up the energy expenditure of
the soldering process. Therefore, lower melting temperatures are preferred and considered

advantageous from a manufacturing perspecti
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2.1.2Reliability of a Solder Joint

By now, we know that the electronics industry is after higher component density, better
mechanical performance, higher reatate and lower cost of an SMT assembly. This sort after
gualities make reliability oéin electronics package more critical and essential for consideration.
Reliability can be defined as the ability of a system or a component to function under stated

conditions for a speciiperiod [34.

Reliability of a surface mount assembly considerafét Level Reliability, Chip Level
Reliability, and Board Level Reliability (BLR), corresponding to hierarchy of interconnection
levels[35]. Azira, et al. [3¢ mentionthat Board Level Reliability is also known as an interconnect
reliability testingand b used to evaluate the quality and reliability of solder connections (BGA,
QFN, SMT Resistor, and others) after mounting an IC package to a peirdeti board (PCB).
Matin, et al. [3T mentionthat during a produdife cycle, solder joinis exposedo an environment
of thermalmechanical fatigue, including temperature excursions, vibration, drop and shock, which
will cause failure of solder joint. Especially when the environment is harsh it will have a severe
influence on the Board LeV Reliability. $en, et al. [3B found that fatigue can cause
microstructure evolution and deformation due to Coefficient of Thermal Expansion (CTE)
between SMT components and the Prin@tuit Board. Zhang, et al. [39nvestigated solder
joint crack propagation alonmtermetallic layer between interfaces of the solder joint with
component as well @&CB substrate. Zhou, et al. |[4§tudiedthe effect of longerm isothermal
aging at elevated temperatures on package characteristic lifetime relidelgly, et al. [4]
develomd Finite Element Analysis (FEA) models to simulate solder alloys behavior during

themal aging and cycling. Table 2siimmaries factors that affect BGA solder joint reliability.
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Feature Lower Reliability Moderate Reliability | Higher Reliability

Part Type CBGA CCGA PBGA

Die size to part ratio Largest Smallest

Ball to pad ratio Smaller Larger

Pad type SMD NSMD

Via type In-pad unfilled In-pad filled Interstitial open
Via size, min. < 0.0200 O 0.0200
(aspect ratio)

Ball size Smaller Larger
Stencil thickness < 0.006 O 0. 00 ¢
Underfill Reworkable UF No UF Non-reworkable UR

Table 2.1 Factor affect BGA solder joint reliability

2.1.3Properties Important for Reliability

The melting emperature range of the solder material is an important property from
reliability perspective. However, here higher temperatures are considered advantatpeius,
make it resistant against thermatlyiven failures (Creep)Other important redibility properties

include: [2,5,26,2)

1 Coefficient of thermal Expansion (CTE)

1 Voiding

1 Aging

I Grain Growthand Microstructure
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1 Intermetallic Formation
1 Mechanical Properties (Modulus, Tensile and Shear properties)
1 Failure Modes (Crack initiation and growth, Creegtidue)
1 Performance under Thermal Cycling
1 Resistance to Corrosion and Oxidation
2.2 Failure Modes in Electronic Assemblies

Reliability engineering plays a very important role in electronic asseffiyneed of R.E
in electronicsindustry has increadedrastically in last couple af e ¢ a dewey 6omponents,

manufacturing processes and novel designs are being implemented.

Extensive Deformation of Die Cracking
Copper/Low-K Interconnect

\ a=26x1081/C

Silicon Chip

Copper Pad

Solder Joint

~

Passivation
Undefrfill

Solder Mask

©J. C. Suhling, 2015

Figure 2.1 Common Flip-Chip Failure Modes [6]
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Figure 21 shows some of the common failure modes that are seen inchifti@ssmbly.
Underfill which is typically an epoxy matrix with glass filler particles is used to when assembling
a flip-chip package onto a laminate substtateontrol the Ceefficient of thermal expansion and

modulus. This preventsiture during thermal cyaig.

Common mechanical failure modes include: [2]

1 Die Fracture

1 Severing of Interconnects

1 Wire bond failure

1 Underfill or encapsulant cracking
1 Delamination of material surfaces

1 Solder joint fatigue.

In the case of more conventional packages, crackingdhrthe molding compound and

failure of the wirebonds or flipchip interconnects can also be a problem [2].

23Characteristic Solder Joint Failures in BGAS®G

Electrical failure of an electronic component most commonly occurs in the solder joints.
Twoofhe common failure modes observed in BGAOGs

and failure through the bulk solder material.

For nonsoldermaskdefined (NSMD) substrate lands, which have a characteristic divot
shape, the highest stress concentratiare found at the opposite side of the tjomear the
component UBM [42,43 Because the highest stress concentration is typically found at the
componenside, this is where crack initiation will subsequently occur (explaining the above
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experimentally obewved crack initiation behavior [44These developed cracks can propagate
along the IMC boundaries, grain boundarieshootigh the bulk solder. Figure22& 2.3 show

the failure modes.

Figure 2.2FEA model showing induced stress is maximized at ¢hupper corner of the joint [6]

FAILURE ALONG IMC BOUNDARY FAILURE THROUGH BULK SOLDER

y NN

4 . 2 ; :

20 pm Mag= 137KX EWT=2000kv Signal A=0BSD  Date 25 Sep 2013 ﬂ 30 ym Mag= 144KX EMT=2000kv SignalA=0BSD  Date 27 Sep 2013 .
EISS

WD=115mm  PhotoNo. #2476  Time :17:40:54 WO=100mm  PhotoNo. = 2483  Time :15:33.08

Figure 2.3Common Joirt Failure Modes
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Lau [49, a variety of environmental stress factors can result in the structural failure of

solder joints or other electronisterconnects. These include: [45

1 Temperature

1 Voltage

1 Humidity

1 Corrosion

1 Current density (Electronmigration)

1 Mechanical Bending, Shearing, or Twisting
1 Mechanical Shock (Drop)

M Vibration

However, most common types of failures are due to over stresses and fatigue. Fatigue
failures are lower cyclic loads that inig&tand propagates a crack within the joint. Ovyegréod

will result in failure. Figure 2.dhows characteristic fatigue failure.

Date 29 Aug 2014 L o0 SX EHT=20000V Signal A=QBSD  Dato :29 Aug 2014 S
Time :16:01:54 mIx WD= 85mm PhoioNo=7132 Time 140812 [l

=468X  EHT=2000KV ‘Signal A = QBSD
m Phato No. = 7143

Figure 2.4(a) Characteristic fatigue failure; (b) Left-hand-side: brittle failure, Right -hand-side: ductile failure;

(c)Fai l ure across possible fidynamic recrystallizationo z
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2.3.1Fatigue

Majority of failures in engieered materials are attributed willtigue. Solder joints for
electronic assemblies are no exception, wiidiny joint failures driven by fatigue [46,47Fatigue
failures result from cyclic stresskmding at stress levels below the typical yield stress point. It is
often considered as one of the most critical failure category. Solder joint fatigue is attributed
primarily to the stress brought by the temgiare swings and mismatch of coefficient of thermal
expansion of materials. Before the fracture, solder joints undergo cyclic deformation from the
stresses as the temperature alternate between low and high values. This type of failure is caused
by localizd stress concentrations. Miectacks initiate and lead to stress concentration at
boundaries. Higher stresses lead to crack propagation into the material. This crack causes reduction
in the crosssectional area of the material. After a point the matéaitd to withstand the load
exerted thus resulting in a fracture, which is called fatfgusture,and this can be seen in Figure
2.5. Most material, when subjected to load, will deform. When the load is reversed, the material
regains the original fornotsome extent. Hence there is relatively little plastic deformation which
is cumulative and leads to unexpected failure. Ductile materials often behave like brittlelsnateria
when subjected to fatigue [}8

GRAIN MICRO- MICRO- MACRO-
__ GROWTH . vOIDS —_ CRACKS __ CRACKS

0% N, 15% N, 25% N, 100% N,

Figure 2.5Depiction of the Effects of theAccumulating Fatigue Damage [101
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Fatigue crack growth takes place in three stages. These include: initiation and transient
crack growth; steady state crack growth; and crack interaction and saturation [3rd stage crack

growth].

1 Stage 1: Crack initiation andansient growth cracks are formed in the regions where the

stress is concentrated, indents, interior corners, dislocation slops anetracks initiate.

i Stage 2: Steady state crack growth along the crystal planes which have higher shear stress,

cracks popagate which has flat surface, and cracks propagate perpendicular to the applied
stress, they grow by repetitive blunting and sharpening at the tip of the crack featuring
rough surface.

1 Stage 3: Interaction and Saturation cracks grow to attain a poinéwhe crack crossed

the other causing wider cracks to propagate rapidly to ultimate failure.

2.3.2Creep

Creep is a time dependent i@ deformation that can occur at low stress levels if the
homologous temperature of the material in question is (@g. greater than 0.5) [495Creep
typically occurs via thermalbactivated, stresdirected diffusion of atoms within a material
(Adi ffusional creepo) . However, creep can

(Adi sl ocation creepo).

When electraic assemblies are subjected to long periods of constant high temperature, the
solder joints are subjected to creep. This type of deformation is one of the major types of failure
modes of solder joints falectronic packaging modules [4T otherwords,creep is a measure

of time needed for a material to fail undenstant load and temperature [50
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Creep testing is commonly done by placing a bulk sample under tensile stress (generally
constant load) and recording the strain (elongation) as a furgftione. The failures from creep

takes place in three stages andgame can be seen in figure.2.6

1 Stage 1: Primary creep is a period of primary transient creep, in this period the resistance
to creep increases until stage2 due to strain hardening vetdobes deformation.

