A Study of the Thermal Cycling
Performance of Solder Joints in Area

Array Packaging

Adeniyi Olumide Ayodele

A thesis submitted in partial fulfilment of the requirements of
Liverpool John Moores University for the degree of

Doctor of Philosophy

February 2019






Abstract

For both the electronic manufacturer and consem reliability is an essential
characteristicdefining the quality of theslectroniccomponentand system Gradual
degradation othe electroniccomponents decreases efficiencyl@system, an¢hck of
reliability can lead to a significant logsfforts at achieving better qualigndreliability

of electronic componesinvolve theinspection of solder joints in area array packaging.
It is of notethat solder interconnections atee vulnerable part®f circuit board
assemblie§CBA), because theyra mainlysubjected to various assembly process during
electronicmanufacturing as welas environmental exposurtailures during service.
Therefore, the reliability of solder joints is a major concern during the entire life of an
area arrayackaging irorder to minimize the electronic failure rét@t may lead to large

losses.

Thisthesisaims to provide solution that helps tovercome some of the challenges that
can occuduring thereliability inspection of soldgpints in area array packagingrstly,

by successfullydevelopinga nondestructive monitoring methodology to stuthe
performanceof solder joints under thermal cycling teShe quality of the solder joints
in this research workom growthto failurewasmonitoredby usinga type ofultrasonic
inspectiorcalled acoustic micro imagin@gMI) . Resultsindicate that provided a suitable
AMI parameters is applied, one caangrate a 3D reconstruction of the solder joints
imagesto allow andassess the solder joidteehaviourin flip chip packagesAMI
inspection of solder jointshow good agreement withe results obtained that was used

to examine howhe reliabilitywas affected by thgeometry and position of the joints

An automatic segmentation technigwes developedhat allowto characterizeand
extract distinctivdeaturesf solder jointson different area array packagesich features
includemeanintensity, structural similarities modahdhistogram intensitpf the region

of interest of solder jointsThe validation experimental results have been statistically
implemented usingovelgeomerical and time domain features extraction metlda
area, form factor and standard deviatidhe result from these methods werged to
extrapolate theolder joings fatigue life at normabperating conditiondMoreover, the
analysis of variancBANOVA) was employed to determine the percentage contribution
of solder jointsparameters orthe acquired imageslhe results indicated that the
thickness of th@rinted circuitboard can affect solder joint reliability.
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1 Introduction

Rdiability of solder joints inarea array packaging is one of the paramaouatitiesin
characteristicof electronic system&Generallyy n t odayds t eanmstol ogi c
everyone depends upon several electronic systemexample our electric appliances,

mobile phonessmartwatches,computer systemsn bankingindustries in aerospace

industries andn the health care sectof e c hnol ogy i nnovation has
customer expectinthose various electronic gadgets or systémnprovide adequale

designed functions when requestdaihg with greater rability. As you most likely have
encounteregsometimeshose electronic systesdo experience certain failligthat make

them unableto function anddeliver the desiredquality as expectediuring usage.
Unexpected failgsoccurring in thoselectronicsystemsalways has a negative impact

on the system reliability whictan lead to excessive downtime and large losses such as

high maintenance cost afhaksof revenue Neverthelessthe variety of materials in an

area array packagirtups led to the developent of complex systesrand increasingly

retainsa high level ofreliability. It is clear thathereliability of solder jointss a major

concern during the mission lité an electronic product, because theytheecriticallink

in circuit board assemjl Hence it is paramounto determine the factors that affect the

solder joint reliabilityin area array packaging.

This chapter describes the definition of area array packaging amkedessity in
electronic deviceshe background of the research and some motivati@ygbointson
the performance of solder joints under thermal cyclingiteatea array packagireye
describedIn orderto improve the reliability evaluation alderjoints, the studyaim
and objecties are setto facilitate better nowlestructive techniques to monittne
reliability of solder jointsin an area array packaging@ontributions to knowledge and
novelty arepresented The contet of each chapter in thithesisis outlined whilea

complete framework is proposed.



1.1 Background Knowledge of Area array packaging

The term area array packagin@\AP) describes the processf housing and
interconnection of integrated circuits to form an eleutrosystem.The packaging
techniques calbe cl assi fi ed i n two dthréughéalee n t
technology andwsface mount technologyn field electronic packagindhe precision

and quantityof the different typesof packagess shown irFigure 1 sincethel 9 706 s
can be portragdasa throughhole technologyFor example, thelual in packge (DIP)

and quad flat packag€®FP) In which during the assembly procetise input/output

(I/O) connections of thpackage or componetdads are iserted through holes in the
printed circuit boardand then transfeedto the soldering machirer finishing process.
Although this type of technologprovides strong mechanical bortdghe packagand

are more dependablthe restriction of the techiamy is thatit only make useof the
sides of the componentd the boardleaving asubstantiabmount on the back side of
the printed circuit boardinutilized.In order to address thsze constraints in through
holetechnology, packages with solgemnts weredeveloped in the late 1980s. This new
mounting technology was called surface mount technology. This technology have the
advantages to provide high functional package density on the printed circuit board.
Increasing transistagate countsasedon thetechnologyhas constantly driven the
growth and productiorof smaller packages with ever moirgut and output (I/O)
connections. These I/O demands hakreven peripherally leaded surfaoourted
components to smaller leaalleadpitches(Milton et al., 2013).As a result of the added
conplexity, circuit board assemblyields and costs have been adversely &ficTo
address these problena ball grid array packagBGA) was designedThe BGA
packagds a type ofpackagdahatmakes usef solderjoints to connect the substrate to
the PCBinstead of pinsto have more convenient AAP for integrated circaitsl large
interconnecton thepackageg¢Aryanet al, 2018) The continuousdvancement on flip

chip technologyhas ledthe BGA andchip scalepackage CSP packagedo develop

into Flip Chip Onboard(FCOB) packageas shown in Figure-2(b), where the solder
joints served as thdirst level interconnects, with the silicon die flippeder and

mounteddirectly on theprinted circuitboard usingoldering technologies.
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(b) Flip chip

The commercial usef surface mountechnologiess motivated by various positive
factors, likeincreasinghedemandsnd supplyf smaller die and packagingcreasing
the heatdissipation and reliable interconnecthesefactorshave made thepackages

one of themostwidely known growing technologies over the past few years (Wolter et

The area arraypackaging techniques provides the following advanta@e3he AAP
greatlyincreases interconnectidensity, and this is probably the most important driving
force that has madeatwidely known package todagii) The AAP are designed for high

heat dissipation, in other words they are good in thermal management (iii) AAP are built



in solder source thus removing the need to apply paste for wiring board (iv) They could
accommodate more than one chigs notel that area array electronics packages have
been increasing in the interconnect density, and the substrate size, the increase in density
will result in scaling down in package size (Vardaman, 2004, Harvey et al., 2007).
According to (Vardaman, 2004),wascited that the packaging techniques of flip chip

on AAP is becoming more compler geometry and material propertiasth 50%
annual growth in solder bumps while reducing the package Biee.ever reducing
package size results in smaller interconrgze (solder bumps) and unsurprisingly
results in allied reliability issues experienced at the interconnect boundaries.

During usagethe solder joints on the manufactured flip chip packages are ekfmse
various environmental conditions, such as temperature, thermal shock, humidity and
vibration, which contribute to their mechanical, chemical and electrical failures.
According to Steinberg2000),reliability was defined as the probability that a syst

will perform it intended function at a specific period of timéhen operated under a
specific conditionslt was found out thab5% of the failures of electronic products
related to their operating thermal environment during usagshown in Figure-3,
vibration is responsible for 20% of the failur&86 of ductand another 20% were related

to humidity.

H Temperature
u Humidity
0 Vibration

Dest

Figure 1-3: Failures of electronic products related to theiroperating environment

The reliability ofsolder jointsis consideed as the main concern for AAP sintieey

are thevulnerablelink in terms of circuit board assemblig€<BA) reliability. This is
4



due in part to the coefficient of thermal expansion raistm in materials used in the
construction of components found on CBA, when exposed to thermal cyclic
environmental conditions that in tucauses severe reliability issuend decreasdhe

life cycle of the ara array packaging dramatically. Additionaltgany of these packages
areconstructed ancequired to operatin harsh environmesitor examplen automotive

and aerospace industrid$us, he rate of change, exposure time and thermal excursion
limits aredependent upon product application and usageo wn as O Mi ssi on L
In other words,lte reliability of solder joirgis a topicthathas generateshuchinterest
over the last centurgind cannot be overlooked in the development of new area array
packaginglue to its varied applicatiotit is very important to know thahe vastamount

of manufacturingengineering efforts goes into evaluatthgreliability of solder joints

and tryingto identify thefundamentatauses of their failure during usagée reliability

of solder joints has become a major issue to be address beoliesgointsdo not only
provide excellent electrical connection, but they mechanically affix the comptinent
the PCBthatprovides conduits for heat dissipation into the circuit board and help match
expansion differences between PCB and components

It is important to know thathe reliability of solder jointshas become a major issue of
concern teelectronicmanufacturers because the package cargalseratédneatby itself

as the current flows through #lso by arexternal enironment to which it is exposed.
For example,on an enginemounted electronics control arECU) in a vehicle that
provides certaimformation orthe dashboard.e.the speed, engine revoluticasdfuel

level, because of the different thermal prades of the materials involved during usage
The variations in temperature generated the systemcause coefficient thermal
expansionmismatchbetween the substrate and the ctiplshreshtha and Chauhan,
(2009)reported that dueo this mismatch distortionbetween the substrate and silicon
die at extreme environmental operatiail occur. Pang et aJ (2001) alsostated that

the solderjoints will begin to distort andtausecreepto happeninside themwhen
subjected to temperature loadinthe creepdistortion actuatedy the temperature
variations causemitiation and propagation of cracks in the solder joifitse level of
propagation of cracksmpairs the electrical functionality of th&older joints in the
packageHowever, based on the need to observe and obtain soldedjeli#bility data

to better undestandthe failurerate and life characteristica novelapproactpresented
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in this work helpsto assess theliability of solderjoints an AAP is able to withstand,
by placing the CBAunderthermalcycling test The accelerateaycling testis used to
generate rapid ageing of tHg chipsbcomponent®n the printectircuit board so that
the effects of ageing or solder joint fatigue can be studied in a shorter period of time.

1.2 Motivation

As the components becamauch smallerthere isan absolute need to understand the
critical reliability challenges of thosgeaarray package®ver the pasgears, area array
packages hese become the mostommonly used packagefor both design and
manufacturing of electronic systenihearea array packagbavebecomehepackage

of choice to the electronic manufacturers becatifeetradvantagesuch as the increase
in capability and functionality of the circuit board assembliépart from these,
electronic manufacturers need to exceed customer design expectatasidgryng more
reliable products with a very good performamefore those eleainic producs go to

the marketNeverthelessn area arrapackagessuch apall grid arrays (BGA)solder
joints interconnections are often the weakest limkarms of product reliability, which
alone canprovide coefficient thermakxpansion(CTE) mismatch when subjected to
environmental exposurdhe CTE mismatch that ocaibetween the circuit board
assembly and the packagess daignificant effect on solder joint reliability.

In order to reduce thsolder jointdailure rate and the time spent in performing reliability
testing of solder joints in thosmmponentsthe goal of this research project was to
develop a new methodology for solder jodntgliability inspection in area array
packagingbased oran ultrasmic inspectiontechnique callecgcoustic micromaging
(AMI). Thistechniqgue habeen used along with the accelerated thermal cycling (ATC)
test to inspecthe performanceof solder joints under flip chips due to their great
capability to detechnomalieswvithin materials and interconnections.

Due to the limitation in life monitoring of solder joints, the research methodology will
aid the design of solder joints through life validation $est whichtests results from a
reliability standard point in thiproject, can be used to create proper monitoring test
capable of generating adequatader jointsfailure data that could occur during the

desired service level.



1.3 Aims and Objectives

In order to obtain accurate and meaningffibrmation on lifedistributiors, reliability

and failure rate of soldgointsin area array packagind,is critical to choose a proper
failure criterion and use the appropriate measurement technique to monitor the failure
events in the tesThe aim and objectives forithresearch project adescribed briefly

in the following sections.

1.3.1 Aims

The main aim of this research study wassttimateandmonitorthe failure rates of the
reliability of solder jonts under thermal cycling test using a raestructive technique

(NDT) called acoustic micro imaging (AMI).

1.3.2 Objectives

In order to achieve the overall aim of this reseastiidy the following goak and
objectives werset

1 To validation test solder joints in area array packaging using ATC which will
enableanassesmentand reliability analysis for electronic products.

1 To establisha protocol fornondestructive inspectiomising techniques like
Acoustic Micro Imaging and Xay in order to ensure inspection of solder joints
at set intervals, while maintairgrthe integrity of the package for further test
cycles.

1 Toinvestigate the use of image processing techsigitk thegoalof extracting
thefeatures that represent the integrity of solder jamthe AMI images.

1 To determinetie reliability of the solder joints under validatitest through
evaluation usinggeometrical and timedomain feature extraction methotb

estimatehe fracture area, form factor and the standard deviation of the joints.



1.3.3 Novelty of this Thesis

Despitethe fact that a number of studies considering the subject of the reliability of
solder joints exist in the literature, extensions of the concepts of through life monitoring
of electronics is still rare. If one can assess the extent of the degradati@nfexmected
normal operating condition for electronics then the data can be used to meet several
goals, such as minimizing unscheduled maintenance, extending maintenance cycles,
advance warning of failure and, reduction of life cycle cost of equipmentdreasing
inspection and inventory costs.

A new thermalprofile of -40°C to +85°Gwvas designedn this performance studippy
balancing the test time and the number of data points requested for monitoring the crack
initiation and crack propagatioihis thermal profiledevelopeded to a slower failure
process, which enaladiner tracking of crack propagation in solder joiats depicted

in chapter 6 of this thesi§he profilealso facilitatel the development @& image feature
based joint fatiguelegradation moddbr through life monitoring of crack propagation

and prognosis of electronic devices

An automated ultrasonic inspection and monitoring systéthe solder joints on the

flip chips was designedh this performancestudy thatsolved someexisting issues in
capturing the fatigue failuremte of solder joints under environmental expostifes

kind of techniquebave been used along with the accelerated thermal cycling (ATC) test
to inspectthe reliability of solder joints due to their sing capability to detect
discontinuities within materials.

The research presented in tthissisachievel the following tasks:

1 Showhow temperaturaffects the properties of large area array package solder
jointso fatigue life. Itis very important to exame and determine why the
thinner boardf 0.8mm is failing before the thicker boastil.6mm when the
contrary should have happenaccording toDarveauxet al., 1998; Syed et
al., 1999, Primavera, 1999; Lau et al., 2002; Vandevelde, 2004; Birzer et al,
2006; Ahmad et al., 2009; deVries, 200Biis research tries to find the trend
of change obehaviorfor flip chips components dmoardsduring the thermla
cycling testi.e., to see if a particular thickness with one kind of board is better

or worse.It was found out thatthe fourteenflip chips onnonunder filled



1.6mmhot air solder levelHASL) boardhas a prolonged life cycteompare

to 0.8mmHASL substrate thickness board during the throughnifmitoring

test

As the reliability for each flip chips component on different printed circuit
board thickness is calculated for a specific time based on component age, this
thesis aims to study the reliability of solder joints under thermal cycling test
on those flip chipsind validate the results against the appropriate simulation
global model. Once validated it also aims todesign arobust image
segmentation process thats implemented on the extraction solder joints
images to understand the effeftvarious solder joints geometry and thermal
parameters on solder joints reliability on area array packaging, and use such a
study to develop the histogram difference, stmattsimilarities difference and

the intensity level that represent the performance of the solder joints under
thermal cycling test.

The research presented in thtisesis proposed a new nedestructive
methodology that can be used to acqbiwéh 3D and 2Dacoustic scandata
during validation test. In the proposed method, ultrasound imeges
collected at different sewf intervalsto verify the fatigue degradatioand
failure rateof solder joins occurring at the bump to silicon interfadéhese

test results areextremely useful in investigating crack nucleation and
propagation.Likewise, in the segmentation approach, the region of interest as
shown in Figure 8.0 inthe acquired solder joints during the environmental
testis correctly detected fronhé background.

In this researchanalysesf the extraction results usirggometrical feature
extractionlike area, form factor hademonstrate better stability in measuring

the solder joint8defects in the acquired AMI imageBurtheranalyseson
thosesolder jointsvas done using analysis of variance (ANOVA) techniques
thatdemonstratbowthe PCB thickness affesthefailure rate of solder jats.

The research also determs@nd evaluatgthe vaiations in regios of interest

in solder shapes undénermalcycling testusing the form factor methods
Thus, theresults depicted that the region of intereghape is corex apexit



could lead to #&ig significant crack area, but a proportionally smallexckr

areacould occumwhen is itin concaveapexform.

1.4 Thesis Outline

This thesis is a broad study of the performance of solder joints under thermal cycling
test, consisting of seven chapters and some appendicesofitkatnf each chapter are

as follows:

Chapter 1: Introduction and &ackgroundi This deak with the background and
inclusion ofreliability of solder joints in area array packagingdiscusses the
reliability prediction of solder joints of electronic components in previessarch

The aims and objectives, contributions to knowkedy this research aralso

outlined.

Chapter 2: Literature Review goes over different backgroundsd previous work
done that are needed for thiperformance studyincluding thermal cycling

inspection on electronic packaging and {u@structivanspection

Chapter 3. Methodology that includes AT@esting and raasuremeni This
provides insightinto the thermal cycling experimental rationale, the various test

sampla, facilities, and design of experiments.

Chapter 4. ATC throughlife monitoring testsi  This is a more important section,

as it investigatethe role ofth e r ma | cycling test bgyn sol der
performing a real life monitoringest on thossolder joints that was based upon a

low thermal profile.This method givesan adequate procedure for finding out

reliability or time to failure of solder joist ATC parameters associated with the

testing will be focusdon.

Chapter 5: AMI analysis of soldergintsi Thisdemonstrates how tdtrasonically

examine the evolution arfdilure path analysis in solder jointBhis approacthas

10



beenimplementedo analyse and monitor the failure rated reliability of solder
joints under thermal cycling testsing the application of industrial acoustic
imaging systems available iriverpool John Moores Universi{y.JMU) ultrasonic
laboratory AMI images weretaken throughout thealidation tests for further

processinginspection analysis using the AMI methods are also demonstrated.

Chapter 6. Crack &olution on differentsolder joints on théest sample$ This
study provids details abouthe results of the experimental study of crack growth in
solder joints for different numbgof themal cycles using AMI techniques on the
PCBs.It presentghe results otrack initiaton using Matlakioolsfor solder joints
under different posprocess conditionsike geometricalmethod (®/1) feature
extraction. This also provides detailed experimental investigation of crack

propagation in solder jointfocated under AMI techniques.

Chapter 7: Analysis of variance was used to determine the fagmit factors which

affect the solder jointsharacteristic lifaindertemperature cycling ranges.

Chapter 8: Conclusions and recommendation for future worKhis provides
summary/observations from the experiment and analytical studmes the

contribution to knowledge and proposes future wanrirecommendations

11



2 Literature Review

In order to understandolder joint reliability on area arraypackages under thermal
cycling, thensomebackgroundmnaterial is necessary. The background material covered
in this chapteincludeshe fundamentals of area array packageselerated temperature
cycling tess on solder jointeand non-destructive inspemn techniquesThus, onlythe
successful integration of these varionsthodscan lead to the successful development

of solder jointéreliability inspectionmethodologythatmeets the overall research goal

It is of note that eea arraypackagegfAAP) have gained popularityy majorelectronics
applications due to theproven thermamechanical reliability and standard assembly
techniques. In the processes of microelectronics manufacturing, electronic packaging
provides electricatonnectiorthermal ad mechanical functions to semiconductor chips.
Nevertheless, AA® consist of solder joints thatave proven to be valuable as a
mechanical and elaacal interconnect material irthe electronicsmanufacturing
industriesdue totheir low melting point, wetting behaviour, electrigadoperties, and
availability. However,solderjoints on thegpackage$ave also proven tde very sensitive
since they are the weak link circuit board assemblies whiexhibit such phenomena
as ageand gcle softening, grakgrowth hardening, strairrate hardening Wen et al.,
1997).Despite many decade$ characterizingolder joint®defect in AAPs, there are
still somechallengesn monitoring how the crackn solder joints initiate and propagate
A very elementary view ofolder jointsd reliability was reviewedin this chapter
primarily to enable one to understand how to chooseghé methodology to use when

conducting a rébility test on solder joints on area array packaging.
2.1 Reliability issues inArea array packages

What is reliabilityof anelectronic systerfrom your own perspectivieTake for example,
switching on your mobile phonevouldyou consider your mobile phone be perfectly
reliable if it did not switch on immediately®ould you consideryour mobile phone
reliable if it takes more than two times to switch d@&sedon your answer to the
guestionsit becomes more complex and hard to define and determimelidgility of

the electronic systemMoreover, the reliability of the electronic components is

increasingly becoming paramount issue for electramimanufacturing engineers, as

12



mostlyour everyday schedule and activities are more dependent on the functionality of

those systems.

Although, it is of note that theeliability of electronic systesihas generatedhuch
interest over the last centudpe to its varied applications and failure rafBise US
Department oDefensg DOD) developed the reliabilitpssessment of electrorsgstem
andcircuit board assemblids estimate the need for maintenance and logistitke
196 sising prediction tables argbftware documented in MIEHDBK-217 (Pecht,
2007). It is common knowledge in literatuthat the developednethodpredict the
expected seful life of electronic boardsncorporating certain components by using

databases of electronic equipment failures.

Thus far, thixlass oftraditional reliability approacheknownasthehandbook method

(MIL -HDBK-217), wasrecommendetly (Pecht2003)to be abandonedlfter reviewing

the development recomhddrawbacksn thetechnology of methagused for reliability
assessmenA manual , | EEE 1413. 1, 0l EEE Gui de

prediction based o mwonappiBaEof thelinbrghdél stratggievfers d a't

dependability expectation for a given application (IEEE standard 1413.1, 20023. It
been demonstrated that the MiDBK-217 and the related handbook techniques, are not
reliable.However,Pecht, (2003 developed thapproach of design for reliability ime
institution ofCentrefor Advanced.ife Cycle Engineering (CALCE).

Thereliability predictions, whiclweregenerated via the handboekgre based obasic
heuristics, contrary to engineering desigethodsand the physics of failuréPOF)
However the components in the handbook aredatiéd which makes the job of keeping
it updated very expensive. Duethas limitation the reliability predictions categorized
into three classes ddlternative methadthese can broadly be classifiad Physics of
failure (POF), field data and test data from reliability t&$te goal isto improve the
understanding behind the reliability of electronic systeinich will enable designers,

designmoreefficient producs.

Firstly, aPOF method techniqueses the knowledge of mechanisms and processes to
predictthe reliability of a productanalytically without having to sort to usng the
handbook method (Hendriek al, 2015).Thiskind ofapproach dominasghe reliabilty

modelling, (Adithya Thaduri, 2013POFactuallymodels theootcauses of failure such
13



as fatigue fracture, wear and corrosidrom the desigrphase to field data operation
(Hillman, 2002). This processasusuallybeendoneby gathering the information from
the acceleration test and the statistdiatributions(Perry, 1999 and ASM, 2004 he
goal is toenable electronic reliability designers gain more understanding on the
reliability assessmerntdf the productThus, theinformation and understanding derived
from the use conditions argpecific duration othermal exposure helps the electronic
design andmanufacturers tonake a remarkable note about the mission life of the
products.

Oneof the keylimitationsof POFis that the algorithnis difficult to model andypically
assumsea O p er f e (®ItPhedsens 201P)ndtherwords,the design engineers
involved in the modelling shouldoe able to understand and identify the system
architecture and the effect thfe validation test on the systemofexampleconducting

an adequate study on tRE€B materiapropertieds critical step, in comprehending how
the stiffnessor the thicknes®f the PCB influences other parameters invdlire the
design Thus, inadequate undtanding couldeadto the POF predictiobeinglimited

to end of lifebehavia.

Secondly, hefield data method isnportart to thereliability engineering program. This
type ofdesignis requiredto improve the quality and implementation of theditional
reliability procedurausedto describe the failure mechanisms, failure modes and failure
sitesin the MIL-handbookK217. The benefits of the field data method otrerhandbook
method are significant,e. the datacan beevaluaté over thedesgn befae making a
prototype which will surely help tacompare the existing reliabilityequirements with
the current product in markéAdithya Thaduri, 2013).Thus, the kindf information
received from the fiel data gives a specific measure of tlpected product
performance The fundamental approachtbistest data techniqusnecessario assess
andto beable to understandhe reliability proceduresxpectedfrom a productfor
environmental protectiofror example, when the data from gwilar fieldexperiments
are requird, predictive equadns for reliability study of the samproduct can be

achievel.