1 Stage 2: It is known as steady state creep; irpi®d,it is found that the rate of creep is
roughly constant as strain hardening and recovery softening reaches a dynamic balance. At
higher temperature, strain hardening is aisged with subgrain formation caused by the
rearrangement of dislocations. Recovery softening is related to thermally activated cross
slip and edge dislocation climb [48

1 Stage 3: In the tertiary creep stage, necking takes place which results in tttenedi
the cross sectional area. This accelerated creep may be related to weakening metallurgical

instabilities such as intercryditae fracture and corrosion [48

Fracture

atage |

/ Total Elongation

Strain o

stage 111
Stage 1

i
Iritial Load

Tine — =

Figure 2.6 Different stages of creeps
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2.3.3 Coefficient of Thermal Expansion

Any Eledronic component that is powered to function generates heat. Generated heat
results in thermal expansion of the components. An electronic assembly consists of components
mount ed on Whenthefe s a BRi€ratéhsn. the coefficient of thermal exparms the
component and the substrate material, stresses are induced. In ideal condition, if the CTE of all the
materials in the assembly are same, they expand and contract together with no thermal stresses
induced. But almost all the packages have a misinof CTE due to wide array material used in
present day electronic packaging. Typically, the component at ON condition expands and contracts
when it cools at OFF condition which result in cyclic stresses in the soldergsistsown irthe
figure 2.7 It is important to know the spatial and temporal distribution of the cyclic stress usually
takes the form of solder joint shearing. The range of temperature variation, the component
configuration and solder joint distribution, the solder joint geometigesa@lloy elastieplastic
and creep conistitive relationship are some of the factors that define the solder joint shearing due

to CTE mismatch.

Figure 2.7a) Cyclic Stress Induced by CTE Mismatch after expansion, b) beforexpansion
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2.3.4Tensile Propeties

Solder Joints in the electronic component are the subjected to tensile loading when the

assembly undergo flexing. To determine the tensile deformation limit of the joint before it sustain

failure, the tensile properties of the solder alloy suchigd gtrength, ultimate tensile strength

and elastic modulus are impant. The figure 2.8hows tensile loading of a BGA package.

Figure 2.8 Tensile loading [36]

The material strength can be defined as the load it could undergo without deformation.

This can be determined by a tensile test results in the form of-strassgraph. Below is a

graph that provides the dat a

typical formatofastresst r ai n
ze or shape [ 48

without regard formateral 6 s physi cdl si

Stress-Strain diagram for mild steel

Stress

Necking

i Uniform plastic elongation }
lasri . 0

Strain

www. substech.com

Figure 2.9 StressStrain relationships
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In thegraph2.9, the blue line represents the true st®sain curve. Strain is the ratio of
increase in dimension to the original dimension. Tensile stress is the ratio of the tensile load F
applied to the specimdo its original crossectional area SO, Eg. 1.1. The initial straight line (OP)
of the curve characterizes proportional relationship between the stress and strain. The stress value
at the point P is called the limit of proportionality; this behaviofconr ms t o t he Hook
a constant, known as Young6s Modul us -Strain Modul
curve indicates the range of elastic deformation, upon removal of the load at any point of this part
of the curve results in returof the specimen length to its original value. The elastic behavior is
characterized by the elasticity limit which is the stress value at the point E. A point where the stress
causes sudden deformation without any increase in the force is called yiel@tierhighest stress
(point YU), occurring before the sudden deformation is called upper yield limit. The lower stress
value, causing the sudden deformation (point YL) is called lower yield limit. As the load increase,
the specimen continues to underdmsfic deformation and at a certain stress value its-sexsson
decreases due to fAneck.i 4btgin Diaglam, the Isteess peaches the S i |

maximum value, which is called ultimate tensile strength.

rrrrrrrr

2.3.5Shear Properties

Constant power fluctuations in an electronic assembly, shear istirdsiced due to the
mismatch in the coefficient of thermal expansion. The silicon die and the substrate are subjected

to shear stress due to the mismatch in CTE andathe ssshown in the figure 2.10
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Figure 2.10Solder Joints Subjected to Shear Strain due to CTE Mismatch [36]
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Figure 2.11Solder state under shear load
When a material is subjected to shear load, it behaves in-Bfestiic manner and exhibit

o) O
a proportionalimit Uysuntil ultimate shear stredd.s, strain hardening will take place. The shear

strength drops when the material fractures and the fracture strength is obtained from point at which

material fracture. Due to CTE mismatches and thermal differertesfronic assemblies often
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undergo combined shear deformation, warpage, and distortion. Under such circumstances, solder

joints are usually subjected to a combination of shear and tévedieg which results in failure.

2.3.6Intermetallic Compound Layer (IMC)

During soldering process, the IMC layer is generated between the solder and the copper
pad on the PCBotform a metallurgical bond. [$IMC is formed in the reflow oven during reflow
stage, when the solder alloy begins to liquefy or melt. Teésgmt in the solder paste will migrate
to copper through a process called wetting. The growth of IMC continues as long as the
temperature is above the melting point of the solder alloy. If there is no intermetadiicthere
is no solder joint [SRand MC layer is the most brittle part of the solder joint. Craeksily

propagate along thaterfacehencethick layer ofIMC layer is bad fothe soldejoint reliability.

2.3.7Effect of Aging on Solder

Solder alloy undergoes various types of aging aftey are manufactured. During the
assemblyprocessthe solder alloys amxposed to elevated temperature, which results in aging of
the second level solder joints3]. The mechanical properties and aging effects of the solder bars
are different when copared with solder joints. Lampe [bfbund the aging effects of solder joint
at room temperaturélp to 20% of the shear strength and hardness is lost aftey800f storage
at room temperature. In 1956, Medegd55 observed 30% loss aénsile strendt for bulk Sn
Pb stored at room temperature for 450 days at the same time there was a loss of 23% loss of tensile
strength for solder joints stored at rotemperature for 435 days. Lee et al. also observed that in
3 days roomiemperature aging after reflp shearing stress of solder joints decreased by up to 10

% [56,57]
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Figure: 2.12 Effect of Aging at Room temperature for SaPb solder [65]

Xiao studied stresstrain curve of SAC396 after different period of aging at room
temperature and showed a lodsutiimate tensile stregth up to 25 % over days [58 At
elevated temperature of 18I it was observed that there was quick softening ofntlterial

during the first 24 hours followed by a gradual hardening with time.

The solder behavior is influeed by external factors like applied strain rate, temperature
and mechanical loadover a duration of time [60,pIFor SAC alloys it has been demonstrated
before, that time and temperature are some of the most critical factors which influence the solder
performance $2,63,64,65,6p6 The aged specimens were also found to creep much faster than un

aged ones by a factor of up to 20 times for both $#8Cand SAC405 solder alloys [67

SAC432. SAC396 and SAC387 are few allaysich exhibit a reduction in theffow
strength with increasing test temperatures aftgyd at 125°C for 24 hours, and their degree of

strength is highly dependent on theemposition [65
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Studies [68,69,70,1lhave been performed to understand the degradation of BHA
shear strert with elevated temperature aging at 125°C or 150°C. It hasdm®mented that
microstructure coarsening and intermetallic layer growth take glareg the aging period. Chiu
found significant reductions in drop reliability when agatdelevated tempature [68, the
formation of voids and coalesce were the dominaethanism for solder joint strength and board
level reliablity degradation. Ma, etal. [T bser ved t hat the evolution
modulus, yield strength, andtimate streagth of a series of SAC alloys under various aging
conditions. He developeal linearexponential model to describe the material property evolution.
Aging effects orcreep resistance in terms of secondary creemgstage were also studieXiao,
etal. [63] reportal that SAC396 has much lower absolute creep rates compareeudttiic S
Pb andtied the increase in creep resistance to the finely dispensehetallic compound (IMC)
precipitates in the Sn matrix. Aging effects on primemgepwasfound to be more draatic than

on secondary creep [p6

Lau [73,74,7%0bserved significant hardness lossesraimostructural coarsening for Sn
Pb, ShRAg, and SrZn eutectic solders stored at 25f@ 1000 hours, whereas Chilton [[76

observed a :05% decrase in the fatigue life afingle SMD joints after room temperature aging.

2.3.8Effect of Aging on the Intermetallics

Aging leads to phase coarsening of bimtBn and precipitates, the dispensing and
coalescing of IMC patrticles, as well as the accelerated growth of grains, and the interfacial IMC
thickness between Cu trace and bulk solder joifitermal aging of a solder joint results in
dramatic changes ilé mechanical and microstructural properfidge formation of intermetallic

layer is beneficial and is necessary to the bond formation between the component lead and the
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solder,solder and the board pad.v&ry thinor excessively thick intermetallic layessult in the

failure of the solder joint. Desired intermetallic thickness 48 thicrons and over time, the
intermetallic layer grow. Thermal cycling show accelerated growth of intermetallic thickness
which is detrimental to the soldgint reliability as the joint become brittl&ging softening has

also been observed for solder subjected to elevatepetature aging. Pang et al. [fidieasured
microstructure changes, intermetallic layer growth, and shear strength degradation in SAC single

ball jointsaging at elevated temperature.