Thirdly, the eliability testing of electronic productd component®n the AAPIn the

early stages importanjto identify themisgon life of thecomponentsas it produces the
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mostsignificantinformation and datan the productsin orderto assess the reliability

of an electroniproduct several approaches are involv&y going throughthe review

of the work publishety (White, 2008 (McLeish, 2010) it was suggested that this was

a period in which the field data, test data and POF method were all competing to replace
thetraditional handbooknethodsas previously mentiad it is important to know that

each method has iteerits and demeritandif applied appropriately provides valuable
results. Considering this, the IEEEgtitute ofElectrical andElectronic Engineer$
recently releasedstandard.(Jais, 2013) emphasizduktreason for examining thieree
classes ofalternative methasl is that records of the failure occurrencauses and

preventioncan be reviewed more precisely.

Reliability plays an important role in electrosimanufacturing industries, due to the
continuous redumn in package sizeln packaging,modern electronigroducts are
getting more flexible, composite, and thinner with hightarconnectiensity and speed,
which mustendure various stress during their usagdhese factors make it more
difficult to design and develoa predictivesolderjointsoreliability process. Likewise,
Floor plan layoutassembling andomponeniuality all greatlyinfluence the general

reliability quality of a product.

Subsequently, precise analysis and reliability prediction of soldetsjoi area array
packagingunder thermal cycling test acensidered tedioysiue to a number of factors
that could affect the solder joidgserformance. Some of the factors greMechanical
stresseshat cause delamination, fracture on the solder jaintgg usageunintended
stress from the intermetallic compoundg) over constr abandi)thef t he
soldering defects resulting in fracture, creep, diffusion voiding.

It is of note that one of the most common faifuessociated with solder joints is
unexpected harsénvironmental exposurm@uring usage. Generally, temperature is the
major causgof failure of solder joints in an electronic product. This particular failure
occusby inducing thermal stress in the solg®nts, under normal operating conditions.
This is becausethe solder joint is a eutectic alloy not an isomorphous solution
(Kanchanomai et al., 2002). A eutectic alloy is fedhetween metals of very different
parameters such as-8b, The failurghatoccus in solder joint witha eutectic alloy

during the validation tésis mainly due to the high CTE (coefficient of thermal
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expansion) mismatch deformation between the silicon die and organic substrate during
environmental operation that leads to fatigaitures. As the temperature increasar
decreasg materials having different CTE will shrink or expand, which result in stress

in the interconnections. The creep strain distribution within the solder joints will vary
depending on the relaxation of tfents. Both spatial and thermal gradients, coupled
with the CTE mismatch generate the thermally induced strain and stress on those joints
which is considexd as the dominant failure mode in solder jofitderconnection.

Thus, one of the ways to asseke reliability of solder joints in AAP is by using
accelerated cycling test (ATC). An accelerated cycling test is used to obtain information
quickly on the desired agelevel, failure rate and reliabilities of a product. For example,
the design life oh car is typically 15 years. Therefore, it is unrealistic to exp8603

hours 05000 t01000 thermal cycles over 15 years. If a thermal cycle depending on the
thermal profile in the field is 2 hours on average, then we are lookirga@d 1020000

hours of testing. This is too long to be compmhvéath design life cycles and hence we

have to accelerate the testiy using ATG thepredictionof solder jointéreliability

must consider the aging effect on the c¢omg

It is often found thatri major electronicgproducts Eutectic tin lead solder (63%Sn
37%Pb)hasbeenused for area array packaging for mdran 30years because of its
low melting temperature, excellent copperetiimg and high heat dissipation,
(Kanchanomaet.al.,2002. During the useful life of the solder joints on the packages
its reliability is a function of various stresses like thermal, mechanical and electrical
stresses over time. (Edwards, 2012). Those stress applied to solder joints through thermal
cyclic test fatiguavere considered in the literature to result in thesthdominant failure
mechanismsSeveral authors in literature have utilized ATC tests to approach subject
matters,for example,Lodge and Pedda(1990) conducted ATC tests to analyze the
reliability of zirconiumtitanium-stannate (ZTS) dielectritip chip assembliesSeyyedi
,(1993) also illustrated the use of ATC to study the thermal fatigue beinafidow
melting pint solder joints. Ghaffariari2000) reviewed the reliability of BGA and CSP
assemlies by making usef several thermarofiles.

Meanwhile, n other publications reviewed, authors have taken an experimental
approach to address the subject matteoroter to study the reliability of electronic
systens. Schubertet al.,(2002 conducted a test in which the mechanical and physical
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propertiesthe tensile stregsstrain rate, and the microstructure appearance of two lead
free solder alloys, Sn96A§3.5 and Sn95.5Ag3.8Cu0.7 wakidied usingATC tests
(Schubertet al., 2002). Bhate obsered that 'in essence this is fatigue crack growth
problem' (Bhate, et al2007) andt is frequently studied empiricallyikewise, (Han,

2005) explains that an increase in thermal stresses of an electronic circuit board increases
the failure ra@ and decreases the reliability through electrochemical degradation
processes. High temperature can also cause melting of the solder joints of the flip chips
on PCBs and can slow progressive impairment of the performance levels due to
degradation effects(urek, 2012).

Thus, the fatige behaviar of solder jointdiasbeen studied under the premise of plastic
deformation that involves the physical phenomenon of grain boundary separation
following the grain coarsenirgecausef thermemechanical stressdevious research

carried out byPark et al.(2007)on astudy of ATCon various BGA designstilized a

Digital Image Correlation framework (DIC), they were able@bservethe anisotropic
orientation of the few grains in the jointmdobserved the eftd of the intermetallic
compounds in the solder joints. iStenablel them to observe how this could lead to
plastic deformation along the grains boundaries close to the compounds that could
initiate the crack in the solder joints.

The work dondy Sun et &, (2015),stresses the need to improve the understanding as
stated in literaturehe conducted &est to investigate the influence of temperature on
PCB responses. A set of combined tests of temperature was designed to evaluate solder
interconnect reliabty at 25 °C, 65 °C and 105 °C. Results indicate that temperature
significantly affects PCB respons&&orework couldbedone in this area bgonsidering

a softe thermalprofile, in order to investigate how the crack gradually tends to initiate
andpropagatan a harsh environmerandmore in the bulk soldetJpadhyayula et al.,
(2001), conducted a thermal cyclic study aadcounted for the process of combined
effects of thermal and mechanical stres3&grmal cyclic creep was alsaldressed in

the abovementioned work extensively. The creep that oscduring the test is
essentially a thermal stress induced phenomenon that is associated with the homologous
temperature of the solder joidtsaterial propertiesSthefi Vi s ¢ aop Inaast tuirce of s

joint conditionsdue to high homologous temperatwasconsidered for analysis the
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above research warlkhis works suggests that the nature of deformations considered in
the above study is predominantlytire plastic domain.

It is of note thathe solde joints fatigue failures that occur in the flip chips assemblies
are often reported at the cHipbump interface andot likely to occur at bumyto-
substrate interfacas shown in Figure-2, Frearet al.,(2001 andPanget al, (2001),
reportedthatduring thethermal cyclingests, the chipo bump interface has the highest
plastic strain concentratiomecause of the distribution of stresse®r each thermal
cycle.

The image originally presented in Figurd 2annot be made freely available V
LIJMU E-Theses Collection because of 'copyright’. The image was sourg
Braden, D.R., 2012Non-destructive evaluation of solder joint reliabilit

(Doctoral dissertation, Liverpool John Moores University).

Figure 2-1: Pictorial representation of flip chip interconnection (Braden, 2012)

Randoll et al.,(2014) conducted a study othe thermal behaviour and isolation
properties of Flame Retardant FR4, which is a geggnationassigned to glass
reinforced epoxy laminate sheets, tubes, rods and printedt daards (PCB). Test
materialswere investigated for application in embedded power systdéimgoal is to
minimize and evaluate different PCB materials. Thmgeraturedependent thermal
conductivity of each material waseasured to show the thermal behaviour and isolation

properties of FR4 materials.

Furthermore, VEn et al, (2015)explains that thermahechanical fatigue is one of the
main failure modes for electronigystems, particularly for higlensity, electronic
systems with higipower componest Moreover, heited that solder joints are often the
cause of failure in electronic devic@&aik, (2008) illustrated the challenges encountered
in the estimation of el&®nic reliability based on warranty data and recommended a
technique for estimating PCB&6s component
model.Kariya et al (2004) also observed that the delamination or failure commonly
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started in the corner soldgints, global location depended on whole sample geometry
and solder joindgeometry influenag strain within the joint. It isften assunbthat an
interconnedbn on the outermost row of a BGA on a PCB will see most accumulated
strain and is the sitef gailure initiation (Leeet al, 2014).

Malik et al, (2011 explains more about the useful time of electronic prodnctss
paper he cites thatthe lifetime of solder jointsould decrease significantly because of
the large thermal stresses that oaiuhe chip to bumjinterfaceslin other publications

also reviewed, authors also used a numerical approach towards predicting the reliability
of PCBs. In a paper documented by Fan Yang et(aD13), a numericapproach was
used, to develop a new anaheputationally efficient multlevel approach to investigate
board level drop reliability of a printed circuit board (PCB) assembly. Their approach
was composed of two levels of finite element (FE) simulations: solder joint level and
board level. Initially static simulations of the solder joint level wesed to obtain the
homogenized property of the soldander fill interconnection; explicit FE simulations

of the board assembly followed this. Althoulgl stated thatome work needs to be
reviewed orthis part, by locating dical areas of the entire boattis could be achieved

by investigating the imrconnection stress on the PCB.

Ameer et al.(2015) explain the criteria and methodologies of a simulation tool that
predicts the reliability and neaining lifetime of circuit boards, where the criteria of
determining the position of the failed components on the board layout and theioeffect
the entire test sampl@as demonstratedPan (1994)used arenergybased model to
compile strain energy deibgfor eutectic SnPb soldefhe model considered tlweack
initiation in the jointsand growth by removing elements from his finite elenmeathod
whenthey reached the threshold strain energy density valgsdon et a).(1990
explored SFPb materialparameters, such as stress intensity factor and strain energy
release rate, and Fatigue Crack Growth Rate (FCGR) under isothermal fatigu& tests.
survey by Jacob(2015)in his recentutorial paper, describes an approtmardshow

to improve roofcau® finding of electronic component failures by means of a system
related failure anamnesis approach. While traditional failure analysis tries to analyse on
thedevice level, this systemelated method starts by providing a failure anamnesis on a
system levk systematically continuing downwards via subsystems, wiring, and printed
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circuit boards (PCBs) towards the device level in an opposite approach to that of subject
(device)related failure analysis.

In electronicgproductthe integrity of solder jointen packages is very paramount and
alsoremains the backbone for ensurthgt the products perform the intended function

It is stated clearly thadroductreliability is related tat through life performancduring
mission life In other words, the most somon and feasible wap assess theperating

life time of the productis by extrapolating the accelerated test results using an
Acceleration Factor (AF)This could be refer tas the analytical modelling method.
Accelerated factor is expressed asrdt@ of cycles to failure in the fieldNf_field) to

cycles to failure in the teshf _tes}. There are severatethodgo calculate and analyse

the acceleration factors, the most common and also used as a basis of other models is the
refer to aCoffin-Manson(Masson, 1996Jlepicted in Equation-2.