2.4 Drop/Mechanical ShockTesting

Drop impact test is conducted using experimental techniques at board level and product
level to evaluate the solder joint reliability in electronic products for rerglonments. This test
on completed products provide a realistic scenario of the level of shock experienced buy the solder
interconnects. But this approach is expensive, hence board level drop testing is preferred as it
mimics the realife drop impacts and are more controlialhen compared to product level drop
tests.Shock response experienced by the PCB in product level drop can be sestiegitthe board
level drop to reproduce theaktime conditions that the packagemponents and solder joints
undergo during actual dp. To address these issuegfensive experimental tests ararried out
to understand the variations in the dynamegponses of the PCB subject to board or product level
drop.A product level and board level drop tests on a mobile phone and its PGRanead ouby
Lim et al. [7§. Wu et al. [79 carried out product level drop tests on a customized drop tester
equipped with a drop control mechanism to control dnogntation and achieve a higegree of
reliability. Xie et al. [8Q performed free falboard leveland product level drops of aragay LGA

packages and measured the accelerations at the board and packagalls&teal. [81 82
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performed a controlled drop test of BGA and CSP packiagesdifferent heights in the vertical
direction.

It has been reported from a product level drop test that a horizontabieopation gives
the largest impact responses. Wong et al, identified three-lmaaidirop impact characteristics;
(a) elongation and bending of interconnection dudifferential flexing of PCB and package, (b)

inertia force from electronic packages, doglongitudinal stress wave from impact.

According to IPC9703, there are eight different failure modes expected from a drop test

[99]. These are shown in Figurel2. Previaus studies§3,84,85,8pshow that the onset of failure

will occur at the corner joints of BGA packages, either due to a fracture at the BGA package/IMC
interface, or fracture at the PCB metal/IMC interface.
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Figure 2.13 Expected Failure Modes from Drop Testing [99]
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2.5Thermal Cycling Testing

Most electronics are not operated continuously in steady state. Instead, they are used over
a period of time. Commonly, users will turn their electronics on, run them for some time, and then
switch them back off. WEn an assembly is on and running, heat is generated. When it is turned
off, it will cool again. This creates a cyclic thermal environment on the asseastdiiown in
figure 214 For nonclimatecontrolled environments, this thermal cycling is exacerbated b

natural variations in temperatunger the course of each day [2]5,6
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Figure 2.14Representative Temperature Profile for Thermal Cycle Test Conditions.

Electronic solder joints are mechanically constrained by the other materials of the
electronic asembly (e.g.component and PCB) [22Because the Coefficient of Thermal
Expansion differs for various parts of the assenihlly particular, the substrate and components
T these cyclic thermal variations are converted to cyclic stress loads. In adalitiencoefficient

of thermal expansion mismatches between various parts of the electronics assembly, there are also
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local, microstructurascale CTE mismatches between the various microstructural constituents in
the solder and between the different graih$in (due b their anisotropy) [2R This combination

of thermal and mechanical effects is known as themaohanical fatigue.

2.6 Accelerated Lifecycle Testing

Accelerated life testing is the process of testipyoducby subjecting it teenvironmeral
conditions such as strain, stress, temperatures, voltage, vibration, drop, thermal aging, thermal
cycling etc.,more thanits normal working parameters to discover potential failures in a short
period Engineers can make predictions for the reliabg#yformance of the product to help them
deal with Design for Reliability (DFR) or Design for ManufaatgriDFM), by analyzing the test
resut. Accelerated lifecycle testings essential in both product development stage and

maintenance after it is purcded by the cstomer [8T.

2.7 Failure Mechanics

Failure in the solder joint occur due to the induced stresses, accumulated damage and over
stress condition. These stress builds up over a period and at some point, the joint can no longer
withstand the agd@d stress, this results in failure. This occurs when external energy such as CTE
mismatch is stored as internal energy within the joint, especially in form of dislocations within the
crystal structure. As the stress is applied, some energy is storichéiiagia stretching of atomic
bonds within the solder. However, some energy will be stored via plastic deformation in form of

an increased densiof dislocationd49].

Additionally, because the typical operating temperatures of electronic soldex goet

relatively high in comparison with the solder melting temperature (i.e. high homologous
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temperature), Creep mechanics must also be considered. For mfagiEnsolder materials, Tin
(Sn) is the dominant component, and Tin has a homologous tempdflm in K) of about 0.6
at room temperature. The creep properties of SAC solders are therefore critical in determining the

overall reliability of SAC solder jointg19].

Internal energy stored in the solder material during plastic deformation, adteas the

driving force for changes in the microstructu

principal restoration processes are (1) dynamic recovery (relaxation) and (2) dynamic
recrystallization. Dynamic Recovery is a wkllown procesthat occurs within many engineered
materials and occurs via the dAannihilati on
boundaries where they disappear and their rearrangement to form subgtaiorks by

pol ygo ni9 Ryhami Rearysfaiation a process where new grain boundaries are formed
dynamically (i.e. during heating, but while stress is still being applied) within a material. This can
occur through a variety of mechanisms. During plastic deformation, pure Tin is known to undergo
reaystallization and grain growth even at relatively low tempgea(i.e. room temperature) [43].
Telang et al. [10Rreported that an incremental recrystallization process was observed in which a
twin orientation originally in the minority of a grain (as f | owe d) Agrew and

dominant initihl orientationo [102

The recovery process requires less activation energy than recrystallization, and would
normally be the dominantresor at i on p r-8rc[@k Howaver, dymamiceecovery
becomes more difficult in the presence of impurity atoms, particulate phases, and in areas where
tangling has dcreased dislocation mobility3# The presence of these impedances can inhibit

recovery and allow for dynamic recrystallization to take place. A number of groups have
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demonstrated that dynamic recovery is taking place4A&gu solder joints under power cycling

conditions or in thermal cycle the testifa®,49].

Crack propagation lsabeen shown to follow regions where microstructural changes due to
recrystdlization have occurred [30,43,49,10Zhis susceptibility to cracking happens because the
finer grain structure within the restidingad al | i z
strain localization it he r ecr y st al].lCrackempagateog liesults Sram the H@in
boundary sliding damage within the strain localizegioe (i.e. creep deformation [H3As cyclic
deformation continues, intergranular crackegentually results in a remaining joint that can no

longer sustain the applied stress, lasg in final joint failure [3Q.

Henderson et al. [3@ound that the amount of penetration of the recrystallized zones into
the solder joint varied significantlyetween joints during fatigue failure. In particular, differences
in penetration wer e oSnggraimboundases.dhisagsaidtiomnditates e X i s
that in addition to the applied stress field, the stochastic nature of the existiefjcfasd) crystal

orientations must be taken into account when considering the recrystallization pt6déss

Various reports have found that fatigue crack propagation-Ads@u solder joints with
high-Silver joints generally follow the IMC boundargifure pattern, whereas crack propagation
in the bulk solder is more common in lgsiver joints. This difference in failure mode is
commonly attributed to the higher ductility of leyg SAC solder joint$104]. Additionally, large
Cu3Sn plates are moreramon in highAg SAC solder joints, and the role of Cu3Sn plates in
joint reliability is complex. Plates may act as crack propagation inhibitors in some cases, but large
plates that end up aligned with the direction of a crack will instead facilitate atogpagnd are

significantly detimental to joint reliability [43.
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2.8 Solder Doping

With the need for bettalrop resistangenany kadfree solder alloys are being developed.
Since SAC305 has significantly lower drop resistance when compared tosSiueb alloy,
manufacturers are in search of an alternaiaetfree solder alloy. Though SAC105 being the
most sort after replacement, solder manufacturers are looking for the third generation lead free
solder alloy, which often involve in significardditions of element, often referred as dogaas].
These elements are Bismuth (Bi)pthnony (Sb) and Indium (In) [105These additivesreate
finer grain boundaries and reduce theermetallic formations of the tin with silver or copper,
resulting ina more reproducible grain as well as a more uniform grain formation in thérdead

alloy. This process is called solder doping, or solderavatloy, or solder addition [105].

Therefore, there is much interest in the industry on establishing optimab&#d«tiead
freesolder alloys to meet all demands. According to the results of many recent studies, these goals
can be accomplished by metallurgical approaches, i.e. fallyging, to strengthening the solder

matrix or the matrix/intermetallic interfacegions of the solder joirf103].

Bi additions to lead free solders have been the subject of many investigations. It has been
shown that Bi can lower the solidus temperature, improve the wetting and alloy spreading, refine
the Sn matrix through precipitan hardening, and suppress the formation of largé§SA¢gMCs in
the bulk solder [108 On the negative side, it is also reported that Bi atoms segregate along the
Cu/IMC interfaceand lead to brittle fracture [1P9However, according to the observatioh
Pandher et.al [1Q7using the appropriate amount of Bi doping is highly important. They found
that the addition of 0.01% Bi resulted in improved drop shock and ball pull response for low silver

content SAC solder, i.e. SAC0307. In addition, they abs®oved the reduction in the IMC growth
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and the partition to the Cu/IMC interface for-@ped SAC0307 solder. Tateyaned,al. [110]
conducted a study on the effects of Bi content on mechanical properties and bump interconnection
reliability of SnAg solder alloys. They suggested a 3% or less Bi doping level4Adssolder so

that the optimal enhancement could be achieved.

The effect of Ni doping has beeliscussed by several authors [115]1@8. athorough
review by Tegehall [1111t is reported thNi doping can inhibit the allotpic transformation of
CusSrs [115], suppress the formation of Kirkendall voids, and slow the tra#interfacial IMC
layers [103. On the other hand, it has also been demonstthtddhe introduction of Ni would
soften the SAC solder material and formittbe Cu-Ni-Sn ternary IMCs [103 Pandheret al.[107]
proposed a 0.05% Ni doping to SAC0307 + 0.1% Bi solder to obtain the optimal drop resistance

and tarnish resistan¢£03].

With respect to mechanical propertigs) modified SAC alloys have been reported to
exhibit a combination of high tensikrength and great ductility [1P5The most tremendous
benefit of Zn doping is attributed to its enhancement of microstructaft@litst and aging
resistance [106 Song, et al. [105] studied the effect of Zn doping on the microstructure
characteristics of SAC solder. They found that the addition of 0.5% Zn significantly reduced the
degree of undercooling for Sh3Ag0.5Cu solder, and thus suppressed the formation of large
AgsSn platelets. In addition, Zdoped SAC solders were observed to have an increased volume
fraction of eutectic phases without formation of anyb&aring IMCs. Andersorgt al. [106]
reported that no significant microstructure evolution in bulk3&Ag-0.74Cu0.21Zn solder
joints was observed even after 1000 hours of aging af@58imilar work was also performed
by Kang,et al.[112]. They concluded that a minor addition of Zn (<1%) to SAC387 was very

effective in suppressing the IMC growth on Culpa
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It has been demonstrated that other transition metals such as Co and Fe can refine the
microstructure for bulk solder joints, as well as hinder the gvifvth near the interface [113,114
According to the microstructure studies conducted by Andemsoal. [113], Co exhibited a
solidification catalysis effect on Cu6Sn5 phase in th& 3Ag-0.6Cu0.3Co solder matrix with a
desirable (reduced) volume fraction and size (smaller). They also observed the significant effect
that the minor substitution abn for copper promoted highly refined Sn dendrites in the solidified
solder matrix. Syedet al. [114] carried out package level tests on a wide selection of-8AC
solders, indicating that SAC355Co solder had the best performance in both ball pull ahddra
tests regardless of aging conditions. Based on their observations, they also suggested that the
refined, stabilized microstructure of @oped SAC solder was the fundamental reason resulting

in the improved resistance to deformation.

Other dopingchoices for optimizing SAC solders, such as Mn, Cr, Ge, Ti, Si, B, Al, In,
etc, have also been studied extensively by various rémzarand groups. Liet.al[115] compared
the interfacial IMC growth and drop performance for 14 different doped sollisis,abnd
concluded that SAC105 + 0.13Mn alloy outperformed all other alloys, including conventienal Sn
Pb solder. Andersoret al. [106] claimed that the aging resistance of SAC3595 improved
tremendously by merely adding 0.05% Al. Amagaial. [116 found that doping with In could
reduce Kirkendall voiding but had little effect on the growth of Cu3Sn IMC. Ge, different from
ot her #Adiffusion compensatorso such as Ni and

as improve corrosion behavior [107

This dissertatiordiscusses theeliability performance ofariety of electronic components with
more than 10 SAC leafiiee solder joints with dopants, under the effect of {targ isothermal

aging and thermal cycling.
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2.9 Weibull Analysis

In practce, many Reliability Engineers primarily use the Weibull distribution, which can
be thought of as a generalized form of the exponential distribution. -RHaatneter Weibull
distribution has the advantages of ubiquity and ease of interpretation/comnomioht
parameters, and is the most commonly used [104]. It is very common to fit experimental data from

thermal cycling and other accelerated life testing usingRarameter Weibull distribution.

The probability density function, cumulative distributitunction, and reliability function of the

2- Parameter Weibull distribution is:

f0 = (&) (6

n/s \n

. (%)
F(x)=1—e
. _('I)B
R(x)=e
where x is the fitimed (i .e. number of ther mal

the Characteristic Life (63.2% failure point) [119].

The Characteristic Life represents the poi
havefaled The Shape (or fAslopedo) parameter i s a ni
distribution, and allows the Weibull distribution great flexibility. The Weibull distribution can

Al ooko very different dependi nog:[188 what val ue

A b < 1: Distribution has a decreasing fai

A b = 1: Di stribution has a constant failu
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A b > 1: Distribution has an increasing fa

A b = 3. StributMfeapdroximadtes ttieé Normal Distribution

This flexibility means that the-Rarameter Weibull can be used to fit a wide variety of life
data[118]( } ) I ndi cates the probabil i fitgtheregessionvhi c h

line.
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Chapter 3. Experimental Setup

3.1Why BGA?

Majority of the electronics OEM market is moving towards miniaturization with higher
level functional integrity. The best examples of this are the new smart phones, mobile and wireless
devices. Whether the industrypsepared or not, the fine and uHiae pitch chip scale packages,
mi cro BGAG6s and other active devices are being
faster and sleeker portable devices. Number of electronicass@mbly houses and OEMe

forging ahead using earlier generation knowledge without kigpthe consequences and how it

affects the reliability along with the complication factor of lgeliead free.

3.2Purpose of Study

From previous studies and tests provide an idea of hae éind temperature affect the
reliability of solder joints under different condition. Fine pitch lead free packages have started to
enter critical everyday instruments but the knowledge of the combined effect has only scratched
the surface of the reliabiyi effect. Especially for doped solder joint, the failure mechanism as well
as failure modes have been seldom investigated. The need to know more in a reliability standpoint
is higher than ever. The mechanical properties of SAC alloys have shown to ehateeated
temperature, but a time conscious approach is in need to study the effect and to get a better
understandingThe purpose of this project is to find a manufacturable solder paste with dopants
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that can mitigate the effect of aging afitd a sdder material to replace the SAC spheres and
enhance the package reliability. Tests conducted to evaluate the performance of various solder

alloys include drop impact test and thermal cycling test at both no aged and aged conditions.

3.3Test Vehicle Desig and Assembly

3.3.1.1Drop Test Board Designi Phase 1

The substrate material selectéat the test boardare standard=R-406, and areovered
usinga thinNon-solder mask defined (NSMD) pada both sides and an overlaid silkscreen for
labeling. The sibstrate material is known for retaining mechanical and electrical insulating
gualities in both dry and humid environments and has a glass transition temperature of around
170°C. All the compaments mounted on the boards atesen carefully to study theirap
reliability with various doped solder pastes in both-aged and agecbnditions. The test boards
havel6 BGA's, 20 Resistors and 6 QFN's respectively, figukteshows test board design and a

finished board.
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Rp1
UT3 CBGA208 UT+ CBGA208 UT8 CBGAZ0:
EORORE R HoN—a/ [EST PCB REV 0.1

Figure 3.1 Test board designand finished board

3.3.1.2Test Components

As the study islesigned totestboth A1 0 5 & SAC3 05 s oduilwithimth B GAOG s
alloys. The test boards consisted of 75% SAC305 and 25% SAC105 of BGA components. Also,
t he B @Gakhgementaon the test boardcategorized into 4 zones, the ones with black circle
represent the SAC105 packages, and the same can be seen i3.8giath the SAC105/305
BGA components are placed across4tmnes strategically to get a better understanding of their

failure.
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o

Figure 3.2Zone wise distribution of BGA packages

BGA Designi This study mainly focused on the evaluation of the performance of various
doped solders alloys used with the BGA compondrgace ve chose the 15m@ABGA 208
package, it consistsf 208 I/O's vith a 0.8mm é¢ad pitch. The solder balls are 0.46mm in the
diameter and ararranged in 17X17 matrix. Standard daghain wiring scheme ishosen. Figure

3.3 gives a detailed description of the same.

Solder Ball Height

Soldar Ball Diametan/Height After Ball Attach
(As Becaived) | B |
€3 <
Diama[ar_= Height
After Reflow
s
( Motherboard |
| Package Pitch A B e D |

1.00/0.80mm 0.46mm | 0-48M 0.36mm 0.30mim |

| (+0.08mm) | (= 0.0smm) | (+ 0.05mm)
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Figure.3.3BGA Design [89]

Resistor designWe know that the large components are prone to failure in the drop tests.
Hence, we chose 2512 as it is the mostroomand the largest size resisised in the electronics

industry. The exact physical design can be found in figure

/

e T —e
\:’é

L

Size Code L W H

2512 248+.008 | 122+.008 | 024£.004
(6.3+0.2) | (31+02) | 0.6+0.1)

Figure.3.4 Resistor Design [10]

QFN design- A-MLF20-5mm-0.65mm QFN is chosen. This package emplogas
Amkor® MicroLeadFrame®, it@nsists o020 leads at 0.65 pitch with total size 5mas shown

in figure3.5
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Notes Part Description System
u Parts are packaged in tubes (standard). Amkor — A-MLF$2-3mm- Smm-DC-Sn

u Parts are available in trays or on tape and reel upon special request. MicroLeadFrame™ J —LT— [100% Matze Snl
» Solder plating finish available s 100% Matte Sn. Lead ng;; = PmDast Chain

u Moisture sensitivity level is JEDEC 1.

u Two MLF® designs are available: Punch or Saw (see the

cross-section drawing). Cross-Sections MLF*
u Small size (50% space reduction as - Die Attach ~ NiPd Gold Madd  Die Attach
compared with TSS0P) GoldWire  Mold CDFHT””U [Matarial  Plating / Sg?ﬁé \Wi's Compaund Na[g'ia\ Ag Plating
u MLF® package is a near (5P plastic _ g ’
encapsulated package with a copper = fT‘\ ’C 1 F&i‘_
leadframe substrate 1} / f‘ iste—H =
Cu Down - Eynasad Cu \Down  Exposed
# MLFisalsoknownas QFN, MCCor MLP.  Leadfiame  Bord ppi;m Graund Bond Ueadftame 'Bord  Djg Paggle’  Ground Bond
u 0.6mm to 15mm maximurn height MAP Design “Saw” Individual Unit Design “Punch”

u Body sizes ranging from 3 x 3mm

12 2mm. .
pom - For kits see pages 93, 96,98, 106 and 109,
u Fin counts and bady sizes change on an engoing basis.