&

~

0 Owa — Eq. 21

&

WhereAF is theAcceleration Factoip Teestis theTest temperaturdifference (°C)ep T

uselS theUse temperature difference (5@)= Fatigue or CoffilManson exponent
This is usedexplains tle crack propagation phenomensince it addresses only the
plagic behaviour and therefore this type of method does not adequately involtre
through life monitoring process on the crack initiation phase in solder joints in which the
significant contributor could be theramechanical stresses that could over time initiate
a crack For exampleassumingthe test boardswhich aregoing to be usefor this
experiment undergbdaily temperature transitions frod® °C t060 A Cuse€ 4P TC),
while they arenormally being usedhe following acceleration will occur if the product
is thermalcycle tested using ligh temperature of 80°C and a low temperature20f
A C (epTLO0°C)assuming a typical Coffitvlanson exponent (mjf 2. The work
hasbeen calculated by using equatict.2
AF = (100 / D)*=6.25
Testing thiselectronicproduct for500temperature cycles using the accelerated
conditions would therefore be equalabout2 years of life based on the stated use
conditions.
(6.25 x 50@ycles) / ((scycles per day) (365 days per year)L71 or2 years
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The downside tdhe numerical apprachas illustrated by Riduot and Bailey (2007) is
that the mechanistic effects such as crack initiation and propagation are ignored.
Anot her l i mi tation of fatigue mo d e |
microstructural effects.As has been mentioned repeatedly in titesaturereview in
chapter 2 corresponding to thighe solder joint$ thermal fatiguetesting thatoccurs
during thermal cycling is a process that nedd continuously improveHowever,
accordingly Yang, (2012 illustrated in his thesis that reliability ofsalder joint in a
product is the probability of a product to hold its quality with the movement of time, in
other words, the reliability is used as a measure of the system success in providing its
function properly during its design liféelhus, reliability still remains a major concern
during the lifetimeof a product and is subject to continuaprovements. Nevertheless
previous studies on reliability iashown that no electronic product has an interminable
operational lifetime. Keeping in mind the end goal to plan a product design and show
operation without failure, expected product lifetime must be determined. The critical
reliability challenge®f solcer joints in AAP is considedas a paramount point in this
research work because they play a major ipgotoduct reliability. Moreovera broad
variety of factors could affect the joidi®liability, which can also contribute negatively

to the lifetimeperformance. However, conducting a reliability test on those solder joints
using a through life thermal cycling tesin reduce a lot aarly problemand failure

they couldencounteduring their operational lifecycl&TC is achieved by subjecting

the mmponents on the test vehicle to test conditions such that failures occur sooner. So
that the prediction of the reliability of the product can be made within a siperied

of time. By considering these megita quantitative ATC test was perfoethin this
research in Delphi Automotive Industry. Thusptdifferent test samples of 0.8mm and
1.6mm thick circuit board assends with the proposed thermal profile e40°C to
+85°C to quantify the reliability of solder jointsvere used to accurately project
(extrapolate) what theumulative distribution functio(CDF) at use will be. Obviously,

the lower the stress the longer the time neéaietthefailures to occur in those packages.

In respect to the aimt is imperative toconductand evaluate theeliability study of
solderjoints on AAP, also toconstruct the life performance of solder jodfatigue
models. A wide variety of solderointsd delaminationand defectsexist that can
negatively affect reliabilityThe need to perform aon-destructie evaluationNDE)
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andvalidation tesbn solderjointsis critical beforeAAPs reach thgroduction stagdp
ensure that manufacturing quality metii@s/ebeenachieved

Table 21 depictedsix solder joints fatigue models, which are summarizedaarashged
by class.

Table 2-1: Summary of solder joints fatigue models (Lee et al, 2000 and Fan et al.,
2006)

Coffin-Masson ((Qian et al, | Plastic strain Based on the apply stress to the
1998) component.
Solomon ( Sved, 2004) Plastic shear strain Low cyclic fatigue model

relating to plastic shear strain.
Which iz focuses on the time-
independent plastic effect

Engel Mainer (Syed, 2004) | Total shear strain The total number of cycles to
failure 1z related to the total
shear strain

Darveaux (Darveaux et al, | Energy density based These models predict fatigue
1995) failure based on a hysteresis
energy system or type of
volume-weighted average stress
and strain history.

Stolkarts ( 1999) Damage accumulation based | Involves calculating the overall
damage done to solder joints.
Dasguspta (Dasguspta et al, | Total strain energy Based on creep phenomenon
1992) or strain energy criterion
Focuses on time-dependent
effect.

All of the fatigue modelslepicted in table-4 require soméorm of crucialinformation
relatedto the specit geometryof the joints It is important to know thamost of the
fatiguemodels produce different prediction results as certain assumptions are made in
every different modelln order to applythose models as stated by Lee et al. (2000)
basline low cycle fatigue testing pramounto acquirghe values of the fatigue model
constants. This baselimequireddatacould be refer to ageometryspecificto theregion

of interest of thesolder joint.Hence,early fatigue model of the solderings could fail

to capture the ATC conditions like the ramp rate, dwell time, thermal range and strain
amplitude because the model assumes the parameters to be enipitisahe practical

uses in solder joint modelling is limited, because the therm&lprl e and t he

used in thevalidation tesis consistenthrough the test.
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2.2 Reviewof Solder Joints NorDestructive Inspection Techniques.

The attachment of flip chips on area array packaging has been carried out over the past
decade bysolder joint technologies (Braden, 2012)he inspection of solder joints on
those packages usingomdestructive inspection techniqueasplayed a noteworthy
partin the improvement of bett@rocessand analysigontrolin theperformance study
of thase solder joints in AAP manufacturing industri€kis kind of technique hasded
the internal and external inspectiohthose soldejoints during various environmental
tess. Traditionally, the inspection of solder joints has bgenformedmanually as
shown in the flow chart ifrigure 22, for example using electrical testing dastrated
in a papeby Madhav et al (1996). This method cannot be used to identify the exact
defect on the solder joints during inspection.

Design of Area Build the Faults

Array Packaging Package ¥ Traditional Test Detected?

Repair the faults in
the Design

Figure 2-2: Flow chart showing traditional testing of area array packagiry

Currently, the availabland the most common nalestructive inspection techniques are
X-ray inspection, Laser inspection, visual inspection and ultrasospddtion. These
types of techniqueare usedo analyse theeliability andsolder jointéfailure rate on
those componentsn AAP. For example,for companies deployindAAP in their
products in sensitive industries like automotive, aerospace railary, the ©st of
failure of those various componeran beunsustainablén terms of product recall, which

couldactuallyf ead to damage of the companyo6s br an

Likewise, &cording to some findinggrom researchdone bythe Motor Industry

ResearclAssociationaccording tdSquare (2012)t wasfoundthat electrical problems
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sum up to 70% of consumer complaints, which increased the warranty claims doing that
period Also froma previous stdy done by Square Trad@012),it was reported that

7.5% d smart phones, 6.6% of high definition camexdid not performthe required
function due to failure from neaccidental malfunction3.herefoe, thenon-destructive
evaluation(NDE) inspection of solder joints under various field conditibasbecome
animportant process that must tvedetaken in the manufacturing industries in order to

prevent early failure of those joints and ensure the quality of the end products.

During the performance study of solder jojriseof the prominent ways to ascertain
the integrity and reliability of solder joistin those componentis through non
destructiveeliability testing.Therefore, usingraNDE methodto determine and assess
throughlife performance of solder jointduring thermalc y ¢ | &amu goGascurately
measure product reliabilitypecomes a needed tool for products designers. It also gives
engineers the opportunity to evaluate manufactured Circuit Board AsssiftiBA)
without physically crossectioning components,hdreby preventing them from
destructive impacfThus far,several nordestructve techniques have been developed to
investigate the defects present in solder joints in Agdtne of the techniquesclude
X-ray microscopy (Moore, 2002)isual inspection,Acoustic Inspectionand Laser
ultrasound coupled to interferometry.

The survey methods for natestructive inspection technicghat carbe appiedin the

solder joints are discussed in the following sectio@slao 22.4.

2.2.1 X-ray Inspection

The X-ray inspection is aondestructive evaluationNDE) technique developed for

use invarious imaging applications likkAP package andhedicalinspectionyYang,

2012) Thus,the X-ray systemconsists of atX-ray source, an Xay collector to receive
thepenetrated radiation, and a camera to convert the photons on the collector to a digital
form and imaging interpretation softwatering the inspectiofGong, 2016)Whenthe
X-raytravekto a test sampléhematerialabsorbs xays proportional to its amic mass

and density (Bernard, 2003)he images from those materiaifmgused shows different
image pixels because of differatisorptiordue to the short wavelengtk-rayshavea

wavelength in the range @D to 0.00Inanometers. This short wavelength allows them
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to penetratetest samplesmaterials This type of technique is a contrast imaging
technique that has a resolutiabout one totwo microns, depnding on the Xay
wavelengthPacheco, 2011).

However, there arthree different types of-Kay inspectiomamely the laminography,
the tomography and the radiograpfiyius, Gong,(2016) stated thamost 2D Xray
systems use radiograplschniquesind are considered the most cost effective systems
thathave been usedbr inspection for yeansm many industriegor inspecting volumetric
defects on the packagddowever,it has difficultyin detecting cracks because of the
positioning of the solder jointsnd the presence of interfering features such as the
multilayer interconnectson the substrate¢Pacheco, 2011)Nevertheless X-ray
tomography and laminography are considered as 38yXechniqued-igure 23 shows

the schematic operating principté Xradia 520 versa 3D -xay, which are able to
overcome some challenges that occur usingrtmitional tomography since they rely

on a single stage of geometric magnification

The image originally presentéa Figure 23 cannot be made freely available V
LIJMU E-Theses Collection because of 'copyright'. The image was sourc

https://www.zeiss.com/content/dam/Microscopy/us/download/pdf/Products

dia520versa/xradi&@20-versaproductinformation.pdf

Figure 2-3: Schematic operating principle of3D X-ray ZEISS Xradia 520 Versa

The inspectionmicroscopen Figure 23 uses a combination of geometric and optical
magnification to produce a high resolution image of the sample. With this, the system
allows to study a wide range of sample and also produces resaluéiaistance (RaaD)

this enable to maintain a submicron resolution at large and flexible working distance.
The techniqueachieveimages with a spatial resolution of 0.7 um and minimum
achievable voxel of 70 nnithis type of technique have the abilityingpect solder joint
defects that occur in area array packadrgthe test samples like printed circuit boards
with large dimensions need to be trimmed and be rotated during the inspection due to
the scan limit in the test chambés a results of theize limitation, xray inspection
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techniques remain unsuitable because of

requires long time data acquisition and image reconstructions.

2.2.2 Visual Inspection

This type of nordestructive inspection has played an important rolespection of
PCBIin electronic manufacturingnvironmentThesetypes of techniques are available
in 2D and 3Dsystens; anexample of 3D is lasdriangulation techniquethat proviee
faster data acquisitiorRfyu etal., 1997).A 2D visual inspection system includes
illumination sourcdo power up a device, a camera to record the acquired image and a
processor to producenautputimage. Thus farCapsonet al., (1988) conducted an
experiment and introduced an illuminatieource, whicluses two circular colour lamps
and a camera to anag/the solder joint structurd.he lamps are mounted so that their
centre lies on the same axis. One lamps ring emit red lighhted at the lower angle
and the other emits blue light mounted at the higher aAglshown in Figur@-4, the
author furtherstored the acquired images using the RGB image capture Bdeed.
colour of the lamp is chosen to aid in the segmentation efciipgéred solder joint images
from the PCB itself which usually appears gré8hang, 2006)The visual inspection
as illustrated in Figure-2 can also be used to generate oploontours on the solder
joint during the inspection in order to detect amdlgse various defects like voids,
delamination.However, the application athis type ofinspection is limited to the
peripheral column of th#lip chip in the packagas the light beans affectedby the

outer rows of solder joints.

The image originiy presented in Figure-2 cannot be made freely available
LIJMU E-Theses Collection because of ‘copyright'. The image was sourg
Zhang, L., 2006Development of microelectronics solder joint inspection syst]
Modal analysis, finite elemennodeling, and ultrasound signal processi

(Doctoral dissertation, Georgia Institute of Technology).

Figure 2-4 Image of tiered-colour illumination solder joint inspection system with

two light sources(Zhang, 2006
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2.2.3 Ultrasound Inspection

This importantNDE inspectiontechnique has beeemployed in medical applications,
and for flaw detectionn packagesThis type of technique refers to soumwdves at
frequencies higher than the range of the humarf@aexanple afrequency higher than
20 KHz There are several foswof thetechnique but, as schematicadlyown inFigure

2-3, they all rely on generating acoustic waves wifieaoelectric transducer and then
propagate thermto thetestsampleunder nspectiorvia afocal lensand coupling fluid
medium (e.g., de-ionized water). The same piezoelectritansducer used for the
inspection therrecords the reflected waves and convéraminto electrical energy.
Thus,both penetration and imagesolution are determined by the operatiagpsducer
frequency For exampleat low frequencies transducer oR0i 50MHz enable coarse
ultrasonicscans ofimages with low resolution, but greater penetration of imaging
(several mm)At the otherextremeahigherfrequency transducdéike 230MHz generate

a betterspatialresolution with aower penetrationof a few micrometersHence,the
higher the frequency waves, the shorter the wavelength, the lower the frequency, the
longer the wavelertg.