Please call for updated listing of available packages.

Figure 3.5QFN Design [11]

3.3.1.3Build Matrix

Testboardsarebuilt using 12 different dped solder materials which aepplied from 8
different solder manufacturing compani&AC105/305 compeents and SAC305 paste data is
considered as the baseline for this study. The talllesi3ows that the boards awailt with 3
different temperature profiles namely low/high/best and 2 different stencil sizes 4mil and 6mil
respectively the reflow profile zone temperatures and the process windows of the same can be seen
in table3.2 & 3.3respectively. We also built limiteskts of boats as per availability which has
both solder balls and the pastdshe same material, these aaled the mateed boards. Each
combination ha40 boards built, out of which 5 atested in neaged condition and the remaining

after aging. Allthe samples arested electrically &r the build, and the yield 00%.
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Stencil Profile
Size
Paste
code Company Paste Component Mix

6mil 50% SAC305 Best

A Alpha CVP390 50%2105
75% SAC305 Best

B 25%105
6mil MATCHED Best

C INNOLOT
6mil 75% SAC305 Low

D 25%105
6mil 75% SAC305 High

E Innolot 25%105
75% SAC305 Best

M 25%105
6mil MATCHED Best

M INNOLOT
6mil 75% SAC305 High

M 25%105
6mil 75% SAC305 Low

M ALPHA Maxrel Plus 25%105
F emil Alpha CVP390 CYCLOMAX Best
G emil ACCURUS Alpha CVP390 ECOUQY Best
Amil 75% SAC305 Best

H 25%105
emil 75% SAC305 High

H 25%105
6mil 75% SAC305 Low

H Innolot 25%105
Amil 75% SAC305 Best

I 25%105
6mil MATCHED Best

| INNOLOT
6mil 75% SAC305 High

I 25%105
6mil 75% SAC®5 Low

I Heraeus HT1.02 25%105
Amil 75% SAC305 Best

J 25%105
J 6mil M758 Best
emil 75% SAC305 High

J 25%105
6mil 75% SAC305 Low

J 25%105
N 6mil SENJU M794 770 Best
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Paste Stencil Profile
code Size Company Paste Component Mix

Amil 75%SAC305 Best
K 25%105

6mil 75% SAC305 Low
K 25%105

6mil 75% SAC305 High
K 90SCLF318AGS88.5 25%105

Amil 75% SAC305 Best
L 25%105

6mil 75% SAC305 High
L 25%105

6mil 75% SAC305 Low
L HENKEL | 90SCHF212DAP88.5 25%105

Amil 75% SAC305 Best
0] 25%105

6mil 75% SAC305 High
(@) 25%105

6mil 75% SAC305 Low
(@) 8399Y 25%105

Amil 75% SAC305 Best
P 25%105

emil 75% SAC305 High
P 25%105

6mil 75% SAC305 Low
P INDIUM Material 2 25%105

emil 75% SAC305 Best
R INVENTEC | Ecorel Free 405¥16 25%105

emil 75%SAC305 Best
S AIM NC 258 912,88.5T3 25%105

Table 3.1 Test board/Solder Paste build matrix

3.3.1.4Drop Test Board SMT Assembly

All the test boards we assembled at University of Alabama, Huntsville Electronics
Packaging Lab. XP{our bake out processt 150C is performedto remove moisture from the
reflow oven. The BFAB Electroform stencil of thicknesses 4mil and 6mil is used for printing.
MPM UP2000 HIiE machine is used to print the solder paste, this is followed by 3D inspection

process to check the area and volume ofghste deposit. Universal GSM pick-andplace
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machine with tray feeder is used to place the components on the test boards which is followed by

another inspection to chebédr alignment. Figure 3.6hows the assembly line at UAH.

Figure 3.6 SMT Assenbly Line at UAH

Figure 3.7shows the Rehm V7 convectional reflow oueatis used for the soldering.
Table 3.2 and 3.8hows the reflow profile process window and the reflow profile zone set point

temperatures that was used for this test board build.

Relfow Oven: Rehm V7

Figure 3.7Reflow Oven
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. Low High
Statistic Name N o =
Limit Limit
Max Rising Slope (°C/seconds) (0] 3
Preheat Time (seconds) 60 100
Soak Time (seconds) 60 90
Peak Temperature (°C) 235 245
Total Time above Liquidus
Temperature (seconds) 45 90

Table 3.2Reflow profile process window

. SOy Zone Setpoint Temperature (°C)
Profile | speed
(inch/min)| 1 2 3 4 | 5 6 7 8
Best 26 165 | 170 | 185 | 180 | 183 | 236 | 257 | 260
Low 29.6 165 | 175 | 190 | 180 | 180 | 240 | 260 | 260
High 23 160 | 170 | 180 | 180 | 180 | 240 | 255 | 255

Table 3.3Reflow profile zone set point temperatures

All the test boards anmspected for quality of the solder joints using transmissiaayX

tomography system. This helps to chéok defects such as insufficient solder, solder bridging,

voids in joints, black pad, and headpillow.

3.3.1.5Drop Test Setup

Each board is mounted on vertical aluminum fixtures and are fastened onto the drop base
plate for mechanical load testing al.ansmont M23 drop tower. First, it is necessary to calibrate
the test parameters of the equipment. This test method is intended to evaluate and compare drop
performance of solder interconnects for assembled in an accelerated test. This test is mtended t

simulate areakttime situation of where an excessive flexure of a circuit board can cause product
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failure. The excessive flexure of a circuit board in normal product life can be caused due to

repeated impact drops.

Figure 3.8 Drop tower base and fixtire

3.3.1.6 Test Method

A process capability study @arried out to evaluate the drop tower. The base plate was
dropped at heightdéds 25in and 30in repbecti vel
drop impat test on each of the boargerformed as per JESDA2111 specifications to maximum
peak acceleration of 1500 G and ksitie shock pulse duration of 0.5 millisecordsshown in
figure 3.10 Each of the assembled boardliepped to a minimum of 200 times each and is also
tested to fAto determine the characteristic life data for various package sizes and structures. Each
of the individual electronic components for this experiment is daisy chained for electrical
continuity andhe resistance for each package is measured after esesZOThis test method is
intended to evaluate and compare drop performance of soltirdnnects for assembled
CABGA208in an accelerated test. This test is intended to simulaattime situation of where

an excessive flexure of a circuit boareh @@use product failure. The excessive flexure of a circuit
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board in normal product life can be caused due to repeated impact drops. SAE F5/ASTM 26R1

standard felt is used to absorb the generated shock in this experiment.

Process Capability of 25 inches
LSL Target USL
Process Data : ‘_ . — \ ithin
LSL 1491.5 [ ]| | p—— Overall
Target 1570 | |
USLg 1648.5 | | Potential (Within) Capability
Sample Mean  1571.69 | | Cp 375
Sample N 5 CPL 3.83
StDev (Within)  6.98507 | | CPU 3.67
StDev(Overall) 6.56586 | | Cpok 367
| | Overall Capability
| I Pp 3.99
| | PPL 4.07
PPU  3.90
| | Ppk  3.90
| | Cpm 3.83
| |
| |
I |
T T i) L . 2 T T
1507.5 1530.0 1552.5 1575.0 1597.5 1620.0 1642.5
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 0.00 PPM < LSL 0.00
PPM > USL 0.00 PPM > USL 0.00 PPM > USL 0.00
PPM Total 0.00 PPM Total 0.00 PPM Total 0.00
Process Capability of 30 inches
LSL Target USL
Process Data | | 11 | Within
LsL 1860 | | | ll== Overall
Target 1958
USI? 2056 | | | Potential (Within) Capability
Sample Mean  1958.99 | | | Cp 6.38
Sample N 5 | | | CPL 6.44
StDev(Within) ~ 5.12048 CPU 6.32
stoev(overal) 481318 | || | | Cpls: 1632
| ' verall Capability
| | | Pp  6.79
| | PPL  6.86
| | PPU 6.72
Ppk  6.72
| I l Cpm 6.61
[ | |
| | |
| l |
IESTES e s N LSS e e
1872 1898 1924 1950 1976 2002 2028 2054
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 0.00 PPM < LSL 0.00
PPM > USL 0.00 PPM > USL 0.00 PPM > USL 0.00
PPM Total 0.00 PPM Total 0.00 PPM Total  0.00

Figure 3.9 Process capabilityest results
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Figure 3.10 Drop test profile

Failures are defined in accordance with tRGSM785 standard. A JESD 22B1 failure
is defined as the first event of intermittent discontinuity followed by three additional such events
during the five subsegmt drops. In an impact load drop test, it is observed that a horizontal drop
orientation generally gives the largesipact responses. The boardsraaunted horizontally on
the aluminum base of the drop tow&he drop height of the fixture is adjustelli the desired
impact profile is achieved for different packages and boards. The drop height is determined to a
standard of 15 to 16 inches. The accelerometer connected to the event detector logs the half sine
pulse generated from the standard drop heighe unfiltered result generated for theload
impact test from the eme¢ detector is shown in Figure 3.1ased on IPESM785, the solder joint

failure is defined as an interruption of electrical continuity greater than 1000 ohms.

81



3.3.2.1Thermal Cycling Test Board Desigri Phase 2 (TC2 SRJ Test Board)

The test vehicle TG3RJ was based off of the TGRJ board which was designed by
Peter Narbus and manufactured by TTM Technologies (TMmblarket Interconnect Solutions),
Chippewa Falls DivisionOverall board dimensions are 173 mm (10 inches) by 254 mm (6.81
inches) with a board thickness of 5 mm (0. 20,
onto the printed circuit board (PCB), each T8RJ printed circuit assembly (PCA) weighs close
to a pound (Ib), or 0.454 kilograms (kg). To put the size of the assembly into context, a standard

sheet of paper is 100 by 6.8106, with a thickn

The TC2SRJ test vehicle PCBs were assembled by STI Electronics Inc. at their home
location in Madison, Alabama. Board Assembly was done from October 20 to October 23, 2015.
A total of 260 test boards were built, along with an additional 20 boards used solely for setup
purposes during assembly. All test boards are Megtron6 substrate maeA@6 boards were

used for setup.

Five solder paste materials aselected for incorporation in this test based on their
performance in Phase I. Four (4) Isothermal Aging times are included in the test plan: No Aging
(0-month), 6Month Aging, 12Month Aging, and 24Month Aging. Board are divided equally

into these four aging groups.
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3.3.2.3Test Vehicle Design and Specifications

Boards areassembled singlsided, with components on only onéesiof the board. Two
groups arassembld: in one groupcomponentsarpl aced on the O0Topd side
second grop, componentsaig| aced on t he O0Bott o-raddbatordide of t h

assemldd boards are shown in Figure§Band 312

The TC2SRJ board has 6 copper layers andr d¥e600 pins. Up to 19 components can
be assembled on the T&de, while up to 39 components can be assembled on the BSitiem

(counting each set of 5 daisfpained resistors as one component).
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Figure 3.11TC2-SRJ Test Vehicle: TopSide View
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Figure 3.12TC2-SRJ Test Vehicle: BottomSide View

3.3.2.3Test Plan

A total of 260 test boards dbpeilt, along with an additional 20 boards used solely for setup
purposes during assembly. All test boards are Megtron6 substrate matexidbards are being
built/ assembl edsiicdhe @ wwmo g@nr o su-pileacongonents laddediwhile t o p

O0Botgioded boar ds h-side eompondntgadtled.e bott om

Four (4) Isothermal Aging times are included in the test plan: No Agimgoftth), 6
Month Agng, 12Month Aging, and 24Month Aging. Board are divided equally into these four
aging groups. For eaeSh dmat ebroiaa ld,sS tathedd e4b adaBeodt &
every aging group. This yields a total of 52 boards per material (36 Top &uttbén), with 13

boards in each aging group.
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Material A-E

CBA

Setup| 0-m Aging

6-m Aging

12-m Aging

24-m Aging

Top

1 9

Bottom

1 4

Aging

Material

m Ol O @ >» mM O O @ >» M O O O » M Ol O @ >»
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Table 3.4 Test lmard build matrix
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3.3.2.4General Build Matrix /Assembly Information

SAC
Reference| Component Pitch Dimension | Place
Alloy
Ul SBGA 600 305 1.27mm | 45mm 1
U2 SBGA 600 305 1.27mm | 45mm 1
U3 PBGA 1156 305 1.00mm | 35mm 1
U4 PBGA 1156 305 1.00mm | 35mm 1
us SBGA 304 305 1.27mm | 31mm 1
u6 CABGA 256 305 1.0mm | 17mm 1
u7 CABGA 208 105 0.8mm | 15mm 1
us CABGA 208 105 0.8mm | 15mm 1
U9 CABGA 256 305 1.0mm | 17mm 1
ulo0 SBGA 304 305 1.27mm | 31mm 1
Ull CABGA 36 105 0.8mm | 6mm 1
ul2 CABGA 36 105 0.8mm | 6mm 1
uUl3 MemoryModule 0
R06031 | 0603 SMR 100%Sn 1
R06032 | 0603 SMR 100%Sn 1
R08051 | 0805 SMR 100%Sn 1
R08052 | 0805 SMR 100%Sn 1
R25121 2512 SMR 100%Sn 1
R25122 | 2512 SMR 100%Sn 1
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Table 3.5 Phase Il TopSide component matrix

Reference Component | SAC Alloy | Pitch Dimension | Place
ul4 CVBGA 432 | 305 0.4mm 13mm 0
uls CVBGA 432 | 305 0.4mm 13mm 1
ule CVBGA 97 | 305 0.4mm 5mm 1
ulv CVBGA 97 | 305 0.4mm 5mm 1
uU18 CVBGA 97 | 305 0.4mm 5mm 1
u19 CABGA 208 | 305 0.8mm 15 mm 1
u20 CVBGA 97 | 305 0.4mm 5mm 1
u21 CVBGA 97 | 305 0.4mm 5mm 1
u22 CVBGA 97 | 305 0.4mm 5mm 1
uz23 CABGA 208 | 305 0.8mm 15 mm 1
uz24 CTBGA 84 | 305 0.5mm 6mm 0
u25 CTBGA 84 305 0.5mm 6mm 1
u26 CVBGA 432 | 305 0.4mm 13mm 1
u27 CABGA 208 | 305 0.8mm 15 mm 1
u28 CTBGA 84 305 0.5mm 6mm 1
u29 CTBGA 84 305 0.5mm 6mm 1
U30 CTBGA 84 305 0.5mm 6mm 1
U3l CTBGA 84 305 0.5mm 6mm 1
U32 CVBGA 432 | 305 0.4mm 13mm 1
u33 CABGA 208 | 305 0.8mm 15 mm 1
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Reference Component | SAC Alloy | Pitch Dimension | Place
u34 CABGA 36 | 305 0.8mm 6mm 1
U35 CABGA 36 | 305 0.8mMm 6mm 1
U36 CABGA 36 | 305 0.8mm 6mm 1
u37 CVBGA 432 | 305 0.4mm 13mm 1
u38 CABGA 208 | 305 0.8mm 15 mm 1
U39 CABGA 36 | 305 0.8mm 6mm 1
u40 CABGA 36 | 305 0.8mm 6mm 1
U4l CABGA 36 | 305 0.8mm 6mm 1
u42 CVBGA 432 | 305 0.4mm 13mm 1
u43 CABGA 208 | 305 0.8mm 15 mm 1
R010051 01005 SMR | 100%Sn 1
R010052 01005 SMR | 100%Sn 1
R010053 01005 SMR | 100%Sn 1
R020%1 0201 SMR 100%Sn 1
R02012 0201 SMR 100%Sn 1
R020%13 0201 SMR 100%Sn 1
R04021 0402 SMR 100%Sn 1
R04022 0402 SMR 100%Sn 1
R04023 0402 SMR | 100%Sn 1

Table 3.6 Phase Il BottoraSide component matrix

88




3.3.2.5So0lder Paste and Screen Printing

I
- -

MPM & Momentur

1lm

%ﬁ

Figure 3.14Screen printing machine

Five different solder paste materials are used, each &ifi@rent supplies. The screen

printing machine used isa Speedline Technologies MPM Momentum (right).e Tétencil
thicknesses used are

i Bottom-Side Assemblies = 3 mil stencil

1 Top-Side Assemblies =5 mil stencil

Bottom-side boards ardoubleprintedto get adequate solder volume on #mallpitch

components. Otherwise, print parameters where held constant for all assemblies

3.3.2.6Component Placement

Two pick-andplace machines aresed for the Phase Il assemlihye Juki KE2080Land

Juki FX3, figure 3.15

89



Toddpsshop i kil \

Figure 3.15 Pick and Pace machines

3.3.2.7TC2-SRJ Reflow Profiles

Solder reflow wagdone using a Heller 1913 MKIII reflow oven (shown below).orw
different reflow profiles arased: one for the Tefide boards and one for the Bott&@itde Boards.
The reflow profiles were dagned to match as closely as possible the original-$RJ profile,
which in turn was selectedbased onattempting to meet (solder paste) manufacturer
recommendations while adjusting based on the realities of balancinglioveliquidus, peak

reflow tempeature, etc. for a board of such high thermal mass.