A basic priciple of ultrasound imaging is illustrated in Figur&(2), while Figure 2

5(b) depics an AMI systemIn Figure 25(a) the piezo electronic transducer both sends
and receives theeflected waves,which is also known as pulse echo modais
techniqueis carried out by immersing the transducer lens wiotézed water. The de
ionized water that serg@s acoustic impedancernsinly used as a medium to transmit
the ultrasound waved here are different types of imaging modes used to provide
different ingpection techniques during acoustic imaging inspegtiar is the pulse echo
and the second one is the through transmission n{8de®scan) However, the pulse
echo mode could provide a better spatial resolution than the trough transmission mode

which make it mor@ecessarin the inspection of area array packaging.
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1]

Water

Figure 2-5 a) A basic Schematic diagram of Ultrasound imaging (Sonoscan) b)
Image showing Ge n 6 E-Mo@ Scanning Acoustic Microscope (Courtesy

Liverpool John Moores University Imaging Lab)

Furthermore the AMI techniquesin Figure 25(a) have beenusedin area array
packaging inspectionn detecting gajtype defects such as cracks, delamination,
artefacts, and voiddn a number of literature reviewscanning acoustic microscopy
(SAM) has been shown to be very usafuktudying failures of plastipadkages.Thus

far, Yanget al, (2012)statedhatthey usedultrasoundimagingtechniques to study how

joint position and constraints can influence the reliability performance of soldes joi

area array componentskewise,Braden,(2012)stresses the neddr improved solder

joint reliability, based on thigechnique. In hiswork, an ultrasonictechniquewas
proposedfor through life nordestructive evaluatignin which a key solder feature,
nucleating at the bump to silicanterface, whth was propagating along the laminar
crack plane, was captured using Acoustic Micro Imaging (AMI). The measurement data
was compared to Finite Element Analysis (FEA) studies in order to understand the
differences in reliability prediction. Furthermorewasfoundin this study that FEA
simulations that take intaccount floor plan layout and constraint points (resulting from
gluing or screwing CBAOGs to a met al hous
reliability outcome compared to traditional simulatiorethods. The work doneas
improved on by considering the shape and the size of the greyscale image of the region
residing both at the centre and the outer image of the solder joint. Since the intensity
values of every pixel contain some spatial inforaraabout the defect, the data obtained
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can be included in the calculation to obtain the failure location more preaisetp

track the crack in the joint.

Semmens et al(1997) presented an ultrasonic based process technique concerned at
improving the application of the ultrasound method to the detection of crack depth. The
results obtained have proeduseful information about the severity of the damage. The
depth wasstimate with good reliability for some of the most evident cracks presented
in the sample. The maximum depth wa&luated at approximately 20 mm in the
package.Shirahata et gl.(2014 also proposed a methodology that determines the
difference between fatigusracks by the ultrasonic natestructive test. They came up
with the tandem array ultrasonic testing method that could figure out an incomplete
penetrationthe transducer used for the tandem array could determine the reflected wave

at the incomplete perration and the bottom of the irregularity structure

Ganpatye ®al., (2006 developed a detection matrix for the detection on the ultrasonic
testing. Originally, the ultrasonic data wéeng taken over the specimen. Then the data
were confirmed withthe results obtained using the conventional methods like optical
microscopy. Their results show excellent correlation between the comparisons. Using
the ultrasonic back scattering technique, they have found the matrix cracks which are
not optical images da photography instead those are gsegle representation

However, 1 is noteworthy to know that AMI techniquasewidely used in inspecting

the discontinuities on the components of area array materials. Thusinfooneation
concernindhow to use AMkechnigue to monitor the performance of solder joints under
area array packaging is depicted in chapter 4 of this thesis

2.2.4 Laserultrasound

This type of inspection technique hgip examining the solder joirdslefects One of
the limitatiors of this kind of technique is thahey do not provide more detailed
information about each joig failure. This system malseuse of a pulsedd: YAG
(neodymiumdoped yttriumaluminumgarnet) laseto induceultrasound in the flip chip
packages in the thmoelasticregion to prgent any damage to tlgackagegLiu et al,

2001) It then measures the transient-of-plane displacement response on the package
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surfaces using a laser Doppler vibromeltar.et al, (2001)statecthat the displacement
responsaluring the testeacts differently when there are abnormal solder joints lying
under the measurement point&tdahl et al.,(2004), carried out a study artbe
developedaser system has been successfully applied to detddes joint defects
including missing, misaligned, open, and cracked solder bumps in flip chips, land grid
array (LGA) packages and multilayer ceramic capacitodsGuis).

As previously mentioned, there are various -destructive inspection technique uded
evaluate the integrity of an electronic products hué tb somdimitations in propertie®f
eachNDT, the capability ofinspecting and monitorinthe performance osolder joints
under thermal cycling tess discounted. For exampl®ptical inspectia has the ability to
detect surface crackBut the indication oémallfailuresare difficult to analyze2D x-ray
techniquess unable tanonitor defects in soldgoints duringthermal cyclingestswhereas

3D X-ray techniquess unfavorabledue to its long throughput time. Laser ultrasound might
be agoodtechniques to inspect the performance of solder jdmisthe detection is verified
indirectly byanalyzingthe vibration responses which is error prone and relisgitful and
experiencedoperators (Yang, 2012pome common nedestructive inspection techniques

are reviewed in table 2.2

Table 2-2: Comparisons of commonly used notwlestructive techniques

Optical Inspection Ability to detect macroscopic | Small defects are difficult to
surface defects. detect, no subsurface flaws.
X-ray Can detect subsurface defects. | Test sample size limitation
and long data acquisition and
feconstruction.
Microscopy Ability to detect small surface | Package size limitations
flaws
Eddy Current Ability to detect small cracks | Limited penetration. Inability
on the surface. to detect of the flaws lying
parallel to the probe coil
winding and probe scan
direction.
Dve penetrate Ability to detect surface | Inability to detect subsurface
defects defects.
Ultrasonic Ability to detect surface and | Samples must be good
subsurface flaws conductor of sound.
Infrared thermography Ability to detect subsurface | Limited depth penetrations
defects and anomalies.
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2.3 Chapter Summary

From the literature cited so far in chapter, there were many efforts deployed to
investigate reliability problesof the solder joints in modern electronic circuit boards.
Due to the difficulty in performinghe life-monitoringexperiment®f those jointsmost

of the studies on solder joint reliability are computational modellisgd for locating
and charact&zing defects.Likewise, it soon becomes apparent that existing-non
destructive evaluation and life monitoring of modern electronic circuit boards are limited
in their applicatioras stated in table-2for use in electronics industrids order to fill
this knowledge gamnd meebetterevel of quality irspection ofolder joints reliability,
the performancef thiswork is concerned with investigating haavimplement the use
of ultrasonic imagingcalled Acoustic micro imaging. This type of techniques has
demonstrated a stronbility to locate and characterize materials conditions and defects.
AMI inspection will help to improve theresolutionof solder joint® imagesunder
thermal cycling tesheeded to get adequate failutata of soldejoints in area array
packaging, in order to be able to study the performance and reliability of those fjpints.
addition,as a veryhelpful, convenienand versatile NDTAMI inspection method has
the following advantages; sensitivity to both surfacel @ubsurface discontinuities

the test samplematerials, can penetratetest samplesfor solder joints defects
measuremenibility to access for pulsechotechnique, high accuracy in determining
reflector position and estimating sipé the scan samplénstantaneouscanresults,
detailedscanimagingwith automated system& more detailednalysisconcerning how

to undertakeheperformancestudyof solder joints under thermal cycling testlepicted

in the research methodology secttbat follows as chapter 3.
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3 ResearchMethodology

To carry out a reliability researaudyon solder jointsit is important to choose a well
defined methodologyrhis performancestudyconcerns applied research with a purpose
to goply avalidation tesand AMI inspection technique to finbetime-to-failure of the
solder joints orarea arraypackaging (AAP). Based on the currénbwledge gathered
from an extensive literature studyndacademic consultationgis helpsto achievethe
impact ofenviromrmental exposuren thereliability of solder joints on AAPFigure 31,
showsa research flowchamethodology to study the performance of solder joints under
thermal cycling testThe framework inthis sectionalsoprovides details of how to use
nontdestructive inspection tools to monitor therformance ofolderjoints during the

validation test

Image Segmentation
Test Sample A) Histogram Equalization
Preparation B) Thresholding
C) Edge detection
|

AMI 3D Inspection of

Feature Extraction
Test sax_?::es;‘:j::ore the A) Geometrical Feature

Extraction
| B) Time-Domain Feature

Data Collection and l

Observation )
Analysis of Test Results

Validation Testing of Test [
samples. Perform 4
cycles of ATC Test

Through Life monitoring to
determine Crack Initiation

Ultrasonic Inspection of [

Test les during ATC
est samp fesst uring Study the Effect of Substrate
Thickness on Test samples

Dry samples constant
40°C 2-3hrs

Data collection from the
Test samples

Attained the total ATC
Test cycles?

Figure 3-1: A framework for Research Methodology
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Likewise, n atherto satisfy the research methodoldgythe proposed frameworkhe
procedure followed for theesearch methodology taskpproach isletaled andappears
in Table3-1.

3.1 ResearchSetup Table

Table 3-1: Table of Research Tasks

1 Validation Test Individual testing of the To understand and te
PCB inthe chamber  the ability of the solde
joints under therma

cycling

2 Non-Destructive Testing Ultrasonically testing the To understand and t

whole fabricated PCE check the performance «
using AMI techniques the solder joints a
different cycles.

3 Development of imagin¢ To segment and extra Novel feature extractior
processing techniques fi the features that represe was applied to all AMI
through life monitoring ol the integrity of solder images captured durin
solder joints joints in the ultrasounc the thermal cycling tests

image. To track the initiation anc
propagation of cracks i

the solder joints

3.2 ResearchMethodology Strategies Steps

This research work deals with the reliability of solder joints in AAP using a thermal
cycling test as the validation test. Thus, expents in this researetork wereconducted
via the methdology illustratedising the flow charas in Figure 3.
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3.2.1 Test Boards Design

In order to investigate the potential and feasibility stéidyng the through life
performance of solder joints in AAkhderthermal cycling, test boards were desigfeed
this research worlas shown in Figure-3. Two, thickness of printed circuit board
typically used in industrywvere chosen. Stest boards of 0.8mm antlémm were
designeavith copper pads héng a hotair sobderlevelling (HASL) finish before the flip
chips are assembled on thefihis industry standard HASIfinish was used in this
research study becauseitsfexcellent wetting during component soldering. The use of
two different thickness HASL test board is critical to assessing theoptimum

performance of the solder joints on different boaidkness under thermal cycling.

The test boards designed for this experina@amultipurpose PCE with various AAP,

different surface finish configurations and suétr thickness to enable validation
experiments, whiclaresuitable foraccelerated cycling te$ATC) test in this study. In

this study, FR4 (Flame Retardant Class #CBswere chosen as the testing board

mateaial. One set of the boasdwaspopulated withl4 flip chips withPCB thickness of
1.6mmHASL, while the other test boasdlso has 14 flips chipsith PCB thickness of

0.8mm HASL. On each PC8 other area arrayall grid array(BGA) chips not used in

this studywere attachedeach f |l i p chip package contai n:¢
heightin two main rowspositioned at the periphery of the package. The rectangular die
were3948um x 8898um in size having a thickness of 725Lime solder material used
was Sn 52.9%, Pb459% aBdu 1. 2% wi t h t he b Uhaflipctip amet e
packages were assemibl@ithout under fill between the substrate and chips in order to
generate failures a shorter periodlmages of the test boards sample used for this
research work can be founmdFigure 32. In addition, Table3-2 interpretthe flip chips
configurationon both 0.8mm and 1.6mm boarBsirts were placed on either side of the

circuit board intwo configurationsas depicted in Figure-3in order to study theffects

of floor planlayout and PCB dynamics on solder joint reliabilityder thermal cycling

test as illustrated in Figurd-2. The configurations comprised doutsliele mirror (back

to back) assembly, doubtede mirrored placement 50% offset relative to one another

and simgle-side assembly.
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Table 3-2 : Showing the configuration data 0.8mm and 1.6mm flip chips

Ul9 and U35 Double side assembly
U220 and U36 Double side assembly
U227 and TJ39 Double side assembly
U228 and 40 Double side assembly
U235 and 126 Single side assembly
U31 and U435 Double side assembly
U46 and 134 Double side assembly

The test boards Figure 32 depictedmanufactired organic substratéisdustrial test
boardsdesignedor both0.8mm and 1.6mrPCBthickness Each PCB werpopulated
with fourteen flipchips namely U19 U35,U20, U36, U27, U39, U28, U40,U23,U26,
U31, U43, U34and U46 andeightotherBGA chips not used in this study.
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Figure 3-2: The flip chips locations shown in both sides0.8mm and 1.6mmtest
samples
3.2.2 Nomenclatureof the Test Boards.