VELLER ARV WKW

Figure 3.16 Reflow oven
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To get accurate thermal readings, a test board was fitted with three thermocouples and
passed through the reflow oven while attached to a thermal readout and recording de€ice [E
M.O.L.E. Thermal Profiler]. The oven temperature zones andthessgh speed were adjusted
iteratively until a feasible reflow profile was obtained. The reflow profiles shoviigures 3.17

and 3.18wvere used for top and bottom board assembly.

oI | File View Profile MOLE() Tools Manual Zones Navigate Window Help —aw| =] =
I N E N P = TE b e e [ 4 e ||
Z1 72 3 24 5 26 i) Za 9 210 21 FaFa 213 Z14 =
m'o':"E'm IS'II ’ggs Lengih (cm) Kl T I A A N 7 3 | A | ar | 3 | 31 37 3T
ax Intermal T T c 135 140 | 60 | g5 5 | 205 | 215 220 | 245 | 210 | 20 | 240 20 30
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Active: XXX456 Comvevor (ivmin) | 40 [Predict | 40
Interval: 00:00:01.0 266 - -
Date: 12/18/12 i I
Time: 08:11:41 V08.58 ‘ ‘ ‘ ‘ —
Tool status box
200 :
185 - .........J:. S —
183 H S S——
170 i
A
7
v . degC [—+ % | on i ow 6 7 i 2 i
— 1 -
_|Auto F ShowLag 24 |9:00 1 (Tima) |1:00r, |2:00T, |3:00¢ |4:00T, |5:00T, |5:
] Low = 170 | Med = 163 Hi = 200 ] units
Sancor 1 Location
00:02:44 00:02:59 00:03-21 Time —
2
F |Sansor 8 Locator 00:02:53 100307 00:03:30 ime
4 [ i Value }, Time To Ref { T Above Ref [ Statistics § Zone Slopes § Summary Stats {KPI [ Kl | v
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Figure 3.17Phase Il Top-Side Reflow Profile
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Figure 3.18Phas Il Bottom-Side Reflow Profile

3.3.2.8Quality Assurance

Severalquality assurance steps were taken. The resistance of eackchaiisgd circuit
component was checked by hand following reflmaeliminate them from inclusiom further
testing. Boards weralso optically inspected andray analysis was used to determine typical
solderjoint quality following reflow. In one instance, several components on one of the boards

wer e sacriyf it teeasduithe mechadigalrstrength of the solder joints as reflowed.

Overall build quality was found to be very good. There were some guddée spcific
manufacturability issuesSome problems were found with the SBGA 600 components, of which a
few components had missing or misaligned solder spheres/balls. In combination with a failure of
the AOI algorithm for this component on the Juki-BE30L, this led to the failure of several

assembled SBGA 600 components.
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3.3.2.9Thermal Cycling Test Farameters and Equipment

As per the test plan the assemblies are subjected for thermal cycling testing. A modified JEDEC
JESD22A104-B standard high and low temperature test in a single zone environment chamber is used
to assess the solder joint performancee cles have dwell temperatures-48°C to +128C and a
ramp rate of 1% per minute. This results to a thermal profile with 45 minute ramps with 15 minute

dwells and totals to 120 minutes for an overall cycle. Each test group are subjected ttoeB®RI0

cycles. The figure 3.18hows the thermal profiles.

e 7

7 \ o
- \ ya

Figure 3.19Thermal Profile used in TC testing of the TC1SRJ test vehicle, Theoretica(left) vs Experimental

(right)

Thermotron thermal cycling chambers are used for the thermal cycling testitigeagame

is shown in the figure 3.20
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Figure 3.20 Thermotron Thermal cycling test chambers

3.3.2.10Data Acquisition System

The electrical components @wéhadnéodd toarselk
continuity testingThe electrical resistae for each component was independently monitéred.
the thermal cycling testing the test boards are mounted vertically oneebisént plastic dividers
before placing them inside the chamber. Temperature resistance wires are hand soldered to each
active data channel and ground channel for all the test boards. A LabVIEW based data acquisition
system developed by Dr. Thomas Sanders of Auburn University is used. A switch scanning system
is coupled with a digital multimeter, to continuously monitor tlesistance change of the
components. This system is couple with LabVIEW software to control and record the test results.

IPC-9701 standard is used to define the solder joint fajlda®e92]. resistance increased (from
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baseline) by over 100 ohms for 5 sewjied resstance measurements. Figure 3shbws the data

acquistion system. Figure 3.28hows the schematic design of the monitoring system.

Figure 3.21Full Monitoring System (left) Keithley Switching System and Digital Multi-Meter from front (right,

top) and back (right, bottom). The DMM is sitting on top of the Switching System

Ribbon Cables

GPIB Cables
J: ‘ GRD-IB-1
Trigger Link Data and GRD
Cable Channels

Figure 3.22Diagram of the TC2-SRJ Monitoring System
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3.4 Failure Analysis and Sample Preparation Protocol

Failed test samples taken out and cresstioned for further mioscopic investigation.
The crosssection and sample preparation procedure include cutting of the sample with diamond
sectioning blade. This is followed by cold mounting using-p&a epoxy system (resin+hardner).
Cured samples are polished using saotbmated Pace Technologies FEMTO1000 (with
NANO-1000T polishing head) machine. PSA backed silicon carbide (SiC) grindingpgitspare

applied in sequence [Pas shown in the table 3.7

Standard Grit Size | European P-grading Median Particle Rc-30 Steel Surface
(ANSI) [US System Diameter (microns) | Roughness (Ra
System] micron)

240 P220 63 300

320 P360 45.5

400 P800 21.8 120

600 P1200 15.3 75

800 P2400 6.5

1200 P4000 2.5 20

Table 3.7US and European GripPaper standard systers [112]

Final polishing involves use of cloth pad and abrasive particles applied in form of slurry,
paste or spray. Proper polishing is critical because your polishing steps must completely remove
surface damage from all precedsample preparation stef®l]. ATLANTIS Polishing Pad is used

for both intermediate and final polishing, although this is always subject to refinement. The
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intermediate polishing step was done usiagidron alumina particles and the final polishing with

0.05micron alumina.

Following polishing the samples are carbon coated and examined using scanning electron
microscope (SEM). As the samples are metallic backscatter electron (BSE) mode of detection is
used. Additionally, energy dispersive spectrometry (EDX) is done to recordandterial

composition informatiorf95].
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Chapter 4. Reliability Test Results

4.1 Introduction

This project was split into 2 phases due to the complexity of project design, sample size
and various test procedurésthischapterwe will be discussingiereliability data gathered from
Phase 1 and Phase 2. Tests carried out in Phase 1 include Drop, vibration and liquid shock. This
was followed by thermal cycling tests. Ap2ar amet er  Weused ot dnalyZiny the d ) IS
reliability data forallthpac k ages. The sl ope (b) is the Weibul
any change in the failure mode and the char act
63.2% of the population is expected anschow ai |

well the data fits the regression line

4.2 Weibull Graphs and Results

4.2.1Phase 1 Results

The Phase 1 results discuss theults frommechanical shock/drop performaniessts.
During the experimentnone ofhe QFN6&és and rbahsno agedbar ageddnyi | ed a
CABGAZ208 package with SAC305 solder bumpsre usedl12 different solder pastes supplied
from 8 different manudctuers are testednly 3 of the solder pastessultsare discussed in this

report as their performance was closéhit of the baseline
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4.2.1.1. CABGA 208 [15mm, 0.8mm pitch]

Figure 4.1shows the Weibull plobf boards that haG@ABGA 208 packagedyuilt with
SAC305 solder bumps asblder paste A ahebest tempetare profile. This test data has been
considered as laaseline for the Phasesfudy. We can clearly see from the plot, the deterioration
in the reliability after the aging. Theharacteristidifetime of solder paste Aeducedo 95 drops
from 154 after aging. 30% BGA packages survived even after 300 idropsage condition. But

all the BGA packagetested after aginfpiled and he sme can be seen in Figure 4.2.

Probability - Weibull
99.000
)
) ‘
~ ;
)
®
s e 4 / »
Z b &
o &
i
; 50.000 o ® > /
°
b Solder Paste A, 0 Months
e £=1.042054, n=154.051858, p=0.966249
® ° Solder Paste A, 6 Months
B=1.218612, 1=95.233128, p=0.941456
10.000
10.000 100.000 1000.000
Time (t) (Hr)

Figure 4.1 Drop impact reliability of the baseline material solder paste A at no aged and aged conditions.
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l ' ' ' ® 0 Month ™6 Month

50% 75% 100%

Figure 4.2 Percentage failure omparison of the baseline.

From the figure 4.3ve can see the solderpa&t® s c har act ehighesat184& | i f
drops compared to 154 drops of the baseline at tregad conditionWith aging he baseline
Solder Paste, A proves to be more rdkall-igure 44s hows t he percentage f
in both no aged and aged conditions during the testing. We can see that the performance of solder

paste C was close to the baseline, and some packages survived after even after 300 drops.
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Figure 4.3 Drop impact reliability comparison of solder paste C with the baseline

25% 50% 75% 100% DNE 50% 75% 100% DNF

0 Month 6 Month

W SAC305 ®™PasteC

Figure 4.4 Percentage failure comparison of solder paste C with the baseline.
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Solder paste F had a characteristic life of 187 drops compared to that of 154 drops of the
baselhe at no aged conditipgomething similar to the paste C performarmd &ter agng the
characteristic lifeof solder paste F and the baseline decreased to 76 drops and 95 drops

respectively. Te same can be seen in figure 4.5 and Figure 4.6

Probability - Weibull

99.000
50.000
;;;ﬁ
]\" (o]
Z ® - ®
5
% ®
= L 2
S 10.000 <
° Solder Paste A, 0 Months
p=1.042054, n=154.051858, p=0.966249
G ® Solder Paste A. 6 Months
3 B=1.218612, n=95.233128, p=0.941456
@ Solder Paste F., 0 Months
p=1.833276, n=187.440698, p=0.948392
Solder Paste F. 6 Months
B=1.323237, n=75.509529, p=0.970810
1'0% 000 100.000 1000,000

Time (t) (Hr)

Figure 45 Drop impact reliability comparison of solder paste F with the baseline
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25% 50% 75% 100% DNF | 25% 50% 75% 100% DNF

0 Month 6 Month

®™ SAC305 ™ Paste F

Figure 4.6 Percentage failire comparison of solder paste Rvith the baseline.