The starting point in imagacquisitioninvolved using AMI techniques to monitohé
performance of those jomfat intervals,by removing the samples from the thermal
chamber for scanning, throughout eatttermal cycling testDuring this stage, a
consistent scanned solder joints imagenbering schemeas introducedhroughouthe
image acquisition and image analysis to prowidéjue identification for each solder
joint.

The test bards and labelling Scheraee as follows:

(i) Test Boards h&e a naming scheme of Board numberini$h type initial

_Thickness

Test Boards 0.8mm HASLfinish boardswith board name DKTESTBDO09 (BD09)
hasbeennamed a$i1_0.8 BDO09.

(i) In addition to this naming scheme, the scanned AMI imagesbeen named:
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Scanned ImagesBoard name_Transducer use_Component no_Test cycle no_ Scan
type

For example: for a 0.8mMAASL board where Fp chip number U46 is being C
scanned after 4 thermast cycles the image nanfier the 1st scan will be :
BD09_230_U46_C4

(i) For Virtual Rescanning mode (VRM) 3D scan, it will be
BD09 230 _U46_C4 V1.

Note: Virtual Rescanning modasbeen used in this research worlomderto access

the scanned image data with@oimpletelyrescannindhe flip chips all over again.

In this performance study, there ariarge number of flip chips on each test board, each
flip chip consist 0fL09 solderjoints. Thus, it is paramount to label each solder joint as
shown in Figure 33, under the flip chips for better clarification during the data
acquisition and feature extraction. The labelling scheme for each goideas depicted
in Figure 33, which helps in providing crucial information about fasitionof solder

joints for performance study

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 37 38
109 3 5 7 ] 1 13 15 17 19 21 23 25 27 29 31 33 35 39

108 40
107 4

106 42
105 43

104 44
103 45

102 46
101 47

100 438
929 49

98 S0
97 51

96 95 52

94 83
92 20 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 §8 54

92 9 89 87 85 83 81 79 17 75 73 7 69 67 65 63 61 59 57 56 55

Figure 3-3 Solder joints labelling Scheme

3.2.3 Validation T esting

In this research, alidation test were computefor various purposes and in view of
various goss doing this performance studly order toevaluatethe reliability of solder
joints on flip chip. Thus fain electronics manufacturing, understanding the evaluation

process of thospacka@sin the early stage is important, as it aids in develoging
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better/ more efficient reliability require

producers go for excellent standatd surpass client requestnd desire For example

in avionics, déence or automotive industries, those packages requested by the clients
may operate in very harsh environments during usage, so the reliability of those packages
is a huge concern to the manufactures in order to prevent early failure and waste of raw
materals in those products. To convey an adequesdormancestudy of solder joints
validation testings a critical step in understanding reliability of those packages. It is vital

to detect poor quality solder joints in those packages because thesaus#l poor
electrical connection between a chip and a substrate, whichdchiionally affect the
mechanical bonding that supports a chip to a substrate. Consequently, it is essential to
recognize such damaged solder joints in B@Banearly stages of th assembling
procedure as the location at later stagéls be moretedious costly to repair and time

consuming

In orderto fill in this research gagnexperimentaValidationsystemhasbeendeveloped
in this performance studio explore the degradation procesfsthe solder jointdor
diagnosisfailure analysigpurposes. The goalf this real life experiment is to design a
thermal cycling techniquiar predicting theemaining useful lifeof solder joints on the

flip chips of.8mm and 1.6mm thick circuit board asseiedhs shown in Figure-3.

Previous work in this research area condudigdrang (2012 and Braden(2012),
involveda thermal cycling experimemiith an aggressivéhermal profilefrom -40°C to
+132°C. Thepurpose of this highly accelerated profile was to genematk obtain

informationfairly quickly on the life distribution and failure rate of the solder joints.

Moreover,in this performance study, ATC is used to geneledsrapid ageingf the

flip chips components so that the effects of ageiofgthe solder jointscan be studied
over a longer periadn other words,le main purposes ohlidationtests in this project

is to use a&ofter thermaprofile of -40°C to +85°Ctypically used by some induis, in

order to obtain moraccurate measuremetdtaspread ovealonger test time, since the
solderjoint were expected to deteriorate more slowly allowing more accurate point by
point assessment. These letegm solder jointeliability measurements were planrted
provide a process verification and validation regime that can be lysedldted tothe

operating environment in the field. Thisermal profilehasbeen implemented on all the
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test samplesf 0.8mm and 1.6mmiASL board spedfied in this research workt acts
as a basisar throughlife monitoring tes$ of solder joins to generate fatigue defects on
custom designed test boardad perform AMI scanning everytdst cycles over a total
periodof 220 thermal cy@s

The validationtestreported within, wagperformedin Delphi Automotive Plc, which is

one of the leadindesigners anthanufactures of automotive electronic controller units.

The design of the experents was conducted to induce different failure modé¢sose

solder joints and also to determine the extreme stresses that the solder joints experience

in order to improveheir design.

The thermal profiling data was measured by using type T thermocaaplgisown in
Figure 34. In this validation test,ight (8) Copperconstantan type T thermocouples were
used illustratedin Figure 35. These thermocouples were placed in each corner of one
square bloclas shown in Figur8-7 and one was placed on the centre of the test sample

for monitoring temperaturehange.

In other to monitor the air temperature chamber one thermocouple was also inserted in
the chamber, as shown in figuB€’ below. This type of type T thermocouplas show

in Figure 34 are sii t ed f or me a s Q0r te BE® 1A mangdAgilentt h e
technologiesnanua). In addition, thewareoften used as a differential measurement since
only copper wire toudhg the probes wereonnected to the bench link data loggexs3

shown in Figure &, which were also inserted on the printed circuit bodarde
thermocouples were arranged in such a manner that one was located in the air of the
chamber and the others were attached to the two test samples as demonstrated in Figure
3-5. From the thermal profiling, the logged temperature data was recorded using an
Agilent 34972A data acquisition system.

Figure 3-4: Type T thermocouple used for the thermal cycling test
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Figure 3-5: Thermocouple Position on the Test Fixture during the validation test

The graphic in Figure &, shows the user interface of the configuration contains all of
the instrument settings, scan settings dedgraph settings of the Data loggarsgd in

thevalidation test to study the performance of solder joints uheéd¢nermal cycling test.
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Figure 3-6: Image of Bench link data logger 3 used for the vadlation test
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3.2.4 Validation Experimental Procedures

To estimate the reliability of soldgoints in area array packaging in this reseagch,
method was propoddor an accelerated testing sgd, in which printed circuit boasd
(PCB) withtwo thicknesgswere subjected to life monitoring test to obtain the life failure
data. When theexperimental plan was created to evaluate the procedure of how to
implement tests within a thermal chamlige followings stepsvereessential in setting

up the experiment:

(1) A chamber program for the experimenad to be develogd One of the
requiremerd for the thermal chamber is that it shthe capability of changing and

maintaining the same thermal profile within the tolerances specified.

(i) The chamber set pointssed in the programwere checked tget close to the

theoretical profile; the thermal profile should start and finish at ambient.

(i)  Therewerebe no less than four TC in every test. The maximum temperature,
minimum temperature and dwell time of evergcelerated thermal cycling in the test

must be constant.

(iv) During the preliminary test,ofir thermal cyclesvere run to understand if the

chamber is getting to the set point.

(v) During the period of the test, naestructive evaluations such asasning
acoustic microscopirave beenconducted every four cycles pyudentlyevaluate the

through life performance of the solder joints

3.2.5 TestSetup in the Thermal Chamber

Different environmental conditions have a major impact on the reliabilitydarability

of PCBs Accelerated temperature cycling tegtis the dominantest used to assess the
performance of solder joisand to understand the mechanism behind future failure. The
main objectiverising from ATC is to subjectthe packageso thermemechanicdy
induced stresghisresulsin creep and thermal fatigueelatedfailuresthatareusually

the most significant factor behind failures of interconnections in oaslitions where
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electronics are usedlhis part of this section aio improve the current understanding
of the reliability of solder joirgusing ATC. Such understanding will also aid the through
life experimental setup for TC that is require for the performance test.

Thermal cycling test was conducted an Envirotroncs thermal cycling chamber in
which the environment temperature periodically changes from hot to cold, with a
minimum and maximum achievable temperaturer6f to 180 °C, with no humidity, the

ramp rate for the chamber was’C2and controller 7800As stown inFigure3-7 (a) and

(b), the tesboardswith different substrate thicknes&re attachdto a test fixture, placed
horizontally inthe thermal chamber in order to reduce the thermal lag they may induce
and to obtan maximum flexure of the board.eBding the board in thehamber causes
displacement between the board and the components on it resulting in board failures or

component interconnection.

To estimate the reliability of solder joints in AAP, two set of test sampless @B

various sibstrae thicknesss as shown in igure 3-7(b) were subjected to several
accelerated thermal cycling to obtain the life failure data. Figufi(@), demonstratethe

ATC preliminary test, with wupopul ated and popul ated PCBi
subjected to thanal cycling, to test the performance of the thermal chamber based on the

thermal profile proposed

Having selected the required thermal profile-49°C to 85°C, the next stage in the
process is to ensure and verify that those test boards attain the tesiperaturesrhe

results from this preliminary test are consistent with tests performed using the thermal
profile. Based on these results, it was decided to conduct soldebjeinbility tess

using the same parameters proposed. The validationdasstondu@dby subjecting the

flip chips on the test sampie Table 37, to less severe conditions, than those that the
samples will be experiencing at the normal operating environment. Thus, some of the
important factors to keep in mind doing tiest are the temperature extremes, the ramp
and dwell time. The cycles had-&tinute dwell timesbecause the longer the dwell time

is, then there is a larger amount of accumulated creep damage, the ramp down was 25
min resulting in 5 °C/min ramp ratesspectively, with 1 cycle for 60mins. The tests

were conducted according to JEDEC standard JEST122 recommendations
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Test Board

Figure 3-7: : Image a) Showing the unpopulated test boards in the thermal
chamber and b) showing the populated test boards attached to a fixture in the

environmental chamber atDelphi automotive industry

3.2.6 Thermocouple System Related Error during the Validation Test.

The accuracy specificatioms this validation tesincludes measurement error, switching
error and transducer conversion erfbinus, @lculating the atal thermocouple reading
error is quite straightforwardvith the Agilent 34972A data acquisition systemhis

calculationhasbeendone by adding thissted measuremeiiccuracy to the accuracy of
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yourprobe For exampleaccording to Agilent technologiestamanuakheinput reading
for type T thermocouple measurement 180 °C, and the standard accuracy the
thermocouple probe accuracy + 1.0°Okewise theprobespecifies accuracy of 1.1°C
or 0.4%, whichever is greatd@ihen the total error is tre@dition of the standard accuracy
and the probe accuracy, which is equal td@.or -1.4%. In order to carry out the
validation testTable 33 shows the temperature profile used in industaiecording to

severalpplications

Table 3-3: Accelerated temperature profile for modern electronic products

Consumer electronics 0 to 65
Wireless and Telecommunications -40 to 85
Commercial Aircraft -40 to 95
Military Aircraft -40 to 125
Automotive-passenger -40 to 65
Automotiveunder the hood -40 to 160

Likewise, in order to estimate and describe the fatijgerdormance lifetime of those
solder joinsin AAP, utilizing the methodology of the ATC experiment is paramount to
age the life cycle of the AAP through the manner of placing the test sample in TC

parameters conditions as show in the tabde 3

Table 3-4: Thermal Cycling parameters

Low Temperature (°C) -40

High Temperature (°C) +85

Ramp Rate  (°C/min) 5

Dwell Time 30mins
Number of cycles 4 cycles
Number of test samples 2
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The parameters of the thermal cycling regime used in this evaluation h&udipeen
listed in Table 33 andTable 3-4, which provides the parameter representation of a

thermal cycle profile thatasbeen used for the validation test monitoring test.

The main objective of using this kind of method is to induce failures or degradation of
the solder joints on flip chips componsmif the test samples. In additioty, use the
failure data and degradatiobservations during the validation test to estimate and study

the reliability of thgoints on different test samples as discussed in chapter 5 of this thesis.

AlthoughAMI inspections were performed at every 4 thermalle intervalsas depicted
in table3-4, in orderto get enough adequate failure daténts Due to thdargeamount
of data andsolder jointdmages obtaineduring thevalidation and inspection testnly
solder jointamages taken at O cycles and 23@les areconsidered. A fulbataseupto
Sterabytas archived on electronic media located atlibek of this thesisThe primary

case studies investigatedthis research workere:
(a) Single side flip chip placement (Ua&d U46.
(b) Doubleflip chip component placement (U18dalU35) and (U27)

(c) PCBthicknessof 0.8mm and 6mm HASLfor scenarios (a) and (kh order to study

the influence of thermal cycling test on PCB thickness.

3.2.7 Non-Destructive Inspection Methods using Acoustic Microscopy Imaging

Acoustic Microscopymaging(AMI) used in this performance study shown in Figure

3-9 usesa piezoelectrialltrasound source to scaarossthe test sampléerhis kind of
ultrasound techniqueses higHrequency ultrasonic energy, typically from 10 MHz to
300 MHz pulsed from a focused lentrougha coupling medium such as distilled or
deionized water(Yang 2012. Hence, by integrating th&MI technology in this
performancenon-destructive defeatetection of solder joisthroughouthermal cycling

tess can ke achievedin order tomonitor andnspectthose solder joint® determineair

gap type defects such as cracks, voids, or delamindtierreflected pulsen the user
interfaceof the AMI systemas shown in Figure-8 was used to generate ultrasouid

scan imagedshe sibsurface reflected echo information about the test samples is obtained

by moving the transducer lens vertically in the z direction, causing the point of focus to
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vary in concertFigure 39 shows the image of PCB test samples in thel Ajgtem

during the nordestructive inspection.

Flip Chip

Reflected Echo

Figure 3-8: Shows the user interface of the AMI system with a scanned image

Cran
VoL (/1]

PCB test sample

Figure 3-9: Shows the Image of Test sample during the AMI inspection

46



3.3  Procedure established based on the AMI inspection

In successfully caripg out the required experiment to study thbermal cycling
performance on solder joints using ultrasound inspectioms imperative to run
experiments foknown ultrasound inspection @older joints to affirm the technique.
Thereby ensuring that a saferformance studys conduotd during thevalidation

process and repeatable /accurate experimental data set from the experimental work must
be obtaied

Thus, in order to conduct &Ml inspectionto monitor the performance of solder joints

under thermal cycling teghe followingprocedures werestablished

A A 230MHz piezoelectric transducer was used placed in a fixed position. (The
same for all measurements). The selected transducer was required héglause
solder joints imageesolution and sensitivitgan be ahieved by using a high
frequency transducexs shown in Figure-30(9. The 230MHz transducer was
also the highest frequency available on the Sonoscan Gen 6 systems in the
laboratory.The highest possibleesolution of the €SAM imagesof the solder
joints iscrucial to accuatdy quantify theperformance of the solder joiritaages

during feature extraction.

A The setup was first experimentally optimized resulting in chosen values as a
trigger value of 0.590, channel gain vahfe24.5,and frontend gain of 24 wre
usal and hell constant throughouthé experiments,in order to ensure

repeatable/accurate inspection dataset.

Hence usinga piezoelectridransducer with the highest probable frequency is desirable.
In order to select the mosuitable transducer for this research work, prelimirsagns
wereconductedising three different types of transducer 50MHz, 100MHz. antM230
on test sampleas shown in Figure-30, which enabld imagesto distinguishvarious

featuresand geinformation like the package thickness of tiest samples

The HRgure3-10 below shows images gblder jointswith different transducer
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Figure 3-10: : Ultrasound image of solderjoints(a) 50MHz transducer, (b) 100MHz
and (c) 230MHz transducer

As shown in Figure-30(a) and(b), low piezo electronic frequency transducers (50 MHz
and 100MHz)were chosenin the first place to evaluate the solder joint qualityhee
expense of high resolutipm order to guarantee that our AMI would be able to penetrate
through the flip chips. However, the image resolution on the ultrasound images acquired
wastoo low to investigate the performance and the quality of thosésjoibue to tke
limitation, ofthese lowfrequency transducers to evaluate the test samples, 230MHz was
used. It is of note from the inspection that the operational frequency transducers such as
230MHz provide better images with excellent resolution, bué hashorter wavelength

than the lower frequency transducdrse acoustic energy in the signal does not penetrate
very deeplyandmakes them limited to very thin samples due to lack of depth penetration
Likewise, the low operational frequency transdageovide lower resolution with longer
wavelength as illustrated in FiguBe10 above.Lower frequency allows more signal
transmission through materials providing deeper penetrd&iothermorethe choice of
transducerto be usd for any nondestructive inspections determined by the
specification of the test board and flip chip design and the flaw spot size and depth of the

sample materials.

The highest frequency transducer available inltiverpool John Moores University
Ultrasonic labvast he 23 0 MHz , 0 tradssiuce Wwhizhpeovided ercallgnt h
imageresolution as illustrated in table53 Likewise, F* in table 35 is the degree of
focusing achieved by the len$ the transducerand is determined by the ledameter

and its focus length. ThE” is used to exhibit the beam focusing characteristic, for
instance, if Efor two transducers are identical, the transducer will have similar resolution
and depth of field if they have same centre frequemrcyl.able3-5 that follows typical

resolution and penetration depths tloe chosertransducelisted:
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Table 3-5: Transducer parameters

10 1 0.25 4.00 20.375 0.518 670.866 17.04
15 0.75 0.50 1.50 5.094 0.129 62.894 1.598
20 0.75 0.25 3.00 7.641 0.194 188.681 4.793
50 1 0.25 4.00 4.075 0.104 134.173 3.408
100 0.5 0.25 2.00 1.019 0.026 16.772 0.426
230 0.25 0.125 2.00 0.443 0.011 7.290 0.185

Table 3-6: AMI test inspection parameters

230MHz 0.25inches 3um 0.590 24.0 245 10 28 chips

Theinspectionvereconductedising the parameters in Tabl®Jikewise,the time used

to scan the test sample was 15 minutes per flip chipvasdecorded. The image size of
each flip chipusedwas 3336 x 3336 pixels throughout the experiment to maintain the
consistency of the experimental resuiewever as mentioned in section 3.2.1, that the
flip chips die thickness on the sample 785um andthe focal lengthof 230MHz
transducer i$.35mm (.250 inch)the selected transducerable ofpenetrating théest
samples and imaging the chip to bump interfadee resultdrom the AMI inspection
using those parameteascurately showed the differegs of the effects of variation in
thermal cycling as relating to the ultrasound inspection of solder joints. Once the AMI
imageshavebeenobtained from different cycles, the crack initiation, propagation, voids
and defects on those joints canamalyedand leared

3.4 Data Collection and Observation

This research involves a series of simultaneous experiments to analyze and measure the

reliability of the solder joints in area array packaging. The data acquired during the course
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of study helgd to support the novelty of this research work. The data collection

approach can be summairizasbelow:

1) Solder joint$life in this research work was defuhby the number of accelerated
thermal cycles experienced before failure, recorded data durinteshevas
exported from the thermal chamber usigjlent 34972A to excel for full data

storage ananalysis

i) To evaluate the solder joints conditions, Tesrb®aample were taken out of the
thermal chamber to perform the ultrasound scans, the recordetiatdiaen

exported from the AMI using VRM (Virtual rescanning Mode) for data analysis.

iii) AMI scans were perform every four cycles in this studyeanhtest mards, in
order to observe the cracks initiation on those joints, the wiasaexported to

MATLAB for full data analysis, conclusiongerederived from the acquired data.

To successfully carry out the requiredlidation testa preliminary ATC test was
performed on two unpopulatedand populatedPCBs circuit board assembés with
different thickness and the same material propesseshown in Figure-3, supported by
appropriate data collection meth@d mention above.hEereby ensuring that aafe

validationtestis conducted and repeatable/accurate experimental dataset are obtained.
3.5 Image Segrentation and Feature Extraction

In this research workimageprocessingechniques wre used to extract and segment
distinctive solder jointsimagecharacteristics and featurds order to get the region of
interest in the solder joint images, two imggecessing stepsaxeused in this research
work. Hough Transform was used to detect the sqtets in the acquiredMI images
Then,imagesegmatationwasperformedon the solder joints images consieléas the
process of dividing an image into different regions with the same homogenous properties.
In this case, the region of interesederived oreach solder joinih order to estimate the
reliability of the joints Analysis of this extraction method is presented in chapter 6 of

this thesis.
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3.6 Through-Life Non-Destructive Monitoring of Solder Joints

This research aims to develop a fdestructive monitoring system using ultrasound
technologyto assess solder joint throutife performance during thermal excursioAd.

the degradation data set acquiredrfrime performance study wesktted to identify any
distinctive failure pattern that occur during the validation test. During this stageus
failure phrase cycling durations are been estimated from the graphical results to find the
crack initiation timeof the solder joints using fracture mecharbased modelsThese
kind of fatigue models are based on the principle of detedstingin any soldejoints
during the validation tesErom thiswhen a crack initiate, it can propag#teough the
solder jointsareaduring the application of an applied stress, in this tasenal cycling.
Nevertheless, ousing these methods, the reliability of the solder joimty be derived
according to(Liu, 2001 for characterising crack propagatibehaviour through stress
that occuras a function of time geometry and environmeatatitions as suggested by

Liu. Analysis of the test results are presented in chapter 6 of this thesis.
3.7 Chapter Summary

This chapter featurdhe methodology and techniques employed to monitor and estimate
the reliability of solder joints under thermal cycling tésis of note that saler jointsare
considered one of the vulnerable parts in area array packagiagefore the analyses

and inspection of solder joints on those packages has become an important process in
electronics manufacturing industries in order to adequately achiedesired used level
reliability during the mission life of those productBhe above methodology and
requirements have magnified the need for providing more accurate performance results
on the reliability of those joints. This was achieved by conducimglidation teston

test samplesnd monitoring and estimang the reliability of those solder joints during

the various ATondestructivelyusingan AMI technique.
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4 Inspection of AAP throughout Thermal Cycling Tests

using Scanning Acoustic Microscopy

4.1 Introduction to the Inspection Requirements of AAP

Despiteover forty yearsof rapid technolog advancement anexponential increase
electronic demand, the specialty of using SAM in life monitoring of the perforenaf
solder joins under AARs continues to receive scant attention in most reliabilityisgid

In thischaptey thegoal of using this type of techniqueits ability to monitor and assess

the througHife performance of solder joistduringthermal cgling (TC) tess, in order

to track any defect conditionsuch as voids, delamination and crack$so to effect

some understanding on how the imaging techniques work, including how the principle of

operation involvd could influence the test samples.

As the demandior AAP functionality is getting higher, the packages are getting smaller,
more complex to desigand more prone to fautduring manufacturing. Increasing
demand and supply of AAP in indugttends to increase the number of advanced
reliability researchprojects based on the reliability and testing methods of those
packages. This type of research could actually prevent any type of internal, external and
functional faults or delamination on those packagekearfuture. In reliability studies of

AAP, solder jointéreliability tessare considexdof paramounimportancebecause they
arethe itemsmost affected by stresandercyclic loading these causes unclearly seen

laminar cracksandsolder bumpmefecs on packages during their missiofeli

Likewise, during usage, the cracks that occur in solder joints in the field always reduce
local stiffness and cause material discontinuities in the AAP. However, if these solder
jointsd defects are detemtl early usinga non-destructive technique (T), some
preventive measusean be implemeet to avoid damage and possible failure in their
mission life (Braden, 2012). Although, there are two different ways in which cracks in
those packages can be detectdestructive testing and nalestructive tsting. The
destructive type of techniques involves physical damage of the test sample, and
guantitative data is obtained, whilee non-destructive type of techniques inspseitte

test sample without physically damaging it and also provides both qualitatid
52



gquantitative dataThesetypes of techniques hee played a crucial role in the electronics

manufacturing industries.