Solder pastd proved to be less reliabletaith no aged and aged conditishen compared
with the baeline. The characteristic life values of this pastewer than that of the baselire

both neaged and aged conditiariEhe same can be seen iguie 4.7 and 4.8.
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Figure 4.7 Drop impact reliability comparison of solder paste J with the baseline
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® SAC305 ¥Paste J

Figure 4.8Percentage failire comparison of solder paste dvith the baseline.
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Phase 1 testing also included vibration and liquid shock testing. All the solder pastes
were tested under these conditions. SAC305 solder spheres and Paste A remainedefobaselin
all the phase 1 tests. The top 5 performing solder paste materials from Liquid shock, Vibration

and Drop testing were chostar the phase 2

Tables 4.1, 4.2 and 4.3 shows the test summary of Drop, vibration and Liquid shock tests.

Unclissiid/FOR OFFICIAL USE ONLY
Solder Paste Materials F?:ﬁlgéﬁ;{naa:];:d Stencil ?nul:f fsmn[;irﬁvmts {4 Pruﬁle{ggg;ements Matched{l;rl?%r;vemeuls
Alpha SAC305 Baseline Only m 6 ml Only in Best N/A
Aceurns Cyelomax F Only m 6 ml Only in Best N/A
Aceurus Ecolloy B Only in 6 ol Only in Best N/A
AIM B Only in 6 mil Only in Best N/A

Qusa?; Tgilesss_s B None None NA
SOSCHES DRSS B None None NA
Heraeus Innolot B None None N
Heraeus HT1.02 B None None N
Indium 8399Y B None Non e N
Indinm Material 2 F None None N
Inventec B Only in 6 ml Only in Best N/A
Senju M794(SAC 303) B None None NA
SemuM759 B Only in 6 mil Only in Best N
_osapo [ F [ oyiémt [ oupiBe [ N
Trysail Il B AUBURN

Table 4.1 Drop test summary
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Unclazadied 'FOR OFFICIAL USE ONLY

Overall Performance Steneil Size Improvents (4 | Profile Improvements
Solder Paste Mastenals F-Fair/B-Bad mul. & mil) (H/L/B) Matched Improvements
Alpha CVP390 (Baseline) Baseline Only & mil Only Best N/A
Accurus Cyclomax B Only & ml Only Best N/A
Accurus Ecolloy B Only & ml Only Best N/A
AlIM B Only 6 mil Only Best N/A

Henkel
90SCHF212DAPSS.5 B None None N/A
Herazus Innolot B None None N
Heraeus HT1.02 B Only 6 ml Hish N
Indium 8399Y B None None N
Inventec® B Only 6 ml Only Best N/A
Senju M794 (SAC 305) F & High N
SenjuM759 B Only & mil Only Best N
Senju 770 B Only 6 ml Only iiE Q
Twsall ll . UNIVERSITY 42
Table 4.2Vibration test summary
Unclessilied iFOR_ OFFICIAL USE OALY
Overall Performance
IVG-Very Good/G-Good B Stencil Size Improvents [Profile Improvements| Matched Improvements
Solder Paste materals Bad Package (4 mil, 6 ml) (H/L/B) {(Y/N)
Alpha SAC305 Baseline SBGA 304 Only In 6 mul Only n Best N/A
Accurus Cyelomax G SBGA3N4 Chly In 6 ol Cly i Best N/A
Accurus Ecolo B N/A Only In 6 nul Only m Best N/A

Alpha Maxrel Plus

Henkel NIA
QO0SCHF212DAPSS 5 SBGA304

Heraeus HT1.02 G None None None N
Indium 8399Y B PBGALLSG None None N

SenjuM794 (SAC305) G SBGA3D MNone MNone N/A
SenjuM759 B SBGA3NA Only in 6 ml Cnly in Best N
Senju 770 G CABGA208 Only in & mil Only in Best N

AUBURN
Trysail Il ArSrEAN
UNIVERSITY

Table 4.3Liquid shock test summary
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4.2.2. Phase 2 Results

The Top 5 solder paste materials chosen from phase 1 were used in building48RJC2
boards. MEGTRONG6 was used as the substrate matetidlthe BGA packaes have SAC305
solder spheres.The stencil thicknesses used &mil and 3mil for topside and bottom side
assemblies respectively. Botteside boards have beeafoubleprinted to get adequate solder
volume on the smalpitch components. Othervasall the print parameterareheld constant for

all assemblies.

All the BGA packaes have SAC305 solder bafisge different solder paste aerialsfrom
different supplierfiave been usedhe stencil thicknesses used aneil and 3mil for topside and
bottom side assemblies respectively. Botide boards have bedoubleprinted to get adequate
solder volume on the smaglitch components. Otherwisa| theprint parameterareheld constant

for all assemblies

A total of 260 test boards were builtpay with additional 20 boards used solely for setup
purposes during assembly. Theaging (@month) were tested right after the buildmenth 12-
month and 24monthaging boards were isothermally aged &76efore their testing. For each
material, the e wer 6€i Y e®T dwar dsSiadnedd 4b odaB odtst dnor every
yields a total of 52 boards per material (36 Top and 16 Bottom), with 13 boards in each aging
group.Below are the 0 and-Bonths results of this tegiaste Material Zandot has been chosen
to bethe baseline and the performance of the remaining 4 paste maegistisdied against the

baseline.
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4.2.2.1 CABGA 256 [17mm, 1.0mm pitch]

This is a larger BGA package measuring at 17mm X 17mm with 1.0mm pitch. This
component haSAC 305 spheres ansl assembled on the T<gide TC2SRJ boards. This along
with CVBGA 432 are one of the first failing components in this test. The same failure trend was

seen during TGBRJ testing.

In the Weibull graphs below we present the reliapp¢rformance of the paste material 3
and 4 chosen from Phase 1 based on their performance from mechanical testing (Vibration and
Drop. Figure 4.%hows the thermal cycling reliability of the abewentioned paste materials with
the baseline Innolot at raged condition. We can see that the characteristic life of paste 4 match

closely with the baseline Innolot. The same trend follows witho@iths aged data and can be seen

in Figure 4.10.
009 MT - CABGA256 - Om
A 2-B=5.962015, n=484.602505, p=0.897239
V 3 - B=11.497456, n=451.978341, p=0.976344 v
@ 4-B=4.137456, n=483.605175, p=0.975071 ‘:'

10.000

»®
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Figure 4.9 Thermal Cycling reliability comparison of materials 3 ard 4 with the baseline2 (Innolot) at no-

aging

MT - CABGA256 - 6m
99.000

A
A 2 - B=5.393681, n=391.528137, p=0.903404 ¥ / o
/ o A
v 3 - B=5.187568, n=331.932170, p=0.978042 Y . A
&
@ 4 - B=5.456408, n=391.655425, p=0.958084 o ¥, .:
v :, ¥
A ¢
50.000 = v “‘ "
Ao/
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« @
4 ¥ A
®
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°
£ v 7/
o/
4
000 v

5.000

00.000 1000.000

Figure 4.10Thermal Cycling reliability comparison of materials 3 and 4with the baseline2 (Innolot) after 6-

months aging

Weibull graphs 4.11 and 4.12 shows thkability of all the pastes chosen from péds
this include both mechanical testing and liquid shock testing. From Figure 4.11 we can clearly see
that characteristic life of paste 5 is substantially higher than the baseline Innolot and the other
pastes. The same trend can be seen in the chastactéfe numbers from #nonth aged test
results.Graph belowshow the IMC thickness measuremeiuisno-aged and aged CABGA256
components. There is a considerable increase in the thickness of IMC layer with aging. Paste 5 las

the least IMC growth and theame can be seén graph belowThe Table4.4 summarizes the
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CABA256 reliability performance angastematerial 4 and 5 can besaitablereplacement for the

Innolot paste

CABGA256 - Omonth

@ |- B=3.880664, n=437.427280, p=0.962478
A 2-B=5.962015, n=484.602505, p=0.897239
WV 3-B=11.497456, =451.978341, p=0.976344
@ 4-B=4.137456, n=483.605175, p=0.975071

50.000 D 5 - p=8.509531, n=618.495175, p=0.920525

1-R(t)

T
2 o/
3 g
3 o
by
5
= 10.000 -~
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/
° v/ o
A / /
y /
r/‘
/
/
/
/
Y

Time (t) (Cyc)

Figure 4.11Thermal Cycling reliability comparison at no-aging
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CABGA256 - 6month
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Figure 4.12Thermal Cycling reliability comparison after 6-months aging

CABGA256

437 452

392
332 '

Material 3

Material 1

Material 2 Material 4

CABGA 256 - Om Characteristic Life (cycles)

CABGA 256 - 6m Characteristic Life (cycles)

Table 44 CABGA256 testsummary
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