Moreover, the NDT crack detection analysaésbeen demonstrated using some of these
techniques such as infrared tesfiblifrasonic testing, Laser testing, and Radiographic
testing as mentioned earlier chapter 2Consequentlyultrasonicinspection a type of
Non-Destructive Evaluation (NDE), was developedtlie 1940s by Floyd Firestone
(Nobile, 2015) This type of inspetion, played a pivotatole in the development of more
improved and efficient processes, and their control measures employed in proadtion

manufacturing.

The ultrasonic inspection procedures use acoustic waves as a source tCanéatal
Scanning Acoustic Microscopy(C-SAM) images of variations in the mechanical
properties in AAP. During NDT inspection, the quality of the solder jointerface,
delamination, cracks and other tgpd unexpected defect may be examine before and
during the ATC tes. Based on technological evolution, simultaneous increasing in
functionality of electronic products, always leads to scaling down in package/kizk

is consider as a major challenge in electronic manufacturing industries i(B@AL5S).
Moreover, ithas also beepredictedoy Ghaffarian(2016) that the structural size of those
packages will be in the order of few nanometers in the future. As reported by Chean,
(2014) flip chip packaging alonis facing rapid growth owing to the present methods
devebped by the private sector. Thienee, based on the increase in the performance of
the products, the actugchnologygap between the AAP and the type of resolution
requiredduring the nordestructive inspection of those packagegéattingwider and

morecomplex

The image originally presented in Figurd £annot be made freely availab
via LJIMU E-Theses Collection because of 'copyright’. The image was sol
at Aryan, P., Sampath, S. and Sohn, H., 2018. An Overview oiMstructive
Testing Methods for Integted Circuit Packaging InspectidBensors18(7),
p.1981.

Figure 4-1: Technology gap between IC package size and NDT resolutionethods
(Aryan et al., 2018)
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Therefore, one of the key aspects basetherturrent gap to NDT inspection techniques

of those packages is the evaluation of voids, delamination, defects, cracks and artefacts
using AMI. Assessing package reliability regularly requires the capacity to consider
package interiors without destroyitite packages. Ultrasonic (SAM technique) pesmit

the user to examine various interfaces and determine the mechanical integrity of the
assembly.The use of this acoustic microscopy for solder joints investigation of
microelectronic packages has gained wpmspularity. There are different types of
acoustic microscopes thiaavebeen utilized in most common applications to study and
evaluate interfaces in microelectronics devidésaev, 2008, Hafsteinsson and Rizvi,
1984).Two are Scanning Laser Acoustic Miscope (SLAM) and Scanning Acoustic
Microscope (SAM).

SAM is thewell- establishedanethod thahas beemsed to inspegtackagesince 1970

SAM is a nondestructive technigue that has the ability to measure defects such as
delamination, cracks and voidsparticular material and has kenfound successfubr
evaluaing the reliability of AAP. A main part of theSAM technique is the transducer
used during the inspection, which converts electrical signals into acoustic sagdals
vice versa Although all of the instruments make use of techniques that use high
frequency ultrasonic energy (typically 10MHz and higher) to look into objects to detect
defects or internal discontinuities in microelectronic packafjes most commonly used

devices for ultrasan receivers and transmitters are the piezoelectric transducer.

In order to meet the necessary demands for higher resolution, accanadgst and
reliable surface defect analysis on those packagesultitasonicinspection (SAM)
procedure witHow powe acoustic energwas used in this project for crack detectson
that the samples are not damaged by low energy SAM/ acoustic scarmstgchnique
introduces high frequency ultrasonic waves into the test samples to obtain adequate

information about th samples without damaging or altering them in any way.

Thus far, several authors in literature have utilized NDT inspection methods to approach

the matter otrack detection techniques, one such examplas

ggmrchwork performed
by Braden(2012)in which NDT was used in througlife evaluation of solder joints. In

this work, a key solder feature nucleating at the bump to silicon interface was captured
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The experimental results werirther validatedby comparing thenwith the Finite

Element Analysis (EA) to gain more understanding on the reliability prediction.

Accordingly, this Ultrasonic inspection step involves the performance study of the stress
imposed on the solder joints during the validation experiment, with respect to the failure
criteria. This, based on the applicability and availability of the latest ultrasonic machine,
which is theG e n 6 EMod® Scanning Acoustic Microscope available at Liverpool John
Moores University, the AMI inspection technique was used successfully in this project
to ingect and study the solder joint through life monitoring. The technique could actually

inspect the micro bump soldering of various parts oNAPE.

4.1 Principles of Ultrasonic transmission

This type of technique operaten the principles of ultrasonic wavedltrasonic waves

are sound waves whose frequenisyabove 20 kHz andhave been used for nen
destructive evaluation in various inspection environsértesekind of waves have the
capability to penetrate optically ague surfaceso outperforms optical inspection for
hidden solder joints. However, thedepth of penetration decreases with increasing
frequency so the best resolution is only available for thin samples such as flip chips.
Thus ,AMI also known as SAM ign example o&nultrasonic system which makes use

of the properties of the ultrasound waves, which are mainly mechanical waves that
transmit energy through oscillations of discrete passiéh liquidor solid (Chean Leet

al., 2012). These waves arengeatel by a piezoelectric transducer in AMI, which are
focused and transmted to the test sample throughcouplantin the form ofdistilled
water (Aryan 2018). There are two types of ultrasound wavesndrarse and
longitudinal wavesHowever, due tothe inability of transverse waves to propagate
through gases and liquiAMI makes use of longitudinal waves, which propagate in the
same direction as the particle motion. (Yang, 2012gsétypes of waves move from

left to right and oscillate about theindividual equilibrium positions. Longitudinal

waves also referredo ascompressional wavesan be found in liquids, solids and gases.

However, vhhen an ultrasonic waves travel through diffetest materialsit is reflected

back to the transducer ashoes Thetransmis waveto furtheris scattered with respect
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to the differences in acoustic impedance, which is the ratio of the acoustic pressure to test
sample velocityasit passes through per unit arésence, he acoustic impedance of AAP

materiat is describe in details in Figu4e2

The image originally presented in Figur€ £annot be made freely available V
LIMU E-Theses Collection because of 'copyright. The image was sourc
Sonoscan (n.d.). The Value of$SAM® Acoustic Micro Imaging (AMI). Available
at: <http://www.sonoscan.com/technology/abasics12.htmb [Accessed: 20uly
2018].

Figure 4-2: Typical AcousticlmpedanceValues (Sonolab, user manual)

Forinspection it is noteworthy that the acoustic impedance that governs the amount of
transmitted and reflected energy of dissimiteaterial interfaces can affect the amplitude
and polarity of the reflected echo detected by the receiving transducer. Thus, in
successfully caripg out the required inspectidar imaging purposeshe maininterest

is the echoes reflected back to thensducer. These echoes have different amplitudes,
polarities and time locations, which can give crucial information about the test sample
being inspectedImportantaspectf the information are density, layer thickness and

flaws on the internal structure$ the material.

In this researcha technique called Acoustic Micro Imaging (AMiasbeen used to
monitor the performance of soldeints under ATC teshg. Ultrasound Cscan images
were obtained from th& e n 6 EMod2 Scanning Acoustic Microscopehich hasa
most comprehensive range of accuracy and resolution, a@B@MHz transducer with
0.250inch focal length to scaall test samples. The selection of the type of transducer to
be usedo scartest sample is based on the package thickness asgjibeted sizef the

defects.

Meanwhile, the available SAN4 able to provide extraordinary resolution to detect the
internal and external discontinuities in the test sample materials and the flip chip
componergon it. It is alsamportantto know that acoustic image resolution varies with
the sample material as well as the frequency of the sehs@deoff between a lovand

a highfrequency transducer is in the depth of penetration and resoldten high
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resolution and sensitivity during the inspection could be actiieyenaking use of high

frequency and focused transducarthe expense of reduced penetration.

4.2 AMI Preliminary Study

Ultrasonic transducsercan bedefined as a device that conusrelectrical energy to
mechanical energy. Conducting an adequate study on the transducer is a critical step, in
understanding the AMI inspection based on the penetration, resolution and focal length.
Based on this phenomenon, the selection of the tyarsducer to use for this particular
inspection is an important factor that could affect the quality of solder joint image

producel during the inspection.

There are various type gfiezo electronictransducers designed for a variedy
applicatiors in thereal world.The capability of transducers can be definedamlyzed
by the focal length and the frequency.

The transducer resolution for an inspection has generated a lot of interest over the last
century due to its application. King1987) suggested that the determination of a
transducer to be uddor a measurement can be selected based K iappm)dnsation

equationswhichis illustrated below

z

Beam Diameter = Eq. 41

z

In the equation FL is the focal length of the transdu¢es, the acoustic velocity of the
material to be inspectef,is the centre frequency of the transducermsithe diameter

of the piezoelectric crystaBy definition, the focal length of a transducer is the distance
from the face of the transducer to the point in the sound field where the signal with the
maximum amplitude is located (Olympus NDT, 2006).

Thus, the AMI can provide adequate information on defetck, y, and z coordinase
without rescanning for every sgle layer with the transducer. The reflected ultrasound

signalknown as thé\-scan as shown in Figu#e3(b) contains variouseflections in the
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signal which represent different layers in the test sample.tileaxis can depict the
time of flight information of the test samplehile theintensityaxis can give crucial
information about the amplitude and polarity of the sigrahponentsn the A-scan
Likewise, inorderto get adequate desired depth the transducested® movd from

up and down in the-direction. This feature, as shown in Figure3fa) below has two
advantages: it allows automatic focus adjustments to ensure all depths ates iarfddt
allows multipleelectronicgating to provide images or slices at many different levels

during a single raster scan.

ransducer

ok Transmitted and returning pulse at a
single X-¥ position during inspection

Silicon / ]

"

/‘f
—
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Ultrasonic wave

|ntenSIty =3 Saliisilitieng gaihistamilst i sa ths s tikdsass is i ssns i s do i 2das 2 i

Time
(b)

Figure 4-3: (a) Schematic of the CSAM AMI Technique (b) showing the

relationship between sound intensity and Time

It should be noted that the polarity of the echo can be detatrinthe equatior-3

below
PYi WEi & QeH6-QQ Eq. 42
P'YQQd Q®o-90Q Eq. 43
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Where Z and 2 are the acoustic impedancesthé top and bottom of the sample

materials respectively.

a) b)

Casel 2>7Z; Case Z»< Z1 Case3 2=271

Incident Reflected

Figure 4-4: a) Ultrasound echo polarity (b) Image showing the incident pulse

Thus asshown in Fgure4-4(a), summation of the reflected and transmitted signal that is
generated by the transducer is called the incident point, weHetler analysed to produce

an ultrasonic image as shown ilggre4-4(b)

4.2.1 Advantages of Acoustic micro imaging inspection

The mainadvantages of AMI inspection compared with other methods of inspection are

as follows:

1 Excellent penetration of ultrasound waves into test sample boards allows the detection
of variations such as delamination, voids and defects. Test samples from a few
micrometers thick up to several metres |dmave been examined based on the
transducer usk(Yang, 2012)

1 AMI method is consided to be very accurate and sensitive and can looatey
small artefacts on test sample shown in Figure-8 that could actually contribute to

the reliability of the test sample
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Figure 4-5: Images of some artefacts on U23 arld20 flip chips on 1.6mm board

during AMI inspection

1 Themethod usea pulseecho technique, which enable accieem only one side of
a componentasrequired, bysendingand receiving the ultrasoursignalsbeneath

the surface of the sample.

1 By using the Virtuarescanning modavailableon the AMI system, a 3D acoustic
data record of the scanned samples can be digitally stored for evaluation and
reconstructd later withaut rescanning the test sample thrénelpng in time

management.

1 The whole test sample can be soadifrom the front to the back surface using the A

scan signal generated by the ultrasonic system.

71 Acoustic signatlata storedising thevirtual rescanning modean be later processed
using bothacoustic frequencgndtime domain images (Zhang et al 201@hich
allow delamination, cracks voids or any artefactdéobetter characterizé and

analyed.

42,2 Disadvantages of Acoustic micro imaging irngection

The limitationsand the disadvantages of AMI digted below:

1 It is quite hard to interpret and ansdya clusterechoeson the Ascan during the

inspection.
